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During the last fifty years the dominant stance in experimental biology has been reductionism. For the most
part, research programs were based on the notion that genes were in ‘the driver's seat’ controlling the develop-
mental program and determining normalcy and disease (genetic reductionism and genetic determinism). Phi-
losophers were the first to realize that the belief that the Mendelian genes were reduced to DNA molecules was
questionable. Soon after these pronouncements, experimental data confirmed their misgivings. The optimism of
molecular biologists, fueled by early success in tackling relatively simple problems, has now been tempered by
the difficulties found when attempting to understand complex biological problems.

Here, we analyse experimental data that illustrate the shortcomings of this sort of reductionism. We also
examine the prevailing paradigm in cancer research, the somatic mutation theory (SMT), the premises of which
are: (i) cancer is derived from a single somatic cell that has accumulated multiple DNA mutations; (ii) the
default state of cell proliferation in metazoa is quiescence; and (iii) cancer is a disease of cell proliferation
caused by mutations in genes that control proliferation and the cell cycle. We challenge the notion that cancer is
a cellular problem caused by mutated genes by assessing data gathered both from within the reductionist para-
digm and from an alternative view that regards carcinogenesis as a developmental process gone awry. This
alternative view, explored under the name of the tissue organization field theory (TOFT), is based on premises
that place cancer in a different hierarchical level of complexity from that proposed by the SMT, namely: (i) car-
cinogenesis represents a problem of tissue organization comparable to organogenesis, and (ii) proliferation is
the default state of all cells.

We propose that the organicist view, in which the TOFT is based, is a good starting point from which to ex-
plore emergent phenomena. However, new theoretical concepts are needed in order to grapple with the apparent
circular causality of complex biological phenomena in development and carcinogenesis.

[Soto A M and Sonnenschein C 2004 Emergentism as a default: Cancer as a problem of tissue organization; J. Biosci. 30 103-118]

1. Introduction statement, and make no efforts to find theoretical under-

pinnings in their daily bench experience. An example of

We believe that philosophy is central to science in gen-
eral and experimental biology in particular. A good num-
ber of scientists, however, are not of this persuasion. Dr
Steven Weinberg, the Physics Nobelist, stated that the
philosophy of science is about as useful to scientists as
ornithology is to birds. Many scientists agree with this

this attitude was made explicit by the developmental bio-
logist Lewis Wolpert who, when reviewing Science,
Truth, and Democracy, a book by the philosopher Philip
Kitcher, wrote: “Once again, | have been disappointed by
a philosophical analysis of the nature of science. And |
am left wondering, do philosophers really have anything
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useful to tell scientists (Wolpert 2002)?" The inescapable
fact is that, whether biologists like it or not, there are no
theory-free data. As put by the philosopher D C Dennett:
“There is no such thing as philosophy-free science; there
is only science whose philosophical baggage is taken on
board without examination (Dennett 1995a)”. Ignoring
the philosophical issues inherent in the practice of bio-
logy may hinder our understanding of the discipline we
choose to explore.

The overwhelming majority of biologists either tacitly
or explicitly adopt the ontological position that what actu-
aly exists is matter. Within this materialist stance, the
dominant epistemology is reductionism. By this we mean
that explanations are sought for at the lowest possible level
of organization, so that biology can eventualy be reduced
to chemistry and physics. However, in practice, this re-
ductive thrust goes as far down as needed to construct an
explanation. For example, those studying the mechanism
of action of a particular enzyme may describe their obj-
ects of study at the atomic and subatomic levels of orga-
nization. This is necessary for elucidating substrate-
enzyme interactions resulting in the modification of the
substrate. They are in fact working in the realm of chem-
istry. However, when questions are being asked about
cellular activities—for example, how a particular hormone
‘induces’ a functional response in a particular cell type —
the description of the ‘signal transduction’ pathway is gene-
rally made at a higher level of complexity. These resear-
chers concentrate on describing the sequence in which
proteins interact in order to transfer information from out-
side the cell into an observable cellular response (Morange
2002). They consider that a lower level of inquiry is un-
necessary to understand how the hormone €licits cellular
behaviour.

While biochemists do not strive to explain all phenom-
ena at the lowest possible level of organization (i.e. a phy-
sical one), a great number of biologists insist that expla-
nations should always be sought for at the gene and/or
gene product level, regardless of the level of organization
at which the phenomenon of interest is observed. This
stance, genetic reductionism, together with its twin, ge-
netic determinism, predicates that everything in biology
may be reduced to genes because the genome is the only
repository of transmissible information. In this view,
genes are the only units of selection (Dawkins 1976) and
development is just the unfolding of a genetic program.
In sum, genes in this view are the building units of the
organism, and have a privileged metaphysical status. (For
an extended analysis of this subject, see Griffiths and
Gray 2000.)

Although prevalent, this is not the only way in which
biologists deal with philosophy of science. Evolutionary
biologists have a tradition of being philosophically liter-
ate and caring about epistemological issues. Biologists con-
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cerned with the study of organismal biology in metazoa
(i.e. developmental biology, physiology and cancer re-
search) deal with epistemology in four ways:

(i) They disregard it. They think that ‘data talk’ and data
are theory-free.

(ii) They adopt reductionism to study complex phenom-
ena. A typical example is carcinogenesis. It is not unusual
to find that, when their data in this subject contradict
their hypotheses they invoke complexity and accept that
something and its opposite are both true. Eventually, they
hope, everything will fall into its proper place. Thus, in-
stead of dropping one of the contradictory hypotheses
they decide a posteriori that the ceteris paribus clause
did not apply. No attempts are made at rejecting any
hypothesis (see below, under “The Somatic Mutation
Theory”).

(iii) They adopt an organicist view and accept the exis-
tence of emergent phenomena. Parenthetically, organi-
cism is aso called materiaistic holism (Gilbert and Sarkar
2000). These researchers choose to work at the level
of organization at which the studied phenomenon is obser-
ved and venture gingerly into lower levels of organiza-
tion, moving gradually through the diverse hierarchical
levels of complexity, rather than jumping from phenotype
to gene. Moreover, since they acknowledge emergent
phenomena, their incursions into lower levels must be
followed by a synthesis of how lower level phenomena
bear upon upper level phenomena. This combination of
analytic and synthetic approaches is called the systemic
view (Bunge 2004).

(iv) They adopt an instrumentalist stance and study phe-
nomena using heuristic models for as long as they con-
tinue to be consistent with data. They adjust their models
as problems arise and care neither about the unity of sci-
ence nor the reality or truth of the entities and processes
their explanations postulate.

2. Reductionism vsorganicism

In the 1960s, it seemed that genes (hitherto considered
abstract, operational entities) were finally transformed into
material, specific DNA sequences (Benson 2001). Mole-
cular biologists concluded that, at last, biology was being
reduced to chemistry. However, the early optimism about
reduction was proven premature. David Hull (1974) was
probably the first to call attention to the difficulties in
achieving this reduction. Additional arguments for the
irreducibility of the Mendelian gene to the molecular
gene were provided by the discoveries of the modular
structure of the molecular gene and of alternative splic-
ings of gene products. Modern genes resulted from the
duplication and recombination of ancestral ones. For ex-
ample, the part of DNA coding for a given protein is
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made up of modular ‘domains’ which serve a particular
biochemical function (i.e. having a given enzyme prop-
erty, binding a given ion, recognizing a protein struc-
ture). The messenger RNA resulting from a particular
DNA is ‘spliced’ (cut and pasted) before leaving the cell
nucleus. Thus, one gene may produce many different
RNAs (Moss 2003c). These and other theoretical consid-
erations implied that not al biological phenomena could
be meaningfully reduced to the molecular level even
when adopting a materialistic stance (Rosenberg 1994).
Nevertheless, the reductionistic approach prevailed. By
conflating the Mendelian and the molecular gene, biolo-
gists adopt a genetic determinist worldview — genes are
in the driver's seat (Moss 2003c). Development is there-
fore viewed as a set of ‘orders’ given by a ‘genetic pro-
gram’ that unfolds seamlessly from the zygote to the
viable newborn organism and beyond.

Organicists work at the periphery of the reductionistic
mainstream, continuing the tradition of Developmental
Mechanics. They study self-organization, cell-cell inter-
actions, tissue-tissue interactions, and organogenesis.
They posit that the organism is the zygote that organizes
itself into a newborn and beyond. By virtue of being an
open system, the organism utilizes resources from the ex-
ternal world (environment) and the internal world (gene
products and other chemicals synthesized by the organ-
ism); there is no causal primacy to the DNA (Griffiths
and Gray 2000). As the reductionistic view became
dominant in biology, the organicists still continued their
studies of self-organization. Their explanations are opera-
tional —i.e. they are made in terms of how a cell (or atis-
sue) influences another cell’s (or tissue’'s) behaviour. In
contrast, reductionist explanations are made in terms
construed as material entities such as genes and their pro-
ducts. From this perspective, histogenesis and organoge-
nesis were purported to be reduced to the phenomenon of
differential gene expression, which was thought to be
similar in bacteria and in multicellular organisms. Hence
the aphorism ‘what’s true for Escherichia coli is true for
an elephant’. The mechanicist rhetoric of geneticists won
the day in the second half of the 20th century. Embryolo-
gists became second-class experimentalists that were said
to simply be engaged in doing ‘ phenomenology’ or ‘des-
criptive’ science.

In hindsight, we consider that all experimental biologists
do ‘descriptive research’ and provide explanatory narra-
tives for the phenomena they study; this surely also applies
to the research done by the genetic reductionists. Only at
the level of chemical reactions is it possible to describe
mechanisms (for example, by precisely defining the
workings of enzymes or receptors). When the question
explored is a biological one, we are far from building a
hierarchical set of relations between laws like those in
physics. Biologists would like to instead construct causal
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chains. However, this is often hindered by the apparent
circular causality exhibited by some phenomena (Downie
and Newmann 1994; van Obberghen-Schilling et al 1988).

A main obstacle to the success of reductionism is the
historicity of the organism, i.e. evolution and ontogeny.
As Francgois Jacob (1982) noted, nature is not an engi-
neer, but a tinker —driven by evolution, a given molecule
is put to different uses. Even in the same organism, a
protein may have different functions in different cells.
For example, lactate dehydrogenase and crystallin are the
same molecule; the former is an enzyme in muscle while
the latter plays a structural role in the eye's lens. b-
catenin is both a transcription factor and a cell-adhesion
protein (Gilbert and Sarkar 2000). In addition, a signal
pathway effector may lead to the induction of different
gene products and therefore different differentiation pro-
grams in different cell lineages (Brisken et al 2002). This
lack of a unique correlation between a given protein and
its function was addressed by Hull (1974) as the problem
of ‘the many and the many’. In other words, one pheno-
type may result from several different molecular mecha-
nisms, while a single molecule may be involved in other,
different phenotypes. A clear example of this divergence
is polyphenism, a single genotype producing different
phenotypes. These cases (from single proteins with mul-
tiple activities to diverse phenotypes coexisting with
a single genotype) make reduction difficult, if not impos-
sible.

A change in the perception of biologists has been tak-
ing place during recent years regarding the success of
reductionism when addressing complex phenomena. This
is evidenced by a shift in strategy proposed by those who
previously practiced genetic reductionism, and now preach
a ‘postgenomic’ research program whereby computer ana-
lysis will identify patterns of gene expression, which will
be used for hypothesis building (Bassett et al 1999;
Brown and Botstein 1999). Others, being more philoso-
phically inclined, propose a new epistemology instead of
this brute force postgenomic approach. The following
quotation illustrates the new thinking: “Isaac Newton
might have liked the neat view of biological systems made
up of dedicated components, with causal roles that can be
studied in isolation, and in which particular starting con-
ditions give rise to uniquely predictable responses. Charles
Darwin, by contrast, might have felt more at home with
the idea of a complex, emergent system made up of many
non-identical components, with non-exclusive roles, non-
exclusive relationships, several ways of producing any
given output, and a great deal of slop along the way. We
have been Newtonians for the past several decades in our
thinking about gene action. It is time to become Darwini-
ans (Greenspan 2001)".

Regarding the historicity of ontogeny, only in unicellular
organisms that can facultatively associate into multicellu-

J. Biosci. 30(1), February 2005

|



-

106

lar colonies can the part (one cell) exist independently
from the whole (the multicellular organism). In multicel-
lular organisms, single cells do not have an existence
independent from the whole organism, so they are onto-
geneticaly linked. This means that the usual way of think-
ing about organisms as made up of cells that relinquished
their independence is inaccurate and/or misguided. Rather,
a zygote—which is a cell resulting from the union of a
female and a male gamete — divides, producing more cells,
which are organized in a tri-dimensional pattern. Both
association patterns and cell types change as tissues and
organs are formed. From the beginning of ontogeny, each
cell undergoes ‘differentiation’ under the influence of
neighbouring cells. This reciprocity makes it difficult to
establish detailed cause and effect relationships, since
‘signals’ are being sent from one cell to al its immediate
neighbours, and vice-versa. This fact may also preclude
the isolated cells from revealing their role in situ in the
originating organism. Acknowledging these problems is
not an exercise in nihilism, but a first step in trying to
devise ways of studying organisms while taking into con-
sideration the problems posed by their historicity. Hence,
developing an epistemology that takes evolutionary and
developmental history, elements that play a central role
in biology but not in chemistry or physics, into conside-
ration is aworthy objective.

We will next explore the shortcomings of the prevail-
ing doctrine on cancer, which has been based on a reduc-
tionist stance whereby genes determine the neoplastic
phenotype. We will critically review the data collected
under the somatic mutation paradigm and then offer an
alternative research program centered on the premises that
carcinogenesis represents a problem of tissue organiza-
tion and that proliferation is the default state of all cells.

3. Research on carcinogenesisillustrates the short-
comings of the reductionistic program

The somatic mutation theory of carcinogenesis (SMT)
has been the prevailing paradigm in cancer research for
the last 50 years (Curtis 1965; Hahn and Weinberg
2002b). Its main premise is that cancer is derived from a
single somatic cell that has accumulated multiple DNA
mutations over time. This implies that cancers are mono-
clonal, i.e. they are al derived from a single faulty, mu-
tated cell (Weinberg 1998). A second implicit premise is
that the default state of cell proliferation in multicellular
organisms is quiescence (Alberts et al 2002). By default
state we mean the state in which cells are found when
they are freed from any active control (Sonnenschein and
Soto 1999a). A third premise of this theory considers that
cancer is a disease of cell proliferation and that cancer-
causing mutations occur in genes that control cell proli-
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feration and/or the cell cycle (Alberts et al 2001; Wang
et al 2002).

The rise of the SMT as the mainstream theory of
carcinogenesis was helped by the following findings:
First, a considerable number of carcinogenic chemicals
were found to be mutagenic. Second, specific genes in
so-called tumour viruses (named ‘transforming’ genes)
enabled such phenomena as in vitro transformation and
the development of tumours at the injection site in some
animal models. Next, was the discovery that these trans-
forming genes, or oncogenes, were homologous to genes
present in non-infected cells. This shifted the search for
‘exogenous’ genetic causes to endogenous ones, and the
role of DNA mutations was brought back to prominence,
now as cellular oncogenes, or proto-oncogenes. The ma-
jor event in this unifying process was probably data show-
ing that DNA fragments from chemically transformed
cellswere in turn able to ‘transform’ recipient cells (Coo-
per 1983). Finally, the DNA sequences involved were
identified as mutated versions of endogenous, “normal”
cellular genes. A series of observations relating these
oncogenes to growth factor receptors and to signal trans-
duction pathways bolstered this updated version of the
SMT. The implications of these findings were (i) that the
products of the mutated oncogenes were activated and (ii)
that their activation led to an increased proliferation rate.
Thus, oncogenes were considered ‘gain of function” mu-
tations that led the cells harbouring these mutants to en-
hanced proliferation. This latter concept strengthened the
research program on signal transduction. These research
programs resulted in an enormous contribution of know-
ledge in the biochemistry of cellular processes at large.

The study of familial, hereditary cancers (representing
5% of all human cancers) revealed, instead, that the DNA
defects transmitted along the germ line were due to dele-
tions in specific genes. Unlike the case of oncogenes,
these deletions implied a loss of function. The first of
these anti-oncogenes (also called ‘tumour suppressor’ genes)
was the retinoblastoma (Rb) gene that was soon impli-
cated in the regulation of cell division. Thus, mutations
affecting cell cycle regulatory genes also became a major
cancer research topic.

The initial appeal of the oncogene theory was its sim-
plicity, an assumption later challenged by the increas-
ingly complicated picture that emerged after two decades
of intensive research. To date, more than 100 oncogenes
and more than 15 tumour suppressor genes have been
identified. Additionally, the number of mutated genes
found in human cancers chalenged the known facts
about the frequency of mutations. ‘Mutator’ genes were
postulated to play a role in carcinogenesis to accommo-
date this ‘lack of fit" (Loeb 2001).

Others called attention to the incomplete explanation
provided by the above approach. As summarized in a
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recent review by Hahn and Weinberg (2002a): “For those
who believe in the simplification and rationalization of
the cancer process, the actual course of research on the
molecular basis of cancer has been largely disappointing.
Rather than revealing a small number of genetic and bio-
chemical determinants operating within cancer cells, mole-
cular analyses of human cancers have revealed a bewil-
deringly complex array of such factors’. To overcome
these shortcomings these authors offered the aternative
of searching for unifying rules governing the behaviour
of cancer cells, such as “... (the abilities) to generate
their own mitogenic signals, to resist exogenous growth-
inhibitory signals, to evade apoptosis, to proliferate without
limits (i.e. to undergo immortalization), to acquire vascu-
lature (i.e. to undergo angiogenesis), and in more advan-
ced cancers, to invade and metastasize” (Hahn and
Weinberg 20024). Thus, additional research has been pro-
posed, always within the same paradigm that conceptua-
lizes cancer is acellular problem.

3.1 The murky notion of neoplasm

Literally, neoplasm means new growth. For over a cen-
tury, pathologists have tried to define neoplasms. Their
definitions were unsatisfactory since properties attributed
to ‘cancer cells' were also present in normal cells. Be-
cause tumour size increases with time, researchers have
considered that the underlying cause must have been either
excessive or autonomous cell proliferation (Willis 1967).
However, in addition to the accumulation of cells, the
hallmark of neoplasms is altered tissue organization
(Rowlatt 1994). To unambiguously diagnose neoplasms,
pathologists examine tissue samples using light micro-
scopes. For the most part, neoplasms retain the distinc-
tive structures that characterize the organ of origin. Like
normal organs, neoplasms also contain a parenchyma (the
distinctive cell type of an organ) and a supporting tissue
or stroma. For their normal development and function,
tissues require a normal architecture where parenchyma and
stromal congtituents operate in a coordinated way through
reciprocal interactions.

A principal aim of cancer research is to elucidate the
mechanisms by which neoplasms arise. However, as
Boveri already remarked in 1914, a major problem in the
study of carcinogenesis is that it is impossible to identify
a neoplasm ‘in statu nascendi.” Consequently, researchers
postulate hypothetical narratives of what may have hap-
pened in the transition from normalcy to cancer.

Different theories of carcinogenesis emerged. Some
centered at the cellular level of biological organization
and viewed cancer as a problem of cell proliferation
(Hahn and Weinberg 2002a) or cell differentiation
(Harris 1995). Others locked on the tissue level of bio-
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logical organization and saw cancer as a problem akin to
histogenesis (Clark 1991; Pierce et al 1978). Among
many of the former, gross chromosome alterations and
somatic mutations observed in advanced neoplasms were
considered to be the causes of carcinogenesis. Others inter-
preted these alterations to be just epiphenomena and
considered carcinogenesis as an epigenetic process (Son-
nenschein and Soto 1999c). These varied theories of car-
cinogenesis coexisted during the 20th century. The
methodological emphasis on molecular biological appro-
aches initiated in the 1950s and 60s, plus the discovery of
oncogenes in the 1970s, shifted this balance toward the
acceptance of the SMT as the mainstream narrative of
how neoplasms devel op.

3.2 Mainstream research reveals inconsistencies
within the SMT

From the SMT perspective, cancer is a cell-centered
problem, and hence, the aim of cancer research has been
to uncover how a normal cell becomes a cancer cell.
When Boveri introduced the first version of the SMT in
1914, it was believed that in order to change the pheno-
type of a cell, its genotype had to be changed. Boveri
assumed that cellular differentiation during embryogene-
sis was due to the unequal segregation of genetic material
during cell division, a concept that was later abandoned
because of the demonstrated genomic equivalence among
somatic cells in adult organisms. However, the former
concept was retained within the SMT due to (i) the exis-
tence of neoplasms transmitted by the germ-line (we will
address this phenomenon below) and (ii) the observation
that animals exposed to mutagens often developed neo-
plasms.

The discovery that oncogenes were mutated versions of
normal cellular genes led to the conceptualization of the
cancer problem as that of ‘gain-of-function’ mutations in
genes that control cell proliferation and the cell cycle.
Most of this research was conducted using in vitro mod-
els, such as primary cultures and established cell lines.
Organismic phenomena were purportedly reduced to cel-
lular phenomena. Neoplasms were reduced to a trans-
formed cell and carcinogenesis was reduced to enhanced
proliferation of cellsin adish. Verification of the tumori-
genic potential of ‘transformed cells' was occasionally
done by injecting millions of these cells into the subcuta-
neous tissue of syngeneic animals and nude mice.

Soon after these one-step transformations were reported,
amid much optimism that the phenomenon of carcino-
genesis could at last be understood, the first critical
voices noticed that carcinogenesis in animals including
humans was a long process, and hence, something was
missing in the models (Newbold and Overell 1983). For
example, infection with the Rous-sarcoma virus resulted
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in the transformation of chicken cells, an effect attributed
to the src oncogene (Bishop 1985). While the injection of
Rous-sarcoma viruses into chickens resulted in the inte-
gration of the src oncogene in all tissues, tumours only
developed in places where wounds were inflicted (Martins-
Green et al 1994). In addition, the transformation of
mouse fibroblasts by a single oncogene was attributed to
the fact that the cells used as a model were abnormal
(Hahn and Weinberg 2002a) because normal mouse fibro-
blasts were not transformed upon transfection with a sin-
gle oncogene. At the beginning of several course cor-
rections to come, at least two oncogenes were required
(Land et al 1983). And, according to Hahn and Weinberg
(2002a), “attempts to transform primary human cells with
combinations of oncogenes failed unless chemical or
physical agents or stringent selection for rare immortali-
zed variants was used”. This was attributed to a need for
multiple additional mutations. If this were the case, then
the dominant, ‘gain of function’ effect attributed to the
oncogene did not fulfill the original claims. This incon-
sistency is yet to be addressed by the proponents of the
oncogene theory.

The study of heritable cancers, however, pointed in
another direction. The gene alterations found were mostly
deletions and cancer was therefore inherited when the
genes were rendered inactive (Knudson 1995). Retino-
blastomas appeared to represent this type of tumour. The
discovery of the Rb pathway allowed for an explanation
of transformation by means of SV40, a DNA virus that,
unlike retroviruses, did not contain oncogenes. The large
SV40 antigen interfered with the activity of Rb. It was
believed that in the genesis of retinoblastomas in humans,
in addition to the germ-line deletion, a second mutational
event in the normal allele was sufficient to determine the
neoplastic transformation of the retina (the two-hit hy-
pothesis) (Knudson 1989). However, hemizygosity of the
Rb gene in mice did not predispose to the disease, and
Rb-deficient retinal cells underwent apoptosis in chime-
ras. Only the inactivation of Rb and p107 resulted in the
development of retinoblastomas; yet, not all chimeric
retinas containing Rb-/- p107-/- cells developed tumours.
Hence, additional events (mutational or not) appeared to
be necessary for tumour development (Robanus-Maandag
et al 1998). This and other examples of lack of fit led the
supporters of the SMT to claim that mice may not be
good models for human carcinogenesis after all (Ranga-
rajan and Weinberg 2003).

Among other familial cancers, colorectal cancer has
probably yielded the most support for the SMT. About
15% of these cancers occur in dominantly inherited pat-
terns. In one of its forms, familial adenomatous poly-
posis, there is a deletion that, in most cases, results in a
C-terminal truncated gene product in one of the two ade-
nomatous polyposis coli (APC) genes (Kinzler and Vog-
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elstein 1996). This disease results in the development of
hundreds or even thousands of polyps between the sec-
ond and third decade of life. However, inheritance of this
mutated gene does not determine whether the carrier will
always develop a cancer. For cancer to materialize, accor-
ding to the SMT, other mutations have to occur. Yet, the
same DNA lesion does not result in similar phenotypes.
In addition, APC mutations are not absolutely required,
since 15% of the carcinomas apparently express the full-
length APC product (Smith et al 1993). The function of
the APC gene, which is expressed in many tissues, is
unknown. Clues to the downstream effects of its inactiva-
tion were provided by the proteins that were recognized
by the missing sequence in familia adenomatous poly-
posis. APC is expressed in the basolateral aspect of epi-
thelial luminal cells. The C-terminus binds to the human
homolog of the Drosophila tumour suppressor gene discs
large (hDIg) (Matsumine et al 1996) and to EB-1, a protein
of unknown function (Su et al 1995). The central portion
of APC binds b-catenin, a protein that has at least two
functions (Rubinfeld et al 1993). Oneis related to cell-to-
cell adhesion through binding to cadherin and the other
plays a role in the wnt pathway and is thus involved in
signal transduction. This suggests at least two ways through
which APC inactivation may affect cellular processes
connecting a cell with its surroundings. Rather than
pointing directly to the control of cell cycle or cell prolif-
eration, as expected from the tenets of the SMT, they
point to the relation of the affected cell with its
neighbours, the subject of the competing tissue organiza-
tion field theory (TOFT) of carcinogenesis (see below).

Other mutations, such as inactivation of p53, the ‘gate-
keeper of the genome’ (Levine 1997), are also frequently
observed in colorectal carcinomas. However, patients
with germline mutations of p53 do not develop colorectal
carcinomas. Mutations in ras frequently appear during
progression of colorectal cancer; nevertheless, ras muta-
tions in the absence of APC alterations do not lead to the
neoplastic state. Yet these cells are found in foci of pro-
liferating cells. The problems posed by these findings led
Kinzler and Vogelstein (1996) to ponder, “it is not sim-
ply the accumulation of mutations, but rather it is also
their order, that determines the propensity for neoplasia,
and that only a subset of the genes which can affect cell
growth can actually initiate the neoplastic process’.
However, these cumulative findings are not supportive of
the main notion imbedded in the SMT, that is, that the
genotype drives the phenotype through alterations of the
ability of cellsto proliferate.

The question of how many DNA mutations a single
normal cell has to withstand to become a cancer cell has
been a major concern, since the normal rate of mutations
in somatic cells could not account for the number found
in neoplasms (Loeb 2001). The study of hereditary non-
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polyposis colorectal cancer (HNPCC) that harbours muta-
tions in mismatch repair genes provided an example
of hypermutability in colorectal cancer. However, these
tumours represent only a small percentage of colorectal
cancer; 85% do not show this high mutation rate, but have
instead a propensity to show aneuploidy. The absence of
aneuploidy in HNPCC (these tumours are usually dip-
loid) challenges the long-held idea that these rearrange-
ments were the consegquence of excessive cell divisions.
Some HNPCC patients were found to undergo elevated
rates of mutations in their phenotypically normal cells,
which were explained by a deficit in mismatch repair
activity (Parsons et al 1995). Remarkably, these patients
do not have increased rates of cancer in tissues other than
the colon. This is consistent with experiments in mice
whereby targeted disruption of these genes does not result
in high cancer incidence (Reitmair et al 1996). Kinzler
and Vogelstein (1996) also pondered about this paradox
and tentatively explained it as follows: “. . . it is possible
that the dietary factors which lead to colorectal cancer
are not mutagens, but rather irritants that lead to tissue
regeneration. Dietary fibers may absorb these irritants,
explaining part of their protective effect”. This explana-
tion brings to the forefront processes that take place at
the tissue level of organization such as injury and inflam-
mation, which are, instead, central to alternative views of
carcinogenesis (see below).

Proponents of the SMT assume that more research along
the current lines will provide data that will reconcile the
present paradoxes and reveal genera unifying rules.
However, the search for those unifying rules appears
thwarted by reports claiming that “... oncogenes and
tumour suppressor genes are important not only for cell
proliferation but also for cell fate determination (dif-
ferentiation, senescence, and apoptosis), their effects
often depending on the type of cell in which they are ex-
pressed. Thus, overexpression of a given oncogene can en-
hance growth in one cell type but inhibit growth or induce
apoptosis in another” (Weinstein 2002). This statement
about the context-dependence of oncogene activity con-
tradicts the original concept, namely, that oncogenes are
dominant ‘gain of function’ mutants of normal genes that
should cause increased cell proliferation.

3.3 The notion of specificity, central to genetic
determinism, is being challenged
A couple of examples in the field of developmental bio-
logy point to the difficulties encountered by embracing
the notion of specificity for each signal and for each
pathway in determining a phenotype. The first stems from
studies on mice generated through cloning by nuclear
transplantation. ‘Cloning’ of embryos through enuclea
tion of oocytes and transplantation with nuclei from so-
matic cells yields a very low percentage of embryos that
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develop to term. In turn, a large percentage of these ani-
mals die soon after birth of respiratory and circulatory
problems and show increased placental and body weights
(large offspring syndrome). These anomalies are thought
to be due to the abnormal expression of imprinted genes
(i.e. genes that are ‘marked’ or modified in a reversible
way, as by methylation). A series of publications by
Jaenisch et al (Rideout et al 2001) showed that many
imprinted genes are misregulated in the tissues of the
surviving mice, and that no pattern of abnormal gene ex-
pression correlates with large placentas or with increased
body weights. They concluded that the embryos and
fetuses that die before term must have had even more
aterations, a point difficult to prove after the fact (i.e.
they cannot be identified as the ones that will die before
death). Jaenisch’'s group also investigated global gene
expression of a set of more than 10,000 genes by micro-
array analysis of RNA isolated from the placentas and
livers of neonatal cloned mice derived by nuclear transfer
from both cultured embryonic stem cells and freshly iso-
lated cumulus cells (somatic cells from the ovarian folli-
cle). They show that altered gene expression involving as
many as 4% of the 10,000 genes analysed by DNA mi-
croarray results in a normal phenotype at the cell, tissue
and organ levels of complexity (Humpherys et al 2002).
This demonstrates a great degree of tolerance of abnor-
mal gene expression consistent with normal development,
and hence, of the inadequacy of reductionism to under-
stand the robustness and self regulation of the develop-
mental process. Embryologists active during the first half
of the 20th century were aware of this robustness. Wad-
dington addressed the phenomenon he called ‘canaliza-
tion' (developmental stability coexisting with genetic
variation) both theoretically and experimentally for three
decades, starting in 1940 (Waddington 1942); however,
his views for the most part were ignored by his contem-
poraries who were intent on placing the gene at the
driver’s seat (Fox-Keller 2000).

The second example relates to the validity of the ‘in-
structive’ hypothesis of differentiation. It proposes that
hormones and cytokines determine a specific phenotype
in target cells by inducing a lineage-specific gene-acti-
vation program. However, recent data do not support this
view. For example, precursor erythroid cells, which gen-
erate red blood cells, were engineered to lack the ery-
thropoietin (EPO) receptor. As expected, these cells
failed to generate mature erythroid cells. In order to fur-
ther test the specificity of the process, EPO receptor™
cells were engineered to express the receptor for the re-
productive hormone prolactin, which normally plays no
role in the development of erythroid cells. The rationale
behind this experiment was that the intracellular portions
of these receptor molecules were about 20% homologous
and that the signal transduction pathway for both hor-
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mones contained many similar proteins (Brisken et al
2002). These EPO receptor™" precursor erythroid cells,
now bearing the prolactin receptor, were able to produce
normal red blood cells in response to the hormone prolactin
(Socolovsky et al 1998). These researchers further inves-
tigated whether it was possible to obtain similar results
now using the natural target cells for prolactin, namely,
the epithelial cells in the mammary gland. Prolactin re-
ceptor”’~ mammary gland epithelial cells were placed into
the mammary glands of normal mice. As expected, these
cells failed to develop into alveoli when these animals
underwent pregnancy, which is the natural way of expos-
ing these cells to prolactin. To test for the specificity of
the response, these prolactin receptor”’™ mammary gland
epithelial cells were made to express a fusion construct
having the extracellular portion of the prolactin receptor
and the intracellular portion of EPO receptor. This con-
struct was able to restitute normal alveolar development
during pregnancy when these cells were transplanted into
the mammary fat pad (Brisken et al 2002). As mentioned
above, several of the downstream signal transduction
effectors in both erythroid cells and mammary epithelia
cells are similar; however, the genes that are expressed
after the activation of the signal transduction pathway are
entirely different. In other words, these hormone-
regulated pathways seem to be “generic’ rather than spe-
cific. Hence, their role may be permissive rather than
instructive, allowing a predetermined differentiation pat-
tern to be expressed. The specificity of the response
therefore does not reside in the hormone, its receptor, or
the signal transduction pathway. Instead, it appears to be
determined by an apparently unrelated ‘differentiation’
process. Again, we observe the lack of a unique, exclu-
sive correlation between a given protein and its biologi-
cal function. The promise that the specificity of the effect
of a given hormone could be understood by the study of
interactions between the receptor and the hormone, and
the subseguent activation of the transduction pathway
downstream, could not be fulfilled. Specificity becomes
contextual, and it probably emerges during commitment
to a specific fate —that is, it results from the developmen-
tal history of the target cell.

4. An organicist perspective of carcinogenesis

4.1 Isthe default state of metazoan cells
proliferative quiescence?

As noted above, the second premise adopted by those
who favour the SMT is that the default state of cell pro-
liferation in metazoa is quiescence (Alberts et al 2002).
By default state we mean the state under which cells are
found when they are freed from any active control. We
consider this an implicit premise of the SMT because it is
seldom acknowledged. Since growth factors are invoked
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as the levers that putatively stimulate proliferation, qui-
escence implicitly becomes the default state of these cells
(Sonnenschein and Soto 1999a).

Why is the default state relevant to carcinogenesis? We
have previously addressed this issue both experimentally
(Powell et al 2003; Sonnenschein et al 1996; Soto and
Sonnenschein 1985, 1987) as well as epistemologically
(Sonnenschein and Soto 1991, 1999d; Soto and Sonnen-
schein 1991, 1993). From a practical point of view, it
matters because if we adopt the premise that the default
state is quiescence, we become committed to favour the
notion of positive control of cell proliferation and thus, to
the search for growth factors. If we instead adopt the
opposite premise, namely that the default state of cells is
proliferation, we introduce the notion of negative control
of cell proliferation and would search for inhibitors. But
why do we have to choose among these postulates when
dealing with carcinogenesis, or with developmental bio-
logy at large, for that matter? The default state of unicel-
lular organisms (both prokaryotes and eukaryotes) and
metaphyta is widely accepted to be proliferation. How-
ever, not much discussion has been devoted to the default
state of cells in metazoa. In fact, it has been assumed all
along that the default state of metazoan cells is quies-
cence. No explanations or data are given to support such
a drastic evolutionary change (Alberts et al 1994, 2002).
Thus, researchers are left to choose between these exclu-
sive postulates. This decision will determine what strat-
egy they will follow to resolveit.

From an evolutionary perspective, the generation of
multicellular organisms from unicellular eukaryotes in-
volved the conservation of pre-existing levels of organi-
zation. The built-in capacity for self-replication of cells
within a multicellular organism must have remained
unaltered; hence, the default state must have been con-
served. There is amost complete homology between the
replication machinery of yeast and human cells; this sug-
gests that the process remained constant throughout evo-
lution. Unicellular organisms multiply as long as nutri-
ents are available. The novelty that emerged with the
advent of multicellularity has been the coordination of
the proliferative activity of each lineage making the dif-
ferent tissues of the organism, and thus, the emergence of
organismal negative controls that impose a quiescent state
to cells. Once these cells become freed from organismal
restraints, they return to their default state and proliferate
(Sonnenschein and Soto 1999b).

From an experimental perspective, evidence that the
default state of unicellular organisms and metaphyta is
proliferation is not hard to find, since a multitude of uni-
cellular organisms and plant cells can be propagated in a
simple nutrient mixture. The problem posed by cells from
metazoa has been that, for the most part, they require a
complex medium containing macromolecules. Only a few
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cell lines are easily propagated in defined medium. It may
be argued that the difficulty found by early practitioners
in getting metazoan cells to propagate in glass flasks cre-
ated the misconception that they had to be ‘stimulated’
by adding singly, or in combination, a variety of supple-
ments (e.g. embryo extracts, serum) to the culture medium.
Under these operational circumstances, these supple-
ments became generically known as ‘growth factors.” It
is worth mentioning that this was the operational defini-
tion of any substance that improved the propagation of
bacteria as well; some pathogens absolutely require mac-
romolecules in order to propagate. Later, the requirement
of these ‘growth factors' for the propagation of metazoan
cells was construed to mean that their default state was
quiescence and that serum contained specific signals that
induced cell proliferation. The term ‘growth factors' then
acquired a narrow, regulatory meaning. The fact that, in
the absence of these macromolecules, the metazoan cells
were not quiescent but dead must have been overlooked.
In contrast, the literature on genetically engineered knock-
out mice shows that the so-called growth factors play
important roles in cell fate, migration, and a myriad of
developmental processes. However, they do not specifi-
cally act on quiescent (Go/G1) cells to induce them to
enter the S phase, the process they were originally sup-
posed to control (Sonnenschein and Soto 1999d).

In short, for the last two decades, our own research
program has been based on the premise that the default
state of all cells is proliferation (Soto and Sonnen-
schein 1985; Baron et al 1997; Sonnenschein et al 1996;
Sonnenschein and Soto 1999f). Recently, Harris (2004)
concurred with this notion. Our reinterpretation of a con-
cept so central to life is not an academic issue. Its impli-
cations on the understanding of carcinogenesis cannot be
overemphasized, especially in the context of the TOFT
(see below).

4.2 Iscancer a disease of cell proliferation?

Practically every book and article dealing with cancer
asserts that cancer is a problem of uncontrolled cell pro-
liferation. However, cells in neoplasms do not proliferate
faster than normal cells in the same organism. In addi-
tion, the growth of neoplasms is not autonomous. For ex-
ample, neoplasms of the breast and prostate usually
regress following the withdrawal of their trophic hor-
mones (estrogens and androgens, respectively). These
conceptual problems led to alternative views, namely,
that cancer was a problem of differentiation.

4.3 Acellular approach to differentiation using
somatic cell hybrids

H Harris, a pioneer of somatic cell genetics, considered
carcinogenesis to be a cellular phenomenon, whereby ‘loss
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of function’ changes in the DNA determined the cancer
phenotype. He observed that cancer cells were ‘normal-
ized’ by hybridization with normal cells. These data were
consistent with the existence of suppressor genes and
inconsistent with that of oncogenes (Harris 1995). In his
view, carcinogenesis does not require acquisition of a
new function, but rather the disruption of the pattern of
differentiation (Steel and Harris 1989).

4.4 ‘Normalization’ of cancer cells

When early embryos are transplanted into ectopic places
(e.g. the kidney capsule or the peritoneal cavity) they
acquire properties of malignant neoplasms called terato-
carcinomas. When teratocarcinoma cells were injected
into early embryos (blastocyst stage) they generated
normal tissues and organs. In fact, these cancer cells
became gametes (oocytes and sperm cells), which in turn
generated normal progeny. Thus, embryonal cells pro-
duced neoplasms when misplaced in adult tissues and
reverted to normalcy when placed into an early embryo
(Stewart and Mintz 1981). Also, when nuclei from frog
Lucke renal carcinoma cells were transplanted into enu-
cleated and activated ova they developed and reached the
swimming tadpole stage (DiBerardino et al 1986). Addi-
tionally, transplantation of tissues from these tadpoles
into normal recipients generated normal tissues that were
indistinguishable from those of the host (McKinnell et al
1993). These data contradicted the view that cancer was
caused by DNA mutations, since the neoplastic pheno-
type could be normalized at a frequency much higher
than was needed to revert a DNA mutation back to the
wild type. Hence, the dictum ‘once a cancer cell, always
a cancer cell’ was invalidated while the data suggested
instead an epigenetic control of the expression of neo-
plastic phenotypes (Pierce et al 1978).

These experiments have demonstrated the reversibility
of the neoplastic phenotype; however, they do not address
the issue of how neoplasms arise. In this regard, the rele-
vant question that needs to be asked is: At what level of
biological organization does carcinogenesis occur?

5. At what level of biological organization
does car cinogenesis occur ?

Ernst Mayr (1982) remarked that, for most biological phe-
nomena, exploring levels of complexity lower than that at
which the phenomenon of interest occurs usually adds
little to what was learned at the original level of inquiry.
For example, understanding the structure of the muscle
protein myosin has not significantly helped in the under-
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standing of how the heart works as a pump. In other
cases, lower levels are informative, as is the case of stri-
ated muscle contraction. Hence, the exploration of the
lower levels should be gradual. Only a posteriori will
it be determined whether the lower level exploration
resulted in a better explanation of the problem being
addressed.

Cancer occupies multiple levels of biological organiza-
tion (Sonnenschein and Soto 1999e, 2000). The prelimi-
nary diagnosis is usually made at the organismal level by
a physician who examines the symptoms and signs pre-
sented by the patient. However, another physician, the
pathologist, is the one who makes the final, definitive
diagnosis when he/she ‘reads’ a biopsy of the suspected
neoplastic tissue through an uncomplicated light micro-
scope; this corresponds to the tissue level of biological
complexity. We postulate that this is the level at which
carcinogenesis takes place (see below). The effects of
carcinogens on subcellular structures and organelles
(including genomic mutations), while variably delete-
rious to each and every cell in the host, are not viewed
by us as directly responsible for the development of neo-
plasms.

Thus, a rationale that favours discarding the SMT is
predicated on the grounds that its niche is at the subcellu-
lar level of biological complexity, alevel that appears as
irrelevant to carcinogenesis (Sonnenschein and Soto
2000). This conclusion does not imply that the gigantic
effort invested in describing changes at the gene and cel-
lular levels was fruitless. These data, frequently obtained
while using human and rodent tumour cells in culture
conditions, have significantly increased our understand-
ing of normal intracellular processes. We posit, however,
that these features are not unique or specific to the cancer
state, that they are instead part of the flexible set of phe-
notypic variations with which cells are normally endowed.
Hence, it would be understandable that they have fallen
short of providing an explanation for carcinogenesis.
To the contrary, an examination of a biopsy by a com-
petent specialist would be enough to discriminate be-
tween a normal histoarchitectural pattern and that of a
neoplasm.

The lack of relevance of data gathered at a lower level
of organization than that at which the phenomenon to be
understood takes place may be understood by the follow-
ing metaphorical example: “if you want to know why
traffic jams tend to happen at a certain hour every day,
you will still be baffled after you have painstakenly re-
constructed the steering, braking and accelerating proc-
esses of the thousands of drivers whose various trgjec-
tories have summed to create those traffic jams.” This
pursuit is what the philosopher Daniel C Dennett (1995b),
who proudly calls himself a reductionist, called ‘prepos-
terous reductionism’.
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6. Organicism and developmental mechanics
as sour ces of thetissue organization field
theory of carcinogenesis

Developmental mechanics, the forerunner of modern
developmental biology, established the concept of ‘fields
of organization’ or ‘morphogenetic fields (Needham
1931). These entities were defined as “a collection of
cells by whose interactions a particular organ formed”
(http://www.devbio.com/about.php). The morphogenetic
field became the basic paradigm of embryology. In the
1930s, Needham (1936) and Waddington (1935) specu-
lated that neoplastic development resulted from altera-
tions of the normal interactions that occur in those
morphogenetic fields. In other words, carcinogens, as
teratogens (i.e. agents that interfere with normal embry-
onic development), would disrupt the normal dynamic
interaction of neighbouring cells and tissues both during
early development and throughout adulthood.

From a reductionistic perspective, tissues became col-
lections of independent cells and explanations of carcino-
genesis were sought primarily at the cellular, subcellular
and molecular levels of organization. To explain dif-
ferentiation and epigenesis, the morphogenetic field was
overcome by the operon, a group of genes all controlled
by the same regulatory gene. In fact, the morphogenetic
field hypothesis was not disproved, it was just forgotten
(http://www.devbio.com/about.php). Only when morpho-
gen gradients were visualized toward the end of the
1990s did developmental biology resuscitate this old
concept so central to its previous success (De Robertis
et al 1991). Morphogens are diffusible substances that
‘determine’ the differentiation that cells ‘perceiving’ this
information will undergo (http://www.books.md/M/dic/
morphogen.php).

As briefly noted above, despite the dominance of the
reductionistic program, a few research groups studied the
expression of the neoplastic phenotype in a developmen-
tal context such as in teratocarcinomas, and Lucke's
tumours.

7. Thetissue organization field theory of
carcinogenesis

7.1 Premises

The TOFT is based on two main premises: (i) prolifera
tion is the default state of all cells; and (ii) carcinogens
act initially by disrupting the normal interactions that take
place among cells in the stroma and parenchyma of an
organ (Waddington 1935; Needham 1936; Orr 1958;
Sonnenschein and Soto 2000). During embryonal and
fetal development, epithelium and the subjacent stroma
exert instructive influences over each other. These mor-
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phogenetic fields remain operational during adulthood
(Rubin 1985). The disruption of these interactions by
carcinogens results in a lessening of the cells' ability to
‘read’ their positional and historical background. This, in
turn, alows the epithelial cells to exercise their constitu-
tive property to proliferate (hyperplasia). Next, the tissue
organizational pattern would become disrupted (dyspla-
sia) or would even adopt a different tissue type (metapla-
sia). The pattern of progression to carcinoma in situ may
not always exactly follow this sequence (Clark 1991).
However, this pattern prevails in carcinomas and adeno-
carcinomas, which represent the substantial majority of
human neoplasms. Central to this dynamic process of
carcinogenesis is its reversibility (Clark 1991). The neo-
plastic phenotype can be experimentally reversed through
cell-cell interactions as demonstrated for embryonal car-
cinoma cells injected into blastocysts (lllmensee and
Mintz 1976), hepatocellular carcinoma cells injected into
normal livers (McCullough et al 1998), or by modifica-
tion of the extracellular matrix components (Bissell and
Radisky 2001; Weaver et al 1997). Hence, the cancer
phenotype is an adaptive, emergent phenomenon occur-
ring at the tissue level of organization and is susceptible
to being normalized. Of course, if the irritative action of
the carcinogen persists, or if the histoarchitecture has
been severely compromised, eventually a full neoplastic
state evolves, thus diminishing the chances to a return to
the status quo ante (Sonnenschein and Soto 1999¢).

7.2 Supporting evidence

Ectopic expression of normal genes in transgenic mice
results in neoplastic development. For example, Sternlicht
et al (1999) observed that manipulations of the microen-
vironment, such as overexpression of stromelysin-1, can
stimulate carcinogenesis. This matrix metalloproteinase
would alter cell-cell and cell-extracellular matrix interac-
tions. These alterations, in turn, would promote the neo-
plastic transformation of the mammary gland. Moreover,
administration of proteinase inhibitors suppresses the car-
cinogenic process that ensues when the stromelysin-1
transgene is expressed (Sternlicht et al 1999). Interest-
ingly, the resulting neoplasms displayed DNA losses in
chromosomes 4 and 7, and those showing epithelial to
mesenchymal transitions displayed DNA gains. Hence,
aterations in tissue architecture can and do induce neo-
plasms that, like the spontaneous ones, may end up show-
ing aneuploidy and mutations. As Prehn (1994) remarked,
“it may be more correct to say that cancers beget muta-
tionsthan it isto say that mutations beget cancers”.

Using a theory-neutral experimental strategy, we have
observed that the recombination of mammary gland stroma
exposed to a carcinogen with normal mammary epithelial
cells resulted in the development of carcinomas. The re-
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verse combination did not. Carcinomas are tumours of
epithelial origin; according to the SMT, the carcinogen
should have caused mutations in the epithelial cells. In
contrast, these observations suggest that the stroma,
rather than the epithelium, is the target of the carcinogen
(Maffini et al 2004). These results challenge the value of
the SMT, while buttressing the TOFT.

7.3 Sporadic versus hereditary cancers

From our perspective, hereditary cancers (Knudson 1995)
should be considered as inborn errors of development.
Analogous to inborn errors of metabolism that were ex-
tensively described during the second half of the 20th
century (Schaub 1991), these cancers represent syndro-
mes that involve the appearing of uni- or multi-locular
tumours at different times during development. For in-
stance, these syndromes may appear shortly after birth as
in retinoblastoma (Knudson 1993), after puberty or in
early adulthood like in multiple endocrine cancers (Poisson
et al 2003), or prior to the age of incidence for the non-
familial form in breast cancers due to BRCA1l and
BRCA2 gene mutations (lau et al 2001), and in colorectal
cancers due to APC mutations. The distinction between
sporadic and hereditary cancers is intended to separate
two sets of tumors that have a distinct etiology (epigene-
tic versus genetic, respectively) but share a common
pathogenesis (tissue architecture disruption).

7.4 Cause versus explanation in hereditary cancer

Finding the genetic cause but not an explanation occurs
frequently when studying human genetic diseases. For
example, the Lesch-Nyhan syndrome is caused by a germ
line mutation in the enzyme hypoxanthine guanine phos-
phoribosyl transferase. The boys carrying this defect are
asymptomatic at birth, but show the first signs of neuro-
logical impairment at 3-4 months of age. Later on, the main
signs of this fatal disease, automutilation and coreoathe-
tosis become apparent. So far, after more of 30 years of
research on this subject, there is no explanation of how a
defect in an enzyme of purine metabolism leads to the
neurological manifestations of the syndrome (Nyhan
2000). A comparable argument could be made regarding
causation and explanation of inborn errors of develo-
pment (hereditary cancers). Namely, a deletion of the
lethal giant larva-2 (Igl-2) gene in Drosophila is respon-
sible for the development of neuroblastomas in homozy-
gote flies. This gene is expressed when the embryo is a
synctytium and is never expressed in neuroblasts, the cell
type that becomes cancerous when the gene is defective.
As the nervous tissue develops in the mutant Drosophila
larva, it appears less organized than in its normal coun-
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terpart (Mechler et al 1991). Thus, the gene deletion
somehow affects tissue organization several steps down-
stream after it failed to be expressed much earlier. Hence,
even finding the mutated gene and showing its causal
role in carcinogenesis has fallen short of explaining the
cancer phenotype.

8. AretheSMT and the TOFT two faces
of the same coin?

These two theories are not compatible; they may even be
incommensurable, as in Kuhn’s lexicon. While one cen-
ters on ‘one renegade cell,’ as asserted by Weinberg (1998)
and views cancer as a cell-based disease involving un-
regulated cell proliferation, the other focuses on a ‘soci-
ety of cells and views cancer as a problem of tissue
organization (Sonnenschein and Soto 1999f). However,
this does not mean that the data gathered from experi-
ments based on the SMT cannot be interpreted in the
light and context of the TOFT. The polyps in patients
hemizygous for a defective APC, the displasias appearing
prior to neoplasia in retinoblastoma and in the lethal gi-
ant larva mutant in Drosophila are all tissue organization
aterations. In the case of inactivated APC, one may even
hint at the mechanisms that may be involved, since, as
mentioned above, APC binds to b-catenin, which in turn
binds to cell adhesion molecules caled cadherins (Kemler
1993). APC also binds to the human homologue of Dro-
sophila discs large (hDdl), which is also involved in cell-
cell adhesion through septate junctions (Hough et al
1997). Deletions of this gene in flies result in the loosen-
ing of cell-cell contacts, abnormal morphology of the
imaginal discs, and neoplastic development (Jursnich
et al 1990).

Altered communication among cells is at the core of
the TOFT. From this perspective, one would study how
specific alterations in APC, catenins, cadherins and hDdl
affect the development of the intestinal crypt and give
rise to polyps. Instead, the SMT-based research effort
centers on the role of b-catenin as a transcription factor
and look at the epithelial cell nucleus (where the tran-
scriptional machinery resides) for putative alterations in
the control of cell proliferation, cell cycle and apoptosis.

In sum, genes causing inborn errors of development
and cancer could be easily incorporated into the TOFT,
but the questions asked about the role of these genes
would be different from those formulated by the SMT.
While the former looks at cell interactions in a tissue-
based, developmental context, the latter looks at the cell
as a quasi-autonomous entity, governed from the inside
by its genes. As put by L Moss (2003a): “To heirs of
nineteenth century holism (‘organicism’ —is the material-
ist, contemporary version of holism—author’s note),
autonomy was understood in terms of ‘totipotency’, the
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possession by the cell of the potential of the whole. The
autonomy of the cell understood this way is then the pre-
condition for either normal or aberrant growth and a prior
guarantee of neither. What determines which way it will
go, normal or aberrant, is not its internal features but the
subsequent history of itsinteractions’.

9. Conclusion: Does philosophy matter?

For four centuries, choices between competing postulates,
hypothesis testing and falsification have been central to
the long, successful tradition of science. Only after arig-
orous weeding-out process is a synthesis possible. Through
this synthesis, contradictions are resolved and both spuri-
ous ‘facts and wrong premises are recognized and dis-
missed. A misguided, premature synthesis may lead to an
‘anything goes attitude where if results do not fit one
hypothesis, they may fit its opposite or an ad hoc alterna-
tive one; in other words, nothing is rejected and every-
thing is explained. This attitude contrasts with the objec-
tives of science as described by Ayala (1968), namely:
“(i) science seeks to organize knowledge in a systematic
way, endeavouring patterns of relationship between phe-
nomena and processes; (ii) science strives to provide ex-
planations for the occurrence of events; and finaly, (iii)
science proposes explanatory hypotheses that must be
testable, that is, accessible to the possibility of rejection
or falsification”.

As we have analysed above, the emergence of conflict-
ing data within the SMT did not result in the rejection of
premises and hypotheses. For example, an oncogene could
be ‘dominant’ and express a ‘gain of function’ with re-
spect to the non-mutated homologue, and its biological
effect could be contextual at the same time. That is, a
mutation that should have produced uncontrolled cell
proliferation resulted in cell death or arrest of cell proli-
feration. Again, ad hoc explanations were proposed to re-
solve conflicting evidence, leading to a situation whereby
any possible conclusion is valid because no alternative
concept is ever disproved and abandoned. The lack of fit
is attributed to the unfathomable complexity of nature/
biology (Guerra et al 2003). In short, something can be
anything and its opposite.

In this atmosphere, ‘tissue-based’ cancer research is
also being blended into the oncogene theory. Namely,
data showing that extracellular matrix and tissue architec-
ture can normalize the behaviour of cancer cells (Weaver
et al 2002) are re-interpreted by adherents to the SMT as
important steps towards understanding the mechanisms
that determine how “... cancer genes perturb the bio-
logical interactions of individual cells with their immedi-
ate surroundings” (Jacks and Weinberg 2002). Hence, for
these committed supporters of the SMT, the problem of
how extracellular matrix controls cell phenotypes be-
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comes at best a quest to unravel how oncogenes affect
interactions between mutated and normal cells.

The philosopher L Moss has put forward the argument
that most of the problems inherent to the SMT are due to
the amalgamation of the Mendelian gene (as used in
transmission genetics to trace the inheritance of a given
character) with the molecular gene (a DNA sequence)
and to the adoption of a preformationistic view in the
long and till ongoing debate between epigeneticists and
preformationists. Indeed a substantial literature, both bio-
logical and epistemological, clearly shows that the Men-
delian gene was not reduced to the DNA ‘gene’ and that
the relationship between the two is rendered ambiguous
because of splicing (one gene—-many possible transcripts)
as well as by the classical properties of pleiotropism (one
gene—diverse effects) and polyphenism (one genotype—
multiple phenotypes).

Regarding the preformationism/epigenesis argument in
embryology, the 18th century homunculus that deter-
mined morphogenesis in the embryo morphed into a ge-
netic program at the middle of the 20th century. Instead,
the modern view about epigenesis is that the embryo con-
structs itself, using not only the proteins and RNA coded
in the genome, but all sorts of environmental resources.
According to Moss (2003b): “The critical decisions made
at the nodal points of organismic development and organ-
ismic life are not made by a prewritten script, program,
or master plan but rather are made on the spot by an ad
hoc committee”. This organicist perspective acknowledges
the existence of emergent phenomena.

Philosophers debate whether emergence is a real phe-
nomenon, or just an epiphenomenon (Kim 1999). A main
concern of philosophers about emergentism is ‘down-
ward’ causation. As Kim (1999) states about synchronic
emergence: “. .. apart from any recondite metaphysical
principle that might be involved, one cannot escape the
uneasy feeling that there is something circular and inco-
herent about this variety of downward causation”. In a
general and perhaps trivial sense, molecules mediate
these high-level phenomena. However, there are many
interactions that occur simultaneously to maintain the
structure of atissue; hence, it is practically impossible to
sort out cause and effect in a way that would precisely
reveal whether emergents have true causal agency.
Therefore, researchers take for granted that emergent
phenomena exist and adopt an organicist stance, or alter-
natively, assume a reductionist stance hoping that a neat,
linear causal chain will eventually be identified.

The genetic reductionist claim that morphogenesis is
controlled by the genetic patterning of the body plan
through a gene-induction cascade is how being modified
to include mechanical forces. The unidirectiona flow
from genes to shape is being modified to include cell
movements that cause ‘physical stress in neighbouring

L

cells inducing specific gene expression (Farge 2003).
This causal chain, from a molecular event to physical
stress inducing the next molecular event appears as an
emergent (i.e. an increased number of cells moving) act-
ing as a downward cause. Of course, one may argue that
this is not a truly downward cause because an operator
could apply compression and generate the same outcome.
However the fact is that the only way the embryo has to
exercise compression is by creating a tri-dimensional
structure that can generate this force.

Perhaps the problem centers in the literal way in which
cells are taken as ‘low level’ parts of the higher level
‘tissue.’” Historicity is of the essence here. A tissue results
from a long series of interactions during which cells move
around in relation to one another and change in the pro-
cess. By the time the tissue is formed, the ‘parts that we
identify in them are no longer the parts that interacted in
their formation. The cellular components present now did
not pre-exist the tissue itself — they are interacting now in
a particular way that is reciprocal. When we artificially
separate the components of the tissue, for instance the
cells forming epithelium and its subjacent stroma, the
cells cease to perform the functions they executed when
together in their proper tri-dimensional arrangement.
However, when recombined, they form a tissue similar to
the one from which they originated. Parenthetically, thisis
also an oversimplification; as previously stated, neither the
parenchyma nor the stroma existsin isolation from one other.

Recombining stroma and parenchyma (usualy epithe-
lium) from different organs has provided some hints
about the inductive role of the stroma over the epithe-
lium, as well as some indications that the epithelium pos-
sesses some degree of cellular identity that is not in-
fluenced by the stroma. As researchers tend to think that
the important part of the tissue is the parenchyma, a rig-
orous search for subtle reciprocal changes in the stroma
is needed. Interestingly, the basement membrane that is
interposed between the epithelium and the stroma is
made ‘in collaboration’ by the stroma and epithelial cells.
Notably, when epithelial cells are placed in a plastic cul-
ture dish, they form a flat layer, quite different from the
epithelium of origin. If instead, they are placed in a simi-
lar dish coated with basement membrane proteins they
associate and recover the original tri-dimensional archi-
tecture of the epithelium of origin. They attach to each
other forming either sheets or ducts. Moreover, the indi-
vidual cell shapes also change, as does the intracellular
placement of their organelles. How can causation be stud-
ied here? Is the tissue causing the formation of a basement
membrane? And then, is the basement membrane ‘caus-
ing’ the normal architecture of the epithelium —and thus
the tissue? This looks like circular causation.

Limb development also offers an example of circular
causation. The skeletal structures of the limb are initiated

J. Biosci. 30(1), February 2005

|



-

-

116 Ana M Soto and Carlos Sonnenschein

by the expansion of precartilage condensations within the
mesenchyma. Proteins of the transforming growth factor-
beta (TGF-b) family regulate this process (Downie and
Newmann 1994). This process is mediated by TGF-b
through a positive autoregulatory pathway (van Obber-
ghen-Schilling et al 1988), namely, cells in these precar-
tilage condensations secrete TGF-b, and TGF-b in turn
makes them secrete more of it.

Tooth development offers other examples of quasi ‘cir-
cular causation’. The mandibular epithelium ‘causes’ the
underlying mesenchyme to condense (i.e. it appears more
cell-dense at the microscope). If the epithelium is recom-
bined with other kinds of mesenchyme at this stage of
development, it induces the generation of tooth struc-
tures. Soon thereafter this ‘inductive’ potential is lost. If
the condensed mesenchyme from underneath the man-
dibular epithelium is now recombined with other epithe-
lia, the recombinant generates tooth structures. Moreover,
the gene products involved in early tooth development
also are implied in mammary gland development and in
hair follicle formation. Hence, in order to understand
how form is generated it may be more productive to con-
centrate on the higher-level phenomena (cell movement,
cell proliferation, cell death) than exclusively in patterns
of gene expression.

In sum, we think that at best, in biology several levels
of explanation are necessary. Development and cancer
will not be reduced to complex series of protein interac-
tions, but rather a multilevel explanation will be required.
In some instances molecules will do the explanatory job,
in others physical forces, but at the core they will remain
a problem of tri-dimensional tissue organization. To pre-
tend that technological innovations will enable the under-
standing of these complex phenomena may just be
wishful thinking. We instead need a novel way of think-
ing about these problems that takes all levels of biologi-
cal organization into consideration.
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