
The Clonal Evolution of
Tumor Cell Populations

Acquired genetic lability permits stepwise selection
of variant sublines and underlies tumor progression.

Peter C. Nowell

Whether a tumor develops from one
cell or many, and how changes in the
biological characteristics of a neoplastic
population occur over time, are related
questions of theoretical and practical in-
terest. That neoplasms frequently devel-
op as a clone from a single cell of origin
is a concept gaining increased accept-
ance, and various investigators, begin-
ning with chromosome studies on trans-
planted tumors in the 1950's, have devel-
oped hypotheses of tumor "stemlines"
that describe neoplastic progression in
terms of sequential selection of mutant
subpopulations (1) derived from a com-
mon progenitor (2).

This thesis is still being elaborated,
but, in general, it has been supported for
most neoplasms by evidence obtained
over the last two decades through the
following three approaches. (i) Cy-
togenetic studies have demonstrated that
in many primary tumors all cells show
the same abnormal karyotype, suggest-
ing a unicellular origin; and even when
several chromosome patterns are pres-
ent within a single tumor, marker chro-
mosomes in each cell often indicate that
the different subpopulations derive from
a common stemline (3). (ii) Studies of the
isoenzymes of glucose-6-phosphate de-
hydrogenase in a variety of neoplasms in
heterozygous women have indicated that
typically the same member of the X chro-
mosome pair is functional in all cells of
a given tumor, indicating descent from a
single precursor (4). (iii) The immuno-
globulin produced by plasma cell tumors
(and perhaps other lymphoproliferative
neoplasms as well) has in almost every
case the homogeneity characteristic of a
single clone (4, 5).

Despite this wide recognition that
most neoplasms have a unicellular origin
and clonal growth pattern, relatively
little emphasis has been placed on the
developmental evolution of tumor cell
populations, and the apparent genetic
instability underlying the sequential ac-
quisition of biological characteristics
that we associate with tumor progres-
sion. This article suggests a model for
the evolution of tumor cell populations in
terms of stepwise genetic variation, and
considers some of the evidence that this
model is a valid one for most mammalian
neoplasms. Some of the theoretical and
practical implications of this concept of
tumor development are briefly consid-
ered. It is recognized that in many re-
spects this model derives from formula-
tions previously proposed by others (2,
6), and also that characteristics of certain
tumors can be cited which do not appear
to fit the model. Given the hetero-
geneous nature of what we call "neo-
plasia" and our limited present under-
standing of this general process, some
exceptions to any unitary approach must
be expected.

An Hypothesis ofTumor Evolution

The proposed model is summarized in
Fig. 1. Tumor initiation occurs at the left
of the figure, by an induced change in a
single previously normal cell (N) which
makes it "neoplastic" and provides it
with a selective growth advantage over
adjacent normal cells. Neoplastic prolif-
eration then proceeds, either immediate-
ly or after a latent period. From time to
time, as a result of genetic instability in
the expanding tumor population, mutant
cells are produced [in Fig. 1, genetic
variants (T1 to T6) are indicated by differ-
ences in chromosome number]. Nearly

all of these variants are eliminated, be-
cause of metabolic disadvantage or im-
munologic destruction (for example, T3),
but occasionally one has an additional
selective advantage with respect to the
original tumor cells as well as normal
cells, and this mutant becomes the pre-
cursor of a new predominant subpopula-
tion.
Over time, there is sequential selec-

tion by an evolutionary process of sub-
lines which are increasingly abnormal,
both genetically and biologically. Be-
cause this sequence is not completely
random, certain similarities are acquired
by different tumors as they progress; but
divergence also occurs as local condi-
tions in each neoplasm differently effect
the emergence of variant sublines. Ulti-
mately, the fully developed malignancy
as it appears clinically has a unique,
aneuploid karyotype associated with ab-
errant metabolic behavior and specific
antigenic properties, and it also has the
capability of continued variation as long
as the tumor persists. The relative posi-
tions in this model of human solid tu-
mors, benign and malignant, as well as
certain leukemias, are indicated in Fig.
1, along with several biological character-
istics associated with various stages of
neoplastic development.

In the following sections, particular
aspects of the model are considered in
more detail, with major emphasis on evi-
dence derived from cytogenetic studies
of tumor cell populations.

Initiation of Neoplasia

The implication in Fig. I that tumors
originate from a single cell is not in-
tended to deny that carcinogens can
simultaneously affect many cells in a tis-
sue. It does suggest, however, that even
though a large number of cells may be
affected by a carcinogen, the macroscop-
ic tumor that ultimately develops usually
represents the progeny of a single cell, or
at most, a very few cells. Presumably,
other neoplastic or preneoplastic cells in
the exposed tissue never successfully
proliferate or they are destroyed before
progressing to a fully developed tumor
(7).

For the vast majority of neoplasms,
both the cytogenetic evidence and the
biochemical evidence cited above (3-5)
supports the validity of this unicellular
concept. The few exceptions are primari-
ly tumors of viral etiology (for example,
condylomata acuminata) where there has
possibly been infection of adjacent cells,
or they are neoplasms with a strong he-
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Fig. 1. Model of clonal evolution in neoplasia. Carcinogen-induced
change in progenitor normal cell (N) produces a diploid tumor cell (T1,
46 chromosomes) with growth advantage permitting clonal expansion
to begin. Genetic instability of Ti cells leads to production of variants
(illustrated by changes in chromosome number, T2 to T6). Most vari-
ants die, due to metabolic or immunologic disadvantage (hatched cir-
cles); occasionally one has an additional selective advantage (for ex-
ample, T2, 47 chromosomes), and its progeny become the pre-
dominant subpopulation until an even more favorable variant appears
(for example, T4). The stepwise sequence in each tumor differs (being
partially determined by environmental pressures on selection), and re-
sults in a different, aneuploid karyotype in each fully developed malig-
nancy (T6). Biological characteristics of tumor progression (for ex-
ample, morphological and metabolic loss of differentiation, invasion
and metastasis, resistance to therapy) parallel the stages of genetic
evolution. Human tumors with minimal chromosome change (diploid
acute leukemia, chronic granulocytic leukemia) are considered to be
early in clonal evolution; human solid cancers, typically highly aneu-
ploid, are viewed as late in the developmental process.

reditary component (such as neurofi-
bromatosis) where a familial gene defect
presumably involves every cell and great-
ly increases its susceptibility to neo-
plastic change (4, 8).
The nature of the alteration from a

normal cell to the first neoplastic cell, as
indicated in Fig. 1, must still be defined
arbitrarily. For the purposes of this mod-
el, "neoplasia" is considered as some
degree of escape from normal growth
control (whether these controls are intra-
cellular, local "chalones," or hormonal)
that provides the cell with a selective
growth advantage over the normal cell
from which it was derived. In some in-
stances, the process may include a latent
period, until the altered cell is triggered
from a resting state (Go) into active prolif-
eration (Gj; in other circumstances, the
initial event may involve a stem cell that
is already dividing, and simply increases
the proportion of progeny remaining in
the mitotic cycle instead of proceeding to
terminal differentiation. The fundamen-
tal nature of this initial step, and degree
to which it is specific for each neoplasm,
remains a basic problem in cancer re-
search.
The biological consequences of the pri-

mary alteration may be illustrated with
various examples-transformed cells in
tissue culture, benign and "pre-
cancerous" solid tumors, certain leuke-
mias-no one of which is completely
satisfactory from a theoretical stand-
point since additional alterations may al-
so have occurred. By definition, the pri-
mary event results in proliferation which
is unrestrained to some degree, and this
may be accompanied, particularly in tis-
sue culture systems, by reasonably con-
sistent morphological and biochemical
alterations in the early neoplastic cells.
Many studies in vitro point to changes in
the external cell membrane as being of
critical importance, causing deficiencies
in normal growth control mechanisms
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mediated through cell-to-cell contact (9). methods, and that structural changes in
The specific gene products that pro- chromosomes need not be involved.

duce these biological consequences re.-- The specific agents that initiate neo-
main uncertain. Equally obscure is the plasia also remain under study. It ap-
specific genetic event which produces pears increasingly likely that ionizing ra-
them. Absence of new gene products in diation, carcinogenic chemicals, and on-
tumor cells and the reversibility of trans- cogenic viruses can interact with the
formation in certain culture systems has host cell genome in a variety of ways to
led some investigators to suggest that bring about the required alterations in
initiation usually involves altered gene gene function (12). Chromosomal break-
expression rather than structural muta- age and rearrangement, point mutations,
tion (10). It is certainly clear that visible and insertion of viral components into
alterations in chromosome structure are the host genome have all been demon-
not essential to the initial change. Trans- strated. In a few instances, viral and
formation can take place in tissue culture chemical carcinogenesis is associated
and certain tumors can develop in vivo with specific chromosomes of the host.
without detectable cytogenetic abnormal- Incorporation of the simian virus SV40,
ities (3), and this has been indicated in for instance, into human cells character-
Fig. 1 by showing the initial neoplastic istically involves chromosome 7 (13),
population (T,) with a normal com- and apparent cytogenetic specificity has
plement of 46 chromosomes. also been demonstrated for certain
There may, however, be occasional chemically induced rat sarcomas (14).

instances in which the first neoplastic In a number of other experimental
event is visible at the chromosome level, systems, however, no such correlation
and the best candidates would appear to has been demonstrable between karyo-
be those few tumor varieties in which the typic changes and particular inducing
same cytogenetic abnormality is present agents (15).
in the neoplastic cells in nearly every For some tumors, inherited gene de-
case. These include the Philadelphia fects may potentiate the action of exog-
chromosome in chronic granulocytic leu- enous carcinogens, including viruses,
kemia (CGL), monosomy for chromo- and increase the probability of neoplastic
some 22 in meningeal tumors, an aber- alteration in the primary cell. A few such
rant chromosome 14 in certain lympho- genetic errors have been elucidated,
proliferative disorders, and other possi- such as defective DNA repair in the rare
bilities currently being revealed by the
new chromosome banding techniques (3,
11). When a cytogenetic abnormality is
as consistent as the Ph chromosome in
CGL (85 to 90 percent of typical cases
are Ph positive), it is not unreasonable to
speculate that this specific translocation
alters the genetic control of proliferation
in the affected cell and thus initiates the
conversion of a normal marrow stem cell
to the progenitor cell of a, leukemic
clone. For most tumors, however, it is
generally agreed that this first neoplastic
step cannot be visualized by available

disorder xeroderma pigmentosum, lead-
ing to multiple skin cancers (16); in most
instances, however, the molecular mech-
anism by which inherited gene defects
increase the probability of neoplasia has
not been defined (17).
Major questions remain concerning

the nature and mediation of the initial
neoplastic event. The significance of
both exogenous carcinogens and inher-
ited gene defects in tumor initiation are
indicated in Table 1, where I have listed
a number of the factors discussed in the
text, which influence one or more stages
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in the evolution of tumor cell popu-
lations. Those factors which act after
tumor initiation, by inducing genetic in-
stability in the neoplastic cells or by
influencing the emergence of variant sub-
populations once they are produced, are
considered below.

Clonal Evolution of

Tumor Cell Populations

The biological characteristics of tumor
progression have been extensively de-
scribed. Of greatest significance is the
acquisition by the neoplastic cells of the
capacity to invade locally and to metasta-
size, still the fundamental definition of
malignancy. In addition, over time, there
is a tendency for neoplastic populations
to increase their proliferative capacity
and to show further evidence of escape
from normal growth control mecha-
nisms. One obvious example is the pro-
gression of endocrine tumors from de-
pendence on specific hormones to inde-
pendence from such regulatory influ-
ences (18).

Concurrently, it is common for tumors
as they become more malignant to show
morphological and metabolic alterations
generally interpreted as loss of differ-
entiation. Organelles and metabolic func-
tions necessary for specialized activities
of the cell tend to decrease or disappear,
and the neoplastic population increasing-
ly is directed toward maximum efficiency
in proliferation and invasive growth. Cer-
tain products may be elaborated which
appear to aid this process, such as tumor
angiogenesis factor (19); others, such as
fetal antigens and inappropriate hor-
mones (20), are less obviously of selective
advantage.
The major contention of this article is

that the biological events recognized in
tumor progression represent (i) the ef-
fects of acquired genetic instability in the
neoplastic cells, and (ii) the sequential
selection of variant subpopulations pro-
duced as a result of that genetic instabili-
ty. A number of studies, both in vivo and
in vitro, have indicated that, in contrast
to normal cells, neoplastic populations
have a higher frequency of mitotic errors
and other genetic changes (21). The data
further suggest that the increased mitotic
activity in tumors only partially accounts
for this difference, and that, in addition,
each cell division carries an increased
risk of genetic variation. It also appears,
particularly from chromosome studies of
human solid tumors, that this genetic
instability may become more pro-
nounced as the neoplasm evolves. In
advanced malignancies, a wide range of
1 OCTOBER 1976

Table 1. Different influences on tumor cell evolution.

Stages of tumor development
Factors influencing Initiation G Emergence of

different stages of neo- Genetic vaIiant sub-
plasia instability populations

Carcinogens (12)
Radiation + +
Chemicals +
Viruses + +

Gene defects
Inherited (17, 35)

Increased mutability (chromo- + +
some breakage, and other)

Immunodeficiency +
Undefined +

Acquired (36)
Increased mutability (nondis- +
junction, and other)

Tumor environment (31, 40)
Nutrition + +
Infection +
Immune status of patient (41) +
Therapy + +

*A plus sign denotes those stages oftumor evolution influenced by the factor indicated. See the textfor details.

mitotic variants are commonly observed
with each cell generation (3, 22), as com-

pared to relatively few in early, benign
lesions.
The specific types of genetic altera-

tions occurring in evolving tumors may

range from point mutations to major
chromosomal aberrations, and changes
in chromosome number are used in Fig.
1 only for illustrative purposes. As noted
above, however, it has generally been
difficult to demonstrate new gene prod-
ucts in tumor cells, and neoplastic traits
appear usually to reflect alterations in
the expression of preexisting genes rath-
er than structural gene mutations (10).
These changes in genetic expression
could result from mutations in regulatory
genes, from dosage and position effects
following chromosomal rearrangements,
or from position effects produced by in-
tegration into host chromosomes of viral
genome. There is little evidence to in-
dicate the relative importance of these
different mechanisms, but certainly
chromosomal nondisjunction and trans-
location play a significant role. This has
been well demonstrated in CGL, where
progression of the disease to its terminal
accelerated phase is frequently associat-
ed with emergence of a new predominant
subpopulation having one or more cy-

togenetic changes in addition to the Ph
chromosome (11, 23). Similar relation-
ships between more malignant character-
istics and additional karyotype altera-
tions have also been observed in several
other neoplasms, both human and experi-
mental, where it has been possible to
obtain sequential biopsies. Perhaps most
striking is the work of Mitelman (24) with
rat sarcomas produced by the Rous vi-

rus, in which a stepwise increase in
chromosome number was typically asso-
ciated with progressive loss of differ-
entiation in the sarcoma cells, as deter-
mined both histologically and by de-
creased collagen production.

In most studies of tumor chromo-
somes, only a single examination has
been done on each neoplasm. Even these
limited "snapshots" of tumor evolution,
however, have generally revealed good
correlation between increasing aneu-
ploidy and greater "malignancy," as
judged either morphologically (25), or by
other characteristics such as loss of hor-
monal dependence (26), increased
growth rate (15), and capacity to invade
and metastasize (3, 27).

This correlation between observable
genetic change and tumor progression
does not, of course, prove causality, and
some workers believe that at least some
aspects of the evolutionary process,
such as the appearance of "new" sur-
face antigens and of drug-resistant sub-
populations, may represent epigenetic,
rather than genetic, phenomena (10, 28).
One argument advanced in support of
this view is that the frequency of appear-
ance of such variants exceeds known
rates of somatic mutation in normal
cells, apparently ignoring the increased
genetic liability recognized in neoplastic
populations.

Specific Cytogenetic Changes and
Tumor Evolution

The genetic-versus-epigenetic debate
(29) will not be resolved until we know
more about both processes in mamma-
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lian cells, and the two approaches to
understanding neoplasia are not neces-
sarily mutually exclusive. It would, be
helpful if we could associate specific
chromosomal alterations with particular
aspects of tumor progression, but this is
possible only to a limited degree. The
few very consistent cytogenetic changes
thought to be involved in tumor initiation
have already been mentioned (3, 11).
With banding techniques, additional non-
random aberrations are being recognized
in various neoplasms, although their rela-
tionship to specific stages of tumor devel-
opment is not always clear. In CGL, for
instance, the additional cytogenetic
changes associated with clinical progres-
sion include one or more of the following
in nearly every case: a second Ph
chromosome, trisomy for number 8, or
trisomy for the long arm of number 17
(11). Interestingly, however, trisomy 8 is
also common in other human blood dys-
crasias ranging from acute leukemia to
relatively benign myeloproliferative dis-
orders (11), and so the precise role which
an extra chromosome 8 plays in abnor-
mal hemic proliferation is difficult to eval-
uate.

In a number of the Rous sarcomas
showing biological progression, Mitel-
man (24) has demonstrated an associated
consistent pattern of karyotypic evolu-
tion, first involving addition of a chromo-
some 7, then a number 13, and then a
number 12. In time, more examples may
emerge of specific chromosome patterns
in evolving tumors, but it is important to
recognize that, even with the banding
methods, cytogenetics remains a relative-
ly crude means of exploring genetic phe-
nomena. Mapping of the human genome,
as well as our understanding of the bio-
chemical basis of many tumor character-
istics, is still too incomplete to expect
that we shall soon be able to make many
precise correlations at the level of the
chromosome.

Furthermore, although certain genetic
alterations may be consistently benefi-
cial to the evolution of tumor cell popu-
lations, the fact that similar malignancies
frequently have major differences in
their predominant karyotypes suggests
that at least in the later stages of tumor
development, different genetic changes
may be selectively advantageous for dif-
ferent individual tumors in their own par-
ticular environment.

For these various reasons, it is under-
standable that correlations between spe-
cific karyotypic aberrations and tumor
progression remain few, but there are'
data which indicate the general types of
change in chromosome number which
are more likely to prove beneficial to a
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developing neoplasm. As is indicated in
Fig. 1, an alteration frequently observed
in tumor cell populations followed se-
quentially is the gain of a single chromo-
some, and this has been described in the
Rous sarcomas and in a number of other
neoplasms (11, 15, 24). Subsequently,
through doubling of the chromosome
number, a variant in the tetraploid range
may emerge, and these are common in
fully developed human solid malig-
nancies (3, 30). Ohno (31) has discussed
the theoretical advantage to the cell of
gene duplication produced by the tri-
somic or tetraploid state. In some experi-
mental systems, however, karyotypic
progression may first involve a decrease
in chromosome number followed by
polyploidy, and this has also been ob-
served occasionally in human neoplasms
(3, 23).

Several workers (32) have attempted
to resolve these apparent contradictions
by suggesting that it is not simply the
gain or loss of specific chromosomes or
gene loci which are critical to the estab-
lishment and progression of the neo-
plastic state, but rather, a matter of im-
balance among several genes, located on
different chromosomes, that control ei-
ther expression or suppression of malig-
nancy. This concept, which has chiefly
been explored through in vitro cell hy-
bridization techniques, remains un-
proved. In several instances, particular
chromosomes or chromosome segments
have apparently been implicated as criti-
cal either to the maintenance or to the
suppression of malignancy in such exper-
imental systems; but other investigators
(33), using similar methods, have had
negative results. This approach may pro-
vide important information in the near
future, but results to date are not suffi-
ciently consistent to permit firm conclu-
sions.
For the purposes of this discussion,

the key point is not the specificity or lack
of specificity of the chromosomal rear-
rangements, but the fact that major ge-
netic errors do occur in tumor cell popu-
lations with sufficient frequency to per-
mit sequential selection of mutant sub-
populations over time.

Mechanisms for Increased Mutability
in Neoplastic Cells

The basis for this acquired genetic in-
stability in most instances is not known,
but various hypotheses have been pro-
posed. It is possible that one of the
earliest changes in tumor cells involves
activation of a gene locus which increas-
es the likelihood of subsequent non-

disjunction or other mitotic error (34).
Such genes are known in Drosophila and
also have been suggested in certain hu-
man families who appear to show in-
creased frequency of Klinefelter's syn-
drome, Turner's syndrome, and other
entities resulting from nondisjunction
during meiosis. There are also families
with the so-called "chromosome break-
age syndromes" (such as Bloom's syn-
drome, Fanconi's anemia, ataxia telangi-
ectasia, and xeroderma pigmentosum) in
which breaks and rearrangements are in-
creased as a result of inherited defects
in DNA repair or other abnormalities of
chromosomal integrity as yet undefined.
Clones of cytogenetically aberrant cells
and increased tumor incidence are ob-
served in these individuals, with the
inherited gene defect presumably con-
tributing both to the initiation and to the
subsequent development of the neoplasm
(35). The production or activation of a
similar genetic locus in an early neoplas-
tic cell of a normal individual could pro-
vide the basis for increased mutability in
the tumor cell population and subsequent
clonal evolution (see Table 1).

It is also possible that the genetic la-
bility of neoplastic cells in some circum-
stances reflects the continued presence
of carcinogen. A long-lived radioisotope,
such as radium deposited in bone, could
have a continued mutational effect with-
in the tumor, and thus be involved not
only in the initial neoplastic event, but
also in subsequent progression over
many years (36). A similar, but less well
documented possibility, is that oncogen-
ic virus or viral components, incorporat-
ed into neoplastic cells, can produce not
only the initial transformation but also
subsequent genetic rearrangements with-
in the evolving tumor (37).

Finally, it has even been suggested
that nutritional changes within a neo-
plasm might play a role in its genetic
instability. Deficiencies of single essen-
tial amino acids have been shown to
increase the frequency of nondisjunction
in cell culture, and with the recognized
areas of reduced circulation in certain
portions of rapidly growing tumors, such
a mechanism might help explain the high
levels of mitotic abnormalities observed
in the late stages of aggressive malig-
nancies in man and animals (22, 38). In
general, however, despite these various
hypotheses, which are included in Table
1 as possible factors contributing to ge-
netic instability in tumor cells, the acqui-
sition of this important characteristic has
not been satisfactorily explained for
most neoplasms, and investigation of the
underlying mechanisms seems worthy of
more vigorous study.
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Tumor Environment and the

Emergence of Variant Sublines

Such research might also uncover
clues to the marked differences in the
time course of these events in different
tumors. In some instances, the sequence
illustrated in Fig. 1 appears to occur in a
very compressed time span, so that
marked genetic rearrangements and asso-
ciated biological characteristics of highly
malignant cells are present by the time
the neoplasm reaches macroscopic size.
In most cases, the evolutionary process
appears to be slower, perhaps contrib-
uting to long periods of latency or limited
growth observed with some human tu-
mors. In CGL, for instance, a benign
clinical course of several years normally
precedes the terminal accelerated phase
associated with additional chromosome
changes (23). Some transplantable exper-
imental tumors and neoplastic cell lines
in culture may also show very stable
biological and karyological character-
istics over a number of years (3, 39).
Presumably the observed rate of pro-

gression in a neoplastic populatiod de-
pends on the frequency of mutants being
produced and on the environmental pres-
sures for positive selection of variant
cells. It may be that the controlled condi-
tions of tissue culture or of trans-
plantation in an inbred strain of rodents
are insufficient to encourage the frequent
emergence of a new predominant sub-
population. With human solid malig-
nancies, however, although evolution
may be slow in the early stages, once
they reach clinical significance, the envi-
ronmental influences being generated by
the general health and nutrition of the
patient, his exposure to infectious
agents, reactions of his immune system,
and therapeutic perturbations introduced
by the physician, may all serve to accel-
erate the appearance of new sublines
within the tumor (31, 40). Chemotherapy
and radiation therapy may be particular-
ly important in this respect, both through
their direct mutagenic action on neo-
plastic cells and through their immuno-
suppressive effects. We need additional
knowledge of the factors influencing
emergence of mutant cell populations
once they are produced, as well as of the
types and causes of the genetic variants
themselves (see Table 1).

Theoretical and Practical Implications

The considerable evidence supporting
a unicellular origin for most tumors sug-
gests that the cells of a given neoplasm,
derived from a single progenitor, should
I OCTOBER 1976

share certain common characteristics.
Perhaps most likely would be a common
membrane-related metabolic alteration
or antigen, acquired at the time of the
initial neoplastic change, and through its
exploitation one could hope to eradicate
the clone and effect a cure. Only in the
relatively few tumors that appear multi-
centric, reflecting either an inherited
gene defect in all of the patient's cells or
perhaps infection of adjacent cells by
oncogenic virus, might recurrence be
likely after elimination of the original
clone.
The search for such presumed com-

mon alterations in the cells of a single
neoplasm, or more importantly, among
several similar neoplasms, is made ex-
tremely difficult, however, by the many
evolutionary steps, indicated in Fig. 1,
between the initial change and the fully
developed malignancy as one sees it clini-
cally. These alterations are not only
multiple, but also, to some degree, ran-
dom, reflecting the particular environ-
mental pressures that influence the devel-
opment of each individual tumor. The
expression of inappropriate gene prod-
ucts, such as hormones and fetal anti-
gens, as well as possible new gene prod-
ucts, such as "private" antigens and ab-
errant peptides (10, 20), all indicate how
disordered genetic function, and perhaps
genetic structure, may become in the
later stages of human cancer.

It is not surprising, therefore, that con-
sistent alterations from case to case, ei-
ther antigenic or metabolic, have been
difficult to identify in the common human
solid malignancies. Perhaps in searching
for early specific changes associated
with neoplasia, in addition to experimen-
tal systems, more attention should be
directed toward those human neoplasms
which, based on chromosome studies,
show the least evidence of genetic altera-
tion. These include approximately half of
the human acute leukemias, which have
no demonstrable cytogenetic abnormal-
ity, as well as the few other tumors,
already noted, which have minimal and
consistent cytogenetic rearrangements
(3) (see Fig. 1).
The fact that most human malig-

nancies are aneuploid and individual in
their cytogenetic alterations is somewhat
discouraging with respect to therapeutic
considerations. It helps to explain the
failure to discover a metabolic alteration
in cancer sufficiently consistent to permit
specific chemotherapy and also the varia-
tion in response to nonspecific agents.
One may ultimately have to consider
each advanced malignancy as ah individ-
ual therapeutic problem after as many
cells as possible have been eliminated

through the nonspecific modalities of sur-
gery, radiation, and chemotherapy.
Then, perhaps, immunotherapy becomes
a leading candidate for the easiest means
of destroying the remainder of the neo-
plastic clone. Without discounting the
present very important limitations to our
knowledge of tumor immunology and the
problems of rejection versus enhance-
ment (41), one can at least consider theo-
retically that it is more feasible to pro-
duce specific cytotoxic antiserums or
lymphocytes against a particular tumor
than to design a specific chemotherapeu-
tic agent for each neoplasm.
Even if this approach ultimately

proves useful, however, one must still
recognize the definite handicap to the
therapist which the genetic lability of
tumor cell populations continues to im-
pose. With variants being continually
produced, and even increasing in fre-
quency with tumor progression, the neo-
plasm possesses a marked capacity for
generating mutant sublines, resistant to
whatever therapeutic modality the physi-
cian introduces (31, 40). The same capac-
ity for variation and selection which per-
mitted the evolution of a malignant popu-
lation from the original aberrant cell also
provides the opportunity for the tumor to
adapt successfully to the inimical envi-
ronment of therapy, to the detriment of
the patient.

Finally, one can consider what the
model illustrated in Fig. 1 suggests about
the potential reversibility of the neo-
plastic process. If the genetically un-
stable, highly individual malignancy is
difficult to eradicate therapeutically,
what is the likelihood of producing a
"cure" by providing an environment
which forces the tumor cell population to
cease unlimited proliferation and move
into a state of controlled differentiation?
Recently, such circumstances have been
demonstrated, both in vivo and in vitro,
for a few tumors (for example, neuroblas-
toma, teratoma) (42). In general, this
result seems most probable when the
karyotype of the tumor is normal or
near-normal, and the approach is worthy
of further study, particularly for neo-
plasms such as the diploid acute leuke-
mias illustrated on the left side of Fig. 1.
For the highly aneuploid malignancies
indicated on the right in Fig. 1, the possi-
bility of generating in vivo the conditions
necessary to force differentiation in a
neoplastic population selected through
many steps for proliferative capacity and
lack of response to growth controls
seems much less likely. However, even
in these tumors with major chromosomal
abnormalities, it is probable that the com-
ponents of the normal genome are still
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present, although rearranged, and their
potential reversibility to normal growth
patterns cannot be categorically ex-
cluded.

Continued investigation of this possi-
bility is certainly warranted, as well as
the efforts to find therapeutically exploit-
able consistent alterations in neoplastic
cells, both early and late in tumor devel-
opment. The purpose of this discussion
is not to discount these important lines of
study, but to suggest that, in addition,
greater research effort should be made to
understand and control the mechanisms
which permit the early benign diploid
tumor to evolve into the highly aneuploid
malignancy, which is the typical clinical
presentation of human cancer.

Summary

It is proposed that most neoplasms
arise from a single cell of origin, and
tumor progression results from acquired
genetic variability within the original
clone allowing sequential selection of
more aggressive sublines. Tumor cell
populations are apparently more geneti-
cally unstable than normal cells, perhaps
from activation of specific gene loci in
the neoplasm, continued presence of car-
cinogen, or even nutritional deficiencies
within the tumor.
The acquired genetic instability and

associated selection process, most read-
ily recognized cytogenetically, results in
advanced human malignancies being
highly individual karyotypically and bio-
logically. Hence, each patient's cancer
may require individual specific therapy,
and even this may be thwarted by emer-
gence of a genetically variant subline
resistant to the treatment. More research
should be directed toward understanding
and controlling the evolutionary process
in tumors before it reaches the late stage
usually seen in clinical cancer.
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