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Introduction
R.Lee CLARK, JR, M.D.

Durector and Surgeon-in-Cluef, The Univemly.of Texas
M D. Anderson Hosputal and Tumor Institute
Houston, Tevas

Cancer research does not now have, nor is it Iikely to have in the
foreseeable future, the well-defined boundaries of research that one
finds 1 most other fields of medicine or hiolagy. New discoveries and
the deselopment of new techniques in many areas of research con-
stantly demand the revision and r luation of existing p
and thinkig, 1t is universally recognized today that cancer research
pores problems which require for their solution information from all
the varous disaiplines of biological and medical research Further-
more, only through the cooperative efforts of groups of basic scientists
and medical scientists, and of research groups and clinical groups
whose members are highly specialized in a number of dfferent areas,
can weexpect 10 answer the q of neoplastic growth pra .
Tt}xs allanclusve approach has proved saluable in the comparatively
brief time it has been 1n operation, and during the past twenty years
more has been learned about cancer than in the previous two hun-
dred years, However, this type of approach has created the tremen-
dous problens of heeping abreast with the discoveries and information
which may be of possible pertinence to the cancer problem evolving
from all these areas It seemed to us here at The Unirersity of Texas
M D Anderson Hospital and Tumor Institute that one way we
could be of service to those scientists and practitioners engaged with
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cancer would be to hold an annual meeting which would take up onc
of the facets of the problem and discuss the current research and find-
ings which have bearing on that facet. These annual symposia have
resuited from this idea, and we have found the past symposia to
be extremely valuable.

This year the thirteenth of thesc symposia is on the subject of
Genetics and Cancer. That the subject is most timely is apparent
from the fact that two of the most coveted awards in medicine went
to geneticists in 1958. The Nobel prizc in medicine was awarded to
Drs. Lederberg, Beadle, and Tatum for their work on theoretical
genetics and the genetics of microorganisms. The Lasker award went
to Dr. A. D. Hershey for his work on the genctics of bacteriophages
and viruses. The subject of this symposium is 2 broad one, for it en-
compasses not only the etiological thearies of cancer, but its progres-
sion and inheritance factors as well. The program has been designed
so that we will discuss recent advances in basic genetics theory and its
application to cancer, the experimental genetics of cancerous tissues,
and the genetic aspects of human cancer.

Ever since de Vries, in 1901, first advanced the mutation theon,
as 2 result of his studics on the evening primrose, the idea that cancer
is caused by gene mutations in somatic cells has received considerable
attention. Boveri, in his paper “The Origin of Malignant Tumors,”
(1914) stated that “such tumors arise as a result of abnormal de-
velopments in the chromosomes or chromatin-complex which may be
caused in many different ways.” As a result of Muller’s demonstra-
tion that x-rays produce genetic mutations, Bauer in 1928 ncor-
porated the idea of gene mutation into the somatic mutation theory
of cancer. More recently, Professor Darlington has incorporated the
plasmagene theory into the somatic mutation theory.

Recent developments in animal virus rescarch, and in the <«cem-
ingly remote areas of bacteral genctics and bacteria-bacteriophage
relationships, indicate that the virus theory and the somatic mutation
theory of the orign of cancer do not exclude one another 1urther-
more, these desclopments suggest that perhaps we are on the bnnh of
discovering that which oncologists have long sought  a common
etiology for many neoplastic diseases. The rapids increasing ey f(lrm ¢
indicating that neoplastic changes are accompanied by cxtensive al-
terations in the ccllular DNA and DN \-containing structures cer
tainly does more than pose the possitality that genetic structuses are
involved in cancerous changes.

It is also of significance that the great majonty of the mutaung
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agents prove to be quite active carcinogens, and that.ihe majority of
them are known to exert their effects by means ?f their actions on the
DNA, or on intraceliular ‘materials soon to be incorporated into !.hc
DNA, Much of this recent work on the mechanism of mutation in-
duction has been done here at M. D. Andersan Hospital by Drs.
Haas and Doudney. They have found that ultrax'iolct-induf:cd muta-
genesis in bacteria is brought about by chemical altcr.atxon of the
pyrimidine precursors of DNA by ultraviolet rays prior to DNA
synthesss. In their experiments, pre-cuistmg DNA was not affected
by the ultraviolet radtation so as to cause mutations Their results
hase been closcly paralleled on the carcnogenic side by experiments
performed by Dr. Stanfield Rogers at the University of Tennes<ee.
He has found that ultraviolet- and urethane-induced carci i

of certain types in rats is mitiated by changes brought about in the
building blocks of DNA., These results would seem to indicate that
large groups of carcinogens may reduce to mutagens, and that the
acuion of such carcinogens may prove to be fairly direct on the cel-
Iular genetic mechamsm or its precursors 1f this 1s the case and tumor
duction is due to a resulting gene modification or elimination of
the genetic control of intracellular syntheses essential for nacmal cell
division and function, then 1t may be possible to develop a rationale
for chemotherapy which would allow the control, elimination, or
reversal of the cancer process. For as Dr Muller has pointed out, the
attitude that just because a certain allment is proved to be inherited

or due to genetic mutation we must regard 1t fatalistically and set it
down as hing § ble to infl y envi

n g imp } means
s quite fallacious As direct proof of this we have only to observe the

g;cdat number of diabetics who are leading perfectly normal lives
u ay

A wealth of experimental data has made 1t apparent that heredi-
tary factors and the genetic composition of the potential tumorous
best play an important part in the development and progression of
tumars As early as 1907 Exnest Tyzzer showed that the progeny of
mice with mammary at lung canter were more Tkely 10 have these
dieases than were the progeny of nontumorous animals. Today, in

resistant animal stratns, while cancer
ot can usually be produced wi
the proper carcnogenic agent, 5 -

it never accurs unless the agent is ap-

?lhtdf!n dn‘cly. related susc:ps"\b\c strains almost every aii::a’ls :/‘:H

1¢ of cancer without the application of any apparcnt‘carcmo enic
:qcm. and the type of the cancer and the time of its onset can bcg iy

icted with great accuracy. Similar facters are known to epentiricx;
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the case of some human malignant tumors, such as certain types of
intestinal cancer.

It is apparent from the symposium program that all of these genctic
considerations of the cancer problem have received competent and ex-
tensive treatment, and T am sure that the presentations ana discus-
sions will be most benelicial,
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the casc of some human malignant tumors, such as certain types of
intestinal cancer.

It isapparent from the symposium program that all of these genetic
considerations of the cancer problem have received competent and ex-
tensive trcatment, and I am sure that the presentations and discus-
sions will be most heneficial.



Plasmagene Theory and Cancer Genesis
C.D DARLINGTON, M.A., PIL.D,, D SC, F.R.S.

Sherardian Professor, Botanv School, Oxford University,
Oxford, England

Tur, CompoN DENOMINATOR

In atiempting to understand the cause of cancer there 15 one
question we have to ask first, It is, as we all agree, this: In all kinds
of cancer, in all kinds of breakdown of synthetic and mitotic control,
15 there a common denommnator? If there is no commen denominator,
there is no pomt m our meeting to discuss all kinds of cancer, If
there is 2 common denomnator, all other questions follaw from our
suceess in defining 1t

Various answers have been given to this question Chromosomes,
viruses, and plasmagenes have all been invoked And they all help us

to focus our attention on the right points and to express our ideas in
the nght words,

For example, the idea that ab
1

normal mitosis, giving risc to ab-
normal ch P , could be responsible for the origin
of tumors was foreshadowed by Heidenharn in 189:

4, but first cleasly
expressed in 1902 by Boveri This idea implied three hypotheses vital

{or the approach to the cancer problem. The first was the hypothesis
that cancer arises not from continuous but from discontinuous or
paruculate change 1t was inevitable that with the development of
genetics and biochemustry our views should lean away from fluids, in-
I\.ucnrrs, and essences and toward specific particles and their muta.
tion And, in this respect, we have followed Baveri "The second hy.
pothesis was that in this particulate change we must distinguish be-
ween two genetic components of the cell, the nucleus and the cyto.
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effective in dufferentiation Sewall Wright, in turn, was unaware .thn!
[ had, two years catlier still, used this term to cover genetic particles
in the cytoplasm which passed thraugh the egg in \}tl’t,d!\y, 1 was,
howexer, concerned in 1944 in showing that the dxs}mcuon between
agents of heredity, of development, and of infection often breaks
down Experiments in breeding peas which revealed the laws of
heredity to Mendel kad mdeed, in my opinion, already begun to re-
veal their breakdown 1o Bateson. Sewall Wright's broadening of the
use of the term plasmagene, therefore, coincided with my own
broadening of the idea,
The two statements will make the story clearer:

Plasmatic inheritance, Mke Mendelan inheritance, 1s parenlate. . . .
The particles 1 the nucleus are genes; those in the plastids and cyto~
plasm may perhaps be treated more rigorously 1f we also think of them
ag i and p ... The possible nature of the
plasmagene 15 mdicated by what we know of virus diseases ... This is
to suppose that a virus is not a primitive enemy of nature but just a
protein out of place, (Darlington, 1939, pp 121-122 )

It may be, however, that the more or less complete early isolation of the
germ hine of higher orgamisms has come about in evolution to mamtain
aline of cells with plasmagenes Jacking in prosthetic groups and hence in
speciahized activity but capable in somatic cells of combining with such
groups emanatng from the nuclens to form molecules that multiply

thercafter as pl. of a more specialized sort. (Sewall Wright,
1941, p 503)

Both these statements imply that the plasmagene 1s a genetic parti-
de having a contimuity or ancestry going back to the origins of Ife.
Today, however, we are uncertain how far the RNA or cytoplasmic
or plasmagenc system 1s dependent om, and how far 1t is mndependent
of, the DNA or nuclear systern, We are uncertam, partly because, as

1 bl 41y 4o show, 1he anigint of cancer represents a shift in the rela-
uons of two systems.

Tne SeQuence oF Events

ctYu'stdau?w e to summanze my own view of the relations of can.
T and plasmagenes, (Darlington, 1948, 1949, 5

Darhington and Mather, 1949.)gt o by 1988 of

atTh: ct}(}s of wn organism consist of nuclei usually of constant char.
nlcl’ with respect to their chromosomes—their nucleofi, of course, are
POt constant—and cytoplasm, which changes in character du,ri“g
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plasm. This was a new idea, and here again we follow Boveri. No
one ?vxll now, I imaginc, wish to confuse these continually interacting
but mdcl?cndcnt foundations of cell life and cell division. The third
hypothesis was that the nucleus and not the cytoplasm is the prime
mover in the cancer mutation, either the single mutation or the sc-
quences of mutations. It is here that we arc in conflict, and here the
main issue lics today.

It was the issuc between nucleus and cytoplasm that fifteen years

ago, in common with scveral other people, 1 felt could be decided.
felt that we could exclude the nuclens from the problem of cancer
causation. I had, and still have, a great respect for the chromosomes,
but their propertics did not seem to offer what was needed for the
origin and later develepment of cancer. But the cytaplasm did offer
what was nceded. My view in this respect had been foreshadowed on
specific evidence by Otto Warburg as long ago as 1914 and, more
recently, by Graffi and by Haddatw, as well as, no doubt, by others,
Now, however, there was new and diverse evidence of determinants
in the cytoplasm. Their chemical character had been revealed as
ribonucleoproteing by Brachet, Caspersson, Claude, and Potter (cl.
Darlington, 1942). Their genetic character had been shown, by ex-
periments on plants, animals, and protista, to be conditionally diverse
It was for these particles that T had proposed the name of plasnta-
genes.
The plasmagenes offered us (on the evidence then available) that
same paradoaical versatility of behavior which had beconte a miore
and more puzzling feature of cancer. In their dependence on the
nucleus as well as in thetr autanomy, in their stability as well as in
their mutability, in their diffusibility or infectivity as weil as n their
fixity, the plasmagenes outside cancer paralleled and provided shat
was needed inide cancer.

Or, as I put 1t, in breahing through the established boundaries be-
tseen heredity, development, and infection, the plasmagenes, which
were often potential viruses or proviruses, alo broke through the
boundaries betwcen genceral biology and cancer research

Before we broach the cancer problem, it is worth our while to note
that the idea of the plasmagene was called forth by the requirement
of discoverics in wideh different fields of inquur, both olegicat ani}
biochemical, at almost the same tume. In consequence, T was un-
aware in 1944 that Sewall Wright, i an iluminating discussion three
vears catlier, bad descloped the use of the term plasmagenc o cover
self-propagating cvtoplasmic particles derived froms the nucleus and
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effective in differentiation. Sewall Wright, n turn, was unaware that
I had, two years earkier sttll, used this term to cover genetic particles
in the oytoplasm which passed through the egg in }.leredxty. I was,
howeser, concerned in 1944 in showing that the distinction between
agents of heredity, of development, and of mfection often breaks
down, Experiments in breeding peas which revealed the Jaws of
heredity to Mendel had indeed, sn my opinion, already begun to re-
veal their breakdown to Bateson Sewall Wright's broadening of the
use of the term plasmagene, therefore, coincided with my own
broadening of the idea.
The two statements will make the story clearer:

Plasmatic inheritance, like Mendehan inheritance, is particulate .
The particles in the nucleus are genes; those m the plastids and cyto-
plasm may perhaps be treated more rigorously if we also think of them
a$ genes—plastogenes and plasmagenes .. The possible nature of the
Plasmagene 15 indicated by what we know of virus diseases . This s
to suppose that a virus is not a primitive enemy of nature but just a
protein out of place (Darhington, 1939, pp 121-122)

fumay be, however, that the more ar less complete early isolation of the
germ line of higher organisms has come about 1 evolution to maintain
abne of cells with plasmagenes lacking 1n prosthetic groups and hence in
specialized activity but capable in somatic cells of combining with such
groups emanaung from the nucleus to form molecules that mulnply

thereafter as pl of 2 more spectalized sott (Sewall W
194, p 503) : e (Sewsll Weghs,

Both these staternents imply that the plasmagene 1s a genetic parti-
tle having a continuity or ancestry gomg back to the orgins of life.
Today, howeser, we are uncertain how far the RNA or cytoplasmic
or plasmagene system 15 dependent on, and how far 1t is independent
of, the DNA or nuclear ssstem We are uncertain, partly because, as

Tshall try 10 show, the ongm of cancer represents a shift in the rela-
honsof two systems.

Tur. SEQUENCE oF Evexts

Fuest allow me to summanize my own 1 i

} own view of the refations of can-

({;r and plasmagenes {Darlingten, 1948, 1949a and b, 1953; of
athngion and Mather, 1949,) ’ '
The cells of an organism co

acter with vespest 4o thtur chromosomes—therr nucleoli, of course, are

nsist of nuclei usually of constant char-
not —
constant—and cytoplasm, which changes m character during
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plasm. This was a new idea, and here again we follow Boveri, No
one .wi)l now, Iimagine, wish to confuse these continually interacting
but independent foundations of cell life and coll division, The third
hypothesis was that the nuclcus and not the cytoplasm is the prime
mover in the cancer mutation, cither the single mutation or the se-
quences of mutations, It is here that we are in conflict, and here the
main issuc lics today.

It was the issue between nucleus and cytoplasm that fifteen years

ago, in common with several other people, ¥ felt could be decided. 1
felt that we could exclude the nucleus from the problem of cancer
causation. I had, and still have, a great respect for the chromosomes,
but their propertics did not seem to offer what was needed for the
origin and later development of cancer. But the cytoplasm did ofer
shat was necded. My view in this respect had been foreshadowed on
specific evidence by Otto Warburg as lang ago as 1914 and, mare
recently, by Grafli and by Haddow, as well as, no donbt, by others.
Now, however, there was new and diverse evidence of determinants
in the cytoplasm. Their chemical character had been revealed as
ribonucleoproteins by Brachet, Caspersson, Claude, and Potter (cf.
Darlington, 1942). Their genctic character had been shown, by ex-
periments on plants, animals, and protista, to be conditionally diverse.
It was for these particles that I had proposcd the name of plasnia-
genes.
The plasmagenes offered us (on the evidence then available) that
same paradoxical versatility of behavior which had become a more
and more puzzling feature of cancer. In their depeadenice on the
nucleus as well as in their autonomy, m their stabilits as well as in
their mutability, in their diffusibility or infectivity as welt as in their
fixity, the plasmagenes outside cancer paralleled and provided what
was needed inside cancer.

Or, as I put it, in breakng theough che establisted boundaries be-
tween heredity, development, and mfection, the plasmagenes, which
were often potential virtses or proviruses, aba broke through the
boundaries between general biology and cancer research

Before we broach the cancer problem, it is worth our while to note
that the idea of the plaanagene was called forth b the requrcient
of discoveries in widely different fields of inquiry, bath hiological and
biachemical, at almost the same time. In consequence, T was un-
aware in 1944 that Sewall Wright, in an illumumating disansion three
vears earlicr, had developed the use of the term plasmagene to cover
s’c[f-pmpngming cvtoplasinic particles dered from the nuclens and



C. D. Darlington 13

come naturally infectious, They will be set going on a selected, adap-
tive, esolutionary course of life as true viruses.

We must now consider the bearing of new experimental evidence
on these views. We must Jook for parallels between the actions and
changes of genetic particles in cancer and in ordinary development.

EXPERIMENTAL PARALLELS: PLASMAGENE
DIFFERENCES

Apart from infection there are two kinds of change in conditions
which upset the equitibrium between the self-propagating or genetic
components of the cytoplasm, One provides a parallel with the
pnmary mutation. Chemical treatment can directly alter the struc-
ture of these components. Such treatment may take the form of dyes
or antibiotics which prevent the division of one component in a
protozoan cell, as with the kinetoplast in Trypanosoma, or cause its
Tmutation, as with the chloroplast in Polytoma {Hoare, 1954). Or
the effect may be invisible, as when a mutation is induced in a
respiratory enzyme system of yeast by acriflavine (Ephrussi, 1952).

The other kind of change provides a parallel with the secondary
thanges arising from increase in rate of growth and cell division,
Here we find that, both with chloroplasts 1n Euglena (Darlington,
19490} and kappa particles in Paramecium {Sonneborn, 1947,
1850, a rate of duision of the whole cell surpassing that of a special
Particle may enable the cell to run away from some of its constituent
partictes, Thus, the character of the whole cell is altered inherently
by a change m the rate of its multiplication Such a change cannat
affect the nucleus with its synchromized reproduction—it can affect
only the cytoplasm with 1ts unsynchronized reproduction,

These secondary changes enable us to understand how the primary
changes come about, We need not, indeed we cannot, suppose that
ﬂnmngmt mutations take effect directly Jike nuclear gene muta-
tions. A genetic change in a plasmagene will always give rise to a
mixed cell with competitton between old and new plasmagenes The
?]nahgv »\‘u“ be with cells having two ty pes of plastids, arsing either
“‘m:ﬂ‘l:;:il':r; ar h‘,gr"@iza\mn Such plastids have rates of propaga-
vath the re con mqned b\'_ the genotype of each and its relation

nucleus (Schorz, 1954}, The less favored will, therefore,

Fraduall t
“hile cc‘ndmppcah with a gradual effect on the propertics of the

The action of wradiation in inducing and causing the develop-
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development and differentiation, and hence from tissue to tissue. The
character of the cytoplasm depends on sclf-propagating nucleopro-
teins—plasmagenes—some of which are permanent in the sense that
they pass through the egg, or even sperm, and are transmitted in
heredity; while others arise during development and differentiation
from the activity of the nucleus. The plasmagenes of development
will differ from one tissue to another as a result of cumulative inter-
actions between the nucleus and predecessors of the plasmagenes in
the cytoplasm.

In the course of propagation of such a system, errors will occur.
Their occurrence will be subject to the character of the nucleus of the
particular individual. It will be subject to the character of the cyto-
plasm of the particular tissuc at each stage of development. It will
also be subject to external conditions and treatments, Changes in onc
plasmagenc or in the balance of several may thus appear to be cither
spontancous or induced. And such changes may affect the whole cell
so as to stimulate protein synthesis and mitosis just as nuclear changes
arc known to do.

This primary change in rate of growth of the ¢ytoplasm may re-
quire injury for it to be realized in a mature tissue. It will then have a
secondary effect, the upsctting of the balance between all the sclf-
propagating components of the ccll. Both the plasmagencs and the
nuclear genes will be deranged by the increased rate of growth o
respiration in the cell, for all genetic particles in the cell are limited
and specific in their rates of propagation Thus, when two kinds of
particles can be distinguished, as in plastids or happa particles, they
can be scen to compete with one another, with results whick depend
on growth rates, And the nucleus itself is subject to a whole range of
disorders which arise from alterations in the timing of mitosis.

The primary change or mutation will, thercfore, lead to a se-
quence of secondary changes, nuclear and cvtoplasmic. The tumor
will become heterogeneous Secondary cell Iines will be established
which will compete and be sclected with more and more enhanced
rates of propagation until malignancy and metastasis arisc.

This is the first step in the theory, The second step is the assumption
that the cffective plasmagencs will sometimes be capable of artificial
transmission by inoculation of cell-free extracts, as with the agent of
the Rous sarcoma. And rarely, where the particles concerned lic in
superficial cclls and can find a vector (as in myaomatosis) or lic in
externally sccreted cells (as in Bittner's milk factor), they will be-
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We mas now coasider the bearing of new experimental f\xdmcc
cr e views, We maust Jock for paraliels between the actiens and
anzes of genetic particles in cancer and in erdinary develepment.
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Apart from infection there are two kinds of change in conditions
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"S‘ which are conditicned by the genotvpe of each and its rd.m:‘nn
v e nudeus (Schtz, 1954). The les favored will therefore,
;‘hf!fft‘n.dmppw. with a gradual effect on the properties of the

te

The actien of frradiation in inducing and causing the develop-
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development and differentiation, and hence from tissue to tissue. The
ch.aractcr of the cytoplasm depends on self-propagating nucleopro-
teins—plasmagenes—some of which are permanent in the sense that
they pass through the egg, or even sperm, and are transmitted in
heredity; while others arise during development and differentiation
from the activity of the nucleus. The plasmagenes of development
will differ from one tissuc to another as a result of cumulative inter-
actions bethween the nucleus and predecessors of the plasmagenes in
the cytoplasm,

In the course of propagation of such a system, errors will occur.
Their occurrence will be subject to the character of the nucleus of the
particular individual. It will be subject to the character of the cyto-
plasm of the particular tissue at each stage of development, It wil
also be subject to external conditions and treatments. Changes in one
plasmagene or in the balance of several may thus appear to be cither
spontaneous or induced. And such changes may affect the whole celi
so as to stimulate protein synthesis and mitosis just as nuclear changes
are known to do.

This primary change in rate of growth of the cytoplasm may re-
quire injury for it to be realized in a mature tissue. It will then have a
secondary effect, the upsctting of the balance between all the self-
propagating components of the cell. Both the plasmagenes and the
nuclear genes will be deranged by the increased rate of growth or
respiration in the cell, for all genetic particles in the cell arc limited
and specific in their rates of propagation. Thus, when two kinds of
particles can be distinguished, as in plastids or kappa particles, thev
can be seen to compete with one another, with results which depend
on growth rates. And the nucleus jtself 13 subject to a whole range of
disorders which arise from alterations in the timing of mtosis.

The primary change or mutation will, therefore, lead to a sc-
quence of sccondary changes, nuclear and cytoplasmic. The tumor
will become heterogencous Secondary cell Yines will be established
which will compete and be selected with more and more enhanced
rates of propagation until malignancy and metastasis arisc.

This is the first step in the theory, The second step is the assumption
that the effective plasmagenes will sometimes be capable of artificial
transmission by inoculation of cell-free extracts, as with the agent of
the Rous sarcoma, And rarely, where the particles concerned Jic 1
superficial cells and can find a vector (as in myxomatesis) or lic in
externally seereted cells (as in Bitter's milk factor), they will be-
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termmant through the cytoplasm of the egg is at present without
evdence However, the highly speafic determination of cancer as bF-
twieen different tissues is one of its most striking characteristics hoxﬂ,
therefore, to plasmagenes of development rather than of heredity
that we must tuen for the source of the cancer nmtation

The distinction between plasmagenes and viruses is of immedime
wmportance, for plasmagenes and viruses evohie under contrasted
conditions, and, as we know, they evolve rapudly. .\ plasmagene de-
pends for 1ts survis al on the survival of the group of organisms (the
stack or race} in which it is maintained by heredity. A virus depends
for its survival an the survival of the group of organisms to which 1t
is transrutted by iafection, and that means natural infection. The
contrasting stuations of heredity and ifection are therefore the
foundatian of the contrasting properties of plasmagenes and viruses,

Ttisin the light of this prmciple that we have to consider the types
of particles significant in cancer. We then find that a large sample of
these particles—how large, we are only 1 process of discosering-—is
wfective under artficial condinons But these particles are not in-
fections In nature They could be viruses but they never have been.
The dassical exampte 15 the Rous sarcoma. And the Rous agent, as
f}fam pomnted out 1n 1940, arose by a change, a mutation, in the fowl
inwhich it was discon ered.

Tt1s to particles of this description that T gave the name provirus,
and the value of the distinction has been strengthened by the later
discovery of the parallel situation 1n bacteria where a prophage which
s transmitted by hereditv can become a phage whuch is distributed
by mfertion,

Ttisin these circumstances that we have to consider the femarkable
nEw experiments of Gross, Graffl, Law, and athers, dealing with both
“Pontaneous tumors and those nduced by agents of several types
Of(c;;lnls-;rigzScs‘ht:;;r:st:?:a]wke;nm can be :mnémmcd by incculation
Procured thc‘ same trans;]l;:o:r:xa}?‘m;; Vl rafi a]nd others hate

1938) Lave proved that thle cﬂ'ectc 0;01 :1- adl..lmors Law and Potier
iation of

be transmitted by

tswue,

one tissue can
diffusion ¢o mduce a tumor in anather unieradiated
s }i‘::v ‘1};\}?‘]’5 of a mouse (Thas experiment helps us to under-
e lin 2l wrradiation can induce f'xable tumars, It is perhaps
T ha}: humon from dead cells to tive ones.}) All these experi-
Soving o ;a: e effect of separatng the cell mto its two parts and
s one 15 the agent o cancer production and the ather is

ey make it clear that the agent of cances production, whether
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ment of tumors and of leukemia is inherently without parallel in
experimental breeding. The time needed in producing the result may
be almost indefinitely prolonged. And the dose is usually so higf\
that nearly all nuclei dividing must be put out of action b)" chromo-
some breakage. The nuclear basis for propagating a changed cyto-
plasm is therefore destroyed. The action of irradiation is, therefore,
without additional experiments, useless as a means of discriminating
between hypotheses,

On the evidence of parallel situations, a sequence of several events
is, therefore, likely to be concerned in the plasmagene mutation which
givesrise to cancer.

PLASMAGENES AND VIRUSES

Some writers have viewed with impatience the distinctions be-
tween different Linds of genetic particles in the cytoplasm, and par-
ticularly my distinctions, which arc so difficult to understand, be-
tween viruses, proviruses, and plasmagencs. Lederberg (1952) has
promoted them all to “plasmids.” Hualey (1958) has reduced them
all to “paragenes.” Virus workers everywhere would like to descnbe
them all as viruses, masked or active, latent or patent,

Any supposed virus theory of cancer has another accidental ad-
vantage. Since Hippacrates, medical training has always been di-
rected toward treatment and cure; this cure was all the more im-
portant for Hippocrates—and for many of his successors—since he
invented the inheritance of acquired characters, as well as the dif-
fusion principle by which that inheritance was to have come about.
To be sure, most discases which are due to heredity are incurable;
but ths is something the patient never cares to Anow and the phy-
sician never likes to tell Lately, therefore, infection rather than he-
redity, viruses rather than genes, have had an inherent appeal in
medjeal research, When, in addition, we find that vinses, unfike
gencs, are readily scparable from their biological environment, the
appeal is powcrfully reinforced

We now know, however, that the situations of particles naturallv
propagated by heredits, devclopment, and infection are different
They differ 1n respect to the sclective and evolutionary proceses to
which they have been and will be subjected Fuen if chemically the
particles are indistinguishable, as they may be, we must, thercfore,
give different names to them. .

Since I have recently (1958) summarized the evidence, Ty il now
confine myself to the conclusions. Transmission of anv cancer de-
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terminant through the cytoplasm of the <8 is at present without
evidence, However, the mghly specific dclcfn}\nat\un of cancer as h.r_-
een different tissues 15 one of its most striking charactenistics. It .;<,.
therefore, to plasmagenes of deselopment rather \h‘an of heredity
that we must turn for the source of the cancer mutnt.mn. . i

The distmction between plasmagenes and viruses is of immediate
irperianee, for plasmagenes and vicuses exolve under contrasted
conditions: and, as we know, they evolve rapidiy. A plasmagene de-
pends for s syrvival on the survival of the group of organisms {the
stock or race) in which it is mamtamned by heredity. A yirus depends
for its survival on the survival of the gronp of organisms to which it
is transmutted by infection, and that means natural infection, The
contrasting situations of heredity and infection are therefore the
foundation of the contrasting properties of plasmagenes and viruses.

1t1sin the Iight of thus primciple that we have to consider the 1y pes
af pacticles sigauficant w cancer. We then find that a large sample of
these particles—haw large, we are only 1n process of discovering—is
wfective under artificial conditions But these particles are not in-
fectious m natare They could be viruses but they never have been.
The dassical example 15 the Rous sarcoma And the Rous agent, as
Graffi pointed out m 1940, arose by a change, a mutation, i the fow}
m which it was discovered.

215 ta particles of this description that 1 gase the name provirus,
and the valye of the distinction has been strengthened by the later
dcorery of the paraliel situation in bacteria where a prophage which
Is transmitted by heredits can become a phage which is distributed
b infection,

Tt1s 1 these circumstances that we hay ¢ to consider the remarkable
new experiments of Gross, Graffi, Law, and others, dealing with bath
spontancous tumors and those induced by agents of several ty pes,

Grosshas shown that leukemia can be transmitted by inoculation
of cellree extracts sto newbomn ammals Grafi and others have
prloc-ured the same transmission with solid tumots, Law and Potter
{wg“:_’f‘z“:;“ﬁdl’\;‘)\;g;:dl t'hc eidicct of wrradiation of one tissue can
e, the e mly“ o or; oinduce 2 tumor m another unirradiated
stand how lethal ,mam;fo“‘ﬁ (Thus experiment hefps us to under-
ahwass by diffasin fro i 3 tgn ll;lduoc vishle tumars, It is pechaps
ments have the effeer Z}l ead cells to live ones ) All these experi-
showeing that one s i separating the cell into its two parts and
201 Thes mathe i, agent of cancer production and the other is

€ W clear that the agent of cancer pradaction, whether
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spontancous or induced, is diffusible, like a cytoplasmic virus. Tt can-
not have the essentially nondiffusible character of a nuclear gene.

These experiments bring animal tumors closely in line with the
carlier example of the plant tumors induced by Baciflus tumefaciens.
Here, also, the inducing agent is graft-transmissible, It also is a pro-
virus (de Ropp, 1947, 1948; Gautheret, 1949; Braun, 1952),

In the light of these discoveries the connections between the dif-
ferent types of cancer also become clearer, Not only do we see that
nuclear change is excluded, but we see the whole spectrum of cyto-
plasmic changes revealed. At one extreme we have the unconditional
or patural viruses like myxomatosis and Bittner’s milk-transmitted
and semen-transmitted mammary cancer. Next come agents which
can be artificially transmitted without special precautions, like the
Rous sarcoma. Thirdly, therc comes a group which requires precan-
tions, especially the use of newly born recipients, to overcome im-
munity reactions. And, lastly, comes a collection of tumors the trans-
mission of which has not yet been accomplished. In all this series, the
distinctions are significant in that they are separable from the com-
mon denominator,

Two problems now present themselves: Which came first, the
virus or the plasmagence? What happens when the cancer mutation
reaches an incidence and a localization of 100 per cent; in other
waords, when it ceases to be unpredictable?

The first of these questious is, for some of us, intrinsically charged
with emotion, To the virologist the virus clearly came first. For the
geneticist the plasmagene came first, For most students of cancer,
however, it may appear as an evolutionary question and is therefore
hardly relevant. The cvolution, however, in this case, is happening
from day to day. The one thing 1s arismg from the other thing in the
origin of each tumor. Itis not, therefore, irrelevant.

Let us now look for particular evidence.

EXPERIMENTAL PARALLF1S: INFFUSIBLF PLASMAGENES

What we now have to discorver is whether there is amy more spe-
cific experimental evidence, outside the field of cancer, decrding
whether plasmagenes arise from viruses or vice vera Earlier I hase
quoted the instances of L'Hértier's CO; resistance agent m Dro-
sophila and Sonncborn’s happa particie in Paramecsum. Bath these
are cytoplasmically inherited. Neither of them is naturally infectous
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but both can be made artificially infective. Both may thercfore be
regarded s proviruses, But both might have been true viruses in the
past, having become honest plasmagenes on a doctrine of progress.

To exclude this possibility most rigorously we need c‘(a.mplcs of
plasmagenes which play an indispensable part in the genctic system
of the species but are nevertheless diffusible. Do such things exist?
There are now two instances, or rather two groups of instances: one
1sin an animal, the other in a plant; one distinguishes stacks within 2
species, the other is 2 means of distinguishing species.

Our first instance of a cytoplasmc particle controlling the breed-
ing system is in Drosophula. In D. willistons there is a naturally trans-
mitted “sex-ratio” character. Males are absent in certain hnes. This
serves as a reproductive economy and also it favors crossbreeding.
Malogolowkin and Poulson {1957) have now shown that this char-
acter arses from a lethal reaction between one kind of cytoplasm and
several kinds of nucleus. Further, the cytoplasmuc variation is due to
2 particle transmitted only by heredity, indeed, only by the egg, in
nature Yet artificially it can be transmutted by infection.

(Parenthetically I must note that the authors use a phrase which
appears to contradict my description, Such accidents are easy in this
subject. They say of therr particle “that it 1s essentially infectious in
nature” [my italies]. They mean, I believe, that it is not essentially
infectious and that it is not mfectious in nature, For 1t is infectious
onlv by their skallful manpulation Tt 1s infectious therefare only in
potentsality.)
fcc'{:: l;:}l‘:l g:“CtiF particle 1, We may say, not in!cctiorxs but m-
e i; N !rano a vu(-ius—bul, being dlﬂ:\lslb]C, 1t is a provirus And,
the gengtic s nsmitted by h“Cdlt“{ and. is adapted and necessary to

ystem of the species in which it exists, 1t 15 a plasmagene

of ummpeachable pedigree
‘a::a“’:g:‘k::}::;"‘s‘hng to see from further results how far the nuclear
on many pol c:}:g{:‘somc ma]L? to survive, and no doubt dcpcr.\ds
of the pl'Ovu')ugs - k: c‘rcnccs, arises from a §upprcsscd propagation
males in the pr:scmr:a ? ;nd how far it arises from a viability of
Crcumstances in l’arz\u S eveus Qur evidence {rom parallel
Rhoades sy o mecium of Sonancm. a:nd m Zea mays of

Dlﬁuslhlfgi:,:‘ at both types of variation will be concerned,

but also spt:{m oiaicn:s no doubt often dmur.\guxsh not only strains,
their dLSCO\cryb lfll‘mals Infmumty reactions, however, restrict
Y grafting, and it 15 i plants that the cnitical experi-
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ments. have been carried out. Repeating Russian work, a Swedish
investigator, O, L. Hall (1954), has shown that wheat embrios
grafted on the nutritive endospenm tissue of rye are pcmmncr{(l,\'
changed. When they flower they can be crossed with rye and set 14
per cent of seed instead of the 3 per cent which is sct by plants not so
grafted.

Evidently something passes from the rye plant and propagates it-
self in the wheat, something which is later necessary for the develop-
ment of hybrid embryos. What is it? This something is diffusible and
self-propagating, and characteristic of rye but absent from wheat. Tt
is something nonnuclear but adjusted to the difference between the
nuclei of the two species. Tts absence is indeed a barrier to crosing
the two species, and therefore is something adaptively important and
of the same evolutionary significance as the coadapted differences
between nuclei and plastids of different plant species. It is a plasma-
gene,

The symbiotic specificities of specics of Phaseolus for their nitrily-
ing bacteria obey the same rules as the crascing eapacities of Triticum.
When onc is grafted on another, the stock conlers its specificity on the
scedling of the scion (Hoffmann, 1927; Darlington, 1944). This
analogy is strengthened by the discovery that symbiotic specificitics
in clover are cytoplasmically inherited (Nutman, 1949}, To describe
the particles responsible for these effects as viruses would elearly be
out of place. They are plasmagenes which happen to be diffusible;
not viruses but, if you like, proviruces.

This kind of specific evidence when combined with the general
evidence of the origin of plant and insect viruses makes the evolus
tionary dircction. plasmagene to virus, dificult to avoid.

What is the alternative to this view? It i< that all plasmagenes
which give risc to viruses are merely latent or mashed viruses, They
arc viruses, potential pathogenic agents, waiting to be uncovered,
waiting to be caused to mutate to an active form by accident or hy
treatment, or by a nuclear gene recombination which follows either
inbreeding or crossing. .M kinds of plants and animals are liable to
contain them, and some must be full of them. When thev are carried
through the egg, the result is indistinguishable from heredity. But to
conform with the by pothesis, this must not be called heredit it has
to be a “ertical transmision of potentiallk pathogenic agents
(Grass, 1938). This view would be vindicated if a higher frequency
of leukemia in the progens followed inoculation of the parents. But
of this, I believe, there isno evidence.
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This is a terminological conjuring trick: it is not cnough to allow
a genetic particle to circumvent the evolutionary laws to which he-
recity subjects it. For consider before you aceept this view, how such
a0 exteaordinary situation could have begun. Where did alt the
siruses which so readily disappear come from in the beginning? Or,
to put 1t in another way, which came first, the host or the parasite?
Or do vou 1magine they did not evalue, but were separately created
at the beginnng?

There can be no doubt that biclogists created the virus before they
created the plasmagene, but that does not mean that nature worked
in that order. The host must have existed and reproduced its cells
with the help of RNA proteins before the virus came to do the same
Especially since many of the spontaneous viruses, cances and other,
ate not known even to go back as far as the egg, Infection, therefore,
contrary to common medical belief, depends on even more complex
relationships than hereditv.

1 thus come back to the view expressed by a series of acute ob-
<ervers in examinimg the supposed “virus” origins of cancer. One of
thes  mav quote  “If one postulates a nermal virus occurring in
normal cells one had better call it something other than a virus”
(Bayeott, 1933} Indeed, one had better call it a plasmagene.

Tre CnroMOSOME VARIABLE

The wregulanties of chromosome behavior seen 1 tumors led
B?\cn to suggest that these were the cause of malignancy Later,
Winge found 1n tumors the variety of cell types, both polyploid and
:;?:»:)a‘ncﬁ. which should arise from these irregularities. He made
wnhi: 1:; e suggestion that competition and selection must occur
b hoc pupula:tmn of different cell Lines comprising a tumor.
““s“;'“h};ewc;,)kullcr (1947) observed floutishing mutosss in tumor
oy ‘;c less than the dlplold number, a different complexion
N ehmma:edm observations As Koller pomted out, such cells would
of e s;‘n argmarv tissues bv (}mx: own intornpetence, Instead
T o owed synchronized mitosis, a sign of cytoplasmic can-
the v tt})c{:ncncc In active growth and division indjcated that
ot cnf: not 5“‘}]?‘3‘ to the usual restrictions on growth and

s ‘10\ g privileged treatment.
deve e :un:\;ht cytoplasm had taken over control from the ny-
resultof ¢ 1or, gnd unbalanced cells were being produced a;
90 TRp3d mitosss, such mstesis, 1 fact, could he di -
s s e directly ob-
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served not only in tumors but in pernicious anemia (La Cour, 1944).
These cells were continuing in rapid mitosis, not on account of the
unbalanced nuclei but in spite of them.*

Several instances are known in plants where mitosis which has been
put out of step by gene action is associated with chromosome break-
age (Darlington and Haque, 1955). Conversely, Koller (1933) has
found that solid tumors which regularly suffer chromosome break-
age escape from breakage when multiplicd under ascites or tissue
culture conditions. Again, as each new jnstance is found where ir-
radiation or chemically induced tumors can be propagated by eyto-
plasmic extracts, it becomes morce and more difficult to believe that
chromosome breakage is the effective agent.

There remains one significant ficld of chromosome action in tu-
mors. The achicvement of transplantability, that is, Joss of strain
specificity, has been found to be correlated with poly ploidy in tumor
cells (Hauschka and Levan, 1953; Sachs and Gallily, 1956). Its
relationship with the inherent properties of tumor origin and dedif-
fercntiation is not, however, clear at the moment, Three possibilities
ought to be considered: Is the loss of specificity inherent in poly-
ploidy? Is it the result of genic unbalance such as will usually follow
polyploidy? Is it the result of a speeding up of mitosis which will Jead
to polyploidy as a parallel consequence with change in balance of
cytoplasmic particles?

At present, there scems no reason to doubt that variations in
chromosome numbers occur in tumors, not because they matter more
than clsewhere, but because they matter less, and of course are more
frequent than elsewhere. Unbalanced cells of the right kinds sunive
under specific and novel cytaplasmic conditions following the anset
of rapid mitosis because the cell has become Iess dependent on nuclear
balance than in regular development. That the nucleus is still of some
accaunt we hnaw, since we can stop mitosis by breaking too many
chromosomes. And special chromosome complements with special
chromosome types (such as dicentrics) then serve as marhers by
which we can recognize ccll lineages, much as color marks lincages
in men and cattle (Koller, 1952).

1 Certain caves of “disintegration” of chromosomes in higher polyplord cells
(e 5, Koller, 1956) may now perhaps be interpreted in another way. [shi-
hara and Yosida (1956) have found that increase from 8x to 32x in regener-
ammg sat cells is accompanied by reduction of chromosome size, Thus, halving
of the chromosome threads may compeneate for polyploidy (¢f Datfington,
1055),
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Tireg LEVEL INHERITANCE OF GANCER

Cancer differs from diseases of direct genetic determination in the
\ariability of its familial incidence. In an outbreeding human popu-
Lation its incidence is sporadic and only rarely do we find 2 high cor-
relation in time and place between siblings. But when such popula-
tions are selected and inbred, as they can be in other animals, we can
produce almost any frequency and any time of onset beyond sexual
matunty that we want Even without selection the limit of 100 per
cent incidence is reached in the uniform first generations of hybrids
in ammals and plants (cf, Kehr and Smith on Nicotiana, 1954).*

These properties are shared by true cancers and leukemias. They
may also be expected to be shared by pernicious anemia and by quite
unrelated nopinfectious distempers, such as eczema, the irregularities
of whose inheritance, arising from two superimposed variables—the
nutleus varying in the individual and cytoplasm varying in develop-
ment—became, therefore, of interest for cancer research In all these
canditions the inheritance that is being studied, the effective variable
that 1s being selected, 1s nuclear and genic

Ja none of these conditions does inheritance enable us, in my
Spiion, 1o distinguish between the mutations of genes and those of
?Iasmagmcs that are controlled and determined by the nucleus. It
isthe secondary mutability and the cytoplasmic transmissibility of the

tumor that enables us to exclude the nucleus as the vehicle of mu-
tation

SuMMary

Filteen years ago the genetic and chemical evidence had shown
that there wese seli-propagating partides in the cell parallel with
those n the nucleus but consisting of RNA protein instead of DNA
Protein These particles, which had been described as plasmagenes,
were (in different conditions) the basss, primarily, of dC\'e]mecn;
F;nd differentiation, and secondarily, of some heredity and some in.
ection Changes m these particles could be held responsible f h-
origin of all types of tumor. oror e
bth;day the new evidence of diffusibiity in plasmagenes shown by

ccding experiments closely parallels the new evidence of aruﬁda’l
‘Al'(hls Ppotnt certainty seems to con
< rigne snd e Secmion (o mesion o1 o) o S
e onditio mutation But expenence shows that g 15 meul?ﬁi’iﬁ
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(but not natural) infectivity in cytoplasmic extracts of a variets of
spontaneous and induced tumors. This paralle] reinforces the view
that plasmagenes can give rise to viruses. It alko reinforces the view
that tumor agents always arise from plasmagenes whether or not
they are transmissible as proviruses, Further, it excludes the posi-
bility that a mutation of nuclear genes is directly concerned. The va-
riety of chromosome types in tumors is indeed evidence that, within
the range of their variation, the nucleus is subordinated to the cyto-
plasnt. ’

All diseases which, like the cancers of man, show an abuence of
truc infection combined with a high indeterminacy of inheritance, are
probably subject to the double indetcrminacy of nuclear recombina-
tion and plasmagenc mutation,
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(but not natural) infectivity in cytoplasmic extracts of a varicty of
spontancous and induced tumors, This parallel reinforces the view
that plasmagenes can give rise to viruses. It also reinforces the view
that tumor agents always arise from plasmagenes whether or not
they are transmissible as proviruses. Further, it excludes the poi-
bility that a mutation of nuclear genes is directly concerned. The va.
riety of chromosomie types in tumors is indeed evidence that, within
the range of their variation, the nucleus is subordinated to the cyto-
plasm.

All diseases which, like the cancers of man, show an absence of
true infection combined with a high indeterminacy of inheritance, ate
probably subject to the double indeterminacy of nuclear recombinas
tion and plasmagene mutation.
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The Role of Somatic Mutation in Neoplastic Growth
Jaex Scmurtz, PH.D.

Chawman, Divsion of Biology, Institute for C“"“f Research,
Fox Chase, Phvladelphia 11, Pennsylvania

Our first problem is a problem of definition: Somatic mutation has
been so loosely defined that it can encompass almost any change in
cell heredity, Let us examine the degree to which studies an gcnc}-
ically favorable organisms allow a redefinition of the concept and its
re-evaluation for our discussion of carcinogenesis.

Before doimg this, we must ask whether the nature of the malignant
process demands any specific etiology. In othes words, does the pheno-
type of the neoplastic cell itself impose any restrictions on the possi-
bilities for somatic mutation? In answering this question, T should
fike simply to recall these distinctive characteristics—the continued
mutasis of these cells, not influenced, as are normal cells, to duffer-
entiate by their yelationships with other cells in the organism; the
pecubiar invasive character which is so important in the metastatic
process; and the changes in metabolsm which are the biochemical
concomtants of these peculiarites,

Yor any of these particular changes in phenatype, there is no neces-
sary direct relationship to a speaific change in cell heredity. Tt is true
that the changes in might be plished by a decrease
m the number of mitochondria per cell, if one were ta suppose that
these were autonomously replicating structures and mutated to less
d}cm\: types. Howc.vcr, all t.hat we know of replication under such
creumstances—that isto say, in such cases of apparently independent
intraccllular components as the kappa particles in Paramecitm orthe
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tissues of interest, which can be obsersed a8 mosaics, with p:.xtchcs“oi
tissue clearly differing in their constitution from the sutw\mdl“g‘c“ 5“
For example, the eye color of Drosophila and the mdus;{crrx[\ color ¥ ;
aize are usetul in this regard and have formed the basis of some o
the mote elaborate studies of mutation, Ustng such charactess, the
early workers on induced mutations made c?m}?arimns between the
frequencies of induced mutations in somatic tissues and the germ
ke, The net conclusion from these early studies was that, by and
Targe, the frequencies of the mutations induced per chromasome were
of the same osder of magnitude in the germinal and in the somatic
tissue, The impheation was, therefore, that the process of mutation in
both types of tissue might be comparable.

Without reviewing the earlier works in any detail (sec Muller,
1954}, I should Iike to note that these conclusions are perhaps pre-
mature. They were restricted in the number of Joci studied, and,
moreaver, it now appears at least possible that with such mutagens
as the alkylating agents we may find differences m the sensitivity of
different tissues and chromosome regions (Fahmy and Fahmy,
1937)

The characteristics of somatic mutation are best studied in the
cases of frequently mutating loci; a variety of these have been studied
m different organisms Here, the general methodology has invalved,
25 has been mentioned, the use of stable mutants discernible m a
tissue, The use of hinked markers affecting different characteristies in
the samie type of cell can make feasible the study of the nature of the
chrumc.somal change which causes the type of mutation observed.
Follawing 1ts use originally in the studies of chromosomal elimination
m such mosaic types as gvnandtomorphs, this kind of analysis led to
the discovesy of such phenomena assomatic crossing aver,

SomaTic MUTATION 1§ Marze

The first detarled studies of somatic mutations were carried out in
p}an\s: which have the great advantage that the somatie tissue can
Ene 1ise to germ cells, and the proof of the mutational chararter
cauld be obsained by consentional genetic techniques. The classic
caseis varjegated pericarp in maze, originally studied by R. A. Emer-

son {1917). It happens at the present time to be at the Center of the
mast recent adsances in our information about mutation phenomena,

Taking up the studv of variegation at this tocus, Brink and his asso.
ciates {Brink, 1958a) have shown that i¢ falls into the category of th.
cases analyzed by McClintock in studies which Jed to her d:velopc
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plastids in plants—tells us that their replication can be affected in a
varicty of ways, Even for the mitochondria, thercfore, any particular
ctiology is not required to give the change in metabolic phenotype
characteristic of the tumor cell. Similarly, the stimulus to mitosis can
be encompassed as the result of a viral eticlogy, in which one would
suppose that the competition for the precursors of the mitotic strue-
tures was <o changed in the cell, as a result of the multiplication of
the virus, that these structures were facilitated in their replication, I
onc considers conventional gene mutations, from what we already
know about the interrelationships in the metabolic nexus, a variety of
types of mutatian might be conceived which would lead to this same
result of continued mitosis. Furthermare, the special phenotype of
invasiveness iteclf is distinctive in the difTerent types of malignancy ;
and onc would expect that a whole variety of cellular changes might
he involved in this also,

All this is not surprising to the geneticist. He is familiar with the
fact that mutants with a very similar appearance result from changes
at quite different loci; and roughly similar end effects may be caused
by disturbances at any of the steps along a biownthetic pathwas.
This being the cace, the fact of the malignant cell as a different entity
from the normal cell constrains us to no specific type of ctiology.

MrTHODPOIOGY FOR THE STUDY OF Sonvatic MuTtaTion

The primary difficulty in the study of mutation in somatic cells iv
that the methods usable in the germ cells for the studs of random mu-
tations arc not available for somatic cclls except (quite recenth ) in
tisuc culture. In <omatic cells, the mutants ordinarily detectable are
Timited by the characteristies of the cell type; the detection of mutants
on a random basis, made posable by such techmques as the study of
lethals, is not easily feasible here. In miucroorganisms the studs of o-
chemical mutants changed from the normal in nutritional require-
ments has provided, as is well known, a technique comparable to the
sudy of Iethal, The recent studies of differences in nutrittonal ve-
quir'cmcnls of cell lines from different tsues indicate differences i
the cellular heredity of these types and may give us a spectrum of
mutations which wilf be comparable to thow obtained i the germ
cells. This, however, is sullin the future )

But in the cclf populations of a developing organim the lrchm’qut
has not yet been worked out which will accomplish this resuft. What
we Ry do, inctead of the random tests, is ta make tise of mutants

already available affecting visible characteristics in the different
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namenon. Especially, the time of accurrence En ontogeny 18 d‘Plt“d‘
ent upon the number of these “controlling” \(?c\ pr:s’m& in the nucleus.
These is an integration of the genetic behavior: W hat is §ufﬁcm\t ta
peeserve the stability of the Iocus in one celi generation is no fonger
adequate at a Javer stoge given the same Ac!xvatqr-\')as?ocmmr com-
plex. More than this, Brink (1958a, 1938h) working with another of
the color loci in maize—the R locus—has been able to show 3 so-
called tsansalielic effect winch he has called paramutation, Here t{xc
mutabulity of the opposite allele in a heterozygote is detc):m'mv:d byits
partner, at least in onc specific case The frequent somatic reartange-
ments necessitated by the majze analyses, morcover, need not be
random. All in all, the phenomena are sufficiently striking to male
one consider such possibilities in other celi vypes

So far, the integrations of which I have been talking depend on
nuclear factors These—whether one calls them Activators, Modu-
tators, Dissociators, elements—ate essentially 2 class of genetic units
whose function is the control of chromosome behavior, Nothing in
the existing information requires the assumption of autonomous cyto-
plaseaic factors for these phenomena.

SomaTic MUTATION 1N DROSOPHILA

Somatic mutation in animals 15 more difficult to study. Here we
hase no meristematic tissue which would form mutant sectors to be
tested in the germ Ine by conventional Menddlian technigues What
can be explared is a parallel of somatic behavior with that in the germ
lie, Ttus type of analysis was carried out by Demerec (1941) in
Drosaphila vinlis many years ago Working with a background in the
mutable genes of plants, he was able to demonstrate in a series of
mutable genes in D, zindis that the mutation process was extremely
fich and coruplex, In the case of the mutable “miniature™ wing Jocus,
in addition to a varietv of stable alleles which controlled the size of
the wing, there were alleles mutable exther in the somatic or in the
germ e or jn bath  He was further able 1o show that changes be-
ween one “state™ of the gene and another could happen—changes
between a mutabihity in the soma to mutability in both germ hine and
soma, and 5o op The striking additional discovery was that modifiers
of the mutabilny of his tocus existed elsewhere in
Thus, the mutability

the chromosomes,
acton of a whale &

in lh;: genome was conditioned by the inter-

ystem of factoss. This was something di

0 vho t t z discovered

(‘l:nng the l}szcs, quite along time ago; and, asis evident, it contams
 same principles that we have seen more recently exemplified {n
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ment of the concepts of controlling elements. If one examines closely,
as McClintock did, an ear of maize from certain special strains, the
individual grains of corn are mosaic for certain color characters. She
was able to show that the different types could be interpreted as re-
sulting from the combination of two separable mechanisms. One is a
local change, for example, the inhibition of pigment formation specif-
ically associated with a particular locus; and the other a pattern in-
volving changes at a sequence of loci along the chromosome, due to
successive chromosome breakages and reunions in a series of mitotic
cycles. The element responsible for a local mutability, she found to be
separable from the unit responsible for the pigment formation. She
termed these controlling clements “Dissociator loci” jn general.
When the Dissociator locus was adjacent to the color factor, its ac-
tivity was inhibited, and no pigment formed. The variegation in these
strains, the spotted kernels, she showed o be associated with the re-
moval of the Dissociator locus from its proximity to the color factor, to
a place elsewhere in the genome ( McClintock, 1956).

For the Dissociator locus to be effective, another element, accord-
ing to McClintack, the “Activator locus,” must be present in the
genonte. As an extreme effect, the region of the Dissociator locus
formed unions between sister chromatids at mitotic divisions leading
to bridges at the succeeding anaphases, Thus, a cycle of breakage and
fusion is mitiated; cells in such a line of descent have duplications or
the complementary deficiencies for special regions of the chromosome
involved, and show variegation for the visible effects of the genes
located in them.

Changes in the pattern of the variegation, she showed, w erc.dut
to changes in the number of these Activator loci present in a ghen
nucleus as well as ta changes in the state of the locus (or its position ).
The effect of the Dissociator adjacent to a color-producing or marher
gene is an example here, and a number of different cascs have been
studied.

The cvidence for this complex series of phenomena was obtained
using orthodox Mendelian techniques. In the cases when the Acu-
vator disappeared from its locus next to the marker gene, she was a?)lc
1o show that it was present elsewhere in the same nucleus and to pick
up its presence by appropriate tests, using the Dissoctator to ma‘rk_thc
presence of the Activator. Brink has been able to show that similar
elements, which he has called “Modulators,” are present in the varie-

ated pericarp- o .
§ Somatic mutation in maize is thus a most sensiti ¢ and labile phe-



Jack Schultz 29

nomenon. Especially, the time of occurrence én ontogeny is depend.
ent upon the rumber of these “controlling” loci prcs,mt in the m}clc:us.
There 15 an integration of the genctic behavior: Whatis fu}ﬁcxcnt to
preserve the stability of the locus in one cel} generation is Nd longer
adequate at a later stage given the same Actl\'ator-Dmfocmtor com-
plex. More than this, Brink (19583, 1958b) working with another of
e color loch in maize—the R locus—has been able to show a so-
called transallelc cffect which he has called paramutation. Here the
mutability of the opposite allele in a heterozygote is detesmined by its
partner, at least in one specific case, The frequent somatic rearrange-
ments necessitated by the maize analyses, morcover, need not be
random. Al in all, the phenomena are sufficiently striking to make
one consider such possibiities in other cell types

So far, the integrations of which I have been talking depend on
nuclear factors, These—whether one calls them Activators, Modu-
tators, Dissociators, tlements—are essentially a class of genetic units
whose function is the control of chromosome behavior. Nothing in
the existing information requires the assumption of autonomous cyto-
plasmic factors for these phenomena.

Soxatic MuTaTion N DrOSOPHILA

Somatic mutation m animals is more difficult to study. Here we
have no meristematic tissue which would form mutant sectors to be
tested in the germ line by conventional Mendelian techniques, What
canbe explored is a parallel of somatic behavior with that in the germ
Ine. This type of analysis was carried aut by Demerec (1941} in
Drosophila virihs many years ago. Working with a background in the
mutable genes of plants, he was able to demonstrate in a series of
mutable genes in D, yirilis that the mutation process was extremely
rich and complex. In the case of the mutable “miniatre” wing locus,
in adz:luion to a variety of stable alleles which controlled the size D}
the wing, there were alicles mutable either in the somatic or in the
germ line or in both He was further able to show that changes be-
tween one “state” of the gene and another could happen—changes
between a mutability in the soma to mutability in both germ line a%xd
soma, and 50 on The striking additional discovery was that madifi
of the mutability of this locus existed elsewhere in the chromosor N
Th}n, the mutability in the genome was conditioned by the it
action of a whole system of i iy i
S the i q)ui!c ‘ actors, This was something discovesed
iy hirties, along time ago; and, as1s evident, 1t contar

e same principles that we hase seen more recently cxc’mp‘iﬁcd :‘:
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the studics of the maize mutants. However, in the D, virilis analysis,
there was no evidence of chromosome aberration; the salivary gland
chromosomes werc normal, and no linkage disturbance was evident,
There is no sign of the frequent transposition of clements which is so
striking in the maize mutation picture; whether this part of the phe-
nomenon is peculiar to maize, or whether it is an intrinsic feature of
this kind of mutation process and not easily demonstrable in the D,
virilis studies, cannot be decided.

There is another type of somatic change in Drosaphila which docs
involve chromosome rearrangement, analyzed most extensively in
Drosophila melanogaster. This was first discovered by Muller (1930)
on the analysis of mosaic mutants in the progeny of x-rayed flies and
has turned out to be uniformly associated with a special type of
chromosome rearrangement (Schultz, 1936; review in Lewis, 1950).
The result of this specificity has been to show certain regularities
which have proved useful in the attempt to find some general prin-
ciples, The point of major importance is the involvement of special
regions of the chiramosomics, the heterochromatic regions, which par-
ticipate in these rearrangements. It turns out that a locus abnormally
placed next to a heterochromatic region will become variable in its
expression. In the few cases where the heterochromatic regions cons
tain marker genes, these too show a variable expression,

Let us look at a few examples that display the characteristics of
these processes, worhed out by a Iarge number of investigators over
quite a few years. Consider first the manifestation of the activity of
the white locus. This controls the pigmentation of the eyes, of the
testis sheath, and of the Malpighian tubules of the fly. In the winte-
eyed mutant, the extreme of the serics, pigment is absent in ail these
places, Other alleles run the gamut of calors from a tinged yellow toa
red. This is the classic case of multiple allelism in Drosophila. In
recent years the analyses of the characteristics of this locus have shown
that, Iihc all those mntensely investigated, the white Jocus is comples
and contains a minimum of four to five clements (Lewis, 1952; Judd,
1958).

In the rearrangements in which the white Jocus is juxtaposed to the
heterochromatic regions, the result depends upon a varicty of factors.
Fseential is the distance of the white locus from the heterochromatic
region to which it is transposed. The existence of a variety of re-
acrangements in which the white locus 1s at diferent dstances from
the different heterochromatic regions of the chromosomes has aflowed
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2 rather intensive analysis (sce Lcwis3 1950, for .rcfm.:nccs). ;I‘hc
pattern of the variegation serves a5 a guide here, This V"”‘;S greatlyin
the different rearrangements, In some, large patches of tissue are
mutant, others remaining the onginal wild t)pe..ln others, patterns
of a fine pepper-and-salt arrangement appear, with mutant spots en
a red {normal) background or with Yighter patcheson a darkc.:r mu-
tant bachground. The Drosoplula eye develops from a rudiment,
composed inivally of a few cells, which then multiply and fubsg-
quently form the numerous facets which make up the eye. It is evi-
dent that differences of pattern must be considered with respect to
the timing of the rutational process 1 deiclopment, Tn a yecent
study, Becker {1957) has made an analysis of the cell lineage of the
eve by mducing somatic crossing over, which we will examtne pres-
ently. From his analysis he concluded that the upper and lower halves
of the eye originally derive from two separate cells; they have, in other
words, a different cell lineage Interpretations of the patterns observed
1n the variegation in this way are useful: In those cases where targe
patches occur (early in development) there seems to be an erdenta-
tion of the original cell division Usually the wild type tissue is found
m the ower half of the eye, asif the changed daughter cell were more
likely tobe onented toward the prospective upper half.

One addinonal item is the localization close to the white locus of
ather genes which also affect characteristics of the eye, suck as the
arrangement of the facets. By using these markers, the wdentification
of the sequence in which the changes have occurred with respect to
the heterochromatic block becomes possible. Thus, we have not only
the white locus itsell 1o act as an indicator of the sariegational
change m Which the different elements give a sequence of sorts, but
alsa the “roughest” locus immediately to the nght on the (:hmmo;cmc
map. In 2 rearrangement 1n which the heterochromatic Tegions are
placed to the left of white and therefore the roughest is more distant,
the large patches of mutant tissue in the eye, in which change of ex.
pression of the white locus has occurred, are smoo
;‘mcan): l;:;tt}l‘\s (thus, those that occurred at later stages in the des clop-

the eye) is the roughest locus changed, When, on the con-

trany, the break which adjoins the heterochromatic reéion is to th
night of roughest, and the roughest locus, therefore, is closer t hi tere
chramatin, the larger patches are chiefly TOUghcs; and wid‘:' etero-
’“::’gh“‘ patches different gradations of the whate locus ar:}(::;;e
‘e have to dea, theref, ore, with a sequence of changes in which tac};

th Only in the
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step determines the nature of the behavior at the neat eell generation.

Furthermore, the change at the white locus depends not only on
the distance but on the type of rearrangement. It may go dircctly to
white, as in certain cases; in others, the initial chiange may be to onc
of the darker alleles. The lighter patches in the eye are descendants
of cclls from these dark arcas, In general, it appears that where the
patches are Iarge—in other words, where a change has occurred carly
~the most extreme departure from the wild type is to be found.

This heterochromatin-induced varicgation is extremely sensitive to
modifiers. The most powerful modifying factors in this system, as
might be expected, arc changes in the relative amounts of hetero-
chromatic regions, The addition of an estra Y chromosome (chicfly
heterochromatic) will make a profound change in the expression of
the varicgation due to such a heterochromatin rearrangement. The
extent of the change depends, of course, on the type of rearrange-
ment, This may be illustrated best by considering again one of the
varicgated white types. In this case, in the original rearrangenment,
the so-called white-mottled 4, a single Y chromosome in the male
shows the characteristic variegated phenotype. With the addition of
an extra Y chromosome, the eye is practically red with a fow brown
spechs. With a derived rearrangement, which gives practically white
cyes in the presence of a single Y, the result of adding an extra Y i
rather different. Instead of the practically normatl red, the cye color
is now still mottled and rather dark, Only when two extra Y's are
added it this case docs the suppression of the variegated phenotype
occur. There are also changed Y chromosome types, such that a single
Y has the effect of two normal ones.

Theee elfects of the Y rescenble in principle the dosage cffects of
the Activator locus in the varicgated phenoty pes of maize. In maize,
with increasing doses of Activator, the mutational cfect on the Dis-
sociator locus occurs at successively later stages. Since the removal
of the Dissociator locus is necessary for the expression of the dominant,
the result is more recessive (“mutant™) tisue at higher Activator
doses. A somewhat sinular situation can be found in the Drosophila
cases where the locus being observed s origmally in the hetero-
chromatic region and now, due to the rearrangement, adjoins the
cuchromatic portion of the chromosome. When this happens, the
addition of the Y chromosonie makes for an intensification of the
mutant rather than the wild type condition. If one were to mahe a
comparison between the maize and the Drosophila cases, it would
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seem as though in maize the unstable g::n'cnrp Io‘Cus behlav::s a:;xrf :;5_
normal site wexe in a region comparab 'S the e r:’:mt -
gions of Di rL“ ; but this is an € 1y watch we a
peesent in a position to take too st.:nous]y. ) i
"The whole varicgation system is one of cxtraurdx;mry plasticity.
The modifiers which can be found are enormously diverse. .Scmc of
ther ate located in heterochromatic regions, othcvrs at reglons not
normally considered as heterochromatic—perhaps in the intercalary
heterochromatin that has been discussed on occasion {see Hannal},
1951, for references). However, esen within these modifiers, \here. is
a degree of specificity that recalls the specificities in some of the maize
mutants, For example, one of the modifiers of the mottled white
already discussed, located mn the second chromosome, is dominant to
a certain degree. It changes the phenotype of the mottling from a
rather dark white allele to a lighter grade. However, when the mu-
tant is homozygous, the white-mottled 4 becomes almost completely
white, The homozygous individuals are stenile, and in the absence of
white-mottied 4 they have a normal eye color. When an extra Y
chromosome is added to such individuals, however, they di¢ at an
early stage of development. We thus have a locus revealed which
forms part of the integrated system already indicated; but here a
Highly specific one, for the same modifier which changes the variega-
tion of the white-mottled has not been found to affect other types of

variegation; which to the contrary the Y chromosome affects most
potently,

Aside from the timing of the variegation pracess, there 1 another
factor which indicates an interplay between the nuclear and cyto-
plasmic condigions: namely, the {act that in certain cases the modi-
fiers of the varicgated phenotype have a maternal effect. In other

words, the character of the variegation during the development of the
embryo is determined by the cytoplasm of the €8g in which develop-
ment stasts, This has provided a

most important clue to the analysis
of the nature of the process involved, '

From M!xll:r‘s first paper on, the speculations regarding the nature
of the variegation process involved considerations of the possible
tﬂctl? on rephication of the genes involved in the rearrangement, The
examination of the giant chromosomes of certain of these arr;n e~
ments showed changes in structure amounting in some cases tg

pr:\‘mml fnbsencc of the laci involved. Less extreme cases consist, g 81"
an intensification of the affected bands which measured the alsmlugt
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of uitraviolet-absorbing material, most litely DNA. From this, a
process of change of structure to this final disappearance appears to
cxist. This series of phenomena suggested that the nucleic acids in the
bands were influenced by the metabolism of the heterochromatic re-
gions, and conversely, that these regions were influential in control-
Iing the nucleic acids of the cell (Schultz, 1956, contains carlier refer-
ences).

In our laboratory in the past several years we have attempted to
provide some direct chemical evidence by studying the nucleic acids
of the egg (Levenbook, Travaglini, and Schultz, 1938, 1). By com-
paring eggs from normal females with those from females containing
extra heterochromatic regions, we found that the presence of an
extra Y chromosome in a female may lead to a change in the con-
stitution of the RNA of her eggs. Morcover, this change is correlated
with concomitant changes in the amounts of the various precursors of
the nucleic acids present in the egg cytoplasm (Levenbook, Tra-
vaglini, and Schultz, 1958, II). What this implies is that the Y chro-
mosome itself carries an influence on the synthests of the various pre-
cursors of the purine and pyrimidine bascs, and by so doing can cxert
an influence on the nature of nucleic acid synthesis,

The direct imphcation of such a process in the change of pheno-
type in the variegated cells themsclves has come from studies of anti-
metabolites. The extent of the varicgation 1s changed considerably by
the use of such an antimetabolte as amethopterin, and, most 1m-
portant for our present discussion, this influence can be reversed
when thymidine 1s present in the medium. It follows, therefore, that a
pracess involving thy midine synthesis 1s a sensitive link in the varicga-
tion phenomena (Schultz, 1956). We shall return to this in its con-
text for the discussion of carcinogenesis,

The mmportant pomt at present before we go on to our nexst topic
1s to note that we have here a greatly malleable system, one pre-
sumably concerned with genc replication, and modified by feed-back
processes which control integration in the nucleus as a whole, These
occur in such widely diverse organisms as maize and Drosophila
Some of the so-called genc conversions i microorganisms may be
similar also. Thev show a mutational process not by amy means
randon, but highly directed, and dependent upon the factors of the
rest of the nucleus before any particular type of mutation s displaved.
It is obvious that cases of genetically controlled susceptibthty to
cancer could find an accommodating by pothesss in this type of ex-

planation.
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Sonaic CrossiNg OVER

Before we go into this further, hOWC"?f; it is desirable to covsxdtr
§ £ cenetic vanation due to the change in the
one of the simpler cases of gen d that the
nucleus, namely, somatic crossing over Here also we wall find t
condition of randommess in an organism does not h?ld' but that even
somatic crossing over is dependent on the type of tissue, the stage of
devclopment, and a whole host of concomitan.! factors .h\ fact, at \!xe
sery outset, Stern’s analysis of somatic crossing over in Dmhsol"mk’L
{Stern, 1936) was contingent on the fact that this process is vastly
increased over the normal frequency in the presence of the su-f:allcd
Minute factors, one of whose most striking effects is a decrease in the
rate of deselopment Even in these cases, the time of development flt
which the somatic crossing over occurred, as well as the tisue in
which it occurred most frequently, were dependent not only on the
Minute itself but also on other factors, such as the chromosomal
constitution, etc,

Thus, the pcture of the nucleus of the cell and its chromosomal
apparatus as a fised structure, with gene mutations or other genetic
changes resultng from random bombardment, appears as an ard-
ficial construction, which need no longer alienate pathologists fram
the somatic mutation hypothesis, This random pownt of view, as I
have just said, 55 not valid even for so definitely chromosomal a cir-
cumstance as somatic crossing over. Quite recently, Becker (1937} in
Germany has reinvestigated radiation-induced somatic crossing over.
Mahing 2 more detailed analysis of cell neage than was previvasty
available, he has concluded that the occurrence of crossing over in
somatic cells as a result of x-radiation is not simply a direct one- or
two-ut phenomenon, but some more indirect effect on the cell, In a
“imilar vein, Brosseau (1957) has made an analysis of the effects of
teraperature upon somatic crosung over m Drosophila, Slud)ing par-
ticularh the mosaics 10 the abdominal tissue of Drosophilz, he has
Sho“.n that an cfect of temperature on the {requency of somatic
crosing may be demonstrated at two different stages. One occurs
sery earhy, relauve to the development of the organ, The other occurs
quite late, at approximately the time at which the cell divisions which
gre rise to the mosaics are taking place In Brosseaw’s analysis it a
pears th‘:\t there is an early effect, nterpretable as influencing a (‘:
dispoution on the part of the cells at a much later stage of dev eli b
m‘? ard the occurrence of somatic crossing over, The evidence fi:‘:l::
1s fairly smple I( there were an effect on the early stages directly,
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the patches of mosaic tissue in the abdomen would be large. How-
ever, if the frequency of small patches increases due to an early
temperature shock, it is evident that the effect is a facilitation of the
process in the descendent cells.

A similar and even more striking case of a delayed effect on the
occurrence of a chromosomal abnormality was found by Brown and
Hannah (Brown and Hannah, 1952; Hannah, 1955) in their studies
of the irradiation of ring X chromosomes in Drosophila. Here they
found the frequency to be influenced greatly by the age of the mother
at the time of radiating the eggs in which the abnormal divisions fater
occurred. What this means is that the condition of the egg cytoplasm
in the older eggs was of importance for the character of the cleavage
divisions.

IMPLICATIONS FOR CARCINOGENESIS

Aside from their intrinsic interest, the point of mentioning these
cases is the definite lesson that they have for the theory of carcino-
genesis, If mutation is a random process, cqually likely to occur in all
cells, one has to seek ad hoc explanations for obvious facts in the
natural history of the cancer: Specific organs are affected and they
are affected according to their intrinsic nature, Mutation followed by
selection is a possibility which the actual histology of the carcinogenic
process does not discourage. Although contingencies of selection are
rather difficult to evaluate, it is not difficult to consider as extremes
cases in which only the cells stimulated to mitosis would form mu.
tants, of which some could assume the malignant phentoype and
have a selective advantage; or conversely, cases in which most cells
excepting only those stimulated to mitosis would be destroyed—their
products serving perhaps as an additional mitotic stimulant.

The most vigorous attempts to test the mutation hypothesis have
been made in comparisons of the mutagenic effects of substances
with their carcinogenic effects. Smith (1958), for example, has
studied tumor formation in Nicotiana hybrids. In certain hybrids of
Nicotiana, tumors can be induced by irradiation, and in the same
plants the frequency of somatic mutation for calor factors can be
studied. Smith found as one might have expected that the somatic
mutation and tumor formation ran quite different courses.

In a similar way, Burdette found no correlation between the mu-
tagenic effects of substances and their effects on susceptibility to
tumor formation in Drosophila. T should perhaps mention that in
our own laboratory we have studicd the effects of a number of car-
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cinogens on both maryhogcnesis a_nd on the processes (.Jf ;m';\ratll; ;!:;L)v
tation which [ have already described (Sd{ultz and Bischoff, 1953].
"The effects on morphogenesis and in certain cases on the iormatmrf
of melanotic tumors were Tather stnking. But we did not find any
comparable effects on the h:t:rochmmat’m-mdl{ced _vaf\f:ga(mn.
Nevertheless, such notorious mutagens as the vatious jonizing and
ltraviolet irradiations and the nitrogen mustards are, as is W ell
known, definitely carcl ic in But how seriously is one
1o take the failure of some active carcinogens to be profoundly mu-
tagenic in such organisms as Neurospora or Drosophila '(Burdcttc,
19552 Obviously, the negative result is not too informative; yet by
the same token, the correlation between mutagenesis and carcino-
gencns may only be a circumnstantial association,

Tuis here that the results we have been discussing have their value.
Once it 13 determined that mutation in somatic cells is not nec-
essarily 2 random process and the idea of specificity of mutagenic
events in diverse cell types becomes not too {rightening, the negative
results lose significance, The problem becomes one which must be at-
tacked in its own place, in the specific context of the cell in which
the tumors origmate and, more importantly, in the context of the
relation between ct beh: 3

and differ
trolled by the genetic history of the cell.

as con~

NucLEAR DIFFERENTIATION AND MuTATION

Thus far I have stayed pretty close to the conventional concepts of
somatic mutatian. Howeser, we must now consider more closely the
telation of these to ather types of changes in cell heredity. “The
thought that mutation of the genetic materal could be regular
enough to account for the differentiation process has occurred to
cany peaple and been discarded by most of those to whom it has
occurred. There seemed to e no conceivable mutational processes
sufficiently regular to satisfy the requireraents of differentiation, Thas
of course, if ane examines it closely, is a fallacious argument, Thé
processes of normal development have been stabilized by an evoly-
tionary history which has rejected most of the errors that could aceur,
One cannot expect directly to equate the py '
oceur in !hc genctic information transmitted from cell to cell dari
cmbn?mc deselopment, with the types of errors that we ne m‘gl
mutations, ?\Iost of these conceivably are part of the cvolutio:;’ o
pcr;n;n!:;_l,:on that has been rejected in the normal dcvclcperne::l
p ¢ types of posible change in the genetic material whick

ossible changes that might
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constitute the problem of differentiation in the nucleus raisc questions
of semantics when the relation of this differentiation to the mutational
process is considered. The fact that cach type of cell is specialized,
with only the activitics of the cellular substances in vive to guide us
as to the genctic information that they carry, makes the problem diffi-
cult. We cannot judge what transformations occur and what possible
degree of reversibility exists, For example, when the immature germ
cell is transformed into the sperm, what happens to the genetic in-
formation carried by these chromosomes, whose constitution changes
so considerably in the process? The only concrete evidence that we
have at the moment derives from the experiments on nuclear trans.
plantation carried out by King and Briggs (1956) which show fairly
clearly that irreversible changes occur as the tissues specialize during
development. Whether these irreversible changes are in the nature of
mutational changes, that is, definite changes in the potential informa-
tion carried by specific segments of chromosome, or whether they are
actual fosses of material, is something difficult to say. They may be
replacements of special codes of information by others which have
no meaning for the ccll in which they reside—so-cailed nonsense
DNA. Indeed, my own speculation, as regards the nature of the
ficterochromatin-induced variegation, has been more or less along
this line; namely, that adjacency to the heterochromatie regions in-
duced a change in the type of nucleic acid which no longer permitted
the specific manifestation of the gene in question It is not difficult to
imagine a system of nuclear diffcrentiation in which such changes
would be regular and cell specific, with the end result that for each
type of ccll a requisite population of information carriers was present
(Schultz, 1947, 1958).

At least a superficial alternative to this point of view may be found
in the recent analyscs of the speerficity with which changes in struc-
ture {Beermann, 1956; Breuer and Pavan, 1955) and, indeed, in dis-
proportionate synthesis of DNA (Rudhin and Corlette, 1957; Stich
and Naylor, 1958), occur speaifically in the chromosomes of diftercnt
tissues in definite functional circumstances. These analyses so far
are restricted to the giant chromosomes of the Diptera, However,
one may sec in them a useful principle that may have wide applica-
tion (for example, Schultz, 1959), These are the phenomena of
so-called gene activation, and again these are not necessanily reven-
ible. Indeed, they may be irreversible, and so could lead to the type
of nuclear diffcrentiation observed in the nuclear transplantation

cexperiments,
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The distinction may eventually invelve 2 defimition of gene .ncﬁ\fa-
lion as maintatning 2 constant pattern of DNA, ch:}ngtd in its bio-
synthetic effects by associated substances. Mutation here would
involie a change in the kind of DNA. Now, what do alt these con-
siderations have to do with the role of somatic mutation in neoplastic
growth? Tt is farrly evident that if one is to consider somatic outation
as an important clement in this process, the somatic mutations must
be of a specific type. According to our current predilections, they
must be mutations affecting the pucleic acid metabolism of the cell;
and if one continues to restrict the hypothess, they may be mutations
in the heterochromatic regians, if these are viewed as regions specifi-
cally invaleed in the canteol of nucleic acid svnthesis.

However, if nuclear differentiation exists, and it scems now that 1t
must, the fact of the matter is that these somatic mutations must occur
in cells which may differ in their nuclear constitution. 1f this is the
case, is it necessary to postulate samatic mutations at ali* My own
view 15 that a reasonable possibility which does not involve special
somatic mutations in the pnimary initiation of carcinogenesis may be
found (Schultz, 1947, 1958) One begins by considering the neces-

<ity for the regeneration of cell structures, particularly in the cyta-
plasm, after exposure to the

of carci These infl
have therr chemical expression in the phenomena leading to the so-
called protein-deletion hypothesis. They lead to the loss, during the
process of carcinogenesis, of the specific cytoplasmic attributes of the
eell, concomutant with the stimulation of this cell to a mitotic cycle.
Here the nature of nuclear differentiation is of utmost importance:
Yhave suggested that it mav be of such a nature that in each cell type
only 2 special contplement of foci maintains its specific actwities.
Stimulated to mutosis, without therr normal cytoplasmic enviranment,
the posbitity is apparent that in the competition for substrates the
mitotie rather than the functional aspects of cell metabolism \vi’ll be
favored. This, the early stage of carcinogenesss, permits us the oppor-
tumty for subsequent violens changes in the chromosomal constitu
Yion 1n such a population, obviously, somatic mutations mav take
place, and among them selection for the most viable constitutio:
would occus In the nature of things, the phenatype which w;, ey txc;
as the most malignant would be most highly selected, H .
“on vohves differs, as pathologists emphasize, fi e
tumor type, The ch; st ron e Aot 155 o
$Pe. The charactensties of the tumor are deternined not
hD\ ﬂ:}c{m{:nx\c ~alue of mahignancy, but by the celi of originn:s ‘:Zz\y
' thts bas, one may more than jusufy the current preaceupation
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constitute the problem of differentiation in the nucleus raise questions
of scmantics when the relation of this differentiation to the mutational
process is considered. The fact that cach type of cell is specialized,
with only the activitics of the cellular substances in vivo to guide us
asto the genetic information that they carry, makes the problem diffi-
cult. We cannot judge what transformations occur and what possible
degree of reversibility exists. For example, when the immature germ
cell is transformed into the sperm, what happens to the genetic in-
formation carried by these chromosomes, whose constitution changes
so considerably in the process? The only concrete evidence that we
have at the moment derives from the eaperiments on nuclear trans-
plantation carried out by King and Briggs (1956) which show [airly
clearly that irreversible changes accur as the tissues specialize during
development, Whether these irreversible changes arc in the nature of
mutational changes, that Is, definite changes in the potential informa-
tion carried by specific segments of chromosome, or whether they arc
actual losscs of material, is something difficult to say. They may be
replacements of special codes of information by others which have
no meaning for the cell in which they reside—so-called nonsense
DNA. Indeed, my own speculation, as regards the nature of the
heterochromatin-induced varicgation, has been more or less along
this linc; namely, that adjacency to the heterochromatic regions in-
duced a change in the type of nucleic acid which no longer permitted
the specific manifestation of the genc in question. Tt is not diflicult to
imagine a system of nuclear differentiation in which such changes
would be regular and cell specific, with the end result that for cach
type of cell a requisite population of information carricrs was present
(Schultz, 1947, 1958).

At least a superficial alternative to this point of view may be found
in the recent analyses of the specificity with which changes in struc-
ture (Beermann, 1956; Breuer and Pavan, 1955) and, indeed, n dis-
proportionate synthesis of DNA (Rudkin and Corlette, 1957; Stich
and Naylor, 1958), occur specifically in the chromosomes of different
tissues in definite functional circumstances. These analyses <o far
are restricted to the giant chromosomes of the Diptera. However,
onc may scc in them a uscful principle that may have wide applica-
tion (for example, Schultz, 1959). These arc the phenomena of
so-called gene activation, and again these are not necessariy revers-
ible. Indeed, they may be trreversible, and <o could lead to the tvpe
of nuclear differentiation observed n the nuclear transplantation

cxperiments.
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with population genetics on the part of tissue culture workers and cell
biologists in cancer research.

Obviously, the degree to which somatic mutation can be influ-
enced by extrancous circumstances, and its specificity, allow a con-
siderable latitude in the application of this hypothesis. Obviously ako,
one can consider both viruses and autonomous clements in the cyto-
plasm (if they indeed exist) as mutagens of a sort or as gene acti-
vators, or as Tjio and Ostergren would like to believe, as activators
of the heterochromatic system itself. All these possibilitics are, in
efect, details, The fact of the matter is that the change of ccll type
in tumor formation involves a change in cell heredity; and the differ-
cnt systems in the heredity of a cell involve the nucleic acids of one
type or another. This being the case, one can hardly escape some form
of the samatic mutation hypothesis of tumor origin.
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Lysogeny, Transduction. and Cancer Genesis
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Neoplastic transformation of somatic cells involves a sudden and
irreversible change in their hereditary properties which allows them
to escape the regulatory mechanisms of the organism. For the last
thirty years two apparently opposed theories, the mutation theory
and the viral theary, have aimed at interpreting the essential features
of malignancy. Whereas the mutation theory ascnbes the primary
cancerogemc event to an internal change in the genettc apparatus of
the cell, in the vitus theory the primary determinant of malignancy is
an clement external to the cell, This conceptual dutinction between
heredizy and infection for a long time appeared as irceducible.

As « consequence of the progress made in the apparently remote
field of bacterial genetics, the concepts of heredity and infection no
longer appear irreconcitable, but may be idered merely as two
different aspects of the same basic fact—the presence in a cell of 2

speaific genetic structure, whether mnherited or acquired from an
external source.

LySocENY
Much of our knawledge wn this respect has come from the study
of Inogenic bacteria These bacteria are able to produce infectious

bactenal virues {bacteriophages) in the absence of infection by an
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grated with the genetic apparatus of the host cell and replicates in
harmony with 1t

When sensitive bacteria are infected with a bacteriophage, the
DNA of the phage, i 2., its genetic material, is injected into the host
(Hershey and Chase, 1952). In the case of temperate phages, the
genetic material of the phage can then undergo two different series
of events, It can exther enter the vegetative state which leads to Tysis
of the infected cells and to production of infectious particles {lytic
eycle); or it can establish itself as o prophage and give rise to a clone
of stable lysogenic bactena (lysogenization), The relative frequency
of each response is under the influence of genetic as well as environ-
mental factors

Conversely, the genetic material of the phage can leave the pro-
phage state and enter the vegetative state. In cultures of lysogenic
bactena this event occurs spontaneously in a small fraction of the
population (from 10°° to 107 per cell gencration, depending on the
1ype of phage) and is lethal for the bacteria in which it occurs (Lwofl
and Gutmann, 1950), With certam lysogenic strains the transition
from the prophage to the vegetative state may be induced at will in
the totality of a bacterial culture by exposure to chemical or physical
agentssuch as ultraviolet light (Liwoff, Siminovitch, and Kieldgaard,
1930) Those agents which have proved eflective in such duction
of lysagenic bacteria are agents which also are known to be muta-
gcn‘ic ar carcinogenic in other organisms (see LwofT, 19535 Jacob,
1954). Once a prophage has entered the vegetative state, the series
of cI\cnls Whl;h follow arc identical to those which occur in the lytic
cvele upon infection of sensitive bacteria with the sa i
{Jatob and Wollman, 1933). samebacteriophage

The cycle of a inducible bac b is i
n Figure 1. )

P

The Genehies of Lysogeny

In lysogenie bacteria, the genetic material of the
phage) 1s “integrated” with the genetic apparatus n?t‘ﬁfché::‘ 2‘:“"\';}‘
such & way that both behave as a single unit of reproduction, As ‘n
the €Xact nature of this mtegration, it could only be iny estj a.tcd bo>
genetic mclhoc!s. This became possible when it was foun%l b E)
Ikdu‘bﬂg (\‘33‘\) that the K12 strain of Escherichia col, i yh h
;;,tnmcrcr bination had been d d (Lederb . :‘g{f
\‘\‘""c‘?‘ﬁ)v was lysogenc for an inducible phage, A andglh“t -
yeogenic mutants of this stran could be isolated, Am‘mugh :hac ::‘1‘.
iy
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external virus, They therefore possess and transmit to their progeny,
from generation to generation, the hereditary power to produce and
release an infectious agent. The bacteriophages so released, or tem-
perate bacteriophages, are able to multiply in and 1o lyse bacteria of
sensitive indicator strains. They also arc able, after infection of such
bacteria, to give rise to new lysogenic systems. Lysogeny is therefore
a clear example of a heritable property which can be acquired by
infection,

These properties of lysogenic bacteria, though recognized very
soon after the discovery of lysogeny, more than thirty years ago,
were not readily understood, and the same controversy which has ex-
isted in cancer research between the proponents of the mutation
theory and those of the viral theory also took place among students
of bacteriophage. The existence of lysogenic bacteria, however, posed
the problem of a possible relationship between heredity and infection,
and as carly as 1928, when comparing the properties of bacterio-
phages with certain cascs of transfer of hereditary characters in bac-
teria and the transmission of malignant tumors, Eugine Wellman
could write: “The two notions of heredity and of infection, which
appeared 1o be so perfectly distinct and in some way incompatible,
happen . . . in certain conditions, to be almost confounded.”

It was not until 1950, with the work of LwofT and his collaborators,
that the nature of lysogeny and its genetic significance became fully
appreciated. The cssential features of lysogeny arc by now too well
known to require a detailed description. They will therefore be only
bricfly summarized. Additional information may be found in several
reviews (Lwoff, 1953; Jacob, 1954; Bertani, 1958; Jacob and Woll-
man, 1959),

The Properties of Temperate Bacleriophages

Lysogenic bacteria perpetuate hereditarily the genetic information
necessary to produce a specific type of bacteriophage. This informa-
tion is carried by a noninfectious structure, which Lwoll and Gut-
mann (1950) have called prophage. A temperate bacteriophage may
thus exist in three different states,

In the infectious state, the bacteriophage is an organized structure
whose genctic material (DNA) is enclosed in a protein coat. This
coat endows the particle with stability and infectivity. L

In the vegetative statc, the genetic material of the phage multiplies
actively and directs the synthesis of protein phage constituents.

In the prophage state, the genetic material of the phage is inte-
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anahysis of croses mvolving lysogenic and nonlysogenic bacteria
po'micd to 2 chromosomal determinisra of lysogeny {Lederberg and
Lederberg, 1953; Wollman, 1953; Appleyard, 1954), .!he resits
were not unambiguous. Only after a better understanding of the
mechamisms of bacterial conjugation and an improvement of the
methods of mapping bacterial genetic loci had been attained {Hayes,
1953; Wollman, Jaccb, and Hayes, 1956; Jacob and Woliman,
19582}, cauld the chromosomal location of the prophages be firmaly
established (Wollman and Jacol, 1934; Jacob and Wollman, \957.) .
Each type of praphage occupies a specific position on the hactenfﬂ
chromosome, Tt therefore behaves as a genetic unit of the lysogenic
bacterium, Between the genetic matenal of a temperate phage and
the chromosome of the bacterium there thus exists a specific corre-
spandence or homolagy, A prophage, however, is not an intrinsic
part of the bacterial chromosome. It is neither substituted for an
‘homol part of the ch af the nonl i¢ bacterium,
nor is it snserted into the continuity of the chromosome. It is an ex-
trinvic genetic structure, which is added to the genotne of the bac-
terium and fixed in an unknown but specific way to a spearfic site of
the bacterial chromosome. 1t can be gained or lost as a whole, and,
under certain cir {acuion of inducing agents, conjugati
et} it can leave its ch 1 site and start repheating in an au-
tonomaus fashion (Jacob and Wollman, 1958b). Since the genetic
material of a phage i DNA, in the prophage state as well as in the in-
fectious or vegetatise states (Stent, Fuerst, and Jacob, 1957), any
motlel of the physical structore of the bacterial chromosame will have

to provide for means of assuning the specific binding of the prophage
DXA tothe DNA of the bacterial chromosome,

Tke Prophage as a Cellular Genetic Unit

Tlxc presence of a prophage on s thromosomal site endows lyso-
eenic bacteria with certain phenaty pic properties which distinguivh
them from homolagous nonlysagenic bacteria, One of these propes-
bies 15 the ability to produce a particular type of bacteriophage, but
thy i a potential property of the bacterial Population, since jts ex-

Presion i any <ingle bacterum s Jetha {Lwolf, 1953']. A propery
shich is exprexsed n each lysogenic bactetium is mnunity, i cp \hy
“pecific resitance conferred by a prophage against m(ecti;); b)‘ h ;
molagous or clorely related bacteriophages, Other phenotypic cz:
m::x!ni“l::\c‘ ‘{)rﬁmcc of :l: prophage ir}clud: properties which, at
y appear to bear no relation to baclcriophag: infec-
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ived exper Iy from normal lysogenic bacteria, it wouhld
ll,)ccc:xfrccrr;cly diFﬁcult to assess that certain of their genetic properties
are under the control of a prophage.

Temperate bactesiophages thus passess the properties of ho_th
typical visuses, in their extracellular infectious state, and of bacterial
hereditary determinants, in their integrated prophage state. 'Muta-
tions may occur which suppress any one of these aspects, Verulcm
phages cannot establish themselves as prophages and are typical cyto-
pathogene viruses; while the defective prophages, which c:,am\crtld.:~
telop mto infectious particles and sometimes have even lost the ability

1o enter the vegetative state, can hardly be distinguished from normal
bacterial structures.

TRANSDUCTION

Bacterial viruses, besides being able to confer certain hereditary
praperties to the bacteria in which they establish themselves as pro-
Phages, also are able, in certam cases, to act as vectors of genetic
material from one type of bacteria to another. This phenomenon of
genetic transduction, discovered by Zinder and Lederberg (1952},
consists in the mnclusion, inta bacteriophage particles, of swall ge-
netic fragments of donor bactena, which fragments are thereafter
transferred, upon mfection, to recipient bacteria. In contrast to lyso-
genic comersion, the characters thus transmutted are those of the
donor bactena, the phages themselves actng merely as carners of
genctie segments from one strain to another (Zinder, 19531.

Generabzed, Nonspecific Transduction

in this ype of wransduction, the first to be discovered, certam
strains of phages are able to transmut any of the genetie characters
of the donor bacteria to bacteria of the recipient strain, Qnly 2 few
dosely linked bactersal loc can be transferred together in a single
Phage particle, and the probability of transmussion of any given
character per phage 15 small {about 107*}. Tt 15 worth mentioning
that among 14 temperate phages whose chromosomal location has

bfcn mesugated, the only one which could not be locatized an the
K12 bactenial chromosome 15

a bacteriophage which is able to per.
form this type of transduction (Jacob and Wollman, 1958b). e
Limited, Specific Transduction
Thes type of transduction was discovered b;
Y n y Morse, Ledes
and Lederberg {19363, b) with inducible phage A, whose pm:;:gé
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tion: The best known cascs of such Iysogenic conversions are the for
mation of diphtheria toxin by Iysogenic Corgrebacterium di phtheriae
(Freeman, 1951) and the production of new antigens by certain
lysagenic strains of Salmonella (Iscki and Sakai, 1953), If it were
not for the fact that these specific transformations can be accom-
plished at will by lysogenization with the corresponding phage, such
hereditary traits could hardly have been ascribed to the presence of a
prophage.

As any other genetic structure, the genetic material of a phage
exerts two main functions: It ensures its own replication and it dirccts
the synthesis of specific compounds (bacterial enzymes, phage con-
stituents, etc.). It is of the greatest significance that the way in which
these two functions are achicved varies according to the state of the
phage genome, that is, according to its relationships with the bacterial
genome.

In the vegetative state, the genctic material of the phage repli-
cates autonomously at a pacc which differs from one phage to the
other, but which is always faster than the pace of replication of the
bacterial genome. It directs the synthesis of the diverse phage com-
ponents and also of bacterial products such as toxin in diphtheria
bacilli {Barksdale, 1958) and antigens in Salmonella ( Uctake, Luria,
and Burrous, 1958); but it either fails to clicit the synthesis of the
cytoplasmic mediator of immunity or it directs the production of a
suppressor of this hypothetica) substance.

In the prophage state, the genctic material of the phage replicates
in harmony with the bacterial genome. No phage material is formed
{Miller and Goebel, 1954 ), but the substance responsible for im-
munity is synthesized {Jacob and Wollman, 1956a),

Prophage mutations occur, which block some of the steps involved
in the development of a prophage into infectious particles (Jacob
and Wollman, 1956b; Jacob, Fuent, and Wollman, 1957), Such
defective Iysogenic bacteria, which have lost the ability to produce
phage, still retain the properties conferred on them by the presence
of the prophage. In inducible defective systems, the action of an
inducing agent, such as ultraviolet light, still brings about the death
of the bacteria, but no infective particles are released. Superinfection
with normal phages, however, allows the release of a mixture of nor-
mal and defective particles. In defective lysogenic bacteria the ge-
netic material of the phage can thus be perpetuated only in the
praphage state. The phage has lost its infectiousness and h.ch:l\ci
therefarc as a genctic determinant of the hast. Had such strains not
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is l.ocatcd on the chromosome of E. coli K12, in the vicinity of a
series of loci which control the ability to ferment galactose. After in-
duction of lysogenic Gal* bacteria (but not after infection), a small
proportion of the bacteriophages released (about 10-¢) are able to
transduce the Gal* character, and only this character, to Gal* re-
cipient bacteria. This low frequency of transduction (Lft) leads ta
the formation of clones of unstable Gal* bacteria from which Gat*
and Gal" progeny segregate. When such lysogenic heterogenotes,
which carry both the Gal” and the Gal* allcles, are in turn induced,
they liberate bacteriophages which are able to transduce the Galt
character at high frequency (Hft), The association which exists be-
tween the A prophage and the locus to which it is linked on the bac-
terial chromosome thercfore persivs, in this case, during the whole
cycle of multiplication of the phage (Weiglé, 1957).

About half of an Hft lysate is composed of normal A particles which
are unable to transduce, and half of defective A particles which trans-
duce the Galt character, In the defective transducing A phages
(A dg) a scgment which amounts to about one-fifth of the phage
genome appears to have been replaced by a segment of the bacterial
chromosame {Arber, Kellenberger, and Weiglé, 1957). Transdue-
tion by A dg therefore exemplifies a case where a genetic bacterial seg-
ment has become an integral part of the genome of a phage and repli-
cates as a part of this genome in the prophage state as well as i the
vegetative state. When a A dg particle lysogentzes a Gal” bactertum,
the Gal* segment remains part of the prophage and is not incorpo-
rated into the recipient chromosome, The transduced heterogenote
segregates stable Gal™, nonlysogenic bacteria by loss of the defective
prophage. Occasionally, recombination may occur hetween the Gal*
exogenate and the bacterial chromosome, giving rise to stable non-
Iysogenic Galt recombinants.

The two known modes of transduction which are summarized in
Figure 2 appear therefore to be very different The generalized type
resembles transformation as studied in Pneumococcus or Hemoplulus
(sec Hotchhiss, 1955), where any genetic character of a donor strain
can be transmitted to a recipient strain by means of free DNA ex-
tracted from the donor. The restricted type, on the contran, 1 a
special case of Iy sogenization and thus resembles Iveogenic conversion.
Haowever, recent results { Luria, Fraser, Adams, and Burrous, 1958)
would indicate that both 13 pes of transduction could be mediated by
defective phage particles. They would thus not differ in the mech-
anism by which genctic material can be transerred from one bac-



Etie L. Woliman and Frantois Jacob 53
The Sex Factor of Bacteria

Conjugation in E. coli takes place between hacteria of opgmite
mating types. Certain strains (F- ot fesales) appear to be devoid of
The sex factor ¥. They never mutate to the F+ (or male) state, but can
acquire the F+ character upon conjugation with F+ bactesia (Leder-
berg, Cavalli, and Lederberg, 1932). Upon its transfer to T bac-
tesia, the sex factar appears to Teplicate autonomously and at a faster
sate than the bacterial gename, F¥ X F- crosses exhibit a low Ire-
quency of tecorbination (Lir) but F + bacteria can mutate to diffes-
et types of Hlr (high frequency of recombination) types in which
the sex factor is integrated and can be Jocalized af the dystal end of
the Hir ch Mo T, the p of the sex factor in the
integrated state appears to prevent the rephication of the same factor
in the antonomous state, The sex factar of bacteria has thus the prop-
exties of an epicome which can be either absent or present and when

present can be either autonomous or integrated (Wollman and
Jacob, 1958).

The Colicinogenic Factors

Colicins are antibiotics of protein nature which are produced by
enteric bacteria and are active on strains of E col {Fredencg, 1957,
1958), Bacteria which have the hereditary property of producing

colicns are called colicinogenic bacteria. Colicinogeny is a stable
character. Mutati i

from li y to colici have
never been observed. Noncolicinogenic bacterfa can acquire the coli-
m}ogemc.ch:iractcr only by contact wath coltcinogenic bacteria, and
thic acquition appears to take place through conjugation Genetic
anahsis of bacterial crosses has shown that in male Hir strains the
colicmogentc Jactor is Yocated on the bacterial chromosome, but that
afier s randier 1o female bacteria it is able to replicate auto;mmaus] 1
{A¥olds, Jacob, Weltman, and Mazé, 1958). & colicinogenic hcto’r

€an thus be cither absent or present, and when present, it can be
either autonomous of integrated,

In thew mode of actan on sensivive backer e

‘ ; ve bavkera, tohicins Tesemile
:mmmphngm in many respects { Fredericq, 1933}, Cobicins can be
:l;::‘:;npm'nd‘w the 1ail proterms of virulent bacteriophages, whereas
genic factors would bear some resemblance to th i

X &
r:‘aa r:nlagl ;; ;cr;(pc}:z\(c bacteriaphages { Jacob, Siminoniteh, an§ t\r\"to‘\‘\c
. - I the paralle between colicins and bacter; ; isof

! v rioph:
amy sigmficance, one could imagine that these two oagﬂ:\ﬁe:l:;g
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terium to another, but by the events which occur in the donor bac-
terium in the one case, and in the recipient bacterium in the other.
Whether few or many bacterial characters may be transferred by a
certain phage would depend upon whether or not the corresponding
prophage occupies a specific position on the bacterial chromosome
{Jacob and Wollman, 1958b). The type of response of the recipient
bacterium (stable transduction or formation of heterogenotes) would
depend upon the relative abilities of the transducing phage to estab-
lish itself as a prophage or ta allow recombination to take place be-
tween its exogenote segment and the bacterial chromosome (Luria,
Fraser, Adams, and Burrous, 1958).

Tue ErsoMEs

Situations found in the study of lysogeny thus exemplify cases
where the genetic material of a virus can hardly be distinguished
from the normal genetic determinants of the host, whereas situations
found in the study of transduction demonstrate that a segment of
genetic material of the host can become an integral part of the genome
of a virus, In both cases, however, the genome of the virus concenes
its identity: It can be acquired or lost as a whole, it can replicate in
an autonomous fashion, and, even when integrated, it is fixed on the
chromosome and not incorporated intot.

The genetic material of a phage, in the present state of evolution
of both bacteria and bactenophages, is a genetic structure which must
be considered as distinct from the genetie material of a bacterium.
The genctic material of the phage is an extrinsic structure for which
there is no allclic segment on the bacterial chromosome, and thas
differs from the normal genetic units of the bacterial genome. It may
be cither absent or present, and when present it may cither be in an
autonomous state (vegetative state) in which it replicates at its own
pace, or it may be mn an integrated state (proviral state) in which it
is replicated in synchrony with the bacterial genome. Morcover, the
presence of the phage genome in the integrated state prevents the
autonomous replication of a nonintegrated phage genome, The term
of episomic elements or episomes has been proposed for genetic ele-
ments which share similar properties (Jacob and Wollman, 1958¢).

Studies in bacterial genctics have shown that three classes of ge-
netic clements, which would appear at first sight to be completely un-
related, have the propertics of episomic clements. They are the
temperate bacteriophages, the scx factors of bacteria, and the deter-
minants of colicin production.
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The Sex Factor of Bacteria

Conjugation in E. col: takes place between bacteria of cppf)sitc
mmating types. Certain strains (F- or females) appear to be devoid of
the sex factor F. They never mutate to the F+ (or male) state, but can
acquire the F¥ character upon conjugation with F+bacteria (Leder-
berg, Cavalli, and Lederberg, 1952). Upon its transfer to ¥~ bac-
teria, the sex factor appears to rephicate autonomously and at a faster
rate than the bacterial genorne, F+ X F- crosses exhubit a low fre-
quency of recombination (Lir) but F+ bacteria can mutate to differ-
ent types of Hir (high frequency of recombination) types in which
the sex factor is integrated and can be localized at the distal end of
the Hir chromosome, Moreover, the presence of the sex factor in the
integrated state appears to prevent the replication of the same factor
n Eh: autonomous state. The sex factor of bacteria has thus the prop-
erties of an ¢pisome which can be either absent or present and when

present can be either autonomous or integrated (Wollman and
Jacob, 1958).

The Colicinogenic Factors

Cn.lu:im are antibiotics of protein nature which are produced by
enteric bacteria and are active on strains of E. coli (Fredericq, 1957
1938). Bacteria which have the hereditary property of producing’
colioms are called colici bacteria, Colici
character, M from ich ny to Tici have
neser been obsered. Noncolicinogenic bacteria can acquire the coli-

:;:fg:nls.t'h?mctct only by contact with colicinogenic bacteria, and
am]“g ct;l:on appears to take place throug.h conjugation. Genetic
ot aic!eml_:mws has shown that in male Hfr strains the
P ogenic factor is Jocated on the bacterial chromosome, but that
erits .lnmfcr to female bacteria it is able to replicate autonomous];
{Alfoldi, Jacob, Wollean, and Mazé, 1958). A calicinogenic (ac\uz

can tl
t.r]: hus be either absent or present, and when present, it can be
Ither autanomous or integrated. ’

is a stable

haz:lul"';ﬂ;amod.c of action an sensitne bacteria, colicins resemble
P mm;\ rg:ls in many respects (Frsdcricq, 1953). Colicins can be
(‘Ohtinog‘:: ;; [:Z (\;\; \:\\l‘;:‘r:\;xtns of virulent bacteriophages, whereas
o “  beat some resemblance to the genets
ma ,:_n;rl) :; )lu}\[yx’:-m: bacteriophages ( Jacob, Siminovitch, nm% \t:"::ﬁ?
e the parallel bc}mcn colicins and bacteriophages is of
snificance, one could imagine that these two amibgacz:i?.]
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agents are phylogenetically selated, A bacteriophage could be vmlxal-
ized as an episome which, in the autonomous s\:}te, is able to enclose
jtsclf into the products the synthesis of which it directs, whereas a
cohicinogenic factor is devoid of this property. \\'het}zer one should
consider the cohicinogenic factars as viral genomes which, ]lkc.dcfcc-
tive phage genomes, have Tost the abdity to undergo maturation, or
a3 a landmarh, in the evolution of bactesiopt is a question of
personal taste. A diag ic seprecentation of the behavi of
episomes is ghen in Figure 3.

The genetic analysis of bacterial crosses thus feads to the recag
nition of a class of genetic elements, the episomes, which are inter-
mediary between the intrirsic genetic determinants of the el
< , the ext Jear genetic siructuses of plasmid { Leder-
bevg, 1932}, and the extrinsic genetic structures such as viruses,
Bacterial episomes cotmprise very diverse elements which range from
typical virnses, as the bavieriophages ave, to apparemtly normal
structures, such as the sex factor of bacteria Whether such genetic
clements may exist in higher organisms is unknown, although the
“controfling elements” desenbed in maize {McClintock, 1856) ap-
pearto have similar properties.

Concrusion

The derelopments of microbial genetics have increased consider-
ably our hnowledge of the basic mechanisms of heredity, They aka
lead to 3 re-evaluation of aur concepts and of our vocabulary as ex-
empldied by the extrete difficulty which sometimes exists in dis-
tnguishing infection and heredity. The bearing of this conceptual
re-cvaluation on the by potheses which can be formulated a5 fo the
genesis of cancer is too obrious 1o require emphasis.

A!xhnugh Iysagenic bacteria are the only known example of inte-
eration of the genetic material of a virus into the genetic apparatus of
the hnt at the chromasomal Jerel, there are indications that other
?m\m are abo mtracellolarly integrated. Such cases are Tepresented
1'\:5\?: fxc.rrdnmn “viruses” of Prosophila which axe responsible for
e mn \‘le\)t\ nf.ll‘l‘ﬁc Thes to carbon dioxide {L'Heriter, 1938} and

) ¢ aexratio character {Malogolowkin and Poulson, 105

0 the ease of virusindueed tumors, and i i o tho R

i 3 in particalar in th

]}nui sarcoma (Rubin and Temin, 1939), there is aka ev "d o :‘hc

the vinus iy transmitted intra larly in ol e

and m xome way inlt(:m:::l::f:)“luhlzig‘Zn::t:i:‘;C coure ol ol ‘di\ision

<elis. Lo vach viruses which are intracelly), s of s nfected
elulardy perpetaated from cell
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generation to cell generation the term of mederate viruses (in anal-
ogy with temperate bacteriophages) has been adequately proposed
by Dulbecco (1958), because the exact relationship of such in-
tegrated viruses with the genetic apparatus of the host cclls is still
unknown, It is indeed to be expected that the mechanism of viral in-
tegration may be different in various systems, particularly according
to whether the genetic materal of the virus is DNA or RNA.

The number of cases where viruses have been shown to play a role
in the establishment of malignancy increases, as the means of detec-
tion of such viruses improve, The fact that the number of such cases is
still limited is perhaps not sufficient to eliminate the possibility that
genctic elements having some propertics in common with viruses
might be involved in the genesis of neoplastic growth. Until the hope-
ful prospects of achieving the genetics of somatic cells prove sub-
stantiated, the examples brought to light in the study of bacterial
genetics, and in particular the behavior of episomic elements, might
serve as useful models in the analysis of cancer genesis.
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generation to cell gencration the term of moderate viruses (in anal-
ogy with temperate bacteriophages) has been adequately proposed
by Dulbecco (1958), because the exact relationship of such in-
tegrated viruses with the genetic apparatus of the host cells is still
unknown. It is indeed to be expected that the mechanism of viral in-
tegration may be different in various systems, particularly according
to whether the genetic material of the virus is DNA or RNA.

The number of cases where viruses have been shown to play a role
in the establishment of malignancy increases, as the means of detec-
tion of such viruses improve. The fact that the number of such cases is
still limited is perhaps not sufficient to eliminate the possibility that
genctic clements having some propertics in common with viruses
might be involved in the genesis of neoplastic growth. Until the hope-
ful prospects of achieving the genetics of somatic cells prove sub-
stantiated, the examples brought to light in the study of bacterial
genetics, and in particular the behavior of episomic clements, might
serve as useful modeks in the analysis of cancer genesis.
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InTrRODUCTION

Schultz has eloquently stated that the genetic concept of the neo-
plastic process s at the core of the problem: how are the processes of
cell heredity changed duning this event? The alternative hypotheses
to the genetic one are all examples of the genetic hypothesis specified
in terms of a particular phenotype, or reduce to special cases of a
genetic interpretation of the neoplastic phenomenon, or they depend
upon distinctions which may eventually turn out to be artsficial
{Schultz, 1958). The genetic concept of carcinogenesis and tumor
progression is already supported by considerable cytological evidence
{Ford and Mote, 1958; Hsu, 1939; Chu, Sanford, and Earle,
1958; Levan and Biesele, 1958). This provides a strong incentive to
the biochemist to mnestigate the chemistry of the material which
presumably confers hereditary speaificity, that 1s, deoxyribonucleic
aad (DNA). Can it be shown by chemical methods that the DNA’s
of primary and of transplanted tumors differ from those of normal
tissues® Can a relation be establi

d between ch 1 imbal~
ance, “abnormal DNA,” and an abnermal metabolism?
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TiEe StrucTurre o DNA
The Watson-Crick Model

It is probable that the DN.A of cells constitutes & heterogencous
mixture (Bendich, Pahl, and Beiser, 1956) of linear, unbranched
malecules (Gulland, 1947; Todd, 1954). On the basis of x-ray dif-
Iraction studies of DNA from a varicty of sources {Witkins, 1956;
Langridge et al., 1957), Watson and Crick {Crick, 1954, 1957) con-
structed DNA madeks and made the now classic proposal that DNA
consists of two helical polynucleotide chains which are twined round
onc another, The two chains are held together by hydrogen bonds be-
twecen the bases, cach base being joined 1o a companion base on the
other chain, The pairing of bases is specific, adenine going with thy-
mine and guanine with cytasine. The phosphate groups are acces
sible to hydrogen or hydronyl ions and to dyes, and are therefore on
the outside, whereas the bases occur oppasite one another on the in-
side. The guanine amine group ts free. Prominent 3.36 A spacings
along the fiber axis were interpreted as due to a succeswon of flat
nucleotides standing out perpendicular to the fiber axis to form a
relativ ely rigid structure and consistent with the high density of DNA.

The concept of DNA as a stiff-cotled macromaleculz js abo based
upon physical-chemical data (Jordan, 1955; Dehker and Schach-
man, 1954) which suggest particles having a molecular weight of 10°
to 107, an aaial ratio of 300:1, 2 diameter of about 500 my, and a
thickness of about 2.5 mp. This view gains additional support from
direct observations with the clectron microscope (Hall and L,
1958), which show the molecules to be threadihe and suff, with a
thicknessof 1.5102.0mp.

Two-Stranded Molecule

There is considerable supporting evidence for the two-stranded
model of DNA (Crick, 1957), This includes: (a) titration curves
which suggest that the bases are hvdrogen bonded ( Jordan, 1935;
Guliand and Jordan, 1947 Shack and Thomprett, 1953, Shack,
Jenkws, and Thompsett, 1953), (b) the shape and size of the maol-
cenle in solution abtained from a combination of hght scattermg,
‘iscosity, and sedimentation measurements, siuch <how that DNA
in solution is highly extended but not completely straight, and that
its diameter is compatible with the double helix modet, (¢) degrada-
tion studies with x-ray, actd, or enzymes ("3 homas, 1936, ‘Thamas
and Doty, 1936) which arc consstent with there being tho strands
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1 DNA so that the molecules do not come apart unti.l there are
breaks in both backbones oppesite ene another; (d) chemical annly_sls
of the molar ratios of purine and ) rimidine bases (Chargaff, l?al,
1955, 1957); (e) experiments on the effect of heat on the physical-
chemical properties (Dekker and Schachman, 1954; Thomas, 1954),
ultravidlet absorption spectra (Lawley, 1956), chromatography
(Bendich, Pahl, Korngold, Rosenkranz, and Fresco, 1958a), and
biological activity of DNA (Zamenhof, 1957}; and (f) isotopic ex-
perments dealing with the replication of the DNA of bacteria

(Mesclson and Stahl, 1958). .\ number of these points will be elab-
orated further.

Purine and Pyrimidine Composition of DNA

DNA molecales may be grouped by compesition into two main
types, an “A-T” type having adenine and thymine as the major bases,
and “GC” type, in which cytosine and guanine preponderate. Ani-
mal DNA’s, including those of tumors, are all of the “A-T” type,
while both types occur in microorgamsms and some jnsect virases
{Wyatt, 1952) (Table 1}, Chargafl has abserved a remarkable con-
stancy m the ratio of adenine {A) to thymine (T), guanine (G) to
cytosine (C) plus 5-methyl cytosine {MeC), purines to pyrimidines,
and §-2muno groups to 6-keto groups (Chargaff, 1955). These ratios
are in all cases nearly equal to unity. The ratio of _ AT

G+ G4 MeC’
however, gives a figure which, along with the relative 5-methyl cyto-
sme content, distinguishes one nucleic acid from another, The base
ctomposiuon of DNA 15 constant for different tissues of the same
species, but dufferences exust between species (Chargaff, 1954, 1957)
DNAjs Iractionated by the method of Chargafl {Chargaff, 1955 ).
\arxm the ratwos of A + T/G+t C from 1.07 to 1.61, but the ratios
of e and purines to pyrimidines remain close to unity.

The purine and pyrimidine base campasitions of a number of DNA
preparations from mahguant tissues have been examined {Chargafi,
{935, U?man and Desoer, 1954). Spontancous or transplanledgmu:
tgnant tissues do not differ from normal tissues with respect to thei
clcmgntary base compostion (Table 1) The base ratios f C}:l"
diploid lymphomas are similar to these of 1 Ho
{tumors 6C3HED-DBA and 6C3HED-DBA t,

etraploid lymphomas
Although the purine and pyrimidine ratios

o C3H).
of the DNA of normal
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tissues and tumors are the same, it is possible that the sequence of the
bases varies along the polynucleotide chains. It is known from studies
of enzymatic digests of thymic DNA that the dinucleotides of cyto-
sine-cytosine; cytosine-thymine, cytosine-adenine, cytosine-guanine,

Tanre 1. DNA Base Ratios of Normal Tissues and Lymphomas

Rato of Bases Relative to A PU O 6-AM AT

Tissue A G C T PYR 6-KETO G4-C
Spleen (AKR) (7)* 16 079 679 086 102 102 j 841
Spleen (C3IT) (1) 10 076 078 095 102 10t 1.27
Spleen (DBA) (2) 10 076 073 091 107 10t 123
Thymus (AKR) (2) 10 085 0.81 0.91 1.06 101 117
Leukemia (10) 10 082 081 102 099 099 1ot
GC3HED (%) 10 o8t 080 100 101 099 124
LI514A (4) 10 o082 082 105 097 097 135
6C31LD-DBA (5) 1.0 079 085 091 1.02 1.09 116

GC3HED-DBA

to C3H (7) 10 079 087 098 097 1.06 119

Abbreviations: 4, adenmne; G, guanine; C, cytosine; T, thymume; PU, purine, PYR, pyrimidine;
6-AM, adenine plus ¢ytosine; 6-KET O, gnanine plus thymine.
* Numbers in pirenthesis indicate the number of determunations performed 1 quadruphcate

and guanine-methsleytosine occur (Sinsheimer, 1957). There is evi-
dence for polypyrimidine (and therefore polypurine sequences) as
well as for pyrimidines flanked by two purines Recently, Shapiro and
Chargaff (1957a, 1957b, 1957¢) and Burton and Petersen (1937)
have introduced chemical procedures for classifying DNA's on the
basis of : (1) relative abundance of “solitary™ pyrimidine umts (i,
purine-py rimidine-purme-anv base) and (2) relative “pohyprrims-
dine™ density The procedure provides a useful tool for disungunhing
DN.\ preparations even if they are indistinguishable by other means.
Their results pernnt the conclusion that the detailed aspects of the ar-
rangement of pyrimidine nucleotides {(and therefore of purine nu-
cleotides) vary widely in DN.A specimens of different ongin. At least
70 per cent of the DN pyrinudines may occur as oligonucleotide
tracts contaming three or more pynnudines it a row, The apphcea-
tion of these methods to the characterization of DN from neoplastic
tissues will be awaited with interest.
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Effect of Heat on Ultraviolet Abmrp.lion ‘S.'pmm and
Chromatography of Nucleic Acids

When dilute neutral solutions of DNA in water or buffer are
Triefly heated between 80° to 100°C, profound changes in the stgr;:—
Lure of the molecules take place (Dekker and Schachman, 1954;
Shooter, 1957; Rice and Doty, 1957; Thomas, 1954): Allhougz\\thc
smagattude of the effect may vary with the f.oncs:nlralmn of pl\;' or
salt in the solution, a large reduction in viscosity, loss of .bxologxcnl
activity of transforming factor, and, in some cases, Jowering of Ehc
sedimentation constant {Butler and Shooter, 1957) and a reduction
of the radms of gyration (Rice and Doty, 1957) have been noted.
Electron micrographs indicate that the DNA helices may dissociate
and coil up into amorphous patches, although a few apparcml)_un-
altered molecules survive the heat treatment (Hall and Litt, 1958),
Singe 1t 55 unlikely that such treatment breaks phosphodiester bonds,
1t 15 probable that there is simultaneous rupture of many weak bonds,
such as hydrogen bonds. Lawley {1936) observed that DNA solu-
tions which have been heated and then cooled to room temperature
show an increase of about 30 per cent in the ultraviolet absorption
spectrum. This effect may be Mlustrated with the samples of tumor
and spleen DNA which were used in the present experiments {Table
2). In the presence of sodium 10ns, there is no change in the shape of
the absorption curves, but the extinction coefficient increases at the
wavelengths, 230 to 280 mp. A composite absorption curve, calcu-
lated from the wdwidual absorption curves of the nucleotides and
the composition of DNA, shows a greater absorption than does DNA
s commonly solated As the difference between the so-called “theo-
wetieal” turve and the observed curve largely vansshes alter heat
treatment, it may be inferred that the organization of the nucleotides
in the “native” DNA 1 some way causes a reduction in the absorp-
e capacity of the various purine and pyrimdine Tings. This reduc-
tion might be due to = electron interaction between “stacked” purine

and primidine rings 1n the “native” highly organized DNA or 1o
changes in resonance within the rings as a result of the specific hydso-
genhonding between nings {Dekker and Schachman, 1934; Thomas,
1954) Thus, Lawles has suggested that the heat zienatu,rmion 'mi
vobves: (a) the breaking of the hydrogen bonds between paiss of
\m:lcs ;nd the separation of sections of the two polynudtwudz:pchams
;r; ! é u)0 a rearrangement of the mare fewible single chains to cun:

ns in which the purine and pynmidine rings are no longer
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TanLe 2. Effect of Heat* on Nucleic Acid Absorption in Ultraviolet

Per Cent of Control Value

Tistue n RNA
Ehrlich 128 15
Lettré-Ehrlich 137 i H
Lettré-Lhrlich 109
(Sucrose-Cutrate Extract)

G6C3HED-DBA 10 C3H 130 g
6C3HED-DBA . n3
6C3HED 134

L9514A 135

Leukemia £10 135

Spleen 128

* Heated 1 hour at 100°C at pll 7, 0.0t & or 005 » NaCl, 00057% solu-
tion of nucleic acid and then cooled to room temperature, Optical density read
between 300 and 240 mp with Beckman DK.2 Spectrophotometer.

superimposed (Lawley, 1956). These conclusions are consistent with
recent observations that heated Escherichia colt DNA is reduced in
molecular weight to approximately half that of the unheated mole-
cules { Meselson and Stahf, 1958).

Interesting observations which have a bearing on the two-stranded
DNA model have been made on the chromatographic properties of
heated solutions af DNA {Bendich, Pahl, Rosenkranz, and Rosoff,
1958b). A DNA salution which has been heated in water for 15
minutes at 100° C may be readily cluted from DEATL-cellulosc anion
cxchangers by weak saline solutions (Fig. 1). This is in marked con-
trast to the undenatured DNA, which requires concentrated salt solu.
tions and an alkaline pH for the clution of the polynucleotides.

The relative easc of clution of DNA mixtures from anion ex-
changers is in part a function of the molecular weight or state of ag-
gregation of the molecules (Bendich ef al,, 1955, 1956, 1958a,
1958b; Rosoff ¢t al., 1957). Monodeoxyribonucleotides are com-
pletely cluted with 001 ar phosphate (pH 7), devoud of NaCl;
whereas a deoxyribonuclease digest of DNA, containing a large pro-
portion of oligonucleotides, required increases in the NaCl cancen-
tration up to 0.22 M for quantitatine elution. Practions of nucletc
acids obtained with cluents of increasing ionic strength and increas-
ing pH have been found to <how mcreasing sedimentation cocfli-
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oN
LEUKEMIA #6, 0.009% SOLUT!
— - CONTROL-DNA

. .HEATED 15, 100°%, pH7
(500 mg. DEAE-CELLULOSE
—30cc. per hour)

o e = —
4

05| 02 ]
[MOLAR NaCI IN 0001 POy + MOLAR Ny IN 20 M Na C!
000U M VERSENE pH 70 A Na CLIN OOIM PO, 0H 8O

Figure 1 Effect of heat on chromatography of Leukemia #6 DNA on DEAE-
Cellulose Approumately 3 mg DNA applied to each column Recovery of
DNA from column control, 111 per cent, heated sample, 105 per cent.

cents {Bendich, Pahl, Korngold, Rosenkranz, and Fresco, 1958a;
Rosoff, di Mayorca, and Bendich, 1957). The elution profiles of
nuclejc acids from different sources differ significantly. As the sedi-
mentation constant (Bradley and Ruch, 1956) or the intrinsic wis-
cosity (Rosoff, di Majorca, and Bendich, 1957) of the preparation
increases, the elution profiles shuft toward higher salt concentrations,
1t may be Juded that the c} phic studies suggest that

DNA molecules of dimumnished molecular weight ate generated as a
result of the eycle of heating and cooling.

CirromaTocrAPHY OF NorMAL TissuE Anp Tunor DNA
It should be emphasized that the DNA of tissues is extremel,
beterogeneous (Bendich et al,, 1956; Butler and Shoater, 1957)),.
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Tanur, 2. Effect of Heat* on Nucleic Acid Absorption in Uliraviolet

Per Cent of Control Value
A RNA

Tissue

Ehrlich 128 115
Letteé-Ehrlich 137 11
LeutréEhrlich 109

(Sucrose-Citrate Extract)

G6C3HED-DBA 0 C311 130 98
6C31ED-DBA 113
6C3IIED 134

E9514A 135

Leukemia #10 135

Spleen 128

* Heated 1 hour at 100°G at pH 7, 001 m or 005 M NaCl, 0005% solu-
tion of nucleic acid and then cooled to room temperature Optical density read
between 300 and 240 mp with Beck DK-2 Sp pl

superimposed (Lawley, 1956). These conclusions are consistent with
recent obscrvations that heated Escherichia coli DNA is reduced in
molccular weight to approximately half that of the unheated mole-
cules (Mesclson and Stahl, 1958).

Interesting obscrvations which have a bearing on the two-stranded
DNA model have been made on the chromatographic propertics of
heated solutions of DNA (Bendich, Pahl, Rosenkranz, and Rosoff,
1958b). A DNA solution which has been heated in water for 15
minutes at 100° C may be readily cluted from DEAE-ccllulose anion
exchangers by weak saline solutions (Fig. 1). This is in marked con~
trast to the undenatured DNA, which requires concentrated salt solu-
tions and an alkaline pI for the clution of the polynucleotides.

The relative case of clution of DNA mixtures from anjon ca-
changers is in part a function of the molecular weight or state of ag-
gregation of the molecules (Bendich et al., 1955, 1956, 1958a,
1958b; Rosoff ¢t al., 1957), Monodcoxyribonucleotides are com-
pletely cluted with 0.01 s phosphate {pll 7), devord of NaCl;
whereas a deoxyribonuclease digest of DNA, containing a large pro-
portion of oligonuclentides, required increases in the NaCl concen-
tration up to 0.22 s for quantitative clution. Fractions of nucleic
acids obtained with cluents of increasing ionic strength and increas-
ing pH have been found to show mcreasing sedimentation coefli-
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gested the possbility that a greater per cent of DNA of the “°"l‘.‘“‘
tissues than of the transplanted tumoss was eluted by neutral saline
solutions in the early peaks (Kit and Gross, 1959). .
The chromatographic differences between DNA’s rom normal ‘l.b'
sues and tumors could be interpreted as due to intrinsic differencesin
the molecular size distribution of the DNA molecules or, alternately,
as due 1o various artifacts arising from the method of ?rcparatlon
or the conditions of chromatography (Bradley and Rich, 1956).
The percentage of a given sample of DNA which is eluted from an
anion exchanger by neutral saline solutions may be modified by any
of the following factors: (a) pastial degradation or denaturation
during preparation, (b) contammation by protein, {c) selective loss
of Tower molecular weight material during preparation (Kit and
Gross, 1059) In addition, contaminating RNA would be measured
25 DNA since the elution of DNA was foljowed by spectrophotomet-
nc measurements 1n the ultraviolet The effects of these factors on
the chromatographic profiles were investigated and are briefly dis-
cussed below. DNA preparations are probably subject to some degra-
dation by deoxyribonuclease duoring the isolation of the nucleoprotein
from tissues {Shooter and Butler, 1956; Dounce, O"Conrell, and
Monty, 1957; Shack and Thompsett, 1953), Conceivably, the
marked differences in the chromatographic profiles of rat brain and
rat fodney reported by Bendich, Pahl, and Beiser (1936) mught be
attributable to the fact that the nucleases are more actue in the latter
ussue (Greenstein, Carter, and Chalkley, 1947). The method of
Kurby {1957), which was employed in these experiments, involves
the we of p-aminosahicylate and 45 per cent phenol for the extraction
of DNA from the tissues. Tt has the advantage that it is nat necessary
to 1sofate cell nuclei, a procedure that must involve some losses, and
‘I‘m‘ deovyribe are probably ivated by the phenol To
urther reduce the problem of enzymatic degradation, some DNA
samples were extracted from the tissues at ice-box temperatures. The
chromatographic profiles of the latter preparasions did not differ
greatly from that of the DNA prepared at room temperature (Fig

?) The overall recovery from the columns of DNA prepared at room
emperatere was not sgmificantly different from that
pared at jce-box temperature, ! ¢ 2t of DNA pre

The manner in which the tissue 15 homogent

ogenized affects thy -
m:atogl:aphlc propertees of the DNA. When a Virtis CDI;p:l:chCx:rq-
mul;cr is used to blend the tissue samples, the DNA is partly dcgmdr:é
or denatured and as much as 30 per cent of the subsequently isoJated
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16 e 6 C3HED DNA (51,000 OD UNITS)
. C3H SPLEEN DNA (51,200 0D UNITS)
ECTEOLA-CELLULOSE ~-500mg

FLOW RATE ~10¢e PER HOUR

M Na CI 1N 0,00/ M,
PO, - PH 70+0,001 M
VERSENE NeCHIN OOI M PO4-pH B O

MNN3INZOMNGCI

Figure 2 DNA chromatographic profiles of tumor 6C3HED and G3H spleen
(ECTEOLA-CELLULOSE) Recovery: 109 per cent and 107 per cent of total
optical density umts applicd to columns. 5 c¢ aliquots were collected, 30 <¢
per eluting solution except for the 08 ar NaCl, the 2 ar NaCl-0 3 a NH, and
the 05 a NaOH soluttons where a total of 60 cc was collected. The flow
rates of the latter solutions and of the 0.6 ar NaCl, 20 » NaCl-02 » NI,
and the 2 0 a NaCl~1 at NH, solutions were reduced to about 5 ec per hour

Efforts to fractionate the DNA mixtures chromatographically have
been attended with some success ( Bendich ¢f af., 1955, 1958a; Rosoff
et al., 1957). The chromatography of bath DNA and RNA from
spontaneous leukemias, transplanted lymphomas, spleen or thymus,
and various other tumors has been studiced in this laboratory (Figs.
2, 6, and 7). The nucleic acids were isolated essentially as described
by Kirby (1956, 1957, 1958). The general features of the chramato-
graphic profiles are shown in Figure 2. Preliminary experiments sug-




OPTICAL DENSITY

Saul Kit 73

sedimentation coefficients aftes chymotrypsin treatment, which may
be due to a decrease in the size of the particles, such as might result
from the breaking of intermolecular cross links (Butler, Philtips, and
Shooter, 1957), Protein is present in the Kirby-DNA preparations,
the amount depending upon whether the ion used in conjunction
with the phenol is p-aminosalicylate, benzoate, or trichloroacetate
(Kirby, 1958). However, the chromatographic profiles were not
greatly modified when the DNA was subjected to chymotry psin treat-
ment prior to chromatography. Likewise, the profiles were essentially
the same whether phenol and p-aminosalicylate, phenol and benzo-

. 1880

M 6C3IHED -DBA {DNA)
" em——e PAS ~DNA
+ «v. ..BENZOATE ~DNA
(ECTEOLA-CELLULOSE-MR\Q
(10ce PER HOUR FLOW RATE}

06 (08 20m[coi (01 10z 103 i
041 osTos(

M Na €1 IN 0001 9, 1, MHBHYIN 20 M No € e
5H 7030001 4 Y s
Versene NaCIIN OOt M PO, s 80

unfied as descrbed by Ki
¥ Kitby (1357
precptated DA was sedsolved 1m 001 3¢ NaCl ¥ns(lea?i ()7fe;cf};; o e
overy o NS 104 per cent and 79 per cent, respertively | od water
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LEUKEMIA {Akr) DNA
e PREPARED AT 4°
o + PREPARED AT ROOM TEMPERATURE
] ECTEOLA-CELLULODSE, 500 mg

12~

005102(06 |08 X .. .
M Na Gl IN 0.001 POy 1, MOLAR Na C1 IN 20 M Ng ¢!
\pH 7.0+0 001 M
VERSENE
Tigure 3 Chromatographic profiles of Leukenie DNA prepared by phenol-p-
aminosalicylate extraction at room temperature or at 4°C Recovery of DNA
10% per cent and 102 per cent, respectively 5 cc aliquots were collected, 30
cc. per cluting solution

Na C1INOOI M PO4,pHBO

DNA may be cluted from the ECTEOLA Cellulose columns by 0.6 3
NaCl. In contrast, anly about 5 to 10 per cent is cluted by 0.6 &
NaCl when the tissue sample is homogemzed with an all glass Potter-
typc homogenizer. The DNA chromatographic profiles of spleen sam-
ples homogenized with the glass homogenizer resembled more closely
those of the transplanted ascites lymphomas. Moreover, when the
ascites lymphomas were blended in the Virtis Omnimixer, the per
cent of the subsequently isolated DNA cluted by 0.6 a NaCl was
increased to 29 per cent.

Small amounts of residual protcin marhedly affect the physical
propertics of DNA, In some casos, there is observed a decrease of the
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s
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Figure 6 DNA chromatographic etunon profiles on 500 g ECTEOLA-Cel-
tulose {Brown Co, Berlir, N H, exchange capacity, 0.39 meq per gram) of
normal C3H mouse spleen, diptord lymphomas E8514A and §CIHED, aud
teteaghoia lysmphoma 6CHHED. Apprasimately 55-75,000 ogtical density usits
1258-260 my) were applied to each calumn Elution rate - approximately 5
10 ec per hour Fraction numbers 1~14 correspond to the following eluents*
{1} 005 x NaCl, (2) 023 NaCl, (3) 06 x NaCl, {4) 08 s NaCl, {5) 20 ¢
NaCl, 80 »¢ phasphate buffer, pH 8, (6) 001 st NH,, 20 3 NaCl, (7) 01 5¢
NH,, 20 3 NaCl, (8} 02 s NH,, 20 s NaCl, (9) 03 3 NH,, 20 » NaCl,
\10) 0 4 at NH,, 20 3 NaCl, 112) DS st Wi, 2031 NaCl, {12) 06 n NH,,
203 NaCl, {13) 10 3¢ NH,, 20 NaCl, {14) 05 3 NaOF Elucnts 1-5 vere
dusofved in 0 001 31 phosphate buffer, pH 7 With each eluent, a total volume

0f 30 cc was collected 1n six tubes, except for cluents 4, 9, and 14, in which case
a total volume of B0 cc, was collected in twehs & tabes
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ate, or phenol- and trichloroacetate were used in the preparation of
the ascites tumor DNA (Fig, 4).

DNA prepared by the Kirby procedure contains only traces of
ribose. When present, most of the ribonucleic acid can be cluted
from ccllulose anion exchangers by 2.0 a NaCl at pH 7 (Fig. 5). It
was important, thercfore, to investigate whether the early 0.6 M NaCl
peak of the leukemic DNA’s was contaminated with RNA. Tt was
shown by chemical analysis using the Burton modification of the
diphenylamine reaction that the ultraviolet-nbsorbing material of this
peak could be accounted for quantitatively as DNA. On the basis of
the orcinol color reaction, no RNA was found.

When the preparation and the chromatography of DNA samples
were very carefully controlled, the chromatographic profiles of all

—f— 1835

17
e 3HED-DBA - 80 RNA
® ¢ c_.HC%NTROL(SZ.OOO 0.D. UNITS/COLUMN)
e . @ 95° for |5, (0.006% soln)
I [500 mg. DEAE CELLULOSE)
2 15 ce. per hour
" 5cc. per fraction
g 10
go
20
2o
Sos
05
04

0110051 04
MOLAR NHy I 20 MOLAR Na Ct

MGLAR Na CI 00! PO, pH B8O

00! [ 01 J0Z | 04
MOLARITY OF Na CI
000! M PO4 BUFFER + 000t VERSENE
Tigure 5 Lffeet on the chromatography of heating bCIHED-DBA-R0 RNA
to 100°C for 15 minutes m 0 01 3 NaCl, 000t w phosphate, 0001y venene,
and then cooling to room temperature Approvimately 3 mg RNA were ap-
plied to cach column Recovery of RNA - contral, 75 per cent, heated sample,
78 per cent, A total of 30 c¢ was collected for each etuting olution except for
the 05 3¢ NaCl and 20 st NaCl-0 | s NH, where 60 cc were collected and
the Mow rate was reduced to 5 ce per hour
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Polli and associates (Palli, 1958; Polli and Shooter, 1958) who have
noted differences in the physical-chemical properties and chroma-
tographtc profiles of the DNA preparations of normal and leukernic
lewcocytes from human patients. Differences between the clectso-
metric titration curves and the effect of urea and alkali on the vis-
cosity of the DNA solutions were found. The average sedimentation
coefficients were higher than normal for DNA prepared from lym-
phatic leukemic cells, but somewhat lower than normal in th(; case
of myeloid leukemic DNA preparations. The shapes of the sedimen-
tanon coefficient distribution curves did not vary greatly, and were
nterpreted as suggesting that the samples differed in molecular
weight rather than shape (Polli and Shooter, 1958). Our results are,
however, in agreement with the studies of Smith and Kaplan (1959)
on the DNA of leukemic mouse tissues. The results of the present
expeniments and those of Smith and Kaplan do not, of course, pre-
dude the existence of differences between the DNA of normal tissues
and tumors; they merely mdicate that such differences are below the
Tevel of resolution of the methods employed.

Peorerties o Rieonuctewe Acm (RNA)
Structural Features

. Present concepts suggest that RNA mediates the transfer of genetic

i between the hereditary components of the cell and the
cell enzymes and protems 1t therefore becomes necessary to evaluate
available data on the properties of RNA Although ribonucleic acids
from many sources have been examined by physical methods within
the last few years, no clear-cut and consistent picture of the configu-
7ational properties has materialized X-ray diagrams of RNA ve-
semble those of DNA, but the poor quality of the diagrams has pre-
chuded any decision as to whether the similarity was accidental or
whether the RNA was also a two-stranded molecule {Watson, 1957;
Rich, 1957) Most studies of RNA have been compl . ;

licated by spon.
taneous changes of molecular weight, aggregation under sorZ: lc’on-

ditions and degradation under others, RNA
d d . s have been

‘;’\llh molecular weights ranging from 6,000 to 290,000, accg:ggfr:g
; ‘e source, method of preparation, and method of measurement %”h
;:; \alués 1pmb;\bly reflect degradation (Jordan, 1955, Tlma;he:ffe

wn, Colter, and Davies, 1958; Colter and B’ ’ .
wolecular weight of at least same i{NA mo]ccule_smi;v;;otzi?). Thc
greater Highly polymerized RNA of 3 molecular weight 0{ :\l)l:;ix}i
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samples were very similar (Figs. 6 and 7). No significant differences
were observed between the DNA of normal tissues, spontancous
tumors, or transplanted tumors, This is in contrast to the results of
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e 7 DINA chromatographic elution profiles on 500 myg LECTEOLA-Cel-
julose {Brown Co, Berhn, NH, exchange capacaty, 039 meq_per gram) of
normal AKR mouse splcen and spontancous leshemia of AKR mice. Other
conditions were the same as shown 1 the tegend to Digure 6

Figu
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ley and Rich, 1956). The elution profiles of the RNA from dx}ﬂ‘c;cnt
sources dffer significantly, Preparations of tumor RNA have clen
chromatographed after the samples were heated in neutral salt solu-
tion for 15 minutes at 100° C and cooled to room tc.mptratun:E
Again unlike the DNA. preparations, the chromatographic profile o
(e heated RINA is unchanged from that of the control samples
(Fig.5)

Possible Mechanism for the Initial Transfer of the
Genetic Code from DNA to RNA

The regulanties of composition observed with DNA do not obtain
1n the case of RNA. No equality of purines to pyrimidines, adenine
to thymme, or guanine to cytosine has been observed, However, one
regularity has been found for RNA from various sources The num-
ber of nitrogenous constituents carrying 2 6-amino group was close,
and on the average equal to that of the 6-keto compounds (Elson
and Chargaff, 1955). The material analyzed included whole tissues
and various subcellular fractions derived from liver and kidney, from
sea urchin eggs and embryos, and from several microorganisms, It
should be pomted out that among the plant viruses, there appear to
be at least two cases in which the total 6-ammo do net equal the
6-keto bases; namely, turnip yellow mosaic virus and potato virus.

If ane assumes that DNA acts as a template for the formation of
RNA whach relays information to the protem polypeptide chain by
another template mechamsm, there should be a smple relation be.
tween the composition of RNA and DNA, since there are only four
¢commonly occurring base groups m each nucleic acid The fact that
this 15 not so is probably due to two factors: (1) only a fraction of
the nuclerc acids in the cell functions as a template and therefore only
this fraction would be pertinent when comparing base ratios of the
two nucletc acids; or (2) there are several different templates m-
volved in the transfer of mlormation from DNA 1o the polypeptide
chains, and, as a result, the general problem of information transfer
mught be more easily sobved by consideravion of each template and its
lmz{\cd\atc d\;mxcal product {Zubay, 1958).

Assuming that nuclear RNA 15 the one most hkely
directly on the DNA because af its close c)ttiig'mt:lb:oz:]edc‘:'méd
Zubay has proposed a code in which a given nucleotide base a'wHE
the double-stranded DNA molecule functions as a location (p o
RN.A base group i a single RNA cham, the sequence of base 0;‘0:717!2
n the latter beng determmed by the sequence of base pairsg'm \}I:z
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2 X 10° has recently been prepared by Gierer (1958) from tobacco
mosaic virus; while Timashefl et of. {1958) have isolated an RNA
from Ehrlich ascites cells having a molecular weight of about 1.2 X
10%. Electron micrographs showed clongated particles in both cros
section and length, with dimensions of 4 to 7 mp and 80 to 200 mp,
respectively. A high molecular weight sample has also been prepared
from calf liver microsomes by Hall and Doty (1958). The low in-
trinsic viscosity of these RNA preparations (about 0.27 to 0.35) is
noteworthy, On the basis of electron microscope studies (Hart,
1958), measurements of sedimentation, viscosity, and kinetics of
action of RINase, 1t has been inferred that tobaceo mosaic virus RNA
is a linear, sinple-stranded molecule {Commoner, Shearcr, and
Strode, 1958; Gierer, 1958}, The microsomal liver RNA of Hall and
Doty {1958) manifests a linear relation of the log of the sedimenta-
tion constant or intrinsic viscosity when plotted agamst the log of the
molecular weight This type of dependence is assoernted with homol-
ogous samples of linear, randomly coiled polymer chams, Provided
that RNA is a randomly coiled single chamn, one would expect the
relatively tight coiling to give way to a much more expanded coil in
the absence of electrolyte. This would be recognized by a much higher
viscosity upon dilution with water, This 1s observed for RNA, clearly
indicating the progressive expansion of the molecule as its counter
tons become further removed from it (Hall and Doty, 1958). Upon
the addition of salt, the viscosity returns to a low value, showing the
reversibility of the effect. Thus, the solution properties of RNA are
found to be satisfactorily correlated with a randomly coiled stngle
chain structure.

The effect of heat on the ultraviolet absorption spectra and chro-
matographic properties of RNA is in marked contradistinction to
that of DNA (Hall and Doty, 1958). RNA samples prepared at ice-
box temperature and preeipitated from dilute salt solution by modi-
fications of the phenol method of Kirby (1956) manifest an increase
in the ultraviolet absorption spectra of about 23 per cent when the
polynucleotide is heated in neutral <alt <olution to a temperature of
100° C. In contrast to DNA, however, the absorption is reduced to
approximately the control values when the samples are cooled to
room temperature {Table 2). The first heating cycle of freshlv pre-
pared RNA shows the same results as successive cveles, wn contrast
with DNA, where the optical denuty never returns to the original
value after the first heating { Hall and Doty, 1958).

RNA has been fractionated on cellulose-anion exchangers ( Brad-
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former acid (Zubay, 1958). Different binding sites are proposed with
a given nucleotide base pair, depending upon which polynucleotide
chain the individual members are situated, Thus, an A-T I base pair,
with adenine on strand 1 and thymine on strand 2 of DNA, is visual-
ized as binding the guanine of RNA, while an A-T I base pair, with
thymine on strand 1 and adenine on strand 2, binds cytosine. This
code predicts a necessary relation between the base compasition of

the two nucleic acids such that A+T of DNA equals the g*c
G+C A+U

of RNA. The correspondence of the ratio of G+¢@ of nuclear RNA,
A4U
T

+  of DNA, s illustrated in Table 3.

with that of the ratio of g

The purine-to-pyrimidine ratio of RNA will be one only if the two
DNA chains contain the same relative amounts of 6-amino and 6-
keto groups. Since the ratio of 6-amino to 6-keto is about one in the
RNA samples, one may infer that the relative purine to pyrimidine
content of each of the DNA strands is one (Table 3).

TasLe 3. Relation of Basc Ratios of RNA to DNA

Cytoplasmuc

Nuclear RNA DNA RNA

G+U G+C A+T  G+C

Source of —_—_— i _

Nucleic Acid Pupyr A4+C A+U G+C AU
Rat Liver 086 1.00 127 133 159
Ox Liver 083 1.01 125 125 159
O« Kidney 083 094 127 130 152
Starfish Oocyte 138 1.04 174 178 142

(After Zubay, 1958)
Abbreviations: A, adenine; G, guamne, C, cytosine, U, uracil, T, thynune,
PU, purine, PYR, pynimidine; DNA, deoxyribonucleic acid; RN.A, nbo-
nucleic acid.

The prototype of the possible interaction between the double-
stranded DNA molecule and a single-stranded RNA has been ob-
served in the case of synthetic polynucleotides. There is cvitlc‘ncc‘(hnl
polyadenylic acid may interact with two molecules of polyund)hc’ or
pol;inosinic acid to form three-stranded structures ( Watson, 1957;
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Rich, 1957, 1958; Felsenfeld and Rich, 1957; Morgan and Bear,
1958).

QUANTITATIVE RELATION BETWEEN DNA anp CELL METATOLISM

The frequent oceurrence of ancuploidy, polyploidy, and hetero-
ploidy in populations of neoplastic cells raiscs the question as to the
effect of supernumerary chromosomes on cell metabolism. In order to
relate the abnormal metabolism of neoplastic cells (Kit and Griffin,
1958) to the abnormal chromosome complex, the concept was put
forward that a quantitative rclationship exists between gene number
and the primary products of gene action, provided that the cytoplas-
mic milicu is held constant and the genotypic milicu is changed only
with respect to gene dosage (Kit et al,, in press). An interesting,
though not 1deal, system was available to examine this coneept,
namely, that of diploid and tetraploid ascites lymphomas and car-
cinomas. It was observed that DNA content parallels chromosome
number in these cells (Table 4). The tetraploid cells are approsi-
mately twice as large in valume and weight as the diploid cells,
although it is important to note that the diploid carcinoma cells are
of the same size as the tetraploid lymphoma cells.

Respiration, anaerobic glycolysis, and transaminase activity are
also ploidy dependent in the histologically related cells (Table 4).
Thus, the ratio of the former metabolic parameters to DNA is ap-
proximately constant for the diploid and tetraploid lymphomas or
carcinomas, although the metabelic activity of the carcinomas ex-
ceeds that of the lymphomas (Kit, Fiseus, Graham, and Gross,
1959; Kit and Gross, in press). The DNA content per cell or the
ratio of metabolism to DNA was not changed as a resutt of the follow-

Tapte5 Effect of Environmental Temperature of Tumor-Bearing Mice
on m vitro Tumor Glycolysis

‘Temperature

Thssue [ 24 38° _
L9514A 110* 095 090
G6C3ILD 117 103

GC3HED-DBA-2 108 108 106

Ehrlich 153 161

* Values shown are microliters CO; produced per hour per gimma DNA
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vi : the sex of the
difications of the tumor-host environment: (a) ex of
:x\‘z%n’::b‘e;ing animal, (b) temperature-stress-induced modxﬁ?anons
of the host (Table 5), (¢) the number of days (between six and
eleven) that the tumor cells had been grown in the host (Table 6),
and {d) changes of the mouse strain used for tumor cell growth
(Table4).

Taste 6 Effect of Duration of Growth n Host on in vitro Glycolysis of

Tamor Cells
Daysin Host
Tisve [ 8 11
Ehrhich 125% 118 118
Lettr&-Ehriich 128 133 118

*Values represent microliters CO, produced per hour per y DNA.

The ratio of transaminase activity or histone content to DNA was
constant for the hustologically related tumors (Table 4), These re~
sults Jend support to the postulated relationship. However, as dis-
cussed 1n detarl elsewhere (Kat, Fiscus, Graham, and Gross, 1959 H
Kit and Gross, in press), the tumor cell populations employed in the
above studies are heterogeneous, and the polyploid populations defi-
mitely do not represent euplord multiples of the basic number of chro-
mosomes of the species of origm Morcover, the DNA charge of a
parucular chromosame need not be directly praparticnal ta gene dos-
2ge The possibility of hypo- or bypermorphic gene alleles, ar sup-
pressor and madifies genes, must also be considered in evaluating
experimental observations Hence, exceptions to the constancy of the
atos of metabolism to DNA are to be anucipated and, indeed, have
been obsersed. For example, the ratjo of ghutathione to DNA s ap-
Troumately ix tmes as great in the tetraploid lymphomas as in the
diploid Iymphomas,

Obserations beartng on the relationship of gene dosage to metah-
ohsm have been made by other investigators. A dependence of metab.
olsm on plody has been found in haplod to tetraploid yeast strajns
{Ogur, 1954; Ogur et al, 1952) and for a vari i

\g\td Plant species 1 which

e gene dosage wa
reissman, 1955), The effects of homozs gos

as varied (Jorgensen ang
ity and hctcrozygmny an
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Rich, 1957, 1958; Felsenfeld and Rich, 1957; Morgan and Bear,
1958),

QuANTITATIVE RELATION BETWFEN DNA AXD Cert. METABOLISM

The frequent oceurrence of ancuploidy, polyploidy, and hetero-
ploidy in populations of neoplastic cells raises the question as to the
effect of supernumerary chromosomes on cell metabolism, In osder to
relate the abnormal metabolism of neoplastic cells (Kit and Griffin,
1958) to the abnormal chromosome complex, the concept was put
forward that a quantitative relationship cxists between gene number
and the primary products of gene action, provided that the cytoplas-
mic milicu is held constant and the genotypic milicu is changed only
with respect to gene dosage (Kit e al, in press). An interedting,
though not ideal, system was available to examince this concept,
namely, that of diploid and tetraploid ascites kmphomas and car-
cinomas. It was obscrved that DNA content parallcls chromosome
number in these cells (Table 4). The tetraploid cells arc approni-
mately twice as large in volume and weight as the diploid cclls,
although it is important to note that the diploid carcinoma cclls are
of the same sizc as the tetraploid Iy mphoma cells,

Respiration, anaerobic glycolysis, and transaminase activity are
also ploidy dependent in the histologicalls related cells (Table 4).
Thus, the ratio of the former metabolic parameters to DNA is ap-
proximatelv constant for the diploid and tetraploid lymphomas or
carcinomas, although the metabolic activity of the carcinomas ex-
ceeds that of the lymphomas (Kit, Fiscus, Graham, and Gross,
1959; Kit and Gross, in press) The DN.A content per ceil or the
ratio of metabolism to DNA was not changed as a result of the follow-

TanLe5 Effect of Environmental Temperature of Tumor-Bearing Mice
on m vitro Tumor Glycolysis

Temperature
Tissue K v _
L£O514A 110% 0% 000
G6C3HED 117 103
6C3HLD-DRA-2 108 tof 106
Lhrlich 153 161

& Ualuwe shown are mrerohiters CO: produced per hour per gammi DNA
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ing modifications of the tumor-host environment: (a) the sex m: the
tumor-bearing animal, (b) temperature-stress-induced modﬁgnnons
of the host (Table 5), {c) the number of days {between six and
eleven) that the tumor eells had been grown in the host (Table 6),
and (d) changes of the mouse strajn used for tumor cell growth
(Table#).

Ttk 6. Effect of Duration of Growth in Host on fr vitro Glycolysis of

“Tumor Cells
Days in Host
e
Tissue 6 3 1n
Ehrdich 1.25* 116 118
Lettré-Ehtlich 1.28 139 L16

* Values represent mcroliters CO, produced per hour per y DNA

The ratio of transaminase actty or hustone content to DNA was
constant for the histologically related tamors {Table 4). These re.
sults Jend support to the postulated relationship However, as dis.
C?,“d n detal efsewhere (Kit, Fiscus, Grabam, and Gross, 1939,
Kit 2nd Gross, n press), the tumor cell populations employed in the
above studies are heterogeneous, and the polyploid populations defi-
mitely do not represent euploid multiples of the basic number of chro-
mosomes of the species of arigin Morcover, the DNA charge of a
particular chromosome need not be direetly proportional to gene dos-
age. The possibility of hypo- or hypermorphic gene alleles, or sup-
pressor and modifier genes, must also be considered in evaluating
experimenta) observations, Hence, exceptions to the constancy of the
fatios of metabolism to DNA are to be anticipated and, indeed, have

ﬁ:}n‘ obwtr)\ ed For example, the ratio of glutatiuone to DNA is ap-
amnalely six times as great in the tetraploid 1y i
Tt et fis ¢ tetraploid lymphomas as in the

Observations bearing on the relauonship of gene dosage
gt:m have been made by other zmm;gami. A%{cpcndcngce ;of rrr‘:t;abb
(om eh‘g\’mdy Hias been found in haploid to tetraploid yeast straing
m!g;n‘.l 8 ‘:)4; qur e n!., 1952) and for a ‘variety of genetreally re-
- pramt species i which gene dosage was varied {Jorgensen and
ssman, 1955} The effects of homozygosity and Eeterozygosity on
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Rich, 1957, 1958; Felsenfeld and Rich, 1957; Morgan and Bear,
1958).

QuANTITATIVE RELATION BETwEEN DNA AND CeLL MeTABOLISM

The frequent occurrence of ancuploidy, polyploidy, and hetero-
ploidy in populations of neoplastic cells raises the question as to the
cffect of supernumerary chromosomes on cell metabolism. In order to
relate the abnormal metabolism of neoplastic cells (Kit and Griffin,
1958) to the abnormal chromosome complex, the concept was put
forward that a quantitative relationship exists between gene number
and the primary products of gene action, provided that the cytoplas-
mic milicu is held constant and the genoty pic milieu is changed only
with respect to gene dosage (Kit ef al,, in press). An interesting,
though not 1deal, system was available to examine this concept,
namely, that of diploid and tetraploid ascites lymphomas and car-
cinomas. It was obscrved that DNA content parallels chromosome
number in these cells (Table 4). The tetraploid cells are approxi-
mately twice as large in volume and weight as the diploid cells,
although it is important to note that the diploid carcinoma cells are
of the same size as the tetraploid lymphoma cclls.

Respiration, anaerobic glycolysis, and transaminase activity are
also ploidy dependent in the histologically related cells (Table 4).
Thus, the ratio of the former metabolic parameters to DNA is ap-
proximately constant for the diploid and tetraploid lymphomas or
carcinomas, although the metabolic activity of the carcimomas ex-
cceds that of the Iymphomas (Kit, Fiscus, Graham, and Gross,
1959; Kit and Gross, in press). The DN.A content per cell or the
ratio of metabolism to DNA was not changed as a result of the follow-

Tasre5 Effect of Environmental Temperature of Tumor-Bearing Mice
on in vitro Tumor Glycolysis

Temperature

Tissue 6° 24° 38° ;
ES514A 110% 095 090
6C3HED 117 103

G6C3HLD-DBA-2 108 108 1.06

Ehrlich 153 1.61

® Yalues shown are microliters CO; produced per hour per gamma DNA
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The above data represent a bridge between the yosufﬂat:d ahc:;:]\;mal
chromatin content and the abnarmal metaboliso of tumor celis.
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biochemical phenotypes have been studied in yeast (Kossikov, 1957)
and in humans (Singer et al., 1957).

These results place restrictions on speculative models dealing with
the mechanism of transfer of genetic information from hereditary
units to mobile enzyme-forming systems, By implication, only one
enzyme-forming template should be produced when the gene is pres-
cnt in haploid dosage, two when in diploid dosage, and four when in
tetraploid dosage, The model proposed by Zubay (1958) in which a
single RNA strand is formed on a double-stranded DNA template is
consistent with the above concepts. A model in which two comple-
mentary RNA strands are formed on the DNA template, however,
would lead to enzyme-forming templates having two strands, a con-
dition contraindicated by the available observations on the configu-
rational propertics of RNA. Alternatively, to be reconciled with the
data presented in the present paper, the model would require that
two complementary RNA templates be formed per gene, or that
other theoretical assumptions be made.

SuMaary

The elementary purine and pyrimidine composition, physical-
chemical properties in solution, and chramatographic profiles on
anion cxchange resins of DNA and RNA from normal tissues and
tumors have been presented. These data and other observations on
the effect of heat on the nucleic acids suggest that DNA consists of
a two-stranded structure of complementary intertwined helical
chains, while RNA represents a single-stranded polymer,

The purine and pyrimidine basc ratios of DNA samples from
normal tissucs do not differ from those of tumors. The chromato-
graphic profiles of DNA prepared from transplanted lymphomas,
spontancous leukemias, and of normal spleen are also very similar.
Further studies arc therefore required in connection with the hy-
pothesis that the DNA’s of normal tissues and tumors are different
in structure or composition.

The Zubay model for the possible mechanism of the initial transfer
of the genetic code from DNA to RNA was presented. This model
was related to the concept that a quantitative relation exssts between
the DNA, chromosome content, and cell metabolism of diplad and
tetraploid cells, Data were presented indicating that the ratio of
DNA to ¢ piration, ~'yeolysts, transaminasc activity, and hitone
content is appre:. .nately constant for histologically related cells.
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The above data tepresent a bridge between the postulated abn;)émal
chromatin content and the abnormal metabolism of twmor cells.
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biochemical phenoty pes have been studied in yeast (Kossikov, 1957)
and in humans (Singer et al., 1957).

These results place restrictions on speculative models dealing with
the mechanism of transfer of genctic information from hereditary
units to mobile enzyme-forming systems. By implication, only one
enzyme-forming template should be produced when the gene is pres-
ent in haploid dasage, two when in diploid dosage, and four when in
tetraploid dosage. The model proposed by Zubay (1958) in which a
single RNA strand is formed on a double-stranded DNA template is
consistent with the above concepts. A model in which two comple-
mentary RNA strands are formed on the DNA template, however,
sould lead to enzyme-forming templates having two strands, a con-
dition contraindicated by the available obscrvations on the configu-
rational propertics of RNA. Alternatively, to be reconciled with the
data presented in the present paper, the model would require that
two complementary RNA templates be formed per gene, ar that
other theoretical assumptions be made.

SunMmary

The clementary purine and pyrimidine composition, physical-
chemical propertics in solution, and chromatographic profiles on
anion exchange resins of DNA and RNA from normal tissues and
tumors have been presented. These data and other observations on
the eflect of heat an the nucleic acids suggest that DNA consists of
a two-stranded structure of complementary intertwined helical
chains, while RNA represents a single-stranded polymer.

The purine and pyrimidine basc ratios of DN.A samples from
normal tissues do not differ from those of tumors. The chromato-
graphic profiles of DNA prepared from transplanted lymphomas,
spontancous leukemias, and of normal spleen are also very similar.
Further studics arc therefore required in connection with the hs-
pothesis that the DNA’s of normal tissues and tumors are different
in structure or camposition,

The Zubay model for the possible mechanism of the imtial transfer
of the genetic cade from DNA to RNA was presented. This modcl
was related to the concept that a quantitative relation exists between
the DNA, chromosome content, and cell metabolism of diploid and
tetraploid cells. Data were presented indicating thac the ratio of
DNA to r wpiration ~'ycolysis, transaminase actisity, and histone
content is appre:, nately constant for histologically related cclls.
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Nudleic Acid Studies of Mammalian Tumor—
Inducing Agents
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A. C GrirFiy, PH.D.

it “rrology and Electron Mieroscopy and Departinent of Bio-
Sti::;:f';' lleblyhm.'emty of Texas M. D Andfnon Hosputal and
Tumor Institute; Departments of Minobm)qu and Bio-
chemistry, Baylor University College of Medictne, Texas
Medical Center, Houston, Texas

Nurmerous attempts have been made in recent yearsto characterize
the nature of the mammary tumor—inducing agent, one of the three
factors known 1o play a part m the origin of at least some mammary
tumors of mice (Dmochowski, 19571,

Tt has been suggested that the agent is comparable with 2 cyto-
plasmic parucie which may have arisen by transformation of a nor-
mal cell constituent, or 1s comparable with agents ansing by mutation
of cytoplasmic determinants, p genes, or with the cytoplasmic
factor “Kappa” of paramecia {Dmeochowsky, 1933,

For a nuymber of years, we have been engaged in attempts at char-
acterization of the agent by means of biological, biophysical, and

biochemtcal methods { Dmochowski and Passey, 1952; Pmochowski,
1956, 1958)

A study of material which would serve as the best source of the
agent for attempts at s characterization demonstrated that fresh
milk of agent-harboring mice is a better source of the agent than
hophilized milk or fresh or hophilized tumor tissue (Dmochowski,
1936). In the mdk of agent-carrying mice, most of the tumor-induc-
g activity was found in the nonlipid fraction. The activity of this
fraction was comparatwely little affected by treatment with trypsin
chyvmotnpein, chelating agents, and 2o enzymes which are knowr‘l
to produce the release of fsce phosphates, such as

0 Prostate phospha-
a2 and enake « enom diesterase (Dmochowski, phose

1956).
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It should be added that lactating breast tissue of agent-containing
mice has alse been found to he a good source of the agent, although
a direct comparison of its tumor-inducing activity with that of milk
has not been carried out (Dmochowski and Haagensen, 1955).

As another approach to the study of the nature of the mammary
tumor—inducing agent of mice, an extensive electron microscope
study was carried out on ultrathin sections of mammary tumars
and also of lactating breast tissue of agent-carrying and agent-frec
mice of a number of strains (Dmochowshi, 1954), The study re-
vealed the presence of characteristic viruslike particles within and
outside the cytoplasm of mammary cancer cells of the majority of
agent-harboring mice, and in the cells of some mammary tumors of
supposedly agent-free mice. The characteristic particles varied in size
from 500 A to 1450 A, with an average of approximately 900 A
diameter, and their internal zone varied in size from 250 A to 700 A
(Dmochowski, Haagensen, and Moore, 1955; Dmochowski, 1956;
Dmochowski and Grey, 1957). The appearance of these particles is
shown in Figures | and 2.

In the lactating breast tissuc of tumor-free mice, both with and
without the agent, spherical and spheroid osmiophilic particles of
250 A to 2800 A in size were demonstrated. These particles, how-
ever, showed no internal structure scen in particles present in the
scctions of tumor tissue, and have been interpreted to be secretory
cascin and lipoprotein particles of milk (Dmaochowski, 1956). The
appearance of these particles is shown in Figures 3, 4, 5, and 6.
Similar confirmatory results have been obtained by French (Bern-
hard, Bauer, Guérin, and Oberling, 1955; Bernhard, Guénn, and
Qberling, 1956), and American workers (Bang, Vellisto, and Libert,
1956; Bang, Andervont, and Vellisto, 1956; Lasfargucs, Murray,
and Moore, 1958; DeOme et al., 1959).

A study of the corrclation between the results of biological tests
for tumor-inducing activity and the results of clectron micrescope
examination for the presence of particles gave agreement for both
methods in the majority of agent-harboring tumors but only n 73
per cent of the apparently virus-frec tumors. Although both methods
of testing—that is, bioassays and electron microscopy—may not be
sufficiently accurate to permit complete agreement, nevertheless a
conclusion was reached that the case for regarding the viruslike
particles as the mammary tumor-inducing virus has not been estab-
lished in a convincing manner (Dmochowskt and Grey, 1957). )

If it is assumed that the Bittner agent is a virus because of its
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many propertics which indicate &ha('iz heha\'§ Iik.c a virus, fmd if it
is further assumed that the charac!m:xsllc particles in tumor tissue are
the agent tself, then the question arises of why !hc_sc pz\ftlclcs are not
found in the lactating breast tisue of agent-carrying mice whxc.h ?ms
been found to have considerable lumor-indv..lcl.ng activity., Similar
questions may, however, also be raised when it is assrxmcd tha.t _they
are particles of a contaminating virus unconnected with the origin of
breast cancer in mice. Pethaps we should, as Dr. Andervont Pomted
out some time ago, refer to this virus as the “elusive cancer virus” or
the “clever virus” hiding behind its hormonal and genetic compan-
1ons of mischief (Andervont, 1957). .
“This agent, as is welt known, may remain inactive or “quiescent,”
10 use Dr. Andenont’s term, for many months, This, indeed, has
been brought forward by some as an argument against its viral nature
{Dmochowskr, 1953). However, there are ordinary or infectious
viruses, as 15 well known, which behave in a similar manner, The
term “latent”™ or “latency” has been purposely avoided in view of the
many ways the term is used. The fact remams that in the lactating
breast tisswe ined, no structures fbling virus particles cauld
be found, although extracts of this tissue show high turmer-inducing
actvaty. Tt would be of interest to examine other argans, such as
spieen or lungs, for the presence of the characteristic particles, as
tnese organs have also been shown to possess tumer-inducing activity.
This activiry, however, is Iower than that shown by the extracts of
lactating breast tissue of agent-carrymg mice (Dmochawski, 1933,

For this reason, our attention has been centered on lactating breast
tissue and ats final product, milk, *

The avaitability of mice, genetically identical, but differing by the
presence or abeence of the agent, made it possible to set up mouse
daines for the purpose of getting small but adequate guantities of
mouse milk for studies of the mammary tumer-inducing agent.
Dairies of muce of the following strains have been set up: Strain A'
agent-carnying; Strain Af, genetically identical but agent-free; anci
RIIL, agent-harboring strain 1t should be mentioned that stra’in Af
mice have been obtained by foster-nursing strain A mice by C57
Black agent-frec females, Exerv possible precastion was taken to
prevent the possibility of newborn strain A mice ingestin even
drop of thewr own mothers’ mitk. Nev ertheless, after lh:tc gcicr t .
of whreeding, two mice deseloped mammary cancer. The oy
of onc of them was kept and in due course in 5uccctdi.ng genz:ofim)
has shown a high incidence of breast cancer, This strain of nz:i;zniz
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now in its 16th generation of inbreeding, and mice of this line do
occasionally develop mammary cancer. Altogether, 9 out of 952
females which have lived to the earliest tumor appearance, that i,
358 days, have developed mammary tumors, This is an incidence of
3.6 per cent. The tumors developed at a late age of between 400 to
60O days. Care has been taken to eliminate the progeny of such miice
from the strain, and for the past two years, no mammary tunors
have been observed in mice of this subline. In the Af strain dairy,
only onc female has, so far, been observed to develop breast cancer,

CHEMICAL AND PHYSICAL STUDIES

After a number of trial experiments in which the methods of ultra-
centrifugation and clectrophoresis of milk were used, a biological
study of the various fractions of milk, obtained by these two methods
combined, was carried out. The fractions were tested in {C37 X
A F: hybrid mice in order to determing their tumor-inducing ac-
tivity following cach treatment of the original sample of milk ob-
tained from the dairy of agent-carrying strain A mice.

The bioassays were cartied out on strain A milk treated in the
following manner: The milk was first defatted by centnifugation at
600 X g for 20 minutes. After removal of fat, the remaining fraction
was decaseinated by treatment with chymotrypsin (0.2 mg./ml.) at
38° C for five minutes. The coagulated milk was then centrifuged at
600 X g for 20 minutes and the resulting supernatant was centri-
fuged at 105,000 X g for twohours at 4° C. The small pelict from
high-speed centrifugation was resuspended in citrate buffer of jontc
strength 0.01 at pH 6 0 to flit*original volume of the sample of milk.
Part of the resuspended pellet was used for bioassays and the rest for
zone clectrophoresis.

The clectrophoresis was carried out at 4° C in a trough with
powdered cellulose in citrate buffer with a current of 450 V and
15 mA. After a period of 20 hours, the cellulose block was cut in
hall-inch scgments, the buffer removed by filtration through What-
man No. | paper, and aliquots analyzed for phosphorus (King,
1932) and for pratem by the method of Lowry ef al. (1951). The
results of the chemical analvsis are shown in Figure 7. On the basis
of the Folin-Lowry curve, the segments were pooled mto three frac-
tions for bioassays in (C57 X Af)F, test mice. As can be scen m
Figure 7, the major portion of material was taken in the fraction
from around the origin, and the two fractions toward the anode and
cathode showed only small quantities of phosphorus and protein.
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now in its 16th generation of inbreeding, and mice of this Jine do
occasionally develop mammary cancer. Altogether, 9 out of 252
females which have lived to the earliest tumor appearance, that is,
358 days, have developed mammary tumors, This is an incidence of
3.6 per cent. The tumors developed at a late age of between 400 to
600 days. Care has been taken to climinate the progeny of such mice
from the strain, and for the past two ycars, no mammary tumors
have been observed in mice of this subline, In the Af strain dairy,
only one female has, so far, been observed to develop breast cancer.

CuEenicaL AND PHYsICAL STUDIES

After a number of trial experiments in which the methods of ultra-
centrifugation and electrophoresis of milk were used, a biological
study of the various fractions of milk, obtained by these two methods
combined, was carried out. The fractions werce tested in (C57 X
Af)F: hybrid mice in order to determine their tumor-inducing ac-
tivity following cach treatment of the original sample of milk ob-
tained from the dairy of agent-carrying strain A mice.

The bioassays were carried out on strain A milk treated in the
following manner: The milk was first defatted by centrifugation at
600 X g for 20 minutes. After removal of fat, the remaining fraction
was decaseinated by treatment with chymotrypsin (0.2 mg./ml.) at
38° C for five minutes. The coagulated milk was then centnifuged at
600 X g for 20 minutes and the resulting supernatant was centri-
fuged at 105,000 X g for twg hours at 4° C. The small pellet from
high-speed centrifugation was resuspended in citrate bufler of ionic
steength 0.01 at pH 6.0 to fi¢*original volume of the sample of milk.
Part of the resuspended pellet was used for bioassays and the rest for
zone clectrophoresis,

The electrophoresis was carried out at 4° C in a trough with
powdered cellulose in citrate buffer with a current of 450 V and
15 mA. After a peniod of 20 hours, the ccllulose block was cut in
half-inch scgments, the buffer removed by filtration through What-
man No. 1 paper, and aliquots analyzed for phosphorus (King,
1932) and for protein by the method of Lowry et al. (1951). The
results of the chemucal analysis are shown in Figure 7. On the basis
of the Folin-Lowry curve, the scgments were pooled into three frac-
tions for bioassays in (C57 X Af)F( test mice. As can be scen in
Figure 7, the major portion of material was taken in the fraction
from around the origin, and the two fractions toward the anode and
cathode showed only small quantities of phosphorus and protcin.
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i \ 7 be concluded that
the basis of the results of this experiment, st may
the active tumor-nducing particle does not have a large net charge
1 pH 6.0. . .
a }I)t should be added that the pellet from A strain milk treated in a

TABLE 2 Bioassays of Electrophoretic Fractions from High-speed
Centrifugal Pellet (105,000 X g — 2 Hours) of Stran &
Milk in (C57 X ADF, Mice

NUMERATORS . MICE WITH MAMMARY TUMORS
DENOMINATORS MICE ALIVE AT EARLIEST TUMOR APFEARANCE

DURATION OF BIOASSAYS - 18 MONTHS

TYPE OF FRACTION TESTED ‘DILUTIONS

10% 10-3 10
FRACTION I 0/19 0/18 0719
Anade Side - e A R -
FRACTION 1t 18/20 8717 1/18
Origie Area 95% 1M 47%  1uM|en 1BM
FRACTION [t 0/15 0720 0/20
Cathode Side -- e le- ~ [aa -

e

sumidar manner has given essentially the same patiern, bt the electro-
p?wrmc :znalysxs Was not carried out under conditions which would
give maximum resolation,

In view of the results of bi 1s and el horesis obtained
with the high-spccd centnifugal pellet from milk of strain A agente
carrying mice, electron microscope studies kave been carried qut on
sections of the high-speed centnfugal pellet of defateed and decasein.
a'lcd strain A mitk, which was found to be composed of an outer, pale
nng'and an inner, more dense, brownish zane, Simifar studx:x’\l::r
carried out on hugh-speed centrifugal pellets of strajn RIII tc
harboring and strain Af agent-free, defatted and decaseinateq gc’x}k‘
Thcsg studies revealed the presence of characteristic viruslike gy
ticles in the outer ring of pellets from both RIIT (Figs. 8and S)c e
A strain milk (Figs 10 ang 11), similar ja appearance, ahl}&s:rglg
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rcsu}t of resuspension of some of the particulate material before or
during the removal of the supernatant.

TABLE 1. Bioassays of Various Fractions of High-mammary-cancer
Strain A Milk in (C57 X AlF, Mice

NUMERATORS __ . MICE WITH MAMMARY TUMORS

DENOMINATORS MICE ALIVE AT EARLIEST TUMOR APPEARANCE

DURATION OF BIOASSAYS - 18 MONTHS

TYPE OF FRACTION TESTED L DILUTIONS
(TREATMENT) 1072 1073 10+
DEFATTED MILK 16/20 12/16 13/18
(600 x g for 20 min.) 80% 12M175%  10M }72%  10M
WHEY 4/19 12/20 2/15
(Incubation with chymotrypsin) 21%  13M|[60% 12M[13% 1M
SUPERNATE (10-}) 12/19 _
(105,000 x g for 2 hours) 63%  12M - B
PELLET 9/20 9/19 11/22
(105,000 x g for 2 hours) 45% 1M 14‘7% 14M [S0%  10M

The results of bioassays of the clectrophorcetic fractions from the
high-speed centrifugal pellet of strain A milk, with tumor-mducing
activity demonstrated in the previous table, are shown in Table 2.
Only onc fraction, that is, fraction II in the origin arca, has shown
tumor-inducing activity. Extensive migration of the tumor-inducing
material has not occurred after 20 hours of clectrophoresis under the
described conditions. It appears that 1t has been possible in the pres-
cnt experiment to avoid contamination of other fragments by using
zone electrophoresis in a small glass trough, Previous trials carried
aut by using a column for clectrophoresis had shown tumor-inducing
activity in varying amounts in all fractions in the column (Dmo-
chowshi, 1956). Thus, it has been possible to localize the tumor-
inducing activity more specifically in the clectrophoretic pattern. On
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of RNA content in the pellet may arise from Io§<c.s fiutmg remaoval
of the supernate from the pellet {viz., the lfigh activity of .thc super-
nate indicated in Table 1} and also from slight vanations in dijution
of the milk with small quantities of saline used to moisten the gland
during milking. X

It should be pointed out that although DNA, as estimated by the
Burton-Dische reaction {Burton, 1956), has been found to be present
m small quantities in mouse milk (1.8 miCrograms/ml:)‘ assays of
the high-speed centrifugal pellets by the same method failed to rcvc?I
any DNA ‘Thus, the biologically active fraction of milk treated in
the described manner has been found to contain RNA but no detect-
able DNA. In order to check the valdity of the ercinol reaction,
ultraviolet absorptiont readings of the pellet matersal were made by
using 2 Beckman DK2 recording spectrograph. The absorption
spectra were those one would obtain from nucleic acids and they
agreed quantitatively with the results of the orcinol reactian,

Alter the presence of RNA 1n the pellet was ascertained, the effect
of nbonuclease digestion of the high-speed centrifugal pellet of de-
fatted and decaseinated strain A milk was studied. Nucleic acid de-
termmations were made before and after nbonuclease treatment
The resuspended pellet was incubated for 30 minutes at 20° C with

TABLE 3 Ribonucleic Acid Analyses of High-speed Centrifugal Pel.
let (105,000 X g ~ 2 Hours) of Stramn A Milk before and
alter Ribonuelease Treatment

AMOUNT OF RIBONUCLEH
MATERIAL C ACID/10 ml.
.
(FRACTION) ACID SOLUBLE ACID INSOLUBLE
{Micrograms) {Micrograms) TOTAL
—_—
p——
ORIGINAL PELLET (1) 3 131 234
B U .
PELLET AFTER
RIBONUCLEASE 20
TREATMENT (11) 1 %0
“'—\———,N“‘-\————‘- —~
SUPERNATE FROM (11)
{105,000 x g) 25 154
— ] 179
——
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somewhat smaller than those present in sections of mammary tumor
cells. While the average diameter of viruslike particles in sections of
high-speed centrifugal pellets of milk was found to be approximately
700 A, the average dinmeter of particles of similar appearance pres-
ent in mammary tumor cells was caleulated to be approximately 900
A, It is not known whether the obscrved difference in size, assuming
the particles present in milk and tumor tissue are the same, Is the
result of treatment to which the milk has been subjected.

Characteristic viruslike particles of size similar to that of particles
present in A and RIIT strain milk have also been found in the outer
ring of the pellets from milk of strain Af apparently agent-free mice,
but only in small quantitics and after prolonged scarch (Figs. 12 and
13). There appears to be a difference, but only quantitative, between
the electron microscope appearance of this part of pelicts from milk
of genctically identical agent-carrying strain A and of agent-frec
Af mice. Whether this diffcrence has any connection with the high
mammary tumor incidence in strain A mice, and the Jow incidence
of breast cancer in Af mice, requires further investigation.

The clectron microscope appearance of the inner densc zone of the
high-speed centrifugal pellets from milk of all three strains of mice
has been found to be similar, This zone contained only amorphous
material as shown in Figure 14.

Alter it was ascertained by means of bioassays that the agent i
present in a pellet abtained by centrrfugation at 103,000 X g of de-
fatted and decascinated milk, biochemical studics were carried out
for the presence of RNA and DNA in similarly prepared pellets from
milk of strain A mice. These studtes led to the first successful colori-
wetric detcrmination of RNA, because of the absence of the sub-
stance (possibly lactose) which mnterfered with ali previous attempts
at RNA estimation in mouse imlk. However, it should be pointed out
that the interfering substance is not always removed by high-speed
centrifugation. A modificd orcinol method of ribonuclere acid deter-
mination (Hurlbert, Schmitz, Brumm, and Potter, 1954 ) was used
to facilitate reading micro-amounts of nbonucleic acid found mn the
pellet. The estimated amount of RNA obtained by this method in
one experiment was found to be appraximately 23 micrograms per
each milliliter of strain A agent-carrying milk. However, other deter-
minations gave much lower amounts of RNA, and indicate (h:l{ a
comparison of total RNA in high-speed centrifugal pclllc\\ ol: n)llk
from A and Af strain mice may be invalidated by the wide variation
in RNA cantent in different samples of mouse milk. This variation



TR SamLs

o ou soys spused gy wenEvgmdrw 2yBy 18 anssn
Aswarew Sunviae] v ueas uf saped dwowiaag § amSiy

ONOETX st
e s2paptaed £10123053 sroangr Osnou * aienis jo anssis At

et Jwpee] jo weido o jo ydedawss wonseyy ¢ omdrg

R

LA

-~

3

Y




ing cyto-
par-

djoin
haracteristic
m the cytoplasm are

i extending fro
5. X 10,000,

5

Tograph of a duct with adio;,
mmary tumor cell, Cj

~ -
on mic
ovi
ng particl

Figure 2 Electre

plasm of a strain A ma

present, Micr

scen to be extrudsi)

ticles are

ytoplasm
tumor cell. Characteristic virushke

ry
,000

graph of a limited field of ¢
y be seen % 10,

stram mamma;

Electron mucro
Pparticles ma




002X tuosaad a1e sapuied IxishiA dusHaT

apys s wrens 111y Suidies-juaBe pareuiasedap pue paey

b2 (simoy 7 '8 X 0p'e0l) paads-ysig

e jo cmr_uEu:: vonopy g aandiy
)

I ———
P E R Sy
,uu...;?.w .ﬁM
o) fﬁ'
;nwd

,J vftﬂw.m.,

<ap w02y ppod 12
Jo auoz 43300 JO

fo0i0gx uoneoymStur saqSiy 3 dwes YL 6 g

s gy -

e i a Y AR T 8

.
i




000 12X "Wwsaad 3¢ dandngis
(ewaiu ou s sapraed 41011395 “anssi Arewwew Suneide]
urens (114 ve o wseidor s jo ydeiborw vonadfy ¢ amy

“000°GTX “udds 2 Ao win(RINAL
srusejdopud pur EUPUOYIOIGY AN Aewwew  Suneide]
wrens JITY we jo wsedetta jo ydesZorogut voxdayy 9 a1ndiy




DOOELX

w2l SNSLNITIEYD YA SPIITY
A jeSapauod {sinou ‘8 X 000
ayy jo Py PARPS €1 Q31

]

a8 2 Avws Samdndis JE
U WENS JY WoLy W1
~igg1) poods-ysiy jo S0z L

000%GEX 1995 aq Avas sapapied dgsuaide
xoe pwog My ‘eaxjausle Jy wens patemaseop ‘paney
-ap wogj Wipd ESyuu (unoy 7 8 % OouGot ) perds-ySiy
@ 2uoz JOINO JO LENIIS T JO ydesdoponu uondfl gl 2ingig




T A el N ~
agﬁ%@%%%ﬁkﬁé:}}%i;u.‘

Wi Y T B e
‘§"y;%4€’¢zﬁka

= N
’i‘&*’ﬁmﬁgﬁ%ﬂa ¥

¥

) et LA A

Figure 11 The same at higher magnification X36,000.
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TABLE 5 Bioassays of High-speed Centrifugal Pellets of Strain A Mitk

Following Rib lease or Ethanol T in (C57 X Af)F, Mice
NUMERATORS MICE WITH MAMMARY CANCER
DENOMINATORS ~ 'MICE ALIVE AT EARLIEST TUMOR APFEARANCE
DURATION OF MATERIAL D lLUTION§ -
EXPERIMENT | TESTED 3.2x107 2x107 | 107
Milk defatted - -- 2/15
decaseinated 13% 8M
Pellet - 3/23 --
incubated 13% M
8
Months Pellet incubated -- 3/22 -
with ribonuclease 14% 6M
Pellet treated 3/25 -- -
with ethanol 12% ™
Milk defatted - - 0/27
; decaseinated - -
-t |
Monthg Pellet incubated - - 7742
—_— with ribonuclease 7% M

and tested 1t (C57 X Af)F, muce, Thy i
e n cxpcrimgmsg » uce. The results of lhls.tr:ztmcm, and
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10 micrograms of ribonuclease per 1 mi, The ribonuclease-treated
material was then centrifuged for two hours at 105,000 X g, and the
resulting pellet and supernatant tested for the presence of acid-solu-
ble and acid-insoluble RNA and also tested for tumor-inducing
activity in (C57 X AT, test mice.

The results of ribonucleic acid analysis of the high-speed centrifu-
gal pellet from strain A agent-harboring milk before and after treat-
ment with ribonuclease are shown in Table 3. As can be seen, the
ribonuclease altered the solubility as well as the sedimentability of
RNA in the original pellet. It should be noted that a small fraction of
ribonucleic acid appeared to be resistant to the action of ribonuclease.

The results of bioassays on the fractions obtained from ribonu-
clease treatment of the high-speed centrifugal pellet from defatied
strain A milk are shown in Table 4, The results, although far from
complete, indicate that at least some tumor-inducing activity is re-
tained in the pellet following treatment with ribonuclease, It 1 of
interest that the supernatant has also shown some activity,

An attempt was also made to determine the cffect of treatment of

TABLE 4 Bioassays of High-speed Centrifugal Pellets of Strain A Milh
Following Ribonuclease Treatment in (C57 X Af)F, Mice

NUMERATORS __ MICE WITH MAMMARY CANCER
DENOMINATORS MICE ALIVE AT EARLIEST TUMOR APPEARANCE

DURATION OF MATERIAL DILUTIONS -

EXPERIMENT | TESTED 10T l 10
Defatted -- 0/16
Milk 6% oM
Pellet .- 3/17
Resuspended 18% 6M

[ Pellet treated 2/19 2/17
Months with Ribonuclease | 11% 6M 12%

Supernate from 1/19 0/19
Treated Pellet 5% M -- -
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- s acid
neurotropic yiruses which demonstrated activity i the nuclcu‘: acl
partion ESchramm and Gierer, 1057; Fraenkel-Conrat, 19573 dCOI;
ter, Bird, Mayer, and Brown, 1957), experiments were carried ou
m an attempt to find out whether a mamumary tuqor—mducmg nu-
cleic actd can be extracted from agent-carrying strain A mouse milk.
The techmque of Gierer and Schramm. (1956.) > mﬂd’ﬁed. by
Kuirby {1957}, was apphed to defatted strain A milk and to h\g:h-
speed centrifugal pellets of 1his milk. Preliminary re_suks oi_lhc bio-
aways of defatted milk of strain A mice, treated by this technique, are
shown in Table 6. .
‘As can be seent in ‘Table 6, the aqueons phase obtained by phenalic
extraction of nulk fram strain A mice has, so far, shown no tumor-
nducing activaty, although the control material was found to have
considerable activity. It remains to be seen whether mammary tu-
wors will develop at 2 later age of the test antmals, The aqueous
fayers have been found to contain nitrogen in amounts varying from
78 to 138 micrograms per I ml
The fluoracarhon deproteinization technique, devised by Gessler
and his asocsates (Gessler, Bender, and Parkinson, 1956; Porter,
19563 Gesdler, 1956), was also used in an attempt at extraction of
the mammary tumor~inducing agent from high-speed centrifugal
pellets of A and RIII high-mammary-cancer and of Af low-mam-
marv-cancer stran milk, following defatting and decasemization
Bialogical tests of the aqueous phase obtained by this method have
been carvied out hutiit 15 toa early as yet for any results. Electron
micTowcope examination was also carried out on sections of pellets
obtained by high-speed centnifugation of the aqueous phase of fluoro.
carbon-tr cated high-speed centrifugal pellets from milk of the three
dxﬂ‘cr(-m strains of mice, The results of this exammation are shown
mnTigures 15 and 16,
N 'l;lhc electron microscope study of sectrons of thc.scd.xment obtained
v highespeed centrifugatton of the final material in the agueaus
Ph?‘“‘ appears to mdicate that some purification of the characteristic
Dol b sl e s methed The e of
aflected by ths treatment. Th aite ) appear to be somewhat
. The results of bioassays of the fluoro-

carbon-treated pellet material it
aron reated p teria (h?:‘n stfalns A and RIII milk are not

. n reached on the basis of
appearance of thesc particles in the electron raicroscope with subge-

*See Addendum, p 16
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L. Dmochowsku et al, 1u3

2 he bioassays should prove very inttresting.. The elee~

g\:?‘x;:::is;; study of )‘;hc denatured pratein at the mﬁtrphas:}
brtween the agueous and flaorocarbon layers has faled to reveal any
i } Fig, 17).
\nt;c :ﬁ:ﬁf&i Enciﬁonld that this method has been mmz‘:d !ur the
purification of Rous sarcoma, vaccinia, and tobatto Mmosaic Vit by
Gesster and fus associates {1956, Tt has vecently br.m.ugzd with suc-
s i warphological and biotogical studies of vaccinia and Rous
sarcama by Epstein (19582,b).

TURNOVER STUDIES

In view of the long waiting period {or bicassays of the mammary
twimar~jaducing virus, experiments were carried out on the possible
usefulness of turnaver studies of nueleic acids in mice with regard to
a shortening of the assay period. The attempt was based on the esti-
mation of uptake of C*-labeled adenine mto RNA and DNA of
newborn suscepble nice injected with milk of straies A agess-
carrying and of Af apparently agent-free mice.

The experiments werc carried out in the following manner: Litter-
mate female smice of (C57 X Af)F, hybrids, 12 to 24 hours old, were
given an injection of D.1 wl. of either strain A or Af milk, diuted
107, After vatious time wtervals, following the inoculation of milk,
the anrals recetved an anection of C* adenine, and the total viscera
of animals were analyzed for the content and radioactivity of the
naclerc acids,

The results obtamed in the studies on ncorporation of C* imo
RN are shown m Table 7 As can be seen, a considerable uniformity
kasbeen found 1n the average amounts of RNA and in the incorpora-
tion of the isotope to RNA. No great difference was observed in the
incorporavion of C* anto RNA in mice whether in the presence or

absence of the mammary tumor-inducing agent for any of the times
tested, except perhaps in Experiment B.

1t should be pomted aut that each number within this experiment,

and abo the expenment shewn in Table 8, is the average of deter-

Wit mlonce Sveminagons o e 41 v comparcd
s I ions on litter-mate couteals, All anal.

vses were carried out in duplicate,

DN pon 1€ 0 1S can be seen, again the average amouns of
pe mo\fc. in each experiment was rather uniforr, The incor.

poration of C** into DNA as per cent of the injected dose appeated
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L Dmachotwski et al. 15

to be elevated 10 per cent to 20 per cent in mice given the agent-
containing strain A milk. The difference was not always apparent
when only the “speatfic activity” of the DNA was dct:rmlr.utd. I
<hauld be mentioned that considerable varfation in the nucleic acid
metabohsm was found among hitter-mates and especially among
different iters of mice, The need for the use of larger numbers of
luters per determination and for the litter-mate controls is therelore
apparent.

Tt may be concluded that further experiments to ascertain the
salidity and reproducibility of these results are required before any
inflaence of the agent on the nucleic acid metabolism can be se-
garded as established. Similarly, additional experi would hase
10 be carned out before this type of procedure could be extended to
# useful assay {or the presence of the agent in various dilutions and
purified preparations of the agent. Should this indeed take place, a
more rapid bicassay for the mammary tumor-inducing agent, based
on such measurements, would then be feasible

SuMMARY

A highly active “pellet preparation” of the mouse mammary
tamor-mducing virus obtained by high-speed centnfugation of de-
fatted, decasemated strain A milk has been studied by zone electro-
phoresis The conditions employed avorded cross-contamination of
fractions during processing as had been cbserved in earlier studhes,
and reconery of the mammary tumor-inducing activity was good.

“Peller preparations” of the virus from strain A milk which had
been treated with either nbonugleasd or cold 70 per cent ethanol
fetained mammary tumor-nducing actwity, These “pellet prepara-

. drb B
tions ) ble deoxsyribonucleic

T ic acid but no d
acd

Electron ‘microstope exarmination of ultrathin secuons of high-
speed centrilugal pellets of agent-harboring defatted and decaserne
ated stram A milk, whch hase shown high tumor-inducing activity,
demonstrated the preseace of characteristic virushihe particles in such
pellets These particles have also been ob:

pellets {rom R agent-
agentree Af strain milk

S‘mii‘ar “pellet prep after dep

steain A milk with either aqueous phenal ar a fluo .

2-tnchloro- - i ocarbon {
bl :‘ic:xﬁf‘utﬂuamnhan:) were studied by bioassay an

5 served i similatly prepared
carrying milk, and in pellets of supposedly
, a\thu‘\'xghkin considerably smalfer number.

4 ization of
Ly,
d elec-
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A Haddow, Eds, Vol 1, pp 104-173 New York® Academic Press,
Tnc

195¢ D ion P dings, Symposium on 25 Years of Prog.
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Cancer, R W Raven, Ed, Vol 1, pp 214-303 London: Butterworth

% Co, 114,
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ng Virus in the Problem of Breast Cancer,” Proz. Ind Internat.
Symp on Mammary Cancer, L Severi, Ed, pp 655-708 Perugia:
Duvision of Cancer Research
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sibte Viral Ongin 1 Some Mammahan Tumors Ann, New Vork
Acad Sc 68.559-615,
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Electron microscope study of sections of pellets from high-speed
centrifugation of material obtained by fluorocarbon treatment of
high-speed centrifugal pellets of strain A milk revealed the presence
of viruslike particles similar to those present in the milk hefore treat-
ment with fluorocarbon. Bioassays of this material are being awaited,

Turnover studics with C'*-labeled adenine as a nucleic acid pre-
cursor indicate the mammary tumor-inducing agent niay have an
cffect on the incorporation of radioactive adenine into nucleic acidy
of young mice.

ADDENDUM

An assessment of the results of bioassays of high-speed centrifugal
pellets from agent-containing strain A milk, which had been treated
with fluorocarbon, has shown tumor-inducing activity in this ma-
terial equal at this stage (nine months after injection) to that of the
starting material (original pellet). This appears to be of interest since
clectron micrographs of this material have shown the presence of the
characteristic particles.
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Radiation in Relation to Cancerogenesis and Mutation.
A Few Points
RAYMOND LATARJET, M D., D.SC-

Laboratowre Pasteur de Plnstitut du Radwm, Paris, France

The etiologic problem of radition-mduced cancers, as that of all
experimental cancers, 1s dominated by the riddle of the “merging
pont™ Any ctiologic hypothesis concerning 2 given cancerogenic
agent implies a hypothesis as to the nature of the malignant trans-
formation, and as to the g pression of malig at the
lesel of the somatic cell. Then one must ask whether these hypotheses
are compattble with concervable etiologies for the other cancerogenic
agents If one admuts that the malignant character is the same what-
ever the agent responsible for cancerogenesis, then a point exists
where the diverse processes, differently sparked by the various can-
cerogenic agents, do merge. Therefore, in discussing radiation-in~
tuced cancers, one must keep m mund that the same types of cancers
may eventually be praduced by chemicals, by viruses, by harmonal
upset, or by the intrusion of aberrant cellular material

M thrs point, one must carefully avoid embracing local radiation-
wnduced cancers (such as cancers of the skin) that appear at the site
ol local exposures, within the same ettology as both systemic (such as

leuhenua) and localized {such as mammary gland) cancers that
foflow total body rrradiation.

1

c T(:\c mam feature of a cancer cellas its abhty o dinide under those
ondwions where normal cells stop duviding. Tt is not accelerated
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growth; it is uncontrolled growth, The fact that normal growth is
carcfully controlled means that within each synthetic chain lies some
repression of that chain. Since each synthetic chain is linked to at
!cast one gene, it means that in addition to this promoting gene there
is a repressing counterpart, in such a fashion that all genes go in
pairs, the producer and the represser. Curbing the latter would rc-
sult in the loss of control for the corresponding synthetic chain. Un-
controlled growth, thercfore, can be considered in terms of damage
caused to represser genes, i.c., in terms of mutations.

But the control of growth is not a cell event. It is a tissuc or even an
organ event, which evidently results from the summation of multiple
individual cell events, the summation being made at the level of the
tissue or of the organ. This implies that the repressing compounds,
i.e., the products of represser genes, may diffuse from cell to cell
within the tissue or the organ, and establish a certain level of con-
centration. Since such diffusion necessarily takes place, it follows that
damage to a represser gene of a single cell is very unlikely to result in
uncontrolled growth of that cell, because surrounding cells will main-
tain the concentration of repressing compounds at the normal level.
In order to become manifest by the formation of a tumor, the mu-
tated cell must meet special conditions which prevent this compen-
sating process.

This concept has already been suggested by others in slightly
different terms (e.g., Failla, 1958). It fits in with a number of well
known facts concerning cancerogenesis, in particular:

The general tonicity of cancerogenic agents to cells (Haddow and
Robinson, 1937) ;

The competition between two cell populations, the mutated and the
normal ones {Burnet, 1959},

The so-called two-step mechanism, and the eistence of so-called
co-cancerogens ( Berenblum and Shubik, 1947).

Regarding the latter, T wish to recall here the first case of co-
cancerogenesis cver reported, since it is relevant to the next point of
this paper. As early as 1929, Lacassagne and Vinzent gave onc focal
dose of about 2000r to rabbits at the site of an inflammatory focus
previously formed by the injectian of bacteria, They abserved that
this combined trcatment frequently and promptly elicited the nise of
sarcomas in the irradiated zone.

This means that a critical hereditary change was induced by irra-
diation, and that the inflammatory tissucs constituted a favorable
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1earain for the rise of 2 malignant tamer 35 2 yewlt of Ehas change.
Tt §s well known that, in the absence of such Joeal conditions, a single
lacal dose of 2000r does not produce malignant tymors, CcnYerfc])',
chrastic ieradiation foes, {ram which we may infer that chronic irra-
diation secures the twa required steps. According to th‘: preceding
theory, these two steps would be: (a) 2 mutation consiting ?‘I the
inactivation of a Tepresses gene in 2 eell; (b) general slteration of
the Bssues which would prevent the supply of extraneous repressing
campaunds to that cell.

11

Lt us focus our attention on the first step, keepmg in mind that
x-ray doses no higher than 2000r yield a number of such events.

"This dose produces ouly § X 107 Sonization per molecule of DNA
{Table 1), 2 low figuse but one which may be high enough in view of
the fact that many cells are irradiated and that each of them £ontains
many DNA molecules. But it the particular genes are considered, the
probability of direct jonization becortes much lower, since the cross

scction of a gene probably occupies enly a small part of a DNA
molecule {Table 1).

TABLE 1. Absorption of 50 kv x-tays by DNA

Doce 100.0000
Number of onizations per mosecule (AW 7 X {7} 25
Energy kmparted 1o the molecule 8lev
Imacuvanon dose (Do, 63) for the streptomy cin

reswstance marker i Prevmococcus DNA

{direct eflect]
Quantam yield for this inactivacan 3 ‘X l? ’

From Latarjet, Ephrussi, and Rebesrony (195%)

Thus, 4 X 10 ace required to produ. ionization i
ce o)
of the DNA molecule assoeim:dp with s et 2ot

3 treptomyein yesistance in
Preumococcus, while anty 2000 have high probability of inducing
2 cancer under broper canditions. This strengly suggests that the
:)-ra)-m;iuccd mutzgm:c condition, which may be postulated ay !h:
g of & tumor, does not result from dyrect effect, b
the action of a radiation-formed in ;on the DR
a termediate on the DN,
(1952} has already substantiated thisidea. Mare recentiy, ;t\h:s[;g:;
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TABLE 2. Absorption of ultraviolet light (2537 A) by DNA

Incident dose 100,000 ergs/mm?
Number of incident photons per nuclcotide 20,000
Number of absorbed photons per nucleotide 360
Lnergy absorbed per nucleotide 17 key
Energy absorbed per molecule (MW, 7 X 16%) 34 Mev
Inactivation dose (Do, 63) for the streptomycin

resistance marker in Pneumacoccus DNA 80,000 ergs/mm?
Quantum yield for this inactivation 0=

From Rebeyrotte and Latarjet (1959)

shown (Wood, 1959) that 80 per cent of the lethal effects of x-rays
on yeast is due to indirect effccts, and only 20 per cent is due to direct
effect.

In the case of ultraviolet radiation, high doses arc required to pro-
duce cancers of the skin in mice, but these doses do so in all treated
ammals. The need for high doses is probably du, in this case, to the
low quantum yield of the ultraviolet photon on DNA (Table 2).
Both the mactivation dose, for A 2537 A, on the /Sr marker in
Prneumocaccus {considered as an example of an injury to a genc)
(80,000 ergs/mm*), and the canccrogenic dosc in the skin of mice
(of the order of 50,000 ergs/mm? at the level of the basal layer of
the epidermis), are very high. This means in the latter case that
whercas DNA s injured, a tremendous number of other photochem-
ical alterations arc produced n the cell. Thus, this treatment may
simultaneously achieve both steps of the cancerogenic process—the
mutation and that gencral alteration of the tissues which enables the
mutated clone to show up.

111

The time has come when the biological changes induced by radia-
tion should be corrclated with precise chemical reactions in the ge-
netic material. As an example of the lines along which we may be
required to proceed, T wish to quote the particular case of perovida-
tion of DNA.

Weiss (1958) hasshown that peroxidation of DNA by x-ravs starts
at the level of the nuclear double bond of the pyrimidine bases, In
my laboratory, Ekert and Monicr (1959) have idcmiﬁcq the per-
onides produced by x-rays on thymne in aqucous <olution. Such
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idati ens the double biond and fixes 2 hydroxyl radxca:l on
E;:’::g: ‘;::; ZP};) droperoxide md'x‘ua‘u o ¢he other ane. But several
isomers are formed simultaneousty in differens fd:mvs amo‘unrs.[ N

“This process s irreversible, contrary to the dx~hydroxy1at.:§tt;'o lc b ;
open double bond that uaviolet light may produce on ur; y! 1cd acl
(Sinheimer, 1954), although the p;rt?;udtxs notery stable an ‘an
be decomposed by an excess of radiation In a 107 3t aqueous Bc{w
non, thyming peroside is formed at the rate of 7.5 pasts per 100 for
an absorbed dose of 100 kilorads, Thus, 1000 rads would peroxide
seven pyrimidine bases in 2 DNA molecule contatning Q.O,M.)ﬂ nutleo-
udes (in the very unlikely case that the rate of peroxidation would
he the same in a DNA molecule). . .

o special importasice shauld be attached to this reaction, at least
for the tne being. Many other reactions which have not yer been
deciphcred may be produced by irradiation of DNA. The only reason
fot underhning this reaction is that we Lnow it, and therefore can
describe it as an example of many possible changes.

What may be the biological significance of such a Joca) change?
1t is very untikely that it represents a “specific” chemical change
endowed with particular properties For example, thymine peroxide
dots not compete with thymine in thyminedess Escherichia coli
{Latarjet, unpublished). The opening of the double bond repre-
sents toa large a steric alteration to lease any chance that thymine
perodide may act as an anti-pyrimidine, and therefore may be in-
corporated ag such by the bacterium. It would be copied even less

at the time of DNA replication But radiation produces it in sifu; the
radiation-formed peroxide hies ipre facto at the site of thymine, as
though Jt had been incorporated; and this s truc for all organisrus,
including mammals, even if they cannot incorporate pyrimidines.

It is hard to tell whether such substitution has a functional mean-

ing, a g;nctic meaniag, or any meaning at all. With regard to fune-
tion, will such sulktitution modify the specificity of the synthesis
which that panticular DNA molecule controls? Nobody knows. Con-
sidering heredny, if one agrees thar such change will not be repli-
cated, one may surmise that it constitutes a teoublesome spot for
rcphcnm?n. At this particlar Yocus, error is Ikely to oceur with re-
gard 1o interconnections of bases in the daughter strands, sin

base will not recognize jts usual Sister. o o

Such an error may
n fer. & y show up as
a change in the sequence of bases, i.c., in the coding .

3 : g of these daughter
<trands. That, in wself, tonstitutes 2 heredstary <hange which r%ﬁ ht
be visuahized as 2 point mutation This mutation would be a congsc

.
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quence of peroxidation, but would have no “chemical” relationship
with peroxidation as such. It would require one division cycle to
show up.

v

Lwofl, Siminovitch, and Kjcldgaard (1950; sce also Lwoff,
1953) discovered that ultraviolet radiation efficiently induces viral
synthesis in lysogenic bacteria. It was found thereafter that in terms
of the energy requircd, ionizing radiations are cven more cfficient
(Latarjet, 1951; Marcovich and Latarjct, 1958). Morcover, Jacob
(1952} observed that nitrogen mustard also is an inducer. Since these
three agents are cancerogenic, a tempting syllogism was offered
which would bridge the gap between those cancers caused by physi-
cal and chemical agents, and those caused by viruses. In addition, the
concept that cells of higher organisms could harbor proviruses which
could be turned into neoplastic viruses by physical and chemical can-
cerogens, brought an interesting scheme for the hereditary transmis-
sion of the high susceptibility to certain spontancous cancers, In mice,
the extensive use of homozygous strains led to the discovery that at
least somce hereditary high susceptibilities to spontancous cancer arc
associated with the presence of filtrable agents. The constancy of the
high incidence through successive generations implies the vertical
transmission of the agent under onc form or another, Under the
present state of our knowledge, we can conceive of two forms:

1. Permanent Infection. Atallsteps of its development, including
the egg, the animal would harbor an infectious subcellular agent
(virus). The state of infection would be maintained throughout the
whale cycle of the host. In formulating this hypothesis, it must be
kept in mind that the viral cycle may present some eclipse phases
during which no active material can be extracted from the broken
cells. But the cells remain infected in the sense that they still consti-
tute infective centers capable of propagating the infectivity, Gross
(1956) has supported this idca in the casc of lymphoid leukemia in
mice.

2. Virogenic State. According to the model provided by lyso-
genic bacteria (sce Wollman, pp. 43 to 59, this volume) the agent
would be transmitted in the form of a provirus. The hereditary ma-
terial which conveys the genetic information of the virus would be
mtegrated within that of the cell in a neninfections form which
would divide synchronously with the cell. The provirus would per-
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: i i ain
petuate itsell among some somatic cells of :ihi ?:lgﬂ;‘m\;:‘:}ncz‘:ﬁvc
endogenous or external cifcumstances causet ;d o s
sirus, In particular, cancerogenic agents could accou

du;‘:c“idca that lysogeny might come inta play in thc‘ field .Df caneer
\iruses has already been evohed in several (}}coreucal dmcuislon;
{e.g, Stanley, 1958). However, if such discussions are to be p'ac:
on the more solid ground of facts, d\cr.c are ap?arcnt]y only five ex-
perimental works which can be taken into consideration at the pres-
ent. To recall them briefly: .

1. Radiological differences exist between the }c‘mpc‘ra\e bzct.cn-
ophages—those which ate capable of lysogenization—and the viru-
fent ones—which cannot lysogenize. A comparison of the temperate
phage ) and the sirulent phage T2, shows that both have about the
<ame size (but niot the same amount of DNA), and both are active
on the bacterium E. col K125, Phage A is several times more resist-
ant than phage T2 to ultraviolet radiation, and slightly more resist-
ant to x-rays. In ather words, T2 contains more radiation-sensitive
material than A, Conversely, the capacity of the host cell K128 to
produce T2 is several times more resistant to radiation than its capac-
ity to produce X, The bacterium contalns some radiation-sensitive
material which is necessary to produce A, but which TS production
does not need, It looks as though the virulent virus contains some
radiation-sensitise material required for virus production, which the
temptrate virus does not carry and therefore must find m its host
{Garen and Zinder, 1955; Latariet, 1956},

Rubin and Temin (1959) have compared the radiclogical be-
h?\’mys ?f d_:c Rous sarcoma virus {R) and of the Neweastle disease
virus (N} either frec or grown on chicken fibroblasts They found a
situation timilar to the preceding onc, where N would correspond to
T2, and R to X, Free R is about ten times more resistant than N to

uhmizz\n vadiation, but the capacity of chicken fibroblasts to pro-
duce N is several times more resistant to radiation thag i their
capacity to produce R. According to this picture the Rous sarcoma

VIS appears to be of the temperate type, in contrast to the Ney
f‘mllc virus. :I"gﬁs would mean that the genome of the Rous virus ¢; -
lvsogenize,” i e., can be integrated with that of jts host cell as K -
as 1o viral production proceeds, hns

2. The sc:t:md experiment, Yike the three that follow, deals wi
mouse leukemia In the Ak inbred strain, ahout 75 r' f‘ g
animals spontancously deselop 2 hymphoid leukemia achwc;r:: :ss::lcl'c
i
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ated with the presence of a filtrable agent (Gross, 1951). This agent
can transfer the disease to homologous strains.

In a large-scale experiment we have checked whether or not the
newborn Ak mouse is immune to superinfection with the Gross virus
(Rudali, DupI:m, and L'\taqet 1957y, ’Ihls work was undertaken
because cellular immunity is a straight consequence of lysogeniza-
tion (Lwofl, 1953). The cstablishment of a prophage in a cell con-
fers complete immunity on that cell toward the corresponding frec
phage.

Newborn Ak mice (less than one day of age) reccived a cell-free
extract from Ak leukemic tissues by subcutancous injection, Controls
received a cell-free extract from nonleukemic tissues of strain XVIIL
In all, more than 2000 newborn animals were treated, As a result of
the injection of the leukemic extract, the frequency of leukemia rose
from 75 per cent to 90 per cent, and the latency of the discase was
shortened by a factor of two, The first cases appeared after about
eighty days, instcad of after six months; the maximum frequency was
reached at four and a half months, instead of nine months, No effect
was observed in the controls, Morcover, the incidence of leukemia
was normal among the progeny of the supcrinfected animal which
had developed an carly discase. According to this experiment, the
young Ak mouse is sensitive to the Ieuhemogenic activity of the agent,

3. Since virus multiplication is efficiently induced by x-rays in
Iysogenic bacteria, we wondered if a somewhat similar phenotenon
would take place in newborn Ak mice. Would total body x-irradi-
ation accelerate the leukemic process, and increase its frequency?
Anather large-scale experiment has been carried out along this line
(Reverdy, Rudali, Duplan, and Latarjct, 1958). A total of 1527 AL
mice, less than one dav of age, were divided into seven groups, Of
these, 420 scrved as nonirradiated controls; the others underwent a
total body exposure to 180 kv x-rays with doses of 50, 100, 200, 250,
350 and 500r. Leukemias were recorded over a period af 500 days.
‘The results (Table 3) can be summarized as follows:

@) Doses smaller than 500r did not significantly change the latency,
but slightly deereased the frequency. This decrease was more pro-
nounced in males than in females, and was more pronounced with
the greater doses. Since this change was contrary to what could have
been expeeted from an mduction of the lysogenic type, we wondered
if such an induction could have been masked by some other effect
of the radiation. In p1rtlcul.1r, X-F}s are knmm to produce an -
volution of the thymus, a target organ in lymphoid leukemia,
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TABLE 3. Leukemogenesis among Ak mice which received one total-bady
x-irradiation at birth

£
i Tncidence of Jeukerma Aserage latency o
e Rrvpi s sarenans (64) etz (da1)
o (50} males  lemales soales femalet
[} £ 63 82 292 274
50 56 pt) 8¢ 250 273
100 a0 45 7 280 275
200 44 53 74 276 283
250 3% 29 7n 230 225
30 7 26 58 219 226
500 8 ES 56 120 186

b) Cansequently, 606 other newborn Ak mice received a single
dose of 250r on total body, the thymus being protected, ar 2 non-
wwradiated isologons thymus heing grafted ater frrahation. In both
caces, the same decrease of the incidence of Jeuhemia was observed,
“Thus, this decrease is not due to nvolution of the thymus. This con-
clusion was confirmed by another experiment in which it was shown

that cartisone, when given to newborn Ak mice, does not decrease the
incwdence of leukemia, although it prod

a temporary involution
of the thymus. Therefore, the decrease shown in Table 3 remains
unexplained.

¢} With the dose of 500r, the latency was suddenly shortened,
while the trend to lower frequency ceased. A new type of leukemia,
which could be called “radiation-mduced,” seemed to appear.

As a conclusion of this work, we can say that, under our experis
mental conditions, does smaller than 500r do not produce any evi
dence of viralinduction A dose of 500r seems to produce some new
rﬁm. which could be induction, but has not yet been shown to be so
I this were so, the more general question would be opened: An;

radiation-induced leukemias due to a “1 ic i i
sogenic induction” -
nomenon? B uetion” phe

4. Another experimental approach to this i i

wing a m:}'m of mice with a sery low Ircqucncyq:fc:;;’zt::zixml g

femn, of lv-{during the disease with radiation, and of lookm, Sf -

leukemogenic filtrable agent in the leukemic tis’sucs This h, el

been du.nc by Grms. (1959 in the C3H strain, and l'ny Ka I;s rt‘cgnlly

with Licberman in the C57B! strain, Tn both cxpcgm:n(ts 531‘5
J
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cell-frec extract of radiation-induced leukemia was injected into
suckling mice. Of these animals, 11 per cent (Gross) and 17 per cent
(Kaplan) developed a leukemia of their own after several months.
That leukemia was induced by a cell-free agent and not transferred
by cells was indicated by Kaplan from the fact that an extract from
C57 mice, when passed through F, hybrids, induced tumors of
hybrid genotype. This activity appeared in irradiated thymus glands
30 to 40 days after irradiation. In Gross’s experiment, the somewhat
fow activity of the first extract was enhanced by serial passages
through C3H suckling mice, the final extract producing leukemia in
65 per cent of the treated animals,

5. Finally, I will mention an experiment on homologous trans-
plantation, carried out in my laboratory by Duplan (1958, 1959),
which shows that Ak normal cells contain the full antigen corres-
ponding to the leukemogenic agent. As recipient, Duplan used the
XVII inbred strain of the Institut du Radium of Paris, which is not
histocompatible with Ak, and which has a very low inaidence of
spontancous leukemia (0.2 per cent). By the age of two weeks, the
XVIT mousc becomes definitely inscnsitive to Ak material, Leukemia
cannot be transferred by cells or induced by the agent from Ak to
XVII young adults.

Duplan used young XVII adult mice which had been rendered
partially tolerant to Ak material, cither by the Medawar-Billingham
technique or by total body x-irradiation. In the former case, 2 X 10
Ak normal spleen cells were injected into the embryos at the sevens
teenth day of intra-uterine life. In the latter case, a dose of 700r was
given to young adults; then restoration was achieved with Ak fetal
(nonlecukemic) liver cells. Fifty days after these treatments, 3 X 107
Ak leukemic cells were injected intraperitoneally. Three types of posi-
tive responses appeared among these animals.

a) Within only three months, some mice developed a Iymphoid
feukemia of the Ak immunogenetic type. In these animals, tolerance
to the homologous Ak cell was established successfully.

b) Among the other animals which did not accept the graft of
leukemic cells, a number of lymphoid leukemias appeared, within
a year or more. Immunogenetically, these belonged to the XVII
recipient strain. This is the point which is relevant to our problem:
These mice, which were not tolerant to Ak cells, had become tolerant
to the Ak leukemic agent. According to the mechanism of tolerance,
this means that the normal Ak cells used to establish this situation
contain the antigen corresponding to the leukemic agent,
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¢) After 20010400 days, 2 few anim_als developed rlxs'mmmar;;‘ (;a:;
cinomas, which, according 1o the expesimental f:on\r: ,b;vcer;b et
the injected material—probably ﬁ}c ?ul}:on}a virus harbort iy o
Ak strain. The conclusion concerning this virus is the same 25 In
i SE . .

prc'f‘;;il;:gc::rc which cotnes out of these five cx;‘)cr{mcqts isnot ,dc::‘
Experiments 1 and 4 favor the idea of alys_ogemc—hke situation in the
Rous sascoma and in C3H and C57BL mice. ’ljhc ﬂ'mec others seem
10 indicate the presence of complete virus particles in nom}al tissues
of embryos and adults of the Ak straln. Much more work is needed
before any precise concept takes shape, but the amount of experi-
‘mental data gathered an this problem during the last couple of years
sounds highly encouraging.

v

Tt hasbeen clearly demonstrated in a number of instances that cells
imtroduced into a {oreign host may break out and release cancero-
geme viruses, A few experiments have recently suggested that even
simpler cellular material can be released and exert cancerogenic
activity. Such an effect has been obsened after the injection of
nucleoproteins extracted from tumors (Paschkis, Cantarow, and
Stasney, 1955; Bielka, Graffi, and Krischke, 1957), and of rucleic
acid extracted from leukemic tissues (Latarjet, Rebeyrotte, and
Moustacchi, 1958; Latariet, 1959). This suggests 2 new kind of con-

id c ing the canc icity of radiations Among radi-
ation damages to cells the leakage of cellular matenal must be con-
sidered. Tt is well known that irradiation rapidly increases the amount
of nuclear components {in particular, free nucleic acid and its deg-

radation products) which leak out of the cells. This is true in micro-
where these

ds are found in the suspending

. . M
medium, and fn mammals as well, where the compounds remain
within the tissues,

So Iaf. most people have visualized raduation-induced cancers as
onginating in those cells which have themselves been altered by the

radiation. This concept implies ipso facto that the alteration is not
lethal to these cells, and this is not easy to understand, Hete, we naw
enusage that these cancers may originate in cells which ha’v

porated some material released by those cells which have been altered
b the yadiation In this case, the alteration can be—apd, in fact, i
Tikely to be—Tethal to the eell. Tt must be profound cnoug’h to a{::ﬁ

¢ incer-
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the release of material and to change this material eventually to the
extent of making it cancerogenic.

It is relevant to quote here Blum's (1958) quantitative experi-
ments on the induction of skin cancer in mice by repeated exposures
to ultraviolet radiation given at diffcrent intervals, From his results,
Blum reached the conclusion that the multiplication process is ir-
reversible and is accelerated by each exposure, Thus, a given tumor
would contain several clones which eriginated at different times, and
whose units would display different growth rates. The curve repre-
senting the increase in size of the tumors as a function of time can be
extrapolated to time zero, thus giving the initial volume of the multi-
plying unit. In this way, Blum found V., = 10" mn?®, the volume of
a large molecule. He interpreted his resulis as indicating that each
irradiation induces a certain number of cells to release some material
capable of entering other cclls and of multiplying within them,

Five points have been considered in this study. How do they link
to one another? This is nat readily apparent. Other points should be
taken into account, such as the effect of radiation on immunity, and
more probably still others which we are unable to formulate or even
imagine because of the lack of fundamental know ledge. For example,
I have discused mutations, infection, lysogeny, radiation cffects,
along classical lincs. But these lines are certainly too narrow. Trans-
fers of genctic information from cell to cell, or from virus to cell, may
pass through chemical channels ather than DN\ alone, Spontancous
mutations may occur in the absence of cell division. Radiation chem-
istry within the cell is still in the prenatal stage.

Many changes can be expected in the near future with regard to
concepts of this problem.

REFERENCES

Berenblum, I, and P Shubik 1947. A New Quantitative Approach 1o
the Study of the Stages of Chermeal Carcinogenesis in the Mouse’s
Skin. Brit. J. Cancer, 1:383-391.

Biclka, ., A. Graffi, and W. Krischke 1957 Zur Frage der Betedigung
von Nucleinsiuren an der chemischen Zusammensetzung des leuham-
ogenen Agens aus filtriectharen Mausetumoren Naturwissenschaften,
44-381-382.

Blum, H. F. 1938 Sur Paspect quantitatif de action cancérogéne des
radiations ultraviolettes. Bull. Assoc. frang étude cancer, 15-163 165



Raymond Latarjet 131

M. 1959. “Concluding Remarhs,” Ciba Faun.dutwn Symp. Car-
nu(ml'nc::;tt\rfulil, pp. 323-325, London: J. & A. Churchill, Ltd
Duplan, J. F. 1999. T de llagenf ;

souns de Iignéc:o‘_‘&_m56 P
2105 . X
D::\‘;:, ‘]‘ .giaa:\d P. Mounnot 1958. Etablissement df: la tolérance
actne i lagent leveémogéne de Gross chez les souris de la hignée
XVII Compt. rend Soc ol , 152:1040-1041 . .
Ebert, B., and R. Monier. 1939. Structure of Thymine Hydroperoxide
Produced by X-Irradiation. Nature, London, 18-}:{:8—59.

Failla, G, 1938, The Aging Process and Cancerogenesis Ann New Yorh
Acad Sc., 71.1124-1140. .
Garen, A, and N. D. Zinder 1955, Radiological Esidence for Partial

Genetic Homology between Bacteriophage and Host Bacteria, Vir-
olagy, 1.347-376 )
Grass, L 1951 Pathogenic Properties and “Vertical” Transmission of

the Mouse Leulemia Agent. Proc. Soc Exper. Biol. & Med , 78:342-
318

AR 3 des
Compt. tend.

1956 Viral (Egg-borne) Etiology of Mouse Leukemia Cancer,

9 778-791.

—~—— 1939 Serial Cell-free Passage of a Radiation-activated Mouse
Lewkemia Agent. Proc, Soc. Exper. Biol, & Med., 100.102-103.

1laddow, A, and A, M, Robinson 1937. The Influence of Vanous
Palyeyclic Hydrocarhons an the Growth Rate of Transplantable
Tumours Proc. Roy. Soc , London, s.B, 122 442-476

Jacob, F. 1952 Production de bacteriophages par action de la méthyl-
bus- (chloroéthyl) amine sur des bactéries lysogénes. Compt rend.
Aead se., 231.2238-2240.

Kaplan, H § 1959 “The Nature of the Neoplastic Transformation i1
Lymphod Tumour Induction,” Giba Foundation Symp Carcno-
genesit, pp 233-248 London. J.& A, Churchl}, Ltd

L:Alcamqnc, ;}, méd R Vinaent, 1828, Sarcomnes provoqués chez des

Lapins par I'eradiation d'abicds A Stye i 3
Snf l,us‘ Yoo o reptobacillus caviae. Compt rend.
Latacget, R 1951, Induction, par les rayons

., X, de la production &
bacténophase chez B. megatherium fsy » production d'un
3]

189-39 ne. Ann. Inst, Pasteur, 81:
——~— 1936 “POX" Effeht hei Bahteri ;
entheraper, 104:580-508 erien und Bakteriophagen, Strakl.

1939, “Carcinogenests by Levhaermic Cell-f i
= - Extracts in
Mice,” Ciba Foundation Symp Carein i g :
don '] &4, Chrchll 1d | O8neS Pp. 274209, Lone
Latanet, R, N Rebeyrotte, and E Mons i 193
, A tacchi 1938, Producty
cancers multiples chez des souris ayant requ de \'ac'l:ie :::‘lbel:qi:



132 Fundamental Aspects of Genetics in Carcinogenesis

extrait de tissus leucémiques isologues ou homologues. Compt, rend.
Acad. sc., 246:853-855,

Latarjet, R., H, Ephrussi-Taylor, and N, Rebeyrotte. 1959. On the Tar-
get Size of a Transforming Factor Based on X-Ray Inactivation. Ra-
diation Res., Suppl, 1:417-430,

LwofT, A. 1933, Lysogeny. Bact, Rev., 17:269-337.

LwofT, A., L. Siminovitch, and N. Kjeldgaard. 1950. Induction de la
production de bactériophages chez une bactérie lysogine. Ann Inst,
Pasteur, 79:815-860.

Marcovich, H,, and R, Latarjet. 1958. Radiabiolngical Aspects of the
Induction of Lysogenic Bacteria to Produce Phage with NX-Ray,
Gamma-Ray and UV Radiations, Advances Biol, & Med, Phys., 6:
75-94.

Muller, H. J. 1952. “Gene Mutations Caused by Radiation,” Sympa-
sium on Radiobiology, pp. 296~332. New York: John Wiley & Sons,
Inc

Paschhis, K. E., A. Cantarow, and J. Stasney. 1955. Induction of Neo-
plasms by Injection of Tumor Chromatin. ] Nat. Cancer Inst., 15.
1525-1529,

Rebeyrotte, N, and R Latarjet (in press). Action de radiations non
ionisantes sur un acide nucléique transformant du Pneumocoque.
Ann Inst. Pasteur.

Reverdy, J., G. Rudali, J. F. Duplan, and R. Latarjet. 1958 Leucémo-
géndse chez des souris ALR jrradiées (rayons X) A Ja naissance Le
Sang, 29:796-804.

Rubin, H.,, and H. M. Temin 1959. A Radiological Study of Cell-Virus
Interaction in the Rous Sarcoma. I'irology, 7:75-91.

Rudali, G., J. F. Duplan, and R Latarjet 1957, Leucémogéndsc chez
des souris ARR injectées & Ia naissance avec un estrait leueémique
aquenx isologue, Bull. Assoc. frang. étude cancer, 41-440-143.

Sinshcimer, R. L. 1954, The Photochemistry of Uridylic Acid Radiation
Res., 1:505-513,

Stanley, W. M. 1958, Relationships, Established and Prospective, be-
tween Viruses and Cancer Ann. New York Acad. Sc, 71:1100-1113.

Weiss, ]. 1958. “Radiation Induced Formation of Hydroperoxides from
Nucleic Acids and Related Compounds,” Les Peroxydrs orgamques
en radiobiologie, pp. 42-45. Paris: Masson & Cie.

Wood, T. H. 1959, Inhibition of Cell Dnision. Radation Res., Suppl

1.332-316.



Genetic Replication and Carcinogenesis
FeLx L Haas, Pr.b , axp CarLES O. DoUDNEY, PRD.

Department of Biology, The University of Texas M. D. Anderson
Hospital and Tumor Institute, Houston, Texas

Oncologists have always sought a common ettology for cancer, and
we may now be approaching the time when resolution of mast differ-
ences between various theories is possible. The indications are that
cellutar deoxynbonucleic acid (DNA) is involved in carcinogenesis,
and that a common ground in etiology theory may result from studies
an the replication of genctic mechanisms of cells The bacteria and
bactenial viruses have been extremely useful taols for the study of
gene rephication and theoretical genetics, and much of our theory
regarding these areas has been gained using these systems These

studies have, at the same time, contnbuted much information con-
cerming virus reproduction and iated host-parasil ip
Recent findings in regard to bacteral transduction and lysogenic
bacteria, i {ound 1o hold for anintal viruses, will certainly erase the
lact vestiges of conflict between the somatic mutation and vieal
theories of cancer induction.

Titrowes or DNA SyxTiests avp Generic REpLICATION

Esudence has accumulated for a number of years which indicates
that the hereditary information of most cells is carried in the cellular

DN\ 1n 1953, Watson and Crick produced a model for the molec-
ular tructure of DN which satisfics the

: physical chemstry
organic chemistry data regarding DNA (Watson and Crick, 1?5;:)(i
Tn this model the DNA molecule consisted of twa pol)n,udco(idc.
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chains, coiled around a common axis, The two chains were held
together by hydrogen bonding between pairs of the purine and pyri-
midine bases of the two chains. Only certain pairs of the purine and
pyrimidine bases would fit into the structure, and one member of
cach pair had to be a purine and the other a pyrimidine. A nucleotide
which occurred on cither chain would specifically determine the
identity of its partner on the other chain. Tautomeric evidence indi-
cated that adenine paired with thymine, and guanine with cytosine,
The sequence of bascs on the chain was thought to be irregular, and
Watson and Crick belicved that this sequence constituted the code
responsible for carrying the genctic information. In their model, if
the actual order of the bases on one of the chains was given, the
exact order of the bascs on the other would be known. This fact sug-
gested to them how the DNA molecule might duplicate itsclf (Wat-
son and Crick, 1953b, ¢). They imagined cach of the strands tobea
template for formation of the complementary strand. Prior to dupli-
cation the hydrogen bonds would break, the two chains unwind, and
the exposed bases serve as templates for formation of another com-
plementary chain.

The Watson-Crick model for DNA has now been accepted as
probably representing quite closely the actual structure existing in
DNA molecules. However, their theory as to duplication of genetic
DNA does not satisfy a considerable part of recent biochemical and
genetic data (sce Stent, 1958, for review of this subject). We will not
go into the bacteriophage recombination or bacterial transduction
data here, It will be sufficient to say that experimental evidence from
these areas has led to the theory of copy-choice to explain genetic
recombination in bacteria and phage (Lederberg, 1954; Hershev,
1952). Copy-chaice theory demands that homalogous regions of two
genctic templates from different parental sources mate, or svnapec;
and that recombination of genetic factors results because the repli-

Tigwre 12 Inactnation of wtracellulae phage by uliaviolet radiation During
the period of intracellular phage muluplication from two nunutes to ten nun-
utes, the intracellular vegetative phage becomes mcreasingly resistant to ultra-
violet rays, but snactnation of mfectne centers docs nat praduce a fanuly of
multiple-hit curies with the same slope as anticipated {Redrawn from Luna
and Latarjet, 1947 )

Tigure 1b  Imactivation of itracellular phage by ' decay Note the smilaruy
of curves showing P32 mactnation of infectine centers with cunes af ultra-
violet inactivation of infective conters guen in Iigure 1a See text for expert-

mental procedures and discusuon (Redrawn from Stent, 1055 )



ay ssndig ©p aandig

(gg6t LN34S wodd)
SWOLY z¢d (Lb61 L3rHVIVT B VI woud)
qwILIND 3HL 40 NOlLOVHd 3HL NOILVENON] 40 SINLL
30 NOILONNI V SV S¥IANID 1v SHILN3J 3AILO3SNI
40 “WAIAYNS 24 30 SIAUND TIVAIABNS
2ouw XS9¥3

AL L-w/ 8
Q3AVO3Q SWOLY zgd 40
go 90 ¥o 20

NOILOVYHA

0 oozl o008 . OOb

39VHd
\rzwwomm

AN3HW

B’

SYALNID IJAILOIANE 40 NOLLOVHS ONIMANNG

SHIAINID IAILOIINI 40 NOLLOVY4 ONIAIANNG



134 Fundamental Aspects of Genetics in Carcinogenesis

chains, coiled around a common axis. The two chains were held
together by hydrogen bonding between pairs of the purine and pyri-
midine bases of the two chains, Only certain pairs of the purine and
pyrimidine bases would fit into the structure, and one member of
cach pair had to be a purine and the other a pyrimidine. A nucleatide
which occurred on either chain would specifically determine the
identity of its partner on the other chain. Tautomeric evidence indi-
cated that adenine paired with thymine, and guanine with cytosine.
The sequence of bases on the chain was thought to be irregular, and
Watson and Crick believed that this sequence constituted the code
responsible for carrying the genetic information, In their model, if
the actual order of the bases on onc of the chains was given, the
exact order of the bases on the other would be known. This fact sug-
gested to them how the DNA molecule might duplicate itself (Wat-
son and Crick, 1953b, ¢). They imagined each of the strands to be a
template for formation of the complementary strand. Prior to dupli-
cation the hydrogen bands would break, the two chains unwind, and
the exposed bases serve as templates for formation of another com-
plementary chain.

The Watson-Crick model for DNA has now been aceepted as
probably representing quite closely the actual structure existing in
DNA molecules. However, their theory as to duplication of genetic
DNA daes not satisfy a considerable part of recent biochemical and
genetic data (see Stent, 1958, for review of this subject). We will not
go into the bacteriophage recombination or bacterial transduction
data here. Tt will be sufficient to say that experimental evidence from
these areas has led to the theory of copv-choice ta explain genetic
recombination in bactera and phage (Lederberg, 1954; Herbey,
1952), Copy-choice theory demands that homologous regions of tho
genetic templates from different parental sources mate, or synapse;
and that recombination of genetic factors results because the repli-

Tigure ta  Inactivation of mtracellular phage by ultraviolet radiation During
the period of intracelular phage multiplication from two mmutes to ten min-
utes, the intracellular vegetative phage becomes increasingly resistant to ultra-
violet rays, but mactnation of infective centers does not produce a family of
multiple-hit cusies with the <ame slope as anticipated (Redrawn from Luna
and Latarjet, 1917.)

Figure b Inactivation of intracellalar phage by P2 decay Note the similarity
of curves showing P32 inactnation of mfectine centere with cunes of nhn}-
violet inactivation of mfectine centers given in Figure ta See text for experi-
mental procedures and discussion {Redrawn from Stent, 1955 )
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chains, coiled around a common axis, The two chains were held
together by hydrogen bonding between pairs of the purine and pyti-
midine bases of the two chains. Only certain pairs of the purine and
pyrimidine bases would fit into the structure, and one member of
each pair had to be a purine and the other a pyrimidine. A nucleotide
which occurred on cither chain would specifically determine the
identity of its partner on the other chain, Tautomeric evidence indi-
cated that adenine paired with thymine, and guanine with cytosine.
The sequence of bases on the chain was thought ta be irregular, and
Watsen and Crick believed that this sequence constituted the code
responsible for carrying the genetic information, In their model, if
the actual order of the bases on one of the chains was given, the
exact order of the bases on the other would be known. This fact sug-
gested to them how the DNA molecule might duplicate itself {Wat-
son and Crick, 1953b, c). ‘They imagined cach of the strands to bea
template for formation of the complementary strand. Prior to dupli-
cation the hydrogen bonds would break, the two chains unwind, and
the exposed bases serve as templates for formation of another com-
plementary chain.

The Watson-Crick model for DNA has now been accepted as
probably representing quite closely the actual structure existing in
DNA molecules. However, their theory as to duplication of gcnclif
DNA docs not satisfy a considerable part of recent biochemical and
genetic data (sce Stent, 1958, for review of this subject). We will not
go into the bacteriophage recombination or bacterial transduction
data here. It will be sufficient to <ay that experimental evidence from
these arcas has led to the theory of copy-choice to explain genetic
recombination in bacterin and phage (Lederberg, 1954; Hershev,
1952). Copy-choice theory demands that homologous regions of two
genetic templates from different parental sources mate, or synap<e;
and that recombination of genetic factors results beeause the repli-

Figure 1a  Inactsation of mtracellular phage by ultrsiolet radiation During
the period of intracellular phage multplication from two menutes to ten mn-
utes, the tracellular segetative phage becomes inereasingly resistant to uftra-
violet rays, but inactivation of infectne centers does not produce a family of
multiple-hit curves with the same stape as anueipated (Redrawn from Luna
and Latarjet, 1947.)

Figure 1b  Inactnation of intracellular phage Iy P** decay Note the amalnty
of cunves showing P'* mactisation of infective centers wath cunes of ultra-
wolet inactivation of mfective centers given in Figure 1a See text for experic
mental procedures and discussion { Redrawn from Stent, 1955 )
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and all of its replicas. {They would be radioactive also, since growth
was taking place under conditions where the only phosphorus av ail-
able was Jabeded,) However, the cunes obtained with this experi-
ment weee very similar to those of Luria and Latarjer (Fig. 1b}.
“This result Jed Stent to theorize that those structures of the vege-
1tive phage containing the genetic information during the eclipse
period were quite different from the double-stranded beheal type of
DNA. He stated that if, at the time of infection, the genetic informa-
sion were transferred from the phage DNA to a newly synthesized
protein molecule, the greatly reduced sensitbvity of the vegetative
phage to ultraviolet and P decay could be explained (since protein
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cating genctic structure growing along these mated templates repli-
cates along one member of the synapsed template pair for a while,
and then switches over and replicates along the other member of the
template pair. Stent (1958) has pointed out that the Watson-Crick
theory for DNA replication does not allow for this mating of tem-
plates and switching back and forth of growing replicas.

Of more importance to this discussion are certain experiments
which indicate that the genctic information is not always carried in
the DNA alone, and that during the replication of the genetic struc-
ture it must be carried also in some transient structure involved in
replication of the DNA. In 1947, Luria and Latarjet, attempting to
follow the intracellular multiplication of phage by ultraviolet inacti-
vation of intracellular phage, obtained an unexpected set of inacti-
vation curves, They had thought it would be possible to follow intra-
cellular phage multiplication with this technique since the ultraviolet
dose needed for complete inactivation of all phage particles within a
bacterium should be directly proportional to the number of intra-
cellular phages. Therefore, curves for successive times of incubation
of infected bacteria should reveal the number of active particles per
bacterium at each time. In their experiments, however, the curves
obtained did not allow for such a simple explanation (sce Fig. la).
The main change in the curves during the first 11 to 12 minutes of
intracellular growth was a progressive increase in resistance to radfn-
tion, but the curves also showed a progressively increasing concayity
which was just the opposite of that expected. Stent (1955) pointed
out that this type of curve would be obtained if, during the fint part
of the intraccllular growth period, the phage genctic information was
no longer carried in the DN, but in some other moicty of greater
resistance to ultraviolet, .

A diferent type of experiment was then performed by Stent. His
experiments were designed to study the sensituity of phage-infected
bacteria to inactivation by P* decay at various stages of intraccllular
growth. P**labeled Escherichia colt growing in labeled medium were
infected with P'%labeled T-2 phage. Phage development was al-
lowed to proceed, and at varying times after infection samples of the
infected culture were frozen and stored at —196° C while P** decay
was allowed to proceed. At regular intervals samples were thawed
and assayed for their ability to produce infective phage. Stent rea-
soncd that multiple-hit curves would be obtained ming.lhix tech-
nique, where the Luria-Latarjet experiments had failed, since dcr:x\
of incorporated P* ought to inactivate the labeled parental DNA
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has a lower ultraviolet sensitivity and phosphorus content than
DNA). As an alternative he stated that the genetic information could
continue to reside in polynucleotide chains and still be represented
by a definite scquence of purine and pyrimidine residues, but this
chain might be tied to a protein backbone which would assure the
integrity of the polynucleotide after P** disintegrations had broken
the polyphosphodicster bonds {Stent, 1955).

To account for the above experimental data and also for copy-
choice theory, Stent proposed a modification of the Watson-Crick
theory for DNA replication (Stent, 1958). The essentials of Stent’s
theory are given in Figure 2 along with the essential features of the
Watson-Crick scheme. In his theory, double-stranded helical mole-
cules of DNA serve as templates for synthesis of nucleoprotein mole-
cules consisting of one ribonucleic acid strand with a protein back-
bone. This strand grows within the decp groove of the DNA helix
and leads to a three-stranded structure. The specific base sequence
of the RNA would be governed by the base pairs of the DNA double
helix, since each of these can form another pair of hydrogen bonds
with one and only one type of base. The building blocks for the RNA
chain would be amino acid-ribonucleatide complexes, and a poly-
peptide backbone cham could thus grow on the outside of the DP‘JA
groove simultancously with the growth of the polyribonucleotide
chain on the inside. The new ribonucleoprotein molecule would then
unwind from the DNA template by some process such as the “speed-
ometer cable” type of rotation suggested by Levinthal and Crane
(1956). After unwinding, further shonucleoprotcin molecules
would be synthesized by repetition of the process.

The genetic information would have been transferred from the
DNA double helix to 2 single ribonucleoprotem chain. The free RNA
protein chains then mate with other RNA protein chains of exactly
the same base sequence, and through hydrogen bonding of the iden-
tical base pairs form a two-stranded structure, which Stent calls the
“Identical RNA Duplex.™ This straightens out the coiled RNA pro-
tein chains, exposing their purine and pyrimidine bases, so that they
can act as templates for synthesis of progeny DNA molecules. The
replica DNA would be synthesized by the inverse of the process by
which the single RNA protein strand was formed, Only one strand of
RNA acts as a template at a time, while the other remains mnactive,
However, DNA replication can switch back and forth from one RN\
strand of the identical duplex 1o the other Growth of daughter DNA
on the surface of the identical duplex causes separation of the two
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has a lower ultraviolet sensitivity and phosphorus content than
DNA). As an alternative he stated that the genetic information could
continue to reside in polynucleotide chains and still be represented
by a definite scquence of purine and pyrimidine residues, but this
chain might be tied to a protein backbone which would assure the
integrity of the polynucleotide after P** disintegrations had brohen
the polyphosphodicster bonds (Stent, 1955).

To account for the above experimental data and abso for copy-
choice theory, Stent proposed a modification of the Watson-Crick
theory for DNA replication (Stent, 1958). The cssentials of Stent's
theory are given in Figure 2 along with the essential features of the
Watson-Crick scheme. In his theory, double-stranded helical mole-
cules of DNA scrve as templates for synthesis of nucleoprotein mole-
cules consisting of one ribonucleic acid strand with a protein back-
bone. This strand grows within the deep groove of the DNA helix
and leads to a three-stranded structure. The specific base sequence
of the RNA would be governed by the base pairs of the DNA double
helix, since each of these can form another pair of hydrogen bonds
with one and only onc type of base. The building blocks for the RNA
chain would be amino acid-ribonucleotide complexes, and a poly-
peptide backbone chain could thus grow on the outside of the DNA
groove simultancously with the growth of the polyribonucleotide
chain on the inside. The new ribonucleoprotein molecule would then
unwind from the DNA template by some process such as the “speed-
ometer cable” type of rotation suggested by Levinthal and Crane
(1956). After unwinding, further ribonucleoprotein molecules
would be synthesized by repetition of the process.

The genetic information would have been transferred from the
DNA double helix to a single ribonucleoproten chain The frec RNA
protein chains then mate with other RNA protein chains of exactly
the same base sequence, and through hydrogen bonding of the iden-
tical base pairs form a two-stranded structure, which Stent calls the
“Identical RNA Duplex ™ This straightens out the coiled RNA pro-
tein chains, exposing their purine and pyrimdine bases, so that they
can act as templates for synthesis of progeny DNA molecules. The
replica DNA would be synthesized by the mverse of the process by
which the single RNA protcin strand was farmed. Only one elran{l of
RNA acts as a template at a tune, while the other remains inactive.
However, DNA replication can switch back and forth from one RN.A
strand of the identical duplex ta the other. Growth of daughter DN.A
on the surface of the identical duplex causcs separation of the two
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RNA chains which unwind from each other and from the replica
DNA, These RNA temiplates are then available for new mating part-
ners, or may be used for heterocatalytic activities, The replica DN.A
could now act as a template for the synthesis of more RNA protein
chains.

In our laboratorics we have sought, by studying the intracellular
processes involved in establishment of gene mutations in the heredi-
tary structures, to learn something of the biochemical processes in-
volved in genetic replication. These experiments have been carricd
out on varjous strains of E. coli bacteria. Investigators have found
repeatedly that the induced mutation frequency at first increases
linearly with the radiation dosc, but as these doses are increased to
higher levels, the mutation frequency reaches a plateau (for review
of the literature sce Zelle, 1955 ). This suggested to us that some intra-
cellular material is modified by radiation prior to the mutational
event. The plateauing gives the impression that this material is lim-
ited, and that at high doses of radiation the mutation-induction
process is running out of substrate. Seizing on this point of attack we
sought to cstablish the nature of the radiation-scnsitive material
through a series of preirradiation growth factor supplementation ex-
periments. Bacteria, synchronized in growth and cell division, were
fed various growth factors immediately before exposing them to
ultraviolet. Following irradiation, they were plated in a complete
growth medium which allowed expression of the mutation being
studied (sce Haas and Doudney, 1957, for cxperimental details).

The results of this series of experiments indicated that the principal
factors involved in the mutation process arc the purines and pyrimi-
dines, When these substances are furnished to the bacteria prior 10
radiation exposure, the induced mutation frequency rises with in-
creasing radiation dosc much more rapidly, and to a higher final
Ievel, than is the case with bacteria grown in their absence (Fig. 3).
Tt was established that the combination of uracil and cytosine plus
cither adenine or guanine is required for this effect, It was also found
that the ribosides of these compounds are more effective than the free
bases. Of considerable interest was the finding that thymine or the
deoxyribosides are completely ineffective in incrcasing the induced
mutation frequency. Also, ribosides or free bases added subsequent
to irradiation usually decreased the eapected mutation frequency.
There was no corrclation between the nucleic acid content of the cell
and the mutational response; and cells incubated either in the pres-
ence or absence of the purines and pyrimidines exhibited comparable
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RNA chains which unwind from cach other and from the replica
DNA. These RNA templates arc then available for new mating part-
ners, or may be used for heterocatalytic activities. The replica DNA
could now act as a template for the synthesis of more RNA protein
chains.

In our laboratories we have sought, by studying the intracellular
processes involved in establishment of gene mutations in the heredi-
tary structures, to learn something of the biochemical processes in-
volved in genetic replication, These experiments have been catried
out on various strains of E. coli bacteria. Investigators have found
repeatedly that the induced mutation frequency at first increases
linearly with the radiation dose, but as these doses are increased to
higher levels, the mutation frequency reaches a plateau {for review
of the literature sce Zelle, 1955 ). This suggested to us that some intra-
cellular material is modified by radiation prior to the mutational
cvent. The plateauing gives the impression that this material is lim-
ited, and that at high doses of radiation the mutation-induction
process is running out of substrate. Seizing on this point of attach we
sought to establish the nature of the radiation-sensitive material
through a serjes of preirradiation growth factor supplementation ex-
periments. Bacteria, synchronized in growth and cell division, were
fed various growth factors immediately before exposing them to
ultraviolet. Following irradiation, they were plated in 2 compl'ctc
growth medium which allowed expression of the mutation being
studied (sce Haas and Doudney, 1957, for experimental details).

The results of this series of experiments indicated that the pn'ﬂC'Pffl
factors involved in the mutation process are the purmes and pyrimi-
dines. When these substances are furnished to the bacteria prior.w
radiation exposure, the induced mutation frequency rises with in-
creasing radiation dose much more rapidly, and to a higher final
level, than is the case with bacteria grown in their absence (Fig- 3).
it was established that the combination of uracil and cytosine plus
cither adenine or guanine is required for this effect, It was also found
that the ribosides of these compounds are more cffective than the free
bases. Of considerable interest was the finding that thymine or the
deoxyribosides are completely ineflective in increasing the induced
mutation frequency. Also, ribosides or free bases added subsequent
to irradiation usually decreased the expected mutation frequency
There was no correlation between the nucleic acid content of the cell
and the mutational response; and cells incubated either in the pres-
ence or absence of the purines and pyrimidines exhibited comparable
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Yigure 5 Time relations between the processes of mutatien stabilization and
mutation fixation i E coly stran WP2. The “Mautation Stabilization” curve
was abtamed by incubiting the ultraviolet-irradiated culture at 37°C in basal
medum supplemented with amuo aeds immediately following inmadsation
lsrquots of this culiure were withdrawn at ten-minute intervals and plated on
azar medum allowng expression of survnors and mutants The “Mutation
traauon” cune was ohtnned by withdrawing umilar abguots from the above
cufture at ten-minute intenals and adding chloramphenicol instead of plating
immrdiately These cultures were incubated for thirty minutes in chloram-
phrmeel mediom and then plated on the same agar medwm as above. The

Protein Synthesis™ cunve wat obtamed by determining the relative amount of
protein i the cufture at each ten-maute intenal, The mutation emploved was
Tevriien te provotsoph i plophan-tequnng £ eoh WP2

quencs dechine (Doudney and Haas, 1939}, Figure 5 also shows that
potential mutations are stabulized in the cell for a considerable time
penod prior to eccurrence of mutation fixaton, and during this
penod they are subject to canditions promoting mutation frequency
declme. Mter 30 minutes’ incubation the numbers of Ppotential muta.
tont subject to mutation frequency decline <tart to decrease, and
after 70 minutes mutation fivation is completed. Neither mu;alion

-

AMOUNT PROTEIN

RELATIVE
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nucleic acid content per cell, but widely differing induced mutation
frequencies. A number of factors in these experiments have indicated
that DNA formed prior to radiation exposure cannot be responsible
for the increased mutation frequency, and that preformed nucleic
acid probably is not involved at all in ultraviolet-induced mutation.

There is also considerable evidence that mutation is not an in-
stantancous event occurring immediately on contact of the inducing
agent with genctic structures (sce Within, 1956, for review of the
cvidence). Therefore, we turned our attention {rom the preirradi-
ation conditions influencing mutation induction to study of the post-
irradiation events involved in the establishment of the mutations in
the genome. It was demonstrated that in the absence of adequate
nitrogen source, or with chloramphenicol treatment (blackage of
protcin synthesis) an immediate and rapid decline in ultraviolet-
inducer! mutation frequency takes place. We have designated this
process “mutation frequency decline” (Fig. 4). The mutation fre-
quency decline process can be prevented by a complex supply of
amino acids; and this suggests that amino acids are involved in in-
tracellular temporary stabilization of the potential mutagen (the
altered purine or pyrimidine) prior to its utilization in processes lead-
ing to mutation induction, Without intending any implication as to
mechanism this process has been designated “mutation stabilization”
(Doudney and Haas, 1958, 1959; Haas and Doudney, in press).
Oxidative phosphorylation is nccessary for both mutation stabiliza-
tion and mutation frequency decline since dinitrophenol (DNP),
which interferes with oxidative phosphorylation, prevents both proe-
esses (Haas and Doudney, in press).

These results accumulatively lend support to the idea that muta-
tion response to a given dose of ultraviolet depends on (1) the in-
tracellular supply of nucleic acid precursors during ultraviolet expo-
sure and (2) following exposure, the relative efficiency of at least two
competitive processes for the ultraviolet-altered precursors, One proc-
ess is amino acid dependent and leads to stabilization of the muta-
genic material; the other is amino acid independent and removes the
mutagenic substratc from pathways leading to mutation induction.

Tigure 5 demonstrates the postirradiation incubation time relation
between mutation stabilization and subsequent mutation fisation in
the case of reverse mutation of tryptophan requirement in £, coli
strain WP2, The mutation 1s considered fixed if it is no longer sub-
jeet to the reversing effect of chloramphenicol, nitrogen deprivation,
photoreversal, or other agents or conditions promoting mutation fre-
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Figure 5 Time relations between the processes of mutation stabilization and

mutation fixation in E. cols stram WP2. The “Mutation Stabilizaton” cunve

was ¢btained by incubating the ultraviolet-irradiated cultuse at 37°C n basal

medium supplemented with amino acids immediately following irradiation.

Aliquots of thus culture were withdrawn at ten-munute intervals and plated on

agar medum allowing expression of survivers and mutants The “Mutation

Fixation™ curve was obtained by withdrawing simitar aliquots from the above

culture at ten-minute mtervals and adding chloramphenicol instead of plating

immed:ately These cultures were incubated for thirty minutes in chloram-

phericol mediumt and then plated on the same agar medium as above, The

“Protein Synthesss” cun e was obtained by determuning the relatne amount of

protein 1 the culture at each ten-unute nterval. The mutanon employed was

Teversion to prototropk in try ptophan-requinng E. col: WP2

quency decline (Doudney and Haas, 1839) Figure 5 also shows that
potential mutations are stabilized in the cell for a considerable time
pertod prior to occurrence of mutation fixation, and during this
pertod they are subject to conditions promoting mutation frequency

dechne, :\.ﬁcr 39 minutes’ incubation the numbers of Ppotential muta-
tions subject to mutation frequency decline start to decreace, and
after 70 minutes i ¢

fixation is completed. Nesther i
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nucleic acid content per cell, but widely differing induced mutation
frequencies. A number of factors in these experiments have indicated
that DNA formed prior to radiation exposure cannot be responsible
for the increased mutation frequency, and that preformed nucleic
acid probably is not involved at all in ultraviolet-induced mutation.

There is also considerable evidence that mutation is not an in-
stantancous event occurring immediately on contact of the inducing
agent with genetic structures (see Witkin, 1956, for review of the
evidence). Therefore, we turned our attention from the preirradi-
ation conditions influencing mutation induction to study of the post-
irradiation events involved in the establishment of the mutations in
the genome, It was demonstrated that in the absence of adequate
nitrogen source, or with chloramphenicol treatment (blochage of
protein synthesis) an immediate and rapid decline in ultraviolet-
induced mutation frequency takes place. We have designated this
process “mutation frequency decline” (Fig. 4). The mutation fre-
quency decline process can be prevented by a complex supply of
amino acids; and this suggests that amino acids are involved in in-
tracellular temporary stabilization of the potential mutagen (the
altered purine or pyrimidine) prior to its utilization in processes lead-
ing to mutation induction. Without intending any implication as to
mechanism this process has been designated “mutation stabilization”
(Doudney and Haas, 1958, 1959; Haas and Doudncy, in press).
Oxidative phosphorylation is necessary for both mutation stabiliza-
tion and mutation frequency decline since dinitrophenol (DNP),
which interferes with oxidative phosphorylation, prevents both proc-
esses (Haas and Doudney, in press).

Thesc results accumulatively lend support to the idea that muta-
tion response to a given dose of ultraviolet depends on (1) the in-
tracellular supply of nucleic acid precursors during ultraviolet expo-
sure and (2) following exposure, the relative cfficiency of at least two
competitive processes for the ultraviolet-altered precursars. One proc-
ess is amino acid dependent and leads to stabilization of the muta-
genic material; the other is amino acid independent and removes the
mutagenic substrate from pathways leading to mutation induction

Tigure 5 demonstrates the postirradiation incubation time relation
between mutation stabilization and subscquent mutation fixation in
the casc of reverse mutation of tryptophan requirement in E. colt
strain WP2, The mutation is considered fixed if it is no longer sub-
ject to the reversing effect of chloramphenicol, nitragen deprivation,
phmorcvcrs:ﬂ, or other agents or canditions promoting mutation {re-
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Figure 3 Time relations between the processes of mutation s!.abﬂ'lzali?n and
mutation fixation in E cols stram WP2, The “Mutation S(abthnon" cune
was obtamned by incubating the ultraviolet-rradiated calfure at 37°C in basal
medium supplemented with smino acids immeduately following irradiation
Aliquots of ths culture were withdrawn at ten-minute intervals and plated on
agar medwm zllowing expression of surtixers and mutants The “Mutation
Fuxation™ curve was obtamed by withdrawing similar aliquots from the above
culture at ten-minute mtervals and adding chloramphenicol instead of plating
mmmediately These cultures were incubated for thirty minutes i chloram-
phemicot medum and then plated on the same agar medwm as above, The
“Protein Synthesis” curve was obtamed by determuning the relative amount of
protein i the culture at each ten-minute internal The mutation employed was
Teversion 10 prototroph in tryptophan-requiring E. col WP2

quency decline (Doudney and Haas, 1959). Figure 5 ala shows that
potential mutations are stabilized in the cell for a considerable time
period prior to occurrence of mutation fixation, and during this
period they are subjcct to conditions promoting mutation frequency
:i;cr:smscu {,\J?;r f‘? rr:‘l;::icasr’]n;::bmon the n'umbcrs of patential muta-

quency decline start 1o decrease, and
after 70 munutes fixation is compl i
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stabilization nor fixation appears to be correlated with gross protein
synthesis.
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Figure 6 Time relations between mutation fixation, and syntheses of RNA,
DNA, and protemn i ultraviolet-induced mutation m E. cols WP2. Tollowing
ultraviolet irradiation the bactera were incubated at 37°C in basal mediun
supplemented with ammo acids At five-munute intervals samples were with-
drawn and subjected to chl pt I challenge as in Figure 4 so as to de-
termine the frequency of mutations “fixed” after each period of incubation, At
cach of the same intervals, samples of the culture were analyzed for RNA,
DNA, and protein content. The mutation employed was reversion to prototroph
in tryptophan-requiring E coli WP2.

We have previously suggested that the processes of mutation fixa-
tion may involve RNA synthesis. Experiments were therefore carried
out to clarify the relation of mutation fixation to the macromolecu-
lar synthetic actwities of irradiated bacteria. Figure 6 relates muta-
tion fixation (determined by chloramphenicol challenge) to RNA,
DNA, and protein syntheses in an 1rradiated culture of bacteria The
progression of mutation fixation is closcly related with RNA synthe-
sis. Fixation is initiated at about the same time that RNA synthests
begins, and attains its maximum level by the time the net amount of
RNA has doubled. In this particular experiment the rate of RNA
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Figure 7 Effect of 5-hydroxyuridine on the tirradi fixation of ultra-
let-inds d reverse to h: iris

Yptop! q in E. ol strain WP2,
Following ultraviolet irradiation, identical aliquots of the irradiated bactersa

were mcubated at 37°C 1 basal medum supplemented with amino acids
(Mutation curve), and i the same medrurm to which Sy/mi 5-hydroxyuridme
had been added {Mutation + SHU cuive). At ten-minute intervals of incu-
bation aliquots were withdrawn from each culture and plated to determine the
sunviving bacteria and number of prototsophic mutants At each time, aliquots
were 2lso analyzed for RNA, DNA, and protem syntheses

synthesis shows a decrease during the 35-to-45-minute period of incu-
bation, and a corresponding change in the course of mutation fixa-
tion simultaneously occurs, It 1s quite mteresting that this change in
RNA synthetic rate at 35 to 45 minutes of incubation is reflected in
a corresponding change i protein synthesis rate at the 45.to.60-
minute incubation period. This probably means a direct sequentsal
relation of RNA synthesis to protein synthesis. It is important to note
that DNA synthesis does not resume until after the processes leading
to mutation fixation hay e been completed .
O, A S e, S
utation frequency when ap-

NA, DNA, PROTEIN

RELATIVE AMOUNTS R
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stabilization nor fixation appears to be correlated with gross protein
synthesis,
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Tigurc 6 Time relations between mutation fixation, and syntheses of RNA,
DNA, and protein in ultraviolet-induced mutation m E ecoli WP2, Following
ultraviolet trradiation the bacteria were incubated at 37°C in basal mediwm
supplemented with ammo acxds At ﬁvc mmu\c imtervals samples were with-
drawn and subjected to chlo: ge as in Tigure 4 so as to de-
termine the frequency of mutations “fixed” after each period of incubation At
each of the same ntervals, samples of the culture were analyzed for RNA,
DNA, and protein content. The mutation employ ed was reversion to prototroph
in tryptophan-requiring E. col: WP2

We have previously suggested that the processes of mutation fina-
tion may involve RNA synthesis, Experiments were therefore carried
out to clarify the relation of mutation fixation to the macromolecu-
lar synthetic activities of irradiated bacteria. Figure 6 relates muta-
tion fixation (determined by chloramphenicol challenge) to RNA,
DNA, and protcin synthescs in an irradiated culture of bacteria. The
progression of mutation fixation is closely related with RNA synthe-
sis. Fixation is initiated at about the same time that RNA synthesis
begins, and attains its masimum level by the time the net amount of
RNA has doubled. In this particular experiment the rate of RNA
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Figure 7 Effect of 5-hydroxyundine on the postirradiation fixation of ultra-
let-mduced reverse ions to

tryptopl quiring in E. coli stram WP2,
Following ultraviolet irradiation, sdentical aliquots of the irradiated bacteria

were incubated at 37°C m basal medium supplemented with amino acids
(Mutation curve), and 1 the same medium to which Sy/ml 5-hydroxyutidine
had been added {Mutation 4 SHU curve), At ten-tmute intervals of jncu-
bation aliquots were withdrawn from each culture and plated to deterrmne the
sun g bactena and number of prototrophic mutants At each time, aliquots
were also analyzed for RNA, DNA, and protein syntheses

synthesis shows a decrease during the 35-to-45-mnute peried of incu-
bation, and a correspondmg change m the course of mutation fixa.
tion simultaneously occurs. It 1s quite nteresting that this change in
RNA synthetic rate at 35 to 45 minutes of incubation is reflected in
a corresponding change 1n proten synthesis rate at the 45-to-60-
minute incubation period. This probably means a direct sequential
relation of RNA synthesis to protem synthess. It is important to note
that DNA synthesis does not resume until after the processes leading
10 mutation fixation have been completed. ¢
(IO provines v duce Vs Syt
, ion lrequcncy when ap.

A, DA, PROTEIN

RELATIVE AMOUNTS AN



146 Fundamental Aspects of Geneties in Carcinogenesis

plicd during postirradiation incubation. The effects of this analogue
on mutation frequency arc shown in Figure 7, The 5-HU-induced
decline does not start immediately, but only after 20 minutes’ incu-
bation, and it is correlated in a reverse manner with the mutation
fixation process. This type of decline involves a 20-minute lag, and
the ensuing mutation frequency decline is not completed until after
60 minutes of incubation, Initiation of this decline process always
takes place with initiation of RNA synthesis, and is completed at
about the time that the relative amount of RNA has doubled. Tt
appears that neither protein synthesis nor DNA synthesis is directly
involved. And it scems likely that 5-hydroayuridine is incorporated
during RNA synthesis to produce “nonfunctional” RNA, thus using
up the mutagenic substrate.

These experiments suggest that the initial mutagenic event folfow.
ing ultraviolet alteration of nucleic acid precursors invohes RNA
synthesized from these precursors. It scems reasonable from these
studies that RNA synthesis is intermediate to DNA synthesis if we
assume that genctic information must ultimately reside in the DNA.
It also appears to us that RNA and possibly protein may mediate
transfer of information from parent to daughter genetic DNA. While
in general our data tend to support the Stent hypothesis for genetic
replication (Stent, 1958), therc is onc step in his theory which ap-
pears to us rather unlikely, at least for higher organisms, and prob-
ably also for bacteria, That is the formation of the RNA identical
duplex.

The improbability for such a structure resides in the numerous
elements of chance involved in jts formation and action. In the first
place, a given RNA strand is liberated at random into nuclear or
cytoplasmic milicu. This must then be followed by a successful
scarch for another strand of exactly the same base sequence so as to
form the identical duplex. Following the formation of the identical
RNA dupley, the structure, or else the DNA formed on it, must find
its way to a very speeific location during assembly of the total new
genetic structure, It does not seem reasonable that the accuracy ob-
served in genetic replication would be possible if such random proces-
ses were involved. If this were the case, there would probably be <o
many mistakes and failures that eact replication of the genctic
structure would be the exception rather than the rule. It seems much
more likely that all intermediate steps and products in DNA replica-
tion arc very closcly associated and more or less “anchored™ to one
spatial site until the completion of replication.
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Genetic REpLICATION AND CANCER Erorocy

“There is considerable evidence that appmximatdy.v.hc same proc-
esses are imohed in induction of cxpﬂ'imtnt.al animal tumors as
those shown to be sequired for lisk _Of induced X s In
bactena, Rogers has investigated the mechanisms ?f ultr:.molct, nitro.
gen mustard, urethan, and methylcholanthrene induction of mouse
cancer (Rogers, 1955a, 1955b, 1957a, 1957b, 1959}, H: has.cslab-
Lished that these tumor-inducing agents act through nucleic acid sym-
thesis, and that their carcinogenic effectiveness dcpcnfis' on the mitol.lc
stage of cell dwsion. Neoplastic change could be injtiated only in
cells actually in the process of nuclear dwision, or in interphase when
DNA is being synthesized (Rogers, 1959). Rogers has advanced a
hypothesis for induction of mouse pulmonary adenomas almost
identical with those which we have advanced for mutation induction
in hacteria In Ius urethan expenments it was found that a single
large mjection of DNA hydrolysate, given immediately prior to ure-
than exposure, greatly reduced the incidence of urethan-induced
tumors—presumably by diluting out intracellular carcinogens pro-
duced by vrethan from DNA precursors. Also, aminopterin {known
to whibit nucleic acid synthesis), given at the time of urethan in-
Jection, greatly increased the incidence of urethan-induced tumors;
bt this increase also could be mitigated by injectien of nucleic acid
hydrolysates The most effective antagonists of urethan action were
found to be the pyrimidines or their precursors, Rogers behieves thar
the carcinogen 1s an atypical pynimidime produced by the action of
urethan on DNA precursors, which 1s exther incasporated into the
nucleic acid and henceforth resynthesized and passed to daughter

cells, or, alternatively, exerts a temporary interference durin, g the syn-
thesis of A i
195?}; new DNA, thus changmg the nucleotide sequence (Rogers,

Studies on a number of radiommetic agents have led most jnvesti.
gators to conclude that the mutagenic and carcinogenic actions of
these chermicals are one and the same, and that they exert their ef.
fects during the synthesis of new DNA (see Haddow, 1933 ior .
view of ‘the evidence). In regard to the hol’mnnaly indu;tior f‘;
cancer, it 15 of significance that most hormones considered rn .
genic are the growth-stimalating hormones (Gardner, 1953 ) C;;!Clﬂo'
be lhat‘ these act simply by speeding up celiutar pr:’)]nf:rati. ";13‘1
mereasing the chances of mutation per umt time, Th, e B
mones also produce extensiv e e Hote

€ tissue degradation, howey er; therefore,
s
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they also may act to supply the rapidly proliferating cells with ab-
normal nucleic acid precursors at a time when the genetic replication
is greatest. Abnormal nucleotides or pyrimidines produced by hor-
monal action may be just as effective mutagens as those produced by
radiation or chemiceal action, The organ specificity of hormone-
induced tumors is probably duc only to the fact that these tissues
have more contact with the hormone or its metabolic derivatives. The
same is true for most other tumor-inducing agents: Urcthan induces
mainly lung tumors; Bittner virus, mainly mammary tumors; Rous
virus, connective tissue tumors; and butter yellow, liver tumors.

As regards the tumor viruses, despite implication as initiating
agents for certain tumors, their inducing mechanism has remained
obscure. Two factors of importance to this discussion have become
apparent, however, First, the virus is necessary only for tumor induc-
tion. Once the initiating change has been induced in a cell, the de-
scending cells are tumorous, and the virus is no longer necessary.
Second, many other carcinogenic agents can induce tumors indis-
tinguishable from those which are virus-induced, and from which no
virus can be isolated. Both of these facts indicate that viruses are
probably only one of a number of agents which attack the same
cellular mechanism controlling growth and differentiation. In this
aspect viral induction of cancer becomes the equivalent of mutation.
The bacteriophage-transduction and the lysogenic-bacteria data have
shown that very often close and intimate associations between the
genetic structures of viruses and host cells can be expected. These
data have indicated mechanisms by which virus genetic material or
foreign-host genetic material may actually be incorporated into the
genome of the host cell. Therefore, it is not reasonable to consider the
viral theory and the somatic mutation theory of cancer induction as
mutually exclusive. Explanations must be sought which will allow for
both theories, and all the indications are that this common ground
will be found in the processes of genctic replication.

The evidence is ever increasing that the initial step in carcinogene-
sis, regardless of inducing agent, involves DNA and a permancnt
alteration of the genctic mechanism. It is quite probable that the
major part of thesc carcinogenic changes take place during the syn-
thesis of new genetic DNA. If this proves to be so, it is difficult to sec
just how cancer can be prevented, smnce any preventive measure
that can be visualized would also halt essential ccllular processes in
normal cells as well; and we will necessarily have to concentrate our
efforts on cradication or contral of tumorous growth after it has ap-
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peared, However, there is much to be galncd.in lcaming _thc proc-
esses imolved in genetic replication, and in determining what
errors in these processes cant result in neoplastic .gro\v(h. The types
of information obtained in such studies will c:naxr}ly be a necessary
prerequisite Jor any proposed scheme for the eradication o control
of cancer.
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Relation of Chromosome Status to the Origin and
Progression of Tumors: The Evidence of
Chromesome Numbers
ALBERT LEVAN, PH.D.

Cancer Chromosome Laboratory, Institute of Genetics, Lund, Sweden

Modern methods for chromosome analysis started coming into use
in cancer research in 1950. Since then, chromosome analyses have
been made for a pumber of normal and malignant cell populations,
making a survey of the results profitable at the present moment.
Ascites tumars were the first Is to give f: ble ¢
pictures, and they still are the material best understood. Recently,
mterest has focused on normal and malignant cells in culture: As
primary explants they may give inf about the ch
status of cells i the bodyj; as long-term cultures they have a bearing
on problems of and turnor p i

Normal tissues in site have Jong been considered a difficult ma-
tenal for chromosome study, Opinions diverge, even in recent years,
about basic propertues, such 2s the detailed composition of the idio-
grams, the stability of the karyotype during somatic differentiation,
etc The chromosomes of solid tumors and precancerous stages are
sull atmost unknown, although newly worked-out methods give good
promise for these materials (Ford and Hamerton, 1956; Bayreuther
and E Klem, 1958, Tjio and Puck, 1958a).

In the present paper I will deal mainly with chromosome numbers.
They constitute a property easlly observable and analyzable, Itis true

that ¢h numbers by th Ives are of imuted interest. They
may gne \'a\u?ble information, however, of genetic stability, or vari’-
ability, of a tissue. These are propecties that are significant for the
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interpretation of evolutionary trends in a cell population, trends that
are at the basis of any selective adaptation of a tissuc. Besides, a varis
ability in chromosome number will hardly be of any lasting conse-
quence, either in populations of cells or in populations of organisms,
unless associated with structural and genic variation.

Without claim of completencss, I have brought together data from
the last decade on chromosome numbers in normal cells and cancer
cells. These data, comprising some 300 cascs of chromosome number
distributions, arc presented as eleven tables. The tables contain, max
imally, the following columns:

1. Case Number

2. Tumor (Tables 6, 7) ; Cell strain (8,9)

3. Reference to literature

4. Species (1,2)

5. Tissuc (1, 2); Tissuc of origin (8, 9); Tumor line (3-7);
Tumor type (11) ; Passage Number (10)

6. Variation extremes for chromosome numbers

7. No-cell range, scparating the s and 2s regions (3, 6)

8. Different numbers (number of different counts)

9. s (thestemline number)

10. Percent of cells with s

11. Number of metacentrics (8)

12. Number of cells underlying the chromosome counts

The columns of greatest significance in characterizing each case
are columns 6 and 9, indicating extent of variation and level of stem-
line, respectively. Columns 8 and 10 arc estimates of variability: The
lower the value of 8, and the higher the value of 10, the maore con-
stant the chromosome number. Column 12 is important for judging
the safety of the other values. Especially m Table 9 (human cell
strains) many cases were included based on few or single counts, This
was done because it was thought that even solitary, safc chromosome
counts were of piloting interest in these cascs.

1. NorumaL CrELLS

Chromosome counts of normal cells are presented in Table 1. In
1951 Therman and Timonen made their claim of a wide chromaosome
number variation in somatic tissuc of man, especially in endametrium
(Table 1, Case 1). Again, a similar, although less extreme, vanation
was observed for this tissue in 1954 by Manna (Table 1, Caswe 12).
Tanaka (1953) had corresponding cxperiences for rat tssues: In
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umbers

regenerating liver, for insl:mc;, 52 different chromosome n
were recorded (Table 1, Case3). {Table 1, Cases 13-16), Hunger-

Contrary to this, Sachs in 1957, Cases 25-26), and others,
ford (1955, Cases 21»22).[)1162:':31;"\6“;, constant in chromosome
found somatic m,su‘;s -wdmmd that the wide chromosome number
""'Pb.cr' Their X&fx o atic tissues might have been due to unsatis«
"am""?:cﬁn.fi ;:lstu::\ mainly Josses of chromosomes at squash-
§2°‘°\'3nh he kind permiston of Dr. Tho 1 have included in Table 1
hig'unpublishcd data on 13 tissues of man, rat, m&l)xsc, and (:\Y:gflff’iz
opossurn (GCases 30-42). A](ugcthcr, in some 2,0 c]xacl 2 ‘I;cr - lv o
found, except for same polyploid numbers, no sing| e numl c -
ating from the expected somatic number of the species, thus a very

ligh degree of stability, .
hlgAnhgugh 1attach grcat significance to Tjio's results, part of which
1 have had the privilege of following at our laboratory in Lund, I do
not mterpret them as implying that no variations by single chromo-
somes can occur, 1 am convinced that many of the deviations from
the normal number, reported by various authors, are real. To men-
tion one instance, the trsomic numbers in mouse cells counted by,
Hungesford {Table 1, Cases 21, 22) are unquestionable, Small de-
viations undoubtedly occur; nevertheless, the chromosomal and mi-
totic stability of normal tissues is evidently high. Ford, Hamerton,
and Mole (1958) express a similar opinion, based on their observa-
tions on mouse bone marrow, spleen, and lymphoid tissue (Table 1,
Cases 27-29). Having counted several numbers below 2x but very
few above this number, they interpret this skewness as due to chromo-
some tosses at squashing. Their conclusion fs: “The rare occurrence
of elmmation and nondispraction is net excluded, of course, but the
considerations just given form the bass for our belief that, 1 normal
cells of the four tissues examined, true deviation from the standard
g‘xpzlmd number of 40 13 exceptional, if 1t occurs at alf” (lac. cit,, p.

42)

In summary: Chromosome conditions are highly stable in normat
tissues  Deviating numbers occasionally formed are of no selective
talue under normal conditions, and they will therefore disappear
from the tssue, overgrown by cells with normal karyotype. In other
words, the stemhine number far normal tissues in the body is = 2y,

In justice to authors claiming a high degree of chromasome num-
Yoer vanation, the possibility must not be looked that chrasmo.
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some conditions may be less stable in tissues with an ephemeral life
span, such as endometrium, where no necessity exists for upholding
genetic continuity, Recently, two German writers {Weicker and Ter-
way, 1958) found it probable that a gradual decrease in chromo-
some number takes place during crythropoiesis of the Chinese ham-
ster, so that the only strictly diploid cells are the proerythroblasts, all
later stages being hypodiploid. Their pictorial documentation is good,
although not yet conclusive.

Normal tissucs, explanted in vitro, should at least in the beginning
give a true representation of the normal somatic chromosomes of the
animal species in question. Kemp, in 1929, analyzed the human
somatic chromosomes in primary explants of embryonic spleen, liver,
and heart. Although newly explanted tissues arce less favorable for
chromosome study than old well-adapted cell strains, recent tech-
nical advances have made them accessible. Thus, Heu in {952 intro-
duced the very significant methodologic improvement of hypotonic
pretreatment, thereby initiating the madern chromasome study of
tissue cultures,

As seen from Table 2, in which data on chromosome numbers of
primary cultures and carly passages are collected, the chromosome
variation is somewhat more pronounced than in the body. Further-
more, the numeric variation is associated with incidental structural
changes. The stemline number usually remains at 2v in priman
explants, but numbers above 2v, around and especiaily below 4‘1"
are frequent in some cases. Levan and Biescle (1958) obrerved in
embryonic mouse cell cultures that the tetraploid fraction of the tis-
sues was occasionally favored by the explantation (Table 2, Cases
49-52).

In carly passages of human amnion, grown in the laboratory of
Miss Leila Diamond at the Sloan-Kettering Institute, cells with the
normal number sometimes contained structurally new chromosames,
and deviating numbers were observed. In one culture tube many
mitoses had numbers around 70 (Table 2, Casc 67), indicating that
the nucleus of a new cell strain was under development. Gases like
this indicate the hazards of making karyotype descriptions from
single cells of an explant. The fist mitosis after eaplantation may
contain chromosomes with altered structure. .

Is it possible to maintain the normal genotype, and knr.)m)pc, in
tisue culture? Tjio and Puck (1958a), discussing this point, are of
the opim'on that their cultures of man and of the opossum remained

unchanged for more than five months, However, their Chinese ham-
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TABLE 3, Hyperdiploid Fhatich {Cases 69 o 9%)
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ster cultures started varying at once, after explantation. In a later
paper, the same authors (Tjio and Puck, 1958b) claim that various
cultures of human tissue showed no variation in chromosome number
or morphology for as long as eight months, except for a low frequency
of tetraploid cells (Table 2, Cases 58-64). Only two cells out of
1,717 deviated from the number 46, these two counts being due
“cither to mitotic nondisjunction or to technical accidents” (loc. cit.,
p. 1231).

Thus, carly tissue cultures differ considerably in their degree of
chromosome stability. Studying factors involved in the chromosome
number variation of tissue cultures is an urgent task. It scems doubt-
ful whether it will ever be possible to duplicate in vitro the normal
body enviranment to such a degree as to make normal cells grow and
multiply without first undergoing adaptational adjustments. The
possibility of climinating or controlling genic variation i ritro of
normal mammalian cells would increase immensely the usefulness of
them for cytogencetic analysis.

2. Ascires Tunors

Ascites tumors represent far advanced stages of cancer develop-
ment. They usually are old, transplantable tumors, maintained for
years in laboratories. Smce they agree in their essential propertics
with serially grown solid tumors, and with primary ascites tumors in
man, they may be taken as representatives of well-adapted cancers in
general, Their chromosome conditions have a bearing on important
cvolutionary trends in neoplasms.

General characteristics of ascites tumors, distinguishing them from
normal cells, are cvident from Tables 3 through 7. Usually, a wide
chromosome number variation is present in all of them, one part of
the variation beimng at the stemline number, the s region, another part
at the double stemline number, the 25 region (sce especially Tables
3 and 6). The location of the stemline number generally is hetero-
plowd, that 1, it rarely coincides with the somatic number of x‘hc
species of origin, and 1f it docs, it very probably is cryptoheteroploid.
‘The continuous presence in the tumor population of many genoty pes
besides the predominant one is at the basis of the remarhable adapta-
hility to the environment of the tumors.

z\}nong mouse ascites tumors, two groups have been estensively
used for chromosome studies, both referred to as Ehrlich, One 1 the
hy perdiploid Ehrlich, often called Ehrlich Lettré, or LL, wince many
of its present sublines go back to Lettrés laboratory at Heidelberg.
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TABLE 3. Hyperdiploid Ehlich {Cases 63 1094)
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fraction of the population (Cases 70, 71). This experiment is a model
for one type of evolutionary change occurring spontancously in
tumors through their adaptational processes.

The EL tumor has provided material for clone experiments by
Querner (1955) and Hansen-Melander (1958). The low stemline
numbers (40-44) reported by Querncr, together with the wide dis-
tribution of chromosome numbers, scem somewhat doubtful (Table
3, Cases 75~80). In all other experiments the EL has proved remark
ably stable; ncither Hansen-Melander in clone experiments {Cases
82-91), nor Ising by heterologous transplantation (Cases 92-94),
was able to bring about stemline shifts by more than one chromosome.

The tetraploid Ehrlich family (Table 4) has given interesting in-
farmation about cvolutionary mechanisms. Two sets of materiak will
be discussed: that of Hauschka used in clone experiments (Cases 95-
100, 121-134), and that of Ising uscd in heterologous transplanta-
tion work (Cases 104-120).

Early generations of the Ehrlich stock tumor had the stemline 80,
both when carried in America and in Europe (Cases 95, 96). In
Sweden this condition is still prevailing (Cases 100, 104, 107, 112),
but in Hauschka's laboratory in Philadelphia and in Buffalo the stem-
line number went down gradually from 80 to 76 (Cases 97-99). Thy
is further emphasized by the fact that all but one of the cight Ehrlich
clones had stemlines at hypotcetraploid levels (Cases 125-13+4). Smnce
the tumor has been constantly carried in Swiss/Ha ICR mice in
Hauschka’s laboratory, while in Sweden it has been grown in van-
ing genotypes, the shift in stemhne number in America may be re-
garded as an adaptation to the Swiss/Ha host genotype.

It is suggestive to compare these chromosomal events with the
stemline <hifts produced by Isng in the same tumor by heterologous
transfers, thus effecting an environmental change sinular in kind, but
more catreme. In altogether six experimental series she found that
long-term serial grow th of the Lhrlich tumor in hamster had the same
effect: viz., a decrease 1n stemline number (Cases 105, 108, 113
117). In one especially complete and revealing experiment, i which
the stemline number gradually fell from 79 to 72 (Cases 1131 17).
Ising showed by actual chromesome measurements that up to 20
per cent of the tatal chromosome length per cell was lost during the
adaptation. Furthermore, she demanstrated that the decrease
chromosome number was sialler or nonexistent, 1f the tramfer was
made through cortisone-treated hamsters (Cases 109 111,118 1 19),
indicating that antigenic factors were active at the adaptation.
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The tetraploid Krebs-2 tumor, out of which Hauschka isolated 13
sublimes and clones, exhibits 2 hehavior similar to the Ehrlich (:I‘ab_le
5). The stack tumor stemline goes down from 80 to 74 during its

TABLE 5 Krebs-2 {Cases 135 t0 157}

5 s ] 9 o 2,
Tumor Line Variation |Ditterent | g {5 Celle | Number of
Extremea | Numpers witha | Cells

Poiladelphia, Barly Gen 34m I3 0] 9 100

Reference

Levan & Hauschka, 1952

6 | Hauscnka & Levan, 1958 Gen 2 54-84 15 o 50
o 50 64~86 15 82| 16 50
it fei] 70-83 u 74| 50

J] 70-78 9 7l o2 s
40 | Hauschka & Levan, 1958 Clone A Gen 62-98 27 a5
4 B 85-116 2 94
2 c 62-80 1 k3
# 67-7¢ 20 50
44 69-76 22 50
145 70-86 2 st
148 70-78 42 50
17 60-88 2% @
4 7076 3 50
4 B-81 2 «
‘ 6-77 2 %
1 70-93 21 4
4
. 50
s £
: o
3
. 50
R

adaptatton to the host
allin the h
line shifts

genotype (Cases 135-139),
ygilccraplmd region 71 to 75 (Cases 14)[)-'{;1;)d’[{‘rl‘1c:s‘:e“c
observed may be summarized as follows (mclu‘dmg Ca:;
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101-102, which involve the adaptation of an Ehrlich line to the
chemotherapeutic agent N-methylformamide) :

Original Stemline after

Tumor line stemline adaptahon
Ehrlich stock 80 76
Ehrlich.§, Ehrlich NMF-R 77 72
Ehrlich elone 1 85 82
2 75 72

Ehrlich heterologous transplantation

Series 1 80 76
2 79 77
3 79 76
4 79 8
5 79 18
6 79 72
Krebs-2 stock 80 7+
Krebs-2 clone C 3 72
D 75 2

Evidently, in these two tumors, the adaptation to new environ-
ments takes place by decrease in chromosome number, and, asshown
by Ising, by actual loss of chromosome matter, Ising's observations
would be compatible with the occurrence of many small random
losses of chromosome segments, most of them acentric, but of some
centric ones, too. This suggests that in this case the cvolutionary
mechanism is the discarding of dcleterious genes, rather than the
building up of favorable genes. It stands to reason that the climina-
tion of inhibitors should be a simpler process than the new formation
of stimulators.

The frequent presence of hypotetraploid numbers in old well-
adapted tumors, as well as results from the adaptation in vutro of
normal mouse cells to cancer (see Table 10), may indicate that this
cvolutionary trend is of general significance in the adaptation of the
mouse genotype. A tetraploid, or near-tetraploid, starting point
would facilitate this method of evolution because of the greater ca-
pacity of tetraploid cclls for compensating for genetic losses,

Some mouse ascites tumors not included in the preceding tables
are collected in Table 6, most of them being near-caploid, some being
near-tetraploid. The table includes some cases in which the stemline
coincides with the somatic number of the mouse (Cases 158, 159,
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| 161165, 167, 169) o the double somatic number (Cases 160, 184).
In some of the near-diploid tumors, sublmes occur in the tetraploid
region, either artificially produced (Case 160) or spontancous (Cases
171,172).

TABLE 6 Mouse Ascites Tumors {Cases 15810 184)

[

i
Reference No-Cell | Differeat
Range

Tumof Line] varlation
EstTemes Mymbere

Levan & Hausehig, 1953 | In CIH/SE

" Hauschxa gtal , 1956 4o IOR Swiss 7 E
w u n
Feldman & Sacha, 1958 n 50
R IR &
+ ° 80 too
3 o s P
4 40 BS 100
vtz 195 TR W ™
, - + 0 n 100
- 5 4 4 b
! Tevin & taveeria, 953 CERTS7Y ) TR L‘x;:'

Levan, 19568

-

' Rat astites tumors (Table 7) have been inves
, _‘I] apanese workers, pioncer work 1 the chromoso:
‘ aving been carried out on the Yoshida sarcoma

tigated mainly by
me study of cancer
by Makino and his
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school. A whole group of tumors, viz, Yushi'da, MTKI, 13, 111, Hiro-
saki diploid, all having hypodiploid stemlines between 38 and 42,
exists in a great number of sublines and clones. (Cases 185-208}.
Sinee they all have a very specific karyotype wf“.‘ big metacentric
chromosomes, they probably ate of common origin. 'T.:hc Japanese
rat ascitts tumors were recently reviewed by Makino (195L7).
Broadly speaking, their ¢t iation an ) u

are in agreement with what is known for mouse tumors. Their stem-
lines are distributed between 2x and 4x with some favoring of hypo-
tetraploid numbers.

3. CeLL STRAINS

Serially carried ascites tumors have a counterpart among tissue
cultures in the continuously growmng cell strains. In both materials the
adaptation to the environment is good. What makes the cell strains
especially relevant in the present connection is the fact that cell strains
established from normal cells tend to attain malignant properties, be-
having as tumors if inoculated into compatible hosts, The 2daptation
10 continuous fife in vitro often includes capacity for cancer growth.

T tht st the oldest and most intensely studied cell strain i
the 1, strain, onginally developed by Earle from subcutancous adi~
pose tissue of GIH mice It has been duwvided, hy clonal and few-cell
wolation, by growth in different media, etc., into a great number of
sublines, During the last year three sefs of sublines, grown in Bethesda,
Houston, and Toronto, have been subjected to chromosome analysis
by Chy, Sanford, and Farle (1958), Hsu and Klatt (1958}, and
Rathlels et ol. (1n press), respectively (Table 8).

.As scen from Table 8, essential similarities in chromosome picture
wist berween ascites tumors and cell strains: The chromosome num.
ber variauion around a modal number, and the Theteroploid Jocation
‘f? the stemline Since, however, the cell strains are adaptations to a
ulﬂcrfnl kind of environment than ascites tumors, differences in the
resulting genotypes should be anticipated, The L strain differs from
mouse ascites tumors in two obvious ways: (1} Ithasa regular and,
especially in the Houston and Toronto materials, high {eequency s{

m:ta(femrics. Although ascites tumors are known to hold mctax:cn‘tfri
oreasionally, their frequency per stembne is never high The 1, \?
Ames, however, may have as many as 22 metacentrics per cell av g
{2) The level of stemlne number in the Houston and T: e e
teriahs 15 dy above 80, 1f ch oronto ma.

anms are counted as
LH

units, the {ollowing stemlbine rarmbess are fonn
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school. A whole group of tumors, viz., Yoshida, MTK 1, 11, I11, Hiro-
<aki diploid, all having hypodiploid stemlines between 38 and 42,
exists 1n a great number of sublines and clones (Cases 185-208).
Since they all have a very specific karyotype with big metacentric
chromosomes, they probably are of common origin, The Japanese
rat ascites tumors were recently reviewed by Makino (1957).
Broadly speaking, their chromosome variation and stemline numbers
art in agreement with what is known for mouse tumors. Their stem-
Lines are distributed between 2x and 4x with some favoring of hypo-
tetraploid numbers

3 CeLr STRAINS

Serially earried ascites tumors have a counterpart among tissue

cultures in the continuously growing cell strains In both materials the
adapt.ation to the environment is good. What makes the cell strains
especially relevant in the present connection is the fact that cell strains
rsta_blls}xcd from normal cells tend to attain malignant properties, be-
ha\'mg?s tumors if lated into compatible hosts, The ad: ptation
to continuous Iife in vitro often includes capacity for cancer growth,

In the mouse, the oldest and most intensely studied cell strain is
the L stran, originally developed by Earle from subcutaneous adi-
Ppose tissue of C3H mice It has been divided, by clonal and few-cell
isolation, by growth in different media, etc., into a great number of
sublines, During the last year three sets of sublines, grown in Bethesda
Houston, and Toronto, have been subjected to chromosome anal s
by Chuy, Sanfn‘rd, and Earle (1958), Hsu and Klatt (1958), and
Rothiels et of, (in presy), respectively {Table8). ’

As seen from Table 8, essential similarities in chromosome picture
exist bc}w:en ascites tumors and cell strains: The chromasome num-
ber variation around a modal number, and the heteroploid location

¢ , differences i
sesulting genotypes should be anticipated. The L strain dif(l:':s";r;lrl:l

::O\clst ’;\Sd.lm mors 1n two cbvious ways: (1) Tt has a regular and
mZt ::: y in the Houston and Toronto materials, high frequenc o(’
Atrics. Although ascites tumors are known to hold metaccntyyics

accasionally, their 1 ine i
s hwgc eir Irequency per stemline is never hugh, The L sub.
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Strain 54 55 57 59 80 85 86 88 89 94 95 97 98 99 Mean
Bethesda 1 41 1 1 = o =« = o 4 2 - 59
Houston,Toronto -~ - - = - 1 1 1 1 111129

No spontancous mousc ascites tumor with stemline number above
80 is known, the only ones on record being Ehrlich clone 1 and
EL88.

Table 9 surveys some 40 cases of human cell strains, half of them
being of normal and half of cancer origin. These two groups are
similar in chromosome behavior; any differences originally existing
have become leveled during the in vitro life. A number of cell strains
(cases marked “Levan, unpublished,” Table @) were grown during
1957 at the Sloan-Kettering Institute by Dr. Alice Moore, who
kindly gave them over to me for chromosome study. In these cases
sometimes only a single cell or a few cells were analyzable, but, even
so, complete idiogram analysis was made.

It scems that human cell strains on an average have a somes hat
higher chromosome number leve! than human tumors (cf. Ising and
Levan, 1957). The development of a cell strain out of a primary
culture tends to shift the stemline number over into the triploid-tetra-
ploid region, The commonest stemline numbers in human tumors
are diploid-triploid. Alo, the lower limit for stemline numbers in cell
strains is as high as 65, while several hypodiploid human tumon
exist. The upper limit for a cell strain iy 133; so far, no human tumor
above 92 is known,

Gey's HeLa strain, being a counterpart in man to Larle’s L <train
of the mouse, cxists in many sublines. The HeLa strains of Table 9
(Cases 266-277) contain the following stemline numbers:

68 70 73 74 76 78 79 82 Mean
r 1ttt 381377

As should be expected, each of these ccll lines has 1ts individual
chromasome pattern, Thus, one of them (Case 273) s remarkable
for its chromosome stabulity, only four numbers being recorded, and
91 per cent of all cells belonging to the stemhine, Another <ubline
(Case 272) showed the opposte estremity with 22 different num-
hers and 21 per cent of the cclb belonging to the stemline.

Since identical environment can never be reproduced and evolu
tion proceeds over a great number of unpredictable steps, it may be
assumed that the dinision into sublines of anyv cell strain, however
Lomogeneous, will alwavs predispose to cytogenctic differentiation.
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This inyolves a serious prattical probler: \\.' illit be possnblc'to mallx:)
tain 2 standardized type of such a cell strain 28 the L strain o.r1 (be
Hela? How can we know that a strain niow under ana\ysxs'wxl' e
the same on a later occasion? Karyotype controlis a means of identifi-
cation that, may help mn detecting gross stembme shifts or crude con-
tamimations Hawever, a stramn may undergo extenswe genetic
changes without this being apparent in the karyotype

4. Cancer PROGRESSION AS GENETIC ADAPTATION

The chromosomal evidence now briefly presented points decidedly
in one dircction ‘The stemlines of old transplantable tamors, as welt
as of cell strain, have developed from the normal genatype by mu-
tative adaptation This is & process that 1s never concluded, new
adaptations always being under way, The mammahan c;\l cx}n})xls
a surprssing latitude of adaptabifity - It will cast off from its original
co-ordination in the tissue and start out on its own individual evolu-
ton, By random genetic changes, a certainly very minor part of which
may be visbfe in the microscope as chromosome number variation,
gross structural vamation, and cryptostructural variation, the cell

P becomes h and thus responsive to selection,
By the accurnufation in cell lineages of mutations, favorable unde:
the prevailing conditions, a good viabshty s obtamed eventually
under Uife habits, foreign to the original cell. The devclopment goes
toward an ever more mdependent way of ife.

Thus, the cytogenetic mechanisms underlying tumor progression
are famuhar, m principle Their surulanty on the cellular Jevel to evo-
lutionary changes on the organusm level has often been pointed out,
The next, and more important, question 1s whether mechanisms of
similar kind are active at the first deyiation from normality, when an
ordmarv soma cell 1 started off on its way toward malignancy,

5 CaNcEROGENESIS AND EaRLY CANCER STAGES
Nothmg 15 known about ch

behavior at c: nesis
1 situ, although something may be inferred from the study of early
smg'.cs of pnn;)ar) cancers. In an indirect way, however, some infor-
mation may be obtained from the study of cellular ada;

ussue caltre, ! prations i

N The ﬁN—l Imvestigation of this kind was by Hsu, Pomerat, and Moor-
T:“d {1957), on the des elopment of the human cell strain Mayes

; s started out as a culture of normal cells fram the syrovial {inin, .
af the leg (Table 2, Case 45 Up to the filth passage (hromosnmi
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Strain 5¢ 55 57 59 80 85 86 88 89 91 95 97 98 99 Mean
Bethesda 1 41 11 =« = o o2 -5
Houston,Toronto — - - — - 1 1 1 1111129
No spontancous mouse ascites tumor with stemline numbers aboe
80 is known, the only ones on record being Ehlich clone 1 and
EL88.

Tablc 9 surveys some 40 cases of human cell strains, half of them
being of normal and half of cancer origin. These two groups are
similar in chromosome behavior; any differences originally exiting
have become leveled during the in vitro life. A number of cell strains
(cases marked “Levan, unpublished,” Table 9) were grown during
1957 at the Sloan-Kettering Institnte by Dr. Alice Moore, who
hindly gave them over to me for chromosome study. In these caves
sometunes only a single cell or a few cells were analyzable, but, even
so, complete idiogram analysis was made.

1t scems that human cell strains on an average have a somewhat
higher chromosome number level than human tumors (cf. Ising and
Levan, 1957). The development of a cell strain out of a priman
culture tends to shift the stemline number over into the triploid-tetra-
ploid region. The cammonest stemline numbers in human tumen
are diploid-triploid. Also, the lower limit for stemline numbers in cell
strains iy as high as 65, while several hypodiploid human tumers
exist. The upper hmit for a cell strain is 133; so far, no human tumor
above 92 is knawn,

Gey's HeLa strain, being a counterpart in man to Larlc’s L <train
of the mouse, exists in many sublines. The HeLa trains of Table 9
(Cases 266-277) contain the following stemline numbers:

68 70 73 74 76 78 79 82 Mean
11111313

As should be expected, cach of these cell lines hay its mdividual
chromosome pattern. Thus, one of them {Case 273} 15 remarkable
for its chromosome stability, only four numben being recorded, and
91 per cent of all cells belonging to the stemhine. Another subline
(Casc 272) showed the opposte extremity with 22 different numi-
bers and 21 per cent of the cells belonging to the stemle

Since identical environment can never be reproduced and evolu-
tion proceeds over a great number of unpredictable steps, it may be
asumed that the division into sublines of anv cell strain, however
homogencous, will alwavs predispose to cytogenctic differentiation.
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17t Fundamental Aspects of Genetics in Careinogenesis

behavior was mainly normal. In passage 8 a very wide chromosome
number variation was noted with no predominant stemline, and in
passage 9 a new stemline at the high level of 133 started materializing
(Table 9, Case 259). A similar step from normality to a highly in-
creased stemline number was observed by Levan (unpublished) ina
culture of normal human kidney, grown by Miss Frances Mottram
at the Sloan-Kettering Institute (Table 2, Case 68), and a third case
was Miss Diamond’s human amnion culture, mentioned previously,
in which at passage 4 onc culture tube contained a majority of cells
with chromosome numbers around 70 (Table 2, Case 67).

In onc experimental series with embryonic mouse <hin (Levan and
Bicsele, 1958) the chromosomes were observed in many samples
from the first passage until the establishment of a cell strain, later on
acquiring malignancy. This entire development was characterized by
a continuous chromosome number variation (Table 10). As carly as
in passage 4 (Case 285) the tetraploid number prevailed. The fur-
ther development passed stages with very wide variation, sometimes
with no definite stemhine mode (Case 287). Gradually the variation
gathered at the hypotetraploid region, two stemline cquilibria form-
ing, one at 64 and the other at 75, The former one (Casc 202} was
characteristic of the cell strain after passage as a spindle cell sarcoma
through mice, the latter (Cases 290-291) occurred after permanent
carriage in vitro. From the very start this numerical variation was
associated with frequent structural changes, in some cases affecting
asmanv as 20 per cent of the anaphases,

There is little doubt in this case that cytogenctic variation is the
main factor responsible for the change of the normal mouse shin cells
into a cell strain with mahignant potential. The starting point of this
development is evidently the change in environment at the eplan-
tation of the cells. If any conclusions can be drawn from this expert-
ment as to cancerogenesis n the body, it scems that cancer devclop-
ment should be enhanced by: (1) Chromosomal and genic variation;
(2) High mitotic rate, bringing about somatic scgregations; (3)
Change in cellular environment, placing the normal genotype at dis-
advantage, thus favoring experimentation with genotypes of in-
creased independence. Whether genotypic changes alone arc enough
to induce this scquence of events, as assumed by the somatic muta-
tion theory, is still an open question: Some gmdance on this point may
be obtained from chromosome analysis of early stages of primary
cancers. Although little 13 known in this ficld, a few recent investiga-
tions have demonstrated conclusively that essentially diffcrent chro-
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176 Fundamental Acpects of Geneties in Carcinogenesis

mosonte mechanisms may be involved in the early development of
different types of tumors,

Canccerogenesis by mutative adaptation should be expected among
cancers induced by mutagenic agents. Some recent studies scem to
support this notion. Ford and collaborators {1957, 1958), working
with a number of primary mouse Jeukemias, reticulosarcomas, cte.,
often induced by a-irradiation, observed a wider chromosome num-
ber variation than in normal tissues, Each tumor had its own stem-
line karyotype with chromosome numbers between 40 and 44, A
similar chromosomal bachgraund was reparted by Bayreuther and E.
Kicin (1958) for a group of sublines of the methylcholanthrene-

TABLE 11. Chromaosomie Numbers of Primary Virus-Induced Tumors
{Cases 293 o0 312)

] 3. 5 6 8
No Reference Tumor Type Varistion [ Ditterent
Extremes | Numbers
293 | Tilo & Ostergren, 1933 [Mammary carctnoms tn dba| $9-41 3
B2l 3941 1
298 38-41,80{ 4
296 39-41,80 ] 4
97 39-41,80 )
298 39-41,80 | 4
%9 39-41.60 [ 4
300 39-4n80 ! 4
01 9-41 3
302 40-41 2
303 39-41 3
304 40,80 H
305 | Tito & Ostergren, 1958 [Mammary carctnoma inCal{ 39-41 3
306 s9-4180 | 4
17 4 ]
308 » t
109 €0-4 2
210 3e-ab80 | 4
m 78-8) ‘

o
=

Levan, unpabl Friend a leukemia
32 | e o
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induced mouse sarcoma MSWER. In these cases the stcmhr.le karyo-
1ype may well represent early steps in an evolution by mutative adap-
ation. .

Recently Trio and Ostergren (1958) at our hbora!m:y studied
some 20 milk {actor-dependent primary y carcinomas of
dba and C3H mice. The chromosome conditions at early stages of
\hese tumors were entirely different from the above-mentioned
tumors and quite incompatible with a cancerogenesis by extens{vc
structural reorganization. It 1s shown in Table 11 that among 19 in-
dwvidual turnors, 16 had a stemline with the normal diploid number
40, one had 39 chromosomes (Case 308}, one had B0 (Case 311),
one finally had two stemlines, 40 and 80 {Case 304), The chromo-
some stabifity was striking, the maximal variabhty arcund the stem-
fine nurriber being 1 chromosome, In two tumors, Just one sumber
was {ound, Nostructural changes wereseen.

Tjio and Ostergren made the suggestive discovery that, in all
tumoars studied, except for the one with 39 chromosomes, one chromo-
<ome per diploid set had become heteropyknotic. It was isopyknotic
at metaphase, as compared with the other chromosomes, but at all
ather stages it exhibuted positive heteropvknosis The authors, natur-
affy, assactate this remarkable phenomenon with the fact that the
sirashke milk factor is involved in induction of the tumors, suggest-
ng a direct influence of the virus particles on one specific chromo-
<omie, thus, a kind of virus miection of one chromosome,

The only other wirusanduced tumor so far studied 15 the leukemia
of Dr Friend, Preliminary results { Levan, unpublished) showed it to
kare a fnnted numerical variation (Case 312). The suspected pres-
ence of munor structural alterations has to be confirmed further,

§ Coxcrupise REMARKS

The present survey of chromosome numbers 1 normal tissues,
ascites wumors, and cell strans has led to some conclustons as to
©vogenene events i cells and tissues active durmy their adaptation
;:\ nlcwih(c hakuts, These cytogenetic events are more famibiar on the
\el o and & of i i
™ 5 that
naturat evolution ; ' = dung
] Tl;: normal somatic harvotype of the spectes 1s the starting pomt
‘or the cellular evolution  Ascites tumors and cell strains are ad
Cn(:\ctd stages }: evalunon toward two different types of enviranment,
mmon to both of ther 15 the acquisiti i :
| quisition of increased indepe)
ence for the individual cell, Kanotypie developments prior toptl::c
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mosoeme mechanisms may be involved in the carly development of
different types of tumors.

Cancerogencsis by mutative adaptation should be expected among
cancers induced by mutagenic agents. Some recent studies seem to
support this notion. Ford and collaborators (1957, 1958), working
with a number of primary mouse leukemias, reticulosarcomas, etc.,
often induced by x-irradiation, observed a wider chromosome num-
ber variation than in normal tissues. Each tumor had its own stem-
line karyotype with chromosome numbers between 40 and . A
similar chromosomal background was reported by Bayreuther and E
Klein (1958) for a group of sublines of the methylcholanthrene-

TABLE 11. Chromosome Numbers of Primary Virus-Induced Tumols
(Cases 293 to 312)

5. 5. Jwo. B
]Nu 2 Reference s Tumer Tyne E:::::'m m“me;::: . ’5 ﬁ;lé‘ m&b&:
293 | Tio & Ostergren, 1958 |Mammary carcinoma in dba| 39-41 3 40 95 "
il 39-41 3 w ]| w0 | @
3 19-an.80 | 4 o | % | W
26 39-41,80 | 4 w ] s | W
297 394,80 | 4 o | ®w | ¥
298 39-42,80 | 4 w | 9 0
299 9-41,80 | 4 w0 | 9 19
300 9-41.80 | 4 w]| 9 15
30 39-41 3 w | » 1
202 10-41 2 w | » n
303 39-41 3 w0 | 9 108
304 10,80 2 wso| s | M
305 | THo & Ostergren, 1958 | Mammary carcinoma (nC3l{ 39-41 3 0 | 5 10
306 39-40,80 | 4 © 9t 18
307 © 1 w0 | 100 120
308 39 1 39 | 100 13
309 40-41 2 10 9 n
310 39-41,80 | 4 €0 ] 180
a1 78-81 4 80 92 _ﬂ_
31z | Levan, unpubl Friend s leukemia [ 94180 4 o 7 11
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advanced stages are still only little known, the analysis of eatly cancer
stages being especially urgent.

It scems that the formation of cell strains with malignant proper-
ties, that is, cancerogenesis in vifro, may proceed from beginning to
end by mutative variation. Similar cytogenetic mechanisms may ac-
count for cancer progression, and possibly for cancerogenesis by
mutagenic agents. However, results from viral cancers indicate that
chromosomes are involved in this hind of cancerogenesis in an essen-
tially different way.
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Genetics of in vitro Cells
T.C. Hsy, vien., axd Doycras §, KELLOGG, JR., PH.D.

Section of Cytology, The University of Texas M. D. Anderson Hosputal
and Tumor Institute, Houston, Texas

For the past two decades microorgas have d - d the
scen of research m biochemical genetics. This has been due primanly
to the fact that nutnitional systems of Neurospora, yeasts, and a num-
ber of bacteria require rather simple growth media whose ingredients
are prnctpally morganic. Another reason for the populanty of mi-
crobes 1n biochernucal genetics has been that they grow and multiply
ata ternfic rate, unequaled by other organisms,

Dunng the past few years, mammalian cells have emerged as one
of the widely used materials for biological and medical research.
Cells 1n ascites and 1n tissue culture, especially the latter, can be
handled 1n some wavs like microbes. Ins estigators utilizing the ascites
»stem are relatively handicapped in studying metabolism because
therr material i cultivated m 2:wo and is thereby mvelved in a com-
plex physiological system. Recently, however, comparative biochem-
rcal analves have been started on the variation of the free amino acid
content and of several enzymatic activities between diploid and tetra~
plord tumor cells (Kit, Fiscus, Graham, and Gross, 1939).

Several new advances in cell culture have helped to draw the at-

tention of workers in the fields of genctics and biochemistry to m
aatro cells: 1. Many cell strains are readily

endiess supply ol material; 2,
trave made routine handling
be rolated 1o produce clon,

available to provide an
improvements 1n culture techniques
arclatisely casy task; 3. single cells can
al derivatives; and 4. improvements in
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nutritional studies alrcady have produced several chemically defined
media so that natural products such as serum, plasma, and embno
extract can be eliminated or reduced to the minimum.

It is quite reasonable to ascume that mutations may arise in popu-
lations of mammalian cell culturcs. There have been a number of re-
ports in the literature describing sudden or dramatic morphological
changes of in vitro cells, A part of them were proved to be contam-
inants from other strains (Rothfels e al,, in press). Investigators
working with cell lines also are acquainted with the fact that the nu-
tritional state of a culture may affect the appearance of the cells
Nevertheless, this does not brovc that morphological “mutations”
have never occurred.

Conventional methods of obtaining metabolic mutants from micro-
bial populations can be applied to mammalian cells for selection of
special physiological traits. The fact that mammalian cells cannot be
grown in an inorganic medium makes it highly impracticable to select
mutants that are metabolite dependent. The alternative would be the
sclection of cells that are independent of certain metabolic require-
ments or that are resistant to a certain cnvironment.

In their attempts to subject L cells to a chemically defined medium,
McQuilkin, Evans, and Earle (1957) treated a population of clone
929 which had been grown in serum medium with a special me-
dium devoid of natural proteins. Practically all the cells in the con-
tainer succumbed. The authors Iater found a single colony that
probably developed from a single cell which was able to propagate
itself utilizing the ingredients of the medium for growth. Such cases
strongly suggest the existence of “biochemical mutations.” It is be-
yond doubt that such investigations would stimulate great progress
toward an understanding of the nutritional requircments of mam-
malian cells. Metabolic processes involved in this type of mutation,
however, are probablv too complex for profitable analysis of any
particular pathway. .

Similar problems of complex biochemical patterns exist in th.c
cases of L cells that are resistant to toxic sera from schizophrenic
human patients (Fedoroff and Cook, 1959) and of HeLa cells re-
sistant to polio virus (Vogt, 1958) and to Newcastle virus (Puck and
Cieciura, 1958). _

More specific, perhaps, arc the “mutants” selected with vitamins
(Haff and Swim, 1957), with carbohydrates {Chang, 1957), and
with asparagine requirements (McCoy et al., 1959). These ex-
amples, together with the method developed by Moser (1958) for
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rates by combining irraduati of p]fl!cd cells
with a treatment in a specific medium, paved the way for ‘{‘4‘{‘3“0_“
of mutants and gquantitative analysis of biochemical activities in
ian cells.

malr:“:ln:‘;: b:ekcpt in mind that cells in continuous culture are not
necessarily normal, Tt has been welt dotumcnte.d that most cell lines
arc heteroploid and are cy(ologk:.ally polzmorphlc. Even without con-
sidering the possibility af mutations, which updoubtedly 'wculd ha~ve
occurred repeatedly in the history of 2 cell line, reshuffling of exist-
ing chromosomes should be sufficient to alter the normal balance in
the genetic makeup of the cells and m tum to alter certain mgtab?hc
phenotypes. Therelore, 2 metabolic variant isolated from in ml.m
cells may or may not be due to a mutation in the strict sense. Inspite
of the handicap that somatic cells in culture lack sexual recombina-
tion for classical genetic studies, the mammalian cells possess an ad-
antage over most microbes; namely, their discernible chromosomes,
many of which are good markers.

We had intended to try to correlate metabolic abilities of “mu-
tams® with their cytological features. Our interests in the relation-
<hips between thromosome constitution and glycolytic activities of
cell lines (unpublished data) stimulated us to select metabalic vari-
ants involving carbohydrate utilization. In the summer of 1957 Dr.
R.§ Chang of the Harvard School of Medicine contacted one of us
(Hsu) to discuss a possible co-operative project to study the chromo-
somes of certain human ceil kimes that were able to utitize xylose in-
stead of glucose as the carbon soutce. The co-operation was not found
feastble because of our geographical separation and the difficulty in
analyzing human chromosomes. However, Dr, Chang urged us to
select similar lines with eytologically more favorable materials for
such an approach Beginning

X ; g in N ber of 1957, we selected strain
L-P35 a3 our material for such a study. Since it was desirable to select

Aariants with qualitative a3 well as quantitative changes, and since it
has bce‘n shown that d-galactose is utilized inefficiently and that d-
wtlose is not utilized (cf. Waymonth, 1937}, these twa sugars were
chocen. The ability of cells to survive for shoart periods in the presence
of these sugars was not sufficient. The cells must be able to utilize the
cathehdrates supphed in replacement of glucese over a prolonged

period of cultivation and be able o prod B
tion. The present article re i e PUP:SI:;

parts our preliminary results in the g
" 4 future explorati i
chemical genetics of mammalian cells e Cxplerstion of bio-

tines” which may sere as a model for
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MATERIALS AND METHODS

Strain L-P55, a sublinc of clone 929, strain L, and its derivative
“mutant” lincs were used throughout, in the present study. These
cells were cultivated in Eagle's basic medium in which Eagle’s salt
solution was replaced with Gey's salt solution. Unless otherwise stated
in the text, all media contained 5 per cent nondialyzed horse serum,
For strain L-P55, glucose was supplied through Gey’s solution. For
the mutant strains, however, a basic medium was prepared without
carbohydrates save that indigenous to horse serum. Special carbohy-
drates were added to the basic medium for the special strains:
d-galactose or d-aylose, 5 millimoles each.

During the sclective procedures and up to the time when growth
experiments were initiated, Difco horse serum had been employed
cxclusivels. Repeated loss of cell lines due to toxicity of some of the
sera necessitated our subsequent change to a product of the Colorado
Scrum Company, which had pretested the scra for tovicity according
to Puck’s procedure of cloning.

All media were adjusted to approximately pH 7.4 prior to usc.
Incubation of culturcs was at 35° to 36° C. The medium required to
cover the cell sheets was maintamned at approximately a 13:1 air-
fluid ratio in all vessel tvpes. Generally the growth medmm was
changed twice weekly, and subcultures were made approximately
every two wecks. Three different tvpes of culture vessels were em-
ployed in our experiments, The T-scrics flasks were used during the
production of the sugar hnes because of their excelient optical quality
for micrascopic mspection However, when cell lines were considered
established, Blake bottles were then used for routine propagation. For
growth curve assays, the cells were sceded in new, unwashed, and
unsterilized screw-capped prescription bottles (Owens Ovals). Smee
the bottles were capped at the factory whilc the glass was still hot and
consequently sterile, no microbial contamination deyeloped in the
cultures. The battlcs were so mexpensive that 1t was considered morc
cconomical to use them only once, rather than to wash and resterihize
them
The following procedure for setting up growth cury s was used for
all strains in all media, Three davs before mitiation of growth assays,
fresh medium was applied to stock ccll cultures. Cells were harvested
by replacing the medimm with 5 ml of warm 0.005 per cent Bacto-
trypsin in Gey's salt solution without g]ucns.c The cells were sus-
pended rapidly with the a1d of a rubber fishtait pohcenan, and 5 ml
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of additional Gey's solution without glucose was mtmducci 1.m¢; gacil
bottle, The cells were poaled, centrifuged, and.rcsuspendc in 10ml
of Gey's salt salution without glucose. Duplicate cell cf:unts' wcr?
‘nade with the 2id of a Brite Line hemacytometer (see discussion o
cell counts under *Growth”), and the requ{rcd number of cells for
each experiment were pipetted into the specific test medium, shaken
thoroughly, and dispensed into the Owens bottles, The Astandard
initial inoculum was 5 X 107 living cells per 5 ml, of medium. The
bottles were incubated without disturbance untl the time for count-
g No change of raedium was made in any of the growth curve ex-
periments
At each sampling period for exery growth cure, separate cell
counts were made on three bottles, and the average of these counts
wasused in plotting the curves. The cells were suspended and counted
1n their growth medium, When the number of cells per bottle was, by
intpection, sufficient to warrant dilution, warm trypsin solution
(0005 per cent) was added before suspendmg the cells. Gytological
preparations were made with comventional colchicime hypotonic
solution squash method

LsTaBLisHMENT oF CELL Lines

Cultures of grawing cells of L-P35 were treated with media con-
taining, ewher xylose, galactose, or xylose-galactose combination.
Three vessels formed a set These culture vessels were periodically
examined microscopically. The majority of the cells in every flask
rounded up after three to four davs, and extensive cell death ensued
duning the first twa weeks. The media were changed every seven days,
and after each of the earlier changes a slight transtent increase wa;
noted, only to be followed quickhy by 2 drop to lower numbers than
the prechange levels As a contrel of the gronth-promoting charac-
teristics of the basie medwum, several flasks of L-P55 were set up with
the basic medium only,

Mter four to six weeks in the xylose medium, microscopic inspee-
tion of the flasks revealed no living cells, and the cultures were p1-c-
sumed terminated. Later in this same period, howeer, a very car‘iiul
MIETOsCOpIc examination teveated ont of two small 'culuniés of ap-
proumatel a dozen cells cach, in twa separate flasks, These color 4
dowiy enlarged to macroseopic size, and a platinum wire \;’as 5 ;m
lighth <cratch the colanies to didadge some of the cells, in lhu ;1 e
that they might «ctile at nther sites of the vessels, Tour wi kcs 10pe
there were <ufficient celly to make subcultures, N’u( alt lhcccﬁask:t:;
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treated yiclded variant cell lines able to utilize xylose, On the con-
trary, with galactose and galactose-xylose media sclection was not
quite as difficult, because scattered surviving cells were present at all
times. After four to six weeks the number of cells in both media began
to increase markedly, Eventually routine cultivation was possible for
three strains of galactose cells (G:, Gz, and Ga), three of galactose-
xylose cells (GXi1, GXz, and GX:) and two of xylose cells (X and
X:). Unfortunately, toxic horse serum eliminated strains GXi and
X, Another attempt to establish xylose strains with four initial bot-
tles yielded strain Xa. It is also of interest to mention that successful
attempts were made to select cells in medium containing lactose and
sucrose. Thesc strains were also lost due to toxic horse serum.

The morphology of the cells of these sugar strains was generally
the same as that of their parental line, There was, however, a notice-
ably greater proportion of giant cells in all the derived straing, and
there was a distinct tendency with the xylose strains to asume a
slightly epithelial-likc appearance. The growth rate of these strains
on their specific sugars was slower than that of the parental line in
glucose medium; but among the “mutant” lines, the fastest growers
were the GX strains, followed by the G strains, and trailing by a con-
siderable distance were the X strains. However, little difference cou}d
be noted in their growth rates on glucose when they were regrown m
glucose medium. No reselection was necessary when the cell strains
were returned to their respective media after two weeks’ residence in
glucose medium. The sugar strains in their specific media developed
considerably less acidity than in glucose medium,

In order to climinate the possibility that growth of the “mutant”
cells was not duc merely to the utilization of glucose supplied by horse
serum, experiments were conducted with the following results:

1. The average glucose content of horse serum was 80 mg6. S0
the glucose content in medium carbohydrate-free except for t!mt sup-
plied by horse serum was 4 mg% in the 20 ml. amount uscd in every
medium change.

2. The cells grew in medium containing 5 per cent dialyzed horse
serum (dialyzed against double-distilled water) with their respective
sugars. X

3. The cclls grew in chemically defined medium (unpublished
formula supplied by Dr. Chanity Waymouth, to whom we are grate-
ful) with their respective sugars and 0.5 per cent peptone. However,
for the sake of simplicity, the stocks and experiments were all carried
in nondialyzed horse scrum.
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GrowTtn

There arc a number of accepted methods of estimating growth of
a cell population. In our studies reported here we chose to use ecll
counts, For growing populations in which most cells arc supposed to
be living and healthy, cell numbers estimated by hemacytometer or by
clectronic cell counter should both be acceptable, When populations
are subjected to unfavorable environments in which death of cells is
usually common, counting without diffcrentiating dead and viable
cells generally would abscure the results. With an electronic counter
this cannot be done unless the dead cells have already disintegrated
when the sample is taken. With a hemacytometer, dead cells can be
differentiated from living ones by the conventional eosin staining
method. Our experience with phasc-contrast microscopy on living
cells enabled us to perform viable cell counts with a Brite Line hema-
cytometer and a Zeiss GF-595 phase microscope. Generally, under
dark phase optics, living cells are highly refractile roundish bodies
with little ccllular detail; whereas dead clements are blackish and
relatively flat objects with more distinct nuclei and sometimes ragged
cellular outline. A cell population stained with cosin and viewed
with a conventional light in comparison with the same viewed with
phase microscopy showed that the two samples agree well in counts of
living and dead cells, Figures la and 1b show, respectively, the same
field of eight cells viewed: a. with a dark phasc objective; and .
cosin-stained but viewed with a light objective. In cach casc, fﬂl.lr
were determined to be alive and four dead. Notice the differences in
contrast as well as in cellular details between the two types of cells.

A growth assay was made with strain L-P55 in a medium without
carbohydrates, to compare the cell counts made of living cells only
and those made without differentiation. Tt is obvious from Figure 2
that the total cell counts obscured what had happened in 2 cell popu-
lation which rapidly declined in the absence of carbohydrates.

GrowTn Resronses oF CELL LiNgs To VARious Sucars TESTFD

TFigures 3 through 6 present the results of experiments with strams
L-P53, Gi, GX:s, and X in various media. From the growth curies
(all living ccll counts) plotted on log scale, a number of simple con-
clusions can be drawn.

1. Glucose supported excellent growth for all strains concerned.
After six to cight days of incubation without any medium change,
populations increased to 10 or 12 times the ariginal inoculum size.
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GrowTn

There arc a number of accepted methods of estimating growth of
a cell population. In our studies reported here we chose to use cell
counts. For growing populations in which most cells are supposed to
be living and healthy, cell numbers estimated by hemacytometer or by
clectronic ccll counter should both be acceptable. When populations
arc subjected to unfavorable environments in which death of cells is
usually common, counting without differentiating dead and viable
cells generally would obscure the results, With an electronic counter
this cannot be done unless the dead cells have already disintegrated
when the sample is taken. With a hemacytometer, dead cells can be
diffcrentiated from living ones by the conventional cosin staining
method. Our expericnce with phasc-contrast microscopy on living
cells enabled us to perform viable cell counts with a Brite Line hema-
cytometer and a Zeiss GF-595 phase microscope. Generally, under
dark phase optics, living cclls are highly refractile roundish bodies
with little ccllular detail; whereas dead clements are blackish and
relatively flat objects with more distinct nuclei and sometines ragged
cellular outline. A cell population stained with cosin and viewed
with a conventional light in comparison with the same viewed with
phasc microscopy showed that the two samples agree well in counts of
living and dead cells, Figures 1a and b show, respectively, the same
field of cight cells viewed: a. with a dark phase objective; and b.
cosin-stained but viewed with a light objective. In cach case, fm.ll‘
were detertined to be alive and four dead. Natice the differences in
contrast as well as in cellular details between the two types of cells.

A growth assay was made with strain L-P55 in a medium without
carbohydrates, to compare the cell counts made of living cells only
and those made without differentiation. It is obvious from Figure 2
that the total cell counts obscured what had happened in a ccll popu-
lation which rapidly declined in the absence of carbohydrates.

GrowTn Rrsronsts oF CrrL LiNes To Various Sucars TrsTro

Figures 3 through G present the results of experiments with strains
L-P55, G:, GXs, and X, in various media. From the growth curves
(all living ccll counts) plotted on log scale, a number of simple con-
clusions can he drawn,

1. Glucose supported excellent growth for all strains concerned.
After six to cight days of incubation without any medium change,
populations increased ta 10 or 12 times the original inoculum size.
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2. The GX strain was no more than a galactose strain, The re-
sponsc of the GX cells to various media was similar to that of strain
Gi. In other words, the cells selected from xylose-galactose medum
actually did not use xylose at all.

3. None of the strains could grow in medium without carbohy-
drates. The populations in carbohydrate-frcc medium maintained
the original level or dropped slightly during the first four days of
incubation, but decreased in size at an exponential rate after this
period.

4. All strains except X1 responded to xylose medium in a manner
similar to the response to medium containing no carbohydrate, indi-
cating that xylose was not utilized by these eells.

5. Cells of the parental strain showed a slight increase (near
doubling) of population in galactose medium during the first four
days. After this period the cell number began to drop. Howeser, the
population decrease was less rapid than that found with L-P55 cells
in xylose medium or medium without earbohydrates.

6. Galactose strains (G1, GXs) responded to the galactose medium
better than the parental line. The population might attain four times
its initial size. However, it never reached the height that it did in
glucose medium, and the populations soon decreased.

7. The xylose strain responded to xylose medium in an analogous
fashion to the galactose strains in galactose medium.

8. The xylose strain, which had never had any contact with galac-
tose prior to the time of the growth cxperiments, responded to galac-
tose medium as well as glucose. “This was the only strain tested that
grew extremely well in galactose medium.

Supplementary Experimenis

The most significant phenomenon observed from the prcccding
experiments was that the galactose strains in galactose medium and
the xylose strain in xylose medium grew only during the first few days
after seeding, after which the grawth ability scemed to stop and the
population size declined. The same number of G cells grown in the
same amount of medium containing glucose attained in six days two
or three times as many cells as could be produccd in galactose me-
dium. Increasing the initial inoculum size did not prevent the loss
of cell number, nor did the addition of galactose to the original
medium after the initial period of growth exert a bencficial effect on
the cultures, suggesting that the decrease in population size was not
due to cxhaustion of carbohydrates in the medium. Additions of
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glutamine or pyruvate likewise did not produce a favorable effect
though the latter has been noted by Eagle, Barban, Levy, and
Schulze (1958) to be a stimulator of galactose utilization.

CHROMOSOMES

The chromosomal constitution of the parental strain, L-P35, has
been described in detail by Hsu and Klatt (1958). The strain was
totally heteroploid with 68% chromosomes. There were approni-
mately 13 metacentric and three or four subtclocentric chromosomes
per cell, Most cells also contained a long subtclocentric clement which
had a secondary constriction, This chromosome, designated by Hsu
(in press) as D chromosome, was an excellent marher,

Two samples were taken from L-P55 for cytological analysis, ane
in the spring of 1957 and the other in the fall of 1958. It is interest-
ing to note from Table 1 that within the limits of sampling crror, the
two samples were similar except in the frequency of the D chromo-
some, which showed a significant decrease in the 1958 sample. In
both populations the standard deviation for each class was relatively
high, an indication of a heterogeneity of the populations.

The results of analysis of chromosome constitution of the sugar
strains, two galactose, two galactose-aylose, and two aylose, are ako
presented in Table 1. With one exception, strain GXe, in which the
mean total chromosome nuniber was simular to that of the parental
line, all strains showed a drop of the total chromosome number, In
the parental strain, the Iowest number recorded was 63 in both sam-
ples, and cells with 65 chromosomes or lower occupied less than 10
per cent of the populations, In most sugar strains, on the other hand,
cells with 65 chromosomes or lower represented the majority of the
populations. The lowest limit of the chromosome number was alkso
extended to 59. Tigure 7 presents four complete photographic idie-
grams taken at random from cells in strain X,. In this strain, 65 and
66 chromosomes were the most popular numbers; and each had a
single D chromosome.

The number of metacentric chromosomes per cell in the sugar
lines—again with the cxception of strain GX:, which contamed one
fewer than the parental strain—showed a tendeney of increase,
especially the xylose strains, There was a decrease of the number of
subtelocentrics in all the sugar lines. The value of the D chromosome

Nigure 7 Idiograms of four cells from stramn X, Colchicine-hy potonic-squash
Phase pho(omicrogmphy.
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varied from exactly one per cell in strain X; to almost two (1.84) in
strain GX,.

It should be mentioned thatstrainsGX. and X showed the smallest
variability in all categories, as indicated by their low standard devi-
ation values, In other strains, the standard deviations were either
similar to, or higher than, those of the parental populations.

DiscussioN

There are several discrepancies in the results of sugar utilization
by strain L eells between our data and those of Eagle, Barban, Levy,
and Schulze (1958). For instance, strain L-P55 did not grow in
xylose medium, but Eagle’s L cells showed some growth response to
xylose. Strain L-P55 responded to galactose medium only weakly;
whereas Eagle's L cells grew in galactose medium moderately well.
According to Eagle et al., the addition of pyruvate to galactose med-
ium increased growth response of in vitro cells, including L strain;
but in our experiments, pyruvate failed to elicit any favorable growth
response from L-P55, In view of the fact that we were able to estab-
lish metabolic variants from L-P55 and that polymorphism existed
among sublines of strain L (Hsu, in press), it is highly possible that
there were differences in metabolic patterns between these two sub-
lines in question. Indeed, it would be misleading to describe any
property of a certain subline by using its general designation, say,
strain L. It is probably also important to bear in mind that even the
same line carried in the same laboratory with apparently no deviation
in routine culture handling cannot be characterized by results ob-
tained during one period of time.

Actually, in comparing our data with those of Eagle et al., some
technical differences should also be discussed. First, in growth experi-
ments performed in this laboratory, no medium change was made
throughout the ten-day period; whereas Eagle et al. replenished
media in the cultures every day. With frequent medium change the
grawth-promoting ability of a special substance can be obscured by
other components of the medium which can serve partially as sub-
stitutes for the compound in question. Sccond, in determining growth
responses, we used living cell count as our criterion; whereas Eagle
et al. used amount of total protein as their index for growth, It can
easily be scen from Figure 1 that the number of living cells dropped
drastically in populations without carbohydrates; yet the total cell
counts remained at approximately the initial level, Dead eclls and
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famaged cells definitel would ibute some protein to the sam-

., thus affecting the final estimation. ) !
P‘%xué; the prcscntg study shows that selection of metabolic vari-
ants can be made from mammalian cells, we have as yet to prove
that the X, cells actively obtain energy from xylose for gmwth., be-
cause we still Jack data on intermediate products of xylose utiliza-
ton and enzymatic analyses. There exists a possibility that the se-
Tection was actually carried for some unknown or unsuschttd’fm:.ter
or factors while xylose remained inert. Nevertheless, the principle
that variants with inheritable metabolic differences can be cbtained
isunaltered, whatever the true cause may be.

For the sake of convenience, let us at the present time assume that
our X, and X, lines are true xylose utilizers. The chromosome spec-
trum of X, (studied 10 months after its initiation) was much nar-
rower than that of X, {studied 3 months after its initiation ), although
both showed a common modality of 63. It may be postulated that
either X, arose from a single cell while X, derived its origin from a
number of ¢ells, or that the X, population originally resembled that
of X, but repeated selection eliminated a number of weaker genomes.
As far as growth responses to xylose medium are concerned, X, grew
better than Xs, according to casual observation. It may be speculated
that the ariginal X, did utilize xylose more efficiently but that those
genomes might have been selected against by our culturing methods,
su.ch as selecting cells adhering to the glasy surface or those able to
withstand adverse pH conditions, etc. In carrying a strain with some
special metabolic ability, there is a possibility of selecting either more
eflicient or less efficient genotypes.

Tt ils difficult with our present material to conclude whether any
tcfarirt: aAt::)cn ;:‘:m:’::v‘em a ct;rtam kamt)fpe and a certain fnelabolic
L.P.;yS for car(’tcnz'nse tlng} el o CSK‘a'b]uh bl xylosc_]mes from

3 eytological and biochemical comparisons, Cyto-
10%1:91 f01[1’0W~up on tlhe existing lines may ako
Telations between xylose metabalism and kary,
ing cell ¥ines derived from Chinese hamstc?sct“{}}:c. Perlhaps by us-
chromosome is distinguishable. ise in crc' Himest every
cned, guishable, more precise information can be oh-

shed some light on the

Notes on Changes of Strain L-p55
In cur laboratory,

. strain L-P55 has been maintained ;
tirely different stocks maintained in two en.

since 1957, by different workers and in mediuny
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from different containers. The sceond stock was carried merely asa
reserve in only two culture vessels at a time, and no experiments were
made with these cells. The purposc for doing so was to avoid loving
the strain in casc of laboratory disasters. The main stock was heavily
propagated for caperiments reported in this study, Soon after the
completion of the growth curve assays, howeser, 2 yeast contanina-
tion wiped out all the cultures of the stock in use. We were obligated
to propagate the spare stock for continuation of our investigations.
The first surprising phenomenon noticed was the fact that the cellsin
the spare stock were able to utilize galactose much more cfficiently
than the original stock, although their response to Mylose did not alter
significantly, Chromosomal analysis made by Dr. G. K. Mama
<howed that the population of the spare stock was also quite different
from the original onc. The mean chromosome number per cell was
64.16, with 13.96 metacentrics, 2.0+ subtclocentrics, and 0.6 D
chromosomes, Besides, there was an unusually large metacentric eles
ment hitherto unrecorded in L cells. Generally this chromosome ap-
peared in cells where the D chromosome was absent.

This uncxpected and perhaps rather unpleasant change in the
stramn shows that spontancous changes in cytological as well as me-
tabolic features of a ccll population may occur without special efforts
at selection. This probably could account for a number of discrepan-
cies found in the literature where workers study the same phenomenon
with the same strain of cells.

SUMMARY

Strain L-P55, a subline of clone 929 of strain L, was treated with
media containing galactose, xylose, galactose-xylose combination,
lactose, or sucrose. Progressive death of the cultures began to oceur
four to five days following the treatment. In all cases except aylose,
scattered survivors were noted throughout the containers, These ccl_l\‘
were kept in their respective media and eventually repopulated their
containers to give rise to the special sugar strains, In avlose, howeer,
practically all the cells dicd. Out of approximately 100 million cclls
treated with aylose medium, only three colonies, occurring in sepa-
rate containers, developed into xvlose strains.

Growth cunves were constructed for the parental hine, a \ylose line,
and a galactose line In glucose medium luxuriant growth was re-
corded in all the lines, and control medium laching carbohydrates
suppnr(cd no growth. Galactose supported growth for the galactose
strain, but under the cultural conditions of growth curve experiments
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the maximum population density attawned was nbuut.‘} times ﬂ_u:
snoculum Jevel. This maximum was followed by 2 rapid decline in
the population. Neither use of an imocehun of twice the usual cell
numbers nor perodic additions of the carbohy drates !md 2 commen-
surate effect on the population decline. Periodic addition of a vitamin
muxture and/or amino acid mixtute produced a maxmum popula-
tion density of six to eight times the moculum, and provided a stable
population of approximately four times the i.noculum level. For the
parent fine, galactose supported only a very limited growth; but the
cultures deteriotated at a slower rate than that observed with carbo-
hydrate-frec medium. The xylose strain X, could ohtain from galac-
tose the same quantity of cell growth as from glucose, Medwm con-
taining xylose did not support growth of avy line except the xylose
strain

Gytologically, stram L-P35 was characterized by having 68%

v with 13+ In the sugar strains, no definite

chromosomie patterns were found to correlate with their metaholic
abudities However, many sugar strains possessed a lower chromosome
nuniper but a lngher number of metacentrics.

These experiments suggest that hereditary metabolic variants can
be isolated from cultures contaimng populations of mammalian cells

The variants, or, looscly speaking, “mutants” are useful tools for
studies in various fields,
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Gene Action
Davio M. BONNER, PH.D.

Department of Microbiology, School of Medicine, Yale University,
New Haven, Connecticut

An understanding of gene action is essential to a rational under-
standing of growth, be it normal or abnormal growth, At present,
however, one cannot describe gene actton. Rather, one is limited to 2
discussion of the current hypotheses, for white we all enjoy a good
deal of optimism, we do nat yet completely understand the function
of genetic material, and 1t 15 certamn that the years ahead will provide
many surprises in this field in terms of our present knowledge and
preconceptions

In the caurse of the past 20 years genetscists, biochemists, and
physicsts have made semarkable strides in ads ancing from a descrip-
tion of gene action in morphological terms to its description jin enzy-
matie terms. In fact, it will shortly be possible to discuss the action
of a gene in terms of its determination of specific amino acid se-
quences, An understanding of the action of genetic material in terms
of enzyme speaficity is necessary for an understanding of growth.
However, is this action the sole characteristic of the gene that cone
cerns the student of genetics and cancer?

Our knowledge of the characteristics of genetic material has been

tremendously enhanced 1n recent years, We know that mejosis is not
a prerequisite for genetic r binati

! ; somatic bination d
otear, as does genetic recomt ion in otie i {7\?5
also hnow that deter ion of enzyme ificity 3 .

3 o 3 is ot necessanty
the only function of genetic material Tt may still have additional
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functions of which we are only dimly awarc at the present time. These
functions may be complex and all of these complexities undoubtedly
bear on the problems of genetics and cancer. First, let us consider the
evidence which leads to the belief that one action of genetic material
is the specification of enzyme structure,

GENES AND BrocHEMICAL REACTIONS

If one looks over the history of genetic thought he is impressed by
the fact that geneticists have always held a deep conviction that
genetic materfal must ultimately regulate the biochemical activities
that a cell performs, for the phenotype must inevitably reflect the
biochemical activities carried on by the organism. The experimental
realization of this conviction, however, required time. The experi-
mental demonstration of the genetic contral of biochemical activity
was particularly clearly demenstrated in the now dlassic experiments
of Beadle and Tatum, who used the fungus Neurospora crassa (Bea-
dle and Tatum, 1941}, to show conclusively that as a cansequcncc.of
genetic change the organism loses the ability to synthesize essential
nutrients. Detailed biochemical and genetic study of such nutritional
mutants showed that the specific biosynthetic reactions enjoyed by a
cell are controlled by specific genes, and that the ability to pcrfo;m
a specific biochemical reaction is apparently controlled by a specific
gene (see reviews in Beadle, 1945; Bonner, 1946). Biochemical re-
actions require enzyme catalysis, and, inasmuch as genctic chnpgc
appears to result in the loss of ability to carry out specific biochcm}cal
reactions, it scems reasonable to assume that this Joss of biochemical
activity must reflect an alteration in enzyme-forming ability, cither
in a quantitative or a qualitative sense. The genetic cantrol of cnzymie
formation has been demonstrated in many instances (sce review in
Beadle, 1957). In fact, one can now state with assurance that one
function of genetic material is the control of enzyme formation. T?ns
is in reality the starting point of the present discussion, stnce a point
of major interest is the nature of the relationship between genes and
the process of enzyme formation.

GENES AND ENZYMES

During the past scveral years the gencuc control of a number of
enzymes has been imvestigated (sce review in Beadle, 1957). Our
own investigations have been largely concerned with the genetic con-
trol of onc¢ enzyme, tryptophan synthetase, and it is the genetics of
this enzyme that will be primarily discussed, The data which will be
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cited have been obtained in part at Yale, and in part by Dr. Charles
Yanofsky of Stanford University and Dr. S. R. Sushind of the Johns
Hopkins University. Tryptophan in N. crassa and Escherichia coltis
normally formed from anthranilic acid via the intermediate com-
pound indale-3-glycerol-phosphate (Yanofsky, 1956, 1957; Yanofshy
and Rachmeler, 1958). This latter compound is converted to trypto-
phan by an exchange reaction with serine which is catalyzed by the
enzyme tryptophan synthetase. Tryptophan synthetase also catalyzes
two other reactions, the conversion of indole-3-glycerol-phosphate to
indole, and the condensation of indole and serine to try ptophan. That
all three of these reactions are catalyzed by the same enzyme hasbeen
thoroughly demonstrated (Crawford and Yanofsky, 1958; Yanofsky
and Rachmeler, 1958; DeMoss, Imai, and Bouner, 1958; Suskind
and Jordan, in press). It is possible to isolate mutants lacking tryp-
tophan synthetase activity. Such mutants are characterized by 2
growth requirement for tryptophan which cannot be replaced by
indole. During the past several years a number of strains have been
independently isolated, all of which require tryptophan and cannot
atilize indale for growth, and all of which lack detectable amounts of
the enzyme trvptophan synthetase.

With such a group of mutants onc can perform a number of ex-
periments. For instance, one can determine whether all of the genetic
information relating ta the formation of this one cnzyme is contained
within a single region of the genetic material of N crassa or is present
in a number of different regions, This question can be nm\vcru} by
crossing the mutants with each other and studying linkage rlation-
ships. Experiments of this sort permit us to say with a good deal of
assurance that all of the major information relating to the formation
of this enzyme is contained within a restricted region of a chromosome
of this arganism (Yanofshy and Bonner, 1935; Lacy, 1959). This
restricted region of one chromosome has been called the td locus, n'nd
mutants having mutations in this region are called td mutants (Ya-
nofsky and Bonner, 1955). .

The genetic complexity of this region is of interest. Does this region
consist of a single site which undergocs change and <o gives rise to 2
uniform class of mutants, or are there manv sites which when altered
can cffect the formation of this enzyme, each in a unique wav? These
qucstions can be answered expernmentalls by determining whether
the mutant strams which lack the ability to form tnptophan ‘.\ﬂ'
thetase are identical or not. It can be clearly shown that the region
must be mutationally complex. In fact, one is left with the impression
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thatf 2 sufficent number of eriteria were used, fow identical mutants
would be found, For instance, only one of the hundred mutants that
fave been isolated is teraperature sensitive (Yanofsky and Bonner,
1955). Only two of the strams accumulate the compound indole
{DeMoss, Imal, and Ronner, 1938} Still additional methods of com-
patison can be used. The mutants can be tested for the presence of 2
rmaserial which s serologically related to the parental enzyme. When
exiracts of mutant strains are examined for the presence of such ma-
terial one finds that certain mutant strains do form a protein which
will react with and remove tryptophan synthetase antibodies.” This is
nat true of all of the mutants Other mutational events, which also
result in loss of tryptophan synthetase acuvity, lead to the complete
loss of abulity to form a protein which is serologically related to the
p(a)rcmal tryptophan synthetase (Suskind, Yanofsky, and Bonner,
1935},

One additional tvpe of difference might also be mentioned. It deals
with the effect of mutations at still other regions in the chromosomes
Certain td mutants regain the ahility to form tryptophan synthetase
23 a consequence of a mutational event at a second and distinct locus
{Yanofsky, 1952, Yanof<ky and Bonner, 1955}, Such mutations are

Tl21616)13]712411

=
MUTATIONAL SITE
Fugure 2 Re,

ton of the oy 9
synthetase g e chromosome controfling the formation of tryptophan

Teferred 1o as i
fterred o P . An 3 charactenstic of
};‘pr <ors 15 that they are allele specific, and this specificity s
}7:1:5 t ‘ckncw that these mdependent mutations of the td l%usydlgp-
anol\hy and Bonner, 1935). Thus, by comparing these strajng fx:
and remove yplophan synthetase an-

alyzing the reaction: indale 4 seryne v
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a number of different ways, one is led to the conclusion that the re-
gion of the chromosome which controls the formation of tryptophan
synthetasc is a complex region with many potential mutational sites.
What are these mutational sites? Do they represent clements of the
gene which can undergo recombination? Must they be present in a
specificd order to permit the formation of enzyme having a specific
catalytic characteristic?

The problem of the discreteness of these mutational clements s
diflicult to answer. Interallelic crosses yicld rare prototrophic progeny
(Lacy, 1959). However, in order to answer the question of the di-
creteness of these elements one needs to know whether prototrophic
progeny formed in intcrallelic crosses arisc by a reciprocal or cross:
over type of recombinational event or by a nonreciprocal or copy-
choice type of recombinational event. Interallelic crosses of the td
mutants do not appear to give the results predicted of reciprocal re-
combination, though this point lacks good documentation. In many
respects the results from the td locus are similar to those obtained
with the more extensively investigated Q locus (St. Lawrence, 1956},
which indicates that prototrophic progeny from interallelic crosses do
not arise by reciprocal recombination, Thus, the recombinations aris-
ing from thesc interallelic crosses differ from those arising from crosses
involving mutants blocked in the formation of different enzymes. The
latter always show reciprocal recombination (Bonner, 1936). The
reason for the difference in behavior of the two types of recombina-
tional units is not known, but it might reflect the inability of DNAto
undergo the breakage fusion required of a crossover cvent.

COMPLEMENTATION

From the data reviewed, one can arrive at certain definite con-
clusions concerning the nature of the genetic region controlling the
formation of tryptophan synthctase, The genctic information con-
tralling the formation of this one enzyme appears to reside in a re-
stricted region of a single chromosome of the organism. This region
appears to be complex in terms of number of mutational sites and
number of nonreciprocal recombination units, but indivisible in terms
of reciprocal recombination. It therefore becomes of interest to f!c-
termine whether the formation of tryptophan synthetase requires
that all of the clements which can be distinguished as mutational sites
be present not only in a given configuration but in a given sequence
as well. In Neurospora crassa it is not possible to answer this question
dircctly by means of the diploid cis/trans test (Lewis, 1951 Ponte-
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corvo, 1956). Neuraspora has a transient _diploid ph:«x‘sc. and it hxs
therefore impossible to study the enzymatic characteristics of t c
heterozygote. Neurospora will, however, form stable heterocaryons}
 one can see if enzyme formation will oceur when all of the mu-
tational elements required for the formation of tryptophan s',mh:ta.s:
in the parental strain are present in a common cytoptasm but dis.
tributed among different audlel {for discussions of heterocaryons see
Beadle and Coonradt, 1944+ and Garnjobst, 1953).

Taxper iy, one can & ine whether or not heterocaryons
{ormed between different td mutants are capable of growing in the
ahsence of exogennus tryptophan, and, f they do grow, whether or
not they are capable of forming an active tryptophan symh:tgsc,
This problern was first examined » number of years ago, at which
time it was concluded that heterocaryons formed between different
td mutants Jack the ability to form tryptophan synthetase, However,
alter it had been shown by Giles, Partridge, and Nelson {1957) thay
certain aflehe pantothenic-requinng mutants {ormed adenine-dinde-
pendent heterocaryons, the td mutants were re-examined It hasbeen
faund (Lacy and Bonner, 1958, Lacy, 1959) that certain td mutants
form heterocaryons which will grow in the absence of tryptophan and
which will form an active tryptophan synthetase. Not all of the td
mutants show thus ph of corpl ion In fact, one can
recogmze cestam characteristics which appear to govern the abifity
of td mutants to complement (Lacy and Bonner, 1958). Al of the
stramms which show complementation sull retain the ability to form a
pratem serologieally related to the parental enzyme, Additionalty,

i appears that the two complernenting strains must differ in terms of
their functional al h ian. Far

n sup-

in tryptoph

fnstance, two strains both of which are suppressed by a commo:
pressor will not complement each other, but will complement with
the two strams which accumlate indale. In turn the two indole-
2ecumulating wrams will not complement each other, As shown in
Figure 3, by weans of overlappmg bar graphs one can Araw o com:
plementation map of the td region Suck a map can be constry, tcé
by pult}t\g the strams with identical complementation pammc kY
gether in groups, and by overlap indicating strajns which 's o
complement with each other by o

ut whose complementatio,
A n patierns.
gests that the td region consists of at least three

d been prepared by Wood
tridee, and Giles {1958). Dae question of obviousy im:ux:sg;: :f)’:elt);gr
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or not the relative positions of alleles in such a map are about the
same as those found in a recombination map. This question has not
been clearly answered in the case of the td mutants, though such a
correlation does appear to exist (Lacy, 1959). Such a correlation,
however, has been shown by Case and Giles (1958) in studies of
a pantothenic locus. Perhaps the point of major interest for the mo-
ment is that although the td region, judged in terms of mutation, is
found to consist of many sites, judged in terms of complementation it
appears to be a region of only a few sites. Thus, each complementa-
tion group appears to contain many mutational sites. What are these

COMPLEMENTATION

RECIPROCAL RECOMBINATION
UNIT

Tigure 3 Genetrc area controlling try ptophan synthetase formation

complementation units® Do they represent discrete functiqn:\l areas
of the td locus® At present we cannot answer these questions. The
explanation for complementation probably ultimately hinges on an
understanding of the changes in enzyme formation that arc asoct
ated with gene change. Before complementation can be discussed
further, therefore, the characteristics of mutant enzymes must be
considered.

Tue Mutant ExzyME

The experimental data available at the present time strongly sug-
gest that mutation results in the formation of qualitatnely altered
proteins, This can be documented in the case of tryptophan s,\nlhc.-
tasc in a number of ways. As was discussed carlier, one td mutant is
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temperatute sensitive, This strain requires tryptophan if grown at
25°C, but s teyptophan independent if grown at 35°C, This strain
may be suppressed, and will then grow in the absence of mp(oph:fn
at 25°C. When grown at 25°C it characteristically forms a protein
which s serologically similat to tryptephan synthetase, Suskind and
Kureh (1957) have observed that by dhalysis this protein can be
acthated to form a catalytically actve tryptophan synthetase. The
enzyme obtained by activation of the cross-reacting material differs
from the enzyme of the parental strain in its greater sensitis ity to zinc
inactivation. Since the enzyme prepared by activation of the cross-
reacting material appears 1o be an altered enzyme, it Is of interest to
determine the characteristics of the enzyme formed by this mutant
under a number of dafferent condittons. Suskind and Kurek (1957)
have cartied out this comparison. Interestingly enough, regardiess of
how this strain is persuaded to form tryptophan synthetase, the

TABLE 3. Companson of Charactenstics of Enzyme Obtained by
Activation of Cross-reacting Material under Different Conditions

GENOTYPE ZING SENSITIVIT?
10y 2O . _dialysis s qugage +
ld24-~——-._..3§°_€.._.__.__%’r‘8ase +
ty, 25°C or 35°C T'Sase +
tdlwild type)m T'Sase -

;o‘rg:d :n{z)x‘:\c 1; always sensttive to znc inactivation, Thus the
nee of the td ( gene always results o
.. 5 the formation of
me which differs {rom the try ey
' YPtophan syn
parental sirain, and st 15 ¢l 2 o e, et o e

ear that the charactesistis
are determmned by the nature of the td Iocus. of the emyme

The fact that the td, ene gues nse to Ne-sensitive enzymae
4 gene g
2 o 3 snc. iy
clears up questions relating to the temperatyre seasitivity and Sup-
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pressibility of the strain. The temperature-sensitive characteristics of
the strain could be explained by the hypothesis that the uptake or
synthesis of some normal component which now acts as an inhibitor
of the td,, enzyme, such as zinc, is impaired at 34°C. As regards sup-
pressibility, the data of Suskind and Kurck (1957} clearly show that
the suppressor gene does nat contribute to tryptophan synthetase
formation, as the enzyme of the suppressed steain is similar to the
enzyme obtained by activation. The suppressor genc in this case ap-
pears to act indirectly and could act by regulating the uptake or syn-
thesis of a normal component that acts as an inhibitor of the mutant
enzyme.

Study of the strains which accumulate indole alo leads to the
similar conclusion that mutation results in the formation of altered
enzymes. Tryptophan synthetase normally catalyzes a reaction in-
volving an exchange between serine and indole-3-glycerol-phosphate
(Yanofsky and Rachmeler, 1958). The same enzyme, however, cata-
Iyzes two additional reactions, one involving the conversion of indole-
3-glycerol-phosphate to indole, and another involving the conden-
sation of indole and serine to give tryptophan, The strains which
accumulate indole form a protein scrologically related to the trypto-
phan synthetase of the parental strain. This protein lacks the trypto-
phan-forming reactions, but it retains the indole-forming reaction
{DcMoss, Imai, and Bonner, 1958). This finding indicates that mu~
tation has led to formation of an altered enzyme. In this instance the
alteration appears to interfere with a very restricted portion of the
enzyme molecule, specifically, the combining site for serine.

A last point bearing on mutation and the formation of qualita-
tively altered enzymes is the fact that the majority of ultraviolet-
induced mutants retain the ability to form a serologically related pro-
tein. From the preceding discussion, it seems likely that these sero-
lagically related proteins arc altered tryptophan synthetase, but the
precise nature of the alterations has not yet been elucidated. As cer-
tain of these mutants are hnown to represent mutations at different
sites and as cross-reacting material may well represent altered enzvine,
it appears that mutation in the td region commonly Ieads to the for-
mation of altered enzyme.

All of these data stress the correlation between genetic change and
qualitative enzyme alteration. In view of Ingram’s (1957) work on
the single amino acid differences in human hemoglobins, the obvious
prcdic(ion that one would make at present is the prediction that mu-
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{ations within the 1 region lead to slight changes “‘bﬂfc ’:f“‘“"fac‘(i
sequence of the tryptophan synthetase malecule. Substitution of tn
amino acid for another, o deletion of one amino acid, cou!d lgad to
the formation of a catalytically inactive enzyme. Th‘: substitution ?i
one amino actid by ancther couk‘i fead to the f?rr.natmn o{ a pr(.ltﬁfﬂ
whose physical charactesistics might not permit 1t to survive th}.\m
the cytoplasm. It might lead to the formation of an enzyme W\.“Ch
could be inattivated by some normal cellular component, Or it might
tead to the formation of a protein altered in such a way that it could
not combine with the substrates.

“This e of reasoning leads to the hypothesis that the td region is
one which determines the amine acid sequence of tryptophan synthe-
tase, and that the smallest site measured by mutation is one govern-
1ng the specification of a single amino acid. This s not a novel idea.
In fact, quite the contrary, as it has been this general line of thought
that most geneticists have followed in recent years. Ta follow this
same line of reasoning a bit further, since all available data point to
DNA as the genefic material, cach mutational site could be ene ar 2
few nucleotide pairs, The problem of how DNA controls the aming
acid sequence still awaits elucidation, Zalokar (1958) has recently
shown that in Neurospora RNA isformed in the nuclens and migrates
to the microsomes, while protein is formed both in the nucleus and in
the microsomes. This reinforces the thought that gene action, in gov-
erning enzyme structure, invalves the triumvirate of DNA, RNA, and
protein, but an understanding of the actual role of each must await
clarification of protein bi i

Having arrived a the conclusion that mutations at the td locus

lead to the formation of al‘tcrcd enzymes, let us reconsider the phe-
nomenon of complementation. The fact that complementation occurs
could suggest that two altered enzymes might interact in the cyto-
plasm and so reconstitute enzymatic activity. The very fact that e:z -
matic activity may be masked by intubitors, as has been shown in tlf
case of the temperature-sensistive mutant, means that com lcmcne
tation, m part, could reprasent cytoplasmic activation, W}?’] nen-
Dikely that such a mechanism will be found to account e 1t s
. e unt for 2 numbe:
of camplementing pairs, it is difficult to account for a}t :
plementation in this way. cases of com-

During the past year three extraordinarily i
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which deal w}(h .the structural nature o{l inl:;:::tﬁzb;mmwm
One obsernation is that of Richards (1958}, dealing with ‘gl:‘;:‘:
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pressibility of the strain. The temperature-sensitive characteristics of
the strain could be explained by the hypothesis that the uptake or
synthesis of some normal component which now acts as an inhibitor
of the td,, enzyme, such as zinc, is impaired at 34°C, As regards sup-
pressibility, the data of Suskind and Kurek (1957) clearly show that
the suppressor gene does not contribute to tryptophan synthetase
formation, as the enzyme of the suppressed strain is similar to the
enzyme obtained by activation. The suppressor gene in this case ap-
pears to act indirectly and could act by regulating the uptake or syn-
thesis of a normal component that acts as an inhibitor of the mutant
enzyme.

Study of the strains which accumulate indole also leads to the
similar conclusion that mutation results in the formation of altered
enzymes. Tryptophan synthetase normally catalyzes a reaction in-
volving an exchange between serine and indole-3-glycerol-phosphate
(Yanofsky and Rachmeler, 1958). The same enzyme, however, cata-
lyzes two additional reactions, one involving the conversion of indole-
3-glycerol-phosphate to indole, and another involving the conden-
sation of indole and serine to give tryptophan, The strains which
accumulate indole form a protein serologically related to the trypto-
phan synthetase of the parental strain. This protein lacks the trypto-
phan-forming reactions, but it retains the indole-forming reaction
(DeMoss, Imai, and Bonner, 1958). This finding indicates that mu-
tation has led to formation of an altered enzyme. In this instance the
alteration appears to interfere with a very restricted portion of the
enzyme molecule, specifically, the combining site for serine.

A last point bearing on mutation and the formation of qualita-
tively altered enzymes is the fact that the majority of ultraviolet-
induced mutants retain the ability to form a serologically related pro-
tein. From the preceding discussion, it seems likely that these sero-
logically related proteins are altered tryptophan synthetase, but the
precise nature of the alterations has not yet been elucidated. As cer-
tain of these mutants arc known to represent mutations at different
sites and as cross-reacting material may well represent altered enzvme,
it appears that mutation in the td region commanly leads to the for-
mation of altered enzyme,

All of these data stress the correlation between genctic change and
qualitative enzyme alteration, In view of Ingram’s (1957) \\orl: on
the single amino acid differences in human hemoglobins, the obvious
prcdiction that one would make at present is the prediction that mu-



David M. Bonner 217

. i H i id
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amino ac':i for anloj;hcr, or dé\:l‘mn o.f one amine acid, C;“{d I‘f‘"‘d “;
the formation of 2 catalytically inactive enzyme. Th§ substitution o
one amino acid by anather couh? Sead 1o the f?n.m(mn Of. '51 pr(‘ut}e;{n
whose physical characteristics might ot permit It ta survive W’;{ l;‘l
the eytoplasm. Tt might lead to the formation of an enzyme whic
covld be inactivated by some normal cellular component. Or it might
lead to the formation of a protein altered in such a way that it could
not combine with the substrates. o

“This ine of reasoning leads to the hypothesis that the td region is
one which determines the amino acid sequence of tryptophan synthe-
tase, and that the smallest site measured by mutation is one govern-
ing the specification of a single amino acid. This is not a novel idea.
In fact, quite the contrary, as it has been this general line of thought
that most geneticists have followed in recent years To follow this
same line of reasoning a bit further, since all available data paint to
DNA 2s the genetic material, each mutational site could be one or a
few nucleotide pairs. The problem of how DNA controls the amino
acid sequence still awaits elucidation. Zalokar (1958) has recently
shown that in Neurospora RNA is formed in the nucleus and migrates
ta the microsomes, while protein is formed both in the nucleus and in
the microsomes. This reinforces the thought that gene action, in gov-
eming enzyme structure, inyolves the triumvirate of DNA, RNA, and
protein, but an understanding of the actual role of each must await
clarification of protein biosynthesis,

Having arrived at the conclusion that mutations at the td locus
lead to the formation of altered enzymes,
nomencn of )

Iet us reconsider the phe-
The fact that compl ion occurs
could suggest that two altered enzymes might interact in the cyto.
plasm and $0 reconstitute enzymatic activity, The very fact that enzy.
matic activity may be masked by inhibitors, as has been shown in the
case of }hc temperature-sensistive mutant, means that complemen-
tation, in part, could represent cytoplasmic activation, While it is
Tikely that such’;\ mechanism will be found to account for a number
of :omplcr.ncn!mg pairs, it is difficult to account for all cases of co
plcmcr}\amm inthis way, i
During the past year three extraordinanily interesting observati
which deal with the structural nature of enzymes have a oy
One obsersatan is that of Richards (1938), dealing seith ‘gﬁc:::i
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pressibility of the strain. The temperature-sensitive characteristies of
the strain could be explained by the hypothesis that the uptake or
synthesis of some normal component which now acts as an inhibitor
of the td,, enzyme, such as zinc, is impaired at 34°C. As regards sup-
pressibility, the data of Suskind and Kurck (1957) clearly show that
the suppressor gene does not contribute to tryptophan synthetase
formation, as the enzyme of the suppressed strain is similar to the
enzyme obtained by activation. The suppressor gene in this case ap-
pears to act indircctly and could act by regulating the uptake or syn-
thesis of a normal component that acts as an inhibitor of the mutant
enzyme.

Study of the strains which accumulate indole also leads to the
similar conclusion that mutation results in the formation of altered
enzymes. Tryptophan synthetase normally catalyzes a reaction in-
valving an exchange between sering and indole-3-glycerol-phosphate
(Yanofsky and Rachmeler, 1958). The same enzyme, however, cata-
Iyzes two additional reactions, one involving the conversion of indole~
3-glycerol-phosphate to indole, and another involving the conden-
sation of indole and scrine to give tryptophan, The strains which
accumulate indole form a protcin scrologically related to the trypto-
phan synthetase of the parental strain. This protein lacks the trypto-
phan-forming reactions, but it retains the indole-forming reaction
{DcMoss, Imai, and Bonner, 1958). This finding indicates that mu-
tation has led to formation of an altered enzyme. In this instance the
alteration appears to interfere with a very restricted portion of the
enzyme molecule, specifically, the combining site for serine,

A last point bearing on mutation and the formation of qualita-
tively altered enzymes is the fact that the majority of ultraviolet-
induced mutants retain the ability to form a serologically related pro-
tein, From the preceding discussion, it seems Iikely that these sero-
logically related proteins arc altered tryptophan synthetase, but the
precisc nature of the alterations has not yet been clucidated. As cer-
tain of these mutants arc known to represent mutations at different
sites and as cross-reacting material may well represent altered enzvme,
it appears that mutation in the td region commonly leads to the for-
mation of altered enzyme.

All of these data stress the correlation between genctic change and
qualitative enzyme alteration. In view of Ingram’s (1957) work on
the single amino acid differences in human hemoglobins, the obvious
prcdiction that one would make at present is the prediction that mu-
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might be bound togethes by covalent linkages but,lsmcc fa::::“cia E;d
tisity may not require iz being s0 bound, complemental G
furiher im ol ¢ the association of these comsponents by ‘I“""S(i)'c
bindung, Such speculations are of greatinterest at ;“;P’“;;‘“ “(“‘:;5;;
sequire experimental verification Crawford and Yanots| z' il
fiave shown that extracts of mutant strams of.E, _tolz, one of which is
defective inthe A protem and the othet defectivein theB pmlm}é.can
form tryptophan synthetase activity by dxsso_uanon and hyb'n iza-
tion. They have further shown that the genetic arcas controlling the
{ormation of the A and B protein are closely finked, Tt has not been
possible to dissociate the tryptophan s).'n(hc(asc of Neurospora into
independent molecules, However, it might be possible to break cer-
tat cavalent bonds of this enzyme and so free the independent pro-
tein molecules that constitute the whole enzyme. Thus, whether a
number of discrete polypeptide molecul itute the tryptoph
synthetase of N. crassa has still to be experimentally determined, and
the comrelation between the complementation map and powibile inde-
pendent polypeptide molecules remains an intriguing possibility.
The fact that enzyme molecules may consist of a number of inde-
pendent polypeptide molecules must be bome in mind in consider-
ing the problem of genes and enzymes Such considerations could
tave a profound influence on the problem of the genetic contsol of
enzyme formation and even on the problem of gene action jiself, It
is clearly possible that if this were true a given molectle might serve
in more than ane enzyme complex. Evidence supporting this ty pe of
relattonship has not yet been obtained, However, the experiments of
Atwood and Mukai (1933) show that the mutant strains which have
so far been investigated genetically represent but 2 smail fraction of
the total mutants, and it may be that our methods of selection of
mutant types have precluded the isolation of strains in which a re-
\a\mnsh:ap of this sort wounld be esident, In concfusion, one can only
emphasize the fact that the structural nature of enzymes themselves
must be carefully considered when discussing the problem of pene
action, for it js possible that what we npw eall the td locus 15 in rciIh
anumher of clasely knked loci, each one of which controls the form. y
ton ?f aepasate polypeptide motectle, -
X Wehave diwu}*nd the relation of genes to enzymes and the altera.
tions that may arisc from mutation What s their relati 7
3;mahan and altered enzymes clearly could be in\ol\i"r.: &‘&Zﬁg .
of cancer. At the present time, howey €7, W& are not in a positi n
make any clear supgestion as to whay 1ype of alteration mgght ;21:1(;
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wre and activity of ribanuclease, Richards treated ribanucloase with
the protealytic enrvme subtilisin, and found that following this treat
ment, two palvpeptides, one large and one ~mall, can be Fnlated,
Ncither af these two palvpeptides by itsell has ensvmatic astivin,
However, the mixing of the twa at an appropriate pH leads 1o the
restaration of vibonuclease activity withaut the concomitant farma-
uon of the ariginal intact pahpeptide chain, These ahservations s
gest that while ribonuclease normalls consists of ane palvpeptide
maleenle, it can he <plit into twa palvpeptide molecules which car
asaciate in an cffective manner by dlectrastatic banding, The tevpres
phan sinthetase of . cali has heen studied in detail v Crawlard and
Yanolky ( 18581, who made the exciting discovers that feactionation
of I. coli tvptophan svnthetase results in the isalation af two protein
fractions neither one of which has enrymoatic activity, judaed in terms
oaf anv of the three renctions eatalvzed b this ensvme, However, full
aetivity i restored when these two proteins are mixed, T coli trvpte-
phan swnthetase, therelore, appear to conast of at Jeast two protein
molecules which are narmally held tagether th electrostane fore
The third ehservation of interest 1 the studies of Smger and Ttano
{in press) on hemaglobin Hemaglobin consists of four polepeptide
chains of twa tvpes. Under appropriate conditions hemaglatun splits
inta twa subunits containing two dentical chains Tn miving o\pr
ments with hemaoglobin A and hemaglabin S, Singer and Jtann (in
pres) have shown that asvmmetric disaciation and hynidization
can occur. All of these observatians paimt to the fact that ensvms
may normalhy cansist of A number of diserete polepeptide moleculs
which mav or mav not be held together by covalent hanas, Perhaps
of greater interest to the present dwension, however, is the uggestion
that the catalvtic activitn of an ensvme need net be dependent an
having all of the palvpeptide campanents of an enrvme haund o~
gether as a single molecule, Such evidence abnionh suggests that the
genetic areas defineated in a camplementation map could represent
regions vequired far the formatian of specific polvpeptide malecules
Thus camplementation could reflect the fast that Region \ » 1
quired Tar the formation of a polvpeptide maleanle \, Region B for
the farmation of 2 pahpeptide molecule B, and Region C for the for-
mation of & palipeptide malecule G NMutant strains having an ater
ation in Regian A might then be expected 1o complement with e
qant strains having n defect in either Region B ar G, sinee the twa
atrains together would be able 1o form the normal A protein as well as
the normal B and novnoal G prorein, Normally these patvpeptides
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might be bound together by covalent lmk‘lgcs but, ]s:nc:nf::iaolr)\mccozlc "
fivity may not require their being so bound, cormp. e eteodtatic
further involve the association of these components by elec! s
hinding. Such speculations are _of greatinterest at the presfe;t tm]l;;];)t
require experimental verification Cra.\\:ford and Y.ano sky ( hi
have shown that extracts of mutant strains o{.E. _mlz, one of \v}uc Is
defective in the A protein and thc. other dcffctl\? in the B protein, can
form tryptophan synthetase activity by dxsso_mtmn and hybndxz;-
tion. They have further shown that the genetic areas controlling the
formation of the A and B protein are closely linked. Tt has not been
possible to dissociate the tryptophan S).'nthc!asc oE.N:umspora into
independent molecules. Howeser, it might be possible to break cer-
tain covalent bonds of this enzyme and so free the independent pro-
t¢in molecules that comstitute the whole enzyme. Thus, whether a
number of discrete polypeptide molecules constitute the tryptoph
synthetase of N, crassa has still to be expesimentally determined, and
the carrelation hetween the compl ion map and posible inde-
pendent polypeptide malecules remains an intriguing possibility.

The fact that enzyme molecules may consist of a number of inde-
pendent polypeptide molecules must be bamne in mind in consider-
ing the problem of genes and enzymes. Such considerations could
have a profound mfluence on the problem of the genetic control of
enzyme formation and even on the problem of gene action itself. It
15 clearly possible that if this were true a gisen molecule might serve
in more than one enzyme complex Evidence supporting this type of
relationship has not yet been obtained. Howeser, the experiments of
Atwood and Muhar (1953} show that the mutant strains which have
< far been investigated genetically represent but a small fraction of
the total mutants, and it way be that our methods of selection of
mutant types have precluded the isolation of strains in which a re-
Inlmmhfp of this sort would be evident, In conclusion, one can onfy
emphasize the fact (hat' the structural nature of enzymes themsehes
must be carefully considered when discussing the problem of gene
action, for it 1s possible that what we now call the td locus is in reality
a number of closely Iinked loci, each one of which controls the forma-
“°{';": separate poléptc‘pﬁd‘c molecule,

€t have discussed the relation of gem

tions that smay anse from mutaton, \g\‘h: :so xchnclx‘rr:ccli: Ay ahm;
Mutation and altered enavmes clearly coudd be insoly :ldo?nt:’hca: ol
:E:lacnc:,: ‘}l the present time, howerer, we are not ina Po:iziz::ng’tr;

ake any clear suggestion as ta what type of alteration might result
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in ncoplastic growth. For the purpose of the present discussion it must
suflice to point out that a number of cases are now known in micro-
organisms and in man in which the formation of an altered enzyme
is clearly associated with a mutant form of a specific genctic area.
Thus in man as in microorganisms it follows that genetic material
can control the qualitative characteristics of specific enzymes.

GENE ACTION AND THE QUANTITATIVE REGULATION
or EnzyME ForMATION

Is the qualitative nature of the enzyme the only aspect of enzyme
formation which is genetically determined? This is a problem which
geneticists have long pondered (Goldschmidt, 1937). It is of course
well known that not all of the genetic information of a cell is func-
tional at any point in development. In Neurospora certain enzymes
are formed in quantity relatively late and others carly in the growth
of a developing hypha (Zalokar, in preparation). In fact, there is
abundant cvidence that enzyme formation is a regulated process but,
unfortunately, there is a scarcity of evidence bearing on the mech-
anism of this regulation. In the past two ycars, quantitative aspects of
enzyme formation have been widely considered. Enzyme repression
and feed-back mechanisms have been proposed and documented ex-
perimentally (Vogel, 1957; Gorini and Maas, 1957; Yates and Par-
dee, 1957). These mechanisms have been largely discussed in terms
of their operation at the enzyme-forming level, and while they un-
questionably could have an ultimate genetic basis, the role of genetic
material has not been seriously discussed. It is this role, however, with
which we are concerned here, Docs genetic material serve as & rcgulq-
tor of the quantitative aspects of enzyme formation? If it docs, is this
then an action of genetic material inscparable from the locus that de-
termines the qualitative characteristics of the enzyme? If it is sep-
arable, is it linked to that locus, or is it unrelated? Lastly, does each
enzyme have a regulator element, either built in, linked or unrelated,
or can one regulator element regulate a whole biochemical pathway?
These arc exciting and intriguing problems, but, unfortunatcly, they
are difficult to solve at the present time.

In Neurospora, genes can affect the rate and eatent of enzyme syn-
thesis. This phenomenon has been particularly well studicd in the
case of B-galactosidase (Franklin, 1954). A number of gencs are
known to cxert a quantitative influence on the formation of A-ga-
Iactosidase. The gences which have been studied, however, appear to



David M. Bonner 221

influcnce the amount of enzyme formation indirectly. For mstanchcy
one gene is known that limits the u.ptakc of I:’ictoac, and thus the
concentration of the inducing sugar s reduced in such mutants and
the rate of enzyme formation is lowered. Th|s gene appears, (h:n? to
affect primarily the permeability characteristics of thF organism with-
out directly affecting its ability to form B-galactosidase Still other
genes with other indirect effects are known to affect t}ze fnrm:.:tl.un of
this enzyme. Such genes do serve in 2 regulatory fashion, but it is not
evident from the data that modifier genes, as these might be called,
Yrave as their primary function the quantitative regulation of enzyme
formation, At present only f v bits of evidence are availabl
which suggest that there may be a quantitative regulatory aspect to
the problem of gene action Hartmann ef al (in press) have studied
genetic control of histidine formation in Salmonella, showing that
the genes contralling the various biochemical steps in histidine forma-
tion are linked together and appear to be linked in the same order as
the reaction sequence. Two genes are known which appear to repre-
sent novel phenotypes, in that these two genes do not associate readily
with 2 particolar biochemical reaction or single amino acid defi-
ciencies. Interestingly enough, these genes are at the opposite ends of
the linkage group and so appear to enclose the other histidine loci
which have been associated with single enzyme deficiencies. Harni-
mann’s group has suggested that these two genes could represent
the regulatory elements for histidine formation, and so one or two
genetic elements might serve as the genetic tegulatory elements {or
an cntir'c bi‘osymhctic.pathway In studying the genetic control of
in E. eoli, Eisenstein and Yanofsky found {per-
X ) that when genetic wmaterial of Shigella is
d to E, coly l{y o , the resulting organism forms
!r)pfop}mn synthetase in excess (100 X the normal amount). Tt is
possible that a regulator gene may control the quantitative aspects of
tryptophan formation, and that this excess en I i i
seflect the fact that the linkage rel ot reation might
the genes ¢ lling ge re a:tmnship cfd :‘f;’: regu]z;;or glcnc to
¢ « ryptop ¥ s in E. coli and
B e e, Gl Fatide, i e,
Nmrmpz\m that occasionally a r:)v:n;ltci:zszls:tc:r;rxisc}:cfv::: n: -
enzyme than the parental strain, A i rati s move
in l!'lc sl]udy of rc?m:m!s of nilﬁimﬁ:f:\i‘sﬁcﬁf ;;n magc
sariously mt i i ion can be
y interpreted, but it too su ggests 2 regulator gene. The investi.
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gations of McClintock (1951, 1956) on the controlling clements of
corn suggest a regulatory aspect of gene action, as do the modulator
genes of corn which have been described by Brink (1954). All these
observations support the general view that genetic clements are in-
volved in the quantitative as well as in the qualitative control of en-
zyme formation, Whether these two aspeets of gene action are insep-
arable at a single locus or are in scparable clements is not known,
though present evidence perhaps favors the view of linked but sepa-
rate arcas, Thoughts of this sort are of particular interest to the stu-
dent of cancer, because in cancer we are dealing with problems of
unregulated growth. While we have scant evidence at the present
time, it may well be that experimental work will soon provide direct
evidence concerning the genetic nature of the regulatory mechanisms
governing enzyme formation. Evidence of this sort will be obtained in
many different ways. For instance, it will be of interest to find
whether gene mutations resulting in unregulated enzyme formation
can be found. It will also be of interest to study the action of the same
genetic material in different hosts. The future mav well prove kind,
and it may soon be possible to transfer genes from one fungus to an-
other, as we can do at present only in bacteria. More exciting is the
possible addition of genes of a tumor cell to a normal cell. If this can
be done, the problem of enzyme regulation in cancer will become 8
very exciting ficld.

In conclusion, we can say of genc action that genes specify the
amino acid sequence of enzymes. How genes do this and what re-
lationships exist among the triumvirate DNA, RNA, and protein in
this action cannot be intelligently explaned untl we know far more
about the biosynthesis of protcin. For the future, perhaps, an even
morc important problem is the discovery of other functions, such asa
quantitative regulatory function, which genetic material might ful-
fill; for it is in this ficld that we may find answers which will prove of
particular profit to the understanding of cancer.
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gations of McClintock (1951, 1956) on the controlling clements of
corn suggest a regulatory aspect of gene action, as do the modulator
genes of corn which have been described by Brink (1954). All these
observations support the general view that genetic elements are in-
volved in the quantitative as well as in the qualitative control of en-
zyme formation, Whether these two aspects of gene action are insep-
arable at a single locus or are in separable clements is not known,
though present evidence perhaps favors the view of linked but sepa-
rate arcas, Thoughts of this sort arc of particular interest to the sto-
dent of cancer, because in cancer we are dealing with problems of
unregulated growth, While we have scant evidence at the present
time, it may well be that experimental work will soon provide direct
evidence concerning the genetic nature of the regulatory mechanisms
governing enzyme formation. Evidence of this sort will be obtained in
many different ways. For instance, it will be of interest to find
whether gene mutations resulting in unregulated enzyme formation
can be found. It will also be of interest to study the action of the same
genetic material in different hosts. The future may well prove kind,
and it may soon be possible to transfer genes from one fungus to an-
other, as we can do at present only in bacteria. More cxciting Is the
possible addition of genes of a tumor cell to a normal cell, If this can
be done, the problem of enzyme regulation in cancer will become a
very exciting field.

In conclusion, we can say of gene action that genes specify the
amino acid sequence of enzymes How genes do this and what re-
lationships exist among the triumvirate DNA, RNA, and protein in
this action cannot be intelligently explained until we hnow far more
about the biosynthesis of protein, For the future, perhaps, an even
more important problem is the discovery of other functions, such asa
quantitative regulatory function, which genetic material might ful-
fill; for it is in this ficld that we may find answers which will prove of
particular profit to the understanding of cancer.
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in the induced tumors. Response to the most.polcm chcrfnca\ ;:rf::;:
gene can be demonstrated ta be greadly varied by altesing the g :
type. Such alteration can be in rfspm to degt;c‘n{ rts(p?:(i\to:in:i
particular type of tumor and ak}: in respect 1o the type of A
duced. The list of tumors associated with 1inuses 1s wncreasng, u
virisses, as well as the response of the host 1o the virus, are often
under the influence of genes.

“The tsentual conclusion is that the occurrence of all .\)pes of tus
mars in all specses is probably to some degree under the influence c?!
genes, Haning reached this paint, however, ene must {calxzc that this
allinclushe conclusion represents only the first goal in the s\.udy of
the genetics of cancer, A gaal much greater than demonstrating the
influence of the gene is that of physiologically linking the gene to the
accurrence of the cancer. How do the genes infiuente the occussence
of the tumer? It js in this area of physiological genetics that the
future’s most important work of the genetics of cancer hies Consider-
ahle progress has heen made m the study of gene action pathsJeading
to the occurrence of certain types of cancer; in no case have all the
steps lihing the primary gene action o the final appearance of the
neoplasm been identified,

Gene action as used in this discussion does not vefer 10 the primary
gene action which is stactly that of the gene reproducing itself.
Rather, it refers to the nks in the chain of events connecting the gene
to the tumor, These steps can be localized anatomically, .., the
identification of the ergans, tissues, or cells m which they occur;
physiolagically, ie., the identif of the physilogical pathways
nitiated and directed b the genes, and finally biochemicall, 1.e., the
exact blochemical reactions and their assaciated genes in the physiok

ogy leading to the eccurrence of the tumor.

T:c{\niqucs of tr:\nsplaming an organ of one genotype into 2 host
E[c:n :I]\gle;zn: huf |{nmunolcgz:va“y compatible genotype }m\e now
ing i tmor i . gt e s et
mamfest through some s s{’cmic mcgjxn s xm;(c: o that organ or s
Iaboratory pulmanary t) f s of the bost,
n th{s w “p Inthe o;’g;;;\::;:x:;;n ;\;:::@ Z{bl:xm {
adules of both the susceptible strain A ‘and the rc:ism:tg strrm'“ )C":'ix;g
were transplanted subcutancously intg the (A %X C571 ;ur;] by -L
Heston and Dumn, 1933). Since the I, :’nhcritt\d all ‘;]) 1l eids
genes fram 'hmh parent straing, it arctpl;d the lmm‘plant: gzm]?m
preent strains. Tn carlier studies it had been estimated zhaTzhii‘

In our own
investigated
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In the overall consideration of the ctiology of neoplasia in all
specics, genes arc probably the most nfluential of any set of factors in
determining whether or not cancer occurs, In mice, through the
development of the inbred strains, through segregation studies, and
through linkage studics, the influence of genetic factors has been
demonstrated for mammary gland tumors, hepatomas, pulmonary
tumors, leukemia and other reticulum cell neoplasms, gastric tumors,
paptllomas of the skin, carcinomas of the shin, subcutancous sar-
comas, osteogenic sarcomas, lipomas, hemangio-endotheliomas, ade-
nomas of the pituitary gland, tumors of the adrenal gland, tumors of
the ovary, interstitial cell tumors of the testis, teratomas of the testis,
tumors of the salivary gland, and even adenomas of the Harderian
gland. No doubt other tumors could be shown to be influenced by
genetic factors if they could be caused to occur with such frequency
as to permit a genctic study. The fact that such a hst cannot be
named for any other specics does not indicate that the biochemistsy
and physiology of the mouse are more under the control of its genes,
but rather that other species are not so well suited to genctic studies
of cancer, or for some other reason hase not been studred so nuch m
this respect. Some tumors n which genetic influences are most pro-
nounced occur in fruit flics, fish, and even in plants.

Influence of genetie factors is not only apparent in the develop-
ment of the so-called spontancous tumors but 1s cqually important
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strains, Obtaining significant results iqr these single genes with such
transplantation techniquesis proving difficult. . -

Merely localizing the action of these genes influencing t € oceur-
rence of pulmenary tumors in ﬂ.\c lung falls far short of linking the
gene to the character. Howerer, it daes suggest that the effect of I‘hcsc
genes on the malignant change may be a rather direct one. Until we
Lnaw more about the nature of the malignant change itself, however,
we can hardly postulate how these genes are controlling it. Is the
malignant change some heritable change in the cytoplasm; du'thcsc
genes influence the probability of this change occurring, or is the
malignant change a gene mutation? If it is a gene mutation, isita
mutation of a specific gene under the influence of these several genes
by which the strains differ, or can it be 2 mutation of any of several
genes? Are these postulated mutable genes themselves the genes by
which the strains differ, and do those carried by the susceptible strain
Tepresent more mutable alleles than those carried by the resistant
strain? These questions concern problems in the genetics of somatic
<ells, Tt can be haped that some of the newer techniques of tissue
culture or those learned in the study of microbial genetics may be
applied to mammalian cells in attempting to answer such questions,

Transplantation techniques, such as those applied to the Jocaliza-
tion of the action of genes influencing the occurrence of pulmonary
tumors, have been applied with general suceess to a number of other
tamars, Male strain C3H mice do not develop interstitial cell tumors
of the tdli.s when treated with estrogen; whereas male strain A mice
d: Trentin artd C:ardn:r .( 1958) transplamcd' testes from males of
; :;; ;:‘1:\0\:}:{;:1: into their eastrated F, hybrid males, in order to

t T this gcn:ntf difference represented a genetic differ-
ence in the response of the pinntary glands 1o the estrogen which in
tumn cffected a difference in the response of the testis, or a difference

m the direct response of the testis to the same hormonal stimulatio
Pellets of drcthylstilbestrol in chol 1 were then impl. he

F hn;u. Tumors occurred in A testes in F,
quently than in A testes transplanted into A hosts,

n , probab;
of the fonger fife o}' the Fy host, white 2 tumor occsrred inya}:z;ca: "
of the G3H testes in F, hosts, This suggests that genic action h’;renii

linuted to the testss and indi i
eates that in attempti
pletely the action of the Pring tolnk more com-

genes to the resulti;
his study on the testis, e tamor ene should focus
It is interesting that in strai
ain C3H males which i
t h t ar
estrogen-induced, interstitial cell tumors of the l:?l?: X:: .o
» Mammary

 in the
hosts even more fre.
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parent strains differed by four or more pairs of genes influencing the
occurrence of pulmonary tumors. If the action of these genes were
limited to the lung itself, onc could expect tumor development in the
transplants to resemble that in the intact lungs of the respective
parent strain; whereas, if the action of these genes became manifest
through some systemic mechanism, onc would expect the transplants
to Jose their respective susceptibility and resistance and respond as
dirccted by the genotype of the Fy host, Following the injection of the
F. hosts with dibenz(a,k)anthracenc to increase the tumor response
and shorten the time of the experiment, many tumors were found in
the strain A transplants and very few appeared in the strain C57L
transplants. This result indicated that the action of these genes was
localized in the end organ, the lung,

This work has been extended to similar transplantation of fetal
lung (Heston and Steflce, 19537). The minute transplanted lobe of
the lung of the fetus grew to a size approximating that of a corre-
sponding lobe of an adult mouse, thus providing more tissue to re-
spond, and hence more tumors occurred; but the transplanted lobes
retained their respective susceptibility and resistance. This was ob-
served both when the tumors were induced with dibenz(a,k)anthra-
cence and when they arose spontancously. Thus, the action of the
genes in the pulmonary tissuc controlling the occurrence of tumors
could not be altered even in the fetal tissue.

Shapiro and Kirschbaum (1951) carried out a similar study in
which segments of lung from strain DBA micc that are resistant to
pulmonary tumors, and from mice of the Bagg albino strain that is
susceptible, were transplanted into the cars of the Fy hybrids of these
two strains. They found that the Bagg albmo transplants remained
susceptible and the DBA transplants remained resistant, indicating
that the action of the genes influencing the accurrence of pulmonary
tumors by which these strains diffcred was likewise confined to the
hng.

It would not be expected, however, that the action of all genes
influencing the occurrence of pulmonary tumors would need to be
restricted to the lung. Genes, such as lethal yellow and obesc, that
influence the occurrence of pulmonary tumors and also have a pro-
nounced cffect on the normal growth of the animal, might be ex-
pected to have their action influencing pulmonary tumors manifested
through some general mechanism of the host. Differences due to
these single genes, however, are small when compared with the large
differences between the highly susceptible and the highly resistant



2
W, E. Heston 229

<rans. Obtaiming sigrificant results ?;ﬁ'chie single genes with such
N N . lt.

tra{n;p::\r;lmﬁgﬂg: :scﬁop::(:(u\llfcsle genes influencing the occu}:’-

e i s f linking the
rence of pulmonary tumors in the lung falls far short of
geneto e charactes, Howeses, it daes suggest ‘h;‘ 'h: :5:“1;2 S‘ff:
genes cn the malignant change may bt.a sather direct “. by w
Tnow more abowt the nature of the malignaat change usel, & °";W h )
we can hardly postulate how these genes are controlling .12 sh‘ ©
malignant change some heritable change in the cympl'«_:sm, G_t C‘SIC
gents influence the probability of this change oceurring, or is .l e
malignant change a gene mutation? I it is 2 gene mutation, 13 ita
mutation of a specific gene under the influence of these several genes
by which the strains differ, or can it be a mutation of any of several
genes? Are these postulated mutable genes themselves thc, genes }3y
which the strains differ, and do those carried by the susceptible strain
represent miare wmutable alleles than those carried by the resxstar.lt
strain? These questions concern problems in the genetics of somatic
cells. Tt can be hoped that some of the newer techniques of tissue
culture or thase learned in the study of microbial genetics may be
applied to mammalian cells in attempting to answer such questions.

Transplantation techniques, such as those applied to the localiza-
tion of the action of genes influencing the occurrence of pulmonary
tumors, have been applied with general success to 2 number of other
tumors. Male strain C3H mice do not develop interstitial cell tumors
of the testis when treated with estrogen; whereas male strain A mice
do Trentin and Gardner (1958) transplanted testes from males of
these twa strains into their castrated F, hybrid males, in order to
astestain whether this genetic difference represented a genetic differ-
¢nce 1 the response of the pituitary glands to the estrogen which in
turn effected a difference in the response of the testis, or difference
1 the direct response of the testis to the same hormonal stimulation
Peliets of dicthylstilbestrol in cholesterc) were then implanted in the

+ hosts, Tumors occurred in A testes in Fy hasts even more fre.
Quently than in A testes transplanted into A hosts, probably because
of the longer e of the F, host, while 2 tumar oceurred in only one
of l}xc C3H testes in Fs hosts, This sugeests that genic action here is
imited o the tests and indicates that in attempting to link more com.
Pletely the action o{ the genes to the resulting tumor one should focus
hxss\udy on the testis,

- , interstitial cell tumors of the festts, mammary
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gfand tumors are readily induced with estrogen; whereas the strain A
males that arc highly susceptible to the estrogen-induced testicular
tumors are refractory to estrogen-induced mammary gland tumors
(Bonscr, 1944), However, this is understandable since the gene
action confrolling the testicular tumors controls the response of the
testis to the hormonal stimulation rather than contrelling the hor-
monal output,

There is evidence that some of the gene action influencing the
occurrence of mammary gland tumors in mice is localized within
the mammary gland, Prehn (1953) transplanted mammary glands
from both resistant strain C57BL and susceptible strain BALB/c
into the F; hybrid females from crosses of these two strains. Follow ing
the introduction of the mammary tumor agent, tumors and hyper-
plastic nodules were noted in the BALB/c transplanted glands but
not in the C57BL transplanted glands. This indicated genic action
within the mammary gland controlling its response but did not indi-
cate whether it was responsc to the agent, to the hormonal stimula-
tion, or to both, This area df investigation will be discussed further
later.

In the classic experiments of Woolley and co-workers ( Woolley,
1949) genetic differences in the occurrence of tumors in the adrenal
glands associated with hormonal imbalance were demonstrated. The
adrenal glands of early gonndectomized mice of strains C57BL and
C57BR underwent only slight change; those of gonndccmmizcd
strain DBA mice developed nodular hyperplasia of the cortex, and
those of gonadectomized strain CE mice developed carcinoma of the
cortex. Was this genic action within the adrenal gland controlling its
response; was the action elsewhere indirectly controlling the response
of the adrenal gland; or was it controlling the abnormal hormonal
stimulation to the adrenal gland? Using strain A that shows very
minimal post-castrational adrenal hyperplasia, strain C3H (7) that
shows considerable hyperplasia, and strain CE that develops carci-
nomas, Huschy and Bittner (1951) transplanted adrenal glands from
the parental strains inte the various F, hybrid combinations of the
three strains, The Fy mice were then gonadectomized. “The results
indicated that the response, whether carcinoma or merely hyper-
plasia, was governed by the genotype of the adrenal gland. Thus,
again the genic action was demonstrated to be within the end organ.

Experiments on lymphocytic leukemia in mice have yielded certain
entrancing variations to the situations described abaove. That genetic
factors are involved was clearly shown by the work of MacDowell
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and co-worhers (MacDowell, Pottcr,‘and Taylor, 1945) and the
wark of Cale and Furth (1941). Studies on thymectomy and f.rirz:s-
plantation of the thymus by Law and co-workers (Law, 1957; Law
and Potter, 1956) and by Kaplan and co-workers (Kaplan, Hirsch,
and Brown, 1956) implicated the thymus as the slt:’oi ongm.ol both
spontaneous and x-ray-induced lymphocytic \cuku}'n:a and raised .‘ht
question asto whether the genes coutrolling Sl%SCCp.(lbﬂlt)' were act{ng
withn the thymus or through some mechanism m.dxrec!]y affecting
the thymus, In transplantation experiments involv.mg the }*‘1 hybrid
Raplan et al. observed that more ncup\asn‘as arose in genetically sus-
ceptible C57BL thymic trapsplants in irradiated (C57BL X C3H)F,
hosts than in genetically resistant C3H thymic transplants in the same
hosts, In comparison, Law observed that neoplasms arose in about
hall of the genetically susceptible AKR thymic transplants m {C3H
X AKRYF, hosts, wheseas none occurred in the genetically resistant
C3H thymic transplants in these F; hosts This indicated that genic
action influencing the occurrence of lymphocytic leukemia was
Tocalized in the thymus
Law and co-workess carried the study further by using genetically
<usceptible strain C57BL and genetically resistant strain A that have
dillerent H-2 alleles, affording an opportunity for ascertaining
whether the neoplasms actually arose from the lymphocytes intro-
duced with the transplanted thymus or from lymphocytes of the host
that invaded the transplanted thymus, They found that neoplasms
arising carly (five to five and one-half months) in C57BL thymic
ransplanys in {C57BL X AJF, hosts were transplantable to both the
patent C57BL strain and the Fy, indicating strain C57BL origin.
However, those neoplasms arising in the transplants fater {seven to
ten months) were transpl le only to the F,, ind that they
ai0se f1om ¥, ymphocytes Kaplan has made similar observations.
ese ohservations, together with the observations of Lasw and
Potter (1956) that, following transplantation, the original lympho-
ovies of the thymic transplant are gradually replaced by lvmphccytcs
{rom the host, indicate that the genic action here could be further
k\f:\l.utd in the stroma of the thymus. It appears that gene action
within the stroma, through some path which stil] may be rather in.
:K;‘;tlu. eausesthe ngop];\lsﬁc change to oceur either in the Iymphocytes
accompany the i 3 .
h(;r x'r;‘mlm‘l\c llzc tr:\n‘sx?lamn\: PRt orin host Iy mphocytes that
t should be emphastsed, howerer, that this
ferue action influencing the oceurrence of l;cu)x::zfi:mlrlsfli‘cl:: E:iz
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(1952) had shown that the gene, flexed-tail, was associated with an
increase in induced leukemia in mice. Inasmuch as flexed-tail causes
a temporary anemia at birth, onc may suspect that the genic effect
on the occurrence of Jeukemia here is not through some action limited
to the stroma of the thymus but through a more general carlier effect
on the whole hematopoietic system.

In addition to genic action in neoplasia being limited to certain
organs or cells, sometimes the genie action is actually that of produc-
ing the cell that is to hecome malignant. Through extensive studies
Gordon (1951) has observed that crosses between spotted platyfish
and swordtails produce hybrids in which melanomas aceur. From the
platyfish are introduced macromelanophores and from the sword-
tails are introduced growth-stimulating genes that cause the macro-
melanophores to undergo the malignant change. The more clear-cut
genetic action in this casc is that resulting in the macromelanophores.
These are clearly the result of any one of five sex-linked genes that
are probably alleles, are dominant to the allele or alleles that do not
give rise to these cells, and vary in the resultant distribution of the
macromelanophores. Without the macromelanaphores the mela-
nomas cannot occur.

A somewhat comparable situation may also exist in respeet to the
hyperplastic nodules in the mammaty glands in mice. DeOme has
described the technique by which he and his co-workers have been
able to show conclusively that mammary tumars arisc from these
nodules (sce pp. 327 to 348, this volume). From the work of De-
Ome’s group and the work of Richardson and Hummel (1959),
Jones (1956), and Huseby and Bittner (1946), it is evident that the
occurrence of these nodules in the various strains is largely determined
by genes whase actions become manifest through hormonal stimula-
tion. The way is open for a thorough genetic analysis of these nodtflc.s
as well as an analysis of the endocrine factors involved, and I antici-
pate that this will be donc in DeOme’s laboratary. The number of
nodules will undoubtedly offer a quantitative measure of response
that will be a great aid in the genetic analyses, just as the number of
induced pulmonary tumors in mice has proved to be such a valuable
measure of response in the genetic analysis of pulmonary tumors.

Sometimes gene action influencing the occurrence of tumors can
be localized physiologically rather than anatomically, For some time
we have been interested in the relationship between normal growth
and malignant growth, Among scven gencs shown to be nsﬂ.)cintc.d
sith pulmenary tumors jn mice (hairless, lethal yellow, vestigial tail,
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shaer-2, waved-2, fused, and flexed-tail) there has appeared to l-)cl?
positive correlation between the effect of these genes on body weight
¥ theis association with the occurrence of pulmonary tumors (Hes-
ton, Deringer, Hughes, and Cornfield, 1952; Deringer and Heston,
1955; Heston, 1956). Lethal yellow that increases body weight in-
creased the occurrence of pulmonary tumors, whereas all the other
genes were associated with a decrease in pulmonary tumors, and all
decrease body weight. This suggested that the action of at least some
of these genes on the occurrence of tumors might be linked in some
waytotheir effect on body weight.

More recently, however, we have found a decided decreasc in oc-
currence of pulmonary tumors associated with the gene obese, and
this gene greatly increases body weight (unpublished data). Al-
though this at first appeared contrary to results with the other genes,
further study of the obese animals sevealed that although they
weighed approximately twice as much as their normal sibs because
of the great amount of adipose tissue, they were smaller than thele
normal sibs in respect to measurements taken on total body length,
length of the femur, and weight of gastrocnemus muscle. Lethal
yellow that increases occurrence of tumors not only increases body
waght but also increases total body length and leagth of the femur
‘These observations suggest that occurrence of pulmonary tumors is
not genttically related o obesity but rather to normal growth of the
skeletal and muscular elements.

Tn this connection it is interesting to note that from prefiminary
o&rcrva.uons on the relationship of body types to occurrence of breast
cancet in women, Sheldon and associates (1949) reported that those
most Likely to dexelop breast cancer were women with good muscular
and sheletal deselopment 2s well 28 some tendency toward obesity,
E:tll?\i : ul'y obese women who ok3\ iously had endocrine disturbances

¢ low on the mesomorphic scale were much Jess Bkely to de-
slop prcas! cancer. These results together with those on the specific
Renes in mice suagest that a more frutful approach to the discovery
of genctic effects on cancer in man might be directed toward the
study of genes affecting normal growth as revealed in b ;
rather th, 3 A in body types
an toward a search for linkage with those genes influencin
mn‘r: mpcrﬁc_ial characters such as hair color or eye color, €
\hc\xd}(f g 1956) has started some biochemical studies of the effect of
d‘m:“-‘ yellow gene. Since Greenstein (1942) had shown same
ces between normal and neopt H
Phohatase activ ity v plasic mouse lung in respect to
¥, Wollf decided ta amlyze precancerous fung
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homogenates from yellow and non-yellow mice in this respect, and
thus far has found some differences that appear to be associated with
this gene. Much more work will need to be done before the picture is
clarified and before the biochemical differences can be related to the
cffect of the gene on cither normal or malignant growth. The work,
however, represents an example of a start in the biochemical genetics
of the mouse, an arca that must be developed if genic action is to be
completely linked with ncoplasia in thisspecies.

Some examples of genetic relationship between normal and malig-
nant growth can be found in the ficld of plant tumors, After studying
31 interspecific tumor-forming hybrid combinations in Nicotiana,
Kehr (1951) concluded that these tumors were caused by genes con-
trolling the growth-regulating mechanism, When this mechanism is
thrown out of balance in plants of certain genctic constitutions, the
tumors accur. He postulated that whercas the species comprise sys-
tems in which phytohormone utilization and other developmental
processes result in normal growth, in certain interspecific combina-
tions the resultant genotype disturbs the normal phytohormone me-
tabolism, resulting in abnormal growth without normal cell differ-
cntiation.

In some types of cancer, genes influence the occurrence of tumors
through their control of response of certain tissues to some cxtcrpal
stimulus. This also might be thought of as physiological localization
of gene action. One of the cancers of man cxhibiting a rather simple
mode of inheritance is xeroderma pigmentosum, Macklin (1936)
described the inheritance as that of a simple recessis ¢ trait, Before the
mode of inheritance was known, however, actinic rays had been
cstablished as a causative factor (Copeland and Martin, 1932).
Upon exposure to sunlight, genetically susceptible individuals de-
velop an intensive freckling that progresses to a carcinomatous cons
dition. It is to be assumed that the actinic rays cause a heritable
change or heritable changes in the cell resulting in malignancy, and
that the action of the gene 1s that of greatly increasing the prob:\bihl)
that this change or these changes will occur.

The bovine ocular squamous carcinoma that 1 bemng studied by
staff members of The University of "Fexas M. D Anderson Hospital
and Tumor Institute may be the result of similar gene action (An-
derson, sece pp. 364 to 374, this volume; Russell, Wynne, and 1.40-
quvam, 1956). The gene or genes involved here may he incrcai'ml!
the probability that the squamous cpithelial cells in the ocular rc:x:mn
will undergo a heritable mahgnant change when exposed to sunlight.
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Sometimes the gene action can be localized ph}sio!ogic:ﬂly in lh_c
production of the stimulus necessary for the tumor to occur w hen this
cmulus i intrinsic. Very few virgin strain .\ female mice develop
mammary gland tumors; whereas mammary gland tumors occur in
practically all virgin as well as breeding strain C3H females. If strain
A females are bred, however, an incidence approaching thatin C3H
females s produced. Through crosses between these strains this differ-
ence was shown to be basically due to genes (Biuner, Vischer, Ball,
2nd Smith, 1944; Heston and Andenont, 1944). The question re-
mained, however, as to whether the genic action was localized in the
physiology of hormone production, causng the C3H to produce hor-
rronal stimulation necessary for the females to have tumors without
the added hormonal stimulation resulting from hasing litters; or
was locahized in the mammary gland, making the C3H glands more
responsive. Huseby and Bittner (1948) haye answered this question
thsouh transplantation of ovaries, When thes transplanted A, 3y,
and (C3H X A)F,; ovaries into spayed (C3H X A)F; females they
Of?scr\cd that the F, females bearing C3H and F, ovaries had a
‘hizher mammary tumor incidence with a lower tumor age than did
the F; fermales beanng A ovanes. These results indicated that the
action of some of the genes by which the strans differed was localized
in the physiology of h d by the ovans. There wasa
suggestion, however, that other genes mught be controlling the re-
sponse of the 3 tissue to the b 1 stimulation from the
ovary, because spaved ¥, females bearing transplanted A ovaries had
a:i’mmhat hig_hcr incidence of mamman tumors than did spaved
p :ar:i‘a bearing lmnsphfl(cd A ovanies The excellent technique

splanting hyperplastic nodules and normal mammary gland,

described by DeOme, will be well sui i
—— DO Po:mg_ well suited to vielding further informa-

inl;u;{]v, ric:le aclmm m the occurrence of tumors can be localized
B Mp:‘ ¢ relationshuips where microorganisms are imvolhved in
uction f’i the tumor. In respect to tumor viruses, one can ex-

Il::c:h genetic differences i the hosts . :
bty : ;‘lﬂlgsua‘: ‘:«:ll as g'm:tic differences in the viruses Thus far,
i a‘nmm: r\nn:muns n the _}:os!s have probably received
el . For mmple, in 1937, Brvan reported strain differ-
gt :dpox‘)sc Pi :hxc.l\:ns to th:_Rous sarcoma virus. Through
—g : s ection, Waters {1945) developed Lines of chickens
g andsusceptible to the lymphomatosis virus.
© wound tumor virus in sweet clover presents an excellent

resulting in yariation 1n response
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homogenates from yellow and non-ycllow mice in this respect, and
thus far has found some differences that appear to be associated with
this gene. Much more work will need to be done before the picture is
clarificd and before the biochemical differences can be related to the
cfcet of the gene on cither normal or malignant growth, The work,
however, represents an example of a start in the biochemical genetics
of the mausc, an arca that must be developed if genic action is to be
completely linked with ncoplasia in this species.

Some cxamples of genetic relationship between normal and malig-
nant growth can be found in the field of plant tumors. After studying
31 interspecific tumor-forming hybrid combinations in Nicotiana,
Kehr (1951) concluded that these tumors were caused by genes con-
trolling the growth-regulating mechanism. When this mechanivm ts
thrown out of balance in plants of certain genetic constitutions, the
tumors occur. He postulated that whereas the species comprise 3
tems in which phytoliormone utilization and other dcxclopmc.nml
procesees result in normal growth, in certain intcrepcciﬁc combina-
tions the resultant genotype disturbs the normal phytohormone me-
tabolism, resulting in abnormal growth without normal cell differ-
entiation.

In some types of cancer, genes influence the occurrence of tumors
through their control of response of certain tissues to some C\\CT}\:\(
stimulus. This also might be thought of as physiological localization
of gene action. One of the cancers of man exhibiting a rather simple
mode of inheritance is acroderma pigmentosum, Macklin (1936)
described the inheritance as that of a simple recessive trait. Before the
mode of inheritance was known, however, actinic rays had been
established as a causative factor (Copeland and Martin, 1932).
Upon exposure to sunlight, genctically susceptible individuals de-
velop an intensive freckling that progresses to a carcinomatous con-
dition. It is to be assumed that the actinic rays cause a heritable
change or heritable changes in the cell resulting m malignancy, and
that the action of the gene 15 that of greatly increasing the probability
that this change or these changes will occur.

The bovine ocular squamous carcinoma that is being studicd by
staff members of The University of Texas M. 1. Anderson Hospital
and Tumor Institute mav be the result of similar gene action {Ans
derson, scc pp. 364 to 374, this volume; Russell, Winne, and 1:0-
quvam, 1956). The gene or genes involved here may be incr('n"mg
the probability that the squamous epithelal cells in the ocular region
will undergo a heritable malignant change when exposed to sunhight.
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Sometimes the gene action ean be localized ph)s'm\ogic:\l\;' wn (tlhc
production of the siimulus necessary for the tumor to occur w hen lns
imulus s intrinsic, Very few virgin strain .\ female mice develop
mammary gland tumors; whereas mammary gland tumors oceur in
practically all virgin as well as breeding strain C3H i.cmn'le. l'i strain
A females are bred, however, an incidence nppro:xt\\mg that n C3H
females s produced, Through crosses between these steains this differ-
ence was shown to be basically due to genes (Bittner, Visscher, Ball,
and Stith, 19443 Heston and Andervont, 1944). The qQuestion re-
mained, howes er, as to whether the genic action was Jocalized in the
physiclogy of hormone production, causing the C3H to produce hot-
manat stirlation necessary for the females to have tumors without
the added hormonal sumulation resulting from having litters; or
was focaized in the mammary gland, making the C3H glands more
responsive, Huseby and Bittner (1948) have answered this question
through transplantation of ovaries When thes transplanted 4, C3H,
and (C3H X A\F, ovanes into spayed (C3H X A)F, females they
obsened that the F, females bearing C3H and F, ovaries had a
higher mammary tumor incidence with a lower tumor age than did
the F, femafes bearmy A ovames These results indicated that the
action of some of the genes by which the strains differed was localized
in the physiology of hormone production by the ovary, There was a
suggestion, howerer, that other genes might be controlling the re-
sponse of the mammary tissue to the hormonal simulation from 1he
auary, hecause spaved F, females bearing transplanted A ovanes had
4 somewhat igher maidence of mammary tumors than did spayed
A females bearing transplanted A ovanes The excellent techmque
of transplanting hyperplastic nodules and normal mammary gland,

described by DeQme, will be well suted to yielding further mforma.
ton on thissecond point.

Finally, gene action 1 the oceurrence of tumors can be locabized
m host-parasite relationshups where mcroorganisms are lnvohed in
the mductian of the tatnor, In Tespect 10 tumor \iruses, One can ea.
pect genenc differences in the haosts resulting i 1 &owation in xespon;c

10 the wirus as well as genent. differences m the 1 sruses Thus far
however, genetic vanations in the hosts have probably rcccneé
greater attention For example, m 1957, Bryan reported stram duffe
ences in the vesponse of chickens to the Rous sarcama virus, Throu r}:
wbreeding and selection, Waters {1945) developed lines o.f chicks :
Tesstant and susceptible to the lymphomatosis vjrus, eens
The wound tusmor vitus i sweet clover presents an excellent
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example in plants of genetic control of susceptibility to the tumer-
inducing virus. This has been studied extensively by Black and co-
workers (Black, 1951; Littau and Black, 1952), who have postulated
that many genes are involved. Genes not only determine susceptibility
and resistance, but also determine number and size of tumors in-
duced, and whether the tumors are located on the stems, on the roots,
or on both. The paths of gene action appear to be within the cell
and not hormonal, for a susceptible root was not rendered resistant
by growing it on a top from a clone having a resistant root and vice
versa. Of special side interest is the fact that genetically highly sus-
ceptible plants will develop some tumors without the introduction of
the virus, which parallels the situation in respect to marmary gland
tumors in mice.

In 1945 we published evidence of a definite genic control aver the
propagation and transmission of the mammary tumor agent or virus
in mice (Heston, Deringer, and Andervont, 1945). Genetically sus-
ceptible strain C3H females with the agent were outcrossed to ge-
netically resistant C57BL males without the agent. The F; females
were then backerossed to C3H males to produce a group of C3H
backcross females and to C57BL males to produce a group of C57BL
backeross females. Although both groups of backeross females had
received similar agent because of the homogeneity of the F, mothers,
the C3H backcross females transmitted the agent much more than
did the C57BL backeross females. Uniform test females were used,
and those that nursed upon the C3H backeross females had a higher
incidence of mammary tumors than did those that nursed upon the
C57BL backeross females. This difference between the two back-
cross groups in ability to propagate and transmit the agent was duc
to genetic differences resulting from onc group having had C3H
fathers and the other group having had G57BL fathers.

In a Jater, more cxtensive study (Heston, Deringer, and Dunn,
1956}, it was found that by outcrossing strain G3H females to strain
C57BL males and following this with successive backerosses of the
hybrid females to C57BL males, the agent was completely eliminated
by the third backcross generation because of the concentration of the
resistant C57BL chromatin. This early elimination of the agent sug-
gested that, contrary to our original assumption of many genes con-
trolling the agent, they were probably few in number and possibly
there was only a single pair. We hope to have more information in the
near future on the number of genes involved.

We are still not in position to explain just how this genc or these
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genes act in controlling this agent or virus, but the indication of
relatively few genes with a rather direct control over the virus sug-
gests that the problem may not be as complex as originally aSSlI“.l:d.
A recent observation by Tiio and Ostergren (1958) of preparations
of chromosormes of mammary gland tumors provides ground for some
speenlation. Tn 2 series of 19 spontaneous mammary gland tumors
from strains C3H and DBA with the agent, they observed in each 9!’
16 diploid fumors one hetesopyknotic chramosome, In one tetraploid
tomor and in one tetraploid and diploid tumor, there were two such
heteropyknatic chromosomes n the tewraploid cefls. In one tumor
with only 39 chromasomes, the heteropyknotic chromosome was not
observed “This 18 one of the most uniform and possibly one of the
most important chromosome changes that has been observed in
tumors, If 1t could be shown that this heteropyknotic chromosome
was always the same chromosome and that 1t was the result of the
mammary tumor agent, some phenomenon simular to the integrated
stage m lysogeny, with the gene or genes that control the agent caus-
ing dlus ch to be the susceptible one, wauld be suggested.
Many questions must be answered, however, before such a conclusion
canbe reached
Thie paths linking the primary actions of genes to the various types
of cancer are complex and interwoven chamns of events. On the levels
of the organism as a whole, of specific organs, and of tissues, con-
siderable progress has been made in 1dentitying links toward the ends
of thaing leading to several types of cancer. With present materials
and }ec}m‘xqum, further progress in this area can be expected, Identi-
?}::hon of the links nearer the primary gene action must be made on
cellular and subceilular Jevels, With the advancement of such
areas as gene chemistry and biochemical genetics of the mammal
and with the application of some of the advances in tissue Cultur::
2nd some of the techniques of microbial genetics ta the mammalian
S\f}}hli;:g\:]c:,s ni‘gt:hc identification of the early links can be expected,
goal of finally linking the gene to the cancer.
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Cytogenetics of Experimental Tumors
Grorce KLED, 3.0, anp Eva KLEW, 3o
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It is generally realized that malj yisa posite ph

enon, including several different biological properties, or, in the
terminology of Foulds (1954, 1958), unit characters. These char-
acters usually are observed at the population level and can be
exemplified as: growth rate, dependence on hormonal controls,
imasiveness, metastasizability, synthesis of differentiation products
d ble by morphological, hiochemical, or functional i

tion, the ability to grow in the ascites form, sensitivity to antimetabo-
lites and other growth inhibitors, etc. Consideration of the natural
history of various forms of cancer indicates that tumors often develop
by a series of idependent changes of several unit characters, This
process, termed “‘tumor progression,” is reminiscent of the develop-
ment of certain microorganismal populations by a series of adaptive
changes In a broad sense, progression moves in one general direction
and molds tumors into new forms that are increasingly independent
of superimposed control mech: of the organism The detailed
course of progression is extremely variable, however, In the words of
Fc\‘ﬂd& {1958) : “The ‘essential malignancy,’ ‘biological potential;
or ‘growth pattern’ of a tumor depends upon a pasticular association
of unit characters, The possible combinations of unit characters are
extremely numerous so that each tumor js a particular entity differ-
ing from all others” Inthe view of Husxley {1956), “all autonomous
e e can be regarded as the equivalents of new biological




242 Gene Interaction in Neoplastic Growth

Workers interested in developing the field of tumor cytogenetics—
and this field is presently in its embryonic stage at best—are naturally
attracted by these phenomena, and the opinion has often been voiced
that progression may have a classical mutation-selection basis, While
this is possible and, in some instances at least, highly probable, the
situation as a whole may be more complicated in reality. Somatic
cells of higher organisms are subject to developmental processes. Un-
fortunately, differentiation and related phenomena are still among
the most obscure in biology, but it is probable that they are not muta-
tional in nature; 1. e., are not based on random changes of structorally
coded information transmitted from cell to cell in connection with
division. Since the normal processes are poorly defined and only
vaguely known in terms of cellular mechanisms, it is difficult to gues
to which group progression phenomena in tumors might belong.

These dificulties should not lead to nihilism, but they justify an
approach free of too many theoretical preconceptions and focused on
the thorough experimental analysis of relatively simple situatim}&
Generalizations from such analyses will seldom be justified except in
the form of working hypotheses. What are the possibilitics, then, of
designing experimental systerns for such an analysis, how much can
be learned about the nature of the changes observed, and what is
their significance for the understanding of tumor formation and the
subsequent evolution of neoplastic cell populations? R

Since somatic cells are presently unavailable for sexual recombina-
tion or other forms of genetic transfer, their straightforward genetic
analysis is not possible. Indirect methods of various kinds may
nevertheless yield certain information; a recent symposium entitled
“Genetic Approaches to Somatic Cell Variation” ( Hollaender, 1938)
gives a good survev of such experiments.

In the particular case of tumor cells, the two main approach_cs
hitherto employed can be registered as the study of phenotyptc
marker characteristics and the detailed examination of chromosome
morphology. This paper will deal mainly with the former approach.
To restrict the subject matter further, only in vive systems will be
discussed,

MARKER CHARACTERISTICS

Several considerations enter into the selection of suitable marher
characteristics. It is desirable to have a fair knowledge of (hC'!r
genetic determination mechanism This shonld be sufficiently vari-
able in nature to permit the identification of a series of alternative
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forms. A setectiv € device of some kind must be available that pennity
the identificarion and concentration of rare alternative forms {“vari-
ants”) from large cell populations. X X
Among the phenatypic characteristics encountered in neoplastic
cell populations 1 wive, there ase some that are common to waost or
4 normal and neoplastic cells of the organism, while others are more
or fess distinetive of the neoplastic transformation itself, The former
category compnses the 3 j of the hi patibility system.
These have been explored in considerable detail by several schools of
transplantation geneticists, immunologists, and general biologists,
among whom Little {1941}, Steong (1922}, Snell (1053}, Garer
(1936}, Hoecker (1956}, Amos (1956), Medawar (1957) and
their co-workers can be mentioned. It is neither necessary nor feasible
todiscuss these developments here; several excellent review articles of
recent date are available on the subject (Brent, 1958; Gorer, 1956;
Hauschka, 1952, 1957; Medawar, 1957; Saell, 1953, 1957). Since
these charactenistics are common to all cells of the organism, they can
be subjected to straightforward genetic analysis by crosses; and their
genetic determunation mechanism is fairly well known, at least in the
mause Other species are being studied to an increasing extent
(Favour, 1958; Hidemann, 1957; Kallman and Gordon, 1958).
The second category of praperties corresponds to the “unit char-
atters” mentioned in the previous paragraph; their determnation
mechanism is unknown. They are nevertheless of great mterest be-
fa:mc of their direct relationship to mahgnancy. Since they change

d ’ during progression and their is more ar
ess random in the final tumer, it must be postulated that they are not
necessanly lated and are probably d ined by different

cellular mechanims
The sefectivity of the systems involved has not heen studied to a
Tery cox}ndcrable extent; same reconstruction experiments with arti-
ficzal mixtares of different cell types are available with the histocom-
patisility system (G Klewn and E. Klein, 19561, some cases
fesistance in mouse Jeukemia {G. Klem and E. Klein, 1957; G. Klein,
1939, Potter, 1959}, and the comvertibility of a certan 5n]u§
n\wusc sarcoma into the ascites form (G Kiein and B, Klein, 19553,
;\:r::ng these, only the first permuts the design of absolutely selectine
a,‘;kx;ns‘w:c;c the selective force utilized (the homagraft reaction) is
e 0 mhibit the growth of one cellular phenotype completely while
g an .a!.lrmame form undamaged. Tn the other two s ystems,
Erowth inhibition of one type 15 not complete, and the sdcct‘iw: ad:

of drug
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Workers interested in developing the field of tumor cytogenctics—
and this field is presently in its embryonic stage at best—are naturally
attracted by these phenomena, and the opinion has often been voiced
that progression may have a classical mutation-selection basis. While
this is possible and, in some instances at least, highly probable, the
situation as a whole may be more complicated in reality. Somatic
cells of higher organisms are subject to developmental processes. Un-
fortunately, differentiation and related phenomena are still among
the most obscure in biology, but it is probablc that they arc not muta-
tional in nature; i. ¢., are not based on random changes of structurally
coded information transmitted from cell to cell in connection with
division. Since the normal processes are poorly defined and enly
vaguely known in terms of cellular mechanisms, it is difficult to guess
to which group progression phenomena in tumors might belong.

These diflicultics should not lead to nihilism, but they justify an
approach free of too many theoretical preconceptions and focused on
the thorough experimental analysis of relatively simple silunlior}t
Gencralizations from such analyses will seldom be justified except n
the form of working hypotheses. What arc the possibilitics, then, of
designing experimental systems for such an analysis, how much can
be learned about the nature of the changes observed, and what is
their significance for the understanding of tumor formation and the
subscquent evolution of ncoplastic cell populations? X

Since somatic cells are presently unavailable for sexual recombina-
tion or other forms of genctic transfer, their straightforward genetic
analysis is not possible. Indircct methods of various hinds may
nevertheless yicld certain information; a recent symposium entitled
“Genctic Approaches to Somatic Cell Variation” (Hollaender, 1958)
gives a good survey of such experiments.

In the particular case of tumor cells, the two main npprmchfs
hitherto employed can be registered as the study of phenotypic
marher characteristics and the detailed examination of chromosome
morphology. This paper will deal mainly with the former approach.
To restrict the subject matter further, only in vivo systems will be
discussed.

MARKFR CHARACTERISTICS

Several considerations enter into the sclection of suitable mnrkc.r
characteristics. It is desirable to have a fair knowledge of thI.\‘
genetic determination mechanism, This should be sufliciently vari-
able in nature to permit the identification of a series of alternative
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vantage of deviating variants is relative rather than absolute, This
makes them less selective; in the particular cases investigated by re-
construction experiments, the minimum frequency of demonstrable
variants has been of the order of 107 in the case of amethopterin re-
sistance (G. Klein and E. Klein, 1957) and 4 X 10~ with the ascites
system (G. Klein and E. Klein, 1955).

ISOANTIGENIC ANALYSIS

Since antigens are believed to reflect the specificity of genes more
directly than other cellular characteristics (Wright, 1945} and,
further, because of the known genetic determination mechanism of
the isoantigens of the histocompatibility system of the mouse and the
availability of highly selective experimental model systems, more fic-
tailed consideration will be given to some of our experiments dealing
with the isoantigenic analysis of certain tumor ccll populations.

We have been particularly interested in tumors arising in heterozy-
gous Fi hybrid hosts, produced by the crossing of two of the isogenic
resistant (IR) mouse lines of Snell (1948, 1958b). The use of s_udl
material for this purpose has been discussed by Lederberg (15‘336).y
and a number of studies have been published prcviously by Mitchi-
son (1956, 1958) and by our group (G. Klein and E. Klein, 1956;
E. Klein, G. Klein, and Révész, 1957; G. Klein and E, Klein, 193.8;
Bayreuther and E. Klein, 1958). The IR-lines have been bred in
order to establish a coisogenic background while maintaining an al-
Ielic difference at one of the histocompatibility loci. Theoretically,
they are homozygous with regard to their cntire genome with the
exception of the histocompatibility gene in question and a chromo-
some scction of undefined length around it. It is difficult to say how
well this theoretical expectation is fulfliled in reality; the existing IR-
lines are probably good approximations only. Provided that the num-
ber of major histocompatibility genes differentiating the two lines
used for the cross were not more than one, tumors induced in l.hc I:‘:
hybrids would be particularly suitable for detection of iso:mngcnlc
variation at the cellular level. They might be expected to give risc to
variant cells, selectively compatible with pne or the other of the pa-
rental strains, cither by mutation or as a result of phenotypic changes
involving the inactivation or loss of the isoantigenic components
specifically derived from the opposite parental strain.

We have tested a considerable number of induced or spontancous
tumors of such Fy hybrids, in order to study the possibility.or extrac-
ing new and specific isoantigenic variants by transplantation to ap-
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248 Gene Interaction in Neoplastic Growth

propriate host genotypes. The variant lincs obtained were character-
ized by further transplantation tests, by serological determination of
known isoantigens of the H-2 system, and by morphological exam-
ination of their chromosomes. All tumors have been tested at the
primary stage and during their first eight or ten transfer generations.
The data obtained until about a year ago have been published che-
where (G. Klein and E. Klein, 1958; Bayreuther and E. Klein,
1958). Since then, an extensive body of new data has been accumu-
Iated. It would be impossible to enter here into all details, and atten-
tion will be focused on a few essential points only.

Specific Variants, False Positives, and Nonspecific Forms

Occasional tumor takes obtained in hosts other than the genotype
of origin were tested further by transplantation to members of the
same foreign genotype and to other foreign genotypes. Different types
of behavior could be observed. For simplicity, those that did not
grow on repeated testing in the same foreign genotype will be re-
ferred to as “false positives”; those that grew in most or all mice oftf.lc
foreign genotype in question but in no other forcign genotypes will
be called “specific variants™ or, simply, “variants”; and those that
grew in addition in a wide variety of other foreign genotypes will be
denoted as “nonspecific” forms. The mouse strains used were four
icogenic resistant (IR) lines of Snell (1958b): A/Sn (H-2H-2'),
ASW (H-2'H-2"), A.BY (H-2°H-2"), and A.CA (H-2'H-2").

Specific variants can only be obtained from heterozygous tumors
and only in one of the parental strains. Of 16 tumors of homozygous
origin that were tested (Table 1), very few takes were obtained out-
side the genotype of origin. Whenever tested, these turned out to be
false positives or nonspecific forms. However, several heterozygous
T, hybrid tumors gave risc to a certain number of takes in one or the
other parental strain (Tables 2 and 3). While some of these proved
to be false positis es and others were nonspecific, a fairly high propor-
tion turned out to be specific variants, capable of breeding true in the
same parental genotvpe upon repeated testing, and still refusing to
grow in the opposite parental type or in other, unrclated genotypes.
No specific variants were obtained in forcign genotypes; all sqch
tahes, when tested, turned out to be false positives or no.mchlﬁC
forms, similar to the situation with homozy gous tumors. Neither was
it possible to obtain variants specifically and cxcluswc]_y compatible
swith another Fy hybrid ty pe which was derived by crossing one of the
p:\rcnml types with another, foreign genotype.
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250 Gene Interaction in Neoplastic Growth

Variant formation can proceed in several distinet steps. In agree-
ment with the findings of Mitchison (Hollaender, 1958, p. 160), we
have obtained a number of variants from different Fy tumors that
grew in all untreated mice of one parental strain (“var 1 in Table
2), but regressed if these hosts were preimmunized against the iso-
antigens of the opposite parent. There were other variants, obtained
with other tumor-host combinations, that grew in preimmunized
mice immediately on their first testing (*“var 2” in Table 2). In most
cases, “var 17 types were carried for several serial passages in un-
treated mice and were also tested in preimmunized mice on cach
transfer. It often happened that they changed and became able to
grow in preimmunized mice also after one or several such transfers
(cf. “var 1~2" in Table 2), This suggests that the number of histo-
compatibility barriers separating the twa IR-lines cntering these
crosses may be more than one, since weak barriers are often not ex-
pressed unless the hosts have been preimmunized (Amos, Gorer, and
Mikulska, 1955; Snell, 1958a). It appears, furthermore, that the
establishment of variants fully compatible with preimmunized pa-
rental mice may in certain cases occur in at least two, and possibly
more, distinct steps.

To investigate this possibility, we have been looking for a better
defined system that could be analyzed in terms of known isoantigenic
components. Such systems can be designed within the limits provided
by the known isoantigens of the compound H-2 focus alone. For ¢x-
ample, the isoantigenic composition of A X A.SW Fi hybrids, de-

CDEFKH
CEFGS
A.SW X DBATF, would be ———C—Eﬁ—, and for A.SW X C3H it
CDE‘TH
ok be ____gr;‘l}'{cl;\S (Fioccker, 1956). Upon inocelation of tumars
induced in AXA.SW F, mice, A.5WXDBA hybrids would therefore
respond with anti-K and A.SW X C3H mice with anti-D antibodics.
We have been attempting to establish variants of A X A.SW F, tu-
mors specific for A SW X DBA F, and presumably lacking K and
others specific for A.SW X C3H F,, presumably tacking D, in order
10 see whether cach of thesc changes could be followed by the sccond
after apprapriate sclective passage. Thesc experiments have been per-
formed with only one tumor until present (the MSWB sarcoma). It
turncd out to be possible to establish variants compatible with ASW

termined by H-2, is ; the corresponding situation for
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252 Gene Interaction in Neoplastic Growth

XDBA mice even if the hosts were preimmunized against the original
line of the tumor, but these variants refused to grow in more than a
limited percentage of A.SW X C3H mice, By subsequent selective
passage through A.SW X C3H, these variants could be adapted sec-
ondarily to A.SW X C3H also. Variant formation could thus be
broken up into two distinct steps. Oddly enough, the reverse experi-
ment did not work. Whenever variants were selected for compati-
bility with A.SW X C3H dircctly from the original tumor, they were
always automatically compatible with A.SW X DBA also. If these
results are tentatively interpreted in serological terms, they indicate
that while component K can be lost from this tumor cither alone, or
together with I, loss of D is always accompanied by loss of K. It re-
mains to be seen whether this behavior is specific for the MSWB
tumor or has more general validity,

Variants compatible with A.SW X C3H often showed the behavior
discussed in the beginning of this section. They grew at first only in
untreated mice and acquired the ability of growing in preimmunized
mice only at a later stage, after one or several passages in untreated
mice. This indicates that the tumor cells have to transgress several
minor isoantigenic barriers, not expressed in untreated mice, before
they can achieve full compatibility with their new hosts,

Different types of varianis can be obtained from the same Fy
tumor. This has been illustrated alrcady, It can be emphasized par-
ticularly that it was possible to establish both main forms of variants
from many tumors; i.e., variants that were selectively compatible
with either the maternal or the paternal strain and refused to grow
in the opposite parent. This is illustrated in Figure 1 for the MACC
sarcoma. In addition, the previous paragraph illustrates that it may
be possible to break down the establishment of a given parental
variant into intermediate steps. It has to be pointed out, however,
that all variants hitherto obtained behave as if they lack some H-2-
determined isoantigenic component(s) in relation to the original
Yine of the tumor, To date, no variants could be extracted that would
have been specifically and selectively compatible with a host that
contains H-2 isoantigens not possessed by the original genotype of the
tumor. For instance, in spitc of many trials with a scrics of sarcomas
of A X A.SW F, hybrid origin, we were unable to obtain variants
exclusively compatible with A X ABY, A X A.CA, ASW X ABY
or A.SW X A.CA T, hybrids. Of course, all variants compatible with
any of the parental strains grew also in all F, hybrids where the same
parental strain entered the cross, but they were not specifically com-
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patible with any one of these hybrids to the exclusion of the parental
strain and the other hybrids. Variants of the latter type could only
arise if a specific gain of an isoantigen were to occur sxmukzmeu}xsly
with the loss of another, alternative isoantigen {Table 4), If variant
formation is of simple mutational origin, it is difficult to see why

TABLE4 Variants Obtaned from Tumors of A X A.SW F, Hybrid
Ongin as Compared with Minimura Changes Required
in the H-2 System

Mintmum ssoantigenic change Speasfic

required in specific variant
Selective host varants formation
ASW Loss of D+ X+ H +
ASW X DBAF, Lossof K +
ASW X CIHF, Loss of D —_

{Loss of D4 K) {+}

ASW X ABYT, Loss of D+ K+ H+ Gain of B
ASW X ACAY, Loss of D+ K+ Gan of 1
A

Toss of G+ § +
AXABYF, Loss of G+ $4- Gain of B ~
AXACAF, Loss of S+ Gam of I

such a change should nat accur. The same
pected of vanant formation were du

mentsbetween tumor and hast cells, in analogy with the phenome
of ransdaction (o] Hollaendir, 1938, p. 165, F non

result also would he ex-

Permanence of Variany Charattenstics after Returs to the Qriginal
Host Genotype

A number of Tepresentative variant 1

ines have heen retumed from
::cxr selective holststto the origmal F, hybrid type and were carried

ere contmuously for 10 o 15 Ppassa b

" ges. In severa] insta:
;h\:vas dml\: ;{!tr only a single cycle of growth in the former ;’,;:‘:’
subsequently they were tested again in the selecti :
¥ el v
studied, they mamtaineq therr varg o In ey
s 08t ensiron, vari;

currupond.mg to the definition of ‘var 1 (;? u';'tagit fla )“’ ore
changed with regard to their inabili(y 10 grow in preim o
while ather varants that have de o 11 %5,

scended direcetly from the same
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“yar 1 but have become “var 2 after a{ld\ﬁom{l selective passagci;
maintained their full ability to grow n preimmunized hosts. One s'uc.

experiment is illustrated in Figure 2. It must be concluded t}'mt vari-
ant formation is a process that capnot be readily reversed by return-
ing the tumor intoits original host genotype.

Isoantigenic Characterization of the Variants

The question arose whether the changed lr%nsp‘lantation behavior
of the variants was really due to loss or inactivation of the relc.\'an[
isoantigens of the }1-2 system. Thxs was ‘.tmd in a number of differ-
ent ways The original tumor and its varjant (s) were com{zared {E.
Klem, G. Klein, and Révész, 1957; G. Klein and E. Klein, 1958;
Bayreuther znd EKlein, 1958) for their ability to induce the f"f‘
mation of hemagglutinins {(Gorer and Mikulska, 1934) and cytotaxic
antibodies (Gorer and O'Gorman, 1956) directed specifically
against the H-2-determined soantigemc products of both parental
strains; or their ability to absorb preformed hemagglutinins or cyto-
toxic antibodies from isoimmane sera; and for their ability to provoke
a “second-set response” subsequent to the inoculation of heavily
irradiated cells into the variant-compatible type, tested by challeng-
mg the pretreated mice with another ¥, hybrid tumor derived from
the same genotype and capable of temporary growth in the parental
type m question (E Klein, 1959). In addition, our co-worker K. E.
Hellstrom (1959) has studied the sensitivity of F, hybrid lymph-
winas and their variants toward vatious isoimmune sera by the direct
technique of Gorer and O'Gorman (19563,

All techniques gas e essentially similar results Vasiants which were
able to grow 10 a large number of hyperimmunized mice of their new
patental genotype did not seem to contain detectable arnounts of iso-
antigens derned specifically from the apposite parental strain Less
cJear-cut results were obtained with variants that grew in nonimmu-
nized but not in preimmunized mice. In several cases, opposite pa-
rental antigens were still detectable by the sensitive method of pro-
voking a second-set response with preirradiated cells and by the direct
cytotoxic test on the lytephoma cells, In two cases, subsequent serial
lrnn:p}anlalmn in onuncuszed mite of the parental genotype led
to an increased ability of such variant cells to grow in preimmonized
mice, '\\'hen tested agam at this stage, the specific antigens of‘the
o .

Rp([;::‘s‘\‘\lcu :arcmal strain weee wo longer detectable with cither
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aking the d of compatibility with one p ‘.'
:::E‘ l‘z’ssrl{\!i‘lx;gthan with (‘he other. If the barriers are dxﬁe.rcnt. in
number, a greater number of changes has to occur in one direction
than in the other. The finding that variants dc\'clo‘p by at Jeast two
steps in a number of cases, enabling growth first in untreated and
only later in preimmunized mice, can be interpreted to mean that
ceveral barriers have to be transgressed I the barriers are different
in strength, the periods of “background grf:wth" of the origir.\al, in-
compatible tumor, previous to its regression, may be of d\ﬁ:r.u\t
iength. The importance of background growth for variant formation
is indicated by the findings of Mitchison (1958), confirmed by us,
showing that one passage through newborn mice may facilitate the
extraction. of variants growing 1 nonimmunized mice in certain
cases. Analogously, passage through nonimmunized mice facilitates
the establishment of variants compatible with preimmunized mice.
Furthermore, in all three crosses where strain A entered (A X
ASW,AX ABY,and A X A CA), it was always the less frequented
parental type with respect to variant formation (G, Klein and E.
Klein, 1958), Tt may be recalled that the three isogenic resistant
straing A.SW, ABY, and A CA have all been derived from crosses of
strain A with another, unrelated strain {Snell, 1948, 1958b). This
was followed by repeated backerossing to A and selective elimination
of the segregants containing H-2* (derived from strain A) by chal-
lenging them with a strain A tumor. The negative survivors were
always brcn.i further in order to retain the H-2 factar derived from the
other, foreign strain, s ly with the introd of more
an.d mere strain A genetic background. It canmot be excluded that
ll.us pracedure may fix more than one his\ocempaﬁbﬂny factor de~
rived from the foreign strain that was used for the original cuteross.

The Posble Nature of Variant Formation
At a recent meeung devoted to “Genetic A; i
ccent m A Pproaches to Somati
Cell Variation,” Ephrussi gate a lucid discussion of the problenlli
msolved (1958), Basing b

: is arguments essentially on the classifica.
tion of Nanncy (1938, be abandoned the tom ;,fmnﬂ s czssxﬁc;
cal” distinction between nuclear and cy geograph-

o) i .
favor of “truly genetic mechanisms that rcgura‘;stx: rz;;‘:‘lmcna of
the sl:uctural information,” as contrasted to “epigenctl \enance of
hms that regul.ﬂc the expression of genetic POtciﬁ;\] :C ’Y’!\cch.an.
fetic r:ntthamsms should in turn be distinguished fr ities. EPlge.
reversible phenotypic mechanisms of a more trivial :::.;::m ediately
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Individuality of Tumors with Regard to Variant Formation

The previous conclusion (G, Kliein and E. Klein, 1958) that dif-
ferent tumors of similar origin and morphology were differcnt with
regard to the frequency and type of variant formation was fully con-
firmed by the more extensive Iater studics, In addition to methyl-
cholanthrenc-induced sarcomas, differences of this type were now
also found between estrogen-induced lymphomas and mammary
adenocarcinomas, This material is too small as yet to judge whether
there are any overall differenees between the different tumor types.

Although it often happened that the tendency to give rise to a
certain type of variant increased or decreased in the course of serial
passage, genuine differences were already present on the first testing
when the primary tumor itsef was inocutated, A few fumers were
nonspecific from the beginning and did not lend themselves to the
extraction of variant sublines with well-defined compatibilities by
serial selective transfer. A fairly large proportion of tumors were
entirely Iimited to their Fy hybrid genotype or origin and did not yield
detectable varjants. Others produced variants in one or both parental
types in characteristic frequencies.

Differences between Different Genotypes

For cach Fy hybrid tested, ane of the parental strains tumned out to
be a more frequent site of variant formation than the other. There
were some other differences between genotypes with regard to the
frequency of nonspecific forms and highly specific forms (G. Klein
and E. Klein, 1958). At the time of our previous report it appeared
that the maternal strain was usually preferred in variant formation.
Testings on reciprocal hybrits were not available, however; and in
three of the four crosses studied until that time the parental genotype
was the same, namely the original A/Sn strain from which the three
other coisogenic-resistant lincs had been derved. Several alternative
explanations were considered, onc of which was the possible existence
of sclf-reproducing particles with isoantigenic activity derived l‘rm.u
the mother. This possibility was excluded by more recent experi-
ments, however, which showed that the “favored” strain of variant
formation remained the same for a given T, genotype even if tumors
nduced in the reciprocal hybrids were tested (cl. Table 2). Sev cr:fl
alternative possibilities remain to be considerced, but the difference is

probably duc to the fact that the isoantigenic barriers separating the
and/or

tumor from the two parental strains differ in number
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can be maintained in their new hosts indefinitely. They do x‘mt chimg:
back to the original condition w hen returned to the ongm:'! ienu:pai
Once established, their growth cannot be pres cn'tcd by the {uc:mr
preimmunized hosts, In order to avoid the potential source of oo
that might arise as a result of secondary enhancement i 1mn;;| .
hosts, we have performed control tests on a representative collection
of 191 ariants in mice preimmunized seven days bdorc.!hc test inocu-
lation, The varignts grew in such animals as well as in those wh.cre
{he interval betw een the immunizing challenge and the actual testing
was longer. .

If “variant ion” were due to enh. there is no rea-
son why “vanants” could not be obtained from homozy gous tumors.
In the case of heterozygous tumors, enhancement would be equally
1ikely to occur in foreign F; combmations, or 1 homozy gous straing
otber than the parental ones This was not the case, however, as pre-
viously discussed. On the other hand, “false positives™ could be
obtamed from homozygous tumors and also from heterozygous tu-
mors in genotypes outside the parental types. They failed to breed
true on repeated testing and could be prevented, to a certan extent
at Jeast, by the use of prammunized mice. False positites are more

Iikely to belong to the same category of phenomena as “immuno-
logical enhancernent.”

Tn order to test whether enhancement by antiserum tyeatment can
facilitate the establshment of “variants” in aur system, experiments
have been started to test the behavior of F, tumors, growwg in
“enhanced” mice of one of the parental strains. Our experience is
Timited to two tumor-host combinations as yet, In these cases, growth
could be obtamed in the parental mice pretreated with antiserum,
but the “enhanced” tumors farled to breed truc on repeated testing
n untrented mice of the same strain and would therefore be classi.
fied as “falsc positis es” rather than *variants »

Although variant formation thus appears to be different from mm-
munologieal enhancement, it does not necessarily follaw that anti-
<crum or other influences of the parental host are of no importance
for 1ts mechanism. Another case of tymor modification has been
deseribed (Barrett and Deringer, 1950; Barrett, Deringer, and Han.
<en, 1933} that is clearly due 1o an 'mlcrac(‘m’n bctwecr; some i :
antigeme system(s) of a homezygous tumor {probably not th I—i 2
Sistem) and a heterozy gous, compatible Fy host (G Kle cd ii
}\'Ilcm, 1857). This mudnfica(mn is not due to selection andnitalr:xin s
about a permanent specific alteration of the tumor, A parallel his
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In a thoughtful paper, Nanncy (1958) points out the great prac-
tical difficulties involved in distinguishing between genetic and epi-
genetic mechanisms, Neither persistence nor predictability, neither
nuclear nor cytoplasmic localization, can be used with certainty for
the classification of a given controlf systerm, One criterion that he con-
siders as being of some value lics in the lesser stability of epigenetic
systems and their higher susceptibility to extrinsic control,

A tentative discussion on the possible nature of our “variant forma.
tion”” must remain utterly speculative. The phenomena observed can
be considered from various angles. Epigenctic mechanisms could be
cnvisaged if the origin of variants were identical or analogous with
certain other known phenomena, essentially due to the inducive
action of some factor in the new host environment, In particular,
“immunclogical enhancement” by antiserum ( Kaliss, 1958) and the
induced adaptation of Barrett and his co-worhers (1950, 1953) may
be considered. The former phenomenon can be described as the
growth of otherwise specific tumors in certain forcign hosts that have
been pretreated with lyophilized tissues of the same H-2 constitution
as the tumor, or with antisera directed against the 1-2 components
differentiating the tumor from the host, The presence of the anti-
serum can be cffected “cither by active immunization with tisues
from the strain of mice to which the test tumor is indigenous or by
passive immunization with hetero- or isoantisera” (Kaliss, 1958).
The modus operandt of immunological enhancement has been pin-
pointed as the exposurc of the tumor graft to a specific humoral anti-
body. According to onc hypothesis, enhancement is due to some
“physiological” alteration in the tumor, induced by its contact with
antiserum, which insures its survival despite the hostile responees of
the host. When cnhanced tumors arc tested in mice presumunized
by a noncnhanced tumor, they usually fail to grow, at least when the
time interval between the immunizing (first) inoculum and the grafts
ing of the enhanced tumor is short enough; ¢ g, scven daye. Lin-
hanced tumors were found to grow for a short number of serial pas-
<ages in untreated mice of the forcign strain concerned but died out
cventually after a vanable number of transfers. All published experi»
ments with enhanced tumors deal with the growth of tumors derived
from homoz)gous strains in other homozygotes of foreign strains,

Tt might be speculated that our “variant formation” could be due
to the cantact of the tumar cells with an antibody and subscquent im-
munological enhancement, There are several reasons, howeser, that
make this explanation rather unlikely. Varants “breed trne” and
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and A SW X A CA F,). Although both tumers could b}: rsgu}arly e
covered from the newborn hosts and were unchanng in their trans-
plantation specificity, we have not ol?taxn:d any evidence to indicate
the occurrence of genetic recombination so far. .

We may now consider the arguments that would favor an “mm-

fection” (Hauschka, 1957} of i igenic cell variants, pre-
edstent in the F, tumer prior to testing in the garcmal strain.s. The
parental environment would have a purely sclecmfc c.ﬂ'ect %n this case,
in analogy with our model experiments with artificial mixtures (G-
Klein and E. Klein, 1956). This explanation has been consider
previowsly and was tegarded as fairly probable for the following
reasons.

Chromosomal analysis of vanants obtained from the MSWB and
MACC sarcomas revealed that different variants arising from the
szme tumor at different times in the same parental strain have an
individually characteristic chromosomal constitution that differen-
tiates them from each other and from the original line {Bayreuther
and E. Klein, 1958). In one instance, two variants that arose in two
dsfferent ASW hosts after the moculation of two different aliquots
of the same pool of tumor cells derived directly from the original line
of the MSWB sarcoma (maintained in A X A.SW F; hybrids) had
exactly the same chromosome constitution. This evidence tends to
indicate that we are dealing in this case with the repeated selection
of a single variant clone, In another case, it was possible to trace the
appearance of a variant compatible with the parental A strain within
the original unselected population of the MACC sarcoma because of
its d ing t 1 istics. § ive as they are,
these findings are, nevertheless, only of indirect value since the fre.
quency of v?ﬁanls was not appreciably reduced when very small cell
doses were inoculated into the parental straing, thus mmnimizing the
wmportance of selecting preformed variant clones (G. Klein and .
Klein, 1958; Bayreuther and E Klein, 1958). Also, cascs of variant
Inrmmor‘l h?\‘e bc\::;?mdz found blein. Hellstrém (personal
c a chr cha
accompany the establishment of variant limes, 750 dos not seem 10

hH 1t were assumed that varia
changes at the ic leve i . -

‘uchgas point gCﬂClﬂ.: lc‘dr,n‘;zous m:?hanfms mlght l3° dkcuss:d’
ments, somatic segregatio: - al rearrange-
could be questi gf} Sml;:ns’ucz:a I'I:hc h‘fchhnoa(iculflsggllx;t ‘ml:ta.tiom
1ancously, such as D and K, which are now believed to gc :Bn?:;‘;

nt formation is due to random
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been drawn between this change and certain scrotype transforma-
tions in ciliate protozoa (Schultz, 1959); the latter is one of the
prototypes of epigenctic control systems. The present instance of
variant formation is not unlike another observation belonging to the
epigenetic category~—made on Paramecium by Sonnehom, Schnelfer,
and Craig (1957) concerning the behavior of certain serotype alleles
—bhoth of which are expressed in heterozygotes. Loss of the pheno-
type corresponding to one allele was repeatedly obscrved. This was
not due to total loss of the carresponding allele, however, since the
missing phenotype could be restared by change of temperature. The
findings were interpreted as being duc to differcntial expression of
alicles in heterozygotes. Homozygotes for serotype genes and for other
genes did not show this variation, By analogy, it might be speculated
that expasure of heterozygous tumor cells to the environment of one
parental strain may result in the differential suppression of the iso-
antigenic products of the H-2 allele derived from the opposite pa-
rental type due to the action of an antibody or by other means. Lx-
periments arc now in progress to investigate the possibility of
restoring the missing antigens by various manipulations in vitro and
in vivo.

Mecanwhile, other explanations are by no means excluded, Ambi-
guitics of interpretation are duc to the difficultics involved in all
attempts to distinguish between genotype and phenotype in somatic
cells, Host-induced modifications at the genctic level would include
phenomena analogous to transduction involving the incorporation of
genetic material from the host, or nonspecific increases in genetic
variation provoked by some factor involved in the homograft re-
sponse of the parental strain. There is no binding evidence available
for the occurrence of the latter phenomenon as yet; the former can
be excluded because of the lack of variants specific for other T types
and containing one H-2 allele forcign to the tumor (Table 4) In the
case of transduction this accurrence would be na less likely than the
appearance of variants compatible with the parental types. It may
be relevant to mention in this connection that we have performed 2
scries of experiments in order to detect the possible occurrence of
genetic recombination between two different tumors by mixing two
sarcomas of A X A.SW and A.BY X A.CA T, hybrid erigin, respec-
tively, inoculating the mixtures into “ncutral” newborn C3H or DBA
mice, and testing the resulting tumors in the two original genotypes as
well as in the four different F, hosts that would be capable of slect-
ing srecombinant” cclls (A X ABY, A X A.CA, ASW X ABY,
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and A SW X A.CA F,). Altbough both tumors could be regularly re-
covered from the newborn hosts and were unchang_ed in thc{r ;{ans-
plantation specificity, we have ?91 o?lamcd any evidence to indicate
the ¢ of genetic rec ion so far. »

We may now consider the argum?.!'\ts thgt wfmld favor an “im-
munoselection” (Hauschka, 1957) of isoantigenic cell varasts, pre-
existent in the F; tumor prior to testing in the Parcmal sfraux‘s. The
parental environment would have a purely Fclcctch gﬂect in this case,
in analogy with our model experiments wn}\ artifictal mum.mfs‘ (G.
Kletn and E. Klein, 1956), This expl has been ;
previowsly and was regarded as fairly probable for the foll
reasons.

Chromosomal analysis of variants obtained from the MSWB and
MACG sarcomas revealed that different variants arising from the
same tumor at different times in the same parental strain have an

dividually characteristic 1 constitution that differen-
tiates them fram cach other and from the original line (Bayreuther
and E. Klem, 1958). In one instance, two variants that arose in two
different A SW hosts after the inoculation of two different aliquots
of the same pool of tumor cells derived directly from the original line
of the MSWB sarcoma {(maintained in A X A.SW Fy hybrids) had
exactly the same chromosome constitution This evidence tends to
indicate that we are dealing in this case with the repeated selection
of 2 single variant clone, In another case, it was possible to trace the

PP of 2 variant ible with the parental A strain within
the original unselected population of the MACC sarcoma because of
its deviating chromosomal characteristics. Suggestive as they are,
these findings are, nevertheless, only of indirect value since the fre-
Quency of variants was not appreciably reduced when very small cell
flvscs were moculated into the parental strains, thus minimizing the
importance of selecting preformed variant clones (G. Klein and F.
Klein, }958; Bayreuther and E. Klein, 1938). Ak, cases of variant
lorma!lol:) have been recently found by K. E. Hellstrom {personal
tommunication) where a chromosomal change does not seem to
A the establizhn;:m of variant lines.

it were assumed that variant formation is due t
::::g:s atthe gcn:tit_: level, various mechanisms might bco d;:y‘:i(::in
s POmE s more ive ch: I'Cﬂrmngc:
::)cur;du‘bs::‘:;fi;:icgi::;zns‘c:;;ghc mftm‘m of point mutations
taneously, such as D and K, \vhic}:smmlgms are usually lost simul.
5 are now believed to be parts of a

5
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been drawn between this change and certain serotype transforma.
tions in ciliate protozoa (Schultz, 1959); the latter is one of the
prototypes of epigenetic control systems, The present instance of
variant formation is not unlike anather observation belonging to the
cpigenctic catcgory—made on Paramecium by Sonncborn, Schneller,
and Craig (1957) concerning the behavior of certain serotype alleles
—both of which are cxpressed in heterozygotes. Loss of the pheno-
type corresponding 1o one allele was repeatedly observed. This was
not duc to total loss of the corresponding allele, however, since the
missing phenotype could be restored by change of temperature. The
findings were interpreted as being duc to differential cxpression of
alleles in heterozygotes. Homozygotes for serotype genes and for other
genes did not show this variation. By analogy, it might be speculated
that exposure of heterozygous tumor cells to the environment of one
parental strain may result in the differential suppression of the iso-
antigenic products of the H-2 allele derived from the opposite pa-
rental type duc to the action of an antibody or by other means. Ex-
periments are now in progress to investigate the possibility of
restoring the missing antigens by various manipulations in zitro and
m vivo.

Meanwhile, other explanations are by no means excluded. Ambi-
guitics of interpretation are duc to the difficulties involved in -1.11
attempts to distinguish between genotype and phenotype in somatic
cells. Host-induced modifications at the genetic level would include
phenomena analogous to transduction involving the incorporation of
genetic material from the host, or nonspeaific increases in genetic
variation provoked by some factor involved in the homograft re-
sponse of the parental strain. There is no binding evidence available
for the occurrence of the latter phenomenon as yet; the former can
be excluded because of the lack of variants specific for other T, types
and containing one H-2 allele foreign to the tumor (Table 4). In the
case of transduction this occurrence would be no less likely than the
appearance of variants compatible with the parental types. It may
be relevant to mention in this connection that we have pcrformcd a
series of experiments in order to detect the possible occurrence of
genetic recombination between two different tumors by mixing two
sarcomas of A X A.SW and A.BY X A.CA F, hybrid origin, respec-
tively, inoculating the mixtures into “neutral” newborn C3H or DBA
mice, and testing the resulting tumors in the two original genoty pes as
well as in the four different F, hosts that would be capable of sclcck'-
ing “recombinant” cells (A X ABY, AX A.CA, ASW X ABY,
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and A SW X A CA Fy). Although both tumors could be regularly re-
covered from the newborn hosts and were unchanged in their ;r'nns-
plantation specificity, we have not obtained any evidence to indicate
the occusrence of genetic recombinatton 50 far. -

e may now consider the arguments lha.t \vguld favaf an “im-
munoselection” (Hauschka, 1957) of isoantigenic cell varxay\s, pre-
exsstent in the Fy tumor prior to testing in the }?armtnl strains. The
parenta) emironment would have a purely selective c.ﬂ' ectin this case,
in analogy with our model experiments with artificial mixtures (G.
Klein and E. Klein, 1956). This explanation has been considered
previously and was regarded as fairly probable for the {ollowing
Teasoms.

Chromosomal analysss of variants obtained from the MSWB and
MACC sarcomas revealed that different variants arsing from the
same tumnor at different times in the same parental strain have an
indisidually cf istic ch 1 i that differen-
tiates them from each other and from the original line (Bayreuther
and E. Klein, 1958). In one instance, two variants that arose in two
different A.SW hosts after the inoculation of two different aliquots
of the same poo} of tumor cells derived directly from the original Jine
of the MSWB sarcoma (maintained in A X A.SW F, hybrids) had
exactly the same chromosome constitution. This evidence tends to
indrcate that we are dealing in this case with the repeated selection
of a single vanant clone. In another case, it was possible to trace the

PR of a variant ible with the parental A strain within
the original unselected population of the MACC sarcoma because of
its deviating chromosomal characteristics. Suggestive as they are
these findings are, nevertheless, only of indirect value since the fnai
quency of vfari:mts was not appreciably seduced when very small cell
doses were inaculated into the parental strains, thus minimizing the
importance of selecting preformed variant clones {G. Klein and E
Klemn, '\958; Bayrenther and E Klein, 1958, Also, cases of Varian;
lormanm:) h§\'c been recently found by K. E. Hellstrém {personal
communication) where a chromesomal change does not seem ta
ac?;n'\pany the mmbh;hmcnt of variant Lines.

it wese assumed that variant formation is due
::::q:: a;o tl:: gcncti? level, various raechanisms might bzod éiﬁiﬁ:
ments, somatic segres aﬁ;nm?::e The o i ! rearrange-
could he questj g:': Sint: s’c\ e:al 5o lllfC]‘hO‘:Scl’:SE:;T: lﬂ’lu!a_tians
tancously, such as D) and K, which are now Ybelieved 1o gc (:at:::;xt
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complex pscudoallelic system, and crossing over has been demon-
strated between them (Hoccker, 19565 Gorer, 1956). Also, if point
mutations were responsible, it is difficult to see why it is impossible to
recover some mutants selectively compatible with new F, hybrid
combinations. Morc extensive chromosomal rearrangements have
been actually demonstrated in connection with some types of variant
formation (Bayrcuther and E. Klein, 1958). Such rearrangements
might involve the H-2 locus or, by changing the genetic background,
change the mutability and/or expression of H-2-determined isoanti-
genic systems, The general validity of chromosomal changes may be
questioned, however, on basis of the above-mentioned recent findings
of Hellstrom. Finally, somatic scgregation may be assumed as a
possible mechanism, but its likelihood can be questioned because of
theoretical considerations (probable absence of somatic pairing in
cells of this type) and because the frequency of the two complement-
ary types obtained from a given tumor is seldom cqual and miay show
very considerable differences. The latter argument is not entirely
conclusive, however, since additional, non-H-2 differences between
IR-lines may interfere with the manifestation of one of the two
complementary types.

Thus, it must be concluded that while the appearance of specific
variants compatible with one of the parental strains seems to be a
phenomenon limited to heterozygous Fy tumors and is distinctly
different from the development of “false positives” which grow in
spite of a homograft reaction, and from immunological enhance-
ment, the details of the cellular mechanism underlying the change
and its genetic or epigenetic nature remain to be investigated,

EXPERIMENTAL ANALYSIS oF Tunor ProGression

The preceding chapter may serve to illustrate the difficulties en-
countered in genetic studies on neoplastic cell populations, cven if
they are carried out with marker characteristics determined by known
genetic mechanisms and selectively detectable in appropriate experi-
mental systems. Even greater difficulties may be envisaged with less
clear-cut and less selective systems, As, we hope, the experiments dis-
cussed have shown, a certain amount of information could be casily
obtained with the H-2 system; variants of different types could be
extracted and characterized, and the frequency of variant formation
should be amenable to quantitative study. The difficulties are en-
countered when trying to interpret the findings in terms of cellular
mechanisms; the same 1s true for many other non-Mendelian sys-
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tems {Nanney, 1938). Apart from these difﬁculti:S, ho,\’vc;'cr , there
are some steiking parallels between the empinical “rules” of progres-
sion (Foulds, 1954, 1958) and the observed cbaract:nmcs of variant
‘ ion Progression occurs i dently in different tumors and
leads to an independent reassortment of different characteristics—
&fferent tumors show an individuality with regard to the occurrence
and frequency of given vanants, Different unit‘characl?rs unger;u
progression independently from each other—different isoantigenic
\arients can be obtained from the same tumor, Progression may
occtir 1 distinct steps—so can ariant formation. Both progsession
and variant formation can follow one of alternative paths of develop-
ment, Progeessian is essentially a one-way process—the permanence
and stability of variant formation is equally irrevessible. Variant for-
mation represents the loss of certam isoantigens, the possession of
which interferes with growth in a gien foreign genotype—ithe
‘arious changes insolved in progression may be viewed as represent-
Ing the gradual loss of cellular responsis eness to the superimposed,
smhibitory influences of various homeostatic control forces,

Can we assume that sariant formation is essentially the same phe-
nomenon as the celiular changes underlying progression® We would
hesitate to do so Since the ¢ of a differentiated 1
wan cell to respond ta the growth stimulaung and/or inhibiting in-
fluences of superimposed homeostatic control mechanisms must be
organized i a subtle and complicated way, there is no reason why
such a system would not be vulnerable at many different points and
why different forms of ecllular change could not participate in facili-
tating the develop: of the neoplastic cell population taward ever
increasing independence. In the words of Lederberg (1958): “Pres-
ent knowledge places no bounds on the scope of mechanisms of vari-
ation that might contribute 1o a neoplastic phenotype, just as we do
not atiempt ta account for the evalution of species by any single mode
of genetic displacement. Indeed, it would be surprising if a, neoplastic
phenotype were always initiated by a single variational event, and
Wt ean suppose that the cumulation of several variations (Wi\‘clher
by gene mutation, virus infection and transduction recormnbinat
or haryorypic upsets) will be necessary before a2 Dn’ce normal o
\m;:\::ndcl the lhrc:gwld of malignancy.” al dlone

resently avaulable experimental des i s
“tudhes at the popuh\ionplcw\ and at ‘Shgin:cﬁut';mm:()ff ;'a}'l" types of
lr;{ormali}c. wot with regard to the ongin of the ca:xf:c: Ci;)m;y lfc
characterizing sharp and well-defined biglagical changes Di’ 0:: :
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several of the “unit characteristics™ related to malignancy, At the
population level, one may investigate whether a given change is due
to the selection of randomly occurring variants or to the inducing
action of some environmental factor. In order to gain information
about the changes at the cellular level, one may carry out compari-
sons between diferent sublines of the same original neoplastic cell
population that differ, either because of a spontancous change or as
a result of experimental selection, with regard to onc or a few “unit
characteristics,” such as hormone dependence, metastasizability, in-
vasiveness, drug sensitivity, cte. Such comparisons, whether by cyto-
Iogical or histological ination, or by biochemical, biophysical, or
immunological methods, may give better information about the strue-
tural correlates of the biological change than more conventional com-
parisons between malignant tissues and their “homologous” normal
counterparts that may differ in many other, less relevant respects.
Examination of the details of chromosome morphology concurrent
with such changes may present sharper systems for the assessment of
the possible role that chromosomal modifications may play in tumer
development than what is available now in the form of more general
studies on various normal and malignant tissues from the chromo-
somal point of view.,

Some studies of this type have been carried out already in a more
or Jess preliminary fashion, They may serve to illustrate the mani-
foldness of the neoplastic evolutian and the improbability of general
unificd cancepts. Changes based on intercellular variation followed
by environmental selection have been documented in the cases of
drug resistance in mouse leukemia (Law, 1952), development of
changed transplantation characteristics together with chromosomal
rearrangements (Hauschka, 1957, 1958), appearance of variant
sarcoma cells capable of growing in the dissociated free cell form of
an aseites tumor in A mouse sarcoma previously inconvertble to the
ascites form (E. Klein, 1955, G. Klein and E. Klemn, 1955), How-
ever, as mentioned previously, a host-induced modification of an
isoantigenic system (Barrett and Deringer, 1950; Barrett, Deringer,
and Hanscn, 1953) has been shown not to depend on sclection but
on some more dircct environmental effect on the tumor cells {G.
Klein and E. Klein, 1957). Still other mechanisms may exist at the
population level, involving sclf-stimulation of the tumor cells ‘?ftcr a
certain critical threshold of colony size has been reached, with an
automatic increase in autonomy (loc. cit.).

Comparisons between parallel celt lines seiected from the same
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igi 1l population and diffeing in one or 2 few unit ?hnt?ctcf-
[':tlxgclsn;}x\c : LE&:S fimited 1o the study of sarcoma sublines dlffcnns in
ascites convertibility, m:tastasizabﬂ\t)'? invasiveness, and adhesive-
ness (Ringertz, E. Kicin, and G. Kiein, 19573 Purdow, Ambrose,
and G. Kiein, 1958) and to tumors that ace sensitive and resistant,
respectively, to certain antimetabohites or other growt'l} u}'mbxtors
{Law, 19365 Pottes, 1958), The former comparison indicated a
diference in the structure of the cell surface, manifested in differ-
ences of the negatise electrical charge (Purdom, Ambrose, and G-
Klein, 1958}, while the latter type of study suggests that the devel-
apment of resistance toward a given carcinestatic agent may proceed
along different pathways in the same type of tumor cell.

Although studies of the type suggested may appear cumbersome
in technique and kimited in scope, and may often lead to negative or
ambiguous results, nothing less than a thorough factorial analysis
seems to be capable of resolving the multitaceted complex of phe-

nomena grouped together under the nosological concept of malig-
nancy.

SUMMARY

Biological studies demanstrating the gradual development of cer-
tan tumors by a series of qualitatne, permanent, and irreversible
cellular changes {“tumor progression” ) indicate {Foulds, 1954) that
an independent reassortment of vanous “unit characteristies™ 1 tak-
Ing place hefore the appearance of the final neoplastic condition The
unit charactenstics in question, such as hormone dependence, inva-
saencss, metastasizability, growth rate, degree of differentiation, loss
of secretory functions, cte., are all parts of the complex phenomenon
of malig , but their unpredi and random change during
neoplastic development and the unique and individual picture that
sesults from their independent reassortment In every single tumor
sugrest that the underlying cellular changes are not necessarily re.
fated 10 each other. It would follow that the neoplastic microevolu.
lion may proceed along various alternative pathways,

The genttic .anal)sis of tumor progression—reminiscent of the
adaptne evolation of mic ismal lati 3

: garismal poy i b
the absence of direct methods of genretic transfer b:\wcenr ot

[ t m sornati
ecl's and the impossibility of distinguishing hetween genotype an‘;

phenoty pe. Indirect methods of vanous kinds have been wsed in re.
Z:?lt years and a certain amount of circumstantial evidence has heen
ected, Genetically determined marker characteristics, detectahle
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at the cellular level by selective technigues, are now becoming ine
creasingly available. The isoantigenic markers determined by the
system of histocompatibility genes in the mouse have been studied
most extensively.

As a model system for analyzing isoantigenic variation, we have
been particularly interested in tumors induced in I’y hybrid mice,
produced by crossing two of the isogenic resistant lines of Snell (1948,
1958b). Such hybrids arc heterozygous with regard to the histocom-
patibility-2 (H-2} locus while the rest of the gename is theoretically
homozygous. H-2 is a good marker since its products are isoantigeni-
cally active and are detectable, under suitable conditions, at the cellu-
Iar level by selective techniques, involving serological and transplant-
ation tests. By methods of selective transfer it was possible to establish
variant sublines from several T, tumors, compatible with one or }hc
other of the parental strains and characterized by the loss of specific
H-2-dctermined isoantigens. No such variants could be obtained
from tumors of homozygous origin. With the hetcrozygotes, no spe-
cific variants could be obtained that would have required the gain of
isoantigen(s) concurrently with the loss of an alternative one. “Re-
combination” caperiments mvolving nuxed growth of two tumors
with different markers gas ¢ negative results. .

A closer analysis revealed that variant formation can meC(‘.d n
several distinct steps and different types of variants can be obtained
from the same Fi tumor. Characteristics of a given variant remain
constant even after return to and prolonged passage in the originvnn’x
genotype. Different tumors of similar origin and histology are indi-
vidually different with regard to variant formation, This may be re.
Iated to the fact, shown by cytological evidence on the same mqtcml
(Bayrcuther and E Klein, 1958), that an individual remodeling of
the chromosome set has occurred in every single tumor. Similar find-
ings have been reported by Ford, Hamerton, and Mole (1958) on
ather types of neoplastic tissues. Although it is uncertain whether tl.\c
isoantigenic varation is directly related to vanations at the genetic
level and epigenctic control systems might well be involved, the per-
manence of the changes and their relative msensitivaty to cA\!ransnc
influences make a genetic basis more probable than other alternative
hypotheses. .

Isoantigenic varant formation has several features in .common
with the pracess of tumor progression, The former can be viewed as
the loss of isoantigens preventing growth in a forcign:host genotype
while the latter is essentially a gradual loss of responsiveness to vari-
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heh,

ous growth-controlling b tic forces in the autock p us host.
In spite of this and other similarities, soantigenic variant ! ?rmatx?n
must be regarded as a model of only some cases of progression a4 s
test, There is some evidence to indicate that progression may pro-
ceed hy different mechanisms at the population level. Sn:' eral cases
of variation seleciiom, one instance of a host-induced adaptive modlt_‘\-
cation, and an automatic change in Tesponisiveness due to increase in
population size have been deseribed. Qnly a thorough factonal aml‘y-
sisof clear-cut wait chianges isolated from the tremendaus complexity
of tumor progression can be hoped ta clarify the various celiular
mechanisms involyed in the development of mafignancy.
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Sex-Linked Incompatibility of Male Skin and Pri.mary
Tumors Transplanted to Isologous Female Mice

Tueopore S. Havscuka, pip, Saram T. GRINNELL, B.A.,
Marcia MEAGHER, B.A, AND D. BErNarD AMOS, M.B., BS.

Department of Expenimental Biology, Roswell Park Memorial
Institute, Bufjalo, New York

The isoantigens of mammalian cells,
o

both normal and mahgnant,
are ¢ lled by domi

patibility genes. In the mouse,
these H factors are distributed over several chromosomes, They
produce exther strong or weak antigenic substances without apparent
interaction among themselves. In order to accept a graft perma-~
nently, the recipient must match all the antigens present in the
transplant  Antigens peculiar to the host, but Jacking in the graft,
are immaterial for compatibility,

These genetic prmeples of tissue immunity have emerged largely
Trom cxperiments with transplantable mouse tumoss because the anti-
gens determining regression of these tumors are relatively few (see
current reviews by Gorer, 1956; Hoecker, 1956; Amos, in press).

The more complex antigenic prerequisites for the survival of
normal tissues have handtcapped their analysis. For example, skin
Yrom strain A takesin (A X CBA)F, hybrids only if an estimated 15
antigens comcide in such a mouse; two takes among 120 reciprents
of shin gralts were recorded by Barnes and Krohn (1957). The la-
bortousdy duslopcd isogenie resistant line pairs of Snell, differing
at a known histocompatibility locus, have partly overcome these ex-
penmental obstacles (Counce, Smith, Barth, and Snell, 1936).

Intastrain grafts were behieved a priori to be 100 per cent com-
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patible, hence were of no genctic interest until Eichwald and Silmser
(1955) discovered a sex influence on graft survival within certain
strains. Female mice frequently reject isologous skin grafts from
males; whereas transplants from female to female, female to male,
and male to male arc accepted. An inbred strain in which the sex-
linked incompatibility is consistent (though weak, as compared with
H-2 cffects) would furnish ideal isogenic antibody producers for re-
fined serologic investigation.

The original data of Eichwald and Silmser were interpreted at
their request by Hauschka (1955), who proposed Y-linkage of a
histocompatibility gene as the most likely explanation of the chal-
lenging results. Endocrine requirements of male skin lacking in the
female host were considered a less probable alternative, Snell (1936)
found Y-linkage “both intriguing and plausible,” but doubted
whether firm proof could ¢ er be obtained.

Onc recent genetic test for Y-linkage (Bernstein, Silvers, and Sil-
vers, 1958) was inconclusive since both parental strains used in the
test cross carried the “male factor.” Meanwhile, Eichwald, Silmser,
and Weissman (1958) have virtually climinated a hormonal mechan-
ism. Castration, testosterone treatment, or implants of testes did not
abrogate female incompatibility toward male skin.

Our own experiments include over 400 skin grafts in several in-
bred strains and in F, hybrids. Male tolerance was induced in refrac-
tory females by several methods, and we performed serological tests
with isologous anti-male sera from hyperimmune C57BL females.
The presence and stability of the “male antigen” were examined in
five ncoplasms.

SeX-LINKED ISOLATION OF AN ANTIGEN IN THE MALE GENOME
»
oF SoME INBRED STRAINS AND ANTIGFNIC “CONTAMINATION
oF THE FEMALES IN OTIIER STRAINS

Methods

Qur shin grafts were made following the general rccommcnd:\tior}s
of Billingham and Medawar (1951). Attention was paid to the peri-
odicity of hair growth, We avoided grafting shin in the unfavorable
stages of “anagen” during which the cpidermis, the dermis, and the
adiposc layer become increasingly thicker (Montagna, 1956).

Donor and recipient were ancsthetized with Sodium Nembutal.
On both mice, arcas considerably larger than the middarsal opera-
tive field were shaved and then swabbed witha I: 1000 aqueous solu-



Figure 1 Ancsthetzed C3H,/Ha mouse immediately after skin isograft was
{astenrd with a iog of Michel wound chps

Figure 2 C311,/11a agouns fernale (genotype Pp) beanng a four-month-old
mecessful isografe from a prok-eyed dilute agouts male {$p).
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patible, hence were of no genetic interest until Eichwald and Silmser
(1955) discovered a sex influence on graft survival within certain
strains, Female mice frequently reject isalogous skin grafts from
males; whereas transplants from female to female, female to male,
and male to male are accepted. An inbred strain in which the sex-
linked incompatibility is consistent (though weak, as compared with
H-2 effects) would furnish ideal isogenic antibody producers for re-
fined serologic investigation.

The original data of Eichwald and Silmscr were interpreted at
their request by Hauschka (1955), who proposed Y-linkage of 2
histocompatibility genc as the most likely explanation of the chal-
lenging results. Endocrine requirements of male skin lacking in the
female host were considered a less probable alternative. Snelt {1956)
found Y-linkage “both intriguing and plausible,” but doubted
whether firm proof could ever be obtained. ,

One recent genetic test for Y-linkage {Bernstein, Silvers, and Sil-
vers, 1958) was inconclusive since both parental strains used in the
test cross carried the “male factor,” Meanwhile, Eichwald, Silmeer,
and Weissman (1958) have virtually climinated a harmonal mechan-
ism. Castration, testosterone treatment, or implants of testes did not
abrogate female incompatibility toward male skin. X

Qur own experiments include over 400 skin grafts in several in-
bred strains and in F, hybrids. Male tolerance was induced in refrac-
tory females by scveral methods, and we performed serological tests
with isologous anti-male sera from hyperimmunc C57BL Iem:dc.s
The presence and stability of the “male antigen” were examined in
five neoplasms,

Sex-LINKED ISOLATION OF AN ANTIGEN IN THE MALE GENO}\{,E
OF SOME INBRED STRAINS AND ANTIGENIC “CONTAMINATION
OF THE FEMALES IN OTHER STRAINS

Methods

Qur skin grafts were made following the gencral rccommcndaliorfs
of Billingham and Medawar (1951). Attention was paid to the peri-
adicity of hair growth. We avoided graiting skin in the unfavorable
stages of “anagen” during which the epidermis, the dermis, and the
adipose layer become increasingly thicker (Montagna, 1956).

Donor and recipient were anesthetized with Sodium Nembutal
On both mice, areas considerably larger than the middorsal opera-
tive field were shaved and then swabbed with a 1:1000 aqueous solu-
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Tgure | Anesthetized C3H, /Ha mouse immediately after skin 1sograft was
fatened with 2 ing of Michel wound chps

Figure 2 C3H, /Ha agount female {genotype Pp) hearing & four-month-old
suceessful isograft from a pnk-eyed dilute agouti male [§72N8
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tion of Zephiran chloride (Winthrop Stearns, Inc.). A full thickness
pinch-graft, about 1.5 to 2,0 cm. in diameter, was cut from the doror,
put into ice-cold sterile Earle solution in a Petri dish, and dissected
frec of vessels, subcutancous fat, and muscle, Bleeding from the pan-
niculus carnosus was avoided as much as possible while a graft bed
of proper size was opened in the recipient. Unless distinguishable by
a different coat color, the graft was fitted to the bed in such fashion
that future hair would graw at a right angle to the host’s fur. Instead
of using sutures {Liebelt, 1957) or gauze dressings, we attached the
gralt by means of a dozen or more 11 mm. Michel wound clips,
which were pinched in place with Michel clip forceps. A ring of these
clips surrounding the transplanted shin (Fig, 1) discourages nibbling
and facilitates postoperative inspection of graft behavior. Following

TABLE 1. Sex Influence on Intra-strain Rejection of Mouse Skin Graits

Successful Takes/Total Grafted TPer Cent

Takes

Stram of Donor and Recipient 27 dtod Qtod 3109 108

C57BL/Ha intrastrain 6/6 6/6 10/10 0/19 0%
A129/Ha intrastrain and

129/Rr to A129/Ha 22 88 6/6 0/ 0%

Y/HcHa intrastram 29/33  17/17 /24 20/3% 59%

C2He/Ha intrastrain 10/10 2/2 99 2627 965

DBA/2 mtrastrain 3/3 22722 6/6 8/8 100%

surgery the mice were hept isolated in individual cages. The chps
were removed under light ether ancsthesia when the graft was one
week old. Because of the good anchorage provided by thesc clips,
technical failures were eaceedingly rare.

The criteria for take or rejection were: discoloration of the graft,
stiffness, desquamation and contraction, growth of graft hair often
identifiable by coat color markers, or eventual sloughing, scabbing,
and balding. Grafts were inspected at brief intervals for an average
observation period of 27 weeks before thev were classified. In a ‘l’cw
instances of possible technical failure, second gralts of appropriate
genotype were made in order to double-check the host response.

Very advantageous for the skin graft work were speaial inbred



Theodore S. Hauschka et al. 275

«rains, or mutant sublines thereof, segregating for a single coat color
fference on an otherwise isogeme background. Availability of these
color markers at a 1.1 ratio was controfied by the following sib-
mating schemes*

Y/HeHa—yellow (A%a,bb) X brown (aa,bb)

DBA2/Ha—Maltesian ditute (dd) X intense (Dd)

C3H,/Ha~—pink-eyed difute (pp} X intense {Pp}

A129/Ha—off-white (¢, ch) X chinchilla (ch.ch)

\129/Ha 1s isogenic with 120Rr]ax, except for the albino Jocus.

Wheneser possible we made use of the above color “markers” for
convenient recognition of intrastrain skin grafts. None of these coat
color differences interfered with the histocompatibility of skin

Results

Table 1 summarizes the results for 273 skin grafts within five in-
bred strams of mice. The first three sex combinations (¢ — 9,
§= 8,9 3 of donor and recipient were usually compatible.

However, the reaction of females toward male transplants differed
from strain to strain, G57BL/Ha and A129/Ha females always re-
Jected male skan The yellow Y/HeHa strain gave intermediate re-
sults Among 27 C3H+/Ha females only one was incompatible, while
al DBA/2 females were tolerant Sloughing symptoms of male skin
m the C57BL females first became apparent at 139 % 1.3 days, m
(he A129 2t 156 % 0.9 days, and in the vellow mice at 353 = 11.0

TABLE 2 Behavior of Mouse Skin Grafts in Hybrids between the
C57BL/Ha and C3H/Ha Strains

. Surcessiul Takes/Total Grafted Per Cent
Wt' 318  Qtod EX7] ?x?é
?%1‘2:; " Q:m\x _csmu or teaiprocal F, 23/28 8295
x iDL, T T T T o
I 1o reciprocal F, 17
O e e 7, T T

* The Gt named.

“r1a bevween pareniheses 18 always the female parent (9% 8 )
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TABLE 8. Progressive Change and Subline Difference in the Compatibility of
Female Y/Hella Mice for Male Skin

Y/1eHa Subline Suceessful Takes/Total Grafted
or Hybrid

Combination Date Grafted Qto? Stod Qtod Stof
Intrastrain,

Y Subline unknown Feb.~June '57 3/5  5/5 13/13 1/8 {125
(C57BL X Y) to same F,

Y Subline unknown Aug. '57 . 6/6 05 (0%
Within Subline 1* Oct. '57-Jan. 59 14/16  4/4 2/2 714 (50%
Within Subline 2% Oct. '67-Jan. '59 22 11 11/11 (100%
Subline 1 to 2 Nov. '58-Jan.’s9  5/5 6/6 . /1
Subline 2 to 1 Nov. ’58-]an. ’59 /7 2/2

* Sublines 1 and 2 were derived at our laboratory from the same htter in November, 195
They have been carried as two separate sib-mated lines since then.

days. A few second grafts began to deteriorate in less than half this
time,

The finding that our C3H:/Ha fcmales were neartly always com-
patible with male tissue suggested two possibilities: (1) The C3H
male factor was weaker than that in the C57BL mice; and (2) the
C3H autosomes or X chromosomes had become “contaminated”
with the Y chromesome region producing the male antigen, and sex
linkage was thereby obscured.

The hybrid data presented in Table 2 support the latter alternative.
Compatibility with the male antigen can be transmitted cither by
C3H females or males (‘Table 2, line 1) into Fi daughters from an
outcross to C57BL. Transmission of compatibility is interpreted as
transmission of the antigen itself.

It appears certain from intrastrain grafts in C57BL that the X
chromosomes and antosomes of this strain were “uncontaminated”
by the Y-linked male antigen. It 1s further apparent that not alt C3H
ntice transmitted the male factor. Skin grafts between reciprocat Fa
males were all successful. They ndicate that C3H males transmit
the factor to their F1 sons on the Y chromosome and, further, that
the Y factor in C3H and C57BL males is the same.

Male C57BL/Ha or Fi skin contained an antigen strong cnough
to elicit a typical sloughing response within 20 days, and an aceel-
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erated “second set” reaction in a few Fi females; yet id.engical male
gralts were permanently accepted by the majority of .sn-mlar Fi fe-
males. This lack of response, however, need not be attnbutez_i to sub-
threshold amounts of a weak male antigen (Snell, 1956; Eichwald,
Silmser and Wheeler, 1957). Our data permit the alternative as-
sumption that compatible F; females in Table 2 and in the C3H:/Ha
sirain cannot react against an antigen which they themselves pro-
duce, or to which they arc tolerant,

The results with the yellow mice (Table 3} lend further support
to this view. A progressive change was observed in the frequency
with which male grafts were accepted by Y /HeHa females. To em-
phasize this change the data are arranged in time sequence.

Before October 1957, mice in both of our essentially coisogenic
sublines of the yellow strain were grafted, within each subline but
without written record of the subline, when they had reached the age
of about two months. During this early stage of the work, male Y/
HeHa or (C57 X Y)F; hybrid grafts were nearly always rejected by
females,

In a later series, only half (7 of 14) of the male-to-female grafts
within subline 1 were sloughed; it is noteworthy that five among the
stven takes have occurred during the Jast six months, Does this signify
progressn e “contammation” of the subline 1 females by the male fac-
‘°f7 Meanwhile, subline 2 females have become entirely compatible
with male tissue One such individual now bears three successive
male skin gralts, all in excellent condition. This cannot be explained
away by simply assuming 2 weak male factor, for even a weak antigen
would susely have elicited a detectable immune response under this
wholesale onslaught,

b\‘;:::l:s lh!:;fgcgl.pgéﬂglof %’icW. the four rejections of female shin
PR m’(‘(: rded in Table ’,c(.)lumn 3, are important. These four
g were sloughed within 30 days and behaved as if they
were male. They cannot be dismissed as technical failures. All fou
tegections occurred at 2 tne when the ma)c-‘mcompatibfc fcmak:
A1) 1 the yellow stock still greatly outnumbered the male-com-
patible (MC) females. All of the latter presumably has i
the male anugen (see “Discussion”). It is posmlaty d ahe red
male skin 1 rejected by Af1, but not by AMC f:m::l:s \[v};:; AI{IC; e
male skin 15 compatible sith bath types of females, bnfu . iy

s proposal no 1 i
L ‘::hc “twlangcr can be tested sinee all our yellow fe

Ttes as i3 evident from the Yast two lines of

rtunately,
males nosw
calumn 3,
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TABLE 3. Progressive Change and Subline Difference in the Compatibility of
Female Y/HeHa Mice for Male Skin

Y/HeHa Subline Successful Takes/Total Grafted
or Hybrid
Combination Date Grafted Qto? 4dtod Qtod dtoQ
Intrastrain,
Y Subline unknown Feb ~June '57 3/5 5/5 13/13 1/8 { 12%)

(C57BL X Y} to same F

Y Subline unknown Aug. °57 L. 6/6 0/5  (0%)
Within Subline 1% Oct. '57-Jan. 59 14/16 47+ 22 7715 (50%)
Within Subline 2* Oct. *57-Jan. ’59 L2 11/11 {100%)
Subline 1 to 2 Nov. *58-Jan, *59 5/5 6/6 . .. i1
Subline 2 to 1 Nov, "58-Jan. ’59 771 . 2/2 “a

* Sublines 1 and 2 were derived at our laboratory from the same litter in November, 1954
They have been carried as two separate sib-mated lines since then.

days. A few second grafts began ta deteriorate in less than half this
time.

The finding that our C3H:/Ha females were nearly always com-
patible with male tissue suggested two possibilities: (1) The G3H
male factor was weaker than that in the C57BL mice; and (2) the
C3H autosomes or X chromosomes had become “contaminated”
with the Y chromosome region producing the male antigen, and sex
linkage was thereby obscured.

The hybrid data presented in Table 2 support the Iatter alternative.
Compatibility with the male antigen can be transmitted either by
C3H females or males (Table 2, line 1) into Fy daughters from an
outcross to C57BL. Transmission of compatibility is interpreted as
transmission of the antigen itself,

It appears certain from intrastrain grafts in C57BL that the X
chromosomes and autosomes of this strain were “uncontaminated”
by the Y-linked male antigen. It is further apparent that not all C3H
mice transmitted the male factor. Skin grafts between reciprocal I's
males were all successful. They indicate that G3H males transmit
the factor to their Fi sons on the Y chromosome and, further, that
the Y factor in C3H and C57BL males is the same.

Male C57BL/Ha or F1 skin contained an antigen strong enough

to elicit a typical sloughing response within 20 days, and an accel-
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miece of grayed female slin, the male portion of this dual graft 1s rejected,
while the female skan 15 accepted
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INpucED TOLERANCE TO MALE SKIN 1N REFRACTORY FEMALES

Main and Prehn (1955) reported prolonged survival of skin ho-
mografts between inbred strains of mice after a lethal x-ray dose to
the recipients which then were protected with homologous bone
marrow,

Utilizing this tcchnique, we gave 800r total body irradiation® to
cight C57BL/Ha females, and injected them intravenously with
isologous marrow; five of these mice received male marrow, three
were given female marrow, and all survived, One month after irradi-
ation they were grafted with normal male C57BL skin which took
equally well whether the protective marrow had been male or female,

In two other groups treated with 800r under partial shielding, or
with only 300r x-irradiation, five out of 16 C57BL females retained
their ability to reject male grafts. Sufficient numbers of immunologi-
cally responsive host cells appear to has e survived in these five mice.

TABLE 4 Experimentally Induced Tolerance to Male C57BL
Skin in C57BL Females

& Skin Takes/Total @ 9

Pretreatment of @ Recipients

Untreated controls 0/19
X-ray 800r total body, then C57BL marrow i v. 8/8
X-ray 800r, but one hind leg shielded 9/12
X-ray 300r, no shielding 2/4
i p. injeetion of & CS7BL splecn at age <12 hours _27’——"
Foster nursing on C311: /IHIA @ carnier of & antigen 1/3
0/5

Foster nursing on DBA /2 @

The 19 male grafts that were accepted by the wrachated females
(sec Table 4) grew jet-black hair distingwishable from the gray ing
coats of their hosts, and persisted 1n excellent condition. We at-
tempted, without success, to causc breahdown of one such male graft
by injecting minced spleen and lymph nodes from a hypenmmune
C57BL female which had sloughed two snceessive male grafts.

This failure called for a test which would show whether the male
grafts surviving for half a year on their irradiated hosts had perhaps

1250 KVP, 0.25 mm. Cu + 1.0 mm Al HVL 095 mm. Cu
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Tug SzroLovical Basts OF Feaare Incospatipiury For MALE
Sxpt, AXD ASSEXCE OF AN IMMUNQLOGICAL INFLUENCE ON
’ Sex RaTI0

ANl the data so far presented are cumpa\i!ak with the COﬂCCPt’
(Hauschica, 1035) that the basis for the yejection of a male ralt by
an isogenic female is 2 Y Ainked zntigenic dxfi_mncc between ﬁ}:
two. The hypothetical antigen would.e\vukc.an fmune fesponse n
any anima$ not carrying ¥ orthe efiective regionof V. . )

Presomptive support for the primary role of an immunclogical
mechanism in this sex-lnked graft rejection comes {rom accelerated
sloughing, the “second set” response 1o subsequent skin grafts after
the first has failed {Lichwald, Silmeer, and Weissman, 1958; and
data presented here).

Mare rapid rejection also has been induced by pretreating female
mice with male tissue mince prior to grafting male skin on these
preimmunized hosts (Sachs and Heller, 1958), Billingham and Sil-
vers {1958) induced tolerance to the hypothetical male antigen by
injecting male spleen cells into newborn C57BL femnales. This treat-
ment abolished their ability to reject male skin as adults The only

published attempt to logically the antibodies in this
sex-hinked system s that of Sachs and Heller (1958). Their test for
the presence of hemagglutining after male-to-female immunization
was, however, negative.

We obtained our anti-male sera from hypedmmune CHTBL fe-

mafes that hiad rejected two or three consecutive male skin grafts and
min d them o by luty leuko-agglutinins, and Jewkocyto-
toxins,

No hemagglutinins were found whether the tests with CS7BL
male red cells were carvied out in saling or in 2 dextran:human
mufr\»cnhan@ system (see Gorez, 1956}, Leuko-agglutination was
carried out using a washed suspension of cells from perfused C57BL
splecns, serum and cells were dilated in saline. Six individual sera.
have so far been tested; four gave pasitts ¢ results with male spleen as
compared to female spleen that was included as 2 contral, Serum
from normal CSTBL males or Jemales, ar from 2 fernale that had ae.
cepted A female Shin graft, was negative The white cefl agelutina.
uon was weak compared 1o the strong reactions one js accussmc‘: 5
seeing with H-2 antisera, but was considerably stronger th tu.
previoudy obtainied in ather systems with anti-H-y argH-B aé‘u:f?r’



280 Gene Interaction in Neoplastic Growth

lost the male antigen. Five such male grafts were removed and re-
grafted to normal C57BL females. These were promptly rejected.
Four dual grafts consisting of male plus irradiated female shin were
transferred to normal recipients following the scheme in Figure 3.
The black male half of these rectangular grafts perished within four
weeks, while the female skin persisted and grew white hair, Appar-
cntly, the male antigen in skin is not lost or weakenced during long
residence in a tolerant female,

Billingham and Silvers (1958) and Mariani, Martinez, Smith,
and Good (1958) induced tolerance to male skin in G57BL and A
females which had been injected intravenously as newborn infants
with adult male splecn. We repeated this experiment on & smaller
scale as shown in Table 4, line 5, and also obtained twao takes of
129/Rr raale skin in two C57BL females injected at birth with corre-
sponding male spleen. The results give further support to a straight-
forward immunogenctic interpretation of female incompatibility for
maleisografts,

There is yet another possible source of female tolerance which may
be operative in nature; namely, the maternal uterine and/or milk in-
fluence (Barrett and Morgan, 1949). Peer (1957) has obtained
much longer survival of human skin homografts from mother to child
than from father to child. Fetal exposure to maternal antigens was
held responsible for this difference, which was not related to sex or
age of the child.

Foster nursing is capable of inducing telerance to leukemic and
other tumor transplants in normally resistant mice ( Cloudman, 1941;
Law, 1942). The last two lines of Table 4 show preliminary results
from a larger experiment now in progress. One of three C57BL/Ha
femalcs, fostered from the day of birth to weaning age by a C3H(/Ha
female, later accepted a male C57BL skin graft. In our black strain,
no untreated female had ever done this. The foster mother was com-
patible with an isologous male graft of long standing. Since the male
antigen in our C3H and C57BL mice is the same (see Table 2) and
is presumably present in male-compatible C3H females, it may be
transmissible by the milk in solution or on maternal cells, The milk
influence could thus be interpreted as “actively acquired tolerance”
in the sensc of Billingham, Brent, and Mcdawar (1953). However,
the small amount of antigen transferred in this manner rarcly may
be enough for lasting tolerance to skin, although sufficient for the
brief progressive growth of a neoplasm.
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Ty SerovocicaL Basts oF FEMALE INCOMPATIBILITY FOR MALE
Sxry. AND ABSENCE OF AN IMMUNOLOGICAL INFLUENCE ON
s
SEx RaTio

Al the data so far presented are compau}:lc with the concept
{Hauschka, 1955) that the bass for the (:.j:ctfon of 2 male graft by
an isogeme female is a Y-linked antigenic dxﬂfrcncc between tl}c
two. The hypothetical antigen would evoke an immune response in
any animal not carrying ¥ or the effective regionof Y. .

Presumptive support for the primary role of an immunalogical
mechanism in this sex-linked geaft rejection comes {rom accelerated
sloughing, the “second set” response to subsequent skin grafts after
the first hae failed (Eichwald, Silmser, and Weissman, 1958; and
data presented here}.

More rapid rejection also has been induced by pretreating female
mice with male tissue mince prior to grafting male skin on these
preimmunized hosts (Sachs and Heller, 1958). Billingham and Sil-
vers (1958) induced tolerance to the hypothetical male antigen by
injecting male spleen cells into newborn C57BL: females, This treat-
ment abolished their ability to reject male skin as adults. The only
published attempt to d logically the antibodics in this
sex-linked system is that of Sachs and Heller (1958). Their test for

the presence of hemagglutinins after male-to-female immunization
was, however, negative.

‘We obtamed our anti-male sera from hyperimmune C57BL fe-

males that had rejected two or three consecutive male shin grafts and

xa.mmcd them for hemagglutmins, leuko-agglutinins, and leukocyto-
toxins,

Ne hemagghntining were found whether the tests with C57BL
male sed cells were carried out in salne or m a dextran:human
scmm-:nhancfd system {see Gorer, 1956). Leuko-agglutination was
carried aut using a washed suspension of cells from perfused C57BL
spleens; serum and cells were diluted in saline, Six individual sera
have so far been tested; four gave positive results with male spleen as
compared to female spleen that was included as a commlpSc
from normal C57BL males or females, or from a female ihatbh dmm
cepted a female skin graft, was negative The white cell a; \at' .
;mn was w;a;(l s d to the strong ions one 15 ac e l?:;

ceing with H-2 antisera, but was consi
previously obtained in other systems ‘ﬁfzr:ggﬁr::g;;ha:;y
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lost the male antigen. Five such male grafts were removed and re-
grafted to normal C57BL females. These were promptly rejected.
Four dual grafts consisting of male plus irradiated female shin were
transferred to normal recipients following the scheme in Figure 3.
The black male half of these rectangular grafts perished within four
weeks, while the female skin persisted and grew white hair, Appar-
ently, the male antigen in skin is not Jost or weakened during long
residence in a tolerant female,

Billingham and Silvers (1958) and Mariani, Martinez, Smith,
and Good (1958) induced tolerance to male skin in C57BL and A
females which had been injected intravenously as newborn infants
with adult male spleen. We repeated this experiment on a smaller
scale as shown in Table 4, linc 5, and also obtained two takes of
129/Rr male skin in two C57BL females injected at hirth with corre-
sponding male spleen. The results give further support to a straight-
forward immunogenetic interpretation of female incompatibility for
male isografts,

There is yet another possible source of female tolerance which may
be operative in nature; namely, the maternal uterine and/or milk in-
fluence (Barrett and Morgan, 1949). Peer (1957) has obtained
much longer survival of human skin homografts from mother to child
than from father to child. Fetal exposure to maternal antigens was
held responsible for this difference, which was not related to sex or
age of the child.

Foster nursing is capable of inducing tolerance to leukemic and
other tumor transplants in normally resistant mice {Cloudman, 19415
Law, 1942). The last two lines of Table 4 show preliminary results
from a larger experiment now in progress. One of three C57BL/Ha
females, fostered from the day of birth to weaning age by a C3H,/I:h
female, later accepted a male C57BL skin graft. In our black strain,
no untreated female had ever done this. The foster mother was com-
patible with an isologous male graft of long standing. Since the malc
antigen in our C3H and C57BL micc is the same (scc Table 2% and
is presumably present in male-compatible C3H females, it may }lc
transmissible by the milk in solution or on maternal cells, The milk
influence could thus be interpreted as “actively acquired tolerance”
in the sense of Billingham, Brent, and Medawar (1953). However,
the small amount of antigen transferred in this manner rarcly may
be enough for lasting tolerance to skin, although sufficient for the
brief progressive growth of a neoplasm.
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equally well in mice of both sexes during the first two serial passages.
After six weeks of growth, mean tumor diameter of BP ¢ 34 was
22022 mm in females, and 250 = 2.2 mm. in correspending
males Since there also was no significant difference 1n survival time,
neasurements on this material were discontinued.

The most rapidly growing male sarcoma was BP 4 #1. Its “pro-
greswon,” therefore, was observed through two further male and fe-
male passages In both instances, tumor tissue was taken from a
male of the preceding transfer for transplantation into both sexes.
This was done in order to avoid cumulatn ¢ damage to the sarcoma
cells resulting from a possible imraune response during their continu-
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mation was afforded by a cytotoxicity test (method of Gorer and
O’Gorman, 1956) in which the C57BL spleen cells were incubated
with the antiserum in the presence of normal guinea pig serum and
1:2000 trypan blue as an indicator of cell damage, About 6 per
cent staining of male cells was consistently obtained with serum {rom
the immune females as compared with control values of 1 to 2 per
cent, There was no increase in staining with female eells. This was in
keeping with the leuko-agglutination results and indicated the pres-
ence of a weak but definite cytotoxin.

Feldman (1958) and Sachs and Heller (1958) have speculated
regarding experimental sex control by selective cytotoxic effects of
female antisera on sperm carrying the Y chromosome. With this pos-
sibility in mind we mated five hyperimmune C57BL females which
had rejected two successive isologous male skin grafts to normal
C57BL males and recorded sex ratios at birth. The sex distnbution
ratio for 26 litters, totaling 141 young, was49.0 = 4.2 per ccnt male.
This is not significantly different from the sex-ratio at birth of
50.8 % 1.2 per cent calculated for 293 litters of our normal C57BL
breeders. In utero, at least, male incompatibility docs not operate.

InstaviLITY OF THE MALE AnTiceEN v Tumors

Transplantable mouse tumors often become heteroploid during
serial passage (Hauschka, 1957), and this may be accompanied by
Toss of strain specificity and diminished absorbing titers for H-2 anti-
sera (Hauschka and Amos, 1957). It was, thercfore, desirable for
the present purpose to work with primary tumors, which usually
have near-diploid chromosome constitutions, The preferred host
strain was C57BL/Ha because females of this stock had consistently
rejected male skin grafts,

Sarcomas BP ¢ #1,2,3 and BP ¢ #4,5,6 were induced in C57BL
mice by subpannicular injection of benzo [a] pyrene. The resulting
growths were excised from their primary hosts when they were still
small and firm, in order to exclude variables introduced by necrotic
tissue, and were cut 1nto uniform cubes fitting snugly into a 13-gauge
trocar. The tumors then were transplanted into the chest walls of &
few isolagous males and females, eight to ten weeks old. The small
amount of primary tumor tissue available limited the size of the ex-
periment. Nevertheless, the three sets of caliper measurements de-
picted in Figure 4 demonstrate growth inhibition or complete regres-
sion (BP & #2) of the three male sarcomas in C57BL females,

However, the three female sarcomas BP ¢ #4,5, and 6 grew
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was still present and could operate in such aneuploid cells by eliciting
an inhibitory host response mn the female hine; and, it so, whether the
chromosome constitution of the female subline would show a down-
ward shift under the pressure of immunoselection against the Y
chromosome. Since the hypotetraploid EL24 idiogram may be pre-
sumed to have no more than one or two Y chromosomes, very slight
numerical changes would be anticipated. Two X chromosomes were
seen in some phase plates, but identification of the Y is still un-
certain (Figs. 5and 6).

A selective shift is suggested by the exact metaphase chromosome
counts presented in Table 5. The modal number in the female sub-
Tine semains at 76, but this peak contains fewer cells than the corre-
sponding male category.
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ous growth in female passage. Our objective was to leamn whether
the general syndrome of “tumor progression,” unaided by immuno-
sclection (Hauschka, Kvedar, Grinncll, and Amos, 1956), would in-
clude early disappearance of the male antigen,

During its sccond passage, tumor BP ¢ #1 grew at nearly twice
the rate shown for the males in Figure 4, but was still somewhat
retarded in the females. For the third passage, 46 mice were dis-
tributed into the following four groups:

Group  I—Eight untreated males;

Group II—Eight males injected intraperitoneally with 91 X 10°
nucleated male spleen cells from a pool of minced,
screened C57BL spleens. This inoculum was sus-
pended in 0.5 ml. Earle solution and is equivalent to
an average-sized whole spleen;

Group ITI—15 untreated females;

Group IV—15 females injected exactly like Group II with an
immunizing dose of isologous male spleen cells.

One week after the spleen injection, the mice in the above four
groups received implants of second passage BP ¢ #1 from the same
individual male donor, However, neither sex nor “preimnmunization”
exerted a significant influence on tunior development or size. The
mean tumor diameters 16 days after implantation were: Group I,
10.4 = 1.2 mm.; Group II, 8.4 = 1.3 mm.; Group III, 8.7 = 08
mm., and Group IV, 10.5 = 1.1 mm. Apparently, sarcoma BP & #1
had already lost its cfTective male antigen during the sccond passage
in males and was now able to grow at maximum rate cven in pre-
immunized females.

From the following observations on two male ascites lymphomas
(EL24 and C584#+4) it appears, however, that the malc antigen oc-
casionally may persist aver longer periods.

Lymphoma EL24 originated in a C57BL male which Dr. F. Bock
of this Institute had shin-painted with dimethylbenzanthracence. The
primary host contained an ascitic exudate rich in mahgnant Iympho-
cytes and well suited for exact chromosome counts. The Iymphoma
had a near diploid nuclear constitution with a sccondary mode of
about 20 per cent near-tetraploid cells

After 53 serial passages of EL24 i C57BL males, the cell popu-
lation was entircly hypotetraplord with a sharp mode at 76 chromo-
somes. At this time we cstablished a female subline. A question of con-
siderable interest was whether the supposcdly Y-linked male antigen
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TABLE 5. Chromosome Numbers of a C57BL & Tumorin & and ? Passage

Lymphoma Chromosome Number

EL24

Transfer 67 69 7t 72 73 4 75 76 77 78 79 80 8t 82 Toul
Generation MODE Counts
3G53 1 1 3 2 2 17 3 P
1 mouse® 3%

9G1, G2 2 5 214 6 828 47 17 2 W
4 mice 32%

* This 8 furnished the tumor for the ¢ subline.

More convincing is the overall downward trend of chromosome
counts obtained from the ascites during the first two passages of EL24
in females; 45 per cent of all cell counts were below 76. In the donor
male, only 24 per cent of the metaphases had fewer than 76 chromo-
somes, and there was no indication of a secondary population com-
ponent. In female passage, two new minor chromosome classes ap-
peared at 75 and 72,

A probably related phenomenon was the occurrence in females of
two successive growth waves which were not scen in males. The fe-
males showed marhed abdommnal distension; the ascites then ap-
peared to regress, abdominal contour rcturming to almost normal
girth for a week, whereupon a second large accumulation of ascites
terminated in death of 14 females 33.2 = 1.4 days after inoculation
of 40 X 10® tumor cells. In 21 males the ascites grew progressitely,
and these males survived for only 22.0 = 1.0 days. The difference in
survival time (11.2 = 1.73 days) is highly sigmficant.

Confirmatory results were obtained with another ascites tumer,
C58%#4, which had arisen as a spontaneous thymoma in a C38/
McDHa male. This thymoma was carried in males for 30 passages,
whercupon total cell number per mouse in the male line was com-
pared with counts in a female subline. The total cell number of
ascites in the females showed a lag behind the number in correspond-
ing males; the difference, after four transfers, had become 16-fold.

Discussion

Sex-linked influences on the istocompatibility of transplantable
tumors have been observed in earlier investigations (Strong, 1929,
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Bittner, 1932; Hauschha, Amos, and Grinnell, 1956). But these
cffects were superimposed on the scgregation of autosomal antigenic
loci and were beyond the reach of a serologic approach. The sex-
linked rejection of isologous tissue discovered by Eichwald and Silm-
ser (1955) has aroused much investigative curiosity because it holds
promisc for exact immunogenetic analysis,

The male factor operates not only in transplanted skin and some
tumors, but in thymus (Hirsch, 1957), Iymph nodes (Feldman,
1958), lung, and salivary gland (Eichwald, Silmser, and Weissman,
1958). It is also present in male spleen, liver, and whole blood, since
Eichwald, Silmser, and Weissman (1958) produced partial im-
munity against a male fibrosarcoma in females pretreated with these
tissues.

In Table 6 we have summarized all available skin-graft data for
12 inbred strains. The male antigen appears to be widely distributed.
Whilc it behaves very uniformly in one strain (C57BL) and in one
Iaboratory (Sachs and Heller, 1958), most sublines of C3H, DBA/2,
Balb/c, and A/Jax react inconsistently.

The irregular response to male shin by females in these strains and
in test hybrids has provoked many speculations: Relative weakness
or complete absence of the antigen (Snell, 1956; Prchn and Main,
1956; Eichwald, Silmser, and Whecler, 1957) ; endocrine differences
between strains; intrastrain variation in the recipient’s ability to re-
spond toward the male factor; sex-limited autosomal inheritance
(Short and Sobey, 1957); “an autosomally controlled replica of a
Y-controlled antigen™ (Michie and McLaren, 1958); and “hybrid
vigor” determining the absence of male tolerance in “strong hybrids”
or acceptance of male grafts by “weak hybrid” females (Eichwald,
Silmser, and Weissman, 1958).

A tenable working hy pothesis must do justice to the pertinent fact
that some, but not all, females and males of the inconsistently be-
having strains can transmit male compatibility to their dnughlqs.
This transmission occurs not only within a so-called “weak” strain
but in outcrosses of weak to strongly reactive strains.

The seeming compleaity of the data is resolved best by a cytoge-
netic extension of the hvpothesis (Hauschha, 1955) that the male
antigen is Y-linked: In C57BL/Ha mice, the antigen remains iﬂq'
lated on the Y chromosome. Rejection of male skin by females is
therefare consistent. In other strains (e.g., C3H:/Ha or Y/HcHa)
female rejection of male tissuc is inconsistent, female-to-female re-
jection has been observed, and complete compatibility may evohe
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ling a general nucleic acid synthesis pan.cm.” By -pr.oducls of Ehls”ac-f
tivity may be sufficiently specific for “xmrfmnulugma\ detection” o
the ¥ chromosome by rabbit antisera (Levit ef l.ll., 19.36).. Ho\\.'u e,
Fox and Yoon (1958) have shown 2 qualitative shift in antigenic
pattern depending on the number of X chromosomes rn.lhcf than fhc
Y. XY flies produce a male antigen which disappears in XXY ﬂ\c.s.
1n the discussion of therr interesting data, they deplore the nanavail-
abihity of XXY muce for simular tests. Howeser, the cytogenetic inter-
pretation of our data would argue in favor of the existence of such
‘mice in certain meonsistently behaving strains.

These supposttions now will have to undesgo further immusno-
genetic and, above all, cytologic tests. The sex-linked histocompati-
bility system of mice merits considerable further exploration, for its
genctic virtues are unique: It functions against an otherwise iso-
gente background, seems tied up with a chromosome which is mor-
phologically distinguishable, and elicits detectable isoantibodies,
Hence, it should be instractive as 2 model of antigenic differentiation
n normal tissue, and antigenic instability in malgnant cells.

SUMMARY

The sex-hnked histocompatibility system in mice has been analyzed
further:

Male-to-female skin grafts within several inbred strains haxe given
three types of response: 1. consistent rejection m C57BL/Ha and
A129/Haj 2. varying frequencies of compatibulity in C3He/Ha and
Y/HeHa; and 3 complete compaubility in DBA/2 and Y/HeHa
subling 2

"The male factor or “Y-Inked antigen” was, howeser present in
all three types of mice, as praved by suitable ou!croses., Hence, fe-
ma\c'nonreactl.\'ny in classes 2 and 3 is attributed to the prcscnc’e of
:(lj\e; antigen in the male-compatible females, resulting from trans
cation of dis i !
I . 3 Oceasional re-
jectrons of female skin by fema i i

Male tolerance was :x)pcriml:\st:l]l B A o My pothes.

; toler y nduced in females by x-i
ation, imjection of male cells at birth, and (in only one case )Yb’; lfrl.:sarlci:

nursing a female from a refractory strain on a male-tolera
I<ol?g9us female anti-male sera contained weak but dcf;n'm l""fsc»
agglutinins and leukocy totoxins; they did not aggluti e v
ned! gelutinate male red
ma[;:\e turnors enginating in C57BL/Ha male mice contained th
antigen, as shown by their transient growth inhibitiontin fcE

durting sp
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rapidly within a stock. Do such mice transmit compatibility to their
daughters simply by transmitting the antigen which has become at-
tached to the X chromosome or an autosome?

If antigenic Y material enters the rest of the genome, sexlinked
histacompatibility would be at stake. Primary mciotic nondisjunction
or translocation during spermatogenesis could initiate the sequence
of events outlined in Figure 7.

Once the male antigen has become attached to the X chromasome
or to an autosome, carriers of cither sex would quickly disseminate it.
Increasing numbers of females in such a “contaminated” population
would accept male skin, for they could not react against an antigen
present in their own somatic cells, Intra-uterine and milk influences
are apt to induce phenotypic male tolerance, cven among thae
daughters that have not acquired the male factor by genctic trans
mission. The progressive changes in graft behavior witnessed in our
yellow strain (Table 3) arc a cascin pomt.

"The nonchiasma type, firm end-to-cnd adherence established for
the mouse X and Y chromosomes during meiosis (Sachs, 1955;
Ohno, Kaplan, and Kinosita, 1957a, 1957b) would scem to favor oc-
casional nondisjunction. This would give rise to XY sper and
thereby XXY females. Inbred strains of mice may differ in the
tendency of their X and Y to be connected. Painter (1927) has found
variations in the frequency of unconnected X and Y chromosomes at
first metotic metaphase in difTerent types of mice. These two phe-
notnena may well decide whether the male antigen remains firmh
Y-linked and restricted to males—as it does in CH7BL—or crowes
the cytological sex barricr because of nondisjunction or asynapsis.

The allelic complesity known for other histocompatibility systems
in the mouse scems not to be paralleled in the male factor. Combining
our data with those of Lichwald, Silmser, and Weissman (1958),
Bernstein, Stlvers, and Silvers (1958) and Zaalberg (in press), we
may conclude that C57BL, A/Jax, DBA/2, C3H¢/Ha, Y/Hecla,
and CBA all have the same Y factor. The apparent absence of allel-
ism and strain specificity is in heeping with the genetic inertness qf
the Y heterochromatin, It may cven suggest that the male antigen 1§
not the product of a true histacompatibility locus, but a property of
the Y hetcrochromatin as a whole,

Trom the biochemucal studies of Schultz and his collcagues
(Schultz, 1956) on the Y chromosome in Drosophila melanogaster,
it is apparent that genetic “inertness” means anything but ssnthetic
inertness; for the Y heterochromatin is most “influcntial m control-
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males. Cytological comparison of male and female passage sublines
in one of these neoplasms was suggestive of immunoselection, possibly
against the Y chromosome or a translocated part thereof.

These results are discussed in relation to previously published data
and hypothescs.
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Seseral different mechanisms hase been proposed for the deselop-
ment of drug resistance in neoplasms. In thorough reviews, based in
part on experience with mouse leukemia L1210, Law (1936, 1938}

d the possibilities of physiologic adaptation and directed mu-
tation, and supported strongly the proposition that random mutation
and selectton by the drug of resistant mutants in the diverse cellular
population consutute the meck by which stably resistant pop-
ulauons of reoplastic cells arise. Leukemie cells resistant to A-metho-
ptenn occurred 1 sensitive populations not prevously exposed to
anuiolic acids {Law, 1952a). In experiments based on the bacterial
“Muctuation test” (Lurta and Delbnick, 1943}, Law (1952b) ob-

served great differences in response to A-methopterin after six pass-
age generations ameng sublines origi

. ing from one sub
unplant of leukemia L1210, but consistent response to the agent in

multiple tests of an inds idual subline. One of 10 clones of the hyper-

dipleid Ehrlich ascites tumor agising through single-cell transplanta-

tion (Querner, 1935) showed reduced sensitisity to colchicine, indi-

cla;_uég) presence of resistant cells in the original population (Lettré,
56).

Neither the concept of point mutation nor the possible bjochemcal
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Iines The literature also includes reports, which need not be discussed
here, on the presence or absence of evident chromasamal changes ac-
companying various phy siological, nutritional, or biochemical dif-
ferences m mammalian cell clones.

PRrOCEDURE

Our investigations have been carried out on an ascitic parent line
and mine sublines of mouse leukemia L1210, It may be mentioned
that Law (1951) had observed no morphologic changes in L1210
cells transformed to A-methopterin resistance. The leukemia was
known to be diploid or near-diploid {Law, 1956}, but sensitive and
ressstant sublines of L1210 had not been compared cytologically.

Our parent line of L1210 was obtained from J. H. Burchenal in
September, 1956, and sice then it and its sublines have been carried
in Bittner's D:BC mice. Some of the experiments were made with
DBA/2 mice.

The sublines have been developed by passage under continuous
exposure to various chemotherapeutic agents. Subline IV was started
early under treatment with A-methopterin at 3 mg/kg. We examined
the chromosomes from transfer generations 31 and 42 after recovery
fram a frozen tumor bank.

Another group of sublnes originated from an early branch off
the parent Line. At the 10th generation of this branch, subline X was
started under exposure to 6-mercaptopurine at 40 mg/kg. We have
examined chromosomes from the 57th and 59th passage generations,
and from ion 71 after 10 g ions of no t Sub:
line X1, started at the same time as subline X, was treated with a
combination of amethopterin at 3 mg/kg and 6-mercaptopurine at
40 mg/kg. We examined chromosames in generation 41,

The semaining sublines were taken off the main stem of the parent
hae (V). At the 10th generation, subline IX was begun under ex-
posure to A-methopterin at 1.0 mg/kg, and sublme VIII was started

under §-mercaptopurine at 20 mg/kg. We exami
; 3 mined chromosom
of generation 45 of subline IX and of i o
oL generadon of generations 47, 51, and 71 of

Two generations of the i i

parent Tine later, subline 11T

undcr. exposure to 40 mg/kg 6-mercaptapurine, C-h\‘omusvt;'::xS Jegn
examined from generations 53, 59, and 80, as well as fr e
tion 78 in a subbranch d for nine ge i om genera:

Subline XIT was begun at the 15th generation of the parent Jin
e
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or other means by which a genctic change produces drug resistance
is within the province of this paper. We have proposed to investigate
the possibility of genetic change in the sense of gross chromosomal
realignment by the comparatively crude approach of kanystype
analysis. The present paper is, however, little more than an extension
of the recent examination of this subject by Hauschka (1958).

The study of Hauschka (1958) was on seven resistant or drug-
dependent sublines of various mouse neoplasms and their five sensi-
tive strains of origin. Four chemotherapeutic agents were involved.
In four of the seven resistant sublines, no chromosomal difference
distinguished the derived line from the sensitive parent line. How-
ever, one of these four may have concerned a nongenetic effect, be-
cause resistance to A-methopterin in a treated subline of plasma ecll
tumor 70429 reverted to sensitivity in the absence of the agent (Law,
1958). In three instances, Hauschka found that changes in chromo-
somal number and morphology occurred in the resistant tumor. The
development of resistance to DON in two sublines of a mast cell tu-
mor was accompanied by no evident chromosomal change in on¢
subline but a more pronounced mode of chromosome number and
two new marker chromosomes in the other. X

Hauschka (1958) pointed out that his data on chromosonies, in
which he analyzed a number of transfer generations after the de-
velopment of resistance, did not completely justify the inference that
the observed chromosomal changes caused the development of re-
sistance. However, the gross chromosomal changes could contribute
to variability in response of the tumor cells beyond that attributabie
to point mutation.

An earlier study (Hirono and Yokayama, 1955) demanstrated no
chromosomal differences between the original sensitive Yoshida sar-
coma and a derivative subline resistant to nitrogen mustard N-n\*ific.

The chromosome number mode of the “diploid™ Ehrlich ascites
carcinoma may have shifted in the development of a colchicin.c-
resistant strain { Lettré, 1958), Counts on the original sensitis ¢ strain
(Bayreuther, 1952) lay 93 per cent in the chromosome number range
41 to 50, but counts made some years later by Querner on a strain re-
sistant to N-methylcolchicamide gave 48 per cent in the range 31 to
40 and only 39 per cent in the range 41 to 50. .

In summary, then, the available literature gives a number of in-
stances in which no chromosomat changes distinguished drug-re-
sistant or drug-dependent tumor sublines, and about as many n-
stances in shich there were haryotypic differences from the parent
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“TABLE 1. Chromosomes of 14210V (Parent Line)
Generations 52, 8, 83

Markers® in NearDiploids
Sek

Number  Frequenty Frequency
3 ES 25
SHorirs o 5
3 3 8, mm 0
33 6 §, mmm 4
3 13 §,M,m 4
10 30 8, M 3
41 3% m 2
2 18 mm 2
3 1 none s
4 4 Total 3
45 ot mote 6 Modat Cell
80,87 2 (38-40)T, 15, Im
Total ™

€ Cheomosoms types are designated thus T, telocentric, A, metatentne; s,
submetacentric, v, punate

celis contained a chromosome of mediam lengths with a medially lo-
cated centromere The most common conbination of marker chromo-
somies was one example of the long submetacentric plus one minute
chromesome The “modal cell,” in consequence, display ed from 38 to
40 telocentrre: ok plus one plus ane minute
chromosome This parent hne V extubited notably more varability
11t chromosome number and 1t marher chromosomes than did some
of the drug-resistant sublistes,

The A-methoptenn-reststant sublines IV, IX, and X{ had some
points of cytological agreement (Table 2) Both generations of sub-
bre IV examined <howed a modal class of figures with 42 chromo-
somes, which typically included 41 selocentric chromosomes and one
minute Although 94 per cent of subline IV cells contained minute
chromosomes, only a mmority of mitotic figures in sublines IX and

Xiddso The modal figures m these two sublines contained 40 telo-
centric chromosomes

‘The sublines des eloped by exposure to G-mercay §

o . plopunne mcluded
YSI, VIT, and X, Sublines T3 and VIIT sesembled the parent hne
¥, while subline 3. resembled the A-wethopterin-exposed sublines
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Subline X1, treated with azaserine at 20 mg/kg, was examined in
genceration 33,

From the 53rd gencration of the parent line came the last two sub-
lines. Subline X115, under exposure to 25 mg/hg of 5-fluorouracit
in saline, was cxamined in gencrations 5 and 23. Subline XHTe, for
which the 5-fluorouracil vehicle was peanut oil, was examined in
generations 6 (unsuccessfully) and 27, In the last case, the examina.
tion was made in an untreated mouse, but the cells had been treated
for the previous 26 passage generations.

Because average survival times of mice carrying this ascitic L1210
leukemia and its various sublutes ranged from 9 to 13 days, mice for
chromosomal studies normally were taken on the fifth day after in-
oculation and injected intraperitoneally with 20 microgrants of col-
chicine (Hauschha and Levan, 1958) in 0.2 cc. Gey's balanced salt
solution. Some 14 to 16 hours later each mouse received an intra-
peritoneal injection of 1 cc. Eagle’s basal medium, to aid in our rc-
covery of the cells, and was hilled by cervical dislocation, The ascitic
fluid was removed and added to several times its volume of a warmed
hypotonic Gey’s solution (Hsu and Pomerat, 1953), After some 10
minutes’ exposure and a light centrifugation, the fluid was decanted
from the cclls and orcein stam in 60 per cent acetic acid was add(:d.
The cells were pressed out under cover ghsses and sealed i with
Gurr’s compound .

The cells were examined with phase-contrast oil immersion i+
croscopy, and chramosome counts were made with the aid of free-
hand drawings and occastonal photographs.

Resuvrrs

Examination of thrce specimens of the parent e LI2io v
revealed a broad modal group peaking at 41 chromosomes per figure,
with almost as many cells having 40 chromosomes (Table 1 ). Some
80 per cent of the figures had from 39 to 43 chromosames. There
was a small representation of cells with nppmummch 80 chromo-
somes, Most of the cells contained marker chromosomes, the most
prominent being a long element with submedian centromere nnfl a
Iong arm about three or four times the length of the short arm, Fhis
submetacentric chromosome also occurred commonls in sublines 111,
VI, XIITs, and XIITr Of 123 near-diploid cclls studied e V,
113 contained the long submetacentric, From onc to three mmute
chromosomes occurred in about 75 per cent of the cells, and a few
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TABLE 3, Chromosomes of &-Mercaptopurine-treated Sublines 111 and V11

Markers* in Near.Diploids

Frequency nqu:ncyv .
requ 3
S, m 7N st 49
arless 3 1 1 g 5 PN
3 [ 8, mm 5 2
18 1 3 3 8§, mmm ‘ o
3 9 10 12 S5, mmm 0
s noo5 12
0 57 16 27
5 [
41 no12
S, M o 8 2
2 6 2 9 ,
It 0 1 m L
4 o 0 2 none v+ o0
45 ormore 11 3 Totals W W B0
8,79 2 0 1 Modal Cell
us o 1 0 11 38T, 1S, Im
Totals OB OB YIIL 38T, 1S, I

*Chromosorne fypet are desgnated thuy: m, minute, M, metacentric; S, submetacentric;
T, telacentaie,

**Tus column contains a summation of data from the conti Iy 6
weneravons 53, 39, and 80 of subline 11T, while TIL;, wasa n

d
P
inth-generation untreated specimen

plus one munute ch Unfor
generation 71 was not examined.

Subline X11 was examined in its 33rd passage generation under
continuous treatment with azaserine (Table 5). The modal celt con.
tained 40 tedocentric chromosomes and one minute, The long sub.
Metacentric was séen in three cells of the 41 examined,

Of the recently developed sublines resistant to b-flucrouracil, XI11s
had amode 0f 39 to 41 chromosomes, one of these being the long sub.
meacentric The spread of the mode as given in Table 5 resulted
from a downward shitt from a mode of 4] chromasomes in genera-
tion $ to a mode of 39-401n generation 23, Subline XIr was exam-
ined in generation 27, in a mouse that was not treated with 5-fluor-
Yuracil in this ast generation of the Jeuhemia subline, because of dif-
fienlties with the peanut o1l vehicle in the preparation of slides, The
modal chromosome number was 40, the long submetacentric was

present in every cell examined, and a minute chromo:
SOmMe was
n 70 per cent of the cells, noted

1y, a treated speci of
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TABLE 2. Chromosomes of A-methopterin-treated Sublines

Frequency Markers* in Near-Diploids
Number IV IX XI** Frequency
Set IV IX XI*
35 0 1 1 m 6 8 12
36 0o 2 0 mm 6 1 1
37 1 1 2 S, m 1 00
38 0 4 4 none 5 16 26
o022 Tows T B ®
40 4 6 14
Modal Cell
41 16 5 4
IV: 41T, Im
42 38 2 5 - !
IX: 40T
43 15 1 4 XI: 40T
44 or more 3 1 3 -
82-85 5 0 0
98 0 o 1
Totals 82 EE 10

* Chromosome types are designated thus: m, minute; S, submetreentrie, T,

telocentric N
** Subline XI was exposed to 6-mercaptopunne as well as to A-methopterin

from a chromosomal standpoint. Subline 111 contained a sharp peak
of figures with 40 chromosomes, of which 38 were typically telocen-
tric, one was the long submetacentric, and one was a minute chromo-
some (Table 3). Nearly 99 per cent of the figures examined in sub-
line III contained the long submetacentric chromosome. This was
also true for the 79th generation of subline IIT, examined in a subsid-
iary tine in which exposure to 6-mercaptopurine had ceased with the
70th passage generation, In this last case, the mode at 40 chramo-
somes was not so pronounced.

Subline VIIT also had a mode of 40 chromosomes, and the most
common sct of marker chromosomes included the Jong submetacen-
tric and one minute. There were other scts of markers, and two figures
of 81 examined appeared to contain one metacentric chromosome
each, in addition to a submetacentric.

Subline X was different (Table 4). Generations 57 and 59 had a
modal class of mitatic cells containing 40 telocentric chromosomes,
Only about a third of the mitoses had from onc to three minute ch_m—
mosomes, In a 10th-generation untreated control of generation 71,
the commonest mitotic figurc had 40 or 41 telocentric chromosomes
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«eloped under Azaserine {X11) or
Chromoyomes of Sublines Developed 1
TABLES Chom 5 Fiuorouracit {X1¥ls and XI1ly)

Markets? in Neat-Diplonds

Freguency Sttty 118
‘Tequenc! 1t X1
Tumber R Rijlg KL, Set X s »
1 S 0o 2% 15
orless v5 - 5 5
] s v 1 3 .
§, mm 1 1
% 13 6 s
m 19 0 0
3 4 7 12 20 o
@ 7 8 16 mm
mmm (O I )
a1 w o8 8 :
42 7 5 3 none 10 _ﬁ o
13 6 3 1 Totals ) 1 50
2 4 0 O
47 ¢ 1 @ Modal Cell
1 1 o0 O XIT 40T, im
8,8 o 1 1 Xl (3940)T, 15
Totals 3o® ™ X, 387,18, im

* Chromosome types are designated thus m, mnute, $, submetatentric, T, telocentric,

treated control from hme T§1 had six marker classes as opposed to
four elasses in the treated specimens of the subline. The 10th genera-
tion untreated consrol of subline X. had four such classes, as did the
treated specimens, but the markers occurred in 70 per cent of the
celis instead of 36 per cent. The treated specimens of sublines 11T
angd X had sharper chromosome number modes than the untreated
had Of course, the sublmes may have had more variabibty in chro-
mosome numbers and markers than was expressed 1n mitotic cells, as
the results of Freed and Hungerford (1957} indicate for sublines of
the Ehrlich carcinoma, However, the fact of their mitotic rarity
would tend to dummish even more their proportional representation
inthe poputation in later cell generations.

It should be emphasized that the small number of specimens,
small number of chromosome sets analyzed, and spotty selection of
generations used in this prelimunary survey render the relations Just

stated merely suggestive. The points at issue should be studied in
<pecific experiments.

F.mm a chromosomal standpoint, the subhnes studied may be
@nided into two groups The long submetacentric chramosome of
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TABLE 4. Chromosomes of 6-Mercaptopurine-treated Subline X

Markers* in Near-Diploids

Frequency Frequency
Number Xor, Xnt Set Ni, n** XAt
3G orless 0 5 m 15 sl
37 1 1 mm 9 9
38 0 2 mmm 1 3
39 [ 3 none 15 16
40 36 1 Totals ™ 5
41 16 15
42 9 12
43 1 7 Modal Cell
44 0 3 Xy, 5ot 40T
45 or more 1 4 X; (10-40)T, Im
Totals 0 3

* Chromosome types are designated thus m, minute, T, telocentnc
** Pooled data of transfer generations 57 and 59 under ¢

purine

treatment with 6

+ Data from a 10thg d lcukemic ascites of transfer generation 71

Discussiox

The findings suggest a greater chromosomal variability, with per-
haps less pronounced chromosome number mode, 1 the parent line
V than in the drug-resstant sublines individually, although the
greater number of cells examimned in line V may be partly account-
able. A greater variability of the parent line would suggest that con-
tinuous treatment with the seseral antimetabolites had <elected re-
sistant genotypes, insofar as their existence may be inferred from the
different haryotvpes (Ford, Hamerton, and Mole, 1938), in the
chromosomally vaned and varving parent population. To the estent
analyzed in this study, the stem cell karyotvpes of the sublines all ap-
peared to be present in the parent ine V. The rapidity with which
mutant genotypes in leukemic cell populations can replace the parent
genotype under the sclective presure of antimctabolites may be
gathered from the calculations of Skipper, Schabel, Bell, Thomson,
and Johnson {1957).

There was variability in markers as well as in numbers of chromo-
somes, Line V displayed nine different combinations of marker ¢hro-
mosomes or their absence, more than anv subline, although subline
VIII approached it with seven clases The ninth generaton un-
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apparent absences of such correlation. The relation bc(.wccn ]:‘:;
methopterin resistance and lack of the Ia.rgc submetacentric marl
chromosome has a low probability of being f9nu1tous. Thus, of th'c
parent ling and nine sublines, the five in which the sx{bmctafzcntrlc
chromosome is common are sensitive to A-methopterin, while the
five in which this marker is absent o rare are resistant or only slightly
sensitave to A-metbopterin. If these data are treated in 2 X 2 con-
tingency tables according to Finney (1948), the proportion of re-
sistants without submetacentrics (5/5) is found to exceed the pro-
portion of sensitives without submetacentrics (0/5) significantly at
2 probability level of 001, The same conclusion is reached for the
Proportion of sensitives with the sub tric (5/5) with respect
tothe proportion of resistants with the marker (0/5).

However, resistance to 6-mercaptopurine, to azaserine, to 5-fluor-
ouraci, to 8-azaguanine, or to mi is not accompanied by dis-
tnctive cytological pecubarities in the sublines, so far as the present
study goes. A more detailed study might reveal some significant cor-
relations. For mstance, there were probably some chromosomes
longer than the longest of the normal murine complement, as well
assome chromosomes shorter than the shortest of the normal comple-
ment {and still not listed as minutes) in these L1210 plates, such as
Ford, Hamerton, and Mole (1958) found in their near-diploid re-
ticular neoplasms of the mouse. Such chromosomes might well duffer
from sulbiine to subline, Evidence regardng them and other indica-
fians of translocations and cryptostructural rearrangements and

losses (Levan, 1956; Hauschka, 1958) might be produced by precise
diogram analysus,

SummMary

Chromosornes were studied 1 nme variously drug-resistant sub-
lines of the near-diplaid L1210 leukemia of the mouse. The five sub-
lines resistant to A-methopterm lacked 2 large submetacentric chro-
mosome that charactenzed the modal complements of the parent
line and the other four sublines, all of which were sensitive to A-
methoptenn, No consistent cytological changes accompanying

sistance to 6~mcrcaplopunne, azaseril o T

ine, 5-fluorouracil, o i
were noted ’ » or miormycin
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the parent line V also occurred in the modal figures of sublings 111,
VIII, X115, and XIIIy. This chromosome was not scen in sublines
IX, X, and XI; it was scen, doubtfully, once in 98 figures of subline
IV, and was scen in only three figures of 41 analyzed in subline NIE

Roughly, the subline patterns of drug sensitivity and drug re-
sistance fall into somewhat similar groupings.

The members of the first group, which lack the long submetacen-
tric chromosome, show some points of strong resemblance in drug
resistance, Thus sublines IV, IX, and XII arc essentially resistant to
A-methopterin at 3 mg/kg; while sublines X and X1 show only slight
sensitivity (Hutchison, 1958). Although sublines IV and IX were se-
lected for A-methopterin resistance and XI for resistance to A-me-
thopterin plus 6-mercaptopurine, X was sclected for resistance to
6-mercaptopurine and XIT for resistance to azaserine, All these sub-
lines are resistant to 6-mercaptopurine at 40 mg/Ag, as are IH and
VIII, and essentially so to 8-azaguanine at 90 mg/kg. Sublines IV,
IX, and XII, but not X or XI, resist azaserine at 20 mg/kg (D. J.
Hutchison, unpublished ). They arc variously sensitive to S-fluoroura-
cil at 25 mg/kg, as arc all of the other lines except X11Ts and XIIr
Their sensitivity to mitomycin at 2 mg/hg (D. J. Hutchison, unpub-
tished) approximates that of the parent line 'V, except for subline
TX, which is resistant. The one consistent relation, then, is that be-
tween resistance to A-methopterin and absence of the large submeta-
centric,

Sublincs IT1, VIII, XIIIs, and NIIIr, as well as line V, are sensie
tive to A-methopterin and possess the large submetacentric chromo-
some, There the resemblance ceases between sublines IH and VIII,
on the one hand, and the sublines XIII, on the other. The sublines
XIIT are sensitive to 6-mercaptopurine, but ITT and VIIT are not,
while the latter are sensitive to azaserine and to 5-fluorouracil, unlike
the sublines XITT. Sublines ITI and VIII are the two lines most in-
hibited by mitomycin (D, J. Hutchison, unpublished).

Sublines III and VIII resemble one another more closely than
they rescmble the parent line or any other subling in their responses
to the chemotherapeutic agents tested They are also similar chromo-
somally, However, the chromosomal constitution of their modal cells
:.pp:\rcnlly is included within the broader modal constitution of the
parent line V and is approximated by that of Xl

In short, study of these sublines of mouse feukemia L1210 has re-
vealed some points of good correlation between chromasomal consti-
tution and response to a chemotherapeutic agent, as well as some
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apparent absences of such correlation. The relation b‘u_\vcm ;i\e;
methopterin resistance and Jack of the letgc submetacentric mar
chromosome has a low probability of being fortuitous Thus, of the
parent line and nine sublines, the five in which the su_bmclafenmc
chromosome 35 common are sensitive to A-methopterin, while the
Sive in which this marker is absent or rare ate resistant or only slightly
sensitive to A-methoptesin. 1f these data are treated in 2 X 2 con-
tingency tables accordng to Finney (1948}, the proportion of re-
sistants without submetacentrics (5/5) is found to exceed the pro-
portion of sensitives without trics {0/5) significantly at
2 probability level of 0.01, The same conclusion is reached for the
proportion of sensitives with the submetacentric {5/5) with respect
to the propostion of resistants with the marker (0/5).

However, resistance to 6-mercaptopurine, to azaserine, to 5-fiuor-
ouracil, to 8 ine, or to mitomycin is not act ied by dis-
tinctive cytological peculiarities in the sublines, so Iar as the present
study goes. A mare detailed study might reveal some significant cor-
relations. For instance, there were probably some chromosomes
{onger than the longest of the ormal murine complement, as well
as some chromosomes sharter than the shortest of the normal comple-
ment (and still not listed 2s minutes) in these L1210 plates, such as
Ford, Hamerton, and Mole (1938) found in their near-diploid re-
ticular neoplasms of the mause. Such chromosomes might well differ
from subline to subline. Evidence regarding them and other indica-
tions of translacations and cryptostructural rearrangements and

losses {Levan, 1956; Hawschka, 1958) might be produced by precise
shogram analysis.

SUMMARY
Chromosomes were studied in nme variousl i
; y drug-resistant sub-
Jines of the near-diplord L1210 leukemia of the muusg. The ;:'e :ll:b—

fines resistant to A-metho,
. ptenn lacked a large submetacentri -
mosome that ch: ized the modal ¢ o e chro

! P of the pare
line and the ot}'mr four sublines, all of which were sensitivcpta :Xn
methoptenin, No consistent cytological changes aceo !

m T mpanying re-

sistance to §-mercaptopurine, azasers worouracil, or mitomycin
6 aserine, 5.4 itomyci;

serenoted, ' ’ o " !
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The Roles of Virus and Host in Determining the Host
Reaction to the Fibroma-Myxema Virus Complex
Ricrarp E SHOPE, M D.

The Rockefeller Institute, New York, New York

In some virus diseases analysis of the host-virus relationship is
smiple enough to be ble to q ive consideration, Sexeral
of these situations have served as topics for discussion in recent years

However, 1n many cases, due to the complexity of numerous interact-
g factors and to variations 1n both the host and the virus, the result-
ing disease picture has been too complicated to deal with on a
strictly quantitative basis as regards host-virus relationship. This is
true of the fibroma-myxoma disease complex, and because of thus, I
shall have to resort to the wee of qual e differences in inducati
the manner n which variations 1 ether the virus or the host can
influence the disease expression shown by the host.

Infectious myxomatosis 1s an acute, ughly fatal disease of domes-
tic rabibuts, caused by the myxoma virus. Following subeutaneous in-
aculation of a susceptible rabbit with myxoma virus, a soft tumor-
Jike mass develops at the moculation site withm three or four days.
Th ncreases rapidly in size, and on cut section is pink and gelatinous
and has the gros appearance of a myxoma. At about the fifth day the
evehids swell because of inflaimation and edema, and there is edema
of the mucous membranes and skin at the anal and genital orifices.
The animal during this period is febrile The disease progresses rap-
‘l:‘; ':5.3 i:‘izs}‘;;ﬂmg cD:lp‘ljetély slhut, ansi the nasal orifices swell-
s s appenr D\gcl: ermc ifficult. Multiple my’(om.:itcus tumors

a r pacts of the body The disease is uni-
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<o mvsoma visus wasachieved without the formation of demonstrable
wxama irus-neutralizing antibodies in the sera of the ﬁbfoma-rc-
covered rabbits, although after challenge with myxoma virus they
did de elop such antibodres. .

The jmwunalogical relationship between the two viruses m the
reverse direction was more difficult to determme because fabbxts 0
seldom recor ered from myxoma virus infection, Howerer, Sir Charles
Mortin {1936} m 2 large series of myxoma cases had several sur-
winars and tested the active and passive immunity of five of these to
fibroma vsrus. He found that the sera of all five of these myxoma-re-
coyered rabbits neutralized not only myxoma virus but fibroma virus
as well, and that afl five rabbits were solidly resistant to infection
with fibroma virus,

The immunological findimgs just outlined suggested that although
the fibroma and myxorma viruses were not identical, there was at least
partal duplcation of the antigeaic compenents comprising the two
agents Furthermore, the suggestion was strong that the myxoma
sirus contained all of the antigenic components present in the
fibroma virus, or at least all of those essential to the praduction of a
complete fibroma virus snmunity, On this basis then, the incomplete
protection afforded by fibroma virus against myxpma virus infection
seemed to be an mdication that fibroma visus might be antigenically
cnly a partral replica of myxoma virus In shart, it appeared possible
that the myxoma varus was comprised of fibtama virus plus certain
additional components and that fibroma visus might, therefore, bear
an analugous relationship to myxoma virus as that borne by “rough”
to smooth” forms of certain battesial speces.

Two approaches to determine the correctness of the possibility
were apparent, One of these, and the one that § thought should be
exploited first, was to attempt, by variaus manipulations, to convert
myXoma virus to fibroma virus, I tried to do this by patwing myxema
virus serially through wild cottontail rabbits {Shope, 1936a) and
thraugh fibroma-recoy ered domestic rabbits Shope, 1936b). Neither
of these procedures had the Sightest effect in changing myxoma virus
10 fibroma virus,

m:"ii:;‘ 0:11;: :ﬁg:zc\l‘l;ﬂalualogous to Gnffith’s (1927-28) transfor-
fibroma virus to myxoma &TESHKPCEI, e aasmpt to convert

D my - This was carried out successfully by
Berry and Dedrick {1936). These investigators, by injectin, mix\y y
of proper pmp.on'mns of heat-inactivated m)::oma virus §nd a:t‘i’\'i
fibroma wirys into domestic rabbits, transformed fibroma virus to
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formly fatal, death occurring usually on from the scventh to the
twelfth day following inoculation. Myxomatosis was first recognized
by Sanarelli (1898) among rabbits in his institute at Montevideo in
1896, and he demonstrated that it was caused by a filtrable virus—
onc of the very carly ones to be recognized.

In contrast to the regularity with which myxoma virus kills domes-
tic rabbits, the fibroma virus causes an entirely benign ailment in
adult domestic rabbits (Shope, 1932a). Administered intracutane-
ously, intratesticularly, or subcutancously, the fibroma virus gives rise
to a rapidly growing tumorlike mass that is firm and white on cut
section and that histologicallv resembles a fibroma in many respects.
The tumor increases progressively in size for about a week, remains
stationary for about the same time and then slowly regresses, finally
to disappear completely. It never kills adult domestic rabbits and
never causes manifest signs of gencralized iliness. In the wild cotton-
tail rabbit, which is the natural host of the fibroma virus, the tumors
almost aliays occur on the feet and, in contrast to their evanescence
in domestic rabbits, mav persist for as long as ten months before
cventually regressing.

Thus, in the cases of the fibroma and myxoma viruses, we have
two agents which, when considered superficially, appear to cause ¢cn-
tircly different diseases in adult domestic rabbits, the one, that in-
duced by the myxoma virus, is severe and always fatal; the other,
that induced by the fibroma virus, 1s benign and never fatal. The onlv
feature that the two diseases have m common 1s that m both a tumor-
ous mass, comprised of praliferating conncctive tissue cells, results at
the local site of virus injection. It was this sinularity that first called
attention to the possibility that the two viruses nught be related
(Shope, 1932b).

On further exploration of the possibility that a relationship mght
exist, rabbits that had recovered from infection with fibroma viras
were found to be relatively resistant to myaoma virus. This cros-re-
sistance was not of the absolute type that would hase existed had the
two viruses been antigenically identical. Rather, 1t was of a partial
type that might be induced by a closclv related but not idcnuf:ﬂ
agent. Thus, when fibroma-recovered rabbits were moculated with
my~oma virus, they developed a localized myxomatous tumor at the
site of injection, just as do fully susceptible rabbits. However, instead
of progressing ta a fatal termination, as mysomatosts ahways docs
susceptible rabbits, the fibroma-recovered rabbits ordm:!nl) under-
went a relatively benign illness and almost neyer died. This rewstance
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the prcture of the disease caused by this virssin the ““vob"'?:s o(ﬂl\"o:és
were, briefly, as follows In damestic fﬁbbﬁ.s the incubation period,
that 1, the time between inoculation and beginming tutitor formatior,,
was from two to five days; whereas in the cun?n_la_ﬂ 1he incubation
period varied between 10 an!i 15 days. Once initiated, t:illc t.umgrs
grew and reached their maximum size n?uch more rapidly in do-
tmestic than in cottontail rabbits Ordinarily by the tenth day ahgr
snoculation, the fibromas in domestic rahbits had attained their
maximum size; whereas in cottontails this was not reached until be-
tween 40 and 50 days after inoculation, After reaching their maxi-
mum size, the subsequent course of the tumors 1 the two species was
different Tn domestic rabbus the fibramas accasionally persisted
without noticeable gross change for as long as two weeks, but more
usually they persisted for only six or seven days and then underwent
1apid regression Regression was usuafly complete by three weeks
after infecrion, and even in the more persisient cases it was complete
by five weeks. In the cottontail, however, the fibromas, after once
reaching their maximum size, usually persisted unchanged for long
penods of ume, and ordinarily presented 2 normal healthy “fleshy™
appearance 12 to 14 weeks after mfectien. I have not, in my series,
purpasely held rabbits {or extended periads of time to see how Jong
the tumors would persist, but Kilham and Dalmat (1953) have
recorded that one of their experimentally nduced fibromas in a cot-
tontail was still intact and contammed virus 10 montks after infectton.
The fibromas in cottontaih eventually disappear, but I cannot, from
™y expenments, state the tin}e ordmarily required; nor fs it clear
Vel o s oo o b i
course of fibromatosss is diffe : $< confinernent, At ary Y aie, }ht
f s is different in the twa species of abbits, heing
more rapid 1n inception, progression, and regression in the dometic
rabbit than 1t 15 1n the wild cattontail. In addition, theugh histotogi-
cally the growths tn bath species appear to be composed of profifecat-
g connective tissue cells, those in the cottontail show a thickent
of the overlying skin epithelium with cytoplasmic inclusions § g
vidual epithelial eells, a condition not’usua\\y seen in :hnsdl " md.l -
rabbit fibramas 1t s apparent that the fbroma o N omejtw
differen ‘[3 with its txpﬂ‘iﬁwmas Yost. th Irus rc.acts quite
does with its natural 7 one damestic rabbit, than it
atral host, the wild cottontail rabbic
But the hot-visns relationstup,

©ven within th i i
m:.;) be varied greath of one vesorts 10 the wee of ‘c ;m)n:::c ‘r’::gt.
as Dyran-Revwals (1940) has done. Thes insestigatar fofnd thﬁ
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myxoma virus. The transformed myxoma virus bred true on further
serial passage and behaved in all respects as typical myxoma virus.
The Berry-Dedrick transformation has been confirmed repeatedly by
other investigators, and recently Kilham (1957) has succeeded in
effecting it in tissue cultures of rabbit cells,

The Berry-Dedrick phenomenon thus established as a fact the
suspected relationship between the fibroma and mysoma viruses and
indicated the unity of the two agents. No one, of course, knows which
agent represents the original type virus, i.e., whether the South Amer-
ican myxoma virus should be considered as a virulent offshoot of the
North American fibroma virus or whether the latter should be
thought of as a benign derivative of the South American agent. How-
ever, the important point to establish for the purposc of this discus-
ston is that the fibroma and the myxoma viruses are but the benign
and virulent varieties, respectively, of the same virus.

There are two other varicties of the virus that will be alluded to in
discussing host-virus relationships between this agent and rabbits.
Thesz are the IA{inflammatory) strain of fibroma virus (Andrewes,
1936) and neuromyxoma virus {Hurst, 1937a). The I\ fibroma
virus apparently arose “spontaneously” as a mutant of the original
(OA) strain of fibroma virus and was segregated by a series of cir-
cumstances favorable to 1its 1solation. The neuromyxoma virus, how-
ever, was derived by scrial cercbral passage of myxoma virus in do-
mestic rabbits, Both of these variant strains scemingly bred true once
they were established.

Various disease expressions can be achieved by merely vaning the
interacting virus varietv and the host in the host-virus relationship.
1 shall deal first with the various manifestations that can be brought
about by the classical fibroma virus as it comes directly from the
fibromas of wild cottontail rabbits. The hosts to be employed, in vary-
ing the host-virus refationship, will be adult and baby domesuc rab-
bits, cottontail rabbits, and tarred domestic rabbits

Host-Virus ReLaTioNsHIPS OF Fiproma VIRUS

The original stram of fibroma virus (OA strain)--the onc with
which most of the published work has been conducted-—was ob!mnc'd
initially from tumors on the fect of a wild cottontail rabbit «hot in
New Jersey (Shope, 1932a). This virus produced tumors m other
cottontail rabbits that were lthe the tumors from which 1t had been
obtained originally. In adult domestic rabbits, 1t induced fibromatous
tumors when inoculated into or beneath the skin. The differences n
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just as did norma} rabbits. However, the 50“"5; of ‘h:‘f‘bm:::é“;:;
(ar-njected animals was quite different from thatn the co o o
instead of regressing adter 15 to 20 days, s did the growths in the
control animals, those in the tarred rabhits lasted {or months in some
cases, Furthermore, in the tumors 1 the tarred rabbuts, the fibroma
cells were more closely packed and lacked the inflammatory cells
usually seen in normal fibromata. Becawse of its greater cellulanty
and the absence of inflammatory cells inside it, the cutaneous fibroma
in tasred rabbits appeared more ke a neoplasm than did the ordi-
rary fibromas, In addition, in almost all caces of persisting cutaneous
tumors jn tarred rabbits, changes in the overlying epidermis were
present, The epithelium showed thickening duc to an increased num-
ber of enlarged cells, and epithelial projections extended downwards
into the fibromatous tissue. Many of the cells in the epidermis, and
especially tn the downward projections, had an accumulation of small
acidophilic granules in their cytoplasm, staining red with eosin, Re-
calling the earlier description of the course and the histological ap-
pearance of experimentally induced fibromas in cottontai} rabbus,
one will note the stniking resemblance of fibromas in tarred domestic
rabbits to those in cottontails. The reaction to fibroma virus in rabbits
treated with tar shows not only the same clinical course, but aka the
same hntological reaction as that seen in the wild cottontail rabbit.
It would thus appear that tar m some manner converts the adult
domestic rabbit to a host that, so far as the host-virus reaction is con-
cerned, behaves strkingly like the wild cottontail rabbit to fibroma
svirus administered intracutancously.

Mention has been made, in connection with the account of
Dvuran-Rcyn;\Is‘ experiments with suckling rabbits, that fibroma
virus given inlra\gscularly to adult domestic rabbits was without
visible d‘l‘ch Nothing was ta be seen, except perhaps a small fibroma
at lh.c site w}lcrc t{lc ngedlc' entered the vein. However, in tarred
::)cbﬁ r::]rz E::ﬁ b quite d;ﬂcrcnt. In such animals, fibroma +irus
Sbroma in the ‘h}g)'h';::qs:w"ﬁﬂﬂ llr}lxva‘rlabb in the !orm:.mon of a
days earher. Funhcrmu;c in !m: N ar.had been deposited a fen

, in tarred rabbits, a generalized fibroma-

1ovs commonly desvelops and may he fatal Th
ate scattered over the skin and éxﬂusel\' S eed fbromas

; b

Thes show an affinity for periosteal tissue a‘;t;hr;::iccu;:zr;i‘;lujimm;.
by o to the vertebral column or eyen to the bones of th CI o T
several of the anfmals in the senes of Abktsom and Aodoe o =
broma nodules were seen in the mauth asulcerated \um;r: a:‘;;’: sl;n?;
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suckling rabbits reacted quite differently from adult animals to fi-
broma virus. For instance, although the fibroma virus was entirely
without observable cffect when given intravascularly to adult rab-
bits, Duran-Reynals found that it caused a rapidly fatal illness when
similarly administered to suckling rabbits, The disease in the baby
rabbits was primarily an inflammatory one, causing multiple hemor-
rhages in the viscera and bloody transudations in the pericardial,
pleural, and peritoneal cavitics. Histologically, there were degenera-
tive cellular changes in the liver and kidneys. In addition, nests of
proliferating fibroblast-like cells were found, apparently arising from
the adventitia of blood vessels in various of the tissues and organs of
the body, Whorls of fibroma-like cells frequently were obnerved oc-
cluding the vessels from which they originated.

When the virus was given subcutancously to baby rabbits, it aho
produced a diseasc expression quitc different from that in adult do-
mestic rabbits, The local lesion was much more extensive and tended
to be more inflammatory than proliferative, although it did contain
isalated fibroblast-like cells in small numbers. Satellite growths simi-
lar to the primary lesion appeared in the surrounding shin. There were
degenerative visceral lesions. All of the rabbits developed what ap-
peared to be metastatic fibroma lesions in regional lymph nodes, in
the abdominal viscera, and in the diaphragms and intercostal muscles.
The disease was regularly fatal in from two to four weehs and had
many of the earmarks of a highly malignant ncoplastic proces.
Duran-Reynals called attention to certain similartics between the be-
havior of fibroma virus in suckling rabbits and myxoma virus in adult
domestic rabbits. However, the virus that had caused the regularhy
fatal metastatic disease in the sucklings stll retaned the propertics,
for adult animals, of fibroma virus, and on back passage to adults
produced only bemgn fibromatosis, It 15 readily evident from the
cvperiments of Duran-Reynals that age of the host can serve as a
major factor in determuning the character of the virus-hovt reaction
in fibromataosis.

Factors other than those associated with age also can play a role
in determimng the discase eapression of the domestic rabbit host to
fibroma yvirus. Thus, Ablstrom and Andrewes (1938) made the -
teresting discovery that a single intramuscular or subcutancous in-
jection of a small amount of horizontal retort tar altered the rc:lcl!\'ll)
of adult domestic rabbits to fibroma virus. Rabbits that bad received
the tar injection five to ten days before inoculation intrnculm]cou\l)
with fibroma virus developed fibromas at the site of virus injection
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stage progreswes o local fibroma formation dumh:sated by the ac-
cunulation of large numbers of young ﬁbroblaft—hk.e cdl} shawing
numeraus mitotic figures In the case of the JA virus mf.ecuom, haw-
ever, the early reaction stage is fotlowed by one in }V}ugh there s a
massive accurnulation of lymphocytes i the interstitial tissues Thfxs,
instead of cansing a tumprhke swellmg and fibroma formation, in-
jection with the 1A sirus induces anly tnflammation with swelling,
followed by atrophy in an {naculated testicle; or some local thicken-
iag of the skin, fotlowed by necrosis, as a result of subcutaneous or
intracutaneous injection, The disease expressions indaced by these
w0 varicties of fibroma virus i the same host are thus strikingly
different.

Angther finding that slustrates the differing relahonship to a com-
mon host exhibited by the A and OA flbroma viruses is that of
Ahistrfm and Andrewes {1938) in tarred rabbits. Here, as nated
carlier, the intravenous injection of QA virus into rabbits that had

fiad a previous intramuscular injection of tar resulted in the appear-
ance af a persistent gy i

d is that was imes fatal
Tatred rabbus infected intravenously with A virus, however, falled
10 react and remained completely normal. Therefore, it seems that
o immunologically identical vareties of the fibvoma virus ave
capable of extubsting quite different host-virus interactions, and that
both the host and the virus may play important roles in determining
the dsease expressians resulting from their interaction,

HosT-Vieus RecaTionsings or Myxoua Vinus

Now the more virnulent member of the fbroma-my xoma virus com-
plex, the myxoma virus, will be considered, and seme of its relation-
ships to its hosts under vary ing conditions wifl be explared. This virus,
which, as ndicated carhier, 1 a regular killer of domestic rabbits car;
be aliered to ane with less regulacy facal pathogeneity },{um
{1937a), startng sith fully detha! myxoma virus, was able, l;v serial
cerebral passage wn rabbits, to obtain a virus with pulhngc’nié ‘m
erties sontewhat intermediate between thase of classical ﬂbrnmzlx) a:c'i
myvoma virus This vanant, which Harst termed neurony
virus, cavsed a doease which was less <evers than myxomal }Xﬁma
which <cldom ended fatally The lesiane were gcnexalml:! . ﬁ'fd
mbxomateus, but mdnidually resembled more the fesions of fiy .
’(X}\:-hrc‘\ul; lpfnd(\;c;d by neuromy aoma virus was strongly Srm‘mri?::;

of that obta ! G H 1
e ‘"us:c y Mhlstrom and Andrewes in tarred rabbits with
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of the upper incisors. In other cases there were fibromatous masses
about the nose, eyes, and anus, strongly reminiscent of the localiza-
tion of the lesions scen in rabbits with myxomatosis. The course of
intravenously induced fibromatosis in tarred rabbits was ordinarily
quite prolongued. Morcover, many of the tumors, when cxamined
histologically, had the appearance of real neopfasms: "They appeared
to be composed of one type of cell, there were many mitoses, and the
inflammatory reacticn which accompanies the lesions in normal rab-
bits was absent. Fibroma virus, typical in all respects, could be re-
covered from tarred rabbits with persistent fibromas many months
after their initial infection. It is quite apparent that Ahlstrém and
Andrewes very markedly altered the domestic rabbits’ reactivity to
intravenously administered fibroma virus by a single small injection
of tar. They thus converted a host-virus relationship from onc in
which the virus had no visible cffect upen its host to onc in which a
violent disease developed, sometimes even leading to the death of the
host. In one mstance ( Andrewes and Ahlstrom, 1938), a transplant-
able sarcoma arose 1 a rabbit inoculated with tar and fibroma virus,
though virus was never detectable in this malignant tumor by any
tests that were applied.

So far only the influcnce of the host in the host-virus relationship
has been discussed. The pomnt has been made that, using the OA
strain of the fibroma virus, four differing discase expressions can be
clicited by this single varicty of virus in four varymng host situations—
adult domestic rabbits, adult wild cottontail rabbits, suckling do-
mestic rabbits, and tarred domestic rabbits, Now we may consider
the vanations in disease expression that can be attained when one
cmploys another varicty of fibroma virus in domestic rabbits, the <o
called IA (inflammatory ) stram (Andrewes, 1936).

The IA stram of fibroma virus is a variant that arose seemmgly
spontancously from the OA strain Immunologically the two strains
are 1dentical and readily cross-protect one agamst the other. How-
ever, the disease expressions they induce in adult domestic rabbits are
different. As previously described, the OA stramn of virus induces a
marhed fibroblastic proliferation at the site of mjection when it is
administered intratesticularly, subcutancouly, or intracutancousl.
The IA virus, however, produces only mnflammatory reactions where
it 15 injected. The carly stages of discase expression arc the same for
both viruses—hyperenia, local edema of the nterstitial tisues, :111(1
some exudation of polymorphonuclear cells at the sites of injection.
In the case of infections induced by the OA virus, ths early reaction
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1o a grosdy normal ds'mc or ::) one of atrophy, depending upon the

he preceding reacnion. . :
mf{;?:f,; gh}; cm\cn%a'\\s n the sefies that 1 have injected :im)?
myxoma vitas by any toute have died, and none have appeared 1il.
The host reaction to the virus 3 thus markedly different in the cott?n-
tasl from that in the domestic rabibit, where dFath fallowing infection
is the rule. Despite the fact that the cottontail 15 aﬁ'cc(:d but hehtly
by myxoma virus, passage of the virus inAcu\tont.m\s daes nat a}ter
the pathagenicity of the virus for domestic rabbits. .M)xoma \‘1!!15
What was transfersed through a sexies of 10 consecutive passages 10
cattontaiby, and in cottontail tises for 140 conlianU§ days d"rm_g
these passages {Shope, 1936a), was unchanged, a'nd mn;a domes}xc
Tabbis yust as typically as had the myxoma viras with which the series
was mitiated

Intermiediate between the benign rllness caused by mvxoma virus
in cottontail rabbits and the severe, regularly fatal disease it cavses in
domestic rabbats is the discase expression one mduces with the agent
in domestic rabbits that have recovered from infection with the &-
broma virus { Shope, 1836b). Such animals are solidly immune to the
fibrora verus and hase arculating antibodies in their sera that neu-
tralize that virus but not the myxoma virus However, despite the lack
of myxoma virus hizing tbodies, fib overed rabbis
are much more resistant than normal ones to my<omatosis,

Injected by any route with myxoma virus, fibroma-recorered rab-
bits deselop a focal mysomatous lesion at the site of inoculation. The
leston develops progressively through the same stages as it does in
vormal rabbits. The local myxomatous tumor reaches its maxstrium
sze m about esght days and thereafter becomes Hirm and solid and
finally gradually regresses, a process, of course, not 1o be cbserved 1
fully susceptible rabhuts,

The caurse of cuyxomatesis 1n both fibtoma-vecavered and in sys-
ccp‘ib{c rabbuts s thus roughly smilar for the first five or six days
Tollowing infection, and only after this time are differences apparcn’t
Abo, the swellings of lheo \el%: ouher than at the ste of tojection,
fices uoatls a 5 crelid> and about the anal and genital aric

ally are absent. The local tumors caysed by mixoma virus i
fibroma-recovered rabbits, after first havng the Appea: b
myvomas, gradually come to look more and more hkt?f; Tg:c: of

caused by fibroma sirus norma) rabhits, H © Hhromas
canered from these fbromadibhe its. However, the virus re-
S e Jesions for as long as two weeks is
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That ncuromyxoma virus is definitely altered from its original
myxoma state is indicated by the fact, first, that it produces a different
histological picture from that produced by the classical myxoma virus
(Hurst, 1937a); and second, that it does not yield a transforming
substance capable of converting fibroma virus to myxoma in a Berry-
Dedrick transformation (Hurst, 1937b). Furthermore, the ncuro-
myxoma virus variant seemed to be stable, in that serial passage of it
in domestic rabbits did not cause it to revert to classical myxoma
virus. It would appear, therefore, that this agent is onc belonging
somewhere intermediate between classical fibroma and myioma
virus in the fibroma-myxoma virus complex, and that it bears a re-
lationship to its susceptible hosts that is different from the host-virus
relationships of cither fibroma or myxoma virus.

The host reactions to classical myxoma virus have been studied
in adult domestic rabbits, adult wild cottontul rabbits, and fibroma-
recovered domestic rabbits; and n each type of host the disease ex-
pression induced by the virus is different. In the adult domestic rab-
bit, as already described, myxoma virus causes a disease character-
ized by the formation of myxomatous swellings at the site of inocula-
tion and clsewhere over the body, and swellings of the cychds, nose,
and anal and genital orifices. It 1s practically invariably fatal

The reaction of the wild cottontail to myxoma virus is different
from that of the domestic rabbit (Shope, 1936a). Hyperemua and
thickening of the skin and subcutancous tissuc at the site of mjection
are sometimes observed six to twelve days after subcutancous inocu-
Iation with the virus. Occasionally a small fibroma-like tumor cven-
tually develops. The reaction resembles in no way the mysomatous
Iesion scen in domestic rabbits Furthermore, there is no cvidence
of a generalized reaction to mvxoma virus in the cottontatl; .:md.
especially, no swellings of the eychds, nose, or anal and genital orifices
are to be seen. When myxoma virus is admunistered intratesticularly
to cottontail rabbits, the reaction to the virus 1s imited to the mjected
testicle. After an incubation period of six to twelve days, the testicle
becomes firm and enlarged and may remain in this condition for two
wechs or longer. Examined at this time it is found to be inflamed and
firm. It cuts as though fibromatous and contains white nodular areas
The histological reaction consists of a mixture ot: mnflammatory and
young fibroblast-like cells, many of the latter fon.mr.lg compact whorls
as often scen in fibroma virus infections. There is little to suggest the
myaomatous reaction seen in domestic rabbits. After remaining firm
ar{d enlarged for two w echs or longer, the testicle gradually returns
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still characteristic myxoma virus capable of causing classical fatal
myxomatosis when administered to susceptible rabbits.

Consideration of the relationships just described makes it apparent
that the mysoma virus, like the fibroma virus, is capable of inducing
differing discase expressions, and that these can be influenced by
variations in cither the virus or the host. Thus, neuromyxoma and
classical myxoma virus, though immunologically apparently similar
agents, differ markedly in the discase expressions they clicit in a com-
mon hast, the domestic rabbit. In like manner, the type of illnes
caused in domestic rabbits, cottontail rabbits, or fibroma-recovered
domestic rabbuts by classical myvoma virus is determined scemingly
not by the virus 1tself, but rather by factors within the hosts that alter
the virus-host interaction m such a manner as to cause the virus to
chcit three different disease expressions.

SUMMARY

Both the host and the virus contribute to determining the final
disease expression, and wide variations in the chinical picture can he
cffected by relatively minor vanations in the character either of the
host or of the virus, Age, species, and pl\)wiologicnl and mmmunc
states have been shown to play a role in determimng the host-virus
relationship on the part of the host From the viral side, it has been
shown that four closelv related varcties comprising the fibroma-
myxoma virus comples vary marhedly n the discase expresaons they
individually clicit in various sorts of rabbit hosts.
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The Precancerous Nature of the Hyperplastic Alveolar
Nodules Found in the Mammary Glands of Old
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Since the original description of hyperplastic areas in the mam-
mary glands of mice m 1906 by Apolant, many studies have been
reported deseribing the behav ior of these and related structures under
2 variety of experimental conditions. The presumed prencoplastic
status of hyperplastic alt eolar nodules has impressed several workers
with the fact that these structures may provide valuable material for
the study of the neoplastic change. The literature on this subject has
been adequately reviewed {Bern, DeOme, Alfert, and Prtelha, 1958;
Gardner, 1942; Huseby and Bittner, 1946; Muhlbock, 1956; Squar-
tim, 1956)

Our opimion that hyperplastic alveolar nodules (Fig. 1} present
favorable espenimental material for studies concerned with the neo-
Plastic transformation i the mouse mammary gland is based on the
followng 1) Their prencoplastic nature is supported by good in-
direct evidence, 2) they are present in large numbers 1n inbred mice,
are 1ecognizable as living entities, and therefore can be explanted
wio eulture or transplanted from ane host to another within the same
stram, 3) they occur in a target organ which 15 subject to hormonal
mumpgl:stlon; 4) eusting evidence suggests that the mammary tu-
TOF virus 15 an amportant meiting agent, th itti i

tion of another of tl}:c responsible aggcstsA » (s permilting manipula-
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The present report is limited to a study of the hyperplastic als colar
nodules found in the mammary glands of old, mammary tumor virus-
infected, female C3H/Crgl mice. Experimental cvidence will be
presented concerning the origin, prencoplastic nature, transplanta-
tion behavior, and hormone requirements of these structures. In ad-
dition, our exploitation of this experimental material has led to sev-
eral new technical procedures which may be useful to other worhers.

The problem of selecting nodules and comparable samples of
normal mammary gland tissuc from living mice has been sohved
{DeOme, Bern, Berg, and Pissott, 1960). Considerable experience
is required, but with practice they can be selected from untreated
donors with an accuracy in excess of 95 per cent. The sclection of
nodules is greatly facilitated by the prior injection of cortisal, mam-
motropin, and somatotropin for a period of three to five days. Tor
reasons presented later in this paper, the nodules become distended
with milk, whereas normal mammary gland tissucs arc only slighthy
stimulated.

Attempts to compare nodules with mammary tumors and with
normal mammary gland tissues by nieans of histologic, ¢y tologic, and
cytochermical methods, and by P* uptake measurements, have dem-
onstrated that the nodules resemble normal mammary gland tisues
rather than mammary tumors (Bern, DeOme, Alfert, and Pitelka,
1958; DcOme, Bern, Berg, and Pissott, 1956; Harkness, Bern, Alfert,
and Goldstemn, 1957). These studics allow us to state that the typical
nodule can be viewed in many respects as a lobule of prelactational
tissue present in an otherwrse tactive mammary gland (of ather
virgin or nonpregnant parous status .

ProoF OF THE PRENEOrLASTIC NATURE OF
HyrerpLasTIC ALVEOLAR NODULES

Far the purpose of adequate experfmental design, a class o{.struc-
tures may be defined as prencoplastic if it can be shown that it pro-
duces tumors more often and in less time than comparable samples of
normal tissue. In our first attempts (Faullin and DeOme, 1958;
DeOme, Faulkin, Bern, and Blair, 1939) to demonstrate the pre-
neoplastic nature of the nodule, we transplanted selected samples of
normal mammary tissue and nodules from old C3H females into (h.c
dorsal subcutis of young C3H females. The samples could be denti-
fied and recovered for periods of time up to 80 wceks followmng trans-
plantation. This experiment (Table 1) faled to demonstrate that
tumors arose more frequently frons nodules than from noral mam-
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* TABLE 1. Nodules and Normal Mammary Tisaes Transplanted into the Dorsal
. Subeutis for Periods of 12 1080 Weehs

Normal Transplants Nodule Transplants

) X N 4 No of Xo Tranw No Recovered  No of

' thxy \2“32'\52’;&': Tumors planted  and Viable  Tumors
) 8 0 0

tmaty tisues, Only one tumor deseloped from the 60 viable nodules,
and 0o tumor atase from the 41 viable normal samples. These nega.
tne data could not be accepted as final since the trancplants were
placed in an ynusual environment Tnal determination of the pre-
neoplastic status would depend upon the behavier of transplants
placed into y fat pads where sp ous tumors develop.
The use of the mammary {at pad 25 a transplamation <ite requires
that the fat pad be frce from host mamman gland tisue, The task of
providing gland-free (cleared) fat pads was accomplinhed by the
surgical removal of the mammary anlagen Irom the ingumal (£4)
Mammary fat pads of three-weeh-old C3H {emale mice before the
gland elements had penetrated deeply mto the fat pad The surgical
procedure imvolved has been described elsewhere (DeOme, Taulkun,
Bemn, and Blasr, 1959). The undisturbed gland-{ree portion of the

fat pad remanns free from host mammary gland elements for the hfe
of the animal.

Ina typucal experiment designed (o test the preneoplastic nature of
nodules, 19 nodules and 19 samples of normal mammary tissue were
Wansplanted into the right and left cleared {at pads, respectively, of

TABLE 2. Mammary Tumors Dernved from Nodule and Normal
Transplants in Cleared Fat Pads

%sj:u‘ No Trans. No1 NozRe- Tummors
3 Splanted  panteg Alive eovered Present Absent
N :du\r‘ 19 [ T T
rimal 19 4 15 3* ‘i
Zf"‘" host muce sl v

: 05t muce werg ) g 56 weeky alter tansplamation

ed
ORE uror wys o g ;;)f:ﬁ :’B’Pabla tumors were found



328 Genetic Basis of Cell Resistance

The present report is limited to a study of the hy perplastic abcolar
nodules found in the mammary glands of old, mammary tumor virus-
infected, female C3H/Crgl mice. Experimental evidence will be
presented concerning the origin, preneoplastic nature, transplanta-
tion behavior, and hormone requirements of these structures. In ad-
dition, our exploitation of this experimental material has led to sev-
eral new technical procedures which may be useful to other worhers,

The problem of sclecting nodules and comparable samples of
normal mammary gland tissue from living mice has been solved
{DcOme, Bern, Berg, and Pissott, 1960). Considerable experience
is required, but with practice they can be selected from untreated
donors with an accuracy in excess of 95 per cent. The selection of
nodules is greatly facilitated by the prior injection of cortisol, mam-
motropin, and somatotropin for a period of three to five days, For
reasons presented Jater in this paper, the nodules become distended
with milk, whereas normal mammary gland tissues arc only slightly
stimulated.

Attempts to compare nodules with mammary tumors and with
normal mammary gland tissues bv means of histologic, ¢y tologic, and
cytochemical methods, and by P* uptake measurements, have dem-
onstrated that the nodules resemble normal mammary gland tissues
rather than mammary tumors {Bern, DeOme, Allert, and Pitclha,
1958, DcOme, Bern, Berg, and Pissott, 19565 Harkness, Bern, Alfert,
and Goldstein, 1957). These studies allow us to state that the typical
nodule can be viewed in many respects as a lobule of prelactational
tissue present 1 an otherwise mactive mammary gland {of cither
virgin or nonpregnant parous status).

Proor or THE PRENCOPLASTIC NATURE OF
Hvrerrrastic ALveorar NobuLes

For the purposc of adequate experimental design, a class of struc-
tures may be defined as prencoplastic if it can be shown that it pro-
duces tumors morc often and in less time than comparablc samples of
normal tissue. In our first attempts (Faulkin and DeOme, 1958;
DeOme, Faulhin, Bern, and Blair, 1959) to demonsteate the pre-
neoplastic nature of the nadule, we transplanted selected samples of
normal mammary tissue and nodules from old C3H females into the
dorsal subcutis of young C3H females. The samples could be identi-
fied and recovered for periods of time up to 80 weceks following trans-
plantation. This experiment (Table 1) failed to demonstrate that
tumors arose more frequently from nodules than from normal mam-
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19 host mce (Table 2). The host mrice were hilled when paipable
tumors appeared, and the location of the tumors was recorded.
Within 2 period of 56 weeks, cleven patpable tumors and enc
small tumor arc<e from nodule transplants, and two palpablc and
one smalt tumor arose from normal mamniary gland transptants. The
tea palpable tumors derived from normal transplants appeared dur-
ing the Z4th and the 37th weeks after transplantation; whercas nine
of the elesen palpable tumors derived fram nodules devcloped before
the 24th week (Tab'e 3). Thesefore, we feel justified in reflerring 1o
hyperplastic alseolar nodutes as prencoplastic structures, since mam-

TABLE3 Distribution of the Appearanct of Palpable Tumors by
Number of Weeks after the Transplantation of Nodule and
Normal Tissues into Fat Pads

No of Tutnors Ansing {rom

Wecks after Nodule Normal
Teansplantation Transplants Transplants
13 T2 )

It 1 0
16 2 0
18 1 0

20 N

2 ) b
I 0 1
3 1 1
2 | o

Ussue transplanted 1nto the cleared Icft #

g?;:%“ﬁrgnmpare with Figure 3 ; 5 st padafa thares ekl fomale

oty ‘hﬂe“::‘n;a\ #3 mammary gland of the virgin host mouse which

Frurs oo ; outgrawth shown in Figure 2 x5

d oo apw: ‘y[\l;rpkmxr akeolur nodules 1n the norm sl outgrowth de-

el c\meé " ;: e of pormal mammary gland tissue transplanted into the

Frnes :-ra p::\d of a three-w erk-old female C31 mouse x 15

" dwed)';;# 1::1;\1' outgrowth dertsed from a nodule transplanted nto the

et o 1 at Pad of a three-weck-old C3H mouse Compare with the

Frrore & ;nd 1gure 3, and with the normal outgrowth i Figure 2 X5

s e Expanding nodule (strow| derned from a nodule transplanted
#% fat pad Compare with Figures 2, 3, and 5 X9 pante



e

ey

)
!

Tqure | Typical vperplasue ahveolar nodules o the amactive manmiman:
gland of an old nonpreguant but parous female C3H moue x 15
Tigure 2 Normal outgron th produced by a sumple of normal mammany gland
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19 host mice (Table 2), The host mice were Ralled when palpable
tumors appeared, and the location of the tumors was recorded.
Within a period of 56 weeks, eleven palpable tumors and one
small tumor arose from nodule transplants, and two palpable and
one small tumor arose from normal mammary gland transplants, ‘The
two palpable tumars derised from normal transplants appeared dur-
ing the 24th and the 37th weeks after transplantation; whereas nine
of the eleven palpable tumors derived from nodules developed belore
the 24th week (Table 3). Therefore, we fect justificd in referring 1o
Byperplastic ah eolar nodules as prencoplas.ic structures, since manm-

TABLE3 Distribution of the Appearance of Palpable Tumors by
Number of Weeks after the Transplantanion of Nodule and
Normal Tissues into Fat Pads

o of Tumors Ansing from

Weeka after T Nodule Normd
Teansplantauon Transplams Transplanys
i3 3 e
A%3 ] Y]
16 2 4]
18
20 : o
21 N a
28 0 )
3 1 i
2 1 o

tosue trarsplanted inta the cleared lefe #4 fa

g?;:‘;““TEOMPJYe with Freane's )(5# 1 pad of a three-wech-old female
cloped ‘hc:‘;“‘n"’sﬂ #3 mammary gland of the virmm host mouse which

gt Tomentt outgrowth shown in Figure 2 x5

ed fram 4 e ByPerplasuc alveotar qodules i the norma) ouigronth de.

ieft 4 fleares h]: e of ?Drmnl mammary gland ussue transplanted into the
e 5 H perac t\:ad of a three-week-otd female C3H mouse X! 5,

neht esred 1;;4 hne outgrowth derved from a nodule transplanied into the

nomal s grand '\ 1;nd of a three-week-old C3H mouse Compare with the
e 6 Ay Npa:m;?: mli ;mc(l with the normal oaterowth n Figure 2 X5

3
MO 2 cleared #4 fa1 pad C:mp;zr-r :‘:l)\\ (i“:\:;:i EL’,“;‘ :“:0: “;C(;mmplanltd



Figure 7 Normal-type outgrowth denved from a nodule transplanted wmto a
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smary tumors arose from them more frequently and in less time than
from comparable samples of normal tissue.

Benavior oF MAMMARY T185Urs TRANSPLANTED INTO FAT Pans

The nodules and normal tissues which had been lmmplqnlcn\ 'm\.n
the dorsal subcutis were secoverable, and most of themt r?(a_mcd their
ariginal structure with little change, However, when similar struc.
tures were transplanted into cleased fat pads they not on.ly sunviy cL.l'
but they grew and filled 1he fat pads 10 1arying degrees within & pert-
od of cight to tnelve weeks (DeOme, Faulkin, Bern, and Nazr,
1939). The outgrowth patterns were typical of the lmnq?}antcd tiv-
sues. Normal transplants produced normal outgrowths (Figs. 2 and
3) which, ike the host’s owp mammary glands, responded normally
to the endogenous hormones. Some of these normal transp'ants
eventually produced hyperplastic nodules and mammary tumots,
Among the normal outgrowths from normal transplants reported in
Table 2, four showed hyperplastic nodules at points distant from the
transplantation sites {¥1g. 4, and two devcloped mammary wmofs,

The outgrowths produced by hyperplasuc alseolar nodules in-
duded a vanety of patterns, most of which were easily distinguish-
able from normal, For descriptive purposes, the nodule-type out-
gronths can be grouped into three genesal morphologic types. The
most common type is a reasanable replica of a normal gland, but 1ts
cements are more densely pached together, and resemble the mam-
mary gland of late pregnancy rather than the virgin host’s glands
(Fxg..S). A second type of hyperactive outgrowth is a slowly ex-
panding, densely packed alveolar structure which we have designated
5 an expanding nodule (Fig 6. A third type of nodule outgrowth
1 2 reasonable replica of the host's glands, and 15 composed of
ducte] elements, but 1t usually can be difierentiated from a normal

Geared £4 fat pad Compare with Figures 2, 3, 5, and 6 L = kymph node

F}; ongmal nodule transplant X5 '
e

dm:d koﬁa;n‘r\x;ary tumor which arose within the hyperactive outgrowth

Figutes 2 ond 3 x:n\e tramsplarited o a cleared #4 fat pad Compare with

Fi : Y

‘;\x: ‘J‘ Snfmpks of the lactating {night) and nonlactating (left) poruions, re-

o di 3 :a:‘\:“r; Smglchou!gmnlh were transplanted into the rght and'lc(\

o

wguh T o ;enfi ??l'l%}]) :»; x;gcccsﬁlvc transplant generations Compare
$Bure 16, 104 Second generation trans

and nonlactaung (1

9 %3y

plants derived from 1
0A) pottions of the hy, o)

pecactive outgrowth shown in Figure



SR

7,

-

7

Ciure 11, 114 Fourth generation transplants derned from the lactanng
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gland by rmivor structural isregulatities (Fig. 7). Many variations
and combimations of these autgrowth types are posible, cither from a
sngle nodule transplant or from dilferent nodules in the same hovt
animal

Mammary tumors may arise in the hyperactive outgrowth, but the
outgrowth 2 2 whele 1s nat 2 tumor. Tumors appear at points distant
from the transplantation site (Tig. 8), thus providing convincing
proof that they need not arise directly from the nodule transplant.
Thus obsers ation suggests that the hy peractive outgrowth is epecially
prone to produce mammary tumors, and that cells having the ability
to produce tumors equivalent to those demonstrated in the out-
growth must have existed within the nedule from which the out-
growth arose. The charactenstic outgrawth patterns front both nor-
mal and nodule transplants provide an insght into the cellular com-
postion of the transplants Normal outgrowths arise from normal
cells in narmal transplants, and hyperactine outgrowths arise from
altered cells in nodule transplants.

The stability of some of the outgrowth patterns can be demon-
strated by the <erial tr of the morphologically recog-
nizable types of outgrowth Two stable outgrowths were derived
fﬂ{m asingle nodule transplant, A portion of this cutgrowth was lac-
tating, fxnd the remamder resembled the nonlactating gland of a
mouse in the 12th to 14th day of pregnancy (I'g. 9). These two
trpes of outgrowths were transplanted, respectively, into the right
fg‘;:;i;::;ﬁltr:g:a! pz\d]s of each host mouse through five successne
e nonlac(a(mr u;:ns. n each of these generations, the lf\cl:\lmg :\~nd
oty (Fegs 1 Og :n:ralcller g{ the transplants were rc}:untd consist
sl ramuplantagion (). |m|ladr‘ results :vcrc obtained from the

Themoder fh D: an expanding nodule for five generations,
tgrontts, e cur ?pumanmus\y in m‘tacl glands do not form
pads Pradu’c . cmns“s:ml ar nodules transplanted into cleared fat
the b For e e qu}gmwths This ob<er\.auon has provided

preluminary experiments designed to explore the

11 and pre)

‘;hgm 9)’ xaxgmlmg (114} portions of the hyperactive outgrowth shown
igu

mi {;{i “\::nnic;ule (N) transplanted mto a fat pad already occupied by
Faurees ¥ mammary gland produced no outgrawth Compare with
s sxsandf) L=)ymph node x5 pare o

e

o nudu"z\"il“e‘a‘:“:t‘hx xfa: contarming three outgrowths dernved from
i s whch were equally spaced alo

Pad Anows ndicate the borders of the mFuzroulh‘ng(;he et of the
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Tigure 11 Electron micrograph of parts of a lumen and of a bordenng cell
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factors controlling the growth pattern of the mammary gland. In one
such experiment, hyperplastic alvealar nodules were transplanted
into both the deared and uncleared fat pads of adult mice. Out-
growths were produced in the cleared fat pads, whereas the nodules
wansplanted into the undleared fat pads survived, but produced no
outgrowths (Fig. 12). Similar results were obtained when normal
tiues were used In another experiment, three nodule transplants
were spaced equally along the length of a cleared fat pad. Lach
transplant produced an outgrowth, with the result that the fat pad
was occupied by three small outgrowths, Lach outgrowth occupied
approximately one-third of the total fat pad, rather than the whole
fat pad {Fig, 13). The outgronths did not intermingle, and thus left
a clearly visible, permanently unoccupied zonc between them.

Both nodules and normal gland elements are subject to the growth-
limttung effect of the presence of exsting gland elements, However,
mammary tumors will grow in ecither occupied or unoccupicd fat
pads and are sad to be Ths sensitive of local
2utonom) should provide a useful tool by which certain questionable
tumorlike outgrowths can be judged (Faulkin and DeOme, in press).

Erectron Microscorr STUDIES

‘mln the caurse of our cytologic investigations the electron micro-
;mgc was used 1n an attempt to discover differences in fine structure
Py nglgnammar) tumors {Fig. 14), hyperplastic alveolar nodules
N g, 1), and normal mammary gland tssues (Pitelka, Bern, De-

me, Schocles, and Wellings, 1958) Virushke particles were found

m the lumina and in th
! e cells of mammary tumors as had bees -
Vously described ( y Spen pre

Bernhard, Guénn, and Oberling, 1956; Dmo-

::::Skl, 195]6)‘ In av:*ldi(ion, all of the 23 nodules examined contained
bt ;!‘opa;l: c‘s m either lheAc\lopL’iim or the lumen or in bath,
“amincl:i ;tes were found in 31 of the 40 normal tissue samples
AN g 1. 16) Hyperactive outgrowths derved from the nod-
ansplanted mto cleared fat pads were particularly rich in these

‘;‘;’;,030mammzry tumor The lumen contamns many viruslike particles
f{‘i‘:": :\ia:\icl?;,?] merogrsph of parts of & luonen and of a bordering cell
(;,;"rf’mxgr“m ains secretory matenal and virushike particles
el fram a g ;“l“f:‘ﬂ r::zll::?;:sh ;)!ba portion of a lumen and of a bordering
terial But no varushike particles ig‘};& The e contang secetory ma-



an,

)

=R \;:}D"'«{Lé;p’w -
§ 5.! r 0 )

] \gure 14 l.Irclrnn micrograph of parts of a lumen and of a bordenng <l
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sinsdite particles (Fig, 17). In these outgrowths the 1y pically extea-
cellolar forms of the particles sometimes appeared clustered within a
space bounded by a membrane, and surrounded by the intraceliular
fors of the partele This arrangement & suggestive of the aggre-
gotes reported by Dmochowshi and Grey (1957) in mammary tu-
mars. We have no evidence that particles arise in the Golgi region
(Bernhard and Guérin, 1958).

Expocrine Stunmes

The hyperplastic alveolar nodules which are found in the mam-
mary gfands of old virgin or parous C3H females resemble the not-
mal lobules present during pregnancy. However, well-defined iob-
ulesare not wsually found in the mammary glands of virgin females,
nd the lobules of pregnancy regress after weaning. These facts sug-
st that certain of the cells in the mammary gland are loghly sensi-
i8¢ to hormanes, which permits the formation and maintenanee of
not‘iulcs by means of enly those hormones which are present in virgin
OF 7 nonpregnant, nanlactating, but parous femates.

We have been attempting to determine the hormones necessary los
the formation, i is, and neoplastic transforma-
on of the hyperplastic alseolar nodule. The puniied hypophysial
bormones used in these experiments were generousy supplied by
Professor G H Li Nodules were farmed m young hypophysecto-

mized-ovariectormzed C3H mice treated with thase hormonal com-

bu\?ﬁuns capable of wmducing lobuloaleolar develop n these
animals (Nandi, Bern, and DeOme, 1960) These combinations in-
uded: estradiol

(E) + progesierone (P) + somatotropin (STH);
STH” ‘zmﬂﬂvl (T} + STH, E+ P + mammotropin (MH) +
: mr‘,c:m E+pP 4 desaxycarticosterone acetate (DCA) + MH. It
b etable that any or al} of these harmonat combinations could
H sponsible for nodule formation in parous females,
A \igm females neither P nor MH 1 befieved to be present

m su
i :it‘\tnt amounts 10 mduce nodule formation Accordmgly, we
rehed for an effectine c ma

“ 3 ambination that might occur normally in

Virg X
\05::1;:?; We found that E + DCA + STH can mduce hoth lobu-
g s clopment and nodule formation n hypophysectomized-
1zed females when this treatment was continued for three

o

- ;T‘;\:‘ng Farts of several cells separated by sell mesmbranes {GM),
wslike mm:)“s (N7, several mytochondria (M), and several clustess of
Tounded gy e (VP) i clear spaces tounded by membranes and sur-
¥ miracytaplasmic vesienlar particles {IPY % 26,000
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. /ith similar physio-
mo?ths [F,g..ls). These hormolr:es’ bl hU:f;l: :‘nsr::::}]\::;l: ffm):lld.
logic properties, are known to be presen frer hy-

The majority of hyperplastic alveolar nodules regress a ;"r b
Ppophysectomy-o\ ariectomy-adrenaleciony (Fig- 19) (Bern, a}r: i,
and DeOme, 1957), but they can be maintained b\ appropriate hor-
monal treatments, such as either DCA or F plus either MH or STH
(Fig. 20) (Nandi, Bemn, and DeOme, 1'960'). ?\IH p.orobabl,\.‘ is not
present 1 appreciable quantities either jn virgin or in multiparous
nonpregnant females, but STH, which can replace T\I}i as.bolh mam-
mogen and lactogen in G3H/Crgl mice (Nandi, I.Daﬁ), is undoubt-
edly present (Solomon and Greep, 1958). DCA-like and F-hlr'\c hor-
mones also are found in mice (Hofmann, 1956). Thus, \mlskc the
normal lobules, hyperplastic alveolar nodules can be maintained tn
two with mnmmum quantities of hormones such as are found in
nonpregnant females,

Our studies of lactogenesis in nodules hase shown that nodules and
normal lobules differ with regard to their hormone sensitivity. This
difference mught be a result of erther an alteration in the nodule cells
which sensitizes them to hormones, or a circulatory or other structural
change which may tend to concentrate harmones in the region of a
nodule. Both in vive and in wtro expenments have allowed us to ex-
amine these possibilities.

We found that 125 micrograms F - 100 micrograms of either
STH or MH daily were ineffective in producing lactogenesis in nor-
mal lobules; whereas these combinatians resulted in lactogenesis in
some nodules (Fig. 21) (Nandi, Bern, and DeOme, 1960). When the
dose of hypophysial hormone was increased to 1 mg./day, many of
the normal alveol also contamed mulk. In addition, a combination

m—v\eok-o.ld, hypophysectonuzed-ovanectomized female mouse whick had re-
(;El\td(odglly m))cc(\;ns of Brestradiol (1 ug-2 ug ), desoxycorticosterone ace-
ate mg ) and somatotropin (250 gy -750

e {02 mg P (250 gy #5) for a penod of three

igure 19 A yegressed nodule {atrow) and mammary gl;
gland from an old fe-
r;a‘l; mouse 21 days followang h)POPhyscdomy-mnnectomy-adrmalccmmy

Figure 20 Typical hyperg!
: plastic alveotar nodules n an old hypophysect N
:\u{lc((?{l’nzl;ed«adxt‘nakcmmxzed mouse treated with diixgcz;:;;r::;:e
wetate and
i lrnf(g) nd somatotropin (1 mg ) for a period of 21 days Compare
:;g[::;hﬂ Lac(at:ng nodules i an otherwise mactre mamemary gland {rom 2
4 S-adrenal
!
recerned daily snjections of cortisol (125 ag ) and somz&io::‘ﬁww;&:c)h xh)aid




Tigure 18 Lobuloalseolar development and nodule formation (arrow) n a
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ith similar physio-
e e w5 (il
logic propertics, are ',.nmm‘to‘ ;\):an\:r N ulee segres after by

jority yperplastic alv A
PD’;}::::m]ont) of hyp Z’ drenalectomy (Fig. 10} (Btm,' Nandi,
and DeOme, 1957), but they can be maintained by appropriate bor-
monal treatments, such as cithes DCA ot F plus cither MHor §TH
{Fig. 20) (Nandi, Bern, and DeOme, 1960). ‘MH ;.)mbnbl)' is nat
present in appreciable guantities eber @ sagin or n multiparous
nonpregnant females; but STH, which can rcpln‘cc MH as.lmth mam-
mogen and Tactogen in C3H/Crgl wice (Nandi, ':%E\, is ‘unduubt-
edly present {Solomon and Greep, 1958). DCAINe and f—m‘\c hor-
mones also are found in mice (Hofmann, 1938). T\\us,'\xn\\kc \\3:
normal ohules, hyperplastic alveolar nodules can be maintained in
vivo with minimum quantities of hormones such as are found in
nonpregnant females.

Our studhes of lactogenesis in nodules ha e shown that nodules and
normal lobules differ with regard to their hormone sensitisity. This
difference might be a result of ¢ither an aleration in the nodule celly
which sensitizes them ta hormones, or a airculatory or other structusal
change which may tend to concentrate hormones in the region of a
nodule. Both 1n vwo and i vitro expeniments have allowed us to ex-
amine these possibiitses.

We found that 125 micrograms F < 100 micrograms of either
STH or MH daily were meflectine in producing lattogenesis in nor-
mal lobules; whereas these combinations resulted in Jactogenesis in
some nodutes {Fig. 21) {Nandi, Bern, and DeDme, 1960). When the
dose of hypophysial hormone was increased to 1 mg./day, many of
the normal alveol ako contained mil\ In addition, 3 combination

1B-weekeold, bypophysectomized-os anectomteed female mouse whick had re-
:Mﬂzodsmv mlzch;m of B-estradwal {3 pg 2 pr ), desosyeorticosterone ace-
ate mg.} and somatotropin {250 ug~750 pg.) K §

e © xlu) pin {; 1g #2.) for a period of three
'irg]um 19 A regressed nodule {arrow) and mammary gland from an old fe-
l;:; 5 mouse 21 days following hypoph)sectumy-nvanectomytadrcnalecmmy,

Figure 20 Typical hyperplastic alveolar nodules i 2a old hypaphysectonuzed.
atiectomized-gdrenalectomized mouse treated with desoxycarticosterone
vertate {025 me ) and somatotropm

e 1025 me) (1 mg ) for a period of 2 days Compare
Fuure 2t La 3
el ctating nodules in an o'\l)wmnr nactive mammary gland from a

lectanured ofd
recesved datly mjections of cortisol {125 g ) and soma&rm?ﬁf kaﬂm\‘;“:t‘h ;:‘asd
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TABLE 4. Behavior of Normal and Nodule Explants in Organ Culture
in Hormone-Supplemented Medium *199”

Hormone
Supplement? Explants?
#g /ml Normal Nodule

F M M § M s

8 0 ~- - - -

8 31 -+ - ++ -+
8 62 + - ++ -+t
8 125 ++ ++ At
8 225 ++  ++ ++  +
8 450 ++ ++ 4+

! F = Cortisol, 3f/f = Ovine mammotropin
2 M = Mamntenance. § = Secretory stimulation, — == Degencration of ex-

plant or lack of secretory stinmlation, + = Partial mamtenance, ++ = Good
maintenance oF stmulation

such as DCA 4 STH resulted in lactogenesis in a small number of
nodules, but was incffective in the induction of lactagenesis 1n noemal
lobules (Bern, Nandi, and Finster, 1959). These experiments suggest
that at least some of the nodules are more sensitne than normal
lobules to a lactogenic combination of hormones, and that seme of
the nodules even differ qualitatively in regard to the hormones that
can induce lactation.

Maintenancee and lactogenesis oceurred m prelactating lobules and
in nadules in argan culture s hen 8 mucrogratis of and graded doses
of MH were added to the synthetic medmm 1997 (Table 4).
Under these conditions the nodules responded to much lower doses
of MH than did the normal lobules (Dlias and Ruera, 1959).
Several preparations of MH were used. Only one of these resulted i
the mamtenance and stimulation of prelactating lobules, but the
nodules responded to all the M preparations tested. These i tutro
experiments climinate the posabiits that the altered wensitivits of the
nodule is the result of circulators or other environmental changes.

It is probable that the hormoncenstive population of eclls com-
prising a nodule aroe from a few altered cells located m the terminal
ducts. Indirect evidence to support this view v available. Nodules
placed in organ culture in unsupplemented ssnthetic medium H0t
for a period of five davs undergo alvealar but not ductal degeneration
and then will produce nodule-type outgrowths when transplanted
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into cleared fat pads. Normal lobules cultured in a similar manner
produce normal outgrowths. This experiment shows that cells possess-
ing altered hormone sensitivity exist in the ducts of a nodule, and
supports the view that the altered alveoli of nodules arose from such
altered duct cells. The hormonc-sensitive duct cclls would appear to
have a selective advantage within the fat pad since they would be
stimulated to undergo lobuloalveolar development in response to nor-
mal endogenous hormones,

Preliminary experiments suggest that hormones may be invohed
in the neoplastic change which occurs in nodules and in their out-
growths (Nandi and Bern, 1959). For example, Iactating nodules
selected from old CIH females which had reccived F + STH 4 MH
for three days were transplanted into the cleared fat pads of young
G3H females, After 14 days, the host animals were subjected to
ovaricctomy, adrenalectomy, and hy pophyscetomy (Table 5). With-
in cight to twelve weeks, tumors appeared in the ovaricctomized
group and in the adrenalectomized group, but no tumors were found
in the ovaricctomized-adrenalectomized or in the hypophysectomized
groups. This experiment suggests that the pituitary and cither the
adrenal or the ovary may be required for the neoplastic translorma-
tion.

In order to test this possibility, hosts which had been hypophvsee-
tomized-ovaricctomized 14 days after the transplantation of the
nodules were treated with the following hormonal combinations:
E + P + STH; E + DCA + STH; and DCA + STH. Tumaors
were found in some micc in all of these groups within eight to twelve
weeks, thus supporting the idea that the neoplastic transformation
requires an ovarian or adrenal steroid plus a pituitary hormone. The
minimum hormonal requirements for the neoplastic transformation
of nodules remain to be determined, but we would emphasize at this
date that one tumorigenic combination (DCA + STH) docs not in-
valve estrogen, which is generalls considered to be an essential hor-
monc for mammary tumor induction in mice.

The limited data preseated herein do not suggest the manner in
swhich the hormonal state of the host influences the neoplastic trans-
formation. Further studies will help decide whether the essential
hormonal factors are inductive or permissire in tumorigenesis.

CoxcrusioN

On the basis of the evidence presented herein it is possible to can-
struct a working hypothesis which accounts for the origin, develop-
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tent, mal and cell composition of the prencof fastic l\yp::-v
plastic alveolar nodute. This hypothesis must be limited to marz;m )e
tumor virusanfected C3H/Crel ﬁnz’ic, since comparable evident!
ing other strainsisnot avatlable. L
w’;::i?il:rgn;t?xfg to assume that the visuslike paxgiclcs are identical
with the biologically active mamimary tumor tirus. Sufh an as
sumption would permit the canclusion that the hyperplastic alveolar
nodule is a virus lesion, and that its precanterous nature is the rcsu!t
of interaction between the virus and the mammary gla.nd celis, Ttis
probable that the virus produces alterations in certain mammary
duet cells The alterations considered here are those which ‘pmducc
. L

an increased sensitivity to the endog h A
which stimulates lobuloalveolar develop In virgin or nonpreg
nant parous C3H fernales, this combination need not include ¢ither

pin O prog The hormo itive duct cells
would have a selective advantage in the normally occupied fat pad
and therefore would produce a sharply circumscribed lobule-like
structure composed of hormone-sensitive cells, This lobule-hke struc~
ture in an otherwise resting gland is the hyperplastic alveolar nodute.
The nodule persists in both virgin and parous C3H Jemales because
the hormones neceseaty for its continued maintenance are present.
The increased hormone sensitivity of the nodule is a characteristic
of the cells of the nodule and is not due to local environmental
factors.

Several types of alterations have been demonstrated in the nedule
cell population, These produce a variety of outgrowth patterns and
functional states in. cleared fat pads; some of these outgrowth patterns
are stable for at least five )t ions, It can be tated
that the stable outgrowth patterns represent populations of c(:l!s which
}:l:\nc 1}:1:;:] ]E:I;r:z::rx;ﬂy.alt:rcd asa rcsulf of virushost cell interac-

N ngin normally occupied fat pads do not produce
outgrowths,.ar}d t_hus do not reveal their cellular composition, owing
to the restraining influence of the ad. jacent mammary gland. :l;mcnu.

The transplantation studies presented herej
eTtin suggest that t -
pearance of a nodule represent o the ap

ts the growth of an aitered i
of cells, and that the appearance of a tymor rcpresentsp!;iui:g?;
Quent occurrence and growth of another altered population of cells
This hy!:olhcsw provxl?m a method by which one can Visualize th(;
production of sequential and apparently stable alterations
cell populations in vive. ’ e nomal

‘This working hypothesis must be considered with due regard for



34+ Genctic Basis of Cell Resistance

into cleared fat pads. Normal lobules cultured in a similar manner
produce normal outgrowths, This experiment shows that cells possess-
ing altered hormone sensitivity exist in the ducts of a nodule, and
supports the view that the altered alveoli of nodules arose from such
altered duct cells. The hormone-sensitive duct cells would appear to
have a selective advantage within the fat pad since they would be
stimufated to undergo lobuloalveolar development in response to nor-
mal endogenous hormones.

Preliminary experiments suggest that hormones may be involved
in the ncoplastic change which occurs in nodules and in their out-
growths (Nandi and Bern, 1959). For example, lactating nodules
selected from old C3H females which had received F -+ STH + MH
for three days were transplanted into the cleared fat pads of young
C3H females. After 14 days, the host animals were subjected to
ovariectomy, adrenalectomy, and hy pophysectomy (Table 5). With.
in eight to twelve weeks, tumors appeared in the ovaricctomized
group and in the adrenalectomized group, but no tumors were found
in the ovaricctomized-adrenalectomized or in the hypophysectomized
groups. This experiment suggests that the pituitary and cither the
adrenal or the ovary may be required for the neoplastic transforma-
tion.

In order to test this possibility, hosts which had been hypophysees
tomized-ovaricctomized 14 days after the transplantation of the
nodules were treated with the following hormonal combinations:
E + P + STH; E + DCA + STH; and DCA + STH. Tumors
were found in some mice in all of these groups within cight to twelie
weehs, thus supporting the idea that the ncoplastic transformation
requires an ovarian or adrenal steroid plus a pituitary hormone. 'I.'hc

i harmanal requi nts for the neoplastic transformation
of nodules remain to be determined, but we would emphasize at this
date that one tumorigenic combination {DCA + STH) docs not in-
volve estrogen, which is generall considered to be an essential hor-
mone for mammary tuntor induction in mice.

The limited data presented herein do not suggest the manner m
which the hormonal state of the host influences the neoplastic trans-
formation. Further studies will help decide whether the esential
hormonal factors are inductive or permissive in tumorigenesis.

Co~cLusioN

On the basis of the evidence presented herein it js possible to con-
struct a working hypothesis which accounts for the origin, deyclop-
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conflicting evidence. Apparently similar hyperplastic alseolar no-
dules and mammary tumors are found in very old mice belonging to
strains in which biologically active mammary tumor virus cannot be
demonstrated (Jones, 1951). Similarly, nodules and tumors have
been produced by means of carcinogenic compounds in virus-free
mice {Kirschbaum, Williams, and Bittner, 1946).
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conflicting evidence. Apparently similar hyperplastic alveolar no-
dules and mammary tumors arc found in very old mice belonging to
strains in which biologically active mammary tumor virus cannot be
demonstrated (Jones, 1951). Similarly, nodules and tumors have
been produced by means of carcinogenic compounds in virus-free
mice (Kirschbaum, Williams, and Bittner, 1946).
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The treatment of the cancer patient today involves surgery, irra-
diation, and chemotherapy. Only the latter is considered in this
report. The objective of cancer chemotherapy is 1o secure control
and cause regression of cancer with chemicals possessing greater
toxioty to the tumor cells than to the normal host cells or host cell
systers T the light of present bnowledge, it Is believed that the
therapy must be directed toward cancer cell perpetuating and growth
factors rather than toward causative mechanisms. There are many
types of theories of perpetuating factors in cancer, pethaps best
termed adaptive bi ical changes. A ing factor is that
many carcinomas have the structure of neoplastic cells in 2 matrix of
connective tissue, and thus growth and chemotherapy must be evalu-
ated in terms of an increase or decrease in a number of vanous
structural umits. The complicating factors seem 10 be simplified when

«ancer s grown in the ascite form and ave perhaps abo vimplified
i the case of lenkemias

A tragic aspect of the chematherapentic approach to cancer is
that eventually, and, at present, inevitably, cimical control of the
disase 15 blocked, Reasons for failure are: {1} Initiaf resistance of
tumor cells to therapy; (2) differential recovery of damaged normal
Tissue, such as bone marraw cells, 25 compared with tumor cells, thys
peeventng continued or repeated therapy; and {3) develgy mc’n! f
tumor eell resistance to the antimetabolite, analogue, or drug tsed g;

g
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have reposted thelr expetience in the grcatment cf. pauc{n;s W\!_I‘;
chorjocarcinoma and related &xo\;hnt.ﬂasnc tumors with 2 {a (;c I!Cl‘ J
antagonist { methotrexate). Th.c patients were lrcat}c]d accutr ‘,“é{sg.
2 highly intensive regimen. 1t is reported that methotrexate "
ance, when 1t has occursed, has assumed 2 fixed pattern in mod
instances. In some patients, sorue Tecovery of responsiy eness has been
noted aftervaried intervals of therapy. X

The fofic atid antagonists hase been studied in many strains of
(cansplanted leukemia in muce. Responses have varied from no effect
in chlorleukemia AK 1394 and myeloid tne X in the F strain,
Tymphomas 1 and 2 in stram A mice, and L 1358 in DBF; mice; t{) a
oubling o trpling of survival time in AK 4 leukeria, marked in-
Tubition of grawth of subcutaneous tumor masses, and increase in
survival time of L 1210 m DBA miice; to frequent complete cures in
Line 1in C58 mice (Burchenal, 1954).

Totter (1958) has described the attainment of resistance to ame-
thoptenn used 1 the treatment of an experimental near-tetraploid
ymphocytic neoplasm, P288, Survival data indicated that in almost
all cases there was more than 100 per cent increase in survival time
of tumor hast mice. Treatment was somewhat limited by host tox-
icity, and sustamned extended treatment was not possible. No mouse
gven 10° or more cells and subsequently treated with amethopterm.
survised ndefinitely.

. In attempts ta develop amethopterin-resistant Imes of P288, mul-
tiple traf\s(crs through amethopterin-treated mice were required Cell
popelations that develop in mice in the course of a single transfer
generation do nat develap .lull resistance to amethopterin. After 19
teansfer generations, a heritable resistant Iine was developed. After

14 transfers through untreated hosts, resista i
! X nce has
smilor ey rerained. A

indicates that resistance s attained progressiv
not suddenly. progzesiely and

An amethopterin-dependent sublne of leukermia L 1210 has be:
pro'duccd (I:aw, 1956}, This subline is dependet upon amethe o
terin for optimal growth, The possibility was considered that oy
;?ctc (ic\ clEpzd to[fnlic acid allowed increased or decreased T;:Z:‘
1ty to other antilenkemic agents Ag u v i .
;\m obtatned when the dcpmgcnt cells wcr::?gt::\tnmiln(:nois::::f;' ing
Gol]x\z; }c’lose.ly related antifolic compounds, 8-azaguanine resistantmn;gl
gnqd‘rf:s;n:t L]: 210 Ifukcmlas are known to he considerably rr::'e
e \methopterin than the original hne of leukemia f;
ich the resistant lines were derived, Ina similar study ( Hmchizzm
1,
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the therapy. An understanding and solution of the problem of anti-
metabolite and drug resistance of cancer, the part of the problem
under consideration, is worthy of the best efforts of investigators. The
purpose of this report is to review this problem from the standpoint
of genctics, since it appears that attainment of resistance may be
related to a process of sclection on the cellular level, whereby the
favored cells are those which have acquired the capacity of escaping
control by antimetabolites. The persistence of resistance alvo leads
one to consider genetic mechanisms.

Tumor CeLL REsISTANCE

The term “resistance” is applied to the temporary or permanent
capacity of a cell and its progeny to remain viable and multiply under
environmental conditions that would destroy or inhibit other cclls.

Tumor cell resistance to drug therapy following initial sensitivity
has been observed with a variety of agents: amethopterin, azaserine,
cortisone, and G-mercaptopurine, to give a few examples. How do
these resistant cell lines arise? The problem is not unique. In a related
field, microbiological drug resistance has received much attention. A
single explanation for resistance is not easy to secure in cither field
unless it be in very general terms, since the drugs in question have
apparently unrelated modes of action. One or two cxamples of anti-
metabolite resistance by cancer cells will be given,

Folic acid, and citrovorum factor, its biologically more active
counterpart, are vitamins necessary for the growth and maturation
of normal erythroid and mycloid tissuc of the marrow, Fortunately,
from the point of view of the chemotherapist, they are even more
necessary for the growth of some of the cells of some forms of acute
Jeukemia. The folic acid antagonists, aminopterin and amethopterin,
have thus been used successfully in the treatment of children with
acute leukemia. The antagonists differ from folic acid mainly n the
substitution of an amino group for a hydroxyl group in the 4 postion
of the pteridine ring. Treatment with either of these factors causes a
relative deficiency of citrovorum factor throughout the bods. This
deficiency specifically damages certain types of cells, particularly, in
the casc of cancer, those of acute leuhemia, It is important ta note
that in an cxtensive study, only 37 per cent of the children with acute
leukemia responded to treatment, while many with what appeared
to be morphologically identical disease gave no indication of response
to the folic acid antagonists { Burchenal and Holmberg, 1958) In-
~estigators (Li, Hertz, and Spencer, 19565 Hertz of al., 1958) abo
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The fohe 2cd antagonists have been studied in many strains of
sransolanted leukera in mice, Responses have varied from no effect
in chloroleukemia AK 1394 and myeloid line X in the F strain,
Iymphomas 1 and 2 in strain A mice, and L, 1358 in DBF, mice; toa
doublng or triphng of survival time in AK 4 leuhemia, marked in-
hibition of growth of subentaneous tumor masses, and increase in
sucvival tigne of L 1210 in DBA mice; to frequent complete cures in
Line Lin C58 mice (Burchenal, 1954).

Potter (1958) has described the attainment of resistance to ame-
thopterin used m the treatment of an experimental near-tetraploid
tymphocytic neoplasm, P288. Survival data indicated that in almost
alk cases there was more than 100 per cent increase in survival time
of tumor host mice. Treatment was somewhat limited by host tox-
icity, and sustained extended treatment was not possible, No mouse
gwen 10° or more cells and subsequently treated with amethopterin.
survived indefinitely.

In attempts to develop amethopterin-resistant hines of P288, mul-
tiple trafls(crs through amethopterm-treated mice were required. Cell
pupulzt}nons that desvelop in mice in the course of a single transfer
generation do not develop full resistance to amethopterin, After 19
transfer generations, 2 heritable resistant line was developed, After
14 transfers through untreated hosts, sesistance has remained A

similar study indicates that resist i i
s mddmlz tance is attamed progressively and
An hopterin-dependent subline of leukemia I 1

prgduccd (Ijaw, 1956). This subline is dependent upiiroahn‘:ittzm
terin for optimal growth. The possibility was considered that rcs'l:'
ange developed to folic acid allowed increased or decreased g
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was obtained when the dependent cells were grown in m{c vine
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sensitne to amethopterin than the original line of l‘ Crab‘ly fore
which the resistant hines were deriy oty . from
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352 Genetic Basis of Cell Resistance

1958) it was noted that three lincs of L 1210 leukemia resistant to
amethopterin were also resistant to 6-MP, Even though azaserine
produccs only a slight effect against L 1210 leukemia, a resistant line
was selected. The azaserine-resistant L 1210, line XTI, was resistant
to amethopterin and 6-MP, and had slightly increased sensitivity
to 3-fluorouracil.

ANTIMETABOL“'ES AND CaNcer CHEMOTHERAPY

A metabolite, by definition, is a product of metabolism, An anti-
metabolite is any substance which interferes with a metabolite, es-
peciaily with the function of a metabolite. The basic concepts have
arisen from studics of bacterial nutrition, of animal nutrition, of
enzyme action and composition, and of pharmacological antagonism
of drugs (Wonlley, 1952).

From a biochemical standpoint, we may consider an antimetabo-
lite to be a closely related analogue of a normal metabolite which
has been shown to act on a well-defined enzyme system or metabolic
process, and which has its action reversed by the particular metabalite
involved.

The detection and measurement of antimetabolites may be ac-
complished by the study of any of a varicty of inhibiting cffects, such
as that upon growth, respiration, or fermentation, as well as upon
the function of a specific enzyme system. Antimetabolites alo may
be versatile disorganizers of many biological functions and have,
under certain circumstances, strong mutagenic as well as antinco-
plastic qualities (Hemmerly and Demerec, 1955). The amine acid
analogue, azasering, is an example of such an antimetabolite.

Among the antimetabolites of theoretical or useful interest in
cancer we might mention (1) the purine analogues, 6-mercapto-
purine and 8-azaguanine; (2) the pyrimidine analogues, 6-azauracil
and 5-fluorouracil; (3) the vitamin analogues, amethopterin and
aminopterin; and (4) the amino acid analogues, azaserine and 6-
diazo-5-oxo-L-norlucine (DONY).

Figure 1 is intended to show, dingrammatically, the relation of
genes to antimetabolite influences on cancer cells. These are pre-
sumably operative relationships in normal cellular susceptibility and
resistance, as well as in the attainment, reversal, and persistence of
resistance. Gene action is interpreted here as operating through de-
termination of macromolecular pattern.

It is convenient to think of no sharp cleavage between genetic and
cnvironmental (antimetabolite, in this instance) determunation, but
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 (DUPLICATION)
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Tigure 1 Diagram of relanon of genome and antimetabohite envitonment to
cellnlar characters of cancer at levels of increasing orgamization.

rather of a probability distribution of physiological states, due to yet
uncontrolted factors. The term penetrance {Timofeef-Ressovsky,
1927) might be employed to describe this condition. A simple hy-
pothesis is that the bolite resi reflects overlapping
aspects of a single varying macromolecular pattern imposed on the
cellular substrate by a corresponding pattern in the gene, Homeo-
static, as used, refers to the ability of the cell to react adaptively to
environmental change. A genotype that would not allow the cells to

function under antimetaholic interference would not yield a homeo-
static mechanism.

PATTERNS OF EVOLUTION FOR ATTAINMENT
oF CANCER ANTIMETABOLITE RESISTANCE

Gene ion, ch change, restriction of the popul
stze, natural selection, and develop of isolating ) are
the common d i of almost all evoluti b

¢ histork

z‘nan.sky, 1951). The nature of cancer cell repmduc)ﬁu:tz:::ic(s?;b
special problems which must be considered Pure hines and clones r);
somatic cells do not exchange genes, since such an exchan co.n .

dud?d b'y their very method of reproduction. The genat; i ;S e
telldine is a closed system, isolated from similar systerns, aysd g
n{ changing only through mutation. In Wright's (19}:6) Ca}:b!c
picture of “adaptive peaks” and “adaptive valleys,” the ;ycr:k:h;
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will be remembered, symbolize groups of related gene combinations
which make their carriers fit to survive and reproduce in a given en-
vironmental niche; the valleys symbolize the gene combinations
which are low in the existing environments. Groups of cancer cells
may be thought of as living populations, the cells of which arc almast
surcly clustered around some “adaptive peak” in the ficld of gene
combinations, while the “adaptive valicys” remain more or less un
inhabited. Cell clusters will exist which, in a way, are analogous to
thosc encountered in sexual forms.

The environmental change produced by man's interference with
the habits of the cells, through the use of antimetabolites in this spe-
cific case, lowers the adaptive values of some of the genatypes which
were favored before the change, and augments the value of other
genotypes which were discriminated against in the old emvironments,
Celllines may become extinet if no new genetic clements (mutations)
necessary to produce the new adaptive genotypes arc available, or if
the requisite constellations of these clements do not appear in time,
In order to survive, the cell must reconstruct the gene pool of its com-
ponent population and arrnv e at the gene combinations that represent
the new adaptive peaks. Abundant and consistent evidence exists that
antimetabolites aid in the development of a basis for genetic varia-
tion-mutation: chromasame breakage, spindle interference, change
in chromosome number, ctc.

The existence of unoccupicd adaptive peaks is a consequence of
the fact that innumerable gene combmations hay e never been formed
and tried out. This is obviously true, because the number of possible
combinations far exceeds the number of cell lines that a tunor popu-
Iation may have. The possibility of adaptation of cancer celis againt
antimetabolite therapy would not be known without trnial.

An increase in the stringency of sclection will force the celh to
withdraw to the highest level of their adaptive peak. The variabibty
is reduced, leading to an extreme specializatton shich in nature may
prove fatal to the cell line in the event of environmental change. New
collateral sensitivitics may became aperative at this time, Examples of
this have been noted. Another way of stating this is that selection
favors those variants useful at a given time, regardless of ther even-
tunl value, Types may be perpetuated which are not well adapred
when a second and different antimetabolite is used for growth
interference.

Figure 2 illustrates one of two different interpretations for attain-
ment of drug resistancc, as suggested by recent studies in the chemo-
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Mechanism of Emergence of Drug Resistant
Cells

0= SUSCEPTIBLE CELL
@ =RESISTANT CELL

Tigure 2 Method 1 selection—no changed cell rcquifcd A, onginal Fdl
population, B, actwon af selectine environment, €, restricted cell population;

D, autgrowth of resistant cell type Diagram illustrates a method of selection

when there 15 a 1arge number of mutant ty pes in the eriginal tamor

therapy of cancer, Although the diagram is elementary in form, it
undoubtedly is basic. It appears that the changes to resistance and
susceptibility occur spontancously and rather generally ameng popu-
lations of Jeukemic cells, and the role of the antimetabolite is merely
that of a selective agent, Increase in resistance has been seen to occur
gradually, perhaps stepwise, over a penod of time. In this regard,
Law {1952) obtained evidence through use of a “fluctuation test”
that the varant resistant and susceptible cell types arise as mutants
during normal growth, the unfavorable environment being merely
selective in their isolation
Figure 3 illustrates a second postulated method for cell selection
in an unfavorable emaronment. In tus instance, the uniavorable
environment i assumed to induce changes in some of the cells—
:hang':s which m}i in the sclcf:tmn of resistant cell types. The known
mutation-producing properties of antimetabolites, wogether with
other ci.xmmnscma'l and cellular disruptive effects, would tend 10
favor this hypothesis.
omaol th Dt o s S e g o
metabolite resistance; for examy cl L\ 1) s spciated with anti-
H ple: (1) the appearance of an en-
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will be remembered, symbolize groups of related gene combinations
which make their carriers fit to survive and reproduce in a given en-
vironmental niche; the valleys symbolize the gene combinations
which are low in the existing environments. Groups of cancer cells
may be thought of as living populations, the cells of which are almost
surely clustered around some “adaptive peak” in the field of gene
combinations, while the “adaptive valleys” remain more or less un-
inhabited. Cell clusters will exist which, in a way, are analogous to
those encountered in sexual forms.

The environmental change produced by man’s interference with
the habits of the cells, through the usc of antimetabolites in this spe-
cific case, lowers the adaptive values of some of the genotypes which
were favored before the change, and augments the value of other
genotypes which were discriminated against in the old environments.
Celilines may become eatinct if no new genetic clements (mutations)
necessary to produce the new adaptive genotypes arc available, or if
the requisite constellations of these elements do not appear in time.
In order to survive, the cell must reconstruct the gene pool of its com-
ponent population and arrive at the genc combinations that represent
the new adaptive peaks. Abundant and consistent evidence exists that
antimetabolites aid in the development of a basis for genetic varia-
tion-mutation: chromosome breakage, spindle interference, change
in chromosome number, etc.

The existence of unoccupicd adaptive peaks is a conscquence of
the fact that innumerable gene combinations have never been formed
and tried out. This is obviously true, because the number of possible
combinations far exceeds the number of cell lines that a tumor popu-
lation may have. The possibulity of adaptation of cancer cells against
antimetabolite therapy would not be known without trial.

An increase in the stringency of selection will force the cells to
withdraw to the highest level of their adaptive peak. The variability
is reduced, leading to an extreme specialization which in nature mas
prove fatal to the cell line in the cvent of environmental change New
collateral sensitivities may become operative at this time. Lxamples of
this have been noted, Another way of stating this is that sclection
favors thase variants useful at a given time, regardless of their even-
tual value, Types may be perpetuated which arc not well adapted
when a sccond and different antimetabolite is used for growth
interference. .

Figure 2 illustrates one of two different interpretations for attain-
ment of drug resistance, as suggested by recent studies in the chemo-
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1n discussing this work, one must heep in mind that the concept of
wmutation ranges from point mutations, through chromosome break-
age, to ploidy. It also is interpreted that mutagens can act either
directly on the gene or indirectly; indicect action being accomphshed
through intetfering with the mutagen-antimutagen balance. Along-
side the slow method of point mutation, there exists a method of
rapid emergence of cell vamanis by polyploidy, In the wide sense of
the term “mutation,” polyploidy (euploidy and aneuploidy) is a
mutational change. The importance of polyploidy in evolution of the
cancer cell is helieved to be considerable. Doubling or i ing the
t Pl often p phystol changes
which are comparable to those produced by gene mutations. The celt
size in polyploids is usually greater; the water content, osmotic pres-

sure, vitamin content, immunological characteristics, etc., may be
changed.

Backdrift to Susceptible
Cell Type

1 eal

B
O=SUSCEPTIBLE CEL [
®=RESISTANT CEL).

Figure 4 Dy b
gTam showing possible *
eancer cel] le “backdnft” o i N
i :&Tg;‘:;;zﬂ;;;ucephb]: e, due o fari Chaolteresistane
. e weatmert is wi Y select com-
tesistant cell population; B, susceptible c:"';;ﬁ;:::':n 4, Incompetely selected
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zyme to break down the chemotherapeutic agent; (2) the dex clop-
ment of alternate metabolic pathways (Jack of ability of 6-MP and
8-azaguanine to convert these antagonists to ribotides) (Brockman,
Wallace, Sparks, and Simpson, 1957); (3) decrease in membrane

Alteration of Cell and its Outgrowth

O=0RIGINAL CELL TYPE
=ALTERED CELL TYPE

Figure 3 Method 2 sclection—changed cell required. 4, original cell po[aula-
tion; B, action of selective environment causing altered cell type; C, restricted
cell population; D, outgrowth of resistant cell type. Diagram illustrates a

method of selection when bolite, through jon and cell dismptne
nflucnecs, creates cell type for selection.

permeability and modification of transport; (4) change in relative
affinity of enzymes; and (5) change in the way the host handles the
antimetabolite, including transformation phenomena.

One might digress for a moment for a more gencral look at the
chemical mutagen problem. Attempts to enhance the mutation rate
of plants and animals are almost as old as the modern science of
genetics (McDougal in 1911 and Morgan in 1910: sce Westergaard,
1957). The real breakthrough came at the end of the Sccond World
War; in 1946 Rapoport demonstrated the mutagenic cffect of for-
maldehyde on Drosophila; in 1943 Ochlkers injected cthylurcthane
into the flower buds of Ocenothera and thercby induced chromosome
mutations, and Auerbach showed that a war gas, “mustard gas,”
greatly enhanced the mutation rate in Drosophila (Auerbach, 1957).
These observations led to many discoverics.
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genes and inherited in 2 normal Mendelian manner. The sxmplcilt(
snterpretation of these findings is that the cytoplasm of every stoc

contains duscrete bodies of several kinds, plasma‘gtncs, which repro-
duce themselves provided the nuclear genotype is favorable for their

erpetuation, .
¥ Tn experimental leukemias, such as the Gross and Friend lew-
Yemias, wi-reproducing Viruslike paxticul apart from chro-

motomal material, apparently multiply within the cell and can be
isolated. In fewkemias of this type, therapy and resistance must be
considered on 4 cell-particulate level Changes of such particles may
or may not be due 1o alteration of nuclear genes, or possibly 1o guali-
tative changes int the viral agents themselves. Antimetabolite resist-
ance in these Jeukemias has not been demenstrated up to this time.

Transmisable changes in cells reproducing vegetatively watrant
discussion, because somatic cells in which malignant transformation
occurs do not undergo sexual reproduction The most widely queted
example of directed change is transformation of poeumococeal types;
this has been extended to several other species as well. Griffith {1928)
found that he could transform a nonencapsulated R vanant into
encapsulated cells of virulent smooth type by injecting line R bacteria
into mice, along with heat-killed S cells which had 2 serological type
different from that of the § strain from which the R cells had been
derived originally. Avery, MacLeod, and McCarty (1944) found
that the forming principle is 4 bonucteic acid, The change
is a permaneat one, and active DNA can be isolated from the trans-
formed organism. Insofar as is known to the authar, conclusive evi-
dence for refated transformation within cancer cells, in relation to
antmetabolite resistance, has not been presented. ’

Crre Crones

Much information regarding changes in growt i
cancer c?“s may be obtained from theﬁz w’lra%rudy}:nfocfclsl(;‘:;:ngl:g
(mn\ # single cell, Chomal studies on normat cells and on their
phastic transformation in antre have heen Teported by S.mxi]:o:;
(1958). Since a clope originates from one cell, the occurtence 0°£r:x

new cell-type must result from a ion i
e change or transformation in the

The study was initiated b i
d y culturing a stray
tancous adipose ssue taken from the & : g rom sub-

lateral fat.
three months of culture, one cell was isolated e?::ii ;(.ZWT:“:‘:Z lA:tn
rge

eultuse by 2 method where one cell i completely isolated from o}
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The production of polyploids is the most powerful tool yet avail-
able to geneticists for molding living matter into new shapes. Poly-
ploidy may be considered a short cut by which the cells may adapt
themselves easily 1o a changing environment. Often it produces
innumerable variations on old themes, but does not originate really
new departures, Following the occurrence of polyploidy, the genes
Iving in different chromosomes will mutate in different directions.
Polyploidy is thus a mechanism whereby both gene number and gene
varicty are increased. Hauschka (1957), Levan and Biescle (1958),
Koller (1956), and others have described the great variability in
chromosome number in cancer, The ascitic form of cancer has been
especially variable, Reproductive isolation of cell lines preserves the
integrity of the antimetabolite-adapted cells,

Figure 4 is a simple diagram illustrating the “backdrift” of re-
sistant to susceptible cell population when “fixation” or selection has
not been complete, Tt is assumed that, if proper ccll types are retained
in the population, lack of antimetabolite-sclection pressure will allow
a return to the original balance of cell types or to essentially the
original cell population. It is possible to suggest that continued ab-
sence of the antimetabolite from the cnvironment for extended
periods of time will allow chromosomal and other mechanisms within
the ccll to adjust to the non-antimetabolitic environment in a manner
somewhat similar to that outlined in Figure 3, Method 2 for selection
for resistance. Antimetabolite dependence for optimal growth as re-
ported by Law {1951) may be an extreme case, perhaps not alio-
gether unexpected, in which this outlined mechanism would operate
to require the antimetabolite,

Crrorrasmic Reststance Mreonanisas

A number of cases have been described where abnormal cyto-
plasmic clements, plastomes, plastids, and other <clf-reproducing cell
particulates are associated elements of the genome. A true-breeding
high sensitivity ta carbon dionide in Drosophila appears to be de-
pendent on a sclf-perpetuating infective substance transttted pri-
marily through the egg cytoplasm The plasmacene system of Para-
mecium aurelia transmitted in the cytoplasm also should be consid-
cred in this regard. Different stocks vary in serotype potentialitics.
Crossing representatives of the scrotvpes reveals that the scrotype
differences within a stock arc inherited through the cvtoplasm, and
that their nuclear genes are alike. Howener, the potentiality of being
able to produce a certain vancty of serotspe is determined Iy the
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genes and inherited in 3 nfsrma} Mendelian manner. ’{th S\\'T\Iz\?‘i‘t
interpretation of these findings is th.ﬂt the cytoplasm of every stoc
contains discrete bodhes of several kinds, p]asmegenrs, which Tepso-
Juce themselves provided the nuclear genotype is favorable for their
tuation, .

ptrl‘x):upcrimmtal leukemias, such as .thc Gross and Friend leu-
kemias, seff-reproducing viruslike pamcula}cs, apart from chro-
snosomal matesial, apparently multiply within the ?cll and can be
jsolated. Tn Jeukemias of this type, therapy and resistance must be
considered on a cell-particulate level. Changes of such parficles may
o may not be due to alteration of nuclear genes, o passibly to quz'a\i-
tative changes in the viral ageats themselves. Antimetabohite resist-
ance in these leukemias has not been demonstrated up to this time.

Transmissible changes in cells seproducing vegetatively warrant
dscussion, because somatic, cells in which malignant transformation
occurs do nat undergo sexual reproduction, The most widely guoted
example of directed change s transformation of pneumocoteal types;
this has been extended to severa} other species as well, Griffith {19283
found that he conld sransform a nonencapsulated R variant into
encapsutated cells of vitulent smooth type by injecting line R bacteria
inta tmice, along with heat-killed § cells which had a serological type
different from that of the § strain from which the R cells had been
derived ariginally. Avery, MacLeod, and McCarty (1944) founa
fhat the transforming principle is deoxyribonucleic acid The change
is a permanent one, and active DNA can be isolated from the trans-
formed organism, Insofar as s known 10 the author, conclusive evi-
tence for related transarmation within cancer cells, in relation to
antimetabolite resistance, has not been presented.

Crin Croxnes

Much information regarding changes in growth of somatic and
cancer cells may be obtained {rom the in vitre study of cells descended
fromAa single cell, Clonal studses on normat cells and on their neo-
p\astm tra'm(orma\inn m vitro have been 1eported by Sanford
(1938) Since a clane osiginates from one cell, the o:c\mcncen oc;ra
r;:\\‘l\tcclh) pe must result from a change or travsformation i the

ET0Wn to a large
isolated from al}
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other cellsin a separate flask. The isolated cell was grown into a clone
culture, which was divided during subsequent transplantation to
cstablish a total of 17 independent cell lines,

The clones eventually exhibited a number of characteristic differ-
ences—sarcoma-producing capacity when explanted, metabolic pat.
tern, enzymatic pattern, responsiveness to growth restraints, chromo-
somal constitution, and probably antigenicity.

It would be of interest to investigate the reaction to antimetabolites
in this clonaf serics and study possible cell line resistance in refation
to chromosome and other variation.

Seven pure cell lines derived from leukemia L 5178 were obtained
by the clonal growth of single cells (Fischer and Jaffe, 1958). The
pure lines were uniformly sensitive to amethopterin in vitro, When
the pure lines were cultured in gradually increasing concentrations
of amethopterin for periods up to 120 days, growth response indi.
cated the gradual emergence of resistant populations, The degree of
resistance of most of these sclected lines remained constant in culture
in the absence of amethopterin. A resistant population selected in
mice and cultured in the presence of amethopterin demonstrated a
reduction in amethopterin sensitivity, A moderately resistant line
from tissue culture exhibited full sensitivity when grown in mice. We
await full publication of these experimental results,

CoNcLusioN

A genctic interpretation for resistance of cancer to antimetabolite
therapy appears to offer no conflict between known genetic mech-
anisms and observed facts pertaining to resistance, attainment of
resistance, reversion to susceptibility, fixation of resistance, and col-
lateral sensitivity. A well-doc d fact is that chr tend
to “loesen up” in tumor cells. This may form an important mech-
anism in the attainment of antimctabolite and drug resistance.

Tissue culture studies of single cells and of cell clones have shown
that these cells, which resemble somatic cells, change through a
number of ccll generations in which the environment ostensibly

remains constant.
There is evidence from chromosome variation, mutation cfTeets,

and many other known antimetabolite cffects that a mechanism
exists for change in genetic constitution and for the operation of
selection under drug (antimetabolite) pressure.

It is evident that, from a genetic standpoint, evolutionary adapta-
tion is the central theme for explanation of tumor resistance to anti-
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metabolites. Genetic variability is the raw material for selection. '}'he
variability may include minute mutations, chromasome aberrations
of all sorts, and, in general, matcna.l ranging frorf\ genes to genome.
The genetic materjal must be considered in relation to :_:e}l environ-
ment: cell particulates, cellsasa ‘?'holc, and cells as mdmdya\s ina
population. 1f small differences in the rate o? rcprodfxmon exist
between tumor cel} groups due to the use of antimetabolites, the role
of selection in attaiment of resistance is an obviqusly important one.
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other cells in a separate flask. The isolated cell was grown into a clone
culture, which was divided during subscquent transplantation to
establish a total of 17 independent cell lines,

The clones eventually exhibited a number of characteristic differ-
ences——sarcoma-producing capacity when explanted, metabolic pat.
tern, enzymatic pattern, responsiveness to growth restraints, chromo-
somal constitution, and probably antigenicity.

It would be of interest to investigate the reaction to antimetabolites
in this clonal scries and study possible cell line resistance in relation
to chromosome and other variation.

Seven pure cell lines derived from Jeukemia L 5178 were obtained
by the clonal growth of single cells (Fischer and Jaffe, 1958). The
pure lines were uniformly sensitive to amethopterin in zitro, When
the pure lines were cultured in gradually increasing concentrations
of amethopterin for periods up to 120 days, growth response indi-
cated the gradual emergence of resistant populations, The degree of
resistance of most of these selected lines remained constant in culture
in the absence of amethopterin. A resistant population sclected in
mice and cultured in the presence of amethopterin demonstrated a
reduction in amethopterin sensitivity. A moderately resistant line
from tissue culture exhibited full sensitivity when grown in mice. We
await full publication of these experimental results,

ConcLusioN

A genetic interpretation for resistance of cancer to antimetabolite
therapy appears to offer no conflict between known genctic mech-
anisms and observed facts pertaining to resistance, attainment of
resistance, reversion to susceptibility, fixation of resistance, and col-
lateral sensitivity. A well-documented fact is that chromosomes tend
to “loosen up” in tumor cells. This may form an important mech-
anism in the attainment of antimetabolite and drug resistance,

Tissuc culture studics of single cells and of cell clones have shown
that these cells, which resemble somatic cells, change through 2
number of cell generations in which the cnvironment ostensibly
remains constant.

There is evidence from ct variation, effcets,
and many other known antimetabolite effects that a mechanism
exists for change in genetic constitution and for the operation of
selection under drug (antimetabolite) pressure,

Tt is evident that, from a genetic standpoint, evolutionary adapta-
tion is the central theme for explanation of tumor resistance to anti-
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could influence any interpretation of breed suscepuibility. Thf an‘i-
mals included in this study were d

] to be selected r: y
since each herd, and animal within a herd, had about an equal prob-
ability of being included. The data with regard to eye health h'a\'c
come primanly from: (1) direct observations of eyes and lesions
(where 2 clinical observation and a colored photograph of each eye
were made, followed by biopsies of 20 per cent of the lesions) ; and
(2) disposal data, which indicate whether an animal was removed
from a herd because of cancer eye,
The pathological develop of ocular carcis is apparently

a continuous process wherein lesions on the eyeball, nictitating mem-
brane, and caruncle proceed from a so-called plaque, sometimes
through a papilloma stage, to carcinoma; and those on the lids pro-
ceed from areas of keratoses and/or acanthoses with focal ulceration,
through 2 papilloma stage, to carct {Russell, Wynne,

and Loquvam, 1956). The clinical diagnoses of these lesions com-
pared with microscopic ones, without regard to the type of lesion,

show a specificity of 99 per cent with 1 per cent false positives

{Wynne, 1958). The speatficity of dragnoses from disposal data is

lower, but probably at least 80 per cent, and more likely than not,
90 per cent.

TABLE 1. Age Distribution of Cancer Eye

Agelast Survivors to “Total
obscraton (years) achage  cncrepe ety

3 960 4 08
4 4238 [ 19
5 3668 29 79
6 3024 24 79
: 2504 5 180
¢ 2069 0 193
10 1659 48 289
10 1314 4 397
2 926 25 270
" 07 5 123
m 5 '
I 0 H 292
1S and over a1 3 375

Total *\\\968__\



Genetic Aspects of Bovine Ocular Carcinoma
Davip E. ANpELRsoN, Fi.D,

Department of Biology, The University of Texas M. D. Anderson
Hospital and Tumor Institute, Houston, Texas

The primary purpose of this investigation was to determine the
role of genetic constitution in bovine ocular carcinoma (“cancer
¢yc”), along with determination of some of the other ctiological
factors which account for variation in the manifestation of this
malady. There is ample and definitive cvidence of a genctic basis
underlying many cancers in Jaboratory animals, but such evidence
is not as prevalent in larger mammals.

The genetic approach to cancer eye is one phase of a co-operative
study, which also includes the approaches of pathological develop-
ment and anatomy (Russell, Wynne, and Loquvam, 1956; Wynne,
1958), tissuc culture (Svhes, Dmochowski, Wynne, and Russell,
1958, 1959), and clectron microscopy (Dmochowski, Sykes, Winne,
and Russcll, 1958). The information thus obtained may be pertinent
to cancer in man, as well as to its contro! in the boviae, and should
contribute to gencral biological hnowledge.

MATERIALS AND MrTi1008

The experimental ammals were Hereford cattle. Since they gener-
ally constitute approximately 90 per cent of the beel cattle at the
pﬁ'ncipnl marhets of the range areas, it scemed reasonable to imtiate
investigations of this eyc malady in a prevalent breed, Though the
frequency of the diseasc is thought bv many to be higher in this breed
than in the other breeds, factors other than breed differences per <c
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with ages from 5 to 15 years were included; that is, where relatively
more animals were in the age range when most cases of cz}ncc'r.cyc
dexelop {Anderson, Chambers, and Lush, 1936). These hcmabﬂltl:.s
indicate that an eatlier age at onset in the parent tends to be associ-
ated with an earlier age at onset in the danghter.

The heritability of 4 might be too high compared with one from
2 randorn sample of cattle of similar ages of this breed, if some fac-
tor(s) other than heredity were acting to increase the likeness be-
tween dam and daughter. However, this type of bias would be can-
celed in part, or perhaps wholly, by the effect of the genetic relation-
ship which existed among the dams in the present sample. The effect
of genetic relationship or consanguinity is to reduce the genetic vari-
ance among dams, thus reducing the part which heredity would play
in causing phenoty pic differences among them.

The evidence of a genetic basis in cancer eye susceptibility perbaps
i seen mote vividly in Table 2, which combines the two aforemen-
tioned groups of animals, Since the results from each group were
simular, they were combined for brevity The daughters in each mat-
ing type were over four years of age (and therefore were in the age
range when the preponderance of cancer gye tesions denelops).
. The proportions in the last column show that one affected parent
increases the relative frequency of the disease by 12 5 per cent, and
two affected parents increase it by 25 per cent, compared with the
frequency of 11 per cent among daughters of two nonaffected
parents, The average ages of the daughters in the mating t pes did
not differ importantly ; so this could not have accounted for' the dif.
ferences in frequency, The differences are larger than would be ex-

TABLE?2 Percentage Frequency of Cancer Eye in Daughters* of Aff, ected
and Nonaffected Parents

Condition of parents 1\""‘:';" "P;“ngc d

s equency an

Normal X Rormal 10¢
Cancer X Normmal 83 A
Normal X Cancer e BE b
Cancer % Cancer 15 gz T
6128

Tatal 586

172775
* Daughters over four years of age
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Records complete enough for genetic analysis on 943 animals are
the primary basis of the present report, though additional records on
4,960 animals arc referred to in the discussion of age at onsct.

RESULTS aND Discussion

Cancer eyc is similar to cancers in other animals in being a disease
of the aged. This is shown in Table 1 where the frequency of cancer
cye per 1,000 female survivors to each age tends to increase from
0.8 for threc-ycar-old animals to 96.8 for thosc over I years of age.
The variability in frequency after 10 years of age probably reflects
the small numbers of affected animals in these age classes,

Clearly, age is important and should be considered when interpret-
ing reasons for the presence or absenee of cancer eye. Age has been
shown to be a measure of variability in susceptibility to certain tu-
mors in mice (Heston, 1940). Differences in age at onsct of cancer
eye alo appear to be determined in part by genetic differences. This
was shown by an analysis wherein differences in susceptibility among
genetically related animals were determined by differences in age at
onsct {Blackwell, Anderson, and Knox, 1956). The basic assump-
tions were: 1) Susceptibility is a continuous variable, in that animals
developing lesions carly in life are probably more susceptible than
those developing lesions at older ages; and 2) among unafTected ani-
mals, the older ones are assumed to be more resistant since some
among the vounger ones probably would have developed lesions if
they had been observed to older ages Since the statistical distribution
of susceptibility was assumed to be “normal,” the derivation of the
susceptibility scare was based on the normal curve (Pearon, 1924).
The arbitrary scores thus abtained, which for afTected animals ranged
from 25 to 3, and from 2 to 0 for unaffected animals, arc by no
means exact measures of susceptibility since they may attach too
much (or too little) emphasis to the ages at which cancer developed
However, the susceptibilits scares appear to be roughly proportional
to the econamuc importance of the age at which thi cancer develops

The heritabity of susceptibulits ; that 1s, the portion of all idi-
vidual differences in the age core for susceptibulits that s caused by
genctic differences, was estimated by a regression of daughter’s scare
on dam's scote, insalting 381 campartons \ heritabihiy of 29 was
found. .\ simular age <core, but demved from and applied to an mde-
pendent group of 183 animals of smilar ages (3 to 15 vears), re-
<ulted in another estamate of 27, <howmng close agreement with the
previous one. The estimate of .27 increased to 4 when only animals
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with ages from 5 to 15 years were included; that Is, where rclanvd')’
more ammals were in the age range when most cases of cancer eye
develop (Anderson, Chambers, and Lush, 1956). These heritabulities
mdicate that an eardier age at onset in the parent tends to be assoct-
ated with an earlier age at onset in the daughter. .

The heritability of 4 mught be too high compared with one from
2 random sample of cattle of similar ages of this breed, if some fac-
tor(s) other than heredity were acting to increase the likeness be-
teen dam and daughter. However, this type of blas would be can-
celed in part, or perhaps wholly, by the effect of the genetic relation-
stup which cxisted among the dams in the present sample. The effect
of genetic relationship or consanguinity 15 to reduce the genetic vari-
ance among dams, thus reducing the part which heredity would play
in causmg phenotypic differences among them.

The evidence of a genetic basis in cancer eye susceptibility perhaps
 seen more vivdly in Table 2, which corbines the two aforemen-
tioned groups of animals. Smee the results from each group were
stmifar, they were combined for brevity ‘The daughters in each mat-
mg type were over four years of age (and therelore were in the age
range when the preponderance of cancer eye lesions develops).

The proportions in the last column show that one affected parent
tcreasts the relative frequency of the diease by 125 per cent, and
tha affected parents increase it by 25 per cent, compared with the
{mlumcy of 11 per cent among daughters of two nonaffected
parents, The average ages ot the daughters m the matng types did
hot duffer importantly , so this could not have accounted for the dif-
ferences m frequency, The differences are larger than wonld be ex-

TABLE? Percentage Frequency of Cancer Eye in Daughters* of Afected
and Nonaffected Parents

Condionot pasents e e o
hire Dam matings standard error

Normai x Normal 404 Nx 15

Cancer x Norma) *

83
Normal » Cancer ki

85
Coca oo ¥ it
L *
Touwi 586 7% 15
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pected by chance, the respective probabilities being less than .01 for
the combined reciprocal matings, and approximately .05 for the
Cancer X Cancer type. Autosomal inheritance is indicated by the
small difference in the proportions for the reciprocal matings. This
small difference also indicates the absence of any pronounced ma-
ternal influence on susceptibility, The heritability of susceptibility is
.25 when estimated by the regression of daughter on dam or on sire.
This is obtained by doubling the difference of .125, The difference
of .25 between the two extreme mating types yields a direct estimate
of heritability from a regression of daughter on midparent. These
estimates are lower than those for the measures of susceptibitity, prob-
ably because age at onset is neglected here but was considered in the
score.,

The brownish-red pigment in the skin around the cyes of animals
in this particular breed has a definite inhibitory effect on lesions.
Lesions were never observed to develop in any pigmented area of the
lids regardless of the shade of that pigment; i.c., light red, dark red,
or brown. Lesions were obserscd, howcver, in nonpigmented areas of
partially pigmented tids, but not as frequently as on lids with less pig-
ment, The inhibitory effect of pigment scems to be a direct one con-
fined only to lid lesions, and not eatending beyond the pigmented
areas themselves (Anderson, in preparation).

1I the lesions represented in Table 2 had developed mostly on the
lids (in the disposal data from onc of the herds we have na way of
knowing whether the lesions originated on the lids or on the eyeball)
then the genetic basis being detected might be primarily that of pig-
ment itself. In view of this, it was considered desirable to test whether
a genetic basis existed for susceptibility, independent of these effects
of pigment.

To this end, a better measure for detecting individual differences
in susceptibility was deseloped. Since animals were observed for a
30-month period, beginning when they were six years of age, -
formation was available showing the age at onsct of an animal's first
lesion, the number of sites on the cye affected by lesions, and the
number of lesions which regressed. These three factors have been
shown to measure adequately the variability in susceptibulity to cer-
tain tumors among groups of mice or fowl of different genotypes

(Heston, 1940; Greenwood, Bhvth, and Carr, 1948), and were as
sumed to be similarly involved in the bovine. A young age at onset,
and a high number of affected sites and a small number of regressions
were considered ta indicate a high degree of susceptibility, or a hich
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pected by chance, the respective probabilities being less than .01 for
the combined reciprocal matings, and approximately .05 for the
Cancer X Cancer type. Autosomal inheritance is indicated by the
small difference in the proportions for the reciprocal matings. This
small diflerence also indicates the absence of any pronounced ma-
ternal influence on susceptibility. The heritability of susceptibility is
.25 when estimated by the regression of daughter on dant or on sire.
This is obtaincd by doubling the difference of 125, The difference
of .25 between the two extreme mating types yields a direct estimate
of heritability from a regression of daughter on midparent, These
cstimates are lower than thosc for the measures of susceptibility, prob-
ably because age at onsct is neglected here but was considered in the
score.

The brownish-red pigment in the skin around the eyes of animals
in this particular breed has a definite inhibitory effect on lesions.
Lesions were never observed to develop in any pigmented arca of the
lids regardless of the shade of that pigment; i.c., light red, dark red,
or brown. Lesions were observed, however, in nonpigmented areas of
partially pigmented lids, but not as frequently as on lids with less pig-
ment. The inhibitory cffect of pigment seems to be a dircct one con-
fined only to lid lesions, and not extending beyond the pigmented
arcas themselves (Anderson, in preparation).

1 the lesions represented in Table 2 had developed mostly on the
lids (in the disposal data from one of the herds we have no way of
knowing whether the lesions originated on the lids or on the cyeball)
then the genetic basis being detected might be primarily that of pig-
ment itsclf. In view of this, it was considered desirable to test whether
a genetic basis existed for susceptibility, indcpendent of these cflects
of pigment.

To this end, a better measure for detecting individual differences
in susceptibility was developed, Since animals were observed for 2
30-month period, beginning when they were six years of age, in-
formation was available showing the age at onsct of an animal’s first
Jesion, the number of sites on the cye affected by Jesions, and the
number of Iesions which regressed. These three factors have been
shown to measure adequately the variability in susceptibility to cer-
tain tumors among groups of wice or fowl of diflerent genotvpes
(Heston, 1940; Greenwood, Biyth, and Carr, 1948), and wcre as-
sumed to be similarly invalved in the bovine. A young age at onset,
and a high number of affected sites and a small number of regressions
were considered to indicate a high degree of susceptibility, or a high
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score. Resistance was denoted by a low score. Normal animals thus
received a score of 0, but only 8 of the 105 animals remained clini-
cally normal throughout the 30-month observational period, The
score for susceptibility was determined by simply adding the figures
for age and sites and subtracting the number of regressions for cach
eye (Anderson, in preparation). The score also was computed indi-
vidually for lid susceptibility and for eycball susceptibility, because
the latter is not influenced by Jid pigment. This permitted evaluating
genetic variation in susceptibility independently of the efects of pig-
ment. Total susceptibility per animal, which is the sum of the lid and
eycball scores, was distributed nearly normally with a range in value
from 0 to 31 and an averageof 11.

The variation in this measure of susceptibility between and within
pairs of eyes was analyzed. The variation within pairs of eycs is pre-
sumably wholly nongenctic, consisting of developmental errors dur-
ing the embryalogical period, nonlincarity between the score of sus-
ceptibility and the primary gene cffects, and environmental influ-
ences which affected one eye but not the other. The variation be-
tween pairs of eyes contains all the genotypic variance and all the
variance caused by environment that is common to both cyes on the
same animal. Shown in Tabfe 3 are the components of variance be-
tween and within pairs of ¢yes for pigmentation and for suscepti-
bility. It also shows the resulting maximal estimates of heritability
and their approximate 95 per cent confidence intervals. These herit-
ability estimates may be compared with conventional heritabilities,
which contain little except additively genetic differences, to throw
light on the nature of the variation in pigmentation and in suscepti-
bility.

All the hentabilities are significantly diffcrent from zero. The esti-
mate of .56 for circumocular pigmentation is slightly larger than 2
conventional heritability of .45 reported in a study including the
present animals along with others {Anderson, Chambers, and Lush,
1957). The relatively small difference of .11 (.56 minus 45) could
mean that interactions between allelic and nonallelic genes (domi-
nance and epistasis) and environmental factors common to both eyes
account for a small portion of the varation in amount of circumocy-
lar pigment; whereas additivelv genctic differences account for about
.45, The remainder of .44, which is the variation between cycs on the
same animal, is all duc to nongenctic {actors.

The estimates of .46 for total susceptibility and .38 for cycball
susceptibility compare favorably with the aforementioned conven-
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tional heritability of 4 for total susceptibility (Anderson, (}hambcrs,
and Luch, 1956). Allelic and nonallelic interactions scemingly have
fittle or no influence on susceptibility as it is being measured here.
That the estimmate for tatal susceptibility is only slightly larger than
the estimate of 38 for eyeball susceptibility, which is independent of
the effects of pigment, is probably due ta the fact that 1id lesions con-
sutute a relatively small fraction (one-third) of all eye lesions in this
particular sample of animals. The estimate of .66 for lid suscepubility
s probably high beeause it includes the effects of pigment, A path-
cocfficent analysis (Wright, 1934) indicated that the coreelation be-
tween bid susceptubility in the right and left eyes, after subtracting the
influence of pigmentation being similar in the two eyes, would be
approximately 50. There is evidence, therefore, of a genetic basis in
susceptibility independent of the effects of pigment.

The tendency for cancer eye lesions to develop bilaterally also is
shown in a summary of 1,190 pairs of ¢yes in animals that were at
feast five years of age. Amang these animals, 229 had bilateral lesions,
150 had lesions enly in the right eye, 161 had lesions only in the let,
and 650 were normal i hoth eyes. If the lesions in the right and left
eyes were independent anly 124 ammals were expected to have bi-
h(:{a\ tesions, The probability is much less than 001 that the excess
?( bilateral involvements and the corresponding deficits of unilateral
m\ol\cm:.ms could hase accurred purely by chance if lestons in one
¢ were in fact independent of those 1n the other eye of the same
animal,

a These results indicate that many factors {over and above the in-
d“‘““ of P‘g“‘m!). affect the susceptibilities of both eyes alike. The
Q‘d‘?)’“‘“\} of 1&}0!\& hilaterally constitutes strong evidence for a
gtncus basis, but it also could be regarded as evidence for other
tlnulog\cal Ia‘clors which tend to affect both eyes if they affect either.
“"; 5;1““[;“;1} f)f htrg!ahilints .fmm data on bilaterality compared
\arian:l :l ifities which contain little except the additively genetic
retated c.ﬂ_uggcm that genetic factors account for most of these cor-
i ects to the extent that about 40 per cent of the phenotypic
Terences )E’\"i:“‘fcpl‘b““)' ¢an be ascribed to additively genetic dif-
ward o «{mmmcmhf’f a genetic basis has practical applicability to-
It sl be r:é;] lsduc;\sc‘by selectine breeding programs

tidlesions in that lc:ior:}sl:!:)‘:(%:?fnt 1has'a qircct inhibitory effect on
though they da developin non ;ﬂc - l; pigmented areas of thelids,
lids, Also, pigment has no ir?h'i{{)?:amc s of partially pigmented
1y eflect on any other type of
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lesion in the same or opposite eye. These findings suggest that the
gene Joci for susceptibility are different from those for pigment, al-
though loci for pigment appear operationally pleiotropic to lid sus-
ceptibility by their intermediate effect on pigment. If pleiotropy had
been an important factor in these comparisons, then pigment would
have been expected to manifest more generalized inhibitory effects
than were actually observed.

The findings in general arc somewhat similar to those reported for
Negroids where the relative lack of skin cancer is explained by the
degree of pigmentation of the shin (Stciner, 1954). Pigmentation is
the factor reported to be inherited, and not resistance of the cclls to
neoplastic transformation. Albino Negroids are reported as being sus-
ceptible to actinic cancer.

The present findings indicate that susceptibility of the cclls of the
eye to neoplastic transformation and the potentiality for pigment for-
mation both can be inherited. However, susceptibility might never
become manifest in some individuals because pigment could shield
the whole individual or merely some area of the body from a carcin-
ogen (sunlight?), thercby preventing or at least hindering a thresh-
old from being reached above which cancer would ensuc. The thresh-
old for susceptibility is assumed to depend upon a combination of
genetic and environmental factors such that if the genotype places
the individual near the threshold, the probability is high that environ-
mental factors would push it over the threshold. 1f the individual is
not highly susceptible genetically, the probability is small that en-
vironmental factors would push it above the threshold carly in life,
but might increase as the individual becomes older.

SUMMARY

Bovine ocular carcinoma was described as a discase of the aged,
since it showed marked increases in relative frequency with age in a
sample of 4,960 animals, Genctic differences appeared to account
for about 40 per cent of the phenotypic variability in susceptibility
when susceptibility was measured by age at onsct of lesions alonc;
or by age at onset, number of affected sites, and number of spon-
taneous regressions. The gene loci for susceptibility and loci for pig-
ment did not appear to be the same. The findings indicate that both
susceptibility of the cells of the eyes to neoplastic trnnsfor‘nmtinn and
pigment potential are heritable, though the presence of pigment may
hinder or prevent the manifestation of susceptibility.
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Genetics of Man:
Some of the Developments of the Last Decade
WiLuiay J. SeHULL, PHD.

Department of Human Genetics, The Medical School,

Uniersity of Michigan, Ann Arbor, M whigan

Twenty years of 0 ago, one would have begun a report an the
“Genetics of Man™ by attempting to justify man as an object of ge-
netic inquiry. This, fortunately, is no longer necessary, Recer events,
some of which wall be cited, illustrate contributions to genetic thought
which can be expected from the study of mas. 1 might also add that
ene rasely feels called upon to justify an area of research which is
attracting s much atiention as human genetics currently attracts.
There presently prevails a far greater acceptance of human genetics
as a scientific discipline than has prevailed at any time in the past.
To a large extent the reasons for this acceptance are to be found in
i1) the ing pr pation of medicine with chronic and de-
generative diseases where, a prior, causation would appear in large
measure dependent upon one's genetic background, and (2) the

gence of techniques, largely biochemical, whereby it is possible

to approach more nearly the lesel of primary gene action than has
been possiblein the past.

We shall consider here, briefly, certain advances in our under-
stnding of: (1) The genetics af the ved bload cell, (2) the meshed-
ology of human genetics, and (3) the genetic component in cancers of
man. The first of these is included because it illustrates the level of
welentific sophustication which can be reached in ouly a few aress of

human genetics at present, althoug it wi
1 gh we hope that it will typify mo
and more areas of genetic investigation in the future, PRy more
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GeNrTICS OF THE RED BLoop CeLL

The past decade hasseen rather phenomenal progress in our under-
«tanding of the antigenic makeup of the red blood cell, of its hemo-
globin, and of some of the intracellular enzyme systems not immedi-
ately related to hemoglobin. Perhaps the most fascinating part of this
advance has to do with the inherited abnormalitics of hemoglobin,
Events in this area have moved so rapidly that it is difficult to belive
that less than 10 years have clapsed since the publication of the three
papers which triggered this avalanche of activity. The papers in ques-
tion are those of Beet (1949), Neel (1949), and Pauling, Itano,
Singer, and Wells (1949). Almost simultancously, Bect and Neel
postulated that sickle-cell anemia was the consequence of homozy-
gosity for a genc which in single dose gave rise to individuals whose
red cells would sickle in vitro, but who otherwise were clinically nor-
mal. Literally within weeks, Pauling and his associates had clearly
demonstrated, by the atypical behavior of the hemoglobin on electro-
phoresis, that the basic defect associated with the gene was at the
molecular level. At the present time, in the neighborhood of two
dozen inherited variants of normal hemoglobin are known.

The genes controlling the different hemoglobins differ widely in
their frequencics, with those associated with hemoglobins $ and C
being particularly common in Negroes, the ane associated with hemo-
alobin D being common in Asiatic Indians, and the one responsible
for hemoglobin E being common in the Thai. From the classic genetic
viewpoint, we have good evidence that at least two loci are jnvolved
in the production of these variants. Data from families in which
more than one of the genes in question are segregating suggest that
the genes responsible for hemoglobins S and C are, in all probability,
allelic, whereas the one for hemoglobin G is nonallelic to S and C (see
Ranncy, Larson, and McCermack, 1953: and Schwartz, Spact,
Zuelzer, Necl, Robinson, and Kaufman, 1957).

One of the manv intriguing developments in connection with the
hemoglobins has been Ingram’s (1957) report that hemoglobins §
and C differ from the normal by a single amino acid i what he has
designated as the No, 4 peptide. In the case of hemoglobin S, a
valine is substituted for glutamic acid; and in hemoglobin C, a lysine
replaces the same glutamic acid. Onc of the more pressing needs in
connection with this finding is the demonstration that each of the pep-
tides in hemoglobins S and C which has the same electrical charge
and solubility in butanol-acetic acid as a peptide in normal hemo-
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globin is, in fact, identical in amino acid‘ c‘{mPDSiﬁO“ an,d Sequence
with the corresponding peptide in bemoglobin 4. Ingram's ."
ical technique of analyzing the hemoglobins would not necessanily
detect an amino acid substitution which did not lead to a_dxﬂ”cr‘ence
in the net charge of the peptide. At the moment, the .chcmlcal differ-
ence jibes rather neatly with the segregation behavior of the genes
responsible for hesmoglobins S and C. L.

Progress in the more rigorous biochemical characterization of the
hemoglobins will undoubtedly continue at a rapid rate. Foretoken-
ing this is the demonstration that hemoglobin D, nitially desenbed
by Itano (1951) and found m a variety of areas in the world, may
insolse 2 number (three are now recognized) of different biochem-
jcal entities hating in common an electrophoretic mobility similar to
$ hemoglobin, but differing from the latter in solubility {Benzer,
Ingram, and Lehmann, 1958). The implications of this finding are
many. Tt is certainly not inconceivable that further analyas of the
hemoglobins may give rise to the human counterpart of the rIl mu-
tantsin thebacterial sinus T4 {Benzer, 1957),

To many, the insight into the dynamics of human population ge-
neties afforded by the hemoglobinopathies is no less intesesting than
the information which we have gained from them on gene action.
Athson {1954 was the first to champion vigorously the thesis that
the high frequencies of the sickle-cell gene in Africa were attributable
to a balanced polymorphic system wherein the heterozygote enjoyed
2 wleative advantage as a consequence of increased resstance to
malacia, The evidence advanced by Allison was circumstantial, in the
main, being a carrelation between the {requency of the Sickle-celt
gene and the endemicity or hyperendemicity of malaria Effors b
;}Ilmn (195(4}\, and by Beutler, Dern, and Flanagan (1955) g

lemonstrate direetly that the h ‘ ‘ Y
fection with Plasmodium {aldt;fml\gu(c rn more resistant (o n-

arum led to s icti

results Be this asit may, the intervening )cz\r: h:::cs‘:: tthG:cﬂci:h‘;g
lation o{ additional data in suppert of Altison’s general thesis E: mcl‘
lent rev iews of this evidence and the problem of dacumenti xch-
.;\jm]cmlmp of m:\lm:i:! with the sickle-cell gene are to be (o‘:x%d‘ i:
et b e ol AL e proca, thzs e fo

e usal relationshi inct
;\]:nrc (:‘mnhrm and l}jc frequency of the sxcldcjclzlklmg::lc:.nat:‘; “\3:

¥ s, the gene r'rspfm::b]c for hemoglobin C as well. Th o
vas of the velative immunity which must be involved i o
akhouch there are a number of clues, among these bii:? Il::;wr’l,
er's
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(1956) data which suggest that sicklers do not suffer from cerebral
malaria, There are other findings on the heterozygote, such as hypos-
thenuria, which have not been fitted into the puzzle as yet. With re-
spect to hyposthenuria, there are reasons for believing that the
lowered specific gravity of the urine of the heterozygote reflects a
renal pathology (Rucknagel, personal communication). If this is so,
we have the rather interesting situation where the heterozygote oper-
ates at an advantage in a malarious zone, but at a disadvantage in
a nonmalarious arca. Morcover, the advantage of the heterozygote
in Africa, say, must be such as to replace not only genes lost through
the death of persons with sickle-cell anemia but possibly also some
fraction of heterozygotes whose fitness is below average because of
renal disease.

A variety of hypotheses has been advanced regarding the mech-
anism of increased fitness of the heterozygote. Recently, for example,
Livingstone (1957) has suggested that the increased fitness of the
sickle-cell heterozygotc may be mediated to a large degree through
the carrier female. He believes that P, falciparum infections of
the placenta may not develop to the same extent in sickling as op-
posed to nonsickling mothers, and that as a consequence the former
would have a proportionately higher number of live-born children.
Much of the available evidence is consistent with this hypothesis.
Edington (1955), for example, finds that sickling mothers have
a slightly lower stillbirth rate, and that their infants have a higher
mean birth weight and a higher survival rate. There is as yet, how-
ever, no direct evidence that placental infections are either less com-
mon or less severe in sickling mothers.

Another lcsion of the red blood cell which has been detected 1¢-
cently is the deficiency of glucose-6-phosphate dehydrogenase assocl-
ated with individuals demonstrably scnsitive to the antimalarial
primagquine, as well as to a growing list of the other drugs (for a re-
view of this work sec Beutler, 1959). Work on this inherited abnor-
mality is proceeding at such a fevenish pace that any attempt to sum-
marize progress will be dated almost as rapidly as one scts pen to
paper. At the risk, however, of jousting with what might ulEimnchy
prove to be a straw man, I should like to call attention to just one
aspect of this anomaly; namely, the marhed differences observed in
the two sexes. Two alternative explanations are available: (1) the
trait may be sex-influenced, and (2) the trmt may be sex-linked as
suggested by Childs, Zinkham, Browne, Kimbro, and Torbert ( 1958).
In possible favor of the former is the report that hystercctomy has
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i instance, to 2 switch from a normal to 2 senutive Jevel of
IGc?él}r:Dm:; ::Zasuxc::l by the glutathium: stability (est: Atthe mm;m?t,
the bulk of the data would appear to favor the sex-linked i})’pﬂl ;SL;;
afthough even here there are a number of anomal‘ous f}ndmgs W \l‘c
usually are accounted for on the basis of the c\mxﬁ‘u‘mn hfficy uc,s
in the female, Be this as it may, if Child’s hypathesis I correct, ones
interest naturally turns to the probler of what maintains this gene
in primitive populations. If weare confronted again witha b.alanceti
polymorphic system, it will be one unlike any previously seen n man.
Interestingly, a balanced system involving a sex-hnked gene can be
maintained with ar without an advantage to the heterozygous {e-
snale, Specification of the selectise advantage or disadvantage con-
ferred upon cach of the five possible genatypes presents a challenging
problem, A complication in any development of the population im-
plications of primaquine sensitivity is the report of Alving, Keller-
meyer, Tarlov, Schrier, and Carson {1958) that there are no sub-
stantia) diferences between males and females to in zivo challenge
with pri ine despite the app i in the sexes in the
levels of G-6-PD. Clearly, one can speculate at considerable lengths
here, but in the absence of evidence that individuals with G-6-FD
deficiency are at a disadvantage in primitive societies, and that the

gene exists in appreciable frequencies in such societies, speculations
may be noncontributive,

Our knowledge of the genetic control of variation in the red bloed
cell has been the subject of numerous reports, Obviowsly then, one
cannot do justiee to this area in a few moments. Tts importance in the
present context seems to me to be one of : (a) pointing a goal toward
which we might strive in other aseas of human genetics, and (b) dem-
onsteating the necessity of the appropriate tool befare one can make
much progress in the understanding of a complex phenomenon, The
genetics of the red eell would not have reached its present stage of

development if morphological differences in the cells s,
means of classification, ¢ clls e the sole

Abvances o MetnopoLosy
) ]lr;la con;idclm:m\ of the adsances of the last decade, one can
ardly overlook the strides which have bee inn providi
3 1t made in providi
with the analytical tools necessary for extracting the nl:atimurz:xg i:s
formation from the data which we collect. Here however, it i .
difficult to single out conteibutions beeay r,‘x e
use 1
whit at first glance appears 1o be relatiyely unimportant mayj in thi:
A
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hands of others, become the source of a major breakthrough. At the
risk of being patently unfair to thosc who have worked largely on
population theory—and there have been important developments
here, for example, Kimura’s work on stochastic processes and the dis-
tribution of gene frequencics under natural sclection—I shall restrict
my attention to two areas of more immediate applicability to human
genetics,

In formal human genctics, one of the major methodological ad-
vances has been, in my estimation, the development of more potent
tools for the study of linkage. A decade ago we had two procedures
for linkage detcection; namely, the paired-sib method of Penrose and
the Finney modification of Fisher's u-statistics (this ignores the anal-
ysis of single, large pedigrees by backward odds). Both of these pro-
cedures employed samples of fixed size. Each had recommendations,
but ncither fully met the needs of the day. The first change to be
ushered in was Bailey's (1951) generalized method of determining
the appropriate multiple of the u-score to be used in linkage testing.
While this did not alter basically the tests which were available, T
believe that it 1s fair to credit Bailey with an important rolc in re-
directing attention to linkage tests. In an excellent paper on the de-
tection of linkage in man, C. A. B. Smuth (1953) suggested that odds
or likelihood ratio tests of significance offered advantages not to be
found in tests based upon cflicient scores. He and Haldane (Haldane
and Smith, 1947) had previously applicd this procedure to the esti-
mation of the linkage between the genes responsible for hemophilia
and color blindness. The next step was the presentation by Morton
(1955, 1957), of a scquential procedure of linkage detection based
upon the sequential probability ratio test developed largely by Abra-
ham Wald, This procedure was appreciably simpler, more cons cnient
in practice, and, in general, more cfficient, than most of the previously
used methods. Morton applicd the method with success to the prob-
lem of the linkage between the Rh locus and clliptocytosis and to the
matter of partial sex Iinkage ( 1957). At this point, 1t scemed as though
further refinement of linkage tests mught outstrip the quality of the m-
formation available for such tests. The neat advance, however, was
to come in quite a different direction, and again it was C. .A. B
Smith to whom we arc indebted Smith (in press) has, in effect, chal-
lenged the whole orientation toward tests of significance in the mat-
ter of detecting linkage. He argues that in linkage procedures we are,
or should be, interested not in a definite decision (to accept or re-
ject the hypothesis of no linkage), “but rather in a measure of confi-
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dence i or plausbilty of a hypothess” He then proceeds fo S
that with Bayes’ Theorem and the initia} Adlgnbnttcn for iy
tion fractions given by Morton (1955} itis P?S“,‘b“ to present ;’
results of linkage tests in probability form Smlﬂ} s paper ultimately
may have importance swell beyond linkage Icsls'm lcadn’;% us \0‘ Te-
imestigate the objectives which we seek to attain with the apphea-
tion of statistical methods to genetic data. =

The second area where strides have been made is in part an m_xt-
growth of efforts to evaluate thc.ris.k accruing to man}und fronlx in-
creasing exposure to jonizing radiations. The value which one places
an this rick will be a function of whether one views the bulk of selec-
tion as favoring homezygotes (*“the classical hypothesis”) or hetero-
zvgotes (“the balanced hypothesis”). Until recently, and asa matter
of fact at the present, one could argue for either of these alternatives,
s0 far as man is concerned, without fear of contradiction. Of late,
howeser, there have been several indications that this state of affairs
will not persist too much longer.

Crow (1958) has presented certain possibilities for measuring se-
lection intensities in man, Of interest to us here is the genotypic selec~
tion intensity that Crow has termed “the genetic load of a popula-
tion.” He <ees this load as subdivisible into a number of components,
of which mutation and segregation are two of the more 1mpartant.
With the aid of a rather simple model, he proposes means whereby
one can measure the mutational and segregational loads One of these
methods, and the one for which we presently hate a sizable body of
data, is the differential re<ponce of these two companents ta inbreed-
ing. Bricfly, the method consists of cantrasting the mutational {or
segregational) load in a domly mating popul with thatin a
homo.n gous population as inferred from the results obtained in
‘l}ld)lnq the children of consanguineous marriages For the muta-
3mnal laad, it can be shown easily that the ratio of the effect in an
inbred ¢ p 3f to that in a randomly matng population is 1/2k
where & is the average dominance of nominally recessive genesy
\\ll(‘rt]:ll\]lhlc corresponding ratio for the segregational Joad is 2 for a
:1"‘]:“:" fl : lﬁfl:: :l'di; t(;ar“z\a f:llc{c{ locus. The first appheation of this
ﬂulrcqucm cﬂ"om ;I;rn th ; Ii ﬂ[lq:, Grow, a_nd Mutter (3956)'
Hocne, 1958) have fog 10 aencs (Schull, 1938; Slatis, Rels, and
currenthy V-x\axlﬂh'lcc\h" to surprisingly simlar results. In the data

avalable, the ratio of the inbred to sandom-mating effect,
ality, i in the neighborhood of 15 10 25,

as measured in terms of mort
on the “balanced hypothesis” 1his would

As Crow has pointed out,
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lead to postulating 15 to 25 allcles at a Jocus, which does not scem
reasonable; whereas this value would be compatible with an average
dominance of 0.020 to 0.033 per locus, a value consistent with Dro-
sophila data. Crow quite naturally arrives at the conclusion that “or-
dinary” genes are relatively more important in sefection than poly-
morphic balance, Now, one can attack this argument at at least two
levels. First, the very simplicity of the model can be attacked on the
grounds that it is an oversimplification of the true situation; sccond,
one can attack certain particulars of the argument, and perhaps the
weakest of the latter links is our lack of knowledge of the average
daminance of nominally recessive genes in man. Grude estimates of
the value of % in man should be obtainable without teo much diffi-
culty; precise estimates would be more difficult at our present stage
of development.

TFinally, before leaving this section, permit me to point to one area
in methodology where we have not made much progress, In the
analysis of much of the data on man, we continue to be plagued by
the rather peculiar samples, if they can be so designated, which come
to our attention, Rarely docs one sce employed a sampling system
which would meet with the approval of the specialist in sampling
theory. We continue to be guided largely by pragmatic considerations
and to take our data from whatever source they may be conveniently
gleaned. The net result of this is that the inferences which we wish to
draw regarding the population are based not upen probability samples
but upon “chunks” of data. The statistical theory of inference covers
the former, but it certainly would not cover the latter unless the
“chunk” antounited to virtually the entire population. Progress in this
direction is possibly as much a matter of education as the develop-
ment of new theory, since a number of potent statistical tools, .8,
discriminant functions, cither parametric or nonparametric, have
seldam been used in the analysis of data in human genetics,

Apvances IN Our UNDERSTANDING OF TiE GENETIC COMPONFNT
N CANCERS OF MaN

My justification for introducing this subject is an attcmpt fo pro-
vake 2 reappraisal of the techniques which we have been wsing, and
particularly thosc employcd in studying the cancers of more commnion
occurrence. .

At the outset, I should like to draw a rather sharp linc hetween
those studics directed toward the rare malignant tumors of man,

such as retinoblastoma or wultiple polyposis of the colon, and those
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directed toward cancers such as of the breast, stomach, ccr\inx{ ;)\1;
rectum, which Jead to the dcnl?’l of apprumma&:'\y one cl\n emcj §ies
persons in the United Stat;s. Wu'h respect to the former ¢ asi,l e
designed along the classic family :appmach have };‘:cn ;c an abli
profitable. Thus, i rauluple polyposis of the colon we hav cd:.c 5

to enhance our knowledge of (1) the fitness, as measured n ar-
winian terms, of individuals with this disease, (2_) the dxsm.but.\on of
age at onset, and, to a fesser extent, (3) intrafamily corrclauo_n. inage
at onset, Symitarly in retinoblastoma we have begun to partition the
inhentable from the noninheritable sporadic occurrences of this
disease, There remain, of course, many unsolved problems. In retino-
blastoma, for example, we do not know what proportion of t}lc non-
wheritable sporadic occurrences are mstances of phenocapying and
what proportion are instances of somatic mutation,

\Vith these Tare cancers, we can come to grips with not only 2
\anety of genetic problems, but we can construct genetic models
which are amenable to testing, Tt seems to me as though we really
have not begun to exploit fully the information on the cancerous
process to be gamed from these rare tumors. We have, for example,
no idea as to why sarcomatous metaplasia oceurs in one individual
with neurofibromatodis and not in another Nor, for that matter, do
we know whether sarcoma is randomly dsstributed among individuals
with neurofibromatosts or whether it tends to cluster in families. The
same could be said for arising in individuals with mul-
uple exostoses. What relationship does the leukemoid reaction that

one <ces in certain individuals with infectious disease bear to leu-
kema, and 18 this fewbemold reaction c¢h isth %

of other
of the famds of the individual in question?

Answers to these questions and others which could be formulated

readiby would certainly have relevance to the conflicting theories of
the angn of cancer. As a case in point, consider Professor Darling-
ton's theors of the img ¢ of pl in i

“ow 1 find thus theory a rather imrirguing explanation for nfs ram.
pant cell grawth associated with eancer, but U'm not willing to accept
asset the generalization that nuclear genes Play asmall role, In mupl-
tple palvposis of the calon, Sor cample, the probability lh’al one of

Darknqran’s plasmagene mutati i i
ions will occur in on
celleof the bowel must be almase 1 b oo of the

The fact that the oecu
a pl:‘mnngrnt‘ mutation can be so influenced by a nuclear ger‘x:c;\::d?;
mplies, to me, a small role for the nuclear
gene, Professar Darling.
ton pointed out the dangers of generalization when one deals \:fh




386 Heredity and Human Cancer

what would appcar to be as complex 2 biological phenomenon as
cancer. To this I should like to add that extrapolations from fx zitro
cells or highly inbred strains of flies or mice to what happens in man
are no less dangerous. Sooner or later our theories must be put to test
on man. What better area to be Jooking for answers than in these
individuals who with near certainty will develop cancer. Surely the
answers will not come until we can study the sequence of cvents
which precedes that pathologic state which we call cancer, and it
seems to me highly unlikely that thus sequence of exents will emerge
from a retrospective study,

As one scans the lterature on gencetic Iactors in the more conimon
cancers, one cannot help but be impressed by the frequently acrimo-
nious and, to me, generally pucrile polemic on “controls.” This is .!hc
favored device of the statistician for obfvscating an ssue. One is im-
pressed by the surprising uniformity of findings despite the plethora
of different controls in the various studics. This leads onc to speculate
on the value of the present approach Thus, in a recent study (\\'oolf,
1955) of the genetic aspects of carcinoma of the breast and stontach,
for example, the objectives of the study were said to be “(1) to de-
termine whether familial tendencies could be shown for the two types
of ncoplasia, (2) to determine the magnitude of these tendencics, ‘f
present, and (3) to deternune whether the familial tendencics, if
present, are limited to speaific organs or are of a mare general nature
that predispose to cancer rrrespective of location.” A good many man-
hours later, the author 1s able to conclude that (1) relatives of the
stomach cancer propositi exhibit a significantly higher frequency of
stomach cancer deaths than espected in the general population (two-
to threefold increase): (2) female relatives of breast cancer pro-
positac cxhibited a significantly higher proportion of deaths from
breast cancer than expected in the general population (two- to three-
fold increase) ; and (3) in both breast and stomach carcinoma the
inherited tendency was organ-specific. Similar findmgs have been
reported for cancer of the breast by Jacobren (1947), Pcnrmc,.l\lnc-
Lenzie, and Karn (1948), Macklin (scc pp. 408 to 425, this vol-
ume), Oliver {sec pp. 426 to 438, this volume), and Anderson
(1954). All of these workers find approxitately a two- to threefold
increase in breast cancer among the female relatives of breast cancer
index cases. Studies of cancer of the corpus of the uterus (I}n:vhcck.
1949), and of the cervix and corpus combined (Murphy, 1952) re-
sult in findings comparable to those for cancer of the breast, Anfl
finally, Videback's study (1947) of leukemia in Denmark follows
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the same general pattern found in cancer of the breast, uterus, and
stomach. .

Now what do these resulis telf us about the rale of genes in the
etiologs of cancer? Tobe argumentative, 1 will take thc}mxtmn that
they tell us virtually nothing. It scems to me that we might 'hmc an-
\‘\uimcd the general level of effect which is detected. Certainly clin-
wal impressions alone, subjective though they may bey,‘\'ﬂ‘l[d. fead
oneto expect a relatively smallincreasein risk to the relatives of index
eaves That there would be an increase and that it would be smalt
follows from the corrclation among relatives not only of genotypes
but of ensitonments as well, and a large increase could hardly escape
hinical recognition We are, it scems to me, destined to find a small
effect, and this is what we find. That this effect capnot be interpreted
in meaningful geneue terms may stem from the heterogencous na-
turc of the end pant which we measure. Personally, 1 {ail to see how
the present approach can ever matenally advance cur understand-
ing of the origins of the more common cancers,

A mare profitable approach would seem to be a concentration on
known tigh rish famibies, and a concerted effort to exploit the un-
tapped mformation in the rare cancers 1 certamnly do not envisage a
<tuds oriented along the usual hines, retrospective and with emphasis
on smple pathologic clasdification, Rather, an effort toward ehciting
biochenmeal ar physialogic differences among individuals within the
Aforementioned families might provide the “handle” whereby one
R ontrs into the problem Tinally, let me chearly state that 1 do not
mean to imph that <tudies such as the ones we have just mentioned
are totally without value. These studies have provided important
drn\ngr?phlc nformation, and thev have served o reinforce certain
mpressions and arens of our knowledge Tam, howener, opposed to

the neediess replication of these <tudies whick has oceurred in the

past l{mn see nio useful purpose served by an effort to add “decimal
ot to the ik of occurrence amang relatives of probands with
breast, stomach, etc , cancer,

I davng, permat me 10 say that o
the praverbial “M i the ointment” 15 that it ateolves one of con.
structive recommendations Howeser, to the extent that 2 re-exami

aation of methods mav in iteelf ) t
he constructive, the y i
une which 1 find not entirehy unrew arding, » e roleof the fiyis

ne of the advantages of being
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what would appear to be as complex a biological phenomenon as
cancer. To this I should like to add that extrapolations from in vitre
cclls or highly inbred strains of flies or mice to what happens in man
arc no less dangerous. Soancr or later our theorics must be put to test
on man. What better area to be looking for answers than in those
individuals who with near certainty will develop cancer. Surcly the
answers will not come until we can study the sequence of events
which precedes that pathologic statc which we call cancer, and it
seems to me highly unlikely that this sequence of events will emerge
from a retrospective study.

As one scans the literature on genctic factors in the more common
cancers, onc cannot help but be impressed by the frequently acrimo-
nious and, to me, generally pucrile polemic on “controls.” This is the
favored device of the statistician for obfuscating an issue. One is im-
pressed by the surprising uniformity of findings despite the plethora
of different controls in the various studies, This leads onc to speculate
on the value of the present approach. Thus, in a recent study (Woolf,
1955) of the genetic aspects of carcinoma of the breast and stomach,
for example, the objectives of the study were said to be “(1) to de-
termine whether familial tendencies could be shown for the two types
of neoplasia, (2) to determine the magnitude of these tendencics, if
present, and (3) to determine whether the fanulial tendencies, if
present, arc linnted to specific organs or are of a more general nature
that predispose to cancer irrespective of location.” A good many man-
hours later, the author is able to conclude that (1) refatives of the
stomach cancer propositi exlubit a significantly higher frequency of
stomach cancer deaths than expected in the general population (two-
to threefold increase); (2} female relatives of breast cancer pro-
positac exhibited a significantly lugher proportion of deaths from
breast cancer than expected in the general population (two- to three-
fold increase) ; and (3) in both breast and stomach carcinoma the
inherited tendency was organ-specific, Similar findings have been
reported for cancer of the breast by Jacobsen (1947), Penrose, Mac-
kenzie, and Karn (1948), Macklin (sce pp. 408 to 425, this vol-
ume), Oliver (sce pp. 426 to 438, this volume), and Anderson
(1954). All of these workers find approvmately a two- to threefold
increase in breast cancer among the female relatives of breast cancer
index cases. Studies of cancer of the corpus of the uterus ( Brabech,
1949), and of the cenvix and corpus combined (Murphy, 1952) re-
sult in findings comparable to those for cancer of the breast. And
finally, Videback's study (1947) of leukemmia in Denmark follows
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Human genetics is derived from four sources. The spcc\ﬂ:‘xlions and
laws of experimental genetics gire stimulus and rigor. Medicine, bio-
chemsstry, and nnmunology define the characters with which the
human geneticsst works, Tissue culture and transplantation. hold
forth the prospect of an experimental genetics of human somatic cells,
Finally, methods of probability and statistics have led to the develop-
ment of a nonexpenmental genetics as precise withim its imas as any
experimental science,

This paper is concerned largely with the elements that distinguish
human from basic genetics, and, therefore, with the methods of prob-
bty and statisties Starting with the pioneer contributions of Ger-
man and English workers, and arded by modern desclopments in
statsstics and computng machines, methods adapted to the experi-
mental restrictions of human genetics have been devised which are
capable of resolving even very simular phenomena, ke partial sex
linkage and <ex-brased mamfestation; or incomplete penetrance, mu-
fahions, and phenocopies Distinctions can be made in man between
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?‘:P;rl::ta r;uxauonﬁr?cs, and between shight heterozy gote advantage
proached m“f:; “3\ 2 preasion which so far has not been ap-
ammal The e other vertebrate, nor excelled 1 anv Iilboralory
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defined clearly, but enough progress has been made to answer affim-
atively the question of whether, even with restricted experimentation,
a powerful and rigorous methodology can be developed for human
genetics,

LINKAGE

Progress in methodology is typified by techniques for studying
human linkage. The principles of linkage were well known from ex-
perimental organisms, when Snyder in 1926 suggested that linkage
could be recognized in human pedigrees covering at least three gen-
erations. Bernstein in 1931 showed that linkage could be detected
even if only two generations were given, His method assigned to each
sibship a score, the expected value of which was determined by the
recombination frequency. The linkage test consisted in comparison
of the deviation of the total score with its standard error, both calcu-
lated on the hypothesis of no linkage. It was assumed that the amount
of data was large enough so that the distribution of the total score in
the absence of linkage would be approximately normal, This large-
sample theory was refined by Hogben, Haldane, Fisher, Finney, Bai-
ley, and Smith, until it seemed that cvery bit of information could be
wrung from human pedigrees. Penrose extended these applications
to sibs from unspecified parents, which increased the generality but
decreased the efficiency and reliability of the linkage test.

Despite these developments, no linkages were discovered in man

TABLE 1 The Principle of Linkage Detection When the Phase Is Not
Known Gametes Produced by a Parent Heterozygous for Two
Linked Gene Pairs, G,g and Tt. The Frequency of
Crossing-over Is

Parental Relative Gametes \
Phase Frequency GT Gt &T gt Tatal
GT/gt 3 p-0) 20 e 30 !
Gt/gT 3 o 1(1-0) %{1-6) %o 1
Average for both phases 1 1 3 1 1

Observed number in family & b c a s

Probabllity ratto = 217} [ 8% (1-0)+d+ 61 (1-0)°*}
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for 20 vears after the posshility of linkage detection was first ex-
plored. Tn fact, 2 number of claims were put ionvard' which subsc-
quently proved false. A3 the available methods were being used, they
facked precision and specificity. There were sev eral reasons SOr
ths, Even in a lasge collection of families, usually only a‘(:w give
appreciable information about hokage of any particular pair of loci,
and in samples of this size the assumption of normality may be far
from trve. Stoce man has 22 puirs of autosomes, two loci taken at
sandom are unlikely to be linked, and therefore the usual significance
fevels provide wadequate protection against false claims of linkage.
For cxample, mast assertions of Tinkage based on the conventional
05 significance Tevel are expected to be incorrect, even in samples
farge enough for the calculated significance level to be vald, but
significance at the 001 level provides strong evidence of finkage by a
selisble test, The large-sample theery is not fully efficient for close
11n:agc and does not extract full information from pedigrees. It has
other dsad Tud

, the complex calculations to which it
Jeads,

Lavgely to avoid the assumption of normality and simplify compu-
tations, Haldane and Smith (1947) introduced a method based on
the ratio of the probabilitics of the observations with and without
Iinkage By it they demonstrated close linkage of the loci for hemo-
pfulm and colar blindness, both of which were known to be on the
X chromosame  Previausly, Wald had extended probability ratio
theary to sequential analysis and d d the optimum charac.
ter of (his test. Since linkage data in man are perforce collected sc.
Queatially, a few families at a ume, Morton (1955 et seq.) apphed
Sequential analysis to lnkage detection 1n man and showed that it js
;hc mast sunple, exact, and efficient of available methods, requiring
less than, -mc,\h\‘rd as many observations for a given risk of error as
the bst. alternative test. Tables of additive scores reduce computation
:&; Z r:::;mum:d’l‘he tables give efficient estunates and homogeneity
- ila'lse da;;:‘l;\ ; fi:)c;:;:m results in cases where other methods lead

1t recent years three cases o i
t:ftab;tshed i; man, between thcfxlc:i)lsv;::ltf: Z;!;grg;t"tg;::c XEES

ood groups, elliptocy .y
ABO sg:crctl:)sr. Regon:gizs::ii:: ?afcl;‘p:;:i ::eb Lﬁﬂm il o 20
mately equal frequency, The first of these I (;: " ith approxic
;ndlcaﬁng that the nail-patella smdromecis ?ﬁi%ﬁi:e;mgmimmug

ocus in di nath the sa

different pedugrees, Recombination between ellyipzaqf:‘:;
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and the Rh locus is heterogeneous among pedigrees, and analysis
demonstrates that hereditary elliptocytosis may be determined by
cither of two dominant factors, at present distinguishable only by the
fact that one of them is closely linked to the Rh locus, This is the fint
instance in man of resolution of genctic entitics by Iinkage to an-
other marker, a technique that has great promise for the incisive
analysis of rare factors,

Until a few years ago it was belicved, on the basis of both genetic
and cytological evidence, that some loci in man were on the homal-
ogous part of the X and Y chromosomes, and showed a characteristic
mode of inheritance. Morc and more rare genetic discases, like xero-
derma pigmentosum, were claimed to show this “partial sex linkage.”
Meanwhile, cytological evidence against this phenomenon became
impressive, and it was suggested that the genetic evidence is not spe-
cific for partial sex linkage, but could be explained cqually well by
sex-biased manifestation. That these discases are not, in fact, partially
sex-linked, was shown by Morton (1957) by a method which depends
on the mode of transmission for two generations and reduces formath
to the probability ratio scores for ordinary linkage.

MuraTiOoN

Human mutations can be studied in two classical wavs, The “di-
rect” method depends on complete ascertainment of new occurrences
of a fully penctrant dominant gene among the offspting of normal
parents. The “mdirect” method uses the cquibibrum relation be-
tween incidence, fitness, and the mutation rate, and is applicable to
sex-lnhed and dominant genes and, assuning a single locus with no
heterozygote expression, to autosomal recessive genes as well.
Recently, a third method has been developed, which might be
called “semudirect,” in that it depends on esumation from segregat-
ing familics of the frequency of sporadic cases among all cases in the
population, and of the proportion of all sporadic cases that arc mu-
tants (Morton, 1958). Differing from the direct method in that spo-
radics are cstimated, not counted, and from the indirect method n
that no equilibrivm condition 1s assumed, it 1s applicable to dominant
genes with mcomplete penetrance, <ev-linked loci, and mistures of
q(mctlc cases and somatic mutations or phcnoroplci with no restric-
tion about completencss of ascertainment, It 1s the method of choice
for such conditions as retinoblastoma, spherocytosis, and dominant

and sporadtic deaf-mutism.
The direct, indirect, and semidirect methods all estimate mutation
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rates toward a particular phenotype, but provide no internal test 0‘[
whether this phenotype is determmed by more than one locus This
limitation is particularly troublesome for rare recessivé genes, but
fortunately there is an alternative approach based on inbreeding, the
method of “detrimental equivalents” (Chung, Robison, and Morton,
in press). Consanguineous marriages produce children with a greater
rish of homozygoss for deleterious genes, the mean number of ho.mo-
2ygous loct increasing in proportion to the inbreeding cfwemcxcnt.
From the population incidence at burth, the mean inbreeding coeffi-
cient of probands, and the segregation analyss, it1s possible to obtain
estimates of two quantities, the weighted sum of the recessne gene
frequencies, and the weighted sum of squares of the gene {requencies,
the weights beang the penetrance m homozy gotes and the summation
beng over all loct that can produce the phenotype in question. 1If
the segregation analysis indicates that penetrance is complete in
‘homozygotes, the first quantity reduces to Sq and the second to ¢,
where q 15 a recesune gene frequency. 1f the recessive mutants are
allelic, the expected value of (£q)?/Zq® equals one. In general,
(%q)?/<q" 13 an unbiased estimate of n, the number of loci that can
produce this phenoty pe, if the recessive gene {requencies are equal at
all relevant loci, otherwise, this ratio provides a mimmum estimate.
Then Zq/n estumates the mean gene frequency per locus, and {rom
this the mutation rate per locus and per genome can be obtamed by
*he mdirect method, without assuming that the mutants are aliehic
The theory of “detnimental equivalents” 15 an extension of the
theory of “lethal equivalents” (Morton, Crow, and Muller, 1956).
:\'}n“:: tcs}llil;t;atcs \Ihe total subvital mutation rate from mortality
Py l‘zs s rc: n::“ cccns:mgummfxs mantagcs Thus turns out to be
o o mdg: cndm}:&r {;cx;m;:moni a value which 1s remarkably
periments Tt sicms ;j;( tl“ ﬂﬂ:mls hmm i anfi Drowphula e
ably by the “segre at;l:n l;:;’d" ?t ene c‘sltlma(e s inflated appreci-
ngotes but adva%\ta eous in Qh %CHCS( at are deleterious in homo-
could give the obscfvcd rcsultsc Crf{%yg{ﬂtes, because such factors
heterotic alleles at each lacus v oo 1l the nomber of matually
ths bypothes 1 decsave for dethmenin sqndn ot
eral hundred mutually hctcmul:-c alclclltn Emallx squp‘a}ents, e
hate to he assumed s each vanishingly rare, would

at each locus to mant; i
2ppreciable heterozy gote advantage. auntain the hypothesls of

The consangui

o guinity data ar

" :;vs(stT(:t with such small gene frequencies and with s manc
¢ selection pressures that must be postulated are infmil:):
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and the Rh locus is heterogencous among pedigrees, and analysis
demonstrates that hereditary clliptocytosis may be determined by
cither of two dominant factors, at present distinguishable only by the
fact that one of them is closcly linked to the Rh locus, This is the first
instance in man of resolution of genetic entities by linkage to an-
other marker, a technique that has great promise for the incisive
analysis of rarc factors.

Until a few years ago it was believed, on the basis of both genctic
and cytological evidence, that some laci in man were on the homol-
ogous part of the X and Y chromosomes, and showed a characteristic
mode of inheritance, More and more rare genetic discascs, like xero-
derma pigmentosum, were claimed to show this “partial sex linkage.”
Meanwhile, cytological evidence against this phenomenon became
impressive, and it was suggested that the genetic evidence is not spe-
cific for partial sex linkage, but could be explained equally welt by
sex-biased manifestation, That these discases are not, in fact, partially
sex-linked, was shown by Morton (1957) by a method which depends
on the mode of transmission for two generations and reduces formally
to the probability ratio scores for ordinary inkage.

MutaTion

Human mutations can be studied in two classical wass, The “de
rect” method depends on complete ascertainment of new oceurrences
of a fully penctrant donunant gene among the offspring of normal
parents. The “indirect”™ method wses the equilibrium relation be-
tween incidence, fitness, and the mutation rate, and 1s applicable to
scx-linked and dominant genes and, assuming a single locus with no
heterozygote expression, to autosomal recessive genes as well,
Recently, a third method has been developed, which might be
called “sermdirect,” n that it depends on esttimation from segregat-
ing familics of the frequency of sporadic cases among all cases in the
population, and of the proportion of all sporadic eases that are mu-
tants (Morton, 1958) Differing from the direct method in that spo-
radics arc estimated, not counted, and from the mdirect method n
that no equlibrium condition is assumed, it 15 applicable to dommant
genes with mcomplete penetrance, sex-linked loci, and mistures of
genetic cases and somatic mutations or phcnncnpwe with no restric-

tion about completencss of ascertainment Tt is the method of chmee
for such conditions as retinoblastoma, spherocyvtoss, and dommant

and sporadic deaf-mutism.
The direct, indirect, and semidircct methads all estimate mutation
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dwarling, and deafness, while heterozygous cnrr’:grs of the gene Iic;r
phenylketonuria differ from normal homozgotes in serum phenylal-
anme and tysosine levels hefore and during a phenylalanine tolerance
test,

The most accurate discrimination of phenotypes Tequires 2
weighted combination of these different eriteria, A satisfactory system
of weights which maximwzes the wtraclass correlation may be deter-
mined from the theory of discriminant functions, by w!uch Chung
and Morton (1958) have been able to separate genetic classes of
muscular dystrophy on clinical and biochemical evidence, 10 prove
the existence of two clmically imdistinguishable genetic types of limb-
girdle muscular dystrophy, and to d that domi e~
cessive, sex-linked, and sporadic types cannot be subdivided into more
hamogeneous genetic categories from present data. Dhiscriminant
{unctions should become rowtine methods for many genetic problems,
including carrier detection and resolution of genetic entities.

SEGREGATION ANALYSIS

The basic data of genetics consist of the frequencies with which a
trast appears in different types of matings. In human genetics, some
trait bearers are selected through hospital records or other direct
means of ascertainment. These cases found by direct methods
are called probands, in contrast to secondary cases ascertained
through investigation of the families of probands If the children of
probands or their affected relatives are sampled without regard to
their own phenatypes, we speak of complete selection of these sib-
ships. Selection 15 said to be tncomplete I only stbships with an
aﬁcc‘tcd member are sampled. This type of sampling generates 2
continuum of simple possibilities, ranging from selection so incom-
ple(; that two probands never occur in the same stskip (single se-
fection), to selection so thorough that sihstups with many cases are
B more ikely to be sampled than sibships with only one affected case
ttruncate selection), These possibilities may be described in terms of
the probability of ascertainment (r), which equals 1 for truncate
sclcu‘mn and approaches 0 for single selection, the intervenin Tan
constituting multiple selection Since « represents the probab‘lg' %
20 affected person in the po i by that
- P in the population be a proband, estimation of

13 necessary nat anly for genetj °

ic analysis but alo fo ini]
the nesdence of casesin the population, " determining

In simple situations, for an i uch
3 y phenotypic class of matin,
normal X normal, affected X aﬁcc!cd, or normal X aﬂgct(csd)c \::
5
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simal by comparison with observed mutation rates. It is incredible
that so many rare alleles could be maintained by weak sclection in
a finite population. This is almost the only instance in any arganism
where it can be demonstrated that the frequency of a rare recessive is
determined by mutation pressure rather than by heterozygote advan-
tage.

Penrose {1955) has found that paternal age at the time of concep-
tion of dominant mutants is clevated, with no independent effect of
mother’s age. Morton and Chung (1958) werc unable to demon-
strate any increasc of maternal age at the time of coneeption of iso-
lated cases of sex-linked muscular dystrophy, many of which were
new mutants. These obscrvations indicate that mutations in man are
less intimatcly related to gonial age than to the number of presious
cell divisions, which increase with age for spermatogonia but not
odgonia.

Recessive sex-linked mutations are trancmitted from spern to car-
ricr daughters and from eggs to carrier daughters and affected sons,
swhich appear as sporadic cases. Therefore, the proportion of cases
that are sporadic depends on the relative mutation rates in cgg and
sperm, At the only sex-linked locus so far studicd, mutation rates arc
substantially the same m the two sexes, This result is based on carcful
medical study of very Iarge numbers of X chromosames in different
genetic backgrounds. It may be contrasted with the impracticabil-
ity of similar investigations in other mammals, and with mutually
contradictory Drosophila studies in which sex-linked mutations in
cggs of selected genotypes are detected as sporadic cases according
to their viability and the acuity of the observer. This is one instance
where human genetics is more precise than the genctics of other
organisms.

DiscrinNATION OF GENETIC ENTITITS

Every science is concerned with the unity of its clements. Resolu-
tion of loci and alleles has the same fundamental importance to 1he
geneticist as purity to the chemist, recognition of clinical entities to
the physician, or fractionation of antibodics to the immunologist.
Segregation analysis and linkage provide the ultimate eriteria of ge-
netic unity, but useful phenoty pic guides are furnished by chemistry,
immunology, and medicine Sometimes a single diagnostic criterion
is adequate to resolve phenatypes, but in more difficult cases sev eral
criteria must be used in combination. For example, sex-lnked and
autosomal gargoylism differ in the frequencies of coneal clouding,
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TABLE 2 The Expected Number of Affected Persons When the Scgre-
gation Frequency Is ¥, Selection Is Truncate, and There Are
No Sporadic Cases. 600 Sibships of Size 2 and 700
Sibships of Size 3

Sibship size  Cases  Number Score for p =% Variance of score

r Expected up Kop
2 1 400 ~1.3333 3.556
2 200 2.6667 3.556
600 0 2134
3 1 300 -2.8571 6.122
2 300 1.1429 9.122
3 100 5.1429 9.122
700 0 5485
Totsl 1300 0 7619

Number of sibs

examined = 2(600) + 3(700) = 3300
Expected numb.

er of affected persons = 1{700) 4+ 2(500) + 3(100) = 2000

Nab : pr e 2000
ve estimate; p* = 3500 =-606

Excluding index cases; p+ = 2000= 1300 _
ng cases: p! 3300 - 1300 © 350
Estimate from scores

for truncate selection, p* = 3+ 0/7619 = 5000

Sp= 1/Y7619 = .0113

one of them affected, and assume that selection is truncate, that there
¢ no sparadic cases, and that the segregation frequency js Yo, We
expect (0)°/(1 — (14)°] = 1/3 of the families with tyo chil
0 have both affected, ang

d the remainder to have an isolated

dren
Smlarly, in famhies with three children,

case.

quinc),calculatcd on the above assunption thatp = 1 o = 1, and
*= 0. For each famuly size, the scores sUm to zero ex: y .

cept for round-
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may conceive of every mating that has produced an affected child
as being of either of two types: a low-risk type, in which the proba.
bility of an affected child is so small that the risk for two or more
affected children is negligible; and a high-risk type, in which the
chance for other cases after the first is appreciable. The risk in high-
risk families is called the segregation frequency. The low-risk (spo-
radic) type may be composed of mutants, phenocopics, rare instances
of penctrance of recessive genes in heterozygotes, and more complex
cases. Since in general we cannot tell whether an isolated case is spo-
radic or not, we designate by x the probability that an affected person
in the population be sporadic, and by p the segregation frequency.
Then we can estimate and test hypotheses about x and p, and
derive the probability that an isolated case be sporadic which is
x/{x + (1=x) (1—p)3} for an isolated case with S sibs. For domi-
nant and sex-linked genes, the estimate of x leads to estimation of
the mutation rate by the semidirect method.

The most familiar values of the segregation frequency are ¥; and
14, but proportions modificd by differential mortality and partial
manifestation are also mcluded For example, if % of the children
from a particular mating tvpe are expected to be of a certain geno-
type, but only 80 per cent of them develop a characteristic abnormal
phenotype, we shall sav that the scgregation frequency is 14 (.80)=
.20. Thss concept of incomplete penetrance is hiable to abuse by un-
critical worhers, but under certain conditions it is a valid and fruit-
ful by pothesis. These conditions include donunant genes whaose char-
acteristic manifestations occasionally *s\ip" a generation, and rare
diseases with delaved onset, for which the penetrance may be cal-
cu'ated from the distributions of age at onsct and the ages of familv
members, without am genetic assumptions.

In the past, simultancous esumation of the parameters r, p, and »
has presented considerable difficulties, Ty picallv, many more famihes
are available for segregation analvsis than for linkage tests, sa that
large-sample theon need not he avouded. The mot rigorous, cflicient.
and convenient analvsis is by means of mavimum likelthood scores
and their vanances, which provide tests of hypotheses, estimates, and
<tandard errors for all parameters (Morton, 1958, 1959). Compli-
cated situations are handled ca«ils by means of av hle programs
for clectronic computers, pernutting a modern geneticist to anahyze,
swith precision, phenomena that would be hopelesly confused with-

out these computational aids.
Consider a sample of families with two or three children, at least
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TABLE 2 The Evpected Nuraher of Affected Persons When the Segre-
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bship size  Cases Number  Scoreforp=1  Varlance of score
s r Expected up 2 Ypp
1 400 ~1,3333 3,556
2 200 2.6667 3,556
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3 1 300 -2.8571 6,122
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3 100 5.1429 9.122
700 0 5485
Total 1300 o 7619
Number of sibs examined = 2(600) + 3¢700) = 3300
Expected nu;

mber of affected persons = 1{700) + 2(500) + 3(100) = 2000
Natve estimate; p¥ < -23—[]3%% =.605

Exc]ndxru mdexvases; p* = 2000 ~ 1300

3300~ 1300 7 3%
Estimate from Scores

oF funcate selection; p* = 1+ 077619 = 5000

Ip= 1/¥7615 ~ oLS

oneof them affected, and assume that selection 15 truncate, that there
2t¢ o sporadic cases, and that the segregation frequency 1s 4. We
:Xphcct (APl— (¥2}*] = 1/3 of the families with twao chuldren
g‘{ 35¢ bath affected, and the remainder to have an isolated case,
Simibarly, 1z fantdies with three children, we expect 3/7 to have an
l\s}?lnlcd €ase, 3/7 to have two affected children, and 1/7 to have all
. 72 chiddren affected For purposes of lustration, and to keep the
Xpected number of families mtegral, we may suppose the data con.
sistof 600 'Iarmhcs of two children and 700 families of three childrer,

Lach possible outcome 15 assigned a score for the segregation fre -
‘lu:nq,cnlculnl:d on the abose assumption thatp = 14 = = | c{;
X =9 For cach family size, the scores sum to zero :xccp’t for rt;u;i:zl-
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ing crrors. Both the scores and their variances are additive over all
family sizes, and lead by iteration from an incorrect hy pothesis to the
maximum likelihood solution, The sum of the variances of the scores
is the amount of information about the segregation frequency, and
the reciprocal of this sum is the variance of the estimate.

Let us examine a few possible estimates of the segregation fres
quency, A naive estimate may be obtained by dividing 2000, the
number of affected children, by 3300, the total number of children,
This estimates the segregation frequency as p* = 606, which is too
large beeause it ignores the fact that the families were selected be-
cause they had at least one affected child, At a slightly more saphisti-
cated level, we might deduct once proband from each sibship, on the
argument that onc affected person is a necessary and sufficient con-
dition for sclection of the familv. Since there are 1300 familics, we
obtain p* = (2000 — 1300) /(3300 — 1300) = .350, which is too
small because this overcorrects for the sampling bias, Finally, we
may use the manimum likelihood estimate, which, like Goldilocks’
third choice, is just right.

TABLE 3. The Expected Number of Affected Persons When the Segre-
gation Frequency isp = V4, Selection Is Multiple with w = %, and
the Proportion of Cases That Are Sporadic Is x = 4. 915 Sib-
ships of Size 2 and 1489 Sibships of Size 3

Sibship size Cases  Number up kpp uy (3%
5 T Expected
2 1 840 -.5079  2.084 .2540 .5160
2 108 4.0635  2.064 -2.0317 3160
945 0 1950 0 488

3 1 1200 -.8364 2.905 L4969 1.025

2 252 2.7503 6,080 -2.0631  1.028

3 37 8.1236  6.080 -2.0631 1,028

1489 0 5243 [ 1516

Total 2434 0 7193 0 2014

p* = §+0/7193 ».2500

Ope~ 1/47193 = . 0118

x* = 1+ 072014 =.5000
o, = 1/4I013 = 0223
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ed Number of Ascertainments and Probands

4 The Expect i s
T[\\]\}Itf‘n the Segreg;f:m&'rcquemy 1s 4, Selection Is M uh‘:ple ‘\" ith
x = ¥, andthe Proportion of Cases That Are SporadicIs Yas

945 Sibships of Size 2and 1480 Sihships of Size 3

=1 ariance of scoTe
Ascertainments Exp;;.’ied Score for 7 = g Vi

per proband Number up T T
i 3853
2101 - .69859 3.
; 302 3.93616 3.3853
3 2% 8.57091 3.3853
4 2 13.20565 3.3853
Total 2434 0 8240
Affected Probands Expected un k7
T 2 Number
1 1 2040 0 0
2 1 306 -0,76190 3.483
2 51 4,57143 3.483
357 0 1243
3 1 21 ~1.58559 6.788
2 9 3.7477% 9.348
3 1 9.08108 9.348
37 0 277
Total 2434 o 1520

me w1 +0/9760 = L2500

ope= 105760 = . 0101

Since this model fits extremely closely, we have no reason to be
dissatisfied with it. However, if the fit were poor, judged by the ratio
of the score to its standard error, we would not know from this anal-
ysis whether the deviation lay in =, p, x, or in twe of more of these
simultancously. To clarily this we must consider the scores for all
parameters, Table 3 iltustrates a problem of this hind, where the ex-
pected numbers are ealeulated on the hypothesisthat p = 14, = = y
and x =1, the total numbers being chasen, as bdoxc,’ o g'\:e,.
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integral expectations. The scores for p and x on this hypothesis sum
to zero for each family size and are additive over all families. The
segregation data give little information about , but this can be eti-
mated independently from the distributions of ascertainments and
probands. If several independent methods of ascertainment are
used, a proband may be directly ascertained once, twice, or more
times, each of these possibilities being scored for = In addition,
the distribution of probands among affected sibs can be scored,
In this example it will be noted that ascertainments gne more
than five times as much information as probands about the ascertain-
ment probability, largely because the proband distribution for iso-
lated cases is uninformative. Human geneticists have learned only
recently to appreciate the large amount of information that may be
discarded when the number of ascertainments of probands is not
recorded.

This kind of detailed analysis has been applied so far only to mus-
cular dystrophy, deaf-mutism, and the ABO and MN blood factors.
Morton and Chung (1958) found that dominant and <ex-linked
types of muscular dystrophy conform closely to genetic expectation,
even in regard to the proportions of sporadic cases and affected uncles
in sex-linkage, and that the limb-girdle type of dystrophy includes
both sporadic and fully penetrant, recessive cases, It could not be de-
termined whether the sporadic cases were penetrant heterorgotes,
phenocapics, or were caused by some other mechanism. Chung, Robi-
son, and Morton (in press) found that all mating t pes for congental
deaf-mutism were mixtures of high-nish and low-risk families, the
majorits of cascs being due to fully penetrant recessive genes and
most of the remamder to donunant mutants and donunant genes
transnutted from affected persons. The sporadic cases not nrrn|111f0(|
for by these mechanisms comprise onlv @ per cent of all congenital
deaf-mutes in the population studied Papers to be published «oon
will demonstrate that the excess of MN cnldren observed by mam
imestigators i the progemy of MN mothers is not due to technical
errors, by showing that the frequency of error estimated fn.)m non-
segregating families is far too «unall to account for the ..\II\ eneess.
There is a deficiency of ABO-incompatible children with increas-
ing panty, this sclection being balanced primarily by an advantage
of AO fetuses in compatible matings.

The linuted use made of these methods »o far 15 duc 1o thesr nevelts
and the unfamilianty of many genetients with the power and sum-
plicity of maximum-likclihood <coring procedures Tt is the best pro-
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cedure for all segregation analyses, especially of complex or extensive
data

Concorpaak ¥ Twixns

Since the time of Francis Galton, twin studies have sccmc(li 0
some students to hold forth the promise of separating the contribu-
tions made to family resemblance by heredity and environment. An
entire journal is devoted to this so-called "twm~m:thud,’i but the
assumptions required for estimation of herjtability from twin studies
are so hitile subject to proof that they have taken on the chatacter of
articles of Iaith, to which few of the younger geneticists adhere.
Nevertheless, concordance of twins is often a useful datum, especially
when the cause of discordance in menozygotic twins can be identi-
fied. Even a single instance of discordance of monozygotic twins iy
cntical evidence againgt the hypothesis that incomplete penetrance
s due strietly to genetic modifiers of a major gene. Monozygotic twins
provide an upper estimate of penctrance and valuable experimental
material on the effects of environmental differences, while compari-
<on of the concordance of dizygotic twins and ordinary siblings gives
evidence of transient uterine and postnatal environmental differences
within famifies. In conpunction with other family data, twin con-
cordances are of arc ial and qualitative value in ing
the role of genetre factors.

To obtam comparabitty with segregation frequencies and em-
preical rishs, concordance may be defined 1n a somewhat novel way as
the probability that a twin be affected if the cotwin is, When we
attempt to estmate concordance, a difficulty becomes apparent, We
can @ ine the ascer probability = from data oo pro-
bands and ascer ; (h:{t twin § igators rarely do this, or
even reeord these data, is in principle itrelevant, although it reduces
the value of most twin studies in the iteratare. But when we come to
estimate the concordance in high-risk twinships (p) and the 1
quencs of sporadic cases (1), we find that this 15 imy ossible, s N
only datum 3 the obsered proportion of wnmrdaﬁt twins, hch
farmally the same as the prepartion of famili A \Vh\d}\s
2. Kowing %, we cam ‘157“ n‘::m e ):n x_al cases in sibships of size
but ]\\c <annot determine both sxmhltanc:\‘:s{:,g\{"i&:)\i? : ::;Tatf' -
anahas of gthe f i gation

€ Consequences ol i
an exam p]cql,|m}pg,r$:c“h“::$|§;“;‘?;‘rﬂo“ :te best appreciated from
tstrophy oceurs sporadieally i
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about 40 per cent of cases and is due to highly penctrant recessive
genes in the remainder. Accordingly, we shonld expeet the concord-
ance for manozygotic twins to be at least p = .60, but for dizygotics
to be only p = (.60) (¥4} = .15, or less, depending on the age at
examination, From these data we would correctly conelude that ge-
netic factors are important in this type of muscular dystrophy, al-
though with less assurance than by analysis of segregating famifies,
However, we would be unable to demonstrate from twin concord-
ance the mixture of recessive and sporadic cases which is so easily
shawn by family analysis. Not only are twin studies incapable of
clucidating complex genetic situations, but they are of limited value
in simple cases.

EMmpiricAL Risks

Progress in genetics has been dependent on discontinuous char-
acters, the discontinuity being determined in any particular experi-
ment by a small number of genes. Thase who urge human geneticists
to attack multifactorial conditions, because of their practical im-
postance, fail to realize how little progress has been made in critical
biometrical analysis with experimental organisms, and how much less
suitable man is for such studies than plots of barley or corn.

Although teaits determined by many genes, ntat individually recog-
nizable, are unfavarable for genetic analysis, the medical importance
of such conditions as breast cancer, hypertension, and amentia has
led ta preliminary investigations of the cmpirical risks to which rela-
tives of probands are subject, These studies necessarily give much
less accurate information than analyses of simpler conditions, duc to
ignorance of the responsible genetic mechanisms and to hetesogencity
of the material. Often the sampling of probands is irregular, with
overrepresentation of high-risk families, Commonly the method of
ascertainment is ignored. Because of variations in sampling and diag-
nosis, even carcful and enormously laborious studies often give only
rough agreement.

While some of these difficulties are inherent in empincal risks,
others can be avoided. Ascertainment of probands can be defined
rigorously to permit valid and efficicnt anahsis. Heterogencity of the
material can be seduced by discnimination of genetic entities and
recognition of acquired cases, Howeter, at some time in the analysis,
further splitting of categaries becomes impractical, and it is then
necessary to choase the best method of analysis for data that may «till
be heterogencous. Traditionally it has been asumed at this junicture
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that the risk is uniform among all families within a category, In terms
of our segregation analysis, the probabiity of the dasa is expressed as
2 function of p, the empirical risk, and w, the ascertainment p‘mba-
bility, with no sporadic cases (x = 0). However, the assumption ?f
sporadic cases has proved so fruitiul for analysis of sxmp\e: genetic
situations, that we may wonder whether it would not be d_csura?lc o
introduce the same concept into empirical risks, That this is desirable
is apparent from the consideration that a model with three param-
eters should it empirical data better than a model with only two
parameters. The assurnption of sporadic cases must also be an ad-
santage as a working hypothesis, since it may lead to recognition of
heterogenelty in data hitherto regarded as homogeneous and may
even show that the risk 1n high-risk families is great enough to sug-
gest a umple genetic hypothesis. Finally, the concept of sporadic
cases I forced on us by mutations, instances of heterozygous expres-
sion of recessive genes, and causes of acquired cases that must nsually
be nonrecurrent in sibs, such as intra-uterine infection and birth
trauma in mental deficiency, infections of infancy in deaf-mutism, or
carcintogenic radiation in cancer.

. The gross errors that may be committed when sporadic cases are
igmored can be iflustrated by sex-linked muscular dystrophy. If the
Mather is a carrier, we expect 50 per cent of her sons to be affected
and 50 per cent of her daughters to be carriers. However, because
many wolated cases are mutations, the risk that the brother of an
isolated case be affected or his sister be a cartier may be very
muck smaller than this. For example, if the proband has four

TABLE 5 The Upper Limit to the Probability That a Brother of an
Tsolated Case of Sex-linked Muscular Dystrophy Be Affected
or That a Sister Be a Cartier, if There Are S Norma
Brothers and s Normal Maternal Uncles

s uncles

0 q 6

S brothers
4 ©

.33 .20 09 04 g
1]

28 15 06 02
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normal brothers and two normal maternal uncles, the risk for a subse-
quent sibling is less than 6 per cent. Here we are alerted to sporadic
cases because genetic theary predicts their occurrence. We have no
reason to suppose that sporadic cases are less important in more
complex conditions,

To a geneticist like myself it is remarkable, and to an enthusiast of
“genctic counscling” it should be profoundly disturbing, that not only
do we not know what proportion of cases of cleft palate, congenital
heart discase, mental defect, or breast cancer is sporadic, but the ques-
tion has not even been clearly formulated in the empirical risk studies
that have been carried out. For many conditions it scems likelv that
“genetic counselors” are systematically underestimating empirical
risks in families with two or more affected, and overestimating them
in familics with only one affected. Fortunately, this error can be
avoided by using the general form of the segregation anahsis, with
no assumed restriction on the frequency of sporadic cases, and it
will be intcresting to sce how materially this contributes to the speci-
fication of empirical rishs in the future,

Although increased knowledge of empirical risks 1s to be desired,
there arc so few human gencticists that we do not need to justifs our
preoccupation with more academic and technical questions. Tt is
less easy to eaplam our slowness to develop adequate methods of
analysis and especially to familiarize other practitioners of human
genetics with them. Few studies of empirical risks, concordance in
twins, or even formal genetic analyses, attain the power and precision
of which they are capable, They provide a shaky basis for theory or
application. The methods described in this paper and others recently
developed will help to provide a better foundation for human
genetics.

SuMMARY

Progress in human genetics may be divided into three stagey
search for Mendeclian inheritance; precise analyvsis under restrictine
assumptions; and generalization of the conditions under which an-
ilar phenomena, genetic or environmental, can he ncsnels resohved
These successive developments are exemplified by anahvas of hnkage,
partial sex linkage, and mutation.

An important ¢lass of problems includes segregation ratios, em-
pirical risks, and concordance in twins. The underlymg asumptions
are formally the same, and therefore the best methods of analvas are
identical. In the most general situation so far ins estigated, the funda-
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mental equations are functions of three parameters. Onc'(.w) ex-
presses the completencss of sampling in terms of the probability that
an affected person in the population be invcstigatcd.. Another (x.)
represents sporadic cases, of whatever origin, the risk for repeti-
tion of which is negligible in a small famly group. The third pa-
rameter (p) gives the probability of being affected in a high-risk fam-
1ly. The actual number of persons affected insuch a {amily is deter-
mined by chance, with a specified risk of no affected indwiduals or
only an isolated case, In any particular instance we may not be able
to tell whether an isolated case is sporadic, but we can determine
rigarously what the probabilities are.

Interpretation of genetic data in terms of this model is llustrated
for genetic factars, ermpirical risks, and concordance in twins,
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BreasT CANCER

The evidence to be presented, that human breast cancer depends in
part upon genetic factors, deals with the number of breast cancers
in the relatives of three scts of women hnown as probands. The first
group is composcd of 295 women with pathologically diagnosed
breast cancer, called P1; the sccond group, 300 paticnts with some
cancer other than breast, called P2; and the third group, 246 women
who had no known cancer at the time of interview, called P3. The
same questions were put to all of these probands, and the relatives
about whom nformation was sought were grandparents, parents,
aunts, uncles, sibs (meaning brothers and sisters), children, and fint
cousins. Every item of information concerning these relatives m the
three populations was then cheched by writing to all of the Ining
relatives to confirm or correct the data given by the patient about
them and other relatives, and by obtaining as far as possible all death
certificates of the deccased relatives. Thus, many relatives forgotten
by the proband, and many jtems about other relatives, were brought
to light by this investigation, and the problem of better recall of
relatives with breast cancer by a woman with breast cancer was
climinated.

Co-operation by the proband was essential. It is held that a woman
with breast cancer will co-operate better because she has a Jasge num-
ber of breast cancers in her family. This was not the casc in this study
A total of 196, or 66 per cent of the women, co-operated, but reported
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10 eiatines wath breast cancer. Ninety-nine, or 34 per cent, Ofsg‘?sc
co-operating reported breast cancer in their relatives, but in 39 10+
stances these cases could not be venﬁefi The ac‘curacy_ of their re~
porting was low, especially in those instances in which the prg\:g~
band reported breast cancer in other relatives. Only 23 of the
gave accurate reports; 17 others reported breast cancers which could
a0t be venfied, and faited to report other instances of breast cancer
which were found, Thirty-three of those reporting no breast cancer
were found o have cases of breast cancer in their relatives. .

P2 probands were teken to determine whether factors inducing
cancer in families were site specific, or were merely for cancer in
general, 1f they were site specific, nesther P2 nor P3 relatives should
have any more breast cancer than the general population, while P1
relatis s should have an mncreased number. 1f the factors concerned
cancer in general, both P1 and P2 relatives should have an excess of
breadt cancer, while P3 relauves shonld not.

Mo tase of breast cancer seported in telatives was coded as an
actual case unless a death certificate was found giving breast cancer as
the cause of death Two methods were used in assessing the number
af breast cancers expected n these three populations. The first was
the age-specific proportionate death rates based on Ohio data from
1910 through 1952 which, for the sake of venty, will hereafter be
r:fcr?'td ta as proportionate death rates The second was the age-
speeific monality rates from breast cancer for the whole United
States, ta be referred to as mortality rates

1" roportionate death rates from breast cancer have changed ma-
terially over the Iast 50 years In order to use this method, the average
number of deaths and the average number of breast cancer deaths in
;;Eh)ix;n).unm:n it Qhio were comput‘cd byv quinquennial age groups
diad:’:(g:’lt{lggo to 3¢ andgcndmg with 90+, for each of the
or lhmc:i:;‘th A0 through 1952, The rate for 1910 alone was used
Pt av:nh; 1?3\“1‘““% .\xfmc 1910 Tt was too high, but was the
from breast capce attal “‘{ ‘3‘3, based upon the number of deaths
mereased, but onlrv ?:m‘)"ls oo o Hng wormes at that age, have
T6S swere sed &n ¢ }“) a lmI:d degree, so that the 1940 mortality
probability that 2 dect)s:cco';l bmt(mdl The fist rate expresses the
sccond rate ﬂ(pt&vcs‘:h - C.duc 1b breast cancer; whereas the
fan & probability that gne will die n a given age

lf: ‘ahnd that the death will be due to breast cancer, g

1)
itk hxtj\:t! Z(a)ix‘c?ro :‘a:‘ :i;(]{gi::&w‘d that the relatives of women
ly more breast cancer than esther
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the women of the general population, or the relatives of the two sets
of control probands. These latter relatives, morcover, had approvi-
mately the same amount of breast cancer as the women of similar age
distribution in the gencral population. This shows that the two scts of
control relatives (P2 and P3) werc indeced representative of the gen-
cral population, while the P1 relatives were not.

Tt was shown by the use of proportionate death rates that the rela-
tives of P1 had about the same amount of other hinds of cancer as
the general population of Ohio showed. Therefore, the excess of
breast cancer could not be attributed to a marked decrease in number
of other cancers.

TABLE 1. Breast Cancer Frequency in I'l

No. Breast No Breagt
Cancers No Cancens
No Breast Expectedon Relatives  Expectedon
Cancers  Proportionate  Living Mortality
Relatives No Dead  Observed Death Rates  and Dead Rates
Grandmothers 297 17 4.5 30 74
Mothers 213 11 4.6 255 56
Aunts 682 43 145 891 201
Sisters 132 14 46 198 18
Total 1324 85 282 1918 379
= 1169 =506
I'<.00 P < 001

The number of verified cancers in the relatives of P1 is shown in
Table 1. For proportionate death rates, only the deceased members
can be used; but for the mortality rates, both living and deceased are
used, with the various relatives leaving the table cither at the age at-
tained when they died or when they were last contacted by the
author. Only those breast cancers occurring in the deceased, however,
are counted in both methods.

Note that in cach of the relationships shown, the number of breast
cancers obscrved was greater than the number expected by ather
method. A total of 85 breast cancers was found, but only 28.2 nn}l
37.9, respectively, were expected by the two methods. The P \'nlur'u
sct at 001, but is far less than that. No table of +* values was .1.\.1|l-
able beyond this limit. The mortality rate method yiclds a higher
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expectation than the proportionate death rate method except in.th‘c
case of isters, where the two values ave almast identical This is
because the mortality rates were based on years much later than those
in which many of the relatives except sisters died; whereas the pro-
portionate death rates were based on years in which the relatives died,
except {or those dying before 1910, Breast cancer occurred two and
one-half to three times as often in P1 relatives as in the general popu-
Jation of the same age and decade of death distribution in Okio, The
probability 13 very small that this difference was due to chance sam-
pling.

TABLE 2 Breast Cancer Frequency in P2

No Breast No Breast
Cancers No Canters
No Breast Expectedon  Relatnes Esxpected on
Rl Cancers  Proportionate  Living Mortality
rhatvey No Dead  Observed  Death Rates  and Dead Rates
f‘}nndmo\hm 283 2 44 286 67
.Amhm 203 4 39 257 59
S“S“““ 636 1 129 858 194
N 162 6 52 52% 59
T Togr e
oul 1284 23 264 1925 379
=123 1=597
P> 50 P>l

’m'fh\iot;hlzs prc'senli correspondung figures for the relatwes of con-
tanccp 2’ln f““h cancer other than breast, Twenty-three breast
mﬂhor;;w’;;c ﬁmmd, and 25.‘4 aad 37 9 were expected by the two
by ¢ first difference is not significant, although the second s

per cent leve], Again the expectations for sisters were almost

P1 relatives can be
age, d:mde-o{-dgmh
B very close, taling ¢;
Mesare compared

compared directly w
and relationship drst,
ach relationsp 1n 1,
wreetly, P2 relatives §

1th P2 relatives since the
ribution of the wwo groups
urn. If the two sets of rela-
hould have had propartion-
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the women of the general population, or the relatives of the two sets
of control probands. These latter relatives, moreover, had approx-
mately the same amount of breast cancer as the women of similar age
distribution in the general population. This shows that the two sets of
control relatives (P2 and P3) were indeed representative of the gen-
eral population, while the P1 relatives were not,

It was shown by the ust of proportionate death rates that the reha-
tives of P1 had about the same amount of other kinds of cancer as
the general population of Ohio showed, Therefore, the exces of
breast cancer could not be attributed to a marked decrease in number
of other cancers.

TABLE L Breast Cancer Frequency in P1

No. Breast Na Breast
Cancers No. Carcens
No Breast Expectedon Relatives Expecndon
Caneers  Proportionate  Living Mortskey
Relatives No Dead  Observed Death Rates  and Dead Rates
Grandmothers 297 17 45 301 74
Mothers 213 1 1.6 255 56
Aunts 632 43 145 891 e
Sisters 132 4 16 198 8
Total 1324 85 282 1938 39
¥ =169 =506
P < 001 P oM

The number of verified cancers in the relatves of Pl is shown in
Table 1. For proportionate death rates, onlv the deceased members
can be used; but for the mortality rates, both living and deceased are
used, with the various relatives leaving the table esther at the age at-
tained when they died or when they were last contacted by the
author. Only those breast cancers occurring in the deccased, however,
are counted in both methods.

Note that in cach of the relationships shown, the number of breast
cancers observed was greater than the number expected by aither
method. A total of 85 breast cancers was found, but onh 28.2 an‘d
37.9, respectively, were expected by the two methods. The P vnluc'm
set at .001, but s far less than that. No table of x* values was avail-
able beyond this fimit. The mortality rte method yields a higher
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expectation than the proportionate death rate methed except in the
case of sisters, where the two values are almost jdentical. This is
because the mortality rates were based on years much later than those
in which many of the relatives except sisters died; whereas the pro-
portionate death rates were based on years in which the relatives died,
except for those dying before 1910 Breast cancer occurred two and
one-half to three times as often in P1 relatives as in the general popu-
lation of the same age and decade of death distribution in Ohio The
probabiity is very small that thus difference was due to chance sam-
pling.

TABLE 2. Breast Cancer Frequency in P2

No Breast No Breast
Cancers No. Cancers
Nco Breast ;',xpecled on  Relatives  Expected on
ancers roportionate  Laving Mortals
Relstvey NoDead  Observed  Death Rates and Desd  Rater
f[""dmmhm 233 2 44 286 67
. \:Zm 203 4 39 257 59
o 636 i1 129 858 194
162 6 52 524 59
T e —— %Y
128t 23 264 1925 379
=23 =597
P> 50 P> 0

lm’{;\:u?:i;s Presents corresponding figures for the relatives of con-
ound, and 26 4 and 37 9 were expected by
hy 5 pecte the two
alt‘l:::v;s.p E:‘::ﬁ’:; difference is not sigmificant, although lhc) second 15
Remict w_"hn evel, Again the cxpectations for sisters were almost
oo mamﬁ::ch othu", and also with the number found. In the
Poportam § ¢ mortality rate agamn gave higher figures than the
orthe pep, fcalh rates, }?ut agamn the farmer rates were too high
. rchmc;oc;m[],c i which these relatnes were Iny ing.
s, dtmdc—o(-dc:xh: compared directly with P2 relatives since the
sutry e oy and rclanomlf:p distribution of the two groups
PV i g each relationship in turn. I the two sets of rel,
pared directly 2 P2 relatives should hase hag proporh:::
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the women of the gencral population, or the relatives of the two sets
of control probands, These latter relatives, morcover, had approxi-
mately the same amount of breast cancer as the women of similar age
distribution in the general population. This shows that the two sets of
control relatives (P2 and P3) werc indeed representative of the gen-
cral population, while the P1 relatives were not.

It was shown by the use of proportionate death rates that the rela-
tives of P1 had about the same amount of other Ainds of cancer as
the general population of Olio showed. Therefore, the excess of
breast cancer could not be attributed to 2 marked decrease in number
of other cancers.

TABLE 1. Breast Cancer Frequency in PJ

No Breast No Breast
Cancers No, Caneers
No Breast Expectedon Relatives  Expeciedor
Cancers  Proportionate  Living Mortahty
Relatives No.Dead  Observed Death Rates  and Dead Rates
Grandmothers 297 17 45 301 4
Mothers 213 il 1.6 255 56
Aunts 682 43 145 801 201
Sisters 132 14 46 198 48
Total 1324 85 28.2 1918 379
¥ = 1169 X =3968
P <.00! P< 0

The number of verified cancers in the relatives of P1 is shown in
Table 1. For proportionate death rates, only the deceased members
can be used; but for the mortality rates, both living and deceased are
used, with the various relatives leaving the table esther at the age at-
tained when they died or when they werc last contacted by the
author. Only those breast cancers occurring in the deceased, howeser,
are counted in both methods.

Note that in each of the relationships shown, the number of breast
cancers observed was greater than the number expected by cither
method. A total of 85 breast cancers was found, but only 28.2 nn'd
379, respectively, were expected by the two methods, The P \'nluc.n
sct at .001, but is far less than that, No table of x* values was .'.n':nl-
able beyond this limit. The mortality rate method yields a higher
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#h study. His estimate of the amount of breast cancer expected in
the control group and breast cancer relatives was based on mudcr.n
rates, not on Tates existing at the ime the relatives were llvmg'. This
s the objection to the mortality rates for 1940 in this study. W amen
who died fifty years ago at age 60 probably had very different child-
bearing and nursing histories from those dying at age 60 in 1959,
The proportionate death Tate method shows that P2 and P3 had
breast cancer in numbers closely agreeing with the population, while
Pl had significantly more.

This increase might be dependent upon genetic or environmental
factors or upon a combination of the two. Tt might be dependent
upon a bias engendered by the method of collection of data. Evi-
dence for or agamst these vatious mterpretations will be discussed

First consider environment, especially the milk agent. If this is re-
sponsible, those females who are related to the breast cancer proband
by way of an unbroken line of females through whom a milk virus
could be transmitted should have a significantly higher number of
breast cancers than females related through a male. Paternal grand-
mothers and aunts can be compared with their counterparts on the
maternal side for number of breast cancers P1 paternal grandmoth-
s were found 10 have an age distribution very smolar to that of Bt
maternal grandmothers, and when compared directly for number of
breast eancers were so simlar that the probability of finding greater
difference between them was greater than 70 The same similanty in
age distnbution and number of breast cancers was found when pa-
temal and maternal aunts were compared. This close similarity
argues not only against the presence of a milk factos but also against
other environmental agents playing a predominant role, since the
genenc component 15 equal from both parents except in the case of
’::};’;’ici ;:;llis';or'hﬂ:. the environmental influences ate not likely

sly sinlar,

“:Sp\:(\; :‘tdrcas:({ amount of breast cancer in relatives of breast can-
dann Thmi l:a“"ccl by a bias mherent in the method of collecting
bers hane the :: ‘i;onc i hkc.Iy to ﬁpd a family, in which two mem-
but one sach, a;ft‘(‘( smg studied, twice as often as if the family had
through enher of l; mﬁcmber, since the family could be ascertained
finding the famas ‘c\ .':\h ected persons This increased probability of
when the tran 15 i mulitple cases would be cxpesienced both
¥ cavsed by genetic factors and when it is distributed

rait through the population The com-

:l randam as o wongenetic &
"oner 1]
he traw, the more bkely ane 15 to find farmultes with multiple
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ately 82.4 breast cancers in place of 23, if they were to be comparable
with P1,

Whatever factors arc responsible for inducing breast cancer, they
must be site specific, since P2 relatives did not haxe any more breast
cancer than the gencral population, and P1 relatives had significantly

more.
TABLE 3 Breast Cancer Frequency in P3
No Breast No Breast
Cancers No Cancers
No Breast Expectedon Relatives Expecteden
Cancers Proportionate Living Mortality
Relatnes No Dead  Obseried  Death Rates  and Dead Rates
Grandmothers 302 3 47 306 76
Mothers 158 3 35 221 46
Aunts 197 1l 105 753 171
Sisters 74 5 25 350 34
Total 1031 22 212 1630 827
¥ =03 A1=3587
P> g0 P>.05

Table 3 gives data on the relatives of women who had no signs of
cancer at the time of the interview The number of breast cancers ob-
served and the number expected are very close with the proportionate
death rate method (22 and 21.2}, while the number expected when
the mortality rates are used differs more widely, although the differ-
ence is not significant. P1 and P3 rclatives i corresponding relation-
ships had closely similar age and decade-of-death distributions. Be-
fore they can be compared dircetls, P3 relatives must correspand
proportionately to the P1 group. This raises the number of breast can-
cers observed in P3 from 22 to 24 2, On the basw of the size of group
they should have had 66 breast cancers in place of 24,21 they had
breast cancer as often as P1 relatives As in the case of P1 and P2, P)
relatives had almost three times as much breast eancer as the P3
control population, and as the gencral population of Ohio had

The criticism might be made at this point that the two control
populations had too hittle breast cancer on the hasis of the mortality
rates, thus explaining the difference between P1 1n the one case and
P2 and P3 in the other. Busk made this objection to Jacobren's Dan-
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respectively, were found with breast cancer when the expectation was
but 5. Here the difference is not significant. It appears that neither
the chance distribution of the frait in the population nor the prob-
sbibty of finding families with multiple cases with undue frequency
is enough to account for this excess of breast cancers in P1 relatives.

There remains one factor which has been found to be associated
with differences in risk of breast cancer, and that is the marital state.
All workers have agreed that single women have more breast cancer
than married women have. The present study showed that single
women have no more breast cancer than have childless married
women of the same age distribution. It appears to be the lack of ofl-
sprng or sume associated factor as yet not determined with certainty,
rather than the lack of 2 husband, which is the cause. Even here, the
physiclogical factor of nulliparity appears to operate differentially
upon different genetic backgrounds.

TABLES Percentage of Breast Cancer Correlated with Parity
and Genetic Background

Mo chidren
ringidu 0 12 > e e
N i ) ,
o Fiedas 135 Hl e “ b
g “ith breast cancer 20 1 ' ¥
% with breast cancer 148 70 o 54 =
o tomrols (72 and P3

rlatnes)

: 2
;\~° sith breast eancer :; 4?(; i K ;
“withbreast cancer 2 4

50 30 22 10

Age duanity
ution i each panity groupsng is very simitar for P1 and controls

Th
i :n’:‘a!l;cs of P1 have been grouped into those with no children
dmiaty :"‘m“‘;?l, :hrec and four, etc, P2 and P3 relatives have bcer:
d“lrlbﬁx,nn oprl ogether under the heading of controls, The age

and contrals i each pant; i imi

that d";c)t comparisons can he made. PR Srosping s similar, o

<P i i y

il on ant ,\Iijmc {md twice as much breast cancer as P1 relatives

ogical fagtor 1 ° ;h)\.drcn, thus showing the effect of ths physio-

1ok had e bm ucing breast cancer, Smilarly, nulliparous con-
Teast cancer than control women with one and two
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cases. Breast cancer is not a very common trait, howeser, and the
probability of finding two sisters alive with it is not great. The living
sisters of P1, P2, and P3 were compared for the numbers of breast
cancers expected and observed to determine whether multiple cases
swere oceurring too frequently to be explained on biased ascertain-
ment. The results are shown in Table 4,

TABLE 4. Frequency of Breast Cancer in Living Sistersof P1, P2,
and P3 Probands

No Breast  No Breast

Population No Living Average Cancers Cancers ¥* {Yates
Group Ssters Age Observed  Expected* Correction}
T 374 516 10 J 2067 <001
P2 267 517 1 5 001 >.9
P3 286 517 2 5 2000 > .10

* Scc text for explanation

If correction is made for the greater nisk of finding familics with
multiple cases, one should not find such fanulics any more often than
expected on the basis of frequency of the trait in the populaton, pro-
vided that the excess of families with multiple cases was indeed
caused by the biased method of collecting the familics. First, average
ages of the living sisters m P1, P2, and P3 were found to be practi-
cally identical, as well as the age distribution also being similar. The
average age was almost 55, and the risk of dying with breast cancer
in 1940 at ages 55 through 59 was found to be almost 62. Since there
are said to be three women living with the discase for every one who
dies of it in a given time, the chance of finding a hving woman with
the discase at age 55 can be set at 186 per 100,000 living women
Thus, one should find among 374 P1 living sisters 7 sisters with
breast cancer. Actually, there were 10 living with the disease. But
finding familics with two affected 15 likely to occur twice as frequently
as such familics exist in the population, Therefore, there should be
but five such families in the sample The probability of finding five
living sisters with breast cancer when the eapectation isanly 7isless
than .001. Since these values are so small, ¥* may not be apphcable,
but the conclusions are probably valid.

Similarly, in living sisters in P2 and I3, one and two living sisters,
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age ard sex distribution displayed, and that they were sumilar with
exch other in age distribution and decade of death. Hence, although
the data of this study have not yet been subjected to a complete
analysis by age-specific proportionate death and mortality rates, the
tentatne conclustons given here probably will not be modified o any
evtent when the more complete analysis is made,

Gastric cancer 15 not dealt with as easily as breast cancer, First, it
{san internal cancer, the diagnosis of which was often missed in the
pas, <o that many relatnes who had died of cancer of the stamach
were not 50 histed, thus mininuzing the possible evidence of any ge~
netic factors. The coding of the disease was also most inadequate,
gastne cancer being grouped with cancer of the hver, both primary
and secondary, before the year 1940. The method of analysis used
here, therefore, is the estimation of the proportion of all cancers in
ech population which were gastric cancers. The pitfalls inherent in
this method are fully appreciated, but when the populafions com-
pared are found to be comparable as far as age and decade-of-death
ditnbution is concerned, and both are found to have amounts of all
hpes ol cancer comparable with the general population, the propor-
tion of Gncers that are gastric is a reliable method
ga;'; Ohio the males have almost twice as great a risk of developing
b C cancer as the females. The relam:cs of the gastric cancer and

¢ control probands were separated into males and females, and

TABLE 6 Frequency of Gastric Cancer in Male Relat es of
160 Gastric Cancer Patients

%% of Recorded

9 . C t
Bl r\éa fas:nc No Rectal No Other were c(;:s:l:;
f"‘:dl'uh;-,, “; Canc:rs Cancers Cancers

h 0
Ty 9 0 4 ;Z g
Brrvhers 10 3 10 435
Toaly 3 N 15 361

Expectrg » 12 32

s 413

. KRty € ol S:':;&;:nccr«li 655 12 males over 40 years old.

1% Consyng 8

v=6p

P>o0m 8 4 257
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children, But it will be noted aba that when the environmental fac-
tor of nulliparity was kept constant, the genetic bachground was
apparently able to induce almost three times as much breast cancer
in P1 aunts and sisters as occurred in control aunts and sisters. Dif-
ferent workers may differ as to the degree of excess of breast cancer
found in the rclatives of the breast cancer probands, Not only may
the genetic factors and background be different in the relatives, but
the number of children per family and the amount of nursing per
mother may differ widely, thus modifying the excess of breast cancer
found.

It seems that onc is justified in concluding that human breast can-
cer has a genetic basis, although the questions of how many genes
are invalved and the mode of transmission are left unanswered. Nor
do I think that these questions will be answered by collecting pedi-
grees of individual familics, Like most atlier cancers it appears to he
influenced by factors other than genctic; in this instance, the only
one we have any sure hnowledge of is the role of childbearing, It is
not clear through what channels this factor operates to suppress or
enhance the genetic bachground, although extent of Jactation is
probably responsible to a large degree. Women who are closely re-
Iated to women with breast cancer run a considerably higher risk of
developing breast cancer than that expericnced by women of similar
age and physiological background not so related. Genetic background
may be modified by age and number of children which the woman
has borne.

Gastric CANCER

A similar study was done on 106 male and 54 female paticnts with
pathologically diagnosed gastric cancer. Most of the patients had
died before we could obtain the intervicw, but the family histors was
supplicd by cither a brother or a sister, The same care was taken in
checking all information and in securing all death certificates as was
<hown in the breast cancer studs No death m a relative was coded
as caused by gastric cancer unless this diagnosis was present on the
death certificate. There were two cantrols for this group, the popula-
tion data for the state of Ohio, and the sclected group of famlies al-
ready intensively investigated in the breast cancer studs as relatives
of pr'nh:\ndﬁ with breast cancer or with cancers other than stomach,
and of probands with no cancer at all. In the breast cancer sunvey it
had been shown aleeady that these groups of relatves had about the
same amount of cancer i general as the whole population of similar
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sex distribution displayed, and that they were similar with
iii::f:\e: );n age d\s&ﬁhut'\oi and decade of dc'a\h. Hence, ak'nc\;gh
the data of this study have not yet been subjected to 2 comp! ete
analysis by age-specific proportionate dcath. and mortahty rates, lhc'
tentatise conclusions guen here probably will not be modified 10 any
extent when the more complete analysis is made. .
Gastric cancer is not dealt with as easily as breast cancer. First, it
is an internal cancer, the diagnosis of which was often mussed in the
gast, <a that many relatives who had died of cancer of the stomach
were not so listed, thus minimizing the posuible evidence of any ge-
netic factors. The coding of the disease was also most inadequate,
gastric cancer being grouped with cancer of the liver, both primary
and secondary, before the year 1940, The method of analysis nsed
here, therefore, is the estimation of the proportion of all cancers in
each population which were gastric cancers. The pitfalls inherent in
this method are fully appreciated, but when the populations com-
pared are found to be comparable as far as age and decade-of-death
dustribution is concerned, 2nd both are found to have amounts of alt
tvpes of cancer comparable with the general population, the proper-
uan of cancers that are gasiric 15 2 reliable method,
In Ohio the males has e almost twice as great a nsk of develaping
Rastnc cancer as the females. The relatives of the gastric cancer and
of the control probands were separated into males and females, and

TABLES Frequency of Gastric Cancer in Male Relatives of
160 Gastric Cancer Patients

G2 of Recorded

N % Cancers th
Relagen T\E Gastne No Rectal No Other we:e (;‘a:t:\
. ancert Cancers Cancens re Gustnc
Corndiathen "“‘“T\~l ficers
Hathess 9 o [ 750
iy 10 3 7 560
Birethers Y . :g 15
- 36
r.;.ﬁ‘ ‘ e = = 1
e ted rate of gastie cancer~—14 gez 2 443
T e er- ”E«ommnleso\umyrano]d
Made Cougung 18 .
Ve Tsom u %57

e
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children. But it will be noted also that when the environmental fac-
tor of nulliparity was kept constant, the genetic background was
apparently able to induce alimost three times as much breast cancer
in P1 aunts and sisters as occurred in control aunts and sisters. Dif-
ferent workers may differ as to the degree of excess of breast cancer
found in the relatives of the breast cancer probands. Not only may
the genetic factors and background be different in the relatives, but
the number of children per family and the amount of nursing per
mother may differ widely, thus modifying the excess of breast cancer
found,

It scems that onc is justified in concluding that human breast can-
cer has a genetic basis, although the questions of how many genes
are fnvolved and the mode of transmission are left unanswered. Not
do I think that these questions will be answered by collecting pedi-
grees of individual familics. Like most other cancers it appears to be
influenced by factors other than genetic; in this instance, the only
one we have any sure knowledge of is the role of childbearing. It is
not clear through what channels this factor operates to suppress or
cnhance the genetic background, although estent of lactation is
probably responsible to a large degree. Women who are closely re-
lated to women with breast cancer run a considerably higher risk of
developing breast cancer than that experienced by women of similar
age and physiological bachground not sa related. Genetic background
may be modified by age and number of children which the woman
has borne.

GasTRIc CANCER

A similar study was done on 106 male and 51 female patients with
pathologically dingnosed gastric cancer. Most of the patients had
died before we could obtam the interview, but the fanmly history was
supplied by either a brother or a <ister. The same care was taken in
checking all information and in sccuring all death certificates as was
shown in the breast cancer study. No death i a relatne was coded
as caused by gastric cancer unless this diagnosis was present on the
death certificate. There were two controls for thus group, the popula-
tion data for the state of Ohio, and the selected group of fanulies al-
ready intensively investigated in the .hrcmt cancer study as relatnes
of pmbnmk with breast cancer or with cancers other than stomac I}.
and of probands with no cancer at all. In the breast cancer surves it
had been shown already that these groups of relatives had :\lmul‘lhc
same amount of cancer in general as the whole population of similar
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cant excess of gastric cancersin females dying past age 4(; in co:ipagn:l
<on with the number shown in the state as a whole, w ;rc o \/ac;n
.pcr cent of females dymg after age 40 had cancer of the i;o{m :Ae.
The percentage of gastric cancers among all cancers for @l h.m:v "
etives exclusive of cousing was 20.6. T%\e. probability that this s
caused by chance 1 swall Female cousins al.so had more smm;cd
camcer than expected, although the difference is not nearly so smarkes
sin the other relatives,

TABLES Frequency of Gastric Cancer in Male Relatives of
Probands without Gastric Cancer

% of % of
Recorded  Recorded

Cancersthat Cancers that
%o Gasne  No Gawnc  No Other

No Other were Gastric were Gastric

Relasnes Cancers Cancers®  Cancers Cancers*  Cancer Cancer®
Grandfathers 23 9.7 43 148 394

Fathers 1] 263 53 734 264

Uncles # 427 190 1002 238

Brothery 3 1R B 1861 168 .

Touls s 1165 350 3745 287 8%

.

T 1f the rrlasves occurred 1n same proportion as they octurred for gastnc canter probands in
alde b

The canclusion concerning the excess of gastric cancers also was
cheched agamt the control sample, In the Ohio statistics, the age
youps coser 2Wyear periods, whuch provde far too large an age
range to be satifactony, The relauves of gasiric cancer probands and
the selatnes of the 1,033 families previously studied in which the
probang did not have gastric cancer were dnided into quinquennial
age gyoups. Thes had been shown to be similar in age distribution
within thewr anal groups, as wel as in decade-of-death distnbution,
When thee relatines were arranged in a manner similar to those io;
the nc cancer probands, it was found that they too had an excess

-.! wasnc cancer when compated with the data for the whole state.
Thew relauses constatuted a better and a more stringent criterion by
\\h‘nhﬂ;o judze the relatives of the gastne cancer prgbmd&
n Table 8, the male selatives of ith va
, & probands with various ty
cancer ather than stomach and the male relatis es of p e

robands with no
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into the various relationship groups studied. Cancer of the Jarge bowel
was noted frequently in the relatives of the gastric cancer probands,
and one of the questions studied was whether it oceurred more fre-
quently than was expected on the basis of its distribution in the gen.
eral population, If this oceurred, it would suggest that some or all of
the factors inducing gastric cancer also induced bowel cancer, The
analysis to date has not shown cancer of the large bowel to be any
more frequent in relatives of gastric cancer probands than would be
expected on the basis of chance.

There were few cancers recorded in the grandfathers, but 75 per
cent of those found were in the stomach. Similarly, 56 per cent of the
cancers recorded in the fathers, 43.5 per cent of those in the uncles,
and 36.1 per cent present in the brothers were gastric cancers. These
were all males who had dicd past the age of 40, The total percentage
was 44.3 in contrast to 14.6—the percentage of all cancers that were
in the stomach in the male population of Ohio in 1952, wherce only
males dying past age 40 were considered.

Cousins, who are the farthest removed genetically from the pro-
band among the relatives considered, also had more gastric cancer
than would be expected.

The death certificates of female relatises of gastric cancer probands
then were inspected to sce if the same excess was present in them.
Here again the number of cancers was small, but there was a signifi-

TABLE 7 Frequency of Gastric Cancer in Female Relatives
of Gastric Cancer Patients

¢ of Recorded

Cancers that

No Gastric No Rectal No Other were Gastne

Relatives Cancers Cancers Cancers Cancers
Grandmothers 7 1 9 410
Mothers 5 G ] 238
Aunts 12 3 23 36

Sisters 8 4 20 250 B
Totals 32 n e 26

Expected rate of gastne cancer—8 7% i femalesover 10yvears old
2= 5691 P < 0001

x ? 8 49 208

Temale Cousing 15
$=1170  P< o
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cancer at all are listed, with the number of gastric and other hinds
of cancer from which thesc relatives died. The percentage of cancers
which were gastric was significantly higher for all relatives except
brothers, when compared with 14.6-~the percentage of cancers in
the male population of Ohio that were gastric cancer; but alo sig-
nificantly lower than the percentage of gastric cancers found in Table
6 for relatives of gastric cancer patients. Before the totals in the two
groups could be compared, however, both had to have the same pro-
portion of the different relatives in cach group. The proportions of
relatives in each relationship in Table 8 were adjusted to correspond
with the proportions found in Table 6, Thus, grandfathers in Table
6 had furnished 5 per cent of the total of all cancers in the table, but
supplied 14.5 per cent of the total of all cancers in Table 8. When 3
per cent of the total in Table 8 was taken, it gave 24.6 for the number
of cancers which the grandfathers should have had in place of the
71 cancers which they contributed to the total. The value of 2.6 can-
cers was then multiplied by the valuc of 39.4, which was the percent-
age of gastric cancers which these grandfathers showed. The result
was 9.7, which represents the proportion of gastric cancers which
these grandfathers of 1,033 control probands should have exhibited
if the control grandfathers were contributing the same proportion of
all cancers as the grandfathers of the gastric cancer probands were
contributing.

The other relatives were treated similarly, and the proportionate

TABLE 9. Frequency of Gastric Cancer in Female Relatnes of
Probands without Gastric Cancer

e of ‘ool
Recorded  Recarded
Cancers that Cancerr that
were Gatn

No Gastric No Gustrc No Other  No Other  were Gastrre N "
Relatives Cancers Cancers®  Cancers Cancers®  Cancer  Cancer
el e T T .
Grandmothers 17 165 81 815 173
\fothers 21 27 a8 an i 3
Aunts 52 370 218 2630 173
Sisters 13 e 86 574 232
Totals 103 Thee T s an2 170 104,

® 1f the relatnes occurred in the same propartion ay they occurred for gastne cancer protands

n Table 7
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that parent and chid or sibs have the same condition far in excess of
expectation. .

One may conclude that gastric cancct,k\\\\e treast cancer, is dev
pendent in part upon genetic factors. Environmentat influences ate
1ot as cbvious as in breast cancer. There sere few instances of the
asease descending through three genexations, so that the scattering
o the drease through the pedigree would suggest more than one
genetie factor insolved

ConerusioN

In conclasion T would like to point out what I consider to be errors
in Dr. Schull's viewpoint (sce pp. 377 to 390, this volume). He has
criucized the various studies on human populations on several
grounds, First, they were not done on “definite or known” popula-
tions, Second, they alt found about two and onehall to three times
avmuch cances in probands relatives as compared with the velatives
of the controfs, no matter what type of contyol had been selected.
Third, the same conclusions could have been arrived at through
clinical experience, without these studses, Fourth, they had con-
tnsbuted nothung to the knowledge of genetics of cancer. In brief, they
presented nothing but “chunks of data.”

Let me take up these criticisms in reverse order. The beautifully
exeeuted studics of varnous cancers in inbred Tines of mice, where
wAbngs can be contralled, have not yet pimpomted the number of
fenes responsible for various tancess, nor have they assigned any
domunant ar recessive role to these genes They are just beginning
tadefine the site of action of the genes. Why cxpect stadies on hetera
‘xc‘!’:i"r;“:‘\x::g?pcpulalmm to solve what experimental work has
u:\:’; T:;(::lon; that fhsc particlar forms of cancer—breast,
hne b‘rtn :md"'a —are in part gcncu‘ca.lly determined, could not
al profemn w:rc nc;: Da;rm’cd 3t by clinical experience. The medi-
herdts gt :n:\;v‘ e has heen most reluctant to admit that
cancer du 3 c & cances genesis, M‘mt books dealing with

(4935 ), opens i role to beredity Cowdsy's book, Cancer Cellr
ane ‘h];ml"‘f \:; ‘;:l;:g:;r on hcrtdi}y wimidfc statment, “If there is
of the tatemcrns o ?;C;r it is “hm itis not u.xhcmcd]‘ Most
bave been come ' xhraunh I}I\l 3 pcrtam‘mg to mh'cn!ancc of cancer
concerning the 301 the quesnioning of patients by physicians

b % Wt presence of cancer in their relatives, Th 3
10 accept the sate 0 T . The physician
ment of 1he patient without any attempt to
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numbers of gastric cancers arc shown in Table 8. Therc should have
been a total of 116.5 gastric cancers in this control population instead
of the 141 which were found, The two values from Table 6 and Table
8 can now be compared, and the x* value of the difference was 14.76,
witha P value of less than .001.

The female relatives of the 1,033 control families were similarly
treated, and the results are shown in Table 9, In place of the 103
gastric cancers found, there should have been 117.8. Again the per-
centage of gastric cancers found in this control population is signifi-
cantly higher than that found in the cntire population, but signifi-
cantly lower than that found in the relatives of gastric cancer pro-
bands. The x* value of the difference was 5.68, with a P value a little
greater than 01, The reason for the excess of gastric cancers in the
control population doubtless resides in the fact that the control popu-
lation was older than the state population, both of which were taken
merely as being over 40. It is cvident that both male and female
relatives of probands with gastric cancer have gastric eancer in sig~
nificantly greater numbers than corresponding relatives of similar age
distribution of probands without gastric cancer.

The same statements about biased selection, co-operation of pa-
tients, and better recall that were enumerated under the discussion of
breast cancer apply here, It was impossible to test the effect of biased
ascertninment as in the case of breast cancer, where the frequency of
the trait was determined in living sisters. There were no living sibs
with gastric cancer, the disease claiming its victims so soon after
diagnosis as to leave no sibs alive with it in this sample.

Figure 1 shows, however, that the family with the greatest amount
of gastric cancer was not found because of the proband having gastric
cancer, but was picked up because of the one person in the famils
with breast cancer, There arc 14 cancers in this family, and 10 of
them are gastric. Of the 19 persons who have dicd as adults, 8 have
dicd of gastric cancer. This family strongly suggests a potent genetic
factor or factorsin gastric cancer.

One method of testing the relative effects of environmental and
genetic factors is to compare the frequency with which two unrefated
persons who share the <ame enstronment, such as husband and wife.
develop gastric cancer, with the frequency with which two related
persons who share the same environment, such as parent and child
or two sibs, develop the disease The number of cases of spouses hoth
of whom showed gastric cancer was in agreement with the expecta-
tion on the basis of population data, but it has already been shown
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\hat parent and child or sibs have the same condition far in excess of
apectation, 3

One may conclude that gastric cancer, bke breast cancer, is de-
pendent mlpm upon genetic factors. Environmental influences are
fot as obvious a3 in breast cancer, There were few instances of Shc
Leare descending through three generations, so that the scattering

of the disease through the pedigree would suggest more than one
geneticfactorimohed,

CoxcLusion

Inconclusion ¥ would ke

to point out what I consider to be errors
0 Dr, Sehull's

viewpoint (see pp. 377 to 380, this volume). He has
aitiized the various studies on human populations on several
gounds First, they were not done on “definite o known” popula-
tons. Second, thev all found about two and one-half to three times

2smuch cancer in probands’ relatives as compared with the relatives
of the controls, no matter what type of control had been selected,
Third, the ame conclusions could have heen arnved at through
elinica) Spenence, without these studies, Fourth, they hagd con.
tributed nothing to the knowledge of genetics of cancer, In by ef, they
Presented nothing but *chunks of data.”

me take up these criticisms in Teverse order. The beautifully
cxecuted studies of various cancers n inbred lines of mice, where
MAtings can be controlled, have not Yet pinpointed the number of
eenes respansble for \ariqus <ancers, nor

have they assigned any
domunant or recessive role 1o these genes, They are

fust beginnun
todefine the e of achon of the genes, Why expect studies on hctcmg.
€neous human populations to sohve w hat experim
ental wo;
teft Unanswered? F s
Tf}t conclusions that these Particalar forms of Lancer—breast
Qastric, ang rectal—are 1n Par genetically determineg, could no;
1e been and were not armved at by clinical txp:ricncc"l‘hc medi.
a w‘hok has been most reluctang 4o admit that
* ole 1 cancer genes, Mo 2 B i
\;ll{\(_!‘r deny any rote 10 heredits, Condryy btz;’ksgcalmg b
19331, opens the chapter on heredity with the statmen; “If thy
n;)e Nz we know about caney 3 ; B pede el
o the vatementy which one find, prrta H
have been come I therugh he q~x;-1' il m‘itn!ancc e
SOMrerning (he preence of cznepy - 7
A ezneer iy 4, i
has ¢ TPt the Ravereny of the e s,

F2ient withoyy any attempt to
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check its accuracy. He does not have the time or the facility for veri-
fication. The physician’s observations usually arc phrased as follows:
X percentage of women with breast cancer have relatives with breast
cancer; while a, a-minus, or a-plus pereentage of women without
breast cancer have relatives with breast cancer. No attempt is made
to sec how many relatis es of cither group could have had breast can-
cer, their age distribution, ete. Thus, a control woman with 20 aunts
could show more breast cancer among aunts than a woman with
breast cancer who has no aunts. Or the conditions might be reversed,
so that breast cancer was more prevalent among the aunts of women
with breast cancer merely because they had more aunts. As an ex-
ample of the type of statement which comes from clinical experience,
let me cite the observation of one physician who was certain that a
cause-and-cffect relationship existed between cervical cancer and
handling tobacco, because every case of cervical cancer in his practice
had been in women who rolled tabacco leaves into cigars, Investiga-
tion on my part showed that every woman in that district was em-
ploved in a cigar factory; there was no other type of employment to
be had. So pregnancies, brohen legs, and need for glasses could have
been attributed equally well by this man to rolling tobacco leaves
into cigars. That a trained geneticist, versed in <cientific methods,
<hould state that such worthless impressions of clinicians are likeh to
give as valid results as those studies which have been undertaken on
breast and gastric cancer by various workers even though they donot
have the “defined™ population of the epidemiologist, is amazing.
“Chunks of data™ they may be, but they are at least carcfully col-
lected and verified chunks, not the impressions of a busw clinician
who docs not even have “data.”

The various studics have not all arrived at two and one-half to
three times as much cancer in relatines of the probands as i relatives
of contrals. Tacobsen (1946) found 10 times as much: Vidabacl and
Mosbech (1934) found four times as much; Andersen, Goodman,
and Reed (1938) found less than two and one-hall to three times as
much; and Murphy (1952} found no sigmficant difference i cer-
vical cancer. Tt is just posible that two and one-half to three times
mav be the excess found i a heterogencous population of human
beings who in all probabilits carm genes for numerons hinds of cancer
and who usually succumb to the tvpe which shows firt, cither be
cause of environmental or other genetic nfluences, and that this
number found by Penrose and his co-workers (19481, by Waooll
(1935), and by the author, no matter what their controls, mas repre-
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tent a close approximation to the truth in the populations they
mgﬁll\', if Dr. Schull objects to the formal studies on .hur::an can-
e sice they do not deal with a “dcﬁnc.d ;.;o‘pulahor.l,. one is
tempted to ask if the patients observed by an individual c]lmcn:fn are
a better “defined” population epidemiologically, so that their fm-
preccons hould be accepted in preference to the “chunks of data
eollected by various sclentific workers.
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Genetic Studies of Families with High Cancer
Incidence
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A number of rarc human cancers are genetically determined. Reti-
noblastoma is generally considered to have a dominant inheritance.
Sometimes, however, a person who apparently has the gene does not
develop the cancer. Intestinal palyposis is a precanccrous condition
with an hereditary basis. A child with xeroderma pigmentosum de-
velops skin cancer after exposure to light, one pair of genes ik respon-
sible for the highly sensitive skin.

Cancers of the stomach, colon, uterus, and breast cannot be con-
sidered uncommon. The genetics of these disorders is difficult to un-
ravel. Excellent reviews of studies in this ficdd may be found in the
reports of Woolf (1955) and by Andenon, Goodman, and Reed
(1958). Reports to which I refer are to be considered only as ex-
amples, and are made without purposeful intent to deny any investi-
gator his just duc.

STATISTICAL .ANALYS}IS

One method of studving genctically determined cancer has been
to make statistical anals <es of cancer occurrence among relatives. The
frequencies with which relatives have breast cancer are compared
with expected frequencics on the assumption that the patients” rela-
tives face the population rik. Expected frequencies may be ealeutated
by the use of proportional mortahty or morludity rates.

" Penrose, Machenzie, and Karn (1918) used probands from among
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women patients in London hospitals. Wooll {1935) ob}nin_cd pro-
bandsby going to death certificates for persons who had died in Utah
during 2 ten-year penod, Anderson, Goodman, and Reed (1958)
wied patients of the University of Minnesota tumor clinic, The three
groups of probands represent population units from widely separated
geographic areas, Dfferences in the obkerved frequencies of breast
cancer 1 mothers and sisters of one proband group in camparisot
with the other two sets are not so important for purposes of the
studies Comparisons were made of the frequencies in relatives with
dhe population risk for that specific area. The three investigators are
in agreement that breast cancer in close relatnes of cancer probands
oreurs more frequently than would be expected if the families faced
the population rish.

Comparisons have alsa been made between the frequencies of
breastcancer in refatives of cancer patients and in relatives of control
probands Investigators have used great care in choice of cancer and
Centrol probands. Jacobsen (1946) used cancer cases selected from
te rectrds of the Danish Cancer Registry. Probands used by Wooll
{}95‘5) and Anderson, Goodman, and Reed (1958} have been
"\tn\:on:d‘ Macklin {1954) used patients of the Cancer Chnie and
‘k& Varsersity Hospital a1t Ohio State University. Jackson and Oliver
f D“"‘ 1958} used privalc. patients with breast cancer who came
@ Dr. Jackson for examination ang were found to have cancer,
nttol probands becomes a difficult task, Actually we
W what  a good control, One investigator will seek

gice of co
donot yet knp

¥ other investigators, In fact, he may not be tao

ter he takes a second look, Once a
de the mvestigator faces other disturbing condi.

Persons in the chosen category will be { tha
ands, Further, e oyt e

it is not always possible to fet the
n of the cantrol group's relatives, although mos:
e compre, ?m‘hnnds will help in the investigation.

Iplete Jmcsng:fzmns show that close female relatives of
€ 2 higher frcq;xency of breast cancer than do
% oncentrag ntrol probands Breast cancer shows
beredyy ha‘é‘;‘;s;\fﬂumc families. The explanation may he th

at
P actor, althoy
b Yesponhle for the pl‘lcnom c&i\ngcnc action alone does not seem

Pleased wighy kis i
R.hoicc s b ’!1 r:\:n choice, aft
tions, Probably the

0 the eancer prob:
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A number of rare human cancers are genctically determined. Reti-
noblastoma is gencrally considered to have a dominant inheritance.
Sometimes, howeyer, a person who apparently has the gene does not
develop the cancer. Intestinal polyposis is a precancerous condition
with an hereditary basis. A child with acroderma pigmentosam de-
velops shin cancer after exposure to light, one pair of genes is respon-
sible for the highly sensitive skin.

Cancers of the stomach, colon, uterus, and breast cannot be con-
sidered uncommon. The genctics of these disorders is difficult to un-
ravel. Excellent reviews of studics i this field may be found in the
reports of Woolf (1955) and by .Anderson, Goodman, and Reed
(1938). Reports to which I refer are to be considered only as ex-
amples, and are made without purpescful mtent to deny any investi-
gator his just due.

STATISTICAL .ANAI YSFS

One method of studving genctically determined cancer has been
to make statistical analvees of cancer occurrence among relatives. The
frequencies with which relatines have breast cancer are compared
with expected frequencies on the assumption that the patients’ rela-
tives face the population rok. Expected frequencies may be ealeulated
by the use of proportional martalits or morbadity rates,

Penrose, Mackenzie, and Karn (1948) used probands from among
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1abl

are not Family bers may hraw that 2
selative had cancer, particularly if the breast was invotved, Conse-
quently, the investigator who questions enough uf. the family mem-
bers may feel justified in concluding that a pam‘cuhr person had
breast cancer even though the pathological vecord is not available.
Tnformation about relatives among the group belonging to the
patient’s and to ber children’s generations will have been colfected
and kept under conditions better than those for past generations.
That statement s, of course, to be altered when some geographic
areas are used and some families are studied, ‘The Living generations,
together with the reliable data about the past, and folfow-ups in the
futare ean give us an understanding of the pattern of inheritance and
the environmental agents responsible for cancer development. How-
ever, with the present therapy and the probable advance in the
future, a person with the potentiality to develop breast cancer may
never do 50, & precancerous breast condition may cause the surgeon
10 remove the tissue, or otherwise to prevent the change to obvieus
malignancy. We all hope that this does happen. For purposes of
genetie study we can also wish that the records will shaw the pre-
cancer and nat just record the lack of cances,

Murtiere Cancers v A Fayuny

Any family histery with a Jarge number of cancerous members will
attract attention, It is more likely to appear in the Bterature than will
2 history with few or no affected members, Pedigrees can be more
useful in genetic studies if they include families with few cancer cases
25 well as thase with many eases. Pedigrees showing many cancerous
relatives with all sites involved will be of little value in genetic studies,
although they may be of interest. Histories with 2 concentration of
cancer of a specific site present patterns that make it possible for an
investigator to determine the genetics of the tendency, Actually,
thaugh, the genetic mterpretation cannot be made i only a kv;
famnuly hustories are available, and famifres with a high concentratior
of C}:ncer at any single site are not common. "

auser and Wellee {1936) reported on il i i
had studied at an earlier date, T}‘:'\s rccn:d :::3:2 %:thtlshc‘l\!hnhm
ton to familial concentrations of cancer of particulas s
family had 174 members who had reached age 25, Ar — e
members, 14 9 per cent had devel " omang these

oped cancer of the gast; i
er.act, and 8.6 per cent had had cancer of the uterus %n);otx:‘\,\w::al

i 24

nds of cancer were reported for the group; one wnsalved the bx?casi;
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TwiN Stunies

Twin studies have been used to measure the relative effects of
heredity and environment as agents responsible for cancer occur-
rence. Monozygous twins arc genetically identical. Conscquently, a
pair should be alike for cancer if genc action is responsible for the
potentiality. Cammon cnvironment may also cause the pair to de-
velop cancer. Dizygous twins may have the same pair of genes, but
the probability is no greater than that for regular siblings,

Gorer (1958} analyzed the twin data reported by Busk, Clemme-
sent, and Nielsen and by von Verschuer and Kober, Not all paies of
monozygous twins showed concordance, They did show a higher
degree of concordance for similar site involvement than did the di-
2y gous twins, Macklin (1940) reported at an caclier date that mone-
zygotes and dizygotes do not differ in concordance to any consider-
able extent when all cancers arc treated as a single entity, but that
concordance in similar site involvement is markedly higher for the
monozygotes. Monozygous twins may show discordance at the time
they are reported, but the unaffected member may develop eancer
ata later time,

Very few reports have heen made of pairs of twins with both hav-
ing breast cancer. If the gene is uncommon, as Gorer (1938) sug-
gested, monozygous twins with both members affected will be a rare
accurrence. Follow-up studies should be made of any pair of twins
of whom only one has cancer, whether the pair be monozygotes or
dizygotes.

Fasury Historigs

Pedigrees of families with cancerous members should be used more
frequently than has been done in the past. The survey tpe of study
indicates a probable genetic basis for breast cancer patentiality. Pedi-
grees will be the lagical method to use to determine the pattern
of distribution within a family and the reason for the observed
distribution.

The investigator should get a complete and accurate record of all
family members. Ovioushy a pont will be reached where the return
docs not justify the effort. Information about relatves, direct or
collateral, who lived in the grandparent and great-grandparent gen-
erations cannat always be accurate, Not onh o the diagnostic <hill
of today better than it was mn the past, but records often have been
fot, if they were heptatall Ins<ome geographic areas, records of past



Clarence P. Qliver 429

bl

are not Family bers may know that a
relative had cancer, particutarly if the breast was involved. Conse-
quently, the investigator who questions enough of the family mem-
bers may feel justified m concluding that a particular person had
breast cancer even though the pathological record is not available.

Information about relaties among the group belonging to the
patient’s and 1o her children’s generations will have been collected
and kept under conditions better than those for past generations,
That statement is, of course, to be altered when some geographic
areas are used and some famibies are studied. The living generations,
together with the reliable data about the past, and follow-ups in the
future can give us an understanding of the pattern of inheritance and
the environmental agents responsible for cancer development, How-
ever, with the present therapy and the probable advance in the
future, a person with the potentiality to develop breast cancer may
never do so. A precanceraus breast condition may cause the surgeon
to remove the tissue, or otherwise to prevent the change to obvious
malignancy. We all hope that this does happen. For purposes of
genetic study we can also wish that the records will shaw the pre-
cancer and not just record the lack of cancer,

MurtieLE CANCERS IN A FAMiLY

Any family history with a large number of cancerous members will
attract attention. It is more likely to appear in the literature than will
2 history with few or no affected members. Pedigrees can be more
useful i genetic studies if they include families with few cancer cases
as well as those with many cases Pedigrees showing many cancerous
relatives with all sites involved will be of Kittle value in genetic studies,
although they may be of interest, Histories with a concentration of
cancer of a specific site present patterns that make it possible for an
mvestigator to determuine the genetics of the tendency. Actuall
Ihou‘gh, the genetic interpretation cannot be made if onl a fi h
family fustorses are available, and famjlies with a high conc roeation
of ;;mccr atany sngle site are not common eniation
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the other, the face. Gardner and Stephens (1950) and Woolf and
Gardner (1951) have reported the distribution of breast cancer in
families. Gardner and Stephens reported that nine breast cancer and
four benign breast cases occurred in three of cight possible branches
of a family group. Gardner (1954) checked the family at a later
time and discovered that one new breast cancer and two benign
breast cases oceurred in members of those same branches, Woolf and
Gardner in their study of another family found that eight breast
cancer cases were descendants of one person. The siblings of this
individual had only a few descendants with cancer,

Frequency oF MurtieLs Cancer Historizs

Family histories with multiple cases of breast cancer will not be
found very often. At the time she is interviewed, a proband's close
relatives are more likely to be free of, than to have had, breast cancer.
If the distant relatives are included, more probands will show positive
histories.

In the records collected by Dr, Jackson and mysclf, we found a
striking number of probands whose sisters, mothers, and aunts have
not had breast cancer. Among 316 probands, five were not used in
the studics of familial tendency. Four of the five are sisters of four
other probands. The other was adopted and we have no history of
her family.

The numbers of probands whose sisters, mothers, and aunts were
free of or had breast cancer are shown in Table 1. The relatives have

TABLE 1. Breast Cancer in Sisters, Mothers, and Aunts of Probands

No relatives age 30 or over

No
History probands s M MA rA
NoBea 247 511 216 114 310
Beaa Gt 147 [} 155 152
Total
relatives 658 310 560 402
Bea 3m 25 19 19 16

One mother d age 25.
§, sister; M, mother; M4, matemal aunt, P, prremal aunt, B, breau,

ca, cancer.
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been used in this report only if they ived to at least age 30 years. One
mother died at age 25, Among the 311 breast cancer probands, 247
had no histary of breast cancer in her close relatives, that is, the
sisters, mothers, and aunts, although some of the probands had close
relatives with cancer at other sites. Thirty-seven of the 247 probands
had grandsmothers, cousins, or other distant relatives with breast
cancer, Twenty-five of 658 sisters, 19 of 310 mothers, 19 of 569
maternal annts, and 16 of 492 paternal aunts have had cancer of the
breast All of these affected relatives were members of G4 {amily
groups, representing 20.6 per cent of the probands.

Among the 64 probands with affected close relatives, age 30 years
or older, the majonty have so far had only one relative who devel-
oped breast cancer. Fifty-twou had only one breast cancer relative;
ten had two; one had three; and one had four affected relatives. The
distribution and numbers of affected bers by degree of relation-

TABLE 2 Combinauons of Breast Cancer in Sisters, Mothers, and
Aunts Age 30 Years or Older

- No Sisters Moth
mbon  pncs Noosa Nooa el e
4 M 3 9 5 i3
. ¢ 0 2
‘k +Ma 2 8 2 2 0 8 3 3 g
d+Ma 2 9 0 2 2 52 3 90
A4 BA 1 30 1 9 3 3 i
 onty 2 5 2 2 0
) )
12 39 14 2 e 2% @ ® g
o 1 6 2 1 9 2 0 0
only 2 FI] P ¢ 90 i o
3 5 0 3 3 0 ¢ [ g
g 8 ¢ 3 3 5 ¢ 1o
0 o 77 B 0 B g
MA onty 1n %0 oo 39 12
t £ 9 F O 2 1 uoe
PA onh ’0
y 2 o 9 2 g 0
13 2 0 3 9 23 . ]
— "
Totals 64 14M o
B 19 55 g9

§, sister, Af, mother,, M.4, man PA, pa
AL » M, maternal aunt, P4, paternal 4
nt, B breast; ¢a, can,
3 €8, tancer,
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ship are shown in Table 2, which also identifies the number of pro-
bands lacking sisters or aunts.

The proband with four affected close relatives had three of five
sisters and a mother with breast cancer; one paternal and two ma-
ternal aunts were frec of the discase. One proband with three breast
cancer relatives had one of five sisters and two of six maternal aunts
with the discase; two other sisters had cancer of the cervix or colon,
and one of two paternal aunts had cancer of the uterus. The ten
cases having two affected members cach had the following affected
pairs: two with a sister and mother, two with a mother and maternal
aunt, one with a maternal and a paternal aunt, one with a sister and
maternal aunt, onc with two maternal aunts, and three with two
sisters, The number of the close relatives with breast cancer for each
degree of relationship is given in the table. The number of affected
sisters differs with that given by Oliver (1958) because of the age
difference used in the twa reports.

‘There is one way to increase the numbcer of family histories with
multiple cases of breast cancer in the hinships, This method was used
in our study. Rather than making just a survey of the affected rela-
tives at the time patients were interviewed, Jackson and I have added
new cases when “normal” relatives were discovered to be cancerous
or developed cancer after the original survey. At the same time,
members reported by the proband or relatives to have breast cancer
were climinated from that category if evidence established that they
were not affected. The addition of data has been made possible be-
cause Dr. Dudley Jackson, Sr. was an active collaborator. He ob-
tained the co-operation of the patients and their families and made
follow -up studies of the patients. Without this co-operation the stuchy
would have been only asurvey.

By our method we also have been able to combine families of two
or more probands when relationship has been established, Fannh
files identify members by surname and given name. A new cancer
case, whether it is a proband or another person, can be identified as
to relationship by consanguinity or marriage to other probands.

Figure 1 is an illustration of how families can be linked by proper
records. It shows the relationships among cight probands who had
breast cancer, cancer of another site, or a benign breast disorder The
number of relatives of the eight probands total 384 and cannot all be

TFigure 1 Relationships among eicht probands and theie affected selatines



pur(d pamrd=0d
vwouspayds Airjndvd=prag e

ousr ‘inr dsst
QUE ST 165 9T 3
10 uertws ppopy

wbpeg=ug
o=y
"




432 Heredity and Human Cancer

ship are shown in Table 2, which also identifies the number of pro-
bands lacking sisters or aunts.

The proband with four affected close relatives had three of five
sisters and a mother with breast cancer; one paternal and two ma-
ternal aunts were free of the discase, One proband with three breast
cancer relatives had one of fivc sisters and two of six maternal aunts
with the discase; two other sisters had cancer of the cervix or colon,
and one of two paternal aunts had cancer of the uterus. The ten
cases having two affected members each had the following afected
pairs: two with a sister and mother, two with a mother and maternal
aunt, onc with a maternal and a paternal aunt, one with a sister and
maternal aunt, one with two maternal aunts, and three with two
sisters. The number of the close relatives with breast cancer for each
degree of relationship is given in the table. The number of affected
sisters differs with that given by Oliver (1958) because of the age
difference used in the two reports.

There is one way to increase the number of family histories with
multiple cases of breast cancer in the hinships. This method was used
in our study, Rather than making just a survey of the affected rela-
tives at the time patients were interviewed, Jackson and I have added
new cases when “normal” relatives were discovered to be cancerous
or developed cancer after the original sunvey. At the same time,
members reported by the proband or relatives to have breast cancer
were climinated from that category if evidence established that they
were not affected. The addition of data has been made possible be-
cause Dr. Dudley Jackson, Sr. was an active collaborator. He ob-
tained the co-operation of the patients and their families and made
follow-up studics of the patients. Without this co-aperation the study
would have been only asunvey.

By our method we also have been able to combine families of two
or more probands when relationship has been established. Family
files identify members by surname and given name. A new cancer
cace, whether it is a proband or another person, can be identified as
to relationship by con<anguinity or marriage to other probands.

Tigure 1 is an illustration of how families can be linked by proper
records. It shows the relationships among eight probands who had
breast cancer, cancer of another site, or a benign breast disorder The
number of relatis e of the eight probands total 384 and cannot all be

Figure 1 Relationthips among ezht probands and their affected yelatnes
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ship are shown in Table 2, which also identifies the number of pro-
bands lacking sisters or aunts.

The proband with four affected close relatives had three of five
sisters and a mother with breast cancer; one paternal and two ma-
ternal aunts were free of the disease, One proband with three breast
cancer relatives had one of five sisters and two of six maternal aunts
with the disease; two other sisters had cancer of the cervix or colon,
and one of two paternal aunts had cancer of the uterus. The ten
cases having two affected members each had the following affected
pairs: two with a sister and mother, two with a mother and maternal
aunt, one with a maternal and a paternal aunt, one with a sister and
maternal aunt, one with two maternal aunts, and three with two
sisters, The number of the close relatives with breast cancer for each
degree of relationship is given in the table. The number of afTected
sisters differs with that given by Oliver (1958) because of the age
difference used in the two reports.

There is one way to increase the number of family histories with
multiple cases of breast cancer in the kinships. This method was used
in our study. Rather than making just a survey of the affected rela-
tives at the time patients were interiewed, Jackson and I have added
new cases when “normal” relatives were discovered to be cancerous
or developed cancer after the original survey. At the same time,
members reported by the proband or relatives to have breast cancer
were climinated from that category if evidence established that they
were not affected. The addition of data has been made possible be-
cause Dr. Dudley Jackson, Sr. was an active collaborator. He ob-
tained the co-operation of the patients and their families and made
follow-up studies of the patients. Without this co-operation the study
would have been only a survey.

By our method we also have been able to combine families of two
or more probands when relationship has been established Family
files identify members by surname and given name. A new cancer
case, whether it is a proband or another person, can be identified as
to relationship by consanguinity or marriage to other probands.

Figure 1 is an illustration of how families can be linked by proper
records. It shows the relationships among cight probands who had
breast cancer, cancer of another site, or a benign breast disorder The
number of relatives of the eight probands total 384 and cannot all be

Figure 1 Relationships among eight probands and their affected relatrves
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shown in the figure. Some of them have not been verified as to
normalcy or, in a few cases, cancer.

Every proband shown in Figure 1 is not related to all other pro-
bands. J 98 is not a breast cancer proband. Instead, she had cancer
of the cervix. She had had no relative with breast cancer, although
six {four proved cases) have had cancer at other sites. She is not
related to the other seven probands except by the marriage of an
uncle to a relative of J 8. Although J 98 docs nat need to think,
genctically, about cancer in J 8 and her relatives, a descendant of the
uncle of J 98 would need to consider relatives of J 98 and also J 8.

J 8 had breast cancer. Onc of her maternal aunts had breast
cancer and another has a granddaughtcr, case J 170, with a benign
breast condition. J 170 is related genctically to J 8 and her affected
rclative. Her maternal grandfather was reparted to have had cancer
of the throat (unproved ) and her maternal grandmother (J 17) has
had breast cancer. Three relatives, through J 17, show benign breast
histories, including J 741, and onc had a ncuroma, This family is
rclated by marriage to J 145.

J 145 has had breast cancer. Her relatiy es include two with breast
caticer fiistories, onie with benign breast insolvement (J 870), and
three with cancer or benign tumors at ather sites. The daughter of
J 145 must consider her mother's relatives and also J 17, J 170, and
the affected bloodline relatives of J 17.

Patients with bilateral breast cancer apparently are no more Dhely
to have close relatives with breast cancer thait are patients wath uni-
lateeal cancer. Twenty of the 311 probands used i our studies of
positive [amily historics had bilateral breast cancers. Four of the 20
had sistcrs, mothers, or aunts with the discase This frequency is prac-
tically identical ta the frequency of unilateral cases with affected
close relatives,

A history of onc patient with multiple stte involvement who abo
had closc relatives with breast cancer s given in Figure 2. The pro-
band had cancer of the left breast at age 38 and cancer of the right
breast at age 41. She then had cancer of the cervix at age 45 and
dicd onc year later. Among the patient’s relatives, the mother had
untlateral breast cancer at age 61 and died one year later. She had
niad a hystercctamy at an carlier age A maternal aunt with unilateral
breast cancer at age 54 died at 58. One of the other two maternal
aunts died with cancer of the uterus at age 55. The matemal grand-
mother was reported to have died at age 49 with cancer of the uterus.
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Pedigree studies can give us information about the dmn}num?n
pattern of breast cancer in family groups. 'l:hc concentration in
branches of families may make possible an interpretation of the
method of inheritance as well as the environmental agent in\'ol)'cd
1n cancer occurrence, However, the number of families with relatives
of probands also having breast cancer will be small. Oaly '20‘6 per
cent of probands in our studies bad one or more close relatives with
breast cancer. Only 32.4 per cent bad any relative reported to have
had breast cancer.

Multigle cases of cancer among relatives may be discovered even
though a proband’s history fails to show them. ‘This can be accom-
plished by flng names and cross watching names of breast cancer
patients, One example callected in this manner shows eight probands
with eancer or benign tumor who are related by consanguinity or by
matriage Although one person in the composite gronp may have few
relatives with cancer, other pessons have to consider the relatives of
two or more probands. Bilateral breast cancer patients do not have
any higher frequency of cases among relatives than do unitateral
cases. Only four of 20 bilateral cases had close relatives with breast
cancer One example is given.

The high frequency of solnary cases may be due to the existence
of two groups of causes for breast cancer, some being hereditary and
others environmental We should also consider the possible inter-
selationship between genes and an unknown environmental agent in
which the gene may be present but unexpressed unless the proper
environmient coexists. Such temperamental genes are known in ex-

ental jsms, and canbe cied in man,
w:gcg(‘irfc;;::' tw.in studies offer us mcthods_ for determining the
heredity in breast cancer If hereduty is 2 factor, as it scems
9 be, studies must be made to determme whether recessive genes or
dom\n.an! genes with reduced p ce are ¢ 1. Foll
of avaitable histories will be the logical procedure ta follow,
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Only the latter case has not been medically verified. Her doctor had
died and the records were not available.

What is responsible for the high proportion of probands with no
close relative having breast cancer? The problem may seem baflling,
particularly when we believe that breast cancer tendency has a genic
basis. There is always the possibility that family records have not
been complete and that all breast cancer cases have not been re-
ported. In our studics, however, an attempt was made to get cont-
plete information about all relatives, those reported to have been free
of cancer as well as those reported to have had cancer.

A genctic trait cannot be expected to occur always in a Mendelian
ratio. Most likely the hereditary basis, if inheritance is involved, is
not that of a simple dominant because too often mothers of probands
are free of cancer. A summary of the data reported by a number of
investigators on breast cancer frequency in mothers of probnnds is
given by Anderson, Goodman, and Reed (1958, Table 41). The
reported frequencies range from 11.6 to 2.5 per cent. In our own
studies (Oliver, 1958) the frequency was found to be 6.1 per cent.
Fathers of some probands could have transmitted a dominant gene
for the tendency. However, the frequency of affected mothers \\’Dl.lld
still be lower than might be expected if a dominant gene were in-
volved. A recessive gene, not too uncommon in the population,
should be considered. The possibility that a gene could have come
from the father is shown by the relative frequencies of breast cancer
in maternal and paternal aunts. In our records of aunts who lived to
be 30 years or older, 19 of 569 maternal aunts and 16 of 492 patemal
aunts of the 311 probands used in the studies were reported to have
had breast cancer. The frequencics are the same, approximately ‘33
per cent. Aunts were discarded from the record if the information
scemed unrelinble. The frequency in sisters, age 30 or older, of 311
probands was 3 8 per cent. The frequencics in the 64 multiplc case
kinships arc, of coursc, higher. The possibility that a recessive or a
dominant gene with reduced penctrance is involved merits further
study, Morc completed fanuly histories must be available before the
pattern can be deternmuned.

ConcLusioN

Statistical studics of breast cancer frequency in relatives of eancer
pmbnnds compared with expected frequencies indicate a FCII.CllC
basis for breast cancer. Twin studies alo show that heredity ba
factor for sitc intolvement. The discase has no simple genetic basis.
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These summarizing remarks are presented in memoriam to Dr.
Arthur Kirschbaum, a late member of this institution. I'm sure that
all of us who had the privilege of knowing im and appreciated his
work were thinking of lum while prepaning for, and while attending,
this Symposum.

Those farmiliar with the major advances in cancer research will
!of)k upon this Symposium as a tribute to the contributions of genet-
icists. While these achievements are fundamental to all fields of
buology, they are so important to medical science that they can be
used as a framework for this summation,

‘The first and perhaps the most important contribution was the de-
selopraent of mbred strains of experimental animals for cancer re-
starchA Before an audience of geneticists and cancer workers it is nat
essential to emphasize the significance of this contribution, but I
thould ke t0 pomnt out that the development within a species of

wbred strams showing pronounced varrations in susceptibifity to nat-
urally occurring drseases, such as duifferent types of cancer, was indeed
a major accomplishment.
3H‘S(§g‘a':|upx:n:r'm; ;f ir;brcd anirr.\als has .bccn accepted by cancer
. mm;]alls\ Vlg ;f:vte 1}4‘7 c:gc:u:’c a basnc'approach in whis:h they
SNt analyses, and o ;a several participants who carried out
Pnsable for suc’h all uses \nb\icfl animals because they are indis~
work, One participant was concerned with the aite
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These summarizing remarks are presented in memoriam to Dr.
Arthur Kirschbaum, a late member of this institution I'm sure lhn.t
all of us who had the privilege of knowing him and ap}:rtcla!cd_ his
work were thinking of lum while prepanng for, and while attending,
this Symposiam, X

Those familiar with the major advances m cancer research will
look upon this Symposium as a tribute to the contributions of genet-
jasts While these achievements are fundamental to all fields of
biology, they are so important to medical science that they can be
used as a framework for this summation.

The first and perhaps the most important contribution was the de~
velopment of inbred strains of experimental animals for cancer re-
search Before an audience of geneticists and cancer workers it is nat
essential o emphasize the significance of this contnbution, but T
chould Lke to point out that the development within a species of
mbred strang showing pronounced vanations in suseeptibility to nat-
urally occurring diseases, such as different types of cancer, was indeed
amajor accomplishment.

¢ importance of inbred amimals has been accepted by cancer

"M estigators; it 15 dufficult to concerve a basic approach in which they
2re not essential We have heard sever:

o al participants who carried out
genctic analyses, and all used inbred animals because they are indis-
Pensable for such work One participant was concerned with the site
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of gene action in the occurrence of tumors and showed that, regard-
less of the carcinogenic stimulus, the responsc of the host is largely
dependent upon genic control of tissues which become malignant;
even in tumors resulting from the interplay of different physiological
stimuli, each stimulus is under genic control. Another used inbred
strains to study the immunogenctics of a sex influence in the viability
of intrastrain skin grafts. While male-to-female incompatibility prob-
ably is primarily an immunological problem, its solution demands
the use of inbred animals. Another speaher discussed the acquisition
of drug-resistant lines of transplantable tumors. Nearly all experi-
mental animals used in these studies were, of necessity, from inbred
strains, and the consensus is that mutation or selection and adapta-
tion of tumor cells play major roles in the reaction.

One investigator exposed cells in tissue culture to different culture
media and found that hereditary metabolic variants could be iso-
lated from the parcntal strain. The strain of cells used was from an
inbred mouse. Other work with tissue cultures from the same inbred
strain has shown that, starting with a clonc of tumor cells derived
from a single cell, lines of cells were obtained which showed wide
variations in their transplantability back to inbred mice, in their
metabolic activitics, and in their chromosomal aberrations. This
work with tissue culture cmphasizes the desirability of using cells from
inbred animals when studymng in vitre changes to malignancy, be-
cause proof of the presence of tumor cells rests upon the ability of the
cells to produce tumors when implanted into suitable hosts.

The variations of cell strains procured by tissuc culture techniques
are similar to changes observed in transplantable tumors when they
are transferred through serial passages, Single passages through I'y
hybrids have been shown to alter permanently the growth character-
istics of tumors. This presents the opportumty to mention carly in
this summation onc important basic feature of cancer. This feature
is the remarhable individuality of tumors, including those derned
from the same tissue, Furthermore, as expressed by several speakers,
transplanted tumors and spontancous tumars undergo unpredictable
and random changes. This implies that the development and growth
of cancer are a serics of complex interactions between the host, the
carcinogenic stimulus, and the environment, and that the ultimate
solution of the problem will not rest upon the contnbutions of any
one scientific discipline. For example, inbred mouse strains vary in
their S\xmcplibilily to spontancous liver tumors; and in the strams
thus far studicd, males are more susceptible than females to the de-
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velopment of these turors, When members of one high tumor strain
reteive  tumor-inducing azo dye, the females are far more s\{sccp-
tible to tumor induction than the males, but the sex difference in re-
sponse can b altered by castration or exposure to sex hormones. Both
sexes, expased to another tumor-inducing chemical, respond by de-
veloping Tiver turnors, Diet also exerts a definite influence upon the
accurrence of tumors n the same mouse strain, Thus, the interplay of
chemical compouads, hormanes, and dietary factors elicits a variety
of respanses in anitaals with identical genetic constitutions.

The second basic contribution 1o cancer research made by geneti-
ustswas the demonstration that genetic factors controlled the growth
of transplanted tissues This discovery laid the foundation for ail sub-
sequent research with transplantable tumors and had 2 wider apph-
cation in Ahe practical problem of normal tissue transplantation.

Quer 30 years ago geneticists formutated the rules for the success-
ful growth of transplanted tumors, They also found that such tumors
could undergo sudden changes in growth charactenstics and showed,
by application of the F, progeny test, that the ability of a tumor to
grow progressively in a wider range of hosts was accompanied bya
decrease in the number of its genetic factors. This earlier work is
pertuent to this summation because, if my memory is correct, these
changes in growth praperties were atmbuted to mutations accurting
1 the tumor cells. To those investigatars who were not geneticists,
such indication of mutation in cancer cells was considered evidence
Ig:: Ygz’tﬂétﬂl cells Fouid alsa mutate. It was understood by oncologists

genetic analysis of malignant cells was not possible, but
?C“P‘ﬂﬂcc of the mutation theory of cancer depended to 2 great ex-
0‘:‘:“:90“ whether geneticusts agreed that somatic mutations could
utaton theesy, Trats mgzm:ter gcn;:ﬂs are the virus theory and the
long Sines acee ;:d - gi Interested the cancer problem have
\em bas bee h‘);w " e fact that Virases can cause cancer, “The prob-
been whether the: a;:i;ssmducc ey, nd the atgument has
also have am‘mg o pomb}c far all cancees. The same workers

e cepted various definitions of cancer cells as “permanentl
2ered etlls” or “transformed cells.” No induvi 4 penly
ancologists, but 1t 1o et 2" No xfxdf\ndual can speak for all
aenctcits cheved that the majority of those who are not
th s will accept the proposition that cance; o

¢ process of a single or A T cells anse through
problematical whe G 3 sopen of somatic mutanons. Indecd, it

ether general a s )8
ceeptance of the somatic mutation
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of gene action in the occurrence of tumors and showed that, regard-
less of the carcinogenie stimulus, the response of the host is largely
dependent upon genic control of tissues which become malignant;
even in tumors resulting from the interplay of different physiological
stimuli, each stimulus is under genic control. Another used inbred
strains to study the immunogenctics of a sex influence in the viability
of intrastrain skin grafts. While male-to-female incompatibility prob-
ably is primarily an immunological problem, its solution demands
the usc of inbred animals. Another speaker discussed the acquisition
of drug-resistant lines of transplantable tumors. Nearly all experi-
mental animals used in these studics were, of necessity, from inbred
strains, and the consensus js that mutation or sclection and adapta-
tion of tumor cells play major roles in the reaction.

Onec investigator exposed cells in tissue culture to different culture
media and found that hereditary metabolic variants could be iso-
lated from the parental strain, The strain of cells used was from an
inbred mouse. Other work with tissue cultures from the same inbred
strain has shown that, starting with a clone of tumor cells derived
from a single cell, lines of cells were obtained which showed wide
variations in their transplantability back to inbred mice, in their
metabolic activities, and in their chromosomal aberrations, This
work with tissue culturc emphasizes the desirability of using cells from
inbred animals when studying in vitro changes to malignancy, be-
cause proof of the presence of tumor cclls rests upon the ability of the
cells to produce tumors when implanted into suitable hosts,

The variations of cell strains procured by tissue culture techniques
are similar to changes observed 1n transplantable tumors when they
are transferred through serial passages. Single passages through Fy
hybrids have been shown to alter permanently the growth character-
istics of tumors. This presents the opportunity to mention carly in
this summation one important basic leature of cancer. This feature
is the remarkable individuality of tumors, including those derived
from the same tissue. Furthermore, as expressed by several speakers,
transplanted tumors and spontancous tumors undergo unpredictable
and random changes. This implies that the development and growth
of cancer are a scrics of complex interactions between the host, the
carcinogenic stimulus, and the environment, and that the ultimate
<olution of the problem will not rest upon the contributions of any
one scientific discipline. For example, inbred mouse strains vary in
their susceptibility to spontancous Iner tumors; and in the strains
thus far studicd, males are more susceptible than females to the de-
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Farther exploration of the cytogenetics of tumors will do much to
1eveat whether chromasomal aberrations are intricately bound to the
cause of cancer or whether they are a manifestation of the cancer
process Such stuches are fundamental because they are concerned
with the activities of normal and neoplastic cells. Perhaps more slu.dy
of the chromosomal patterns of the same type of primary tumor in-
duced by a variety of genic agents in experi { animals of
the same genetic makeup may be fruitful.

The third major contribution by geneticists which was fundamen.
tal to cancer research was the discovery of the mouse mammary tu-
mor virus Cancer of the mammary gland in mice has been studied
intensnely far many years and, prior to the discovery of the virus, the
importance of heredity and hormonal stimulation in its occurrence
was firmly established Discovery of the virus added a third influence
to the factors of heredity and hormones, All three are important,
and 1t is the consensus that a tumor can anse when a deficiency in one
snfluence 1s compensated by an increase in one or both of the others.
This is pertinent to the tumor virus problem because this virus, in-
stead of being the sole object of attention, 1s locked upon as part of a
complex tnterplay of forces leading to malignancy.

The only known Jeston indacative of the presence of the virus before
£r0ss tumors appear is the occurrence of hyperplastic nodules in the
mamniary glands. But hyperplastic nodules are also found 1n the
glands of old mice that are presumably free of the virus. This
umphies that the role of the virus nay be to provide these nodules in
w.luch the tumor develops and, 1f this 15 true, then the function of the
Hirtis m tumor production may be that of an accelerator. Briefly, it
may act indirectly by producing, at an early age, a bemign lesion,
which ufldcr sutable hereditary and hormonal conditians b:come;
::‘o‘glasuchhm, m turn, lmpl.ics that any virus capable of producmg

can i’; i{’v:ﬂfﬁimlg h‘;’;}ﬂp}uxa could be smplicated in the origin of
s pmbkmn B’; :; :5;:“;&0}(311})“' prese'nt:d at \h{s meeting dealt with
normal glands were trans; I::t“:lgfmom‘ fec e, ﬂ']c noduies or
velopment togk p) Thp dt 0 a site where their furt.her de-
bished therr Prenz:;!zsnc ';n:’ UIﬁZ)PTDdUCCd mors, and this cstab
neOphasic mitung Foac st x::hrel : ther efforts to establish
that the nodules and normal m“ e or no success. It al.so was shown
ity to hormonal stimulation, ‘:T:\“LZTY o dlﬂer.m ~‘hﬂr sensi-
of the virus, Further “ome no)d ) reby :luggcstmg an indirect action
which appear to be s’tablc uj e 8 \atiety of outgrowths
pon serial transplantation. This Presents

his pre~
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theory would alter the course of cancer research, because the problem
would then be to learn the cause of the mutation and how it is
brought about,

We heard one excellent paper in which this problem was pre-
sented. Apparently a number of known processes can bring about
genctic variation in somatic tissues, and the speaker suggested more
study of nuclear differentiation which precedes the somatic change.

Geneticists have made remarkable progress in the study of tumor
transplantation, They found that one genetic locus is of considerable
importance in determining susceptibility to tumor transplants, and
ssogenic-resistant lines of animals have been developed which are in-
valuable for studies of tumor biology. One of our speakers who used
isogenic lines to studv the cytogenctics of transplanted tumors found
that each tumor was individualistic and each showed characteristic
remodeling of chromosomes. While this remodeling may be involved
in the devclopment of malignancy, it is not necessarily the predomi-
nant cellular change, since chromosomal changes may not occur in
virus-induced tumors, Another investigator studied chromosomal
alterations in cultures of embryonic tisues to ascertain whether
the alterations were related to the change to malignancy. Deviations
were seen at the fisst explantation, but ultimately, as with trans-
planted tumors, stem lincs emerged. Onc desveloped in the eclls in
vitro and onc in ccfis that produced tumors when reimplanted into
mice. Thus, malignaney produced in tissue cultures may be duc to
mutations occurring during the process of adaptation. Attention was
again directed to the possible abeence of chromosomal aberrations
in virus-induced tumors, and reference was madc to a recent publica-
tion in which imy estigators report finding a conspicuous heteropy hno-
tic chromosome in cells from 18 of 19 priman breast tumors of mice.
These tumors arose in mice carnving the mammary tumor virus, This
observation may be of considerable importance if it is confirmed in
other virus-induced tumars, provided that the chromaosomal alter-
ation is not found in breast tumors of mice that are free of the virus.

Another worker studied chromosomal statns in drug-resistant sub-
fines of a transplantable tumor. \ large submetacentric chromocome
was present in the parent line and n four sublines, all of which were
sensitive to a drug; whereas five resistant sublines did not carry the
chromosome. This suggests that genetic changes mav underhe the
metabolic changes which accompany the acqueisition of resistance 10
this particular drug. No other consivtent cvtological correlation was
obeeryed among the nune sublines with respect to five other drugs.
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Jirus asociated with it, The two findings together suggest not only
\hat the virus is intimately associated with the cancer cellbut alfo that
the associatton is concerned with the species character of this cell,
since these immunalogic reactions are ordinarily species specific. Im-

fogically, the mouse y cancer cell appears to be a
(mouse cell with 2 substituted virus species”

The important thing here is that the virus theory and the mutation
theary of cancer genesis are converging This convergence has intensi-
fied stadies of nucleic acids because these compounds are now con-
sidered essential components of viruses and chromosomes, On this
program, one paper described an association between the presence of
the mammary tumor virus and RNA. One investigator studied the
welationship between DNA metabolism and carcinogenesis and re-
parted that the results supported cytological findings of differences
between normal and malignant tissues, Others studied the sequence
of events jn ultraviolet-induced mutation in bactena and concluded
that their results suggested involvement of RNA synthesis in genetic
replicatian, in that the mutagenic changes occur primarly in RNA
and then are transferred to the genic material during DNA synthesis.

Qo speaker presented 2 scholarly dissertation of the pathways by
which radration damage could resultin cancer or mutations, Direct,
mduced mutations, and indirect changes involving release of a pro-
vIns or a m}cliun akin to transduction, could result in cancer.

The rcmam‘ing papers can be divided into two groups The first
iomxs!cd 9( discussions of experimental work which is fundamental
;::‘Cc:ﬂ:lri hfli‘eld of genetics One speaker investigated the genetic
e (he“ rofling the formation of a §pcciﬁc enzyme and suggested
tuomal mﬁzltxlts:rca can be resclved into a number of discrete func-
enayme bu.t ﬂm, : ag::::utc f:hax\ge. can produce not m\\.y an altered
Pager i thes mq ative changes n enzyme formation. Another
cerming the ¢ élf consisted of a dycusswn of an hypothesis con-
resemy possibility that cytoplasmic parucles, related to or closely

TEMDING virus or provirys, can mutate mto a virus or provirus and
g _lc_}r‘lst 1o cancer. v a0
hc"d:‘:’ci:rc\idci;zl:l: né": : Ptrshdealt w:uh the practucal problems of
and found a definite gen author studied bovine veutar cartinoma
fina 1 genetic hasis for susceptibility to this disease, The
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an opportunity to learn whether nodules containing virus differ from
those arising in virus-free mice.

You are aware of the recent interest in cancer viruses evohed by
studies of mouse leukemia, Various workers have reported the de-
tection of viruses in leuhemic and other tissues, but one of the most
interesting viruses exposed during this work is one that, thus far, does
not produce leukemia but induces a distinctive tumor of the parotid
glands as well as a wide varicty of other tumors and lesions. Tt pos.
sesses many attributes of other non-cancer-inducing viruses. It can be
cultured in tissue cultures, it clicits antibodies which permit its de-
tection, and, when introduced into a colony, it is spread from mouse
to mouse by way of infected saliva and urine. Further work on the
properties and epidemiology of these newly discovered viruses will
influence cancer research in the years to come because the interest of
virologists in the cancer problem has been aroused. This is pertinent
to the purpose of this Symposium, because if cancer cells are derised
from normal cells through the process of somatic mutation, then the
viruses must be involved in the reaction.

This program included a brilliant exposition of the biological
propertics of temperate bacteriophages, of their relationship to the
cells they infect, and of how their characteristics are applicable to a
genetic coneept of the cancer process. A virus could infect a cell asa
prophage infects a bacterium—gain access to the chromosomes and
remain integrated with the cell genome—or it might, through the
process of transduction, transfer genetic characters from ccll to cell.
Virologists intercsted in cancer have long postulated the existence of
“mashed,” “latent,” “quiescent,” or “toothless” virnses and an “en+
during relationship” between viruses and cells, Recently T read again
the following paragraph written over ten vears ago by one such in-
vestigator.

“There are two indications in our data that point to some ¢x-
tremely close relationship, or combination, of the virus and the cancer
cell. The first is that in absorption tests the virus antibodies combine
with the cancer cell but do not combine with the normal cell of the
same hind. While this finding demonstrates a specific absorption of
immune bodics by the cancer cell, the absarption could be duc to
free virus contained within it. The second 1s that the virus immune
bodies have an inactivating, or lethal, effect upon the cancer cell,
which would seem to mean that some virus is not free but occupics a
\ital position in the cancer cell. The maliznant animal «l.l «cems to
have become completely dependent upon the vital activity of the
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pants and the audsence, our thanks to the staff of The University of
Texas M. D, Anderson Hospital and Tumor Institute for this meet-
g, These Symposia on Fundamental Cancer Research have become
a2 major annual event. Congratulations are extended to the Chair-
man, Dr., Felix L. Haas, and to his Symposium Committee, who were
responsible for the program. They have carried us from the origin of
genic material through the gene, chromosome, cytoplasm, nucleus,
cell, tissue, and organ to the entire organism. The only omission of
any consequence was a discussion of genetic factors in the hormonal
aspects of cancer research, but I noticed this only because it re-
strained me from extolling the contributions of geneticists in this
branch of rescarch, Certainly the chiective of showing that the dis-
apline of genetics bears directly upon all fundamental cancer e~
search hasbeen achieved in this Symposium,
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ments in human genetics during the last 50 years and described how
accumulated knowledge of genic control of metabolic processes has
made medical genetics an important part of modern medical science.
Another informed us of the problems in the study of human geneties
and in the establishment of procedures for the evaluation of genetic
and environmental factors.

Two papers described efforts and the results obtained in an ap-
proach to the difficult problem of the influence of heredity in bu-
man cancer. Those who have engaged in cancer research and
benefited through the use of inbred animals will attest to the im-
portance of genetic factors in the occurrence and growth of cancer.
‘This, together with the fact that most diseases, in common with many
biological phenomena, reflect the response of an organism to its
environment, make it highly improbable that cancer could be the
great exception. The question is not whether the host is involved in
the cancer process, but why and how the host is concerned. From the
earliest days of cancer research, those who probed this problem have
recognized the importance of the host’s constitution.

Two findings have emerged from the experimental approach that
may explain in part at Jeast the difficulties encountered when evalu-
ating genetic influences in 2 mixed population. The first finding is
that genetic factors control the degree of susceptibility to cancer de-
velopment: Susceptibilitv is not an all-or-none proposition. Inbred
animals exhibit wide variation in their responses to 2 carcinogenic
stimulus, but with suitable procedures even the most resistant develop
tumors. When animals from a highly susceptible stram are exposed
to the same stimulus, all members do not develop tumors at pre-
cisely the same time. The second finding is that within an inbred
strain, susceptibility is limited to certain kinds of cancer; thus far an
jnbred strain susceptible or resistant to all cancers has not been estab-
lished. One strain of mice is susceptible to the breast tumor virus as
well as to spontaneous and induced liver tumors but 1 resistant to
chemically induced skin cancer; whereas another is resistant to the
first two tumors but is susceptible to the third. Likewise, a strain may
be resistant to breast cancer induced by the virus but susceptible to
the same tumor induced by a chenueal. When differences in hor~
monal stimulation, dietary habits, and environment are superimposed
upon genetic susceptibility, it becomes obvious that, within a hct'cm-
geneous population, genetic factors would have to exert a decided

influence before they could be detected casily.
In conclusion, it is a pleasure to express, on behalf of the partic-
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pants and the audience, our thanks to the staff of The University of
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g, These Symposia on Fundamental Cancer Research have become
2 major annual event, Congratulations are extended to the Chair-
man, Dr, Felix L, Haas, and to his Symposium Committee, who were
vesponsible for the program, They have carried us from the origin of
genic material through the gene, chromosome, cytaplasm, nucleus,
el tissue, and organ to the entire orgamism. The only omission of
2ny consequence was a discussion of genetie factors in the hormonal
aspects of cancer research, but T noticed this only because it re-
strained me from extolling the contributions of geneticists in this
b‘ranch of research Certainly the objective of showing that the dis.
tipline of genetics bears directly upon all fundamental cancer ye-
starch has been achieved in this Symposium.
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