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A B S T R A C T

Current anticancer paradigms largely target driver mutations considered integral for cancer cell survival and
tumor progression. Although initially successful, many of these strategies are unable to overcome the tre-
mendous heterogeneity that characterizes advanced tumors, resulting in the emergence of resistant disease.
Cancer is a rapidly evolving, multifactorial disease that accumulates numerous genetic and epigenetic altera-
tions. This results in wide phenotypic and molecular heterogeneity within the tumor, the complexity of which is
further amplified through specific interactions between cancer cells and the tumor microenvironment. In this
context, cancer may be perceived as an “ecomolecular” disease that involves cooperation between several
neoplastic clones and their interactions with immune cells, stromal fibroblasts, and other cell types present in the
microenvironment. This collaboration is mediated by a variety of secreted factors. Cancer is therefore analogous
to complex ecosystems such as microbial consortia.

In the present article, we comment on the current paradigms and perspectives guiding the development of
cancer diagnostics and therapeutics and the potential application of systems biology to untangle the complexity
of neoplasia. In our opinion, conceptualization of neoplasia as an ecomolecular disease is warranted. Advances in
knowledge pertinent to the complexity and dynamics of interactions within the cancer ecosystem are likely to
improve understanding of tumor etiology, pathogenesis, and progression. This knowledge is anticipated to fa-
cilitate the design of new and more effective therapeutic approaches that target the tumor ecosystem in its
entirety.

1. Causes and consequences of cancer cell heterogeneity

Malignant tumors are enormously diverse. More than 250 clin-
icopathological types and thousands of varieties of neoplasia have so far
been described. Moreover, cells within the same tumor are morpholo-
gically, phenotypically, and genetically heterogeneous, with further
post-treatment diversification in metastases and recurrent lesions
[1–3]. This inter- and intratumor heterogeneity manifests as a dramatic
discrepancy in clinical features, prognoses, and therapeutic responses.
Morphological patterns and other histological features that distinguish
tumor types are already used to predict differences in prognosis (e.g.
solid or macropapillary patterns are associated with worse survival in
patients with lung adenocarcinoma) [4]. The same applies for a number

of molecular alterations, some of which are used to guide clinical de-
cisions [5,6]. Finally, intratumor heterogeneity, and the extent to which
it occurs, can also be used as a prognostic indicator [7–10]. Hence,
heterogeneity between and within tumors can affect clinical outcomes
and guide therapeutic approaches.

2. Genomic heterogeneity

Recent studies using next-generation sequencing and single cell-
based technologies have uncovered tremendous intratumor hetero-
geneity at the molecular level. For example, several studies have
characterized the genomic landscape of primary tumors and metastatic
lesions within the same patient [11,12,1,3–7,13]. These analyses
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revealed a constellation of genetic alterations in primary tumors and
identified distinct clonal and subclonal architectures within both pri-
mary lesions and metastases, which indicated a number of seemingly
different evolutionary routes that cancer cells can undertake within the
same tumor [3,6–9]. Clear examples of genetic intratumor hetero-
geneity have been documented for neoplasia of the breast [14], lung
[15,16], and kidney [17].

Indeed, in a manner analogous to the role of biodiversity in natural
ecosystems, genetic diversity in cancer is thought to promote tumor
fitness and is therefore a predictor of poor clinical outcomes [7–10].
Hence, it is important to understand how this intratumor heterogeneity
occurs, as well as its significance in disease progression. The acquisition
and maintenance of the “hallmarks of cancer” [18,19] are thought to
occur stochastically with the accumulation of genetic alterations that
are selected according to their contribution to cancer cell fitness, that is,
whether they are driver or passenger events. This mirrors the Darwi-
nian, step-wise, and reiterative process of clonal expansion, genetic
diversification, and clonal selection of fitter populations [20]. One such
example is cell competition, whereby fitter cells (winners) eliminate the
surrounding cells (losers) by apoptosis [21]. There is however in-
creasing evidence for a non-linear, branched evolution of neoplasia
[7,16,22]. In this model, distinct, sometimes complementary, pheno-
types emerge within a tumor, and each of these phenotypes is selected
for simultaneously. The clones still originate from a common ancestor.
However, in contrast to linear evolution, divergent clones evolve in
parallel, resulting in multiple lineages that collectively contribute to the
malignancy. This process of branched evolution appears to be especially
applicable in the context of heterogeneous microenvironments because
different selection forces may be operating concurrently in different
areas of the tumor. In addition, it has recently been proposed that
heterogeneity within certain tumor types may also occur via the “Big
Bang” model, in which many mutations are acquired very early during
tumor progression. In the absence of strong selective pressures at the
initial stages of tumor progression, these mutations are likely to co-
exist. Theoretically, this state is maintained until a given stressor selects
for the fittest clones. In this model, complete clonal sweeps are thought
to be rare and the clones that survive stress may thus not have been the
most dominant in the original tumor [23,24].

Regardless of its origin, genomic heterogeneity within tumors pre-
sents a challenge to both diagnosis and therapy. Genomic heterogeneity
is associated with several important caveats when attempts are made to
classify and prognosticate cancers. In recent decades, considerable ef-
fort has been directed toward generating a comprehensive catalog of
the genes that initiate or cause cancer progression (drivers) and dis-
tinguishing them from genes that are a simple by-product of somatic
evolution (passengers), for which a number of bioinformatic tools have
been developed [25]. Even in those cases where potentially druggable
alterations are found, the implementation of this framework is contra-
dictory to the widely heterogeneous nature of most tumors because
such studies are performed on restricted cell populations isolated from a
small part of the tumor that are unlikely to reflect the full spectrum of
the heterogeneity within a given neoplasia. As such, intratumor het-
erogeneity significantly confounds the interpretation of massive se-
quencing studies performed using single tumor samples, as minor
clones may be masked and molecular studies may not be representative
of the tumor as a whole. This makes it challenging to target single
cancer-driving mutations because these mutations may be present in
some but not all cancer cells in the same tumor. Furthermore, during
cancer evolution, one driving genetic lesion may be replaced by another
as it is becoming apparent that mutations essential for cancer devel-
opment may not be required for disease progression [26].

Consistent with this tenet, even those tumors with a potent driver
mutation show a temporal clinical response of months or years, fol-
lowed by clinical relapse when that mutation is targeted. This eventual
treatment failure is thought to be a consequence of the involvement of
alternative genes or the activation of redundant pathways, as well as

the inability of single drugs to target the entire subset of malignant cells
[3,10,27]. For example, almost half of melanomas harbor BRAF-acti-
vating mutations (most commonly BRAFV600E), which lead to con-
stitutive activation of the mitogen activated protein kinase (MAPK)
pathway. BRAF inhibitors such as vemurafenib and dabrafenib are used
to treat metastatic melanomas and initially cause tumor regression.
However, resistance ensues, often due to downstream activation of
MEK. To circumvent this, MEK inhibitors have been developed and used
in combination with BRAF inhibitors. This extended the response to
about a year, but alternative modes of resistance emerged, leading to
recurrence [28]. Similar targeted therapies have been developed for a
number of other oncogenes and cancers, but their clinical efficacy is
usually lower than expected. Moreover, several important drivers have
not yet been targeted. For instance, no effective therapies have been
found for KRAS mutation-driven tumors, even though> 20% of all
cancers harbor mutations in this gene and its aberrant activation is
associated with resistance to anti-epidermal growth factor receptor
(EGFR) therapies and other anticancer agents [29]. We posit that this is
largely due to the tremendous genetic heterogeneity present in most
tumors, which is further compounded by a variety of epigenetic me-
chanisms [30].

Finally, many genetic alterations vary widely from one patient to
another (referred to as intertumor heterogeneity), making it difficult to
form overarching conclusions regarding the importance of specific al-
terations. These caveats are further compounded in advanced disease,
in which genetic alterations vary enormously between primary tumors
and metastases and/or are affected by chemo- or radiotherapy.

3. Epigenetic heterogeneity

As proposed by Kolch et al. [30], genetic events are likely triggering
elements of tumorigenesis, but much of the enormous plasticity of
cancer cells to evolve different phenotypes, as well as their ability to
adapt to challenging environments and withstand therapy, is encoded
by constant perturbations in epigenetic programs and the rewiring of
signaling networks, which display high flexibility and nonlinearity.

Indeed, overlaid onto genomic heterogeneity is epigenetic hetero-
geneity [31]. Unlike mutations, epigenetic changes do not affect the
primary DNA sequence, but involve interactions among cells and their
microenvironments, which lead to heritable changes in otherwise re-
versible phenomena such as chromatin modifications. In cancers, epi-
genetic heterogeneity can manifest as cellular hierarchies, similar to
those observed in stem cell-associated systems, as well as the mani-
festation of cellular plasticity.

According to the hierarchical model of cancer, either a stem cell
acquires a set of mutations that gives rise to a stem cell-like counter-
part, referred to as a “cancer stem cell”, or a cancer cell acquires stem
cell-like properties [32]. Cancer stem cells can self-renew and give rise
to the progeny of more differentiated cancer cells with a variety of
different phenotypes. Consequently, they engender a hierarchy of cells
that are all derivatives of the original mutated progenitor, contributing
to the cellular heterogeneity of tumors [32]. The first study to describe
the hierarchical model of cancer, led by Dick and colleagues [33], was
based on a human acute myeloid leukemia model. This paradigm has
since been extended to malignancies as diverse as breast cancer, glioma,
and colon cancer [34–37]. Hence, hierarchical structures likely con-
tribute to tumor heterogeneity in most cancer types. Interestingly,
strategies for disrupting pathways that are thought to maintain stem-
like and niche cell phenotypes such as inhibition of Wnt production
have been proposed [38].

Epigenetic heterogeneity may also be acquired via “phenotypic
plasticity”. Phenotypically, plastic cancer cells can move back and forth
through a continuum of cell fate specifications, from well-differentiated
cell types to those with stem cell-like phenotypes [39]. For example,
non-invasive epithelial-like CD44+/CD24+ breast cancer populations
can give rise to highly invasive mesenchymal-like CD44+/CD24− cells
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both in vitro and in vivo [40]. While the emergence of cancer stem cells
is a feature of plasticity, other phenomena such as epithelial-to-me-
senchymal transition (EMT) also occur [41]. EMT is characterized by a
loss of epithelial cell markers, such as epithelial (E)-cadherin, and the
acquisition of mesenchymal markers, such as vimentin and neural (N)-
cadherin [41]. In cancer, EMT is induced by a variety of transcription
factors, signaling proteins, and aberrant regulation of various

microRNAs (miRNAs) [42]. For example, upon exposure to tobacco,
normal human bronchial epithelial cells undergo EMT, due to aberrant
epigenetic silencing of miR-200 and miR-205 tumor suppressors
[43,44]. EMT also correlates with an upregulation of pluripotency
markers such as Nanog and Nodal [45,46], suggesting that cells that
have undergone EMT may represent those with more stem cell-like
phenotypes. Several studies have shown that plasticity can be induced

Box 1
Big data in cancer.

All genomic interaction studies are currently performed by bioinformatics experts, whose role is becoming increasingly important. The
methods used are diverse, and several computational data evaluation models have been described. For example, in some types of cancer,
the main databases include the Catalogue of Somatic Mutations in Cancer (COSMIC), which encompasses more than 1.5 million individual
mutations in 25,606 genes from almost 950,000 samples. Also important is the quantity of data held by the consortium formed by the
Cancer Genome Project, the International Cancer Genome Consortium (ICGC), The Cancer Genome Atlas (TCGA), and the Encyclopedia of
DNA Elements (ENCODE), which also investigates various structural and regulatory units of the human genome. Several platforms are used
to analyze this huge quantity of data. These include Bionimbus, Bioconductor, CytoScape, and OncoDrive, which were designed to enable
scientists to exchange databases and construct algorithms and mathematical models of cancer. With all of these databases, the main
objective is to understand molecular alterations, mechanisms, and interactions between the different alterations and biochemical pathways
in order to identify the real drivers of tumor progression.

Therefore, massive data are being incorporated from different types of tumors. These include histopathologic, immunohistochemical,
molecular, and proteomic data, as well as data on microRNA. Data are also obtained from spectrophotometry, liquid chromatography,
metabolomics, nuclear medicine and imaging, circulating tumor cells, and tumors implanted in murine models. Although these databases
significantly contributed to the field of cancer biology, several issues such as misinterpretation of DNA damage during sample handling as
bona fide somatic mutations in cancer specimens have been recognized (add PMID: 28209900).

Fig. 1. Clonal interference and cooperation in tumor evolution. A regulatory architecture for intratumor heterogeneity.
This scheme illustrates how several clones are formed during tumor progression (each clone is indicated with a different color). Clones need to cooperate among themselves and with
stromal and inflammatory cells. These interactions can be via paracrine, autocrine, or juxtacrine signaling. Metastases are formed by some clones that probably also need to cooperate
among themselves to be able to grow in the metastatic niche.
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by stresses such as hypoxia and chemotherapy, pointing to an adaptive
mechanism that is driven by the microenvironment and can reset the
equilibrium of a tumor to favor continued adaptation and progression
[47–49]. Hence, differences in the tumor microenvironment that occur
during progression or in response to therapies may also drive epigenetic
heterogeneity concomitant with plasticity. This plasticity of cancer may
generate and/or accelerate the selection of cellular clones with com-
plementary features that lead to therapy resistance and favor cancer
dissemination.

Similar to genomic heterogeneity, epigenetic heterogeneity can also
limit the efficacy of targeted therapies. For example, chronic myeloid
leukemia (CML) and acute lymphoblastic leukemia (ALL), which are
associated with clone-specific BCR-ABL fusion [50], can be successfully
treated by inhibiting BCR-ABL with imatinib. However, resistance and
recurrence occur in some BCR-ABL+ patients treated with imatinib.
This is partly due to the inability of the drug to eradicate leukemic stem
cells [50,51]. Leukemic stem cells appear to be epigenetically rewired
to not always manifest oncogene addiction to BCR-ABL as compared to
more differentiated progeny. This leads to residual disease persistence
in patients treated with imatinib, highlighting the importance of un-
derstanding epigenetic heterogeneity for the success of the anticancer
treatment [52,53].

4. Epigenetic changes and genomic instability go together

Genetic and epigenetic mechanisms also continuously engage and
disengage a multitude of signaling pathways, resulting in dynamic re-
structuring of key cellular networks [54,30]. As one can imagine, mu-
tations may activate specific pathways. However, the outcome of this
activation depends on cellular context and epigenetic receptivity. Many

such examples of the orchestration and modular activation of multiple
signaling pathways have been described [30], including crosstalk be-
tween tyrosine kinase receptors. The function of EGFR is affected by
gene amplifications and mutations, as well as the availability of other
tyrosine kinase receptors for dimerization [30,55]. As such, the con-
sequences of an EGFR mutation would depend on the epigenetically
regulated expression of other receptors. EGFR activity is thought to be
mostly mediated by the MAPK/ERK and PI3K signaling pathways [30].
However, the effects of EGFR on downstream signaling pathways ap-
pear to be modular. For instance, heterodimerization of EGFR with
other receptors of the EGFR family such as HER2 and HER3 bolsters the
activation of both MAPK/ERK and PI3K pathways [30]. EGFR has also
been reported to engage AXL, which is transactivated by EGFR through
heterodimerization. AXL, in turn, can be stimulated by platelet-derived
growth factor and interact with additional receptors, including MET
[30]. These examples illustrate the potential diversification of EGFR
signaling in the context of neoplasia. They also highlight an important
caveat that must be considered when deriving targeted therapies
against this frequently mutated protein.

Cellular plasticity can also be influenced by the interplay between
genomic and epigenetic mechanisms. For example, during EMT, signals
from ligands, including TGF-β, lead to the orchestrated expression of
transcription factors such as Snail-1, Slug, and ZEB-1, which repress the
expression of specific epithelial genes (e.g. E-cadherin) while inducing
the expression of mesenchyme-specific genes (e.g. vimentin) [56].
Several interconnecting positive and negative feedback loops com-
prising ERK, WNT, microRNAs, and other pathways have been pro-
posed to govern complex perturbations in gene expression that un-
derpin EMT [57–60]. Collectively, it is becoming obvious that the
interplay between genomic, epigenetic, and signaling alterations in

Fig. 2. Clonal cooperation in cancer. Emergent properties.
The clones needed to form the malignant tumor are selected based
on oncogenic properties that have developed and may be shared
with other clones not containing these properties, including shared
use of proangiogenic factors or prosurvival signals secreted by some
clones. We visualize this cooperation as pieces of a jigsaw puzzle,
which, when completed, reveals the full picture, as a real emergent
property.
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cancer may be infinitely more complex than initially anticipated,
whereby genetic, epigenetic, and signaling perturbations diversify cells
within the same tumor bed and lead to immense intratumor hetero-
geneity (see Box 1 big data and Box 1 ecological diversity).

5. Cancer as a consortium of cooperating malignant clones and
microoenviromental cells

For several decades, authors such as Heppner [19,61–64] have been
stressing that tumor progression requires the cooperation of several
transformed cellular clones, as well as the active involvement of the
microenvironment.

Thus, cancer could be considered a multicellular community. In
ecology, the biological functions associated with interspecies interac-
tions must be concomitantly more beneficial to the component species
than their respective costs [65]. Complex multicellular systems, such as
cancer, are thus likely to function in a similar fashion to microbial
consortia (see Box 6 microbial consortium), wherein a spatial archi-
tecture and distribution of cellular clones ensures greater and mutual
benefits. Positive and negative clonal cooperation (clonal interference),
mediated both directly at the level of cellular contacts and indirectly via
microenvironmental factors, cytokines, and/or exosomes, is therefore
likely to play a major role in cancer evolution (see Figs. 1, 3). Tumor
cells are thought to require a certain number of molecular alter-
ations—just three according to Vogelstein [66,67]—to overcome se-
nescence and acquire neoplastic properties. However, to generate me-
tastases, a cancer cell must be able to overcome anoikis, invade and
survive in the peripheral blood, and eventually grow in a remote organ.
It is unlikely that these processes are achieved in isolation in a single
clone. A more plausible explanation is that the metastatic potential of
cancer cells is generated in cancer cell consortia, which facilitate tumor

progression in an “ecomolecular” way in which several clones co-
operate. These clones are synergistic and share the molecular and
biochemical alterations required to generate an invasive tumor. Based
on these observations, we propose that cancer should be perceived as an
“ecomolecular” disease that involves cooperation between several
neoplastic clones and their interactions with immune cells, stromal fi-
broblasts, and other cell types present in the microenvironment. Cancer
is therefore analogous to complex ecosystems such as microbial con-
sortia.

Clonal cooperation within cancer cell populations can explain
phenomena such as the recently described cooperative invasion in
melanoma [68] or circulating tumor cell (CTC) clusters [69] (see also
Fig. 2). Interestingly, CTC clusters appear to display enhanced meta-
static potential compared with single cells [70]. Polyclonal CTC clusters
have been demonstrated in metastatic murine models [68,69,71,72],
whereby seeding of different malignant cellular clones within CTC
clusters can occur in parallel or at different moments (indirect clonal
cooperation) [69–71]. These data support the concept of clonal co-
operation and suggest that, in tumor growth, synergism between sev-
eral complementary clones and local factors is needed for survival and
invasion. Malignant cells can then stay quiescent for an extended period
of time (“dormancy”). These cell populations evolve a self-induced la-
tency state that allows them to evade immune response while pro-
moting their long-term survival in micrometastatic deposits [73]. SOX
transcription factors and the Wnt pathway have been proposed to
“wake up” these clones [74]. However, accordingly to the idea of
ecomolecular disease and tumor consortia, cooperation between several
tumor clones may be required to trigger tumor growth in the metastatic
niche. Furthermore, other studies have shown that this cooperation can
also occur between malignant and non-malignant cell types [75,76].
For example, association with surrounding normal cells, including

Fig. 3. Spatial and functional architecture in cancer. Clonal segregation and partner intermixing.
In malignant and invasive cells, clones may have bidirectional cross-feeding between mutualist populations. At the primary tumor, other clone strategies may be found such as competing
populations and even unidirectional cross-feeding.
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platelets, macrophages, and fibroblasts, increases the metastatic po-
tential of cancer cells [75,76]. Notably, paraneoplastic phenomena are
sometimes years ahead of the clinical detection of a malignant tumor.
For example, paraneoplastic syndromes such as eosinophilia and
thrombocytosis, as well as certain neurological disorders, can anticipate
the early detection of tumors at an incipient clinical stage [77].

Clonal cooperation in cancer can be expanded to explain why a
minimum number of cells is required for a clone to have sufficient
biological fitness, a phenomenon known as the Allee effect [9,78]. The
Allee effect explains why isolated cells often cannot grow in vitro or in
human tumor explants and why rates of cancer initiation, invasion, and
metastasis are relatively low when individual or a relatively low
number of cells are used. This can be at least partly explained by an
ability of clonal cooperation to bolster tumor growth, especially in si-
tuations of microenvironmental stress. For instance, autocrine produc-
tion of growth-promoting and prosurvival factors may be insufficient to
support neoplastic growth unless they are present in large quantities
(i.e. from a greater number of cells). This is referred to as cooperative
feeding and may be one of the major determinants of the Allee effect in
cancer. The acquisition of driver events and the continuous shaping of
the genomic landscape of a tumor could be understood either under the
lens of the classical clonal theory or more recent evolutionary and de-
velopmental paradigms [23,24,79,80]. Herein, we propose that these
theoretical frameworks should also include inter-clonal relationships

other than competition (e.g. mutualism and commensalism) and con-
sider sources of variability not necessarily contingent upon the genomic
status of the cancer cell (i.e. epigenetic, post-transcriptional, and sig-
naling pathway remodeling) [63].

Cancer cells interact with the microenvironment. The tumor mi-
croenvironment consists of various cell types, such as endothelial and
immune cells, as well as inflammatory cells, fibroblasts, adipocytes, and
mesenchymal stem cells. These cells are surrounded by heterogeneously
deposited extracellular matrices and signaling proteins and are affected
by changing biophysical properties such as pH and oxygenation
[18,45,81,82]. A plethora of mechanisms ensure the adaptation of so-
matic cells to the multicellular development program of the organism,
whereas deregulation of these mechanisms allows cancer cells to thrive
and progress despite negative microenvironmental cues. Indeed, cancer
cells actively enroll their healthy counterparts in tumor progression-
supporting behaviors. Hence, the microenvironment is an active med-
iator of tumor progression and must be accounted for when cancer is
conceptualized, prognosticated, and treated.

Environmental factors such as limited oxygen supply or lack of
nutrients bolster the expression of multiple cytokines, pro-stromal, and
inflammatory factors and thereby promote the recruitment of en-
dothelial cells, macrophages, fibroblasts, and an array of inflammatory
cells to hypoxic areas of the tumor [83,84]. Hypoxia is a potent acti-
vator of both metastasis and therapy resistance and, as described above,

Fig. 4. Establishment and maintenance of the tumor cell state. Master regulators, tumor checkpoints, and tumor-supporting transcriptional signatures.
According to the hallmarks of Hanahan and Weinberg, tumor transformation and progression requires the disruption of several biochemical pathways. Large numbers of genetic
alterations are observed in malignant tumors and numerous positive and negative feedback loops in and between those pathways. It therefore seems logical to look for central nodes,
hubs, or funnel factors that control cell proliferation or the resistance of malignant cells to several cellular stresses. Systems biology is emerging as a powerful tool to identify the factors
that commonly change within one tumor and in separate tumors among independent patients.
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can induce stem cell phenotypes concomitant with the expression of
cytokines such as IL-6. By changing the cytokine milieu, hypoxia pro-
motes the acquisition of an immunosuppressive microenvironment,
allowing cancer cells to evade destruction [85,86]. Alterations in cy-
tokine secretion also promote metastasis by recruiting cells such as M2
macrophages that can facilitate invasion and cancer spread. Con-
sistently, numerous studies have shown that hypoxia [87,88] and leu-
cocytes [75] promote metastasis.

In addition to extracellular stimuli, an important determinant in
tumor evolution involves interactions with the immune system (see Box
5). Indeed, the immune system can prevent, control, shape, and pro-
mote cancer through the process of immunoediting, during which
tumor cells continually evolve in response to interactions with the
immune compartment [85,89–91]. Immunoediting involves three
phases: elimination, in which the immune system recognizes and era-
dicates cancer cells; equilibrium, in which the tumor is kept in check, or
dormant, by co-existing with the immune system without growing; and
escape, in which the tumor grows and can no longer be suppressed.
Immune surveillance can be escaped via several mechanisms, including

a reduction in tumor-associated antigens, resistance to apoptosis and
immune suppression through the secretion of cytokines and metabolic
factors, and suppressor cell recruitment and activation. Moreover, an
altered transcriptional landscape in malignant cells increases im-
munogenic diversity by generating alternative protein isoforms [92].
The expression of alternative isoforms is associated with reduced sig-
natures of T cell cytolytic activity and poor patient survival. Hence,
epigenetic modifications, leading to altered isoform expression, could
be how cancer cells adapt to and evade the immune system. These
concepts highlight the importance of immune cells in tumor evolution
and have been reviewed extensively elsewhere [85,89–91].

Based on these findings, we propose that cancer cells, through
clonal interactions and crosstalk with their microenvironment, con-
stitute a neoplastic consortium that functions analogously to that of
their microbial counterparts. Mapping and dissection of the molecular
underpinnings of neoplastic consortia will undoubtedly enhance un-
derstanding of cancer biology and provide the basis for more effective
cancer treatments.

Fig. 5. Domesticating the chaos. A proposal for network rewiring in tumor cells.
In the complex interplay of the pathways activated in cancer, new therapeutic approaches have to be defined. According to chaos theory, it would be difficult to control each pathway, but
there are options, such as reorientation of the signals to a pathway that is druggable. Thus, the networks responsible for the maintenance of a particular highly heterogeneous tumor
phenotype would be shifted toward more manageable homogeneous states.

Box 2
Application of the theories of “ecological” diversity to the study of tumors.

Intratumor heterogeneity is increasingly studied by employing models used in ecology. Well-known indices have been applied to the study
of breast cancer by various groups, including that of Polyak, in order to better understand the genetic and phenotypic diversity of breast
cancer metastases. Such indices include the Shannon entropy index, which was described for the study of animal species and quantification
of entropy, that is, to reflect information and uncertainty and to try to predict variations in the homogeneity. Also used has been the
Simpson index, a diversity index that aims to validate the percentage of individuals who belong to a specific type of species by sub-
classifying them into variants.

Use of mathematical approaches in conjunction with the Shannon entropy and the Simpson diversity index aim to better explain the
molecular heterogeneity and diversity of tumors [63,64,125]. Other authors [126] have proposed the use of the quadratic entropy index
(Rao) or index of ecological diversity, which has been studied in plant genealogy.
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6. Cancer as an emergent property

The concept of emergent properties is commonly equated to that of
a famous saying by Aristotle, “The whole is greater than the sum of its
parts”, or more recently to the principle postulated by Kurt Koffka, “The
whole is other than the sum of its parts” (see Box 6).

Emergent behavior is often unpredictable and unprecedented and
may represent a new level in the evolution of the system. Emergent
properties arise when a number of single components (e.g. pixels on a
television screen, bees within a beehive, the subcellular machinery of
the cell) interact in an environment and lead to complex collective
behaviors that are difficult to grasp by simply monitoring the individual
components of the system.

Cancer can be studied in a similar way to the pixels on a television
screen: a single pixel reveals nothing: it is the sum of all of the pixels
that conveys the meaning of an image. In other words, neoplasia is not
the result of single genomic alterations or even multiple genomic al-
terations in a single cell, but the sum of all of the molecular changes
undergone by a community of tumor cells, including those affecting
signal transduction and gene regulatory networks, as well as the en-
vironment within which malignant cells reside. Similar concepts have
been postulated in the neural networks theory [93], in which the syn-
chronized activity of a set of neurons enables the perception of images
and sounds to give rise to cerebral and cognitive functions. This is in
opposition to concepts underlying current precision medicine strate-
gies. Most precision-based approaches are based on the premise that an
entire tumor can be eradicated by taking out a single driving factor. The
rather disappointing outcomes of recent trials and single-cell studies
demonstrating tremendous clonal heterogeneity suggest that Gestalt-
like models should be considered to enhance the understanding of
cancer complexity [11,12].

In a similar manner, we propose that cancer must be understood
within the framework of a series of genetic alterations that appear to be
coordinated with other molecular events, such as the epigenetic status
of the cell, rewiring of signaling networks, and microenvironmental
factors. This is analogous to the model in which individual pixels co-
operate to form a complete picture—reuniting a minimum number of
conditions to configure a circuit that provides cancer cells with required
growth autonomy. But this paradigm must consider that the complexity
of cancer is also likely to rely on interactions between tumor cell clones
and associated normal cells. This complete set of properties, some of
which differ between cell populations in the tumor, allows neoplasia to
act as a cooperative and coordinated community, facilitating invasion
and disease spread, and ultimately leading to the patient's demise. Thus,
understanding of how these consortia of stromal and inflammatory cells
interact with tumor cells is critical for developing more effective
treatments [75,94–96].

7. Employing systems biology approaches to grasp the complexity
of cancer ecosystems

Systems biology encompasses tools that hold great promise for de-
ciphering the vulnerabilities of the tumor ecosystem as a whole. These
studies are based on the premise that multiple oncogenic events con-
verge on a relatively limited number of cellular networks (see Box 3
topologic analysis), which may contain essential or synthetically lethal
clinically targetable hubs or factors [26,97] such as the eIF4F complex
(see Box 4 central nodes). Targeting of these central nodes of cancer-
specific networks (e.g. protein synthesis machinery) is thought to pro-
vide a sufficient therapeutic window to selectively target cancer eco-
systems while causing minimal toxicity in normal tissues, which indeed
is observed in preclinical studies. Nonetheless, many contemporary
systems biology approaches do not consider intratumor heterogeneity.
This is relevant as key functional nodes within the metabolic, signal
transduction, and gene expression networks responsible for supporting
the tumor phenotype are critically dependent on the heterogeneity of

the tumor. Critical nodes of cancer-specific networks should thus be
studied within specific cancer ecosystems. This aspect still represents a
major challenge.

Given the large amount of data amassed on tumors in recent years at
the clinical, morphological, and molecular levels, there is heightened
interest in the development of powerful bioinformatics methods and
well-curated databases to boost understanding of the complexity of
tumor ecosystems. These data may also help to classify tumors ac-
cording to histopathological, biochemical, and genomic features and
thus facilitate tailoring of diagnosis and clinical management to the
biological profile of a patient's tumor. Accordingly, multidimensional
molecular and gene expression data, which are associated with the
response to antitumor treatments and clinical progress, are thought to
facilitate the selection of patients who are more likely to respond to
targeted or “precision” therapies [98,99]. Several approaches that en-
compass deep-learning are being developed to harness information on
intratumor heterogeneity and to identify and diagnose multiple tumor
types [178,179] by integrating radiological, histological, gene expres-
sion, and in situ hybridization data.

There are ongoing large collaborative efforts such as the Cancer Cell
Map Initiative [100] and others taken on by groups such as the Califano
laboratory at Columbia University [26,101]. Consistent with the role of
epigenetic and signaling programs in cancer development and pro-
gression, these efforts suggest that a functionally relevant character-
ization of all of the molecular alterations described in a patient's tumor
will only be possible in the context of a topological study of all of the
pathways and networks involved in tumorigenesis. According to such
efforts, it appears that genomic and gene expression profiling—at both
steady-state mRNA and proteome levels—must be appropriately in-
tegrated to identify the clinically targetable factors driving tumor
progression in each individual patient. However, most current precision
therapies target the mutated genes in a given tumor type, whereby it is
thought that suppression of drivers will shut down downstream path-
ways that provide cancer cells with a selective growth advantage.
However, the presence of evolutionary tolerable mutations in driver
genes, in conjunction with the well-established ability of cancer cells to
rewire their signaling pathways and intratumor heterogeneity, com-
plicates such approaches.

Multi-institutional efforts are crucial to the development of more
efficient treatment strategies. For example, the DARWIN trial
(Deciphering Antitumor Response With Intratumor Heterogeneity;
NCTO2183883) intended to define the relationship between driver
clonality and the potential benefit of targeted therapy by assessing
ctDNA and CTC and the TRACER trial (TRAcking Non-small Cell Lung
Cancer Evolution Through Therapy [Rx]; NCTO1888601). Herein,
several regions of tumor were sequenced before and after relapse in
order to define the genomic landscape of tumors throughout evolution
and to understand the impact of tumor heterogeneity on therapy re-
sponses [102,103]. This information is now being used to further refine
clinical trials and to try to individualize treatments as much as possible
in stratified patient groups. For example, in the emerging “N-of-1 trial”
[104], the trial data are obtained from a single patient to determine the
optimal intervention for that individual. However, these trials need
increased attention in light of the era of personalized medicine.

VIPER analysis [97] and multiple concerted disruption [105] aim to
integrate data on DNA alterations (mutations, amplifications, translo-
cations, methylations, and deletions) with mRNA expression and pro-
tein levels. Although these approaches are likely to produce some
meaningful data, given the complex relationships within the tumor
microenvironment, it will also likely be pertinent to understand the
dynamics of DNA alterations in relation to mRNA and protein levels
occurring as a result of the interactions within the tumor ecosystem.
Finally, these data should also be appropriately integrated with pa-
tients' clinical and family history. Collectively, −omics data genera-
tion, analysis, and interpretation, and their clinical applications, will
require a joint effort from experts in diverse disciplines such as
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medicine, biology, mathematics, statistics, bioinformatics, and systems
biology [30,106,107] (see Box 1 big data and Box 2 ecological di-
versity).

The availability of system-wide data in a variety of cancers is fa-
cilitating the development of approaches that go beyond the classic,
reductionist paradigms, which are limited to the association of single
genes with cellular phenotypes and functions. Systems biology ap-
proaches consider the interplay between multiple molecular factors that
underpin the development of a particular phenotype. Accordingly, ra-
ther than a genetic disease, cancer is now being perceived as a “disease
of networks” [100]. Therefore, to fully grasp the complexity of the
tumor ecosystem, the networks driving cancer need to be mapped and
their dynamics and evolution over time need to be deciphered. Emer-
ging data show that these cancer networks are constantly rewired in
part by clonal interactions, changing microenvironments, and the ac-
quisition of novel molecular alterations that are largely induced by
anticancer treatments [106,108]. Hence, minor subpopulations that are
not readily detectable in bulk tumors or that manifest the ability to
adapt to hostile environments may emerge following treatments that
specifically target cancer-driving mutations present in the predominant
tumor subpopulations. These subpopulations are likely to result in re-
fractory disease inasmuch as they do not harbor the vulnerabilities
identified in the majority of the tumor.

In our opinion, these studies suggest that a shift in cancer treatment
paradigms may be warranted. Interactions in the tumor ecosystem do
not occur randomly: they appear to follow a series of principles. They
contain highly connected core nodes known as “hubs”. Hubs inter-
connect various pathways and are considered essential for the main-
tenance and integrity of the entire network and cellular ecosystems,
whether healthy or pathogenic. These “network hubs” are usually en-
coded by well-conserved genes that play a role in key cellular activities
[106–111]. Analogous to the “butterfly effect” in chaos theory, small

alterations in these hubs can lead to major alterations in cellular
functions (e.g. proliferation and invasion), whereby the differential
reliance of cancer and normal cells on a given “network hub” is ex-
pected to provide a sufficient therapeutic window (see Box 7).

Therefore, systems biology approaches in cancer research hold a
promise of identifying networks that are crucial for cancer cell survival
and disease progression in the context of tumor ecosystems. These ap-
proaches are also thought to allow modeling and prediction of the re-
sponse to drugs and the identification of key nodes or essential cancer
networks [26,97]. Furthermore, recently developed methods exploit
data-centered mathematical and computational methods, such as deep
learning and evolutionary optimization algorithms, which are expected
to facilitate mapping of the interactions between networks in systems of
immense complexity such as the cancer ecosystem, as well as to detect
similarities and discrepancies between different cancer ecosystems
[30,108–111].

Thus, the application of current systems biology approaches and the
development of novel approaches to study cancer may prove important
in the following areas. (1) Provision of detailed system level-aided
and clinically oriented subclassifications of cancer types. In this
regard, the use of deep-learning approaches appears promising. (2)
Mapping of oncogenic networks and identification of their critical
nodes to overcome the effects associated with intratumor hetero-
geneity. A comprehensive understanding of the cellular networks that
are altered in the tumorigenic state and in individual patients will be
especially important to the study of the actions and interactions of
cytotoxic drugs and other small molecule inhibitors with the cellular
machinery. A large number of pharmacokinetic and pharmacodynamics
factors, including drug half-life, potency, and efficiency of target in-
hibition or activation, as well as other parameters, will be required to
accurately predict and guide therapeutic decisions (systems pharma-
cology). (3) Informing future preclinical research and design of

Box 3
Topological analysis and study of biochemical and genetic alterations.

Several representative examples explore the interplay among biochemical pathways and clinicopathological data. The database Gene X
Press includes gene modules that affect the activity of a tumor, such as those of the Gene Ontology project, which describes the potential
pathways and abnormalities in tumors resulting from specific genetic alterations. In addition, Gene Microarray Pathway Profiler and
Signaling Pathway Impact Analysis consider the position of a gene in a pathway. Similarly, some models associate genes in both cis and
trans, making it possible to identify genes known as “masters”. Study of cancer-related pathways has been proposed to consolidate un-
derstanding of biological mechanisms by means of algorithms. One example is the Pathway Recognition Algorithm, which uses integration
data from oncogenomic models, allowing the number of copies of genes to be contrasted with mRNA expression, methylation, and
microRNA expression.

Box 4
Are central nodes of oncogenic networks targetable and could they overcome intratumor heterogeneity?

Compared with targeting of functionally redundant upstream regulators, targeting of central nodes of signaling networks that integrate
multiple oncogenic signals may represent a valid strategy to overcome the capacity of neoplastic cells to rewire and become drug resistant
[26]. Protein synthesis is frequently dysregulated in neoplasia. Differences in translational programs between normal and cancer cells are
thought to provide a sufficient therapeutic window to selectively target cancer cells while causing minimal toxicity in normal tissues
[127,128]. The eukaryotic translation initiation factor 4F (eIF4F) complex, which comprises a cap-binding subunit eIF4E, scaffolding
protein eIF4G, and DEAD box RNA helicase eIF4A, recruits mRNA to the ribosome [129]. It is activated by the vast majority of oncogenes
(e.g. c-MYC, HER2, PI3KCA) and inactivated by tumor suppressors (e.g. TSC1/2, PTEN) [128]. An increase in eIF4F levels is observed in the
vast majority of cancers, where it results in a selective increase in the translation of mRNAs encoding pro-oncogenic factors such as cyclins,
c-myc, and BCL-2 family members while not affecting the synthesis of housekeeping proteins such as actins and tubulins [130]. Elevated
eIF4F levels are associated with chemoresistance and poor prognosis [131–133]. Moreover, activation of the eIF4F complex through
multiple pathways diminishes the efficacy of a wide variety of oncogenic kinase inhibitors, including those targeting EGFR, HER2, PI3K,
MAPK, and mTOR [134–146]. Given that the eIF4F complex plays a crucial role in cancer cell survival, irrespective of driver mutations or
pathway rewiring [143], targeting of eIF4F may provide a means to address issues related to both intratumor heterogeneity and drug
resistance [143,147,148,149,150]. Indeed, several preclinical studies have confirmed the validity of approaches that interfere with eIF4F
assembly and/or function [145,149–154].
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phase I clinical trials by anticipating therapy response in silico
and predicting the best targets for each patient and tumor (per-
sonalized cancer therapy or precision medicine).

Altogether, the application of systems biology in cancer research
may revolutionize the way we assess the molecular and biochemical
changes in a single tumor and permit therapeutic approaches based on
central targets. Nevertheless, some pitfalls or limitations can be envi-
sioned. The great value of the available data and curated databases only
materializes following detailed post hoc analyses. In-depth

understanding of the properties of the system studied is required to use
the data in such databases, and the heterogeneity in data quality, which
is particularly observed during the developmental phase of -omics
methods, is a major challenge that needs to be considered. For example,
a recent method that has gathered substantial interest as providing a
link between transcriptomes and proteomes is ribosome profiling [112].
Recently, there were concerns raised regarding biases in ribosome
profiling data that could be associated with technical artifacts in cDNA
library preparation and sequencing [113]. Therefore, although one of

Box 5
Tumor microenvironment and therapeutic strategies.

Several therapeutic strategies have been proposed to target different cells in the tumor microenvironment. For example, cancer-associated
fibroblasts (CAFs) take on hallmarks of transformation and are important mediators of cancer progression [155]. The tumor-supporting
attributes of CAFs are acquired after exposure to tumor-derived factors such as TGF-β and become essential for tumor growth and me-
tastasis. This is thought to at least in part be caused by the ability of CAFs to contribute essential growth factors within the cancer ecosystem
and to chaperone cancer cells through the vasculature [156].

The interplay between cancer cells and the immune system is also highly important. Tumors achieve evasion via a number of me-
chanisms, including the expression of checkpoint proteins such as programmed cell death protein-1 (PD-1) and cytotoxic T lymphocyte-
associated protein-4 (CTLA-4), as well as through the downregulation of immune-stimulating antigens [91]. Immuno-oncology therapies
target such phenomena by stimulating the immune system via either passive or active approaches [89].

Active therapies include adoptive T cell transfer, vaccines, antigen-presenting cells such as dendritic cells, and oncolytic viruses [89].
Passive therapies are broadly aimed at fighting tumors by modifying signaling pathways that promote immunosuppression [89]. These
approaches include checkpoint inhibitors such as ipilimumab (which targets CTLA4) and pembrolizumab and nivolumab (which target
PD1R) as well as small molecules targeting immune modulators as diverse as cyclooxygenase-2 (COX-2) and chemokine receptor type-4
(CXCR-4) [89]. The most successful passive therapies thus far are the checkpoint inhibitor therapies. These therapies have been shown to
eradicate some tumors by altering the tumor ecosystem in a manner that allows immune cells to regain control [89,155,157–159].

A promising approach to the treatment of malignant tumors is to target factors that confer them resistance to cellular stress. It is thought
that acute stress (e.g. starvation, oxidative stress, chemotherapy, hypoxia) induces adaptation mechanisms in the translation machinery
that are largely independent of the genetic and epigenetic makeup of cancer cells [160]. Although the best-explained mechanism of
translational adaptation to stress comprises reduction in ternary complex recycling via eIF2αphosphorylation [161], recently emerging
data show that various types of chemotherapeutics induce eIF4E phosphorylation via MAP kinase-interacting kinases (MNKs) [162]. MNKs
are activated by ERK or stress-induced p38 kinase [163,164]. Phospho-eIF4E tends to selectively affect the translation of mRNAs encoding
for secreted factors, cytokines, and matrix metalloproteinases, which play a major role in the interaction of cancer cells with their mi-
croenvironment [165]. Indeed, cancer cells whose eIF4E cannot be phosphorylated have severely impeded metastatic potential [166].
Therefore, eIF4E phosphorylation may be an essential mechanism of adaptation to stress downstream of p38 and ERK, and recently
developed MNK inhibitors are showing early but promising results in combination with traditional therapeutic approaches. Moreover,
levels of phospho-eIF4E appear to be consistently elevated in the vast majority of cells in the tumor [162]. Accordingly, it is expected that,
during acute adaptation to chemotherapy-induced stress, phospho-eIF4E levels will be uniformly increased throughout the tumor and
metastases, which suggests that MNK inhibitor and chemotherapeutic combinations may help to overcome issues associated with in-
tratumor heterogeneity. Notably, the anticancer effects of MNK inhibitors have been shown in a number of preclinical models [167–171].

Box 6
Microbial consortia as a paradigm for cancer understanding.

Clonal interrelationships have been extensively studied in microbial ecology, as exemplified by the microbial consortia. In microbiology,
microbial populations inhabiting varying environments and/or responding to stress can cooperate with each other by forming well-
structured communities in both space, time, and function [172–174,65]. Notably, the constitution of microbial consortia is an area of
considerable interest in the biotechnological industry because such communities, while remarkably complex, show promise in overcoming
the limitations imposed by approaches based on the use of a single strain [146]. In this regard, significant efforts have been made to
engineer synthetic ecologic consortia, in which the interplay among members is expected to lead to a more sustainable, productive,
predictable, and stable design [65].

The microbial interactions within consortia are mainly mediated by secreted factors, including metabolites. To this end, the stability of
consortia depends on aspects as variable as cellular density, medium viscosity, and the localization and availability of resources and other
metabolic products [65,174]. Spatial distribution of the involved populations (assortment), including cheaters (species that have access to
group benefits but do not contribute to the other members of the group), is also thought to play a major role in the function of microbial
consortia [65,174]. Cooperative interrelationships between microbes in consortia are commonly classified as non-reciprocal (commens-
alism) or reciprocal (mutualism) [65]. While competing populations with no metabolic interdependence tend to segregate (competitive
exclusion), mutualism tends to drive partner intermixing [174]. Several studies have demonstrated that spatial self-organization, some-
times conditioned by phenomena as unpredictable as genetic drift, may provide a solution for the stability of intraspecific cooperation
without the need for specific molecular mechanisms of partner recognition. This suggests that mapping of the spatial organization of a
given consortium is likely to provide insights into its function.
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the advantages of -omics methods is commonly assumed to be their
unbiased nature, this should always be questioned as hidden biases may
be at play and distort interpretations. Moreover, application of -omics
methods should be adapted to the underlying question so that the most
complete understanding can be obtained. Thus, to accurately progress
or understand cancer from a systems biology perspective, the metho-
dology should be carefully and critically chosen. In addition, to avoid
artifacts, rigorous validation of findings obtained using systems biology
methods by orthogonal and well-established molecular biology and
biochemistry techniques is also warranted.

8. Final considerations

It is clear that cancer cells vary from patient to patient as well as
among themselves, even within the same tumor bed. Such hetero-
geneity can be a limiting factor in the identification of a single mole-
cular marker associated with tumor aggressiveness, response to
therapy, and prognosis. In this regard, CTCs or cell-free ctDNA in
plasma and in cerebrospinal fluid and other biological fluids [114] may
constitute a non-invasive source of genetic material that may allow
identification of the genetic characteristics of tumors [115–119] and

help to reveal their clonal relationships and hierarchical organization
[120].

Efficiently applied systems biology studies, in conjunction with
standard molecular biology and biochemical methods, may help to
change many of the paradigms in cancer research by providing a way to
assess multiple variables in a high-throughput and tumor ecosystem-
wide manner. Furthermore, tumors constantly evolve new phenotypes,
which enable cancer cells to withstand therapy, invade, and metasta-
size. In this sense, systems biology approaches can be used for modeling
tumor evolution and experimentally testing these models, which will
hopefully result in new tools to predict disease progression in the clinic
[121–124].

We therefore propose the following considerations:

1. Tumor progression is characterized not only by the sequential ac-
cumulation of molecular aberrations, but also by the diversification
and coexistence of various tumor cell clones with unique molecular
profiles and distinctive behaviors. It is highly likely that these clones
display synergistic properties that together contribute to the devel-
opment of aggressive and invasive tumors. Factors released by the
clones or environmental cells could then maintain the capabilities of

Box 7
Emergent properties and the chaos theory in cancer research.

Emergent properties represent one of the most significant challenges for the engineering of complex systems. The system is different from
the “sum” of its component parts, which in the context of cancer research hinders approaches centered on the study of cancer cells in
isolation.

For example, a plethora of factors are involved in tumor progression and metastasis (e.g. genetic interactions, stromal cells, histiocytes,
lymphocytes, and environmental conditions). Such complex interplay of large numbers of factors is challenging to predict, even with the
most sophisticated software available today. Hence, this very feature of “chaos” should be accounted for in order to fully understand
cancer.

The application of chaos theory may thus greatly help to explain the formation and progression of malignant tumors. In the three-body
problem, Henri Poincaré [175] observed that the behavior of the heavenly bodies was extremely complicated and that this made it
impossible to make long-term projections about their trajectories. He wrote, “A very small cause that escapes us determines a considerable
effect which we cannot ignore, and then we say that the effect is due to chance….but it is not always so.” He also observed that, “it may
happen that small differences in the initial conditions produce very great ones in the final phenomenon. A small error in the former will
produce an enormous error in the latter. Prediction becomes impossible and we have a fortuitous phenomenon.” Chaos theory was pos-
tulated in the decades following the work of Poincaré. It is somewhat paradigmatic that in the 1960s, with the advent of the first computers,
the meteorologist Edward Lorentz began to design calculations to predict the evolution of the weather. Based on a seemingly banal
experiment, he realized that if he entered numbers into a new computer with three decimal places instead of six, the results were totally
different. For years, Lorentz tried to find an explanation, and his efforts laid the foundation for what we now know as chaos theory. He also
established the term “butterfly effect”, in which small initial variations may produce enormous final variations, as pointed out by Poincaré.
In the context of tumor biology, one can imagine how this might manifest: a small early event could be amplified and then even redirected
by varietal competing factors.

Chaos theory brings an alternative approach to study of the complexity of tumor systems and is likely applicable to systems biology. For
example, a recently published study [176] provides a very graphic summary of the discordance between massive sequencing studies, data
analysis, and evaluation of data, depending on the platform used to interpret them. After comparing thousands of variants from several
large numbers of tumors using various sets of transcripts with the platforms REFSEQ, ENSEMBLE, the annotation test, ANNOVAR, and other
software packages, the authors came to an interesting conclusion: the results were highly variable and depended on the set of transcripts
and software platform used. Moreover, the same sequences compared using different software applications showed discrepancies
of> 30%.

Given that, in principle, it was already impossible with the three-body problem to determine and predict the evolution of orbits, it is
rather plausible that such a prediction may be even more “chaotic” in cellular models and biological systems with tens, if not thousands, of
variables. However, chaos, while unpredictable, can be determined. In other words, chaos is not random, but has an underlying order. In
this sense, especially at the physical level, but also at the biochemical level, modeling of enzyme behavior has permitted advances in
attempts to predict what was previously perceived as the unpredictable. Chaos theory postulates the existence of clearly deterministic
concepts that depend on the initial conditions and on the number of initial variables. In fact, recent research indicates that it might be
possible to “train” chaos. For instance, Ott, Grebogy, and Yorke drew up a mathematical algorithm that could transform chaos into simple
regular processes [177]. This mathematical approach has already been used in medicine. Ott, Grebogy, and Yorke also noted that, “it is not
necessary to completely understand the chaotic process to regulate it”. The proposed algorithm targets the direction of the process and tries
to modify it with small adjustments to ensure that it “gets back on track”. Therefore, chaotic systems are very flexible and can interrelate
and modulate each other. This concept of chaos theory can be applied to one of the examples set out above, namely, control of cell stress
and thus the promotion of factors mediating resistance to cell damage.
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the consortium and could be new cancer treatment targets.
2. Interrelationships between molecular pathways and complex bio-

logical processes are not linear. Small adjustments can lead to dis-
proportionate changes with major consequences.

3. Cancer is a dynamic system, in which the whole is different than the
sum of the parts. Neoplastic ecosystems are quantitatively and
qualitatively different to normal tissue systems and may exhibit less
“ordered” hierarchy. Cancer networks are also modulated over time;
consequently, prediction of their behavior is highly complex, if not
impossible, within the framework of the current cancer biology
paradigms.

4. Due to intratumor heterogeneity, most molecular data obtained in a
small tumor sample are unlikely to be representative of the entire
landscape of the tumor and/or metastases. Multisampling and
longitudinal studies, as well as topologic and systems biology ana-
lyses, are needed to establish a more reliable correlation between
real drivers and clinical response.

5. In light of recent findings on the complexity of tumor consortia, we
envisage a slow accumulation of advances that will make cancer a
chronic disease and reduce mortality by improving early diagnosis,
identifying new therapeutic targets, and permitting immunotherapy
advances. Significant improvements may be achieved in the long
term if researchers can identify key target nodes supporting tumors
(i.e. master regulators and funnel factors) that are largely in-
dependent of genetic makeup and microenvironment [26] (see also
Fig. 4).

6. The biochemical alterations involved, while complex, are directly
associated with spontaneous events that produce marked cellular
biochemical and biological changes enabling cancer cell survival
and tumor progression. This “chaotic advantage” of the biochemical
regulation of the tumor may be exploitable by redirecting the action
of the apparent “chaos”, for example, by modulating factors in-
volved in the cellular stress response. In such a framework, it will be
vital to bring together research professionals (molecular biologists,
bioinformatics, mathematicians, systems biology specialists) who
can certify and validate the findings of systems biology studies and,
perhaps even more importantly, establish standards for study design
and database curation.

In summary, we propose that cancer is a complex consortium,
characterized by collaboration among various cells (e.g. different
cancer cell clones and inflammatory and stromal cells), which in con-
cert result in the emergent properties of cancer. These emergent prop-
erties of cancer confer a malignant clinical phenotype of invasiveness
and metastatic potential. Ecological, evolutionary, and molecular al-
terations of neoplasia are dynamic and change as the disease pro-
gresses. This highlights the importance of studying different areas of the
tumor, during progression, recurrences, and metastases. Cancer
biology, then, seems amenable to the application of ecological and
evolutionary principles. It is thus expected that the effective treatments
will be those that avoid or even exploit the clonal diversity of the tumor
while still being selective [9]. The collaboration between tumor and
non-tumor cells (e.g. via cell-cell interactions, metabolites, cytokines,
and exosomes) in cancer ecosystems may open new lines of research
that enable progress in the study of advanced cancers, whose survival
expectations are still abysmal (see Fig. 5).
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