
[CANCER RESEARCH 45, 2935-2942, July 1985]

Perspectives in Cancer Research
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We are swimming upstream against a great torrent of
disorganization, which tends to reduce everything to the
heat death of equilibrium and sameness described in the
second law of thermodynamics. What Maxwell, Boltzmann
and Gibbs meant by this heat death in physics has a
counterpart in the ethics of Kierkegaard who pointed out
we live in a chaotic moral universe. In this, our main
obligation is to establish arbitrary enclaves of order and
system. These enclaves will not remain there indefinitely
by any momentum of their own after we have once estab
lished them. Like the Red Queen we cannot stay where
we are without running as fast as we canâ€” This is not
defeatism, it is rather a sense of tragedy in a world in which
necessity is represented by an inevitable disappearance of
differentiation.

Norbert Wiener
/ Am a Mathematician

It is surprising that a thinker of Wiener's caliber, after running

the gamut from statistical mechanics to an existential basis for
religion in his discussion of universal chaotropism, should have
referred to the disappearance of differentiation without noting its
biological counterpart in cancer. If we presume to do so, we see
cancer as part of an inexorable process in which the organism
falls behind in its ceaseless effort to maintain order. Such a view
contrasts sharply with currently popular thought which envisions
cancer as arising from a discrete change. Of course, theories of
the origin and nature of cancer have abounded in this century.
They generally have about them an ad hoc character that is,
more often than not, tied to contemporary developments in
biology or biochemistry. The problem is usually reduced to one
or another of its many aspects without acknowledging that that
aspect is only part of a much larger whole, in both space and
time. Because of the multifarious changes connected with cancer
and its protracted duration, it is a major problem to distinguish
cause from effects; indeed, effects may become causes. The
prevailing view right now is that cancer is caused by an alteration
of cellular DNA resulting from chromosomal aberrations or mu
tations. Notions to the contrary are labeled iconoclastic (1). A
variant of the same theme, but one step removed, invokes
secondary modification of DNA, e.g., methylation, as the basic
lesion (2). The progressive and dynamic nature of cancer is not
an inherent aspect of any of these concepts but is disposed of
by the ad hoc assumption that cancer cells are intrinsically
unstable and thereby generate successive changes of the same
character. Such thinking disregards evidence that cancer cells
have no higher mutation frequency than do normal cells (3). It
also wrenches the cell out of its context as part of an organized
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hierarchy, thereby ignoring the role of this hierarchical relation
ship in the origin of cancer. It is only through this relationship,
however, that the progressive, dynamic dimension of cancer can
be understood as an intrinsic part of its nature. This organiza
tional point of view has been expressed before (4, 5), but
important new information casts the view in a different light. In
particular, the finding of a great increase in heterogeneity among
normal cells after they are dispersed from one another and grown
in culture (6) illustrates the consequences of dissipating the
hierarchical relations of the organism. The parallel finding that
the cells within an intact tumor are heterogeneous (7, 8) lends
modem support to the old idea that cancer results from a
preexisting disruption in the organism of hierarchical relations
within and among tissues.

Developmental Aspects of Cancer

One of the hallmarks of normal tissue development in the early
embryo is that it occurs only in a particular topographical context.
Cells transferred from one part of the blÃ¡stula to another take
on the developmental fate of the recipient site (9). Once deter
mination has occurred, this capacity for switching from one
developmental fate to another is lost. Still, if "determined" tissue

anlagen are reduced below a certain minimal expiant size, they
do not proceed to their normal tissue type (10). If there were a
developmental basis for the origin of cancer, one might expect
that disruption of normal topographical tissue relationships would
tend to induce cancer, and indeed there are a number of illustra
tions of just this point. Transplantation of rat testis to the spleen
induces the formation of interstitial cell tumors (11). Mouse
pituitaries implanted under the kidney capsule become neoplas
tia This apparently occurs because the pituitary is separated
from the direct regulatory influence of the hypothalamus (12).
There is also a perturbation in prolactin production in virgin
female mice with ectopically transplanted pituitaries, which is
manifest in the development of mammary glands with milk se
cretion and frequently in the appearance of mammary tumors
(12).

These cases involve disruption of relations between endocrine
organs by interfering with their hormonal feedback interactions.
A somewhat different situation occurs when 3- to 6-day mouse

embryos are moved to the testes of adult mice (13). There, they
become disorganized and develop into teratocarcinomas which
resemble in every respect spontaneous testicular teratocarcino
mas characteristic of the mouse strain. The role of topography
in determining the fate of teratocarcinoma cells is further illus
trated when a small number of them are introduced into the
blastocyst (14, 15). Normal genetically mosaic mice are then
produced which contain a variety of normal tissues including
germ line tissues from the carcinoma cells. The results show
that: (a) the malignant state can be induced in totipotent somatic
cells by disorganizing the embryo; and (b) the resulting carcinoma
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CANCER AS A DYNAMIC DEVELOPMENTAL DISORDER

cells can be restored to full (normal) expression of their totipo-

tency by placing them in a strong organizing milieu.
The effect of the variable organizing powers of tissues in

responding to a chemical carcinogen has been demonstrated in
the newt, Triturus cristatus (16). The tail of the newt regenerates
only when amputated posterior to the last sacral vertebra. Tu
mors of the epithelium of the skin and mucous glands were
induced by benzopyrene or dibenzanthracene or a mixture of
both. All tumors of the trunk and in the sacral region anterior to
the last sacral vertebra infiltrated the surrounding tissues, me-

tastasized, and killed the host. Nearly all tumors (93%) induced
in the distal, regenerative part of the tail healed spontaneously.
In healing, the tumor cells differentiated to normal tissues. The
region of spontaneous healing was identical with the region of
regeneration. It could be shown that epithelial differentiation and
proliferation are controlled by the structure of the underlying
basement membrane. In regenerative areas, immature connec
tive tissues accumulate and restore control of epithelial morpho
genesis. It is apparent, therefore, that the malignant behavior of
these tumors is dependent on the context of the surrounding
tissues and is not determined by any irreversible change in the
genetic apparatus of the tumor cells.

Another aspect of the effects of tissue organization on cancer
is illustrated by experiments of DeOme et al. on mammary
cancers in mice (17). Virgin female BALB/cfC3H mice do not
develop nodular growths or tumors of the mammary gland until
they are about 9 months old. When mammary cells from young
females were dissociated by enzyme treatment and immediately
injected into gland-free fat pads of 3-week-old syngeneic mice,
the existence of nodule-transformed cells was demonstrated in
2-month-old donors. The simple act of dissociating and reinject-

ing the cells greatly accelerated the appearance of nodular
growths and tumors. Clearly, the organized state of the intact
mammary gland is crucial in restraining the malignant potential
of the resident alveolar cells.

Some 50 years ago, Needham (4) and Waddington (5) specu
lated that cancers represented an escape from morphogenetic
fields like those which guide embryonic development. [The term
"morphogenetic field" implies a pervasive influence in a certain

mass of developing tissue which relates the various parts so
they fit together in an organized pattern (5).] The idea was later
discounted when it was found that the embryonic fields did not
persist into adult life in most higher organisms. The results of
DeOme ef al. (17) show, however, that the organized state of a
tissue does continue to play an important role in maintaining
normal cell behavior. A more direct demonstration of the contin
uing influence of field effects in the adult is provided by experi
ments in which bladder epithelium of adult rats was placed in
contact with urogenital sinus mesenchyme. The latter normally
acts as a prostatic inductor in embryonic development; in contact
with adult bladder epithelium, the latter is converted to prostatic
epithelium (18), thereby demonstrating the continuing importance
of morphogenetic fields in adults.

Transitional cell tumors of the bladder epithelium induced by
urethral application of A/-methylnitrosourea could also be induced
to form glandular acini characteristic of normal prostatic epithe
lium (19). When A/-methylnitrosourea was applied directly to
bladder epithelium, the mesenchyme was altered so that it could
not maintain normal bladder morphology when placed in contact
with untreated bladder epithelium, thereby providing further evi

dence for the presence of fields in adults (20).
Epithelial-mesenchymal interactions play an important role in

the genesis of salivary gland tumors after infection with polyoma
virus (21). Dawe showed that, when epithelial and mesenchymal
components of salivary rudiments were separated from one
another, infection by polyoma virus failed to produce tumors in
vivo or morphological transformation in vitro. When these com
ponents were recombined, the neoplastic response was restored
in vivo, and morphological transformation occurred in vitro. Sub
stitution of tooth germ mesenchyme for salivary mesenchyme
did not permit polyoma-induced tumorigenesis. In this case, the
normal organ development, requiring specific epithelial-mesen-

chymal interaction, must occur before tumorigenesis can take
place, a clear example of the importance of morphogenetic fields
in carcinogenesis.

The topographical relations in a tissue can be disturbed by
implanting into connective tissue of the rat rectangles of chemi
cally inert plastic, metal foil, or glass coverslips (22, 23). As long
as the implanted material exceeds a size of 1 sq cm and remains
intact for 6 months, sarcomas develop along the noncontiguous
surfaces of the connective tissue. If the inert material is perfo
rated, the incidence of tumors is reduced; if it is inserted in the
form of a finely divided powder or a textile mesh, no tumors
occur. Since the latter treatments greatly increase the surface of
material available to cells, a chemical mechanism is ruled out. It
is apparent, therefore, that disturbed tissue topography underlies
tumor development, although it is uncertain whether the neo
plastic stimulus comes from mere physical separation of large
numbers of cells, interference with the flow of diffusible materials
and repair processes, or disturbances of physical morphogenetic
fields.

Dynamic Aspects of Tumor Development

What is generally recognized as the cancer cell is in reality but
a late product of a complex set of biological interactions which
give rise to an almost continuous spectrum of cellular changes
(24). This was acknowledged by Foulds (12) in adopting the term
progression to describe the spontaneous, uncoordinated
changes in many characters which accompany the evolution of
autonomous growth in tumors. It is also implicit in classifying
tumors as dependent (or conditional) and autonomous. The
continued growth of dependent tumors requires the persistence
of those conditions which initiated the original neoplastic change
(25).

Foulds (12) found that spontaneous mammary carcinomas
that arose in certain hybrid mice grew well when transplanted
into female mice but poorly or not at all when transplanted into
males. Prior implantation of pellets of diethylstilbestrol in the
males enabled tumors to grow as well as they did in the females.
With repeated transplantation, however, the tumors gained the
capacity to grow quickly in males without hormone stimulation.
It is not clear whether the appearance of cells able to grow in
the unstimulated male is the result of mutation and selection or
of adaptation or of both acting together. The growth of multiple
spontaneous mammary cancers was measured in the original
host female during successive pregnancies. The tumors gener
ally tended to grow during pregnancy and regress after parturi
tion. Individual spontaneous tumors in the same mouse might
behave in entirely different ways. In one case, the primary tumor
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grew to increasingly large sizes in successive pregnancies, with
incomplete regression in the later pregnancies; a metastasis in
the groin did not increase in size with successive pregnancies
and regressed completely at each parturition; a metastasis in the
neck grew continuously with no inhibitory effect of parturition.
Some pregnancy-responsive tumors behaved in the same way

throughout life. Some, in the same mouse, grew to a larger size
during successive pregnancies. Others which were pregnancy
responsive at first changed their behavior to pregnancy unre-

sponsiveness; the altered response in some tumors was dra
matic, and in others it was gradual. These findings show the
conditional nature of growth of hormone-dependent tumors.
They also led Foulds to generalize the term "progression" which

was first introduced by Rous (26) to describe the development
of carcinomas in virus-induced papillomas of the rabbit. Progres

sion seems to be characteristic of tumors of all types, although
it is most prominent in hormone-responsive tumors, and illus

trates the dynamic nature of neoplastic development.
Greene (27) found that spontaneous uterine and mammary

carcinomas of the rabbit in their early stages grow slowly, do
not metastasize, and cannot be heterotransplanted to the ante
rior chamber of the guinea pig eye. Later, the growth rates of
the tumors increase, they metastasize, and they survive heter-

otransplantation. When the tumor cells gain these properties,
which make them effectively independent of host-regulatory

influences, they are considered to be autonomous.
Endocrinologically responsive tumors offer a striking example

of the progression from dependence to autonomy. If the synthe
sis of thyroxin is inhibited by thiourea, the pituitary secretes
increased amounts of TSH2 which causes marked hyperplasia in

the nonfunctional thyroid (25). Eventually, adenocarcinoma de
velops in the thyroid, with metastasis to the lung and death of
the host. If thyroid hormone was administered, the production of
TSH from the pituitary was depressed, and both primary tumor
and mÃ©tastasesregressed. The tumors that were dependent on
the production of high levels of TSH could not be successfully
transplanted into normal animals unless they had been condi
tioned by removal of the thyroid. The dependent tumors could
be conditioned to grow in normal animals, i.e., become autono
mous, by repeated passage through conditioned hosts. The
results show that cells that are clearly neoplastic, even to the
point of metastasizing under the conditions which initiated the
tumor, will lose their malignant character when those initial
conditions are removed; if the conditions persist long enough,
however, the cells gain the capacity to form tumors in a normal
host. Until that point is reached, the cancer cell cannot be defined
independently of its environment. There must be a continuing
process of adaptation and/or selection.

The dynamic process of tumor development is also expressed
in the changing chromosome composition of tumor cells. It has
long been known that the karyotype of these cells is unstable
and tends to become increasingly abnormal as the tumor be
comes more malignant or autonomous (28). However, many
tumors have a normal chromosome complement in the early
stages of their development. Only recently has it become possi
ble to make a detailed analysis of the karyotype of solid human
tumors. In a model study of 8 human gliomas, it was found that

"The abbreviations used are: TSH, thyroid-stimulating hormone; RSV, Rous
sarcoma virus; Ph1, Philadelphia chromosome.

there were karyotypically diverse populations of cells in each
tumor, with chromosome complements ranging from hypodiploid
to hypertetraploid (29). Most of the deviations involved mono-

somy, trisomy, or tetrasomy of one or more chromosomes.
Structural aberrations such as translocations represented less
than 5% of the total cells analyzed. In one representative tumor,
there were 36 different karyotypes not including those cells which
had the same number of chromosomes but deviations different
from those of the normal set. In most of the tumors, there were
some diploid cells, but these were usually a small minority of the
total analyzed. It should be noted, however, that solid human
tumors usually represent a late stage of progression, in which
diploid cells might be expected to be rare. The distribution of
karyotypes was unique for every tumor. The tumors therefore
showed great karyotype instability. Reference karyotype sets
were established for each tumor by noting those karyotypes with
multiple representation after culture for 72 h or less. Cells from
each tumor were cloned, and the karyotypes of the clones were
determined. Only a small fraction (7 to 25%) of the clones had
the karyotype of the reference set. If the cloning was performed
after culturing tissue expiants, not a single instance was found
of a karyotype identical to the reference set of that tumor. It
seems likely, therefore, that the karyotype profile of a tumor
represents an adaptation of the cells to the particular environ
ment in which they are multiplying and is subject to continuous
change. Since there is no evidence that the diverse karyotypes
found in the tumors occur in normal tissues, it must be assumed
either that the karyotype of the tumor cells is intrinsically unsta
ble, or that the milieu of the tumor induces the changes.

Another instructive case is found in mammalian cells trans
formed by infection with RSV. From studies in chicken cells, it is
known that a large proportion of the population can be morpho
logically and functionally transformed within 36 h (30). There is
no opportunity for extensive chromosome change. However, 32
of 42 primary Rous sarcomas induced in Chinese hamsters were
hyperdiploid, and 29 of these had one or more additional chro
mosomes of pairs 5, 6, or 10 (31). In most of these, the only
abnormality was the addition of a chromosome of one of these
pairs, indicating an obvious nonrandom pattern. In the rat, the
RSV-induced sarcomas exhibited one of the most striking non-
random patterns ever observed involving a characteristic step-

wise addition in turn of 3 chromosomes. The fact that no chro
mosome change is required for RSV-induced transformation,

plus the occurrence of different nonrandom chromosome
changes in 2 mammalian species, indicates that the chromosome
changes are an effect of the initial transforming process rather
than its cause. It seems equally likely, however, that the chro
mosome changes influence the transformation, perhaps abetting
the adaptation of the transformed cells in each species to the
growth conditions in the tumor.

Much attention has been focused recently on nonrandom
chromosome changes associated with various forms of leuke
mia. The most prominent of these is Ph1, found in leukemic cells

in over 90% of humans with chronic myelogenous leukemia (32).
Ph1 was originally discovered as a minute chromosome and

identified as a deletion of chromosome 22 which was later found
to be associated with chromosome 9 (33). The high frequency
of its occurrence could be taken as evidence for a causal role of
Ph1 in the pathogenesis of chronic myelogenous leukemia. How
ever, some leukemic cells which are Ph1 negative occur in
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patients with Ph'-positive leukemia, suggesting that Ph1 appears

as a consequence of an earlier step which is responsible for
abnormal proliferation of pluripotent hematopoietic stem cells
(34). Although Ph1 is the most common and characteristic chro

mosome anomaly in this disease, additional deviations from the
normal karyotype are frequently found, indicating that the neo-

plastic cell is subject to a high degree of variation, possibly in
response to change in its internal as well as its external environ
ments.

In addition to the evidence for progressive change in the
primary genetic material of malignant cells, there are indications
that the DNA methylation patterns are altered and are subject to
continuing change. Hypomethylation of 3 genes was commonly
found in human cancers of the colon and lung (35). The pattern
of methylation was heterogeneous within each tumor. The pat
tern of hypomethylation was progressive from primary tumor to
liver metastasis in the one case studied of small cell carcinoma
of the lung.

The continuing adaptation of tumor cells in response to their
environment has already been indicated by the change in kary
otype of human glioma cells after they are placed in culture (29).
It has also been shown that protein composition, differentiated
product expression, and metastatic capacity of tumor cells of a
line of melanoma cells become altered during growth in culture
(36). Mouse cells spontaneously transformed in culture undergo
changes in their capacity to form colonies in agar when they
form tumors in mice and again when the tumor cells are grown
in culture (37). Human epidermoid carcinoma cells progressively
lose metastatic potential and tumorigenicity for chick embryo
chorioallantoic membrane when they are grown in culture (38).
They regain both these properties after a period of maintenance
and passage on the chorioallantoic membrane. Clonal analysis
in the latter 2 cases supports the idea that the changes observed
in shifting environments are not due to the selection of rare
spontaneous mutations in the population but appear to be adap
tive. Similar evidence for adaptation to new environments has
been offered from other tumor cell systems (39, 40). The nature
of the adaptive change is unknown but must be considered in
the light of the evidence presented below for the widespread
occurrence of heterogeneity in cell systems. It should be noted
that the adaptive changes in growth behavior described above
(37, 38) persist for many cell generations, albeit in diminishing
degree, after the cells are returned to their original environment.

Heterogeneity in Tumor and Normal Cell Populations

Pathologists have long recognized heterogeneity of cell mor
phology in tumors (7) and adopted the term "pleiomorphism" to

describe it. The Foulds concept of tumor progression with many
cellular characters changing irreversibly and independently of
one another (12) also implies the existence of multiple cell types
in tumors. Gray and Pierce (41) made a clonal analysis in vivo of
growth rate, differentiation, and progression in a malignant mel
anoma of the hamster which had been maintained through many
transplant generations. Each of 6 clonal lines differed in melanin
content, growth rate, metastatic capacity, and/or the combina
tion of the 3 characters. When cell culture techniques were
applied to tumors, it became possible to analyze large numbers
of clones in a quantitative way in several different types of tumor
and thereby to appreciate the general occurrence of heteroge

neity of traits in tumor cells. Some of the observations have
already been mentioned in describing the dynamics of tumor
development. They include the extremely wide distribution of
karyotypes in individual human gliomas (29) and the heteroge
neity of DNA methylation patterns in human carcinomas of the
colon and lung (35). Heterogeneity among tumor cells has been
described for a large variety of other characters including meta
static capacity, transplantability, antigenic makeup, hormone
sensitivity, tumor histology, growth characteristics in culture,
drug sensitivity, and pattern of protein phosphorylation (42-44).

The degree of heterogeneity in primary tumors is surprising in
light of the demonstration that many such tumors arise from
single cells (45). It has been estimated that the rate of metastatic
variation in a fibrosarcoma is on the order of 10~5/cell division

(46), which is some 100 times higher than the estimates for
conventional mutations in animal cells (47). It has also been
pointed out that those conditions which favor metastatic variation
are without effect on conventional mutations at individual loci,
implying that the former are epigenetic (48). Even the estimate
of 10~5/cell division may seriously underestimate the frequency

of occurrence of variants in tumors. In one spontaneously trans
formed clone of BALB 3T3 cells, it was found that every one of
5 subclones made soon after transformation differed from all the
others in 3 characters (49, 50). A similar finding has been made
for 11 subclones of another newly transformed clone of the same
cells.3 The broad distribution of karyotypic deviations in human

gliomas and the high frequency of variants found in a sponta
neous mammary carcinoma of the mouse (51) support the idea
that the type of variation which leads to cellular heterogeneity in
tumors can occur at a very high rate. That the rate of variation
itself varies from cell to cell or from one transforming event to
the next is indicated by a third newly transformed clone which
spawned a homogeneous set of subclones in the properties
studied (49) and the reports of variation in phenotypic stability
among cells of 2 different lines (36, 51).

A careful study of variant formation has been done in an
established line of Chinese hamster cells (52). These were grown
for extended periods of time in bromodeoxyuridine and tested
for colony-forming ability in a medium (hypoxanthine-aminop-
terin-thymidine) which would not support the growth of bromo-
deoxyuridine-resistant cells. Variants were found which were
fairly evenly distributed over a 105-fold range in their capacity for

growth in the hypoxanthine-aminopterin-thymidine medium. It

was concluded that the cultures represented a mosaic population
with an extremely wide variation of phenotypes for this single
character. Exposure of the cultures to 5-azacytidine resulted in
a massive, short-term reversion to the original phenotype, which

provided strong evidence for the suggestion that the original
variants were epigenetic in origin (53). Many other examples of
heterogeneity in cell culture can be cited. For example, high
levels of heterogeneity were found in an established line of
hepatoma cells for albumin production (54, 55) and for tyrosine
transaminase activity and inducibility (56).

Primary cultures also exhibit considerable heterogeneity. Cells
derived from the carcasses of 10-day-old chick embryos have a

narrow distribution of cell volumes (57). Within 24 h of culture in
growth medium, these cells become extremely heterogeneous
in volume and average about a 4-fold increase in volume. Multiple

3 H. Sanui, unpublished observations.
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expiants of human foreskin fibroblasts from the same donor vary
widely in content of lysosomal enzymes and show different
patterns of metabolism of testosterone (58, 59). Clones of these
genital fibroblasts also differ widely in 5Â«-reductase activity; more

surprisingly, subclones of a single clone may also vary widely in
this activity (60). What is more, 2 other enzymes were also found
to vary in clones from the same individual, but there was no
correlation of variation among the 3 enzymes.

The heterogeneity of the capacity for cell multiplication also
becomes evident when cells are removed from their contextual
relations with one another and serially passaged in monolayer
culture (61, 62). When mouse embryo cells are dispersed for
culture, they gradually lose their capacity for multiplication with
successive passaging (61). This gradual loss of growth capacity
appears to result from epigenetic events, since it involves the
entire population of cells and is without evidence of chromosomal
alteration during the early major changes. Clonal analysis of
serially passaged human fibroblasts reveals a great heteroge
neity among the cells in their capacity for further multiplication
(63-65). The combined results show that removal of cells from

their normal contextual relations results in marked amplification
of their heterogeneity for a large number of traits. This divergence
is already far advanced when cell volume is measured (57) and
probably begins as soon as the cells are dispersed. In contrast
to normal cells, tumor cells display great heterogeneity at the
site of origin within the host. This raises the possibility that the
heterogeneity found in the tumor arises from a perturbation of
the controls exerted by the spatial organization of the tissue in
analogy to the heterogeneity introduced among normal cells by
their dispersal for monolayer culture. This also would appear to
be related to the evidence of the carcinogenic effect of ectopie
transplantation and tissue disruption cited in the section on
developmental aspects of cancer. Further evidence for a home-
ostatic role of 3-dimensional tissue organization of cells will now

be considered.

Field Effects in Normal Development

Descriptions of the effects of spatial relations on development
form much of the core of experimental embryology and cannot
be reviewed here in detail. The first and best known case involved
the transplantation of the dorsal lip of the amphibian blastopore,
with the resultant induction of the primary axis of the embryo at
the site of transplantation (9). As development proceeds, the
competence of tissues to change from one differentiative fate to
another by altering the environment of the tissue is gradually
reduced but not lost completely. This is most clearly shown in
the previously mentioned study by Cunha et al. (18) of tissue
interactions in the urinary bladder of adult rats. He removed adult
rat bladder epithelium from its normally associated bladder mes-
enchyme and placed it in contact with that embryonic mesen-

chyme which induces the formation of prostatic epithelium during
the normal course of development. After several days of contact
under the kidney capsule, the stratified squamous epithelium of
the bladder started to convert to the secretory acinar epithelium
of the prostate. Biochemical tests showed that the bladder
epithelium had become functionally prostatic. This was a con
vincing demonstration that tissue interactions are required even
into adult life to maintain the identity of cells which can be
changed in a highly specific way to a closely related but easily

distinguished cell type by switching the interacting mesenchyme.
When malignant bladder epithelium was combined with urogen
ital ridge mesenchyme, the type of cancer changed into an
adenocarcinoma, characteristic of prostate neoplasia (19). This
showed that even malignant epithelial tissue could remain partly
under control of its associated mesenchyme.

There is an extensive literature on the loss of differentiative
characteristics in most cell types (other than fibroblasts and
myoblasts) when they are dispersed for monolayer culture, as
contrasted with the effects of maintaining the cells in contact
with one another in organotypic culture (66, 67). Cartilage cells,
for example, quickly lose their capacities for making their specific
products when dispersed but regain them when they are packed
together again (68). If they are kept in the dispersed state for
more than 10 days, however, reassociation fails to restore their
function. Recent studies of chick embryo neuroretinal cells pro
vide detailed information on the effects of disaggregation on the
expression of several markers of differentiation (69). All the
markers from 6- to 8-day embryos increased markedly for 2

weeks in vivo. In sparse monolayer culture, however, some
decrease almost immediately, others increase for 2 to 5 days
and then decline, and still others increase for 8 days before they
decline. Glial markers are also expressed by glial cells in these
cultures only transiently, although they are maintained in aggre
gate cultures (70). The dissociated neuroretinal cells kept in long-

term culture eventually lose their morphologically recognizable
markers and "transdifferentiate" into lens and pigment cells (71).

The results indicate that the induction and maintenance of neu
roretinal character depend in some degree on histiocytic tissue
organization. It is notable that the loss of differentiated markers
proceeds in a sequential and discoordinate manner reminiscent
of the character of tumor progression.

This similarity between the effects of tissue dissociation in
culture and tumor development is reinforced by the classical
observation that prolonged culture of fibroblasts from mouse
embryos almost invariably leads to their malignant transformation
(72). Cells in dispersed monolayer culture are several orders of
magnitude more sensitive to chemical carcinogenesis than are
organized tissues within the intact organism (73). Indeed, the
sparser the culture, the more susceptible it is to malignant
transformation by carcinogenic treatment (74). When single cells
are exposed to a chemical carcinogen and each is grown into a
full culture, up to 100% of the cultures have foci of transformed
cells (75). By this extreme of tissue disorganization to its smallest
constituent unit, it is therefore possible to obtain an enormous
increase in susceptibility to the carcinogenic process. This, of
course, raises the question of what aspect of the organized
tissue state protects the constituent cells from becoming malig
nant. The cells of most somatic tissues outside of nerve and
muscle are electrically coupled to one another (76). The cells
thereby form a functional syncytium in which the effects on one
cell are effectively buffered by the surrounding cells with which
it shares ions and small molecules. A common effect of treatment
with tumor promoters is to decrease the metabolic and electrical
coupling between cells (77). This may be the physiological equiv
alent of physically dissociating cells from a tissue, which itself
increases susceptibility to carcinogenesis.

Static electric fields exist in tissues and probably play a role in
their development and in homeostasis (78). Such fields are of
course disrupted in tissue dissociation, and whatever role they
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may play in maintaining homeostasis is lost. It has been sug
gested that disruption of normal static electric fields occurs
during the development of the malignant state (79), and this
could be as much a cause as an effect of that state. Other
aspects of tissue organization in the animal such as diffusible
growth regulators play a role in tissue homeostasis. Interference
with the normal distribution of such substances by tissue disso
ciation could also contribute to the malignant state. In all likeli
hood, all these factors play a role in tissue homeostasis and
should be taken into account in considering the relation of field
effects to the onset and progression of the malignant state.

Discussion

Cancer can be induced experimentally by disturbing the normal
homeostatic relations among and between cells, tissues, and
organs. None of the methods used involves the use of carcino
gens in the conventional sense. When the neoplastic growth first
appears following these perturbations of homeostasis, it can
frequently be made to regress by restoring the original normal
relations between the perturbed entities. This has been shown
in the case of endocrine tumors by restoring the normal hormone
balance (25), in the case of solid-state carcinogenesis by remov
ing the inserted solid sheet (22, 23), and in the case of terato-
carcinoma by transplanting the carcinoma cells into the blasto-

cyst of a normal mouse embryo (14, 15). Persistence of the
perturbed hormonal relations or of the solid sheet leads to
progressive adaptation of the tumor cells as the malignant state
becomes irreversible. These and related results indicate that the
organism is an integrated whole, and perturbations at all levels
of integration can result in abnormalities of growth related to the
cells' adaptation to unusual conditions. One of the most instruc

tive examples is seen after the dissociation of cells for monolayer
culture. This very quickly produces an uncoordinated dediffer-
entiation of most organ-specific properties of all but a few cell
types (66-71) and a marked increase of heterogeneity of size
(57) and enzyme content (58-60). In the long run, particularly in

the case of rodent cells, it results in the malignant transformation
of cells (72). Thus, by experimental disruption of the organized
interactions between cells, tissues, and organs, a set of changes
is set in train which mimics the behavior of cells of spontaneously
occurring tumors, since the latter are also characterized by loss
of differentiated characters and heterogeneity for a large variety
of characters. Since the loss of differentiated characters is dis
coordinate (66, 69), it can be considered as a special case of
heterogeneity. The ability to induce tumors and other regulatory
disorders by disrupting the hierarchical ordering relationships of
the organism raises the question of whether spontaneous tumors
are not, in the first instance, initiated by similar perturbations.
The perturbations could involve the integrated relations at the
level of the organism, the tissue, or the cell. Once the ordering
forces are disturbed, affected cells would express their innate
capacity for heterogenization which would in turn exacerbate the
original perturbation in a positive feedback loop accounting for
the progressive nature of neoplasia. The occurrence of chromo
somal deviations now so widely reported in tumors could be
considered a part of the cellular response to lifting of homeostatic
controls. Other genomic alterations, such as oncogene activa
tion, could also be understood as an adaptive response to the
altered milieu of the tissue and the organism. The presence of

nonrandom chromosome abnormalities in certain tumors might
represent a specific adaptation of a given cell type to disruption
of its particular hierarchical ordering relationship, i.e., its precisely
defined environment. In this sense, chromosomal and other
genetic changes would be considered epiphenomena rather than
causative agencies in tumor formation. It may not be possible,
however, to clearly distinguish cause from effect in the dynamic,
ever changing process depicted here, since any alteration, par
ticularly if it occurs in the genome, is likely to enhance the
disordering process that brought it forth in the first place. This
then represents a cybernetic approach to carcinogenesis in
which the cell is considered part of an ordered hierarchy, or
integrated field, and in which elements at all levels are in constant
communication with one another. In such a scheme, disruption
of the morphogenetic field cannot be reduced to a discrete
change in one of its molecular or cellular constituents, but the
field and molecular-cellular types of change reinforce each other

in a positive feedback circuit abetting even further disorganiza
tion. In this view, the current preoccupation with genetic change
in cells as the cause of cancer represents a grossly misplaced
emphasis on one part of a multifaceted, dynamic process. This
fascination with trees, which obscures a view of the forest, is no
doubt conditioned by spectacular progress made by molecular
biology in understanding the role of DNA in heredity. It ignores
the evidence that genes are only part of the story that properly
describes cell and organismal behavior (80, 81). To proceed
further, we might do well to follow the path pioneered by the
physical sciences in their 2 great revolutionary developments in
this century, namely, those of relativity and quantum mechanics.
Both Einstein and Heisenberg attributed their success to the
positivist methodology of Ernst Mach in which only observable
relations are described, and no attempt is made to "explain"

them in terms of undemonstrated underlying causes. In this
manner, Einstein was able to eliminate the electromagnetic ether
and Heisenberg the possibility of accurately describing the orbit
of any individual electron. Instead, equations were developed
which described the propagation of light without the need for a
transmitting medium, and matrix mechanics were developed to
describe the light emitted during transitions of electron energy
states. Similarly, Niels Bohr showed that space-time coordination

and the claim of causality are complementary but mutually exclu
sive features of description in atomic physics. Applying the
concept of complementarity to biology, he stated that "the notion
of life is elementary in biological science" and indicated that
"arguments based on the full resources of physical and chemical

science, and concepts directly referring to the integrity of the
organism, transcending the scope of these sciences" are com

plementary to each other (82). In other words, we cannot disrupt
the cell to understand its living behavior because in doing so we
destroy the very property we wish to understand, i.e., "only by

renouncing an explanation of life in the ordinary sense do we
gain a possibility of taking into account its characteristics" (82).

Elsasser supplements Bohr's application of generalized com

plementarity to biology with the claim that the chain of causality
underlying cell behavior cannot be traced beyond a terminal point
because it inevitably becomes lost in the immense complexity of
the cell (81). I believe our experience in trying to reduce such
processes as cell growth regulation, differentiation, and transfor
mation to physicochemical reactions bears out these prophecies.
The alternative is to obtain full quantitative descriptions of cell
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behavior at the level of the intact functioning cell and image
these descriptions within an appropriate theoretical framework.
An area that bears much further study at this level is that of
tumor cell variation and the heritability of this variation as de
scribed at the end of the earlier section, "Dynamic Aspects of
Tumor Development," and in References 37-40. This area is

closely related to the problems of heterogeneity and progression,
and recent work (83) indicates that the much maligned concept
of inheritance of acquired characteristics may not be as dead as
the obituaries indicate, at least at the level of somatic cell
inheritance.

Addendum

After completing this article, I became aware of the work of Farber et
al. (84, 85), which strongly supports the views expressed here. They
convincingly demonstrate that liver cancer arises in hepatocyte nodules
which are initiated by carcinogens. However, 95% of the early nodules
are remodeled to normal-appearing liver, and this remodeling is due to
redifferentiation of the nodule hepatocytes. Farber perceives "the hepa

tocyte nodule as a physiological response to environmental perturbations
... and nof as an aberration or a mutation" (85). This view of the initiation
step in carcinogenesis is supplemented by evidence that "promotion (in

liver and urinary bladder) appears to be as much an effect on the whole
organ or tissue as on the initiated cells. We are increasingly impressed
with the need to view promoting environments as creating or exploiting
differential properties between the initiated cells and their surroundings
as a basis for the selective growth of the former" (84). Neither initiation

nor promotion is viewed as primarily of mutational origin. Cancer in this
light then appears as a physiological adaptation to an altered tissue
environment. Persistence of this altered environment progressively trans
forms the adaptive response into a malignant one, which can be consid
ered an aberrant adaptation. Thus, both liver and urinary bladder cancer
can be appropriately seen as dynamic developmental disorders, and
other major types of cancer, which have not been studied as thoroughly,
may fit the same mold.
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