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a b s t r a c t

Cell lineage commitment and differentiation are governed by a complex gene regulatory network. Dis-
ruption of these processes by inappropriate regulatory signals and by mutational rewiring of the network
can lead to tumorigenesis. Cancer cells often exhibit immature or embryonic traits and dysregulated
developmental genes can act as oncogenes. However, the prevailing paradigm of somatic evolution and
multi-step tumorigenesis, while useful in many instances, offers no logically coherent reason for why
oncogenesis recapitulates ontogenesis. The formal concept of “cancer attractors”, derived from an inte-
grative, complex systems approach to gene regulatory network may provide a natural explanation. Here
we present the theory of attractors in gene network dynamics and review the concept of cell types as
ynamical system
attractors. We argue that cancer cells are trapped in abnormal attractors and discuss this concept in the
light of recent ideas in cancer biology, including cancer genomics and cancer stem cells, as well as the

implications for differentiation therapy.

© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Pathologists have long suggested, based on cell morphology, that
malignant tumors represent an aberrant form of cellular develop-
ment [1]. The degree of immaturity of cancer cell phenotype indeed
roughly scales with malignancy. That tumor cells express genetic
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rograms of immature or of embryonic cells has now consistently
een confirmed at the molecular level by genome-wide analysis of
ene expression profiles (“transcriptomes”) of tumor tissues and
ancer cells [2–4]. Cellular programs that play essential roles dur-
ng development overlap with those traits of tumor cells that have
een defined as “hallmarks of cancer” [5], including rapid prolif-
ration and clonal expansion, migration and invasion, stimulation
f angiogenesis, etc. The prevailing paradigm that these hallmarks
re acquired in a multi-step fashion [6], driven by somatic evolution
7,8], however, fails to account for the consistency of the embryonic
ell phenotype. Moreover, the old observation that a population of
ancer cells is heterogeneous, continuously producing a variety of
istinct cell phenotypes, also defies the concept of clonal expansion
f a mutated cell [7,8]. Instead, it has stimulated renewed attention
o the idea of cancer as a developmental disease, with a strong non-
enetic component, as best epitomized in the revived interest in
pithelial–mesenchymal transition [9,10] or the “cancer stem cell”
ypothesis [11,12]. Furthermore, the list of developmental genes
hose mutational (in)activation contributes to cancer continues to

row [13]. Thus, after decades of characterizing mutated signaling
athways that act as proximate cause in tumorigenesis, the larger
icture that tumors are a consequence of a disrupted regulation of
ormal cell and tissue development is re-emerging [14–16].

The recent technological advances in genomics has led to a
eluge of gene expression profiles and whole-genome sequences
f tumors, fostered for instance by the Cancer Genome Anatomy
roject (http://www.ncbi.nlm.nih.gov/ncicgap) [17]. But if in mak-

ng sense of the data, we aspire to go beyond just embellishing
he systematic enumeration of oncogenic pathways with func-
ional annotations pointing to “development”, then we will need
o see such high-throughput molecular characterization through
he combined lens of systems and developmental biology. It is also
ot sufficient to extend the notion of oncogenic mutations to cova-

ent chromatin marks and DNA methylation [16] or to introduce
d hoc, qualitative models [18,19]. One concrete way to begin to
mbrace such an integrative view that considers development is to
sk: Why does oncogenesis mimic ontogenesis? How can a handful of
andom genetic mutations and subsequent selection so rapidly and
onsistently generate the molecular organization within tumors
hat activates the unfathomably sophisticated developmental phe-
otype? In what precise sense is cancer really a “derailment of
evelopment”?

With the integrative spirit of systems biology and recent
dvances in understanding how gene regulatory networks (GRN)
overn cell fate switching and differentiation, the time is ripe
or discussing a unifying formal framework that connects tumori-
enesis with development, and thereby, explains the seemingly
pontaneous order and patterns in tumor formation as an inevitable
onsequence of errors in the machinery that so robustly produces
he diversity of cell types during metazoan development. There-
ore, we present here the idea of “cancer attractors”, which was first
uggested by Stuart Kauffman 40 years ago [20] as a corollary of an
ncompassing theory from complex systems studies that has only
ecently begun to find experimental support thanks to genomic
echnologies. It explains how a genome-spanning GRN affords in
ne single genome the capacity to produce a diversity of stable,
iscretely distinct cell phenotypes in the metazoan body that we
ecognize as “cell types” [21]. In this review we will explain the
ormal concept of attractors in a permissively simplifying language
nd without taking refuge in abstract mathematical equations. We
hen discuss its wide-reaching implications for cellular develop-
ent and tumorigenesis and demonstrate the link between these
wo. The integrative approach will also embrace the ideas of tumor
s a tissue disease [15] with distributed genetic and non-genetic
bnormalities [16,19,22] and involving “cancer stem cells” [11,12]
nd the non-neoplastic tumor stroma [23–25].
mental Biology 20 (2009) 869–876

2. Towards an integrative view: cancer cells as abnormal
cell types

2.1. A central paradox: explaining phenotype differences by
mutations

The common epistemological habit of modern molecular biol-
ogy is to reduce an observed phenotype or function to a molecular
entity, such as a gene, protein or pathway, which have become the
embodiment of causation in biology. The quest for a molecular basis
of tumorigenesis in this tradition of “proximate explanation” has led
to the model of tumorigenesis as a linear, multi-step, evolutionary
process [5,6,26].

This reductionist–mechanistic and Darwinist view, supported
by countless examples of “plausible mutations”, obviates the need
for a more encompassing and integrative view for examining
tumorigenesis in the broader context of development. Instead,
any novel phenotypic feature (“hall mark”) that a malignant cell
acquires is conveniently explained by a specific lasting molecu-
lar alteration: a genetic mutation or more recently, an “epigenetic”
change, such as a histone modification or DNA methylation.

But here is a rarely articulated paradox: While one will auto-
matically seek to determine the gene that is mutated to explain an
incremental malignant trait nobody will doubt that normal cells as
distinct as a stem cell, a mature neuron, a blood cell or an epithelial
cell, all share the very same genome. No mutations are invoked to
explain the vastly different phenotypes and their inheritance within
a lineage. This opens the first fundamental question: how can the
same set of genetic instructions produce a variety of discrete, persistent
(non-genetically inherited) cell phenotypes? (As discussed below, the
covalent “epigenetic” chromatin marks invoked in cell-type specific
gene expression are actually another layer of proximate causation
and strictly speaking, not truly explanatory for the establishment
and stability of specific gene expression patterns since they are
reversible and lack locus specificity [27–29]).

We suggest here to view tumors from an opposite vantage point:
consider each type of tumor cell as a cell type in its own right
whose phenotype would result from a “functional” error in the com-
plex cell developmental process that has evolved to allow the very
same genome to produce a broad diversity of discretely distinct cell
phenotypes. This mental picture will mitigate our dependence on
genetic mutations in explaining the tumor phenotype.

2.2. Genome-wide studies of cancer cells

Indeed, the recently available DNA sequences of tumor genomes
shed light on the hidden cracks in the paradigm of genetic muta-
tions as prima causa of cancer. Cancer genome sequencing projects
[30–35] provide a general estimate of the extent of genetic alter-
ations. For instance, tumor cell genomes contain approximately
∼10–200 mutations not found in the wild type tissue—with a large
variability between tumor types. (The majority of the genetic alter-
ations found in tumor cells are “passenger” rather than “driver”
mutations which contribute to tumorigenesis and progression.)
Tumors of the same type typically show no congruently overlapping
but quite differing sets of driver mutations. Only a few mutations are
found in a majority of tumors whereas the majority of mutations
are observed in less than 5% of tumors [36]. This lack of overlap
has been explained away by arguing that driver mutations affect
genes which belong to the same functional (gene ontology) class
and hence, need not be identical although the functional classes

(gene ontology annotation) are rather broadly defined [37].

In moving beyond genomic alterations, the abundance of tran-
scriptome (gene expression profiles) of tumor tissues [38,39] now
offers a view on emergent patterns that will help to establish the
link to development. If instead of using expression profiling just to

http://www.ncbi.nlm.nih.gov/ncicgap


S. Huang et al. / Seminars in Cell & Developmental Biology 20 (2009) 869–876 871

Fig. 1. Example of clustering of tumor transcriptomes into discrete, well separated clusters. Left: dendrogram showing hierarchical clustering of the lung (tumor) tissue
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ample of 24 individuals. Right: GEDI-maps for three randomly chosen tissue samp
umor type. Each map represents a transcriptome, with corresponding pixels repre
ef. [44].

dentify individual “tumor specific” genes or prognostic subtypes
f cancer [40–43] one takes a step back to catch a “holistic view” of
he entire transcriptome as a whole [44], a stunning degree of orga-
ization and order of global expression patterns will spring to eye
see Fig. 1). Similarly, cluster analysis of tumor transcriptomes read-
ly and robustly classifies tumors into a small number of discretely
istinct groups. This molecular clustering correlates well with the
raditional classification of tumor types derived from morphology
nd biochemical markers. The discrete clusters of pathological tran-
criptomes are reminiscent of the organization of transcriptomes of
ormal cell types into groups of related tissues [45,46]. For instance,
espite individual variability, lung cancers can be divided into four
learly and discretely distinct main groups that encompass >95% of
ll pulmonal neoplasia and whose members share highly similar
xpression profiles [44].

.3. Cancer cells as a discrete phenotype

Why is there not a “continuum” of tumor transcriptomes, given
hat they do not represent physiological states but result from
undreds of random mutations scattered throughout the genome?
hence the organization into discrete subtypes in a chaotic world

f random mutations? Why is there order in the realm of the abnor-
al, chaotic? Is this all due to convergent evolution of the most fit

ancer cell? Perhaps the over-crediting of the creative power of nat-
ral selection seen in organismal evolution [47,48] is also creeping

nto tumor biology. In fact, strikingly, even at an early stage, tumor
ells not yet exposed to the formative forces of adaptive evolu-
ion exhibit abnormal yet characteristically recurring types of gene
xpression profiles that can predict metastasis potential [49,50].

The idea that the tumor cell is an aberrant cell type is most lucidly
mbodied by small cell-lung cancer which despite the diversity
f its etiology and patterns of mutation presents to the patholo-
ist with a distinctively discrete, easily recognizable, characteristic
henotype not found in normal tissue.

The notion of “cancer stem cells” (discussed in Section 7) and
heir preserved but ineffective ability to produce a variety of more

ifferentiated cells [12] also points to a pathological cell develop-
ent that affects the machinery of cell type generation. Hence,

ancer is likely not simply the product of (somatic) evolution that
culpts the malignant phenotype, starting from a normal cell as a
lank slate and following the dictate of “survival of the fittest”.
howing the transcriptome patterns. Note the characteristic global pattern for each
g the same genes in each map and their color the expression level. Adapted from

In order to appreciate that cancer cells represent abnormal cell
types we need to first understand what is the essence of a cell type
and how its development is regulated. How does the genome so
reliably produce the exact patterns of expression of ten thousands
of genes that define each (normal) cell type?

3. Cell types as attractors

A gene expression pattern reflects the state of a gene regulatory
network (=GRN), and as a whole, is dynamic: it develops in time due
to the mutual regulation between the genes of each others’ expres-
sion and settles down into an “equilibrium state” that complies with
the regulatory interactions (reviewed in [21]). The ability of small
gene regulatory circuits to produce more than one stable equilib-
rium state (=stable pattern of expression of all genes in the circuit)
has first been proposed by Max Delbruck in 1948 [51], and later, by
Jacob and Monod [52] and others to explain differentiation into a
multitude of stable phenotypic states (see Primer in Supplementary
data, A, for detailed explanation). In the 1960s Kauffman showed
that a complex network of up to hundred thousands of mutually
regulating genes can under certain conditions produce hundreds
of stable equilibrium states, termed attractors [53,54]. Kauffman
proposed that attractor states correspond to the gene expression
profiles associated with each cell type [54,55] (Suppl. data, Fig. 2A).

To understand the essence of an attractor the concept of the
state space is necessary. The state space of a GRN, as explained in
the Suppl. data (A), is the space that contains all theoretically pos-
sible gene expression patterns = network states of that GRN. Each
point in the (high-dimensional) state space represents one gene
expression pattern of the GRN and moves around as the expression
patterns change (Fig. 2A and B). The attractor state is a particular
point in the state space and has particular properties: as a sta-
ble equilibrium state it resembles a “lowest energy state” at the
bottom of a “potential well” which represents the “basin of attrac-
tion”. Thus the attractor state is surrounded by unstable states and
is “self-stabilizing”.

This notion of a potential is captured in Waddington’s “epige-

netic landscape” [56] which was introduced as a metaphor in the
1950s to explain the discrete nature of cell types (Fig. A, Suppl. data).
According to Waddington, each valley represents a cell type, which
in the modern state space formalism correspond to the potential
wells with their basins of attraction. At their bottom are the



872 S. Huang et al. / Seminars in Cell & Developmental Biology 20 (2009) 869–876

Fig. 2. From network dynamics to epigenetic landscape and attractors.
(A) Pedagogical example of a 2-gene network (mutual inhibition of genes A and B) and associated epigenetic landscape in the two-dimensional state space. Note that each
network state maps to one point in the state space (for details see Suppl. data). (B) Epigenetic landscape for a complex network with N genes. Overall slope from back to
f n from
l ering
h s that
D norm

a
o
d
a
e
i

ront represents developmental progression. The landscape is a schematic projectio
ine) lead to attractors that represent distinct cell types and are shielded from ent
ill). Mutations can lower this barrier, thus opening access to the unused attractor
ifferentiation therapy aims at perturbing the network state to move it back to the

ttractor states. Since each point in state space represents a state

f the GRN and hence a gene expression pattern, the attractor state
efines a stable gene expression pattern. Hills that separate the
ttractors represent the unstable network states. Thus, attractors
ncode specific “genetic programs” of the cell “pre-programmed”
n the GRN, including those which produce a stable cell type-specific
N to a two-dimensional state space. Normal developmental trajectories (blue solid
the unused “abnormal attractors” (red dashed circle) by epigenetic barriers (pink
encode an abnormal, immature phenotype = cancer attractor (red dashed arrow).

al trajectories of development (blue).

gene expression pattern. Accordingly, a switch between two cell

phenotypes is represented by the transition of a cell state between
valleys. Such transitions are triggered by regulatory signals, such
as cytokines, that change the expression status of a set of genes in
a concerted manner or by gene expression noise which produce
random fluctuations in the expression of the genes [21,57].
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As it turns out, Waddington’s landscape is more than a metaphor,
or it can be formally explained as a generalized potential landscape
n state space that represents the global dynamics of a GRN. The
asis for the “elevation” at each state space position that gives rise
o the picture of a landscape topography is explained in more detail
n Suppl. data, A.

The existence of high-dimensional attractor states (Fig. 2B)
efined by N = thousands of genes across the genome and their
orrespondence to particular cell types has recently been experi-
entally verified. Using microarrays for dynamic gene expression

rofiling the “attraction” of trajectories from different directions in
tate space towards a common final state of a differentiated cell, as
ell as the relaxation back to the bottom of the potential well after

ocal perturbations are both indicative of attractors [58,59]. Such
elf-propelled convergence of high-dimensional trajectories (gene
xpression profile change) is a necessary signature of an attractor.

. Biology on the epigenetic landscape

We shall note that the term “epigenetic” as in Waddington’s “epi-
enetic landscape” (Fig. A, Suppl. data) used here is distinct from
hat used by molecular biologists to describe covalent chromatin
nd DNA modifications (Section 2). It is closer to the physicists
otion of an “epigenetic state” [60], a system-level stable state
hat arises from genetic interactions, which in turn directly reflects

addington’s original meaning.

.1. Properties of cell fate regulation

The attractor nature of distinct cell phenotypes, most obviously,
he cell types, explains a series of cell behaviors that are not eas-
ly accounted for by linear molecular pathways. It explains why
ell-type specific genome-wide expression profiles, defined by the
alues of thousands of variables, are so reliably established dur-
ng differentiation, as if orchestrated by an invisible hand: The
elf-organizing and self-stabilizing property of biologically signif-
cant gene expression profiles is a natural feature conferred by
ttractors. Hence, cell-type specific gene expression patterns are
obust to noise, re-establishing themselves after small perturba-
ions (=imposed changes of expression levels of individual genes)
nd can be reached in principle via an almost infinite number
f paths [21]. Conversely, they are capable of undergoing drastic
uasi-discontinuous transitions to other specific stable expression
rofiles via genome-wide changes of gene expression. Such tran-
itions occur when cells encounter the proper cell fate regulatory
ignals that, via branching signal transduction pathways change the
xpression of a specific set of genes of the network, or due to suf-
ciently high random fluctuations of gene expression levels. In a
implified picture, attractor transitions underlie the cell phenotype
witching during development [21,57,61].

The presence of a landscape with preexisting neighboring val-
eys is well illustrated in the classical experiment of treatment with
′Azacytidine (5′Aza). This chemical demethylates DNA and thereby
ffects the expression at gene loci across the genome to impose a
enome-wide perturbation. Treatment of a fibroblast population
ith 5′Aza induces their differentiation into adipocytes, muscle

ells and chondrocytes [62] within the very same cultural environ-
ent. This observation, repeated in many other cell lineages since,

s recapitulated in the model: cells placed on top of a mountain
op or at a ‘watershed’ in the epigenetic landscape will roll down
nto just the few distinct valleys accessible to them, driving the
pontaneous separation into discrete fates.
.2. From pluripotent embryonic cell to the mature cell type

The epigenetic landscape offers an integrative view of develop-
ent. Pluripotent embryonic stem cells are in a metastable state
mental Biology 20 (2009) 869–876 873

at the highest point (“summit”) in a landscape. They roll down the
landscape as cells multiply and swarm out to fill the state space
of the genomic network, driven by gene expression noise and reg-
ulatory interactions, and come to rest as they occupy the various
valleys and subvalleys in the “lower regions” of the landscape, rep-
resenting terminal differentiation [21,56]. The associated inevitable
loss of “potential energy” is consistent with the progressive
“lineage-restriction” in the course of development. The discernible
intermediate states of maturation that correspond to metastable
multipotent progenitor cells are represented by small groves
located at watersheds, where a cell has to make a binary fate deci-
sion to roll further down into either one of the two adjacent valleys.

Experimental and theoretical analysis of bipotent progenitor or
stem cells are consistent with this picture [63,64]. In other words,
development is the distribution of cells into a set of (“low energy”)
attractors and their balanced occupation by cell populations—much
as water draining a landscape fills up a distinct number of lakes
in the valleys. Another layer of regulatory network not discussed
here, namely, that of cell-cell communication implemented by
paracrine, iuxtacrine and humoral interaction may serve to regulate
the relative occupancy of neighboring attractors to be commensu-
rate for the formation of tissues by a balanced set of distinct cells.
(Mathematically, such cell-cell regulation can be formalized as a
modification of the landscape topography that deepens an attrac-
tor.)

Taken together, the epigenetic landscape is the stage on which
the play of cell fate decisions and cell type maturation is chore-
ographed. Its detailed topography must be such as to guide the
coordinated production of the appropriate proportions of distinct
cell types at the right place and time. Driving this graphical rep-
resentation further, each of the expanding number of cells, rolling
down the landscape during development, has to be channeled to
the appropriate valleys and subvalleys without “spilling” over into
unphysiological side valleys. It is important to keep in mind, before
we move on to discuss cancer attractors, that the epigenetic land-
scape is more than a metaphor—it is mathematically derived from
the dynamics of the gene regulatory network (Suppl. data, A): The
GRN of a particular genome maps into one landscape and each geo-
graphic position in it represents a unique gene expression profile,
i.e., a cell state, in the high-dimensional state space of the genome-
wide network. Then, one may speculate, evolution of development
fine-tunes the wiring diagram of the genomic network to shape
the topography of the epigenetic landscape such as to guarantee a
smooth flow of the multiplying cells down into the destined valleys
of mature cell types without leaving them behind at inappropriate
positions.

5. Cancer as attractors

5.1. Logical and system level justification

If cell types are attractors (Section 3) and cancer cells warrant
being viewed as abnormal cell types (Section 2), then cancer cells
should also be represented by attractors. But in addition to this logi-
cal clause, a global view of the network dynamics offers a formal and
more compelling reason to postulate the existence of “cancer attrac-
tors”: If a given GRN (say, the human genome) produces a particular
epigenetic landscape with valleys and hills then the landscape may
be so complex (“rugged”) that, in the implementation of the net-
work, not all attractors are occupied by those cells that represent
physiological cell types in the body. The “unused” attractors would

be inevitable byproducts of the complex dynamics of the GRN, and
the majority of them most likely represent abnormal, non-viable
gene expression patterns, perhaps due to “conflicting signals” (see
Fig. 2B). The genome may have not evolved to integrate them in
the roadmap of development. However, if an unused attractor is
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ssociated with a viable proliferative phenotype it could represent
cancer attractor. A first outline of this is simple yet profound the-
retical idea was first proposed by Kauffman in 1971 [20], inspired
y the statistical properties of large ensembles of boolean networks
hich for the first time established a relationship between network

ize and the typical number of attractors.
One first question that the cancer attractor hypothesis raises is:

f the cancer phenotype is to be explained by attractors that pre-
xist in the epigenetic landscape because of the way the GRN is
ired, what then is the role of genomic mutations in the etiology

f tumors? The formalism of GRN and the associated epigenetic
andscape places mutations in a new perspective not available in
he traditional paradigm of linear causative pathways.

.2. The role of genetic mutations

In the framework of gene network architecture a genetic muta-
ion is an architectural change that removes a node or a connection
n the network (loss-of-function mutation), strengthens or adds a
etwork connection (gain of function), or changes the interaction
roperties of a protein, including its target gene or its interaction
odality (e.g., generation of a dominant negative protein by dele-

ion of the activation domain), etc. In short—mutations introduce
hanges in the wiring diagram of the GRN. Since each network archi-
ecture uniquely maps into one particular landscape, mutations will
ranslate into a change in the landscape topography.

But to what extent do mutations reshape the epigenetic land-
cape? Computer simulations of large boolean networks have
hown that individual mutations (affecting one network ele-
ent = gene at a time) have a relatively mild effect on the overall

andscape topography [65]. This may not be surprising given the
omplexity of a vast web of interactions that can well buffer con-
iderable structural changes and maintain integrated architectural
roperties, such as global connectivity [66]. With respect to dynam-

cs, while the overall topography of the landscape is maintained
ollowing mutation of a single gene, attractor basins can be dis-
orted. Only occasionally may attractors disappear, merge, or new
nes created following mutation [65]. Moreover, routine theoretical
nalysis of small gene networks modeled as continuous dynamical
ystems readily reveals that changes in the interaction parameters
as could be introduced by genetic mutations), also have mostly
istorting (gradual) effects because of what is called “structural
tability” in parameter space of these network [63]: Changes in
etwork interaction parameters typically (=when not encounter-

ng bifurcation events) affect the size of the basins of attraction, the
eight of hills or depths of valleys [67] or they change the relative
osition of attractor states. These landscape changes would affect
he transition probabilities between attractors or shift the nature
f the expressed cellular program of an attractor state, respectively.
nly occasionally do such parameter changes lead to birth or death
f stable attractor states (=bifurcation events) [63].

Given these consequences of mutations on the landscape topog-
aphy we now propose the following role for mutations in cancer:
ancer attractors define stable gene expression profiles that imple-
ent a malignant cell phenotype and pre-exist in the healthy

enome; however, they are normally not accessible and hence, not
ccupied. Developmental trajectories pass by them much as the
ourse of well planned roads avoid abysses. However, tumorigenic
utations may create a side-path on the landscape, e.g., by tilting
slope or lowering a separating hill, which allows cells to acciden-

ally enter normally unoccupied attractors whose associated gene

xpression profiles may encode a malignancy program (Fig. 2B).
lternatively, mutations may create de novo pathological attractors

n state space regions corresponding to expression patterns that
ncode malignant phenotypes that are normally unstable states on
ill and mountains. Thus, mutation-induced reshaping of the land-
mental Biology 20 (2009) 869–876

scape topography interferes with Waddington’s smooth “buffering”
and “canalization” [56,68] and increases the probability that devel-
oping cells deviate from the normal ontogenetic trajectories and
enter side valleys that facilitate oncogenesis.

6. Other cancer cell properties explained by the cancer
attractor hypothesis

The idea of cancer attractors in an epigenetic landscape can
account for many non-genetic aspects of tumorigenesis which
appear to defy the view of genetic mutations as the primary and
proximate cause of cancer [22]. In other words, if a cancerous state
is an attractor state – much as a normal cell type is an attractor state
– then tumor progression may be more aptly regarded as an abnor-
mal developmental process and to a lesser extent as an evolutionary
process.

Cancer attractors provide a simple formal framework for inte-
grating non-genetic (regulatory) and genetic contributions to
tumorigenesis, and hence, can help to more coherently formalize
this rarely articulated dichotomy. In the perspective of the epige-
netic landscape with (cancer) attractors, non-genetic factors perturb
the network state S(t) by transiently altering the expression of genes
and thereby, trigger a jump of the network state from one site in
the landscape to another. Such perturbations of gene expression
can occur as a consequence of stochastic fluctuations in the cellular
abundance of regulatory molecules (“gene expression noise”) [57]
or of aberrant regulatory signals. In principle, non-genetic pertur-
bations could place cells into the basins of cancer attractors without
mutations (Fig. 2B) [16,22,60].

Importantly, attractor transitions embody the elementary prin-
ciple that a cell can stay in the new attractor even after the stimulus
triggering the transition has vanished. Such “memory effect” in a
landscape with multiple attractors (multistability) explains why
often the transient experimental expression of a tumor-promoting
gene suffices to trigger a lasting malignant phenotype [69–71]. The
irreversibility effectively implies the loss of dependence on the
tumorigenic protein and thus, hampers target-selective anti-cancer
drugs therapy. [Its opposite is the acquisition of new dependencies,
or “oncogene addition” (see below).]

In contrast, genetic alterations in the genome permanently
change the landscape topography (see Section 5.2), and thereby,
can lower the “energy barrier” separating the cancer attractor from
normal attractor basins or enlarge the basin of the cancer attrac-
tor. The relative “structural stability” of the epigenetic landscape to
random rewiring (=mutations, see Section 5.2) readily explains the
“constructive” capacity of random mutations in generating distinct
phenotypes without much selection: they only have to facilitate
access to the normally unused but pre-existing attractors which
spontaneously establish specific stable gene expression patterns
and need not create gene expression programs de novo.

The attractor concept affords a consistent model, free of ad hoc
argumentation, that naturally accounts for a large array of observa-
tions that appear paradoxical or to defy mechanistic (proximate)
explanation based on causative molecular pathways. A few key
examples are further detailed in the Supplementary data; see also
[22]):

• Non-genetic (environmental) and genetic factors synergize in
tumorigenesis.

• Multiple distinct molecular pathways lead to similar types of
tumors.
• Tumor viruses reprogram the stem cell state in differentiated cells
and induce tumors that mimic non-viral tumors.

• Transformed cells can exhibit a reversed response to regulatory
signals and novel dependency on regulatory molecules for sur-
vival (“oncogenes addiction”).
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Cancer cells relatively readily undergo EMT and the latter is linked
to the stem cell program.

. Refining the cancer attractor hypothesis: the embryonic
henotype

The second fundamental challenge, beside integrating the role
f mutations, that the cancer attractor hypothesis faces is to explain
ow cells so rapidly and consistently produce the specific phe-
otype of an immature cell state which somatic evolution clearly
annot explain. In many areas of biology one is often tempted to
ttribute the unfathomably creative force in the biosphere to nat-
ral selection. As discussed so far, the self-organizing property of
ttractors can account for the rapid generation of robust cancer-
us states that exhibit a degree of coordination of gene expression
o improbable as to challenge the explanation by natural selec-
ion alone. However, cancer attractors do not provide an answer
o the question: Why do the stable gene expression profiles of cancer
ttractors often encode an immature or embryonic program?

To explain the preference for attractors that encode an imma-
ure state the context of the entire epigenetic landscape needs to be
onsidered (Fig. 2B). Aberrant attractors that are accessed by chance
due to mutational reshaping of the landscape and unphysiological
erturbations) are more likely to be located close to the develop-
entally immature states in the regions of “higher mountains” of

he landscape because these regions are, by necessity, traversed
y all trajectories during normal cell development. Specifically, the
ost simple way by which a newly accessible pathological attrac-

or can trap cells is to disrupt the normal developmental trajectory
y diverting developing cells into a dead-end side valley, thereby
reventing them from completing their predestined journey down
o the physiological cell type attractors (see Fig. 2B). This side-
ard deviation prevents developing cells from efficient downward
ovement. By necessity then, the associated phenotype not only is

bnormal but also more immature.
Much as normal stem cells, the hence trapped immature cells

eside in regions of higher potential energy of the epigenetic land-
cape and not only exhibit “self-renewal” but also some degree
f multi-potency. In fact, these cancer stem cells [11] can give
ise to an entire hierarchy of differentiated cells that mirrors
hat of physiological development, as best characterized in the
ase of acute leukemia [12]. Consistently, increased plasticity of
umor cells is often observed [72,73]. Such intra-tumoral aber-
ant (trans)differentiation, driven by cells exploring the state space
eighborhood of the cancer attractor, leads to the production of
variety of more differentiated, often abnormal cells that are not

apable of propagating the tumor but contribute to the non-genetic
eterogeneity of tumors [60].

In summary, the “hallmarks of cancer” almost “come for free”:
hey are directly encoded by latent cancer attractors and need not
volve via natural selection. Cancer is immanent to the genomic
RN; it is the price the organism pays for evolving the machin-
ry for multi-cellular development. Mutations and selection do not
reate tumor cells from scratch but rather, either enhance the prob-
bility for a cell to find the cancer attractors or they fine-tune the
eoplastic phenotype that they encode.

. Conclusion

At the center of the integrative view presented here is the epi-

enetic landscape whose topography is determined by the GRN.
lthough biologists not used to the concepts of network dynamics,
tate space and generalized potentials may mistake the intuitive
andscape picture for an overstretched cartoon, it should be stressed
hat the landscape has a formal basis in the theory of dynamical,
mental Biology 20 (2009) 869–876 875

non-equilibrium systems [55,74] even if the specific details are not
known yet. The landscape may epitomize the substrate of evolu-
tion which sculpts its topography: the architecture of the GRN may
have evolved to produce a landscape that assures a smooth journey
of the developing cells so that they descend through the complex
high-dimensional state space to reach the gene expression pattern
conferring the mature phenotype without spilling into inappro-
priate dead-end valleys. While most phenotypes associated with
side-valleys are not viable, some may confer proliferative potential
of developing cells. Changes in the landscape’s fine-topography by
mutations can disrupt the developmental trajectory in such a way
that cells are trapped in these abnormal (=cancer) attractors before
maturity. Somatic Darwinian evolution can further deepen the can-
cer attractor and their occupancy by cancer cells. This framework
allows us to naturally place tumorigenesis in the context of normal
development and to explain the intuitively unlikely, yet inevitable
and highly specific nature of cancer following accidental events.

While the network view and landscape concept are consistent
with many elementary, counter-intuitive properties of cancer, they
are far from a complete theory of cancer. Two aspects of cancer
for which we refer to the Supplementary data can benefit from
the concepts introduced here: (i) non-cell-autonomous dynamics
of tumors due the influence of non-neoplastic cells in the tumor
stroma (see Supp. material, C); and (ii) the implications of cancer
attractors for cancer therapy (Suppl. data, D). Viewing cancer stem
cells as trapped in attractors raises the following question: how can
one perturb the malignant cells back to the trajectory that leads to
the non-malignant, more differentiated cell? This will place the old,
underexplored idea of differentiation therapy in a new light.

To predict the actual, specific epigenetic landscape of the human
genome, the detailed knowledge of the actual wiring diagram of
the genomic GRN is required. The increasing pace of advance in
genomic technologies for analyzing global regulatory interactions
offers hope that this state of knowledge can be achieved in the
foreseeable future. Meanwhile, we shall learn to appreciate the
importance of an integrative, systems view and refine the can-
cer attractor hypothesis to incorporate new observations of tumor
behavior. As we continue to gather the pieces of specific informa-
tion needed to construct the GRN’s wiring diagram, we shall hence
be guided by the broad vision of systems dynamics and the epige-
netic landscape rather than succumb to the narrow urge for finding
in a new molecular pathway an ad hoc explanation for a particular
tumor behavior.
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