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ABSTRACT

Personalized cancer medicine based on the analysis of tumors en masse is
limited by tumor heterogeneity, which has become a major obstacle to effective
cancer treatment. Cancer stem cells (CSC) are emerging as key drivers of inter-
and intratumoral heterogeneity. CSC have unique metabolic dependencies that
are required not only for specific bioenergetic/biosynthetic demands but also for
sustaining their operational epigenetic traits, i.e. self-renewal, tumor-initiation, and
plasticity. Given that the metabolome is the final downstream product of all the
—-omic layers and, therefore, most representative of the biological phenotype, we
here propose that a novel approach to better understand the complexity of tumor
heterogeneity is by mapping and cataloging small nhumbers of CSC metabolomic
phenotypes. The narrower metabolomic diversity of CSC states could be employed
to reduce multidimensional tumor heterogeneity into dynamic models of fewer
actionable sub-phenotypes. The identification of the driver nodes that are used
differentially by CSC states to metabolically regulate self-renewal and tumor initation
and escape chemotherapy might open new preventive and therapeutic avenues. The
mapping of CSC metabolomic states could become a pioneering strategy to reduce the
dimensionality of tumor heterogeneity and improve our ability to examine changes
in tumor cell populations for cancer detection, prognosis, prediction/monitoring of
therapy response, and detection of therapy resistance and recurrent disease. The
identification of driver metabolites and metabolic nodes accounting for a large amount
of variance within the CSC metabolomic sub-phenotypes might offer new unforeseen
opportunities for reducing and exploiting tumor heterogeneity via metabolic targeting
of CSC.
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TUMOR HETEROGENEITY: CONCEPTS
AND CHALLENGES

Tumor heterogeneity: The greatest challenge in
cancer therapeutics

The highly heterogeneous nature of cancer and the
chaotic architecture of tumor tissues limit an accurate
molecular classification, prognosis, and clinical response
prediction for most human carcinomas. Intertumor
heterogeneity encompasses the genetic and phenotypic
variations that are observed between individuals with
the same tumor type and between tumors of different
tissues and cell types. Intratumor heterogeneity involves
the variability that populations of tumor cells in a given
tumor generally display in most discernable phenotypic
traits, ranging from differentiation/proliferation states,
migratory/invasive capacity, to therapeutic responsiveness.
Tumor heterogeneity, which affects key cell- and non-cell-
autonomous alterations that contribute to tumor evolution
at any stage, may vary further over time if influenced by,
for example, cancer treatment or metastatic dissemination.
Tumor heterogeneity is ultimately responsible not only for
the occurrence of multiple and distinct molecular subtypes
associated with different clinical phenotypes and outcomes
in a given cancer disease, but also for the ability of an
individual tumor to survive therapy and seed metastases
[1-10].

The extent of tumor heterogeneity confounds our
understanding of tumor evolution and clinical progression
and our ability to restrain treatment resistance and
design effective cancer-therapeutic interventions. Tumor
heterogeneity is beginning to be appreciated as the
major obstacle to effective treatment and personalized
medicine [11]. Although heterogeneity is assumed to arise
from diverse cell types recruited to the tumor and from
the differential integration of genetic, epigenetic, and
microenvironmental influences among the cancer cells
themselves [12-14], the ultimate mechanisms responsible
for the emergence of tumor heterogeneity remain poorly
understood and controversial. The current models
explaining inter- and intra-tumoral diversity are the clonal
evolution and cancer stem cell (CSC) hypotheses [15-18].

Sources of tumor heterogeneity: Stochastic clonal
evolution and genomic instability

The stochastic clonal evolution model posits
that genetically (or epigenetically) distinct subclones
arising through successive intercellular variations (e.g.,
chromosome copy number, somatic point mutations or
epigenetic modifications) result in phenotypic diversity,
followed by selective outgrowth of clones that have a

phenotypic advantage within a given microenvironmental
context. Although tumor evolution is apparently driven by
selection of phenotypes according to their relative fitness,
not all somatic mutations have a recognizable phenotypic
consequence, and even fewer provide significant fitness
advantages. Therefore, selection for phenotypic alterations
can favor the outgrowth of cells with genetic alterations
associated with that phenotype. At the intracellular level, a
major cause of genetic heterogeneity is genomic instability
[19, 20], which leads to an increased mutation rate and
increased phenotypic variation, broadening the pool of
cells that are subject to selection, and consequently the
likelihood of selective expansion of multiple different
subclones and the emergence of complex subclonal tumor
architecture during disease progression. Fluctuations
in subclonal architecture can occur in response to new
microenvironments at metastatic sites together with the
selection pressures imposed by the process of metastasis
itself, or drug treatment.

Cancer stem cells and cell plasticity: Key drivers
of tumor heterogeneity

Tumor heterogeneity is generated through a
combination of genetic alterations and epigenetic events
that abnormally recapitulate normal developmental
processes, including stem cell self-renewal and
differentiation. Through comparisons with normal stem
cell development, an ever-growing number of studies
have established the existence of distinct subpopulations
of so-called cancer stem cells (hereafter CSC), which are
implicated as drivers of the origin, growth, and metastatic
dissemination of most epithelial carcinomas. The aberrant
capacity of CSC, also called tumor-initiating cells (TIC),
for autorenewal and differentiation significantly contribute
to the inter-tumor phenotypic and functional heterogeneity
of a diverse array of cancer types and, by generating
multiple, distinct cellular subpopulations in a tumor tissue,
they have also emerged as key generators of intratumoral
heterogeneity [13, 15, 17, 21-26].

The CSC model of tumor heterogeneity proposes
that cancer cells residing in tumor tissues, although
sharing similar genetic backgrounds, can be organized
into two “operational” categories: CSC endowed with
self-renewal and tumor-initiating potentials, and non-
CSC. CSC therefore reside at the apex of the functional
hierarchy within the tumor cell population as they possess
the majority of a cancer’s tumor-initiating and metastatic
ability. A defining feature of the CSC model is its apparent
unidirectional nature, whereby CSC undergo symmetric
division to replenish the CSC pool and irreversible
asymmetric division to generate daughter cells (non-
CSC) with low tumorigenic potential. However, evolving
evidence supports a new model of tumorigenicity in
which considerable plasticity exists between the non-
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CSC and CSC compartments, such that non-CSC can
reacquire a CSC phenotype. The two broad functional
classes of non-CSC and CSC do not necessarily reside
in mutually exclusive subpopulations as cell plasticity
allows phenotypic switching between non-CSC and CSC
functional compartments. Indeed, CSC display significant
phenotypic and functional heterogeneity and CSC progeny
also manifest diverse plasticity, strongly suggesting that
some tumors may adhere to a plastic CSC model in which
bidirectional conversions are common and essential
components of tumor heterogeneity [4, 16, 27-31].

CSC-driven tumor heterogeneity: Mechanistic
and therapeutic challenges

Since CSC can survive treatment with hormones,
radiation, chemotherapeutic agents, and molecularly-
targeted drugs, CSC-driven tumor heterogeneity might
be responsible for the clinical failure of current oncology
therapies [32-34]. If heterogeneity reflects hierarchical
organization in which CSC irreversibly differentiate
into non-tumorigenic cells, then therapies that eliminate
CSC should be necessary and sufficient to cure disease.
However, the appreciation of cancer cell plasticity as a
mechanism that can generate aggressive CSCs within a
tumor demand a radical revision of the earlier concept
that only the self-renewal and tumor-initiating potentials
of CSC need to be targeted to cure cancer.

If the heterogeneity within tumors reflects the
reversible and efficient transition between CSC-
tumorigenic and non-tumorigenic states, it might not be
possible to identify any population intrinsically lacking
tumorigenic potential. This new model implies that cancer
therapies might not necessarily enrich cancer tissues
with pre-existing, genetically-defined populations of
treatment-refractory CSC, as previously thought; rather,
accelerated de novo production of CSC from the residual
cancer tissue may repopulate the tumor while the older
CSC die. It would remain necessary to eliminate all
cancer cells by combining anti-plasticity drugs with other
cancer treatments since non-tumorigenic cells could drive
disease recurrence by giving rise to new, heterogeneous
populations of CSC [35].

Understanding tumor heterogeneity: The next big
challenge in cancer research

Understanding and exploiting tumor heterogeneity
is the next big quest in cancer research [11]. Given that
CSC may serve as the unit of selection in the genetic
evolution of tumors while also being genetically unstable,
the stochastic clonal evolution and CSC models are not
mutually exclusive, and multiple clones consisting of
genetically-altered CSC and their differentiated progeny
can be generated during tumor evolution [9]. However,

it should be noted that very different experimental and
clinical predictions are expected to arise from cancer
heterogeneity models in which intrinsic differences in
tumorigenic capacity reflect reversible non-CSC/CSC as
compared to those involving irreversible differentiation of
CSC. In addition, the key contribution of the epigenome
to tumor phenotype and clinical outcome is not generally
incorporated into current models of CSC-driven tumor
heterogeneity [36]. Furthermore, the epigenetic and
genetic contributions to tumor heterogeneity are highly
intertwined because genetic alterations can cause
epigenetic disruptions while epigenetic defects can
promote genomic instability.

It has been recently suggested that functional
screening combined with multidimensional phenotyping—
measuring signaling, epigenetic, transcriptional, and
other alterations in addition to genetic alterations—will
be most informative in revealing the sources of cancer
heterogeneity and the contribution of heterogeneity to
cancer evolution [11]. Unfortunately, many technological
questions—including validation of the accuracy/robustness
of gold-standard assays—regarding DNA, RNA, and
protein measurements to obtain information about tumor
heterogeneity remain unanswered. Moreover, we lack a
clear understanding of the parameters that will need to
be measured and integrated to assess the impact of tumor
heterogeneity on clinical outcomes.

Reducing the multidimensionality of tumor
heterogeneity: The cell-state concept

One crucial question concerns the extent to which
the phenotypic and functional properties of cancer cells
including CSC, undergo reversible changes. To better
approach the extreme complexity of the CSC model of
cancer heterogeneity/plasticity, the concept of cell-state
rather than genetically fixed cell-type would be applicable
[11, 13, 37]. Cell states are defined by the interplay of
the genome, epigenome, transcriptome and proteome
in each tumor cell. Because cell states tend to be self-
stabilizing, there are fewer distinct cell states in a tumor
that the degree of genetic, epigenetic and transcriptional
heterogeneity would predict. Genetically distinct cells may
be in a similar cell state and hence may be susceptible
to treatment with the same therapeutic. Conversely,
genetically identical cells can exist in different cell states,
owing to epigenetic differences and the influence of the
microenvironment. An idoneous way to understand the
enormous complexity of tumor heterogeneity would be
to identify the most relevant cell states in cancer (such
as those possessed by CSC) by integrating different data
sets and, once these driver cell states are identified, work
toward therapeutic strategies based on inferred cell states.
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CANCER STEM CELLS AND
METABOLISM: ANOVEL APPROACH
TO REDUCE AND EXPLOIT TUMOR
HETEROGENEITY

To reduce the multidimensionality of tumor
heterogeneity/plasticity into dynamic models of fewer
actionable subtypes, we might require novel and
innovative research approaches. We here propose that a
novel approach to better understand the complexity of
tumor heterogeneity is by mapping and cataloging small
numbers of CSC metabolomic phenotypes.

A CSC-metabolic framework: Experimental
evidence

The last 5 years have witnessed significant advances
in our understanding of how altered tumor metabolism,
identified nearly a century ago by Otto Warburg [38, 39], is
a central contributor to carcinogenesis rather than being a
passive player [40-43]. At the same time, we have quickly
amassed in-depth knowledge of the striking metabolic
reprogramming phenomena that occur in pluripotent
embryonic stem cells (ESC), tissue-specific adult stem
cells (ASC), and induced pluripotent stem cells (iPSC)
[44]. CSC also appear to exhibit unique metabolic features
(BOX 1), which are required not only for supporting
specific CSC bioenergetic/biosynthetic demands but also
for epigenetically sustaining their operational properties,
i.e. self-renewal, tumor-initiating, and plasticity potentials
[44, 45].

BOX 1. Metabolic traits of CSC states: From
bioenergetic/biosynthetic features to metabolic
regulation of epigenetics

CSC bioenergetic and biosynthetic features

The aberrant metabolic signatures of cancer tissues
are not simply programmed consequences of oncogenic
gain-of-function and loss of tumor suppressor mutagenic
events; rather, they might play a pivotal role in dictating
the different cell states exhibited by heterogeneous cancer
cell populations. The modulation of metabolism has been
increasingly implicated in cell identity determination
during oncogenesis, i.e., metabolic reprogramming of
cancer tissues might reflect the molecular dynamics
fundamental to cell fate rearrangement. The occurrence
of CSC states can be better understood in terms of the
bioenergetic/biosynthetic facilitators and impediments
that operate as molecular gateways and roadblocks,
respectively, for the intrinsic and microenvironmental
paths that ultimately orchestrate the CSC state [44-48].

A specific metabolic status involving changes
in oxidative phosphorylation (OXPHOS)/glycolysis
bioenergetics, mitochondrial-dependent biosynthesis,
redox status, metabolism of amino acids and fatty acids,
and in nutrient- and energy-sensing pathways, should
become permissive with the operational properties
owned by CSC; certain bioenergetic and biosynthetic
features therefore become essential for maintaining CSC
functionality. The cellular metabotype might causally
govern key signaling determinants that ultimately
determine the appearance, functioning, and potency
of the operational properties possessed by CSC states.
Conversely, the intrinsic and extrinsic genetic/epigenetic
factors that control the path-to-CSC properties could not
properly operate in inadequate cell metabotypes.

CSC states appear to exploit the siphoning of
glycolysis- and/or mitochondrial-derived metabolic
intermediates into de novo fatty acid biosynthesis to
potentiate their self-renewal and survival capacities and
escape detachment-induced cell death (anoikis) [49].
The dependence of CSC on the lipogenic activities of
acetyl-CoA carboxylase (ACACA) [49] and fatty acid
synthase (FASN) [50] might reflect a co-opted metabolic
strategy to connect OXPHOS/glycolysis bioenergetic
reprogramming with the intrinsic susceptibility of CSC to
experience peroxidation phenomena and oxidative stress-
induced cell death via regulation of the degree of saturated
versus polyunsaturated acyl chains in CSC membranes.
Accordingly, a promotion of pro-oxidant deviation using
amine-pyrimidine-based iron complexes can efficiently
kill epithelial-to-mesenchymal (EMT)-induced CSC-like
states [51].

The EMT-driven switch from a non-CSC to a CSC-
like state was found also to involve a nutritional metabolic
infrastructure, allowing CSC states a vectorial energy
transfer from a broader range of extracellular nutrients,
including high-energy metabolites such as pyruvate and
lactate, under stressful microenvironmental conditions
[52]. The unexpected strong capacity of the anti-diabetic
biguanide metformin to specifically target and eliminate
CSC might largely depend on its ability to block the
metabolic addiction of CSC states to the production of
mitochondrial-dependent metabolic intermediates and the
synthesis of nucleotides [53-58].

CSC metabolo-epigenetic features

Beyond the specific bioenergetic/biosynthetic
demands of CSC, special classes of elite metabolites
and the relative spatio-temporal abundance of common
interpreters of the metabolic state that are critical
factors for de/methylation, de/acetylation, or de/
phosphorylation dynamics in the nuclear epigenome
(e.g., acetyl-CoA, a-ketoglutarate, NAD+, FAD, ATP, or
S-adenosylmethionine), might be causally involved in the
redirection of normal and non-CSC toward a CSC-like
state [46, 47]. We have coined the term metabostemness
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to describe the metabolic parameters that causally control
the epi-transcriptional programs defining CSC states [35,
46-48, 59-62].

The appreciation that metabolites that act as
cofactors for chromatin-modifying enzymes can directly
influence the two primary epigenetic codes (histone
modification and DNA methylation) to regulate many of
the cell fate decisions has firmly established the notion
that major metabolic pathways (e.g., one-carbon cycle,
glycolysis, tricarboxylic acid cycle, and OXPHOS) can
actively modify the chromatin state via largely unexplored
metabolo-epigenetic axes of communication. Beyond the
numerous “common’ metabolites used as substrates and
cofactors for reactions that coordinate epigenetic status,
a recent systems approach predicted >40 compounds
and metabolic substructures of potential oncometabolites
(i.e., small-molecule components (or enantiomers) of
normal metabolism whose accumulation is sufficient to
establish a milieu that initiates and drives carcinogenesis
[59-61]) that could result from the loss-of- and gain-
of-function mutations of metabolic enzymes [63]. A
metabolically driven corrupted version of the epigenome
(e.g., pathological versions of nuclear reprogramming-like
dedifferentiation phenomena [59-62]) might play an active
role in directing CSC states in cancer tissues [62, 64].

A positive feedback loop might be established
between the bioenergetic/biosynthetic demands and
the epigenetically induced support of the CSC function
and fate. Accordingly, the transcriptional activation of
key nutrient- and energy-sensing pathways, i.e., mTOR
and insulin receptor pathways, is an intrinsic process
that occurs when differentiated populations of non-CSC
breast cancer cells pass through dedifferentiating nuclear
reprogramming-like processes to de novo development of
CSC-like properties in vitro [65].

CSC metabotypes: Built-in “barcodes” to detect
and monitor CSC-driven cancer evolution

Certain metabotypes might operate as pivotal
molecular events in the epigenetic and transcriptional
rewiring required for the acquisition and/or maintenance
of aberrant stemness and, concurrently, for the degree of
refractoriness not only to different forms of cell death but
also to differentiation. Because certain metabolic features
appear to connect and integrate the functioning of all
the —omic layers with self-autonomous but plastic CSC
qualities, metabolic traits might have a particularly strong
role in the definition of the CSC state and behavior at any
given moment during cancer evolution and response to
therapy. A highly active crosstalk between metabolism and
epigenetics might allow the causal integration of certain
metabotypes with genetic programs that coordinately
regulate CSC function and fate. A progressive resetting
of CSC-associated metabotypes would therefore parallel

the bioenergetic/biosynthetic changes as well as the global
epigenetic modifications of CSC states.

The mode of metabolic reprogramming in tumors
(e.g., the best-known cancer metabolic abnormality termed
the Warburg effect) is often considered a quasi-universal
trait that differs from normal cell metabolism, displaying
a wide diversity of metabolic phenotypes that have been
suggested to reflect a function of both the genetic lesions
driving tumorigenesis and the tissue from which the cancer
arose [606]. Similar to epigenetic memory, we postulate that
a metabolic memory might also exist —i.e., once a cell has
passed through a particular metabolic state, some of the
metabolic traits remain— thus influencing the functioning
and plasticity potential of CSC originating from different
tissues [46]. Thus, although the metabolic traits of CSC
are expected to be dynamic, they might also represent
the history of the cancer. The degree of flexibility in the
metabotypic portraits of CSC might reflect the potential
to respond to environmental or therapeutic pressures. The
metabotypes of CSC states might be unique in their ability
to provide information about the previous, present, and
potential future of CSC-driven tumor heterogeneity and
plasticity. Forthcoming studies would demonstrate that
the metabolic features and dependencies of CSC states
provide a built-in metabolic barcode that can be used to
detect and monitor CSC functioning which, in turn, should
significantly improve our ability to examine changes in
CSC-driven tumor cell populations for cancer detection,
prognosis, prediction/monitoring of therapy response, and
detection of therapy resistance and of recurrent disease.

The metabolome-CSC phenotype integration:
Narrowing down the metabolomic diversity of
CSC states to reduce multidimensional tumor
heterogeneity

Given that metabolism represents a junction
receiving cumulative information from multidimensional
layers of signaling (e.g., genome, transcriptome,
proteome, microenvironment), CSC states can adapt,
resist, or react to all these multi-omic effects through a
differential regulation, synthesis, and availability of
certain metabolites. Indeed, all the —omic layers of
complexity that drive CSC-driven tumor heterogeneity
might concurrently generate CSC-associated metabotypes
that can be described by means of at least four variability
criteria: (a) the presence-absence of certain metabolites
(e.g., oncometabolites); (b) the concentration levels of
certain metabolites; (c) the relative levels or ratio between
certain metabolites; and (d) metabolite profiles and fluxes.
The strong occurrence of particular metabolic parameters
in CSC states should be viewed as qualitative gauges
necessarily and specifically stimulated by such particular
CSC states or that lock CSC in such states by merely being
present.
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Although ostensibly simplistic, metabotypes based
on the presence-absence of some particular metabolites
can have high taxonomic value as sensitive and specific
markers in distinguishing non-CSC from CSC states in
cancer tissues. The increase in the concentration levels
of some metabolites could also operate as dynamic
markers governing the proclivity of non-CSC-to-CSC
transitions. Metabolic ratios between the concentrations of
structurally close metabolites can also provide functional
discrimination between non-CSC and CSC states in
heterogeneous cancer cell populations. Should CSC states
possess specific variations in the capacities and kinetics
of certain metabolic nodes, the discovery of unique, CSC-
associated metabolic flux imprints might be crucial to
delineate a comprehensive snapshot of the physiological
state of CSC.

MULTIDIMENSIONAL
TUMOR HETEROGENEITY

o

Genome
Epigenome

a

-

Transcriptome

Proteome

CSC-driving metabolome

CSC-metabolomic and

therapeutic impact

maps:  Biological

Personalized health care of cancer patients requires
a profound understanding of the patients” biology that
can be approached using a range of —omics technologies.
The stratification of cancer patients should involve
the identification of genetic and/or phenotypic discase
subclasses that will require different therapeutic strategies.
Stratified oncology medicine approaches to diagnosis,
prognosis, and therapeutic response monitoring herald
a new dimension in cancer patient care. Unfortunately,
it has become exceedingly apparent that the utility of
profiles based on the analysis of tumors en masse is
limited by tumor genetic and epigenetic heterogeneity, as
characteristics of the most abundant cell type might not
necessarily predict the evolutionary properties of mixed
populations.

Actionable CSC metabolo-phenotypes

Figure 1: CSC metabolomics reducing and exploiting the high-dimensional complexity of tumor heterogeneity. The
narrow metabolomic diversity of the so-called CSC states could be employed to reduce multidimensional tumor heterogeneity into dynamic

models of fewer actionable subtypes.
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The metabolome is the final downstream
product of all the —omic layers and, therefore, the most
representative of the biological phenotype (Figure
1). Because metabolites are a proxy of the phenotype
and the metabolome is a central hub for genetic and
microenvironmental influences, i.e., the final result of
the epigenetic reading of the genome in a particular
environment that links the (epi)genotype with the
phenotype, metabolomics-based approaches might have
unprecedented value to bring clarity to complex —omics
data. We envision that an unforeseen approach to better
infer the enormous complexity of tumor heterogeneity
is to catalog small numbers of more homogeneous CSC
metabolomic phenotypes (Box 2).

BOX 2. Deconstructing the CSC metabolo-
phenome: Approaches and benefits

CSC states might exhibit unique metabolic
features, which are required not only for specific
CSC bioenergetic/biosynthetic demands, but also for
epigenetically sustaining their operational properties, i.e.
self-renewal, tumor-initiating, and plasticity potentials.
As the metabolome is the final downstream product
of all the —omic layers and, therefore, the closest to the
biological phenotype, we propose that an unforeseen
approach to better infer the enormous complexity of tumor
heterogeneity is by cataloging small numbers of more
homogeneous CSC metabolomic phenotypes, i.e., the sub-
phenotyping of CSC metabolomic states:

1.) the narrow metabolomic diversity of CSC states
can be utilized to reduce highly complex multiscale tumor
heterogeneity into dynamic models of fewer, biologically
and clinically relevant, actionable sub-phenotypes;

2.) the identification of key metabolic nodes
sustaining self-renewal and chemoresistance of CSC
states should provide new-targeted cancer-preventative
and -therapeutic interventions; and,

3.) the exploration of the exo-metabolome
to monitor biomarker/surrogate endpoints of CSC
functioning and plasticity using liquid biopsies might
optimize and accelerate therapeutic design of CSC-
targeting personalized therapies.

Deconstructing the metabolo-phenome of CSC
states might represent a new framework for reducing
and exploiting the multidimensional complexity of
tumor heterogeneity, also contemplates that integrating
dynamic tracking of the same CSC metabolomic
phenotypes in response to chemotherapy may allow for
monitoring therapy responses as well as detecting early
therapy resistance and recurrent disease at the level of
CSC functioning. Moreover, CSC states are expected to
generate CSC-specific metabonomic fingerprints that
would be measured in the circulating exo-metabolome.
The capture and analysis of the CSC-associated exo-

metabolome as a new tool to monitor, in real-time,
surrogate endpoints of CSC functioning and plasticity in
liquid biopsies might optimize and accelerate therapeutic
design of CSC-targeting personalized therapies.

We here propose to explore the potential value of
metabolomic profiling as applied to CSC, a major unmet
clinical need with no available specific treatments, to
leverage the discovery of mechanistic information and
deliver novel health care solutions to improve CSC-based
clinical oncology. The sub-typing of CSC metabolomic
states is expected to become an unforeseen strategy to
reduce the dimensionality of tumor heterogeneity and
improve our ability to examine changes in tumor cell
populations for cancer detection, prognosis, prediction/
monitoring of therapy response, and detection of therapy
resistance and recurrent disease. Such proposal of CSC
metabolic mapping might be explored using breast cancer
as a paradigm of CSC-driven tumor heterogeneity (Box 3).

BOX 3. Breast CSC: A paradigmatic model to
explore CSC-metabolomic maps

Variations in CSC types across the spectrum of
BC subtypes. Beyond the mutation profile as a source
of genetic heterogeneity in the distinct molecular breast
cancer subtypes, i.e., luminal A, luminal B, basal-liked,
human epidermal growth factor receptor 2-enriched
(HER2e), and claudin-low [67-71], a second level of
epigenetic heterogeneity arises from the nature of the
cells responsible for tumor maintenance and progression
in each subtype, i.e., the so-called CSC or TIC. Despite the
diversity of genetic changes driving the different molecular
subtypes, two different types of CSC appear to exist in
any of the breast cancer subtypes: a more proliferative,
epithelial-like state characterized by the expression of
the CSC marker aldehyde dehydrogenase (ALDH), and
a more quiescent and invasive, mesenchymal-like state
characterized by the expression of the CD44+CD24-/low
immunophenotype [13, 72]. Remarkably however, each
molecular breast cancer subtype is expected to display
significantly different frequencies of epithelial CSC
(E-CSC) and mesenchymal CSC (M-CSC). Thus, claudin-
low and basal subtypes should contain a significant
proportion of CD44+CD24-/low-expressing M-CSC, the
HER2e subtype will be characterized by a high proportion
of ALDH-positive E-CSC, the luminal B would contain a
lower proportion of CSC than HER2e, basal, and claudin-
low subtypes, and the luminal A subtype will display the
lowest proportion of cells expressing any CSC marker [13,
69].

The fact that common, shared regulatory pathways
are capable of directing self-renewal and differentiation
of exclusively two major types of interchangeable CSC
types irrespective of the different genomic/mutational
landscapes of intrinsic breast cancer subtypes in which
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they reside, together with the ever-growing evidence that
de novo generation of CSC-like states upon activation
of EMT programs and nuclear reprogramming-like
dedifferentiation phenomena might be activated in breast
cancer as dynamic heterogeneity-generating mechanisms
critical for the survival of tumors following therapy and
metastatic progression, make breast cancer a paradigmatic
model of tumor heterogeneity in which to perform a
comprehensive metabolomic characterization of CSC
states (Figures 2 and 3).

Breast cancer would allow to perform a
comprehensive characterization of the CSC-associated
metabolome in three different molecular scenarios
known to generate a variety of CSC states: (1) The
interchangeable populations of quiescent, mesenchymal-
like CD44+CD24-/low and more proliferative, epithelial-
like aldehyde dehydrogenase-expressing CSC, which
convergently arise, although in different proportions, from
the different genomic/mutational landscapes of intrinsic
BC subtypes; (2) the EMT program that enables normal
and non-CSC cancer epithelial cells to acquire CSC-
like properties; and (3) the nuclear reprogramming-like
phenomenon that might allow dedifferentiation of normal
and differentiated bulk tumor cell types into CSC-like
states (Figure 2).

The re-assessment of CSC-associated metabolomic
fingerprints in response to chemotherapy would allow
the identification of the metabolic networks and the
driver metabolic nodes preferentially used by CSC
states to regulate self-renewal and escape chemotherapy.
The CSC-associated metabolic candidates and CSC-
associated metabolic fluxes gathered would be re-assessed
in the presence of clinically-relevant concentrations of
chemotherapeutic employing representative scenarios of
intrinsic and de novo-generated CSC states (Figure 4).

This approach would allow to identify the driver metabolic
nodes accounting for a large amount of variance within
CSC metabolomic phenotypes, which, in combination with
the metabolomic findings arising from treatment-naive
CSC states should provide not only a dynamic portrait of
the CSC metabolo-phenome but also new CSC-targeted
cancer-preventative and —therapeutic interventions.
Moreover, the exploration of the microecology of CSC
states in target tissues might generate specific and sensitive
CSC-associated metabolomic fingerprints that could
be measured in the circulating exo-metabolome. Such
exploration of the exo-metabolome to monitor, in real-
time, biomarker/surrogate endpoints of CSC functioning
and plasticity in liquid biopsies might optimize and
accelerate the design of CSC-targeting personalized
therapies.

Our proposed approach might provide a first-
in-class physiological snapshot of CSC states and
actionable information to advance cancer research and
clinical decision-making. The precise identification of
the key metabolic parameters that directly communicate
with the operational properties of CSC might uncover
unexpected metabolic strategies to target life-threatening
CSC in human cancer diseases. The incorporation of CSC
metabolo-phenotypes as new parameters for reclassifying
cancer subtypes and/or risk of therapy resistance and
disease recurrence may provide a better and simplified
dynamic delineation of the ever-growing number of
cancer subtypes exclusively cataloged based on genetic
aberrations. The discovery and development of new drugs
targeting the metabolic nodes sustaining self-renewal
growth of CSC states and CSC plasticity in response
to chemotherapy could provide life saving treatments
aimed to target those metabolic portraits compatible with
the maintenance and/or acquisition of CSC operational
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Figure 3: Comprehensive characterization of the CSC-associated metabolic traits across the spectrum of intrinsic
breast cancer subtypes. An enlarged catalog of the breast cancerpedia [73-79] including >50 breast cancer cell lines originally described
by Neve et al. [73] as well as the so-called SUM-lines originally isolated by Prof. Steve Ethier [77-79] could provide sufficient heterogeneity
and recurring characteristics at the genomic and transcriptional levels to recapitulate the characteristics present in intrinsic breast cancer
subtypes. Such panel of breast cancer cell lines might be used to perform comprehensive studies of the bioenergetics, metabolome, and
fluxomes of few groups of CSC metabolo-phenotypes capable of recapitulate the cellular heterogeneity of the original mixed population.
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Figure 4: Deconstructing the CSC-associated metabolo-phenome. The integration of metabolomics and fluxomics sciences
by using exhaustive bioinformatics data analysis, mining and computation would provide a dynamic picture of the CSC-associated
metabolic phenotype. The CSC-associated metabolic candidates and CSC-associated metabolic fluxes gathered in experimental approaches
such as those depicted in Figs. 2 and 3. would be re-assessed in the presence of clinically-relevant concentrations of commonly used
chemotherapeutic agents (e.g., anthracyclines, taxanes) employing representative scenarios of intrinsic and de novo-generated CSC states.
The re-assessment of CSC-associated metabolomic fingerprints in response to chemotherapy would allow the identification of driver
metabolic nodes accounting for a large amount of variance within CSC metabolomic phenotypes, which, in combination with the findings
arising from the approaches depicted in Figs. 2 and 3 may provide not only a dynamic portrait of the CSC metabolo-phenome but also new
CSC-targeted cancer-preventative and —therapeutic interventions.
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properties, i.e., self-renewal, tumor-initiation, and
plasticity.

The elaboration of CSC-metabolomic maps
intrinsically accepts one of the cancer research field’s
biggest challenges, namely the understanding of how
aberrant versions of cellular metabolism and certain
classes of metabolites operate as bona fide molecular
hits enabling CSC states. We anticipate that such
approach would illuminate crucial steps in a new era
of metabolomics-based medicine to treat and eliminate
CSC. Currently, the blood is viewed as the best source
of information about the molecular makeup of tumor
heterogeneity that can be obtained without biopsying the
tumor itself. The development of non-invasive techniques
such as circulating metabolomics capable of detecting and
monitoring metabolites or metabolic imprints exclusively
or differentially produced by CSC states could be
rapidly implemented to provide real-time monitoring of
CSC functioning by using blood-based liquid biopsies.
Importantly, new approaches aimed to delineate CSC-
metabolomic maps are clearly suited to becoming the
platform for small or medium-sized enterprises dedicated
to the exploitation of the underexplored field of CSC
metabolism as they may allow cancer researchers to
pursue first-in-class therapeutic and diagnostic approaches
based on the addiction of CSC to certain metabolites or
metabolic fluxes, thus opening a new era of metabolomics-
based precision cancer medicine aimed to metabolically

eliminate or prevent the occurrence of CSC states.

ACKNOWLEDGMENTS

This work was supported by grants from the
Ministerio de Ciencia ¢ Innovacion (Grant SAF2016-
80639-P to J. A. Menendez), Plan Nacional de 1+D+I,
Spain and the Ageéncia de Gesti6 d’Ajuts Universitaris
i de Recerca (AGAUR) (Grant 2014 SGR229 to J. A.
Menendez), Departament d’Economia i Coneixement,
Catalonia, Spain. Elisabet Cuyas is supported by the Sara
Borrell post-doctoral contract (CD15/00033) from the
Ministerio de Sanidad y Consumo, Fondo de Investigacion
Sanitaria (FIS), Spain. The Metabolism & Cancer lab is
supported by an unrestricted grant from the Armangué
family (Girona, Catalonia). The authors would like to
thank Dr. Kenneth McCreath for editorial support.

CONFLICTS OF INTEREST

The authors declare that they have no conflict of
interest.

REFERENCES

1.  Marusyk A, Polyak K. Tumor heterogeneity: causes and
consequences. Biochim Biophys Acta. 2010; 1805:105-117.

2. Marusyk A, Almendro V, Polyak K. Intra-tumour

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

heterogeneity: a looking glass for cancer? Nat Rev Cancer.
2012; 12:323-334.

Tang DG. Understanding cancer stem cell heterogeneity and
plasticity. Cell Res. 2012; 22:457-472.

Marjanovic ND, Weinberg RA, Chaffer CL. Cell plasticity
and heterogeneity in cancer. Clin Chem. 2013; 59:168-179.
Meacham CE, Morrison SJ. Tumour heterogeneity and
cancer cell plasticity. Nature. 2013; 501:328-337.

Varga J, De Oliveira T, Greten FR. The architect who
never sleeps: tumor-induced plasticity. FEBS Lett. 2014;
588:2422-2427.

Gerdes MJ, Sood A, Sevinsky C, Pris AD, Zavodszky
MI, Ginty F. Emerging understanding of multiscale tumor
heterogeneity. Front Oncol. 2014; 4:366.

Koren S, Bentires-Alj M. Breast Tumor Heterogeneity:
Source of Fitness, Hurdle for Therapy. Mol Cell. 2015;
60:537-546.

Polyak K. Heterogeneity in breast cancer. J Clin Invest.
2011; 121:3786-3788.

Tabassum DP, Polyak K. Tumorigenesis: it takes a village.
Nat Rev Cancer. 2015; 15:473-483.

Alizadeh AA, Aranda V, Bardelli A, Blanpain C, Bock
C, Borowski C, Caldas C, Califano A, Doherty M, Elsner
M, Esteller M, Fitzgerald R, Korbel JO, et al. Toward
understanding and exploiting tumor heterogeneity. Nat
Med. 2015; 21:846-853.

Korkaya H, Liu S, Wicha MS. Breast cancer stem cells,
cytokine networks, and the tumor microenvironment. J Clin
Invest. 2011; 121:3804-3809.

Brooks MD, Burness ML, Wicha MS. Therapeutic
Implications of Cellular Heterogeneity and Plasticity in
Breast Cancer. Cell Stem Cell. 2015; 17:260-271.
Brooks MD, Wicha MS. Tumor twitter:
communication in the breast cancer stem cell niche. Cancer
Discov. 2015; 5:469-471.

Campbell LL, Polyak K. Breast tumor heterogeneity: cancer
stem cells or clonal evolution? Cell Cycle. 2007; 6:2332-
2338.

Polyak K, Weinberg RA. Transitions between epithelial and

cellular

mesenchymal states: acquisition of malignant and stem cell
traits. Nat Rev Cancer. 2009; 9:265-273.

Skibinski A, Kuperwasser C. The origin of breast tumor
heterogeneity. Oncogene. 2015; 34:5309-5316.

Magee JA, Piskounova E, Morrison SJ. Cancer stem cells:
impact, heterogeneity, and uncertainty. Cancer Cell. 2012;
21:283-296.

Burrell RA, McGranahan N, Bartek J, Swanton C. The
causes and consequences of genetic heterogeneity in cancer
evolution. Nature. 2013; 501:338-345.

Huang S. Genetic and non-genetic instability in tumor
progression: link between the fitness landscape and the
epigenetic landscape of cancer cells. Cancer Metastasis
Rev. 2013; 32:423-448.

www.impactjournals.com/oncotarget

99233

Oncotarget



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Pietras A. Cancer stem cells in tumor heterogeneity. Adv
Cancer Res. 2011; 112:255-281.

Easwaran H, Tsai HC, Baylin SB. Cancer epigenetics:
tumor heterogeneity, plasticity of stem-like states, and drug
resistance. Mol Cell. 2014; 54:716-727.

Kreso A, Dick JE. Evolution of the cancer stem cell model.
Cell Stem Cell. 2014; 14:275-291.

Adorno-Cruz V, Kibria G, Liu X, Doherty M, Junk DJ,
Guan D, Hubert C, Venere M, Mulkearns-Hubert E, Sinyuk
M, Alvarado A, Caplan Al, Rich J, et al. Cancer stem
cells: targeting the roots of cancer, seeds of metastasis, and
sources of therapy resistance. Cancer Res. 2015; 75:924-
929

Wang A, Chen L, Li C, Zhu Y. Heterogeneity in cancer
stem cells. Cancer Lett. 2015; 357:63-68.

Singh AK, Arya RK, Maheshwari S, Singh A, Meena S,
Pandey P, Dormond O, Datta D. Tumor heterogeneity and
cancer stem cell paradigm: updates in concept, controversies
and clinical relevance. Int J Cancer. 2015; 136:1991-2000.
Chaffer CL, Brueckmann I, Scheel C, Kaestli AJ, Wiggins
PA, Rodrigues LO, Brooks M, Reinhardt F, Su Y, Polyak
K, Arendt LM, Kuperwasser C, Bieric B, Weinberg RA.
Normal and neoplastic nonstem cells can spontaneously
convert to a stem-like state. Proc Natl Acad Sci USA. 2011;
108:7950-55.

Scheel C, Weinberg RA. Phenotypic plasticity and
epithelial-mesenchymal transitions in cancer and normal
stem cells? Int J Cancer. 2011; 129:2310-2314.

Pattabiraman DR, Weinberg RA. Tackling the cancer stem
cells - what challenges do they pose? Nat Rev Drug Discov.
2014; 13:497-512.

Ye X, Weinberg RA. Epithelial-Mesenchymal Plasticity: A
Central Regulator of Cancer Progression. Trends Cell Biol.
2015; 25:675-686.

Doherty MR, Smigiel JM, Junk DJ, Jackson MW. Cancer
Stem Cell Plasticity Drives Therapeutic Resistance. Cancers
(Basel). 2016; 8:ES.

Kakarala M, Wicha MS. Implications of the cancer stem-
cell hypothesis for breast cancer prevention and therapy. J
Clin Oncol. 2008; 26:2813-2820.

Liu S, Wicha MS. Targeting breast cancer stem cells. J Clin
Oncol. 2010; 28:4006-4012.

Luo M, Brooks M, Wicha MS. Epithelial-mesenchymal
plasticity of breast cancer stem cells: implications for
metastasis and therapeutic resistance. Curr Pharm Des.
2015;21:1301-1310.

Menendez JA. The Metaboloepigenetic Dimension of
Cancer Stem Cells: Evaluating the Market Potential for
New Metabostemness-Targeting Oncology Drugs. Curr

Pharm Des. 2015; 21:3644-3653.

Mazor T, Pankov A, Song JS, Costello JF. Intratumoral
Heterogeneity of the Epigenome. Cancer Cell. 2016;
29:440-451

ML, Riggi

Suva N, Bernstein BE. Epigenetic

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

reprogramming in cancer. Science. 2013; 339:1567-1570.

Warburg O. On respiratory impairment in cancer cells.
Science. 1956; 124:269-70.

Koppenol WH, Bounds PL, Dang CV. Otto Warburg’s
contributions to current concepts of cancer metabolism. Nat
Rev Cancer. 2011; 11:325-337.

Pavlova NN, Thompson CB. The Emerging Hallmarks of
Cancer Metabolism. Cell Metab. 2016; 23:27-47.

Ward PS, Thompson CB. Metabolic reprogramming: a
cancer hallmark even warburg did not anticipate. Cancer
Cell. 2012; 21:297-308.

Vander Heiden MG, Cantley LC, Thompson CB.
the Warburg effect:
requirements of cell proliferation. Science. 2009; 324:1029-
1033.

Hirschey MD, DeBerardinis RJ, Diehl AM, Drew JE,
Frezza C, Green MF, Jones LW, Ko YH, Le A, Lea MA,
Locasale JW, Longo VD, Lyssiotis CA, et al, and Target
Validation Team. Dysregulated metabolism contributes to

Understanding the metabolic

oncogenesis. Semin Cancer Biol. 2015 (Suppl ); 35:S129—
50.

Menendez JA. Metabolic control of cancer cell stemness:
Lessons from iPS cells. Cell Cycle. 2015; 14:3801-3811.

Menendez JA, Joven J, Cufi S, Corominas-Faja B, Oliveras-
Ferraros C, Cuyas E, Martin-Castillo B, Lopez-Bonet E,
Alarcén T, Vazquez-Martin A. The Warburg effect version
2.0: metabolic reprogramming of cancer stem cells. Cell
Cycle. 2013; 12:1166-1179.

Menendez JA, Alarcon T. Metabostemness: a new cancer
hallmark. Front Oncol. 2014; 4:262.

Menendez JA, Corominas-Faja B, Cuyas E, Alarcon T.
Metabostemness: Metaboloepigenetic reprogramming of
cancer stem-cell functions. Oncoscience. 2014; 1:803-6.
https://doi.org/10.18632/oncoscience.113.

Menendez JA, Joven J. Energy metabolism and metabolic
sensors in stem cells: the metabostem crossroads of aging
and cancer. Adv Exp Med Biol. 2014; 824:117-140.
Corominas-Faja B, Cuyas E, Gumuzio J, Bosch-Barrera J,
Leis O, Martin AG, Menendez JA. Chemical inhibition of
acetyl-CoA carboxylase suppresses self-renewal growth of
cancer stem cells. Oncotarget. Oncotarget. 2014; 5:8306—
16. https://doi.org/10.18632/oncotarget.2059.
Corominas-Faja B, Vellon L, Cuyas E, Bux6 M, Martin-
Castillo B, Serra D, Garcia J, Lupu R, Menendez JA.
Clinical and therapeutic relevance of the metabolic
oncogene fatty acid synthase in HER2+ breast cancer.
Histol Histopathol. 2017; 32:687-98.

Gonzalez-Bartulos M, Aceves-Luquero C, Qualai J, Cussé
O, Martinez MA, Fernandez de Mattos S, Menéndez JA,
Villalonga P, Costas M, Ribas X, Massaguer A. Pro-
Oxidant Activity of Amine-Pyridine-Based Iron Complexes
Efficiently Kills Cancer and Cancer Stem-Like Cells. PLoS
One. 2015; 10:¢0137800.

Cuyas E, Corominas-Faja B, Menendez JA. The nutritional

WWW

.impactjournals.com/oncotarget

99234

Oncotarget



53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

phenome of EMT-induced cancer stem-like cells.
Oncotarget. 2014; 5:3970-82. https://doi.org/10.18632/
oncotarget.2147.

Cufi S, Corominas-Faja B, Vazquez-Martin A, Oliveras-
Ferraros C, Dorca J, Bosch-Barrera J, Martin-Castillo B,
Menendez JA. Metformin-induced preferential killing of
breast cancer initiating CD44+CD24-/low cells is sufficient
to overcome primary resistance to trastuzumab in HER2+
human breast cancer xenografts. Oncotarget. 2012; 3:395—
98. https://doi.org/10.18632/oncotarget.488.
Vazquez-Martin A, Cufi S, Lopez-Bonet E, Corominas-Faja
B, Oliveras-Ferraros C, Martin-Castillo B, Menendez JA.
Metformin limits the tumourigenicity of iPS cells without
affecting their pluripotency. Sci Rep. 2012; 2:964.

Del Barco S, Vazquez-Martin A, Cufi S, Oliveras-Ferraros
C, Bosch-Barrera J, Joven J, Martin-Castillo B, Menendez
JA. Metformin: multi-faceted protection against cancer.
Oncotarget. 2011; 2:896-917. https://doi.org/10.18632/
oncotarget.387.

Corominas-Faja B, Quirantes-Piné R, Oliveras-Ferraros
C, Vazquez-Martin A, Cufi S, Martin-Castillo B, Micol V,
Joven J, Segura-Carretero A, Menendez JA. Metabolomic
fingerprint reveals that metformin impairs one-carbon
metabolism in a manner similar to the antifolate class of
chemotherapy drugs. Aging (Albany NY). 2012; 4:480-98.
https://doi.org/10.18632/aging.100472.

Griss T, Vincent EE, Egnatchik R, Chen J, Ma EH, Faubert
B, Viollet B, DeBerardinis RJ, Jones RG. Metformin
Antagonizes Cancer Cell Proliferation by Suppressing
Mitochondrial-Dependent Biosynthesis. PLoS Biol. 2015;
13:10023009.

Janzer A, German NJ, Gonzalez-Herrera KN, Asara JM,
Haigis MC, Struhl K. Metformin and phenformin deplete
tricarboxylic acid cycle and glycolytic intermediates during
cell transformation and NTPs in cancer stem cells. Proc
Natl Acad Sci U S A. 2014; 111:10574-10579.

Yang M, Soga T, Pollard PJ. Oncometabolites: linking
altered metabolism with cancer. J Clin Invest. 2013;
123:3652-3658.

Menendez JA, Alarcén T, Joven J. Gerometabolites: the
pseudohypoxic aging side of cancer oncometabolites. Cell
Cycle. 2014;13:699-709.

Nowicki S, Gottlieb E. Oncometabolites: tailoring our
genes. FEBS J. 2015; 282:2796-2805.

Menendez JA, Corominas-Faja B, Cuyas E, Garcia MG,
Fernandez-Arroyo S, Fernandez AF, Joven J, Fraga MF,
Alarcon T. Oncometabolic Nuclear Reprogramming of
Cancer Stemness. Stem Cell Reports. 2016; 6:273-283.
Nam H, Campodonico M, Bordbar A, Hyduke DR, Kim
S, Zielinski DC, Palsson BO. A systems approach to
predict oncometabolites via context-specific genome-
scale metabolic networks. PLoS Comput Biol. 2014;
10:¢1003837.

Menendez JA, Alarcon T. Nuclear reprogramming of cancer

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

stem cells: Corrupting the epigenetic code of cell identity
with oncometabolites. Mol Cell Oncol. 2016; 3:e1160854.

Corominas-Faja B, Cufi S, Oliveras-Ferraros C, Cuyas
E, Lopez-Bonet E, Lupu R, Alarcéon T, Vellon L, Iglesias
JM, Leis O, Martin AG, Vazquez-Martin A, Menendez JA.
Nuclear reprogramming of luminal-like breast cancer cells
generates Sox2-overexpressing cancer stem-like cellular
states harboring transcriptional activation of the mTOR
pathway. Cell Cycle. 2013; 12:3109-3124.

Yuneva MO, Fan TW, Allen TD, Higashi RM, Ferraris DV,
Tsukamoto T, Matés JM, Alonso FJ, Wang C, Seo Y, Chen
X, Bishop JM. The metabolic profile of tumors depends
on both the responsible genetic lesion and tissue type. Cell
Metab. 2012; 15:157-170.

Prat A, Perou CM. Deconstructing the molecular portraits
of breast cancer. Mol Oncol. 2011; 5:5-23

Prat A, Perou CM. Mammary development meets cancer
genomics. Nat Med. 2009; 15:842-844.

Martin-Castillo B, Lopez-Bonet E, Cuyas E, Vinas G,
Pernas S, Dorca J, Menendez JA. Cancer stem cell-
driven efficacy of trastuzumab (Herceptin): towards
a reclassification of clinically HER2-positive breast
carcinomas. Oncotarget. 2015; 6:32317-38. https://doi.
org/10.18632/oncotarget.6094.

Cancer Genome Atlas Network. Comprehensive molecular
portraits of human breast tumours. Nature. 2012; 490:61-70.

Stephens PJ, Tarpey PS, Davies H, Van Loo P, Greenman
C, Wedge DC, Nik-Zainal S, Martin S, Varela I, Bignell
GR, Yates LR, Papaemmanuil E, Beare D, et al, and Oslo
Breast Cancer Consortium (OSBREAC). The landscape
of cancer genes and mutational processes in breast cancer.
Nature. 2012; 486:400-404.

Liu S, Cong Y, Wang D, Sun Y, Deng L, Liu Y, Martin-
Trevino R, Shang L, McDermott SP, Landis MD, Hong
S, Adams A, D’Angelo R, et al. Breast cancer stem cells
transition between epithelial and mesenchymal states
reflective of their normal counterparts. Stem Cell Reports.
2013;2:78-91.

Neve RM, Chin K, Fridlyand J, Yeh J, Bachner FL, Fevr T,
Clark L, Bayani N, Coppe JP, Tong F, Speed T, Spellman
PT, DeVries S, et al. A collection of breast cancer cell
lines for the study of functionally distinct cancer subtypes.
Cancer Cell. 2006; 10:515-527.

Kao J, Salari K, Bocanegra M, Choi YL, Girard L, Gandhi
J, Kwei KA, Hernandez-Boussard T, Wang P, Gazdar AF,
Minna JD, Pollack JR. Molecular profiling of breast cancer
cell lines defines relevant tumor models and provides a
resource for cancer gene discovery. PLoS One. 2009;
4:e61460.

Heiser LM, Sadanandam A, Kuo WL, Benz SC, Goldstein
TC, Ng S, Gibb WJ, Wang NJ, Ziyad S, Tong F, Bayani
N, Hu Z, Billig JI, et al. Subtype and pathway specific
responses to anticancer compounds in breast cancer. Proc
Natl Acad Sci U S A. 2012; 109:2724-2729.

WWW

.impactjournals.com/oncotarget

99235

Oncotarget



76.

77.

Barretina J, Caponigro G, Stransky N, Venkatesan K,
Margolin AA, Kim S, Wilson CJ, Lehar J, Kryukov GV,
Sonkin D, Reddy A, Liu M, Murray L, et al. The Cancer
Cell Line Encyclopedia enables predictive modelling of
anticancer drug sensitivity. Nature. 2012; 483:603-607.

Elstrodt F, Hollestelle A, Nagel JH, Gorin M, Wasielewski
M, van den Ouweland A, Merajver SD, Ethier SP, Schutte
M. BRCA1 mutation analysis of 41 human breast cancer
cell lines reveals three new deleterious mutants. Cancer

78.

79.

Res. 2006; 66:41-45.
Holliday DL, Speirs V. Choosing the right cell line for
breast cancer research. Breast Cancer Res. 2011; 13:215.

Barnabas N, Cohen D. Phenotypic and Molecular
Characterization of MCF10DCIS and SUM Breast Cancer
Cell Lines. Int J Breast Cancer. 2013;2013:872743.

www.impactjournals.com/oncotarget

99236

Oncotarget



