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Department of Genetics, Albert Einstein College of Medicine Bronx, N.Y.

GENETIC ANALYSIS OF CELL MALIGNANCY - EVIDENCE FROM
SOMATIC CELL GENETICS®

HAROLD P. KLINGER

Summary

When normal nontumorigenic cells are fused with tumorigenic cells some of the resulting

hybrids are nontumorigenic in respect to their ability to grow in immune-deficient nude

mice. Comparison of the chromosome content of nontumerigenic with tumorigenic hybrids,
as well as with the cells of tumors which develop from the latter, reveals that in nermal
human x fumorigenic Chinese hamster hybrid crosses, two specific human chromosomes of
the nontumorigenic parental line ore very likely responsible for the suppressive effect. In
some other hybrid crosses these ond additional human chromosomes clso seem to cause
suppression. These findings suggest that a tumorigenic cell has lost ot least two and possibly
more gene functions which determine normal growth responses. The chromosomes from a nor-
mal cell can apparently correct these defects, although it is not yet clear if this is true
genetic complementation or due to introduction of other genes which control cell growth or
a cell's response to environmental growth regulatory stimuli. These findings led support to
the view that genetic alterations are important in the process of malignant transformation
and allow the development of a working hypothesis for the possible mechanisms involved.
Some findings of other workers in this areo also suggest that malignant cells may be produc-
ing some cell membrane proteins which are different from those of nontumorigenic cells. If
this turns out to be true then it may ultimately be possible to develop immunotherapeutic

procedures, i.e., to produce tumor cell specific antisera.

* Supported by NIH grant Nos. CA-16720, GM-19100 and GM 07001,
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Zusammenfassung

Wenn normale gutartige mit malignen Zellen zur Fusion gebracht werden, so besitzt ein Teil
der daraus resul tierenden Hybridzellen nicht die Fuhigkeit, in der immundefekten "nudé
mouse" zu Tumoren auswachsen zu k&nnen. Der systematische Vergleich der Chromosomen-
stitze von solchen Hybridzellen mit und ohne diese Fihigkeit zum Tumorwachstum sowie
auch von Zellen aus bereits entstandenen Tumoren ergob, dass zwei spezifische menschliche
Chromosomen fur den die Malignitut unterdrickenden Effekt verantwortlich zu sein scheinen.
Diese Aussage bezieht sich vorerst auf Hybridzellen, die aus der Fusion von normalen
menschlichen und tumorerzeugenden Zellen des chinesischen Hamsters resultieren. In
weiteren solchen Hybridzellen scheinen die gleichen sowie zusttzliche andere menschliche
Chromosomen an der Unterdrickung des Tumorwachstums beteiligt zu sein. Diese Beobach-
tungen deuten darauf hin, dass entartete Zellen mindestens zwei, wenn nicht mehrere Gen-
funktionen verloren haben, welche das nomale Zellwachstum kontrollieren. Chromosomen
von normalen Zellen knnen diesen Verlust korrigieren, wobei allerdings noch nicht gekldrt
ist, ob es sich dobei um eine echte genetische Komplementation oder ober um die Einfuhrung
von anderen Genen handelt, welche ebenfalls direkt dos Zellwachstum bestimmen oder aber
fur den Kontokt der Zelle mit exogenen, das Wachstum regulierenden Faktoren mitverant-
wortlich sind. Diese Beobachtungen stUtzen die Annchme, dass den genetischen Versdnderungen
gine zentrale Bedeutung beim Prozess der malignen Transformation zukommt und ermBglichen
die Entwicklung von neuen Arbeitshypothesen Uber die bei der Transformation involvierten
Mechanismen. Beobachtungen anderer Forscher deuten darauf hin, dass die malignen Zellen
gewisse Zellmembranproteine produzieren, welche sich von solchen, die von nicht tumori-
genen Zellen produziert werden, unterscheiden. Wenn sich diese Beobachtung bestiatigen
lasst, so besteht die Miglichkeit, die Krebskrankheit mit immunotherapeutischen Metheden,

z.B. mit tumorzellspezifischen Antiseren anzugehen.

Introduction

A long-standing debate has revolved around the question of whether the primary alteration
which occurs when a nomal cell becomes malignont is a genetic or nongenetic one. Of
those who favor the genetic hypotheses some propose that cell malignancy behaves like a
mendelion dominant characteristic whereas others believe that it behaves like a recessive
trait. It will be the main cbjective of this review to show that although both these views
may be correct to some degree they are probably oversimplistic. Because of the broad scope

of this problem the discussion will be limited to information which has been obtained in the
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last few years, and primarily to results from studies in somatic cell genetics. More general

reviews can be found elsewhere (GERMAN, 1974; MULVIHILL, et ol., 1977).

Experimental Approaches

The question of whether the malignant cell phenotype behaves like a dominant or recessive
trait was approached by EPHRUSSI and colleborators who fused malignant with nonmalignant
cells and found that all of these hybrids produced tumors when intreduced into animals
(EPHRUSSI, 1972). They thus concluded that malignancy behaved like a dominant trait be-
cause they presumed that the chromosomes of the nonmalignant parental cell were retained
in the hybrid and yet Railed to affect the tumorigenicity of the malignant partner. However,
since they did not identify all the chromosomes of the hybrids before injection, nor of the
resulting tumor cells, their interpretation was probably incorrect in the light of more recent
findings. HARRIS and collaborators in fact found that hybrids between nontumorigenic and
tumorigenic mouse cells which retain many chromosomes of the nontumerigenic partner were
suppressed in their tumorigenic potential whereas those which lost chromosomes either prior
to injection into animals, or while in the animal, did develop into tumors. Consequently,
they concluded that the chromosomes of a diploid cell carry genes which suppress tumor-
igenicity and these behave in a dominant manner, implying that the genetic change in
malignant cells is of a recessive nature WIENER, et al., 1971; HARRIS, 1971 ; WIENER, et
al., 1974; JONASSON, et al., 1977).

STANBRIDGE (1976) extended this work to intraspecific human cell hybrids and showed that
tumorigenic cells derived from an established Hela cell line were completely suppressed in
their tumeorigenic potential when fused with nontumorigenic diploid human cells. These
intraspecific hybrids retained most, but generally not all of the chromosomes of both parental
lines. Fusions between two different tumorigenic human cell lines did not result in suppressed
hybrids. Independently, we obtained very similar results with an almost identical hybrid
system (KLINGER, et al., 1978). Since none of Stanbridge's or our own original diploid
human x heteroploid tumorigenic human cell hybrids were able to give rise to tumors it was
not clear if the chromosomes of the diploid human parent are in fact responsible for the
suppression or whether the loss of chromosomes or other information from the tumerigenic
parent is occurring in the process of hybridization and this is why tumorigenicity disappears.
Consequently, we forced elimination of chromosomes from the hybrids by chemical back
selection and other procedures and found that some of these were now tumorigenic and the

tumorigenic cells had in fact lost o sizedble number of chromosomes, many of them from

25 Bull. Schweiz. Akad, Med. ¥iss. 379



the nontumorigenic parental line (KLINGER and EUN, in press). This clearly demonstrates

that the potential for tumorigenicity was maintoined by the cells end that chromosomes of

the diploid parent are very likely responsible for the suppression. If this is true then we have

to assume that only certain chromosomes of the diploid carry suppressive information since

not all were absent in those hybrids which could grow os tumors and not all were present in

all the suppressed hybrids. This is difficult to demonstrate clearly in these intraspecific human

hybrids because the parental origin of only some of the chromosomes con be determined on the

basis of chromosome morphology or biochemical markers. Consequently we turned to systems

of diploid human x tumerigenic heteroploid rodent (mouse and Chinese hamster) cell hybrids

where the parenfol chromosomes can clearly be identified both on the basis of distinet

chromosome banding patterns and biochemical chromosome markers. These studies are not

yet complete but several points are clear (KLINGER, et al., 1978; KLINGER ond EUN, in

press):

1. Hybrids can be obtained in all these crosses which are nontumorigenic or suppressed.

(The term "tumorigenic", when referring to our own work, will be used only to designate

the ability of cells to grow as tumors in immunedeficient nude mice.)

2. Suppressed hybrids in general contain more human chromosomes than those which are
not, but there are many exceptions, some of which are very informative, as will be
discussed below,

3. No human chromosome in single copy appears fo be able to affect the tumorigenicity of
the redent lines. This is also true for 240 of the 276 possible combinations of different
chromosomes taken two at o time. However, in the suppressed hybrids certain combinations
of human chromosomes appear which are rarely found in tumerigenic hybrids and these
combinations are never found in the cells of tumors resulting from those rore hybrids
which contain them. Although the body of data is not yet extensive enough to allow
statistically significant correlations to be obtained for all the possible interactions of
two or more chromosomes, some very conspicuous trends have emerged. Human chromo- .
some Nos. 9 and 11 seem to impart suppression in human x hamster crosses, and in
addition the No. 8, in combination with one or both of the former, acts as a suppressor
in human x mouse crosses, Alsa, in the human x hamster crosses Nos. 13 and 17 in combi-
nations with 9 and 11, and each other, can serve as alternate suppressor combinations
(KLINGER, et al., 1978, and in preparation).

4. Human x Chinese hamster hybrids almost clways retain the human No. 6 (KLINGER ond

EUN, 1978). Those which do not retein a suppressor chromosome combination but retain
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the No. & are more tumorigenic than the parental homster line in that they require

fewer cells and less time to produce tumors. This also oppears to be true in human x
mouse RAG line) hybrids but is less pronounced in the human x mouse A% cell line
crosses, possibly because the latter is already highly tumorigenic (FREEDMAN and

SHIN, 1974).

5. Examination of the nontumorigenic and tumorigenic hybrids, as well as of resulting
tumor cells for phenotypes which have been implicated as being specifically associated
with tumorigenicity reveal that none correlate completely with the ability of the cells
to form tumors and in fact seem to segregate independently from the tumorigenic pheno=
type and each other. These phenotypes are: (1) decreased contoct inhibition {density-
independent growth); (2) anchorage independence (ability to grow in semi-solid methyl-
cellulose supplemented medium); (3) decreased serum requirement (ability to grow in
medium with low serum concentration); and (4) ability to produce fibronectin which has
also been misnomed lorge external transformation sensitive (LETS) protein.

Two of these phenotypes do correlate completely with tumorigenicity but in one direction
only. All tumorigenic cells have decreased contact inhibition and are anchorage independent
but some cells which are nontumorigenic also exhibit these phenotypes. STRAUSS, et al.
(1976) and STANBRIDGE and WILKINSON (1978) also found independent segregation of
what were formerly believed to be tumorigenicity related phenotypes from the tumorigenic

one in cell hybrids,

Conclusions and Synthesis

The combined results of the somatic cell studies indicate that chromosomes of a nontumor-
igenic cell can impart to a tumorigenic one information which suppresses the tumorigenicity
of the latter. Although there has been some evidence for a possible contribution of non-
chromosomal components to this effect (JONASSON and HARRIS, 1977) there has also been
evidence against cytoplosmic factors being involved (HOWELL and SAGER, 1978). Our
observation of strong associations between specific human chromesome combinations and
suppression do not formally exclude nonchromosomal factors, However, if nonchromosomal
factors ore involved they would have to consistently cosegregate with the implicated
chromosomes. This seems very improbable.

At present no single mouse or human chromosome alone appears to carry information odequate
for suppression, at least not in those systems which have been tested to date. (See also

AVILES, et al., 1977}, That at least two, and in some crosses possibly more chromosomes are
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required, suggests a multigenic effect. This would be compatible with the suggestion which
has been made that a cell must suffer at least two genetic defects to achieve the tumerigenic
state (KNUDSON, et al., 1973}, However, our cbservation that some of the same human
chromosomes act as suppressors of established cell lines of completely different origin makes
it seem unlikely that suppression is due to genetic complementation of defective genes in the
classical sense since this would require the unlikely assumption that all the cells of these dif-
ferent strains have achieved the tumorigenic state because of mutations of similar (homoleogous)
genes, As KLEIN {1976) has suggested, it seems more likely that the suppressive effect is due
to the introduction via specific chromosomes of elements that have become nonfunctional in
the tumorigenic cell. These elements, which may be structural or regulatory genes, or both,
would provide a cell with normal responsiveness to its environment. When the segregation of
chromosomes in hybrids cccurs spontaneously, or is fostered by selection procedures, then the
tumorigenic phenatype reappears, clearly demonstrating that the cell's tumorigenic potential
has not been lost permanently and again providing support for the view that chromosomal
genes regulate the suppressive phenomenon. Thus the mutations which cause the change to
the tumorigenic state are possibly recessive but they could also be deletions or regulatory
alterations and the added information in the hybrids is not acting like o dominant in the
classic sense. It is for this reason that it would probably be better to discord the concept of
dominant versus recessive gene action in tumorigenic cells until the precise mechanisms are
understood.

As noted, we have some evidence which suggests that some human chromosomes may have

an effect opposite to those which are suppressors. These may carry information for what have
been called household cell functions and may thus enhance a cell's ability to grow. However
our evidence for such "tumorigenicity promoter" chromosomes, or genes, is as yet less rigorous
than that for suppressors.

From the foregoing considerations and the knowledge gained from other related studies one
can construct a genetic hypothesis of malignancy. This hypothesis assumes that a cell suffers
a series of consecutive gene mutations either spontanecusly, or induced by environmental
agents such as chemicals, radiation, viruses, etc. When mutations of genes which regulate
cell growth take place then the cell gains a selective growth advantage but it is not yet a
tumorigenic cell. Loss of normal contact inhibition or anchorage dependence might be
examples of loss of such growth regulatory functions. But it is clear that such changes alone
are not enough to make a cell tumorigenic since there are examples of such cells which will

not form tumors (FREEDMAN and SHIN, 1977; KLINGER, et al., 1978; STANBRIDGE and
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WILKINSON, 1978). Ability to grow at low serum concentrations is ancther phenotype often
asseciated with tumorigenicity, as are a host of other phenotypes, yet none of these are
expressed by all tumorigenic cells. This indicates that although such phenotypes may initially
impart to a cell a selective growth advantage, they are clearly not the factors which are
responsible for the ability of a cell to grow into a tumor,

There is another class of mutations whereby the cell loses genetic information for a function
essential for the differentiation of the organisms as a whele but not for the cell. Here again
the |oss of such differentiated function might give the cell a selective advantage but in itself
not make it tumorigenic. Fibronectin production may be an example here. A cell which loses
the ability to produce fibronectin can perhaps better utilize its metabolic machinery for
producing other proteins which are more important for its own growth, This may explain why
many fumorigenic cells are nonproducers. Clearly, however, the loss of this phenotype is not
essential for tumorigenicity since as we have shown, some tumor cells derived from either
established cell lines, or hybrids, are very good fibronectin producers {KLINGER and EUN,
in press).

Thus a cell which has suffered one or more mutations may gain a selective advantage and
proliferate faster than its fellows but it may not yet be able to produce an invasive tumor.
However, the selective growth advantage, by increasing the size of the mutant cell population
raises the probability that a cell of this clone will accummulate another critical mutation
which would result in the loss of yet another phenotype directly or indirectly restrictive to
growth. The affected cell or cells of this subclone may now be able to proliferate more
effectively, i.e., invasively {not necessarily faster, since some tumors in fact grow quite
slowly) possibly becouse it no longer responds to growth regulatory systems normally present
in all organisms.

Aside from the arguments just presented it seems very unlikely that one mutational event
would be cdequate in most cases to cause transformation because of a simple and plausible
consideration. |f one mutation were enough and we assume a modest gene mutation rate of
10‘? per cell generation, then hardly any of us would survive much beyond birth without
developing o tumor. Proponents of the immune surveillance hypothesis will argue that poten-
tially malignant cells may in fact be arising frequently but are eliminated. However, the

abservation that immune-deficient nude mice have no greater incidence of spontaneous

tumors than other strains, and many other considerations, make it doubtful if immune defense
is the primary protective system. It may simply be one of tne ways the organism rids itself of

some potentially malignant cells. (See KLEIN, 1975, 1976; KLEIN and KLEIN, 1977, for a
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more extensive discussion of this area.} Even if this system is important it would not be in-
compatible with the proposed hypothesis since one of the mutational events a cell may have
to undergo to be able to grow progressively is a loss of those antigenic properties which would
allow it to escape the immune system,

Thus cellular transformation to the malignant state can be visualized as o series of two, and
more |ikely many mutational events, most of which would result in the loss of expression of

a series of phenotypes and this would give them a selective growth advantage. These need
not be the same types of changes in cells of different tumors since one can ecsily envisage
many different changes, like those discussed earlier, which could confer such an advantage.
This possibility of different phenotypic changes leading stepwise to the malignant state would
fit well with the observations and suggestion made by ROWLEY (1974), that each class of
mutagenic agents produce a different pattern of chromosome abnormalities fand hence genetic
changes) within cells of susceptible tissues leading to different tissue specific tumors.

Most mutations in a diploid cell of the type discussed earlier would be expected to be hetero=
zygously recessive and therefore not expressed. OHNO (1974) has suggested plausible
mechanisms whereby a cell by undergoing abnormal chromosome segregations can achieve
hemizygosity and hence express recessive genes. In fact it is perhaps a single gene or on
initial chromosome mutation which, by interfering with the process of chromosome segregation
is one of the postulated mutational events required for malignant transformation. Since
chromosome replication and segregafion are complex processes requiring many different
physiclogic changes and the formation of complex cell structures, they must be under the
influence of many genes, the mutation of any of which might well result in abnermalities of
replication, somatic crossing-over or segregation. The increasing number of tumor type
specific chromosome alterafions which are being discovered in human neoplasias of the
hematopoetic system ROWLEY, 1975) and other human and animal cancers (MITTLEMAN

and LEVAN, 1976; LEVAN, et al,, 1977), some even specific to small chromosome segments
(SUGIYAMA, et al., 1969; MITTELMAN, et al., 1972; ROWLEY, 1977), make it seem ever
more |ikely that chromoseme mutations are in fact important in the origin of at least some
malignancies. In this respect it is interesting to note that human chromesome Nes. 8, 2, 11,
13 and 17 which our work implicates as carrying tumorigenicity suppressive information are
frequently found to be altered numerically or structurally in human neoplasias. This correlation
may be coincidental but this seems unlikely when it is considered that five different chromo-
somes are involved. It is also interesting that, as ROWLEY (1977) has pointed out, many of

these chromosomes carry genes related to carbohydrate or nucleic acid metabolism.
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Sachs and collaborators proposed that it is the balance between two types of chromosomes
that determine the expression of malignancy or its suppression (YAMAMOTO, et al., 1973;
AZUMI and SACHS, 1977). This would fit well with our own findings and the hypothesis
proposed here. The chromosomes which they found had to be lost for tumorigenicity to appear
could be those carrying suppressor information, and the ones they believe have to be retained,
or in some cases duplicated, might be promoters analogous to the human No. 6 which appears
to foster the tumorigenicity in our human x Chinese hamster hybrids. Here again we have an
indication that the tumorigenic cell has undergone several genetic alterations and that it
may be operating under a complex system of genetically determined cell regulatory mechanisms
which cannot readily be fit into a simple dominant versus recessive concept. CROCE and
KOPROWSKI (1974, 1975; KOPROWSKI and CROCE, 1977) are not in agreement with this
view since they believe to have demonstrated positive ([dominant) control of the transformed
phenotype by showing that human chromosomes Nos. 7 or 17, of an SV 40 tronsformed human
cell, when transferred by cell fusion to a dipleid mouse cell, causes the latter to transform
and become tumorigenic. The SV40 genome integrates into chromosomes 7 and 17. Although
their interpretation is a likely one their findings do not exclude mechanisms other than
positive genetic control of malignancy because not enough is known about what happens
when the viral genome integrates in a chromasome. Perhaps it inactivates growth regulatory
genes of the host cell at the integration site {Nos. 7 and 17 are frequently abnormal in
human neoplastic cells) or at other sites via its gene products. It is also possible that the
viral genome is causing tronsformation of the host cell by mechenisms not yet understood.
The aneuploid karyotypes KOPROWSKI and CROCE (1977) find in the transformed initially
diploid mouse cell is compatible with the latter interpretation. It is also important to stress
the fact thot different mechanisms may well be operating in different types of transformed

or malignant cells. Possibly the mechanism in viral transformation is in fact positive, i.e.,
like @ dominant one, whereas in other cases, particularly where the genome of @ virus is

not involved, mechanisms like those outlined earlier are operating (KLEIN and KLEIN, 1977).
The work of GATEFF {1978) further demonstrates the possible diversity of genetic mechanism
responsible for neoplasia. She demonstrated that in Drosophila recessive lethal mutations of
single genes regulating development can result in tissue-specific malignant transformation.
Thus we have evidence which suggests that in some cases a single gene mutation may be
enough to cause malignant transformation. However, this may only opply to insects and

these specific cell types. Also if we want to be rigorous in our analysis of this dote we must

consider the possibility that the identified mutations are not the only ones which the cells
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which form tumors have undergene. Possibly the initial mutation predisposes the cell to
further ones or, more likely, is one of the crucial ones for expressing the malignant pheno-
type similar to the situation postulated by KNUDSON, et al., (1973) for familial retine-
blastema and other hereditary malignancies. Thus any cell suffering o subsequent mutation
at another tumorigenicity related locus may give rise to o tumor along the lines postulated
earlier. The chromosomal instability which GATEFF observed in the tumor cells hints at the
possibility that these cells carry several mutations. Her finding that the tumorigenicity
related genes are recessive mutations of developmentally importont genes is in good agree-

ment with our working hypothesis.

Future Prospects

Although we have o considerable body of circumstantial evidence to support a genetic hypo-
thesis we are still unable to define the specific genetic changes nor the precise mechanisms
which are responsible for the tumorigenic state. BRAMWELL and HARRIS (1978) have attempted
to identify one such malignancy associated mechanism. By comparing the cell membrane
proteins of tumor cells with those of nonmalignant variants selected from these cells by the
use of a lectin, they believe to have identified a membrane glycoprotein which is present in
larger quantities in several different types of tumor cells than in nontumorigenic cells. Also
they have some evidence that it may be structurally abnormal in the tumorigenic cells.
Additional evidence and Independent confirmation of this finding is outstanding but it seems
likely that similar examinations of such nearly identical tumorigenic cells ond their non-
tumorigenic derivatives will allow identification of gene products intimetely associoted
with the malignant'cell. This should provide valuable clues as to the mechanisms operating
in these cells, an understanding of which is almost certain to leod to successful therapeutic
approaches. The identification of proteins quantitatively different, or better still, qualita-
tively specific to malignant cells might, as BRAMWELL and HARRIS (1978) indicate, allow
development of immunotherapeutic procedures, i.e., the production of tumor cell specific
antisera,

It is cleor that somatic cell genetic and cytogenetic approaches to the problem of what has
gone wrong with a malignant cell are providing much information. Some of this data is con-
tradictory, difficult to fit into one wnifying concept, and none of it has as yet allowed
identification of specific mechanisms. Nonetheless, some parts of the puzzle seem to fit, as

| hope to hove shown, and it seems likely that the picture will become complete fairly scon.
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