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Summary

The existence of sub-populations of cells in cancers with increased tumor initiating capacities and
self-renewal potential, often termed ‘cancer stem cells’, is a much discussed and key area of
cancer biology. Such cellular heterogeneity is very important due to its impact on therapy and
especially states of treatment resistance. A major question is whether there is plasticity for
evolution of these cell states during tumorigenesis which can involve movement between cell
populations in a reversible fashion. In this review, we discuss the possible role of epigenetic
abnormalities, as well as genetic alterations in such dynamics, and in the creation of cellular
heterogeneity in cancers of all types.

Introduction

Cellular heterogeneity is a well-recognized attribute of both normal and neoplastic tissues.
The difference is that in the former there is an ordered developmental program underlying
the heterogeneity. This order dictates that from a single genome, or the “hard drive” of
DNA, without base sequence changes, multiple cell types can be generated through the
“software packages” of proper co-ordination of dynamic signal transduction, and
subsequently, long term maintenance of gene expression patterns through epigenetic
mechanisms (Allis et al., 2008). These control processes ensure proper balance between
cells capable of continued self-renewal, or being maintained in stem cell-like states, and
their generation of progeny cells committed to tissue lineages and differentiation. By
contrast, disorder characterizes cancer cell populations. One driving factor for this is
obviously genetic instability through which mutations alter gene function such that cells
either do not exit self-renewal states and/or commit properly to tissue lineage and
differentiation (Stratton et al., 2009; Vogelstein et al., 2013). In this review, we visit the
possibility that aberrations of epigenetic control may also significantly contribute to the
disorder of cancer. If so, the consequences are profound since reversal of abnormalities for
therapy strategies is difficult in terms of correcting mutations but much more promising in
terms of reversing epigenetic abnormalities. Also, and related to therapy strategies, the
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points we will make are key because the dynamic variability, or heterogeneity, of cell
populations provides the driving force for tumors to utilize selection pressures to evolve.
While progressive mutations certainly do play a role in such evolution, we will emphasize
that epigenetic changes are also key factors and may be especially important to the
emergence of, and plasticity for, formation of the most tumor initiating cell sub-populations
in cancer. Such cells may also be key for treatment resistance; indeed, they may be the
major factor in therapy failures that plague the management of the most common cancers
and those with the highest mortality statistics.

Inherent to the above concept of cancer cell heterogeneity as it contributes to tumor
initiation and progression, is the “cancer stem cell” hypothesis. However one frames this
concept, most cancer biologists accept that, at any given time in a cancer, there are
populations of cells with cancer cell renewal and tumor initiating properties (Beck and
Blanpain, 2013; Nguyen et al., 2012; Wang and Dick, 2008). Their frequency may differ
from tumor to tumor, ranging from virtually all the cells to small populations. Also,
arguments continue as to whether there is a hierarchical arrangement for such populations
versus their less tumorigenic counterparts, or whether there is plasticity in which such stem-
cell like populations can always be generated, especially under stress situations, from other
cells in the population (Meacham and Morrison, 2013). Whatever the exact situation, in
addressing the biology of the heterogeneity and evolution of cancer stem cell sub-
populations, both genetic and epigenetic dynamics must be considered. In this review, we
discuss the possibility that during cancer evolution, and during tumor initiation from cancer
risk states, such as inflammation, that predispose cells to undergo transformation a cellular
plasticity may exist allowing dynamic shifts of more and less virulent cells differing in their
tumor initiation and therapeutic resistance capabilities. We will specifically address the
potential importance of epigenetic abnormalities, which may underlie such plasticity in cell
phenotypes and their link to processes by which, from cancer risk states through tumor
progression, cells survive stress to create cancer cell populations. We will also consider how
the epigenetic molecular profiles of cancers may reflect the cell sub-compartments in normal
cell renewal systems from which cancers arise — and, in turn, how these issues frame the
molecular and cell phenotype subpopulations of self-renewing cells in tumors.

Clonal evolution of tumors and evolution of cell heterogeneity

From a histologic and cell population standpoint phenotypic heterogeneity in tumor tissues
has long been observed (Beck and Blanpain, 2013; Nguyen et al., 2012; Wang and Dick,
2008). Whether this heterogeneity contributes to functional sub-populations, such as those
with metastatic capabilities or stem cell-like properties as discussed above, has been the
subject of intense study. Despite the heterogeneity, most likely the diverse cancer cell
subpopulations arise within the clone originally giving rise to the cancer. However, it is
increasingly being recognized at a molecular level that clonal subpopulations evolve in
tumors along courses which may vary considerably by tumor type (Garraway and Lander,
2013; Vogelstein et al., 2013; Yachida et al., 2010). Here we describe the concepts of tumor
cell heterogeneity in the context of genetic alterations and aim to distinguish these from
those due to epigenetic alterations.
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Contribution to tumor heterogeneity from mutations

Recent deep sequencing exercises are providing invaluable insights into the evolutionary
dynamics of cancer cell populations and contributions to drug resistance and tumor relapse.
Importantly, these studies have reinforced some early hypotheses about the stem-cell origins
in the natural history of cancers (Cairns, 1975) and the clonal evolution of cancers through
Darwinian selection (Nowell, 1976). Thus, analysis of genome copy number at the level of
single cell and genetic mutations from different sites in a tumor and metastasis from the
same patient have revealed genetic heterogeneity within the same tumor tissue (Anderson et
al., 2011) (Navin et al., 2011) (Gerlinger et al., 2012). Most recently this phenomenon has
been observed in subpopulation differences between the primary tumor and distant
metastases (Gerlinger et al., 2012). These studies have revealed that there may be
transitions, arising either from sub-clonal evolution of heterogeneous cell populations
present at the earliest points in tumor evolution or through the new appearance of such cells,
which manifest as a linear evolutionary process with branching points (Gerlinger et al.,
2012) (Fig 1). In this concept, independent sub-clones arise in bursts of sub-clonal
expansion (Navin et al., 2011) which may well arise in response to pressures from
Darwinian selection — including those imposed on cancers from therapeutic intervention
(Mullighan et al., 2008). A prime example from deep sequencing studies is renal cancer in
which the key early mutations in the VHL gene are constant from early time points on, while
other mutations arise along a branching pattern consistent with emerging subclones
(Gerlinger et al., 2012). From a therapy point of view, such spatial genetic heterogeneity
within the same tumor and metastases translates into variegated diagnostic signatures that
will have important implications for targeted therapeutic approaches (Anderson et al., 2011;
Yang et al., 2012). However, to date, most therapeutically targeted mutations are those that
are dominant in the tumor, most likely to have occurred in the founder clone. Certainly, new
mutations in the targeted gene do evolve with therapy resistance (Sierra et al., 2010), and
recent studies indicate that these may have been present in tumor subclones when therapy
was initiated (Turke et al., 2010).

In the context of tumor “stem cell” populations, a widely held model for the evolution of
cancer is that initial oncogenic mutations result in transformation of a tissue stem or
progenitor cell (Greaves and Maley, 2012). This cell then acquires the aberrant property of
unrestricted growth giving rise to patches of genetically altered cells in the normal tissue/
organ that becomes the substrate for tumor progression via selection due to genetic variation
(Braakhuis et al., 2003). Certainly, the driver mutations such as those for K-RASin multiple
tumor types, APC in colorectal cancer and VHL in renal cancers likely are central forces that
induce appearance of cells with tumor initiating and self-renewal properties. We will discuss
later the concepts of shifts in self-renewing cell sub-populations in cancers that may appear
with time, and in response to various survival pressures, and the plasticity of the cell
populations involved.

Contribution to tumor heterogeneity from epigenetic alterations

Brief overview of the concept of epigenetics—Before considering evidence for the
role of epigenetics, it is important to strictly define this term versus other non-genetic
processes, such as signal transduction, which serve to change and maintain cell phenotypes
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(Ptashne, 2007). The original definition of the term, coined by Waddington, referred to
stable changes in cell phenotype based on other than genetic changes (Waddington, 2012).
Today's definition encompasses the concept that epigenetic control means a stable, or
heritable change in gene expression, without any changes in DNA sequence (Bird, 2007).
Certainly the consequences of the gene expression changes are what contribute to the
phenotype. Strictly speaking, an epigenetic event implies that the constituent molecular
determinants should be heritable through every round of cell replication, thereby, acting to
maintain a stable pattern of gene expression subserving a given cell state. This pattern can
be preserved even if the original transcription stimuli for the initiation of involved gene
states are no longer present. The most agreed upon parameter which strictly fits this
definition is DNA methylation, which is the covalent modification of DNA by a methyl
group, occurring in humans at predominantly cytosines in a CpG context (Bestor, 1990).
During cell division, DNA methylation is maintained on the parent DNA strand and copied
on the daughter strand. The patterns of DNA methylation at any point in time can help
maintain transcriptional activities of the genome, both for canonical genes and non-coding
RNA's, and potentially in enhancer regions, generally serving as a component of
transcription repression (Baylin and Jones, 2011; Encode Project Consortium et al., 2012).
However, when present in the body of genes, the relationship can be the inverse wherein
gene expression may be enhanced in the presence of DNA methylation which may facilitate
transcriptional elongation (Shenker and Flanagan, 2012) or alternate promoter usage
(Maunakea et al., 2010). DNA methylation cannot, alone, modulate transcription but must
work in association with repressive chromatin modifications (Allis et al., 2008; Baylin and
Jones, 2011). It is less well proven whether these histone marks remain associated with
DNA during replication. However, in a holistic sense if they are re-established heritably
after DNA replication, they serve to maintain the stable patterns of transcription for
maintenance of cell phenotypes, and thus are essential to epigenetic control of the genome.
Thus, histone modifications, in addition to DNA methylation are vital to control of normal
cellular states, and vis a vis the focus of this review, cancer cell populations.

Key to each of the above processes is their interaction with how nucleosomes are positioned
linearly, and three dimensionally, in the context of DNA, thus providing the “packaging”
component of epigenetics (Korber and Becker, 2010). The critical end result of this
positioning, in association with DNA methylation and chromatin modifications, is the
establishment in normal cells with proper boundaries, which separate the tightly packaged
and repressive nucleosome domains from the more spaced and loosely configured
nucleosome arrangements. The former facilitate active or permissive transcriptional states
(Fan et al., 2005; Thurman et al., 2007). Early in tumor progression, there is increasing
evidence that these boundaries break down (Baylin and Jones, 2011; Hansen et al., 2011)
(Berman et al., 2011). The result is alteration of structural control of DNA replication and a
cancer “epigenome” in which hundreds of coding and non-coding regions have altered
transcription states. For the most studied abnormalities, those of DNA methylation, both
widespread losses and more focal gains often occur simultaneously within defined megabase
regions (Berman et al., 2011) (Hon et al., 2012). The gains are often cancer-specific and
involve normally non-DNA methylated CpG islands located in proximal promoter regions of
hundreds of genes (Baylin and Jones, 2011) (Berman et al., 2011). This change can be
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associated with loss of gene expression, which can serve as an alternative to mutations for
abolition of tumor suppressor gene function through associated gene silencing. In addition to
DNA methylation abnormalities, chromatin changes, such as those driven by over-activity of
the long term gene silencing protein complex, polycomb group proteins (PcG), are
frequently observed in multiple tumor types (You and Jones, 2012).

Epigenetic alterations in tumor progression—Primal to understanding the
contribution of epigenetic changes in tumor progression is the key issue of how do
epigenetic changes track with the different progression stages of cancers. Although such
studies are far fewer than those for mutations, it is very clear that abnormalities of DNA
methylation occur quite early during tumorigenesis frequently manifesting in pre-malignant
cells (Suzuki et al., 2004) (Esteller et al., 2000; Greenspan et al., 2006; Licchesi et al.,
2008), and in the context of field cancerization (Shen et al., 2005) (Mehrotra et al., 2008;
Nonn et al., 2009) (Baylin and Jones, 2011; Ushijima, 2007). (Fig 1) These alterations
include the above discussed widespread losses and promoter-focal gains of DNA
methylation. These focal gains can involve well identified tumor suppressor genes like
CDKN2A, which displays increasing frequency of methylation during progression from lung
airway basal cell hyperplasia (17%) to squamous metaplasia (24%) to carcinoma in situ
(50%) (Belinsky et al., 1998). Anti-Wnt activity genes become silenced and
hypermethylated in early colon neoplasia and evidence indicates they may fundamentally
complement key WNT pathway mutations, such as for the APC gene, for colon tumor
initiation and/or early progression (Suzuki et al., 2004). With respect to these above early
changes, it is important to note that many of the same parameters linked to occurrence of
genetic changes are now being linked to causation of epigenetic aberrancies. Thus, aging
(Ahuja et al., 1998; Maegawa et al., 2014), chronic inflammation (Niwa and Ushijima,
2010), and environmental exposures (Liu et al., 2010) are now well juxtaposed factors
which alter the epigenome. Examples include a rat model of lung carcinogenesis in which a
tobacco- specific carcinogen (4-methylnitrosamino-1-(3-pyridyl)-1-butanone) causes
frequent hypermethylation of CDKN2A promoter in the early lesions (hyperplastic lesions
and adenomas), and this change is then observed at a very high frequency (>90%) in the
adenocarcinomas that later emerge (Belinsky et al., 1998). Further, CDKN2A promoter
methylation is observed in rat lung tumors induced by exposure to various mutagenic agents
(X-rays, plutonium-239 oxide, beryllium metal, cigarette smoke) indicating that the
methylation induction can occur in response to different types of environmental insults.
Epigenetic changes have been observed in various models of inflammation in mice
(Ushijima, 2007) (Hahn et al., 2008), cigarette smoke exposure (Liu et al., 2010) and other
environmental carcinogens (like cobalt) (Li et al., 2009). Aging is a leading scenario linked
to increasing frequency of promoter, CpG island DNA hypermethylation of many genes,
best outlined to date for normal colon over a time span that well tracks with risk for colon
carcinoma (Ahuja et al., 1998; Toyota et al., 1999). For chronic inflammatory changes, not
only the occurrences of DNA methylation abnormalities have now been chronicled, but the
molecular parameters linked to boundary shifts which could trigger simultaneous losses and
gains of DNA methylation are beginning to be deciphered, as will be re-visited below
(O'Hagan et al., 2011). As for genetic changes, epigenetic alterations are now being
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mechanistically associated with various types of DNA damage ongoing in chronic
inflammatory environments (Tili et al., 2011).

One of the most exciting developments in recent years has been the tying of epigenetic
changes to genetic alterations in virtually all tumor types. Thus, very frequent mutations in
the genes that encode for chromatin, nucleosome remodeling, and DNA methylation
modifying proteins have been observed (Shen and Laird, 2013; You and Jones, 2012). As
yet, the precise ramifications of most of these mutations are yet to be delineated; we will
outline below their potential implications for understanding initiation and maintenance of
stem cell-like subpopulations in specific cancer types.

Epigenetic regulation of cancer stem-like cell subpopulations—Once past the
fact that epigenetic abnormalities are prevalent in early tumorigenesis, much less is known
than for genetic changes as to how the cancer epigenome evolves with, and contributes
functionally to, heterogeneity of tumor cell populations within the original tumor clone. As
mentioned earlier in the case of renal cancer, genetic changes can be mapped along a
branching evolutionary tree during tumor progression (Gerlinger et al., 2012). Such patterns
are not well delineated for epigenetic alterations. A concept now emerging, however, is that
from very early tumorigenesis steps on, at least as monitored by DNA methylation, the
epigenome is in a state of chaotic shifting (Hansen et al., 2011). In this scenario, the
widespread losses seem quite random, and non-clonal while the focal gains in promoter
regions are far more clonal (Aryee et al., 2013). This is consistent with earlier studies of
individual genes in tumors wherein the focal promoter gains were constant between more
putative stem cell populations and their progeny (Yi et al., 2008). This conservation of
epigenetic changes indicates that the aberrant hypermethylation that occurs early on is
maintained, and that at least some of the changes potentially arise as a result of selection
during subsequent steps of evolution. Defining which genes function as driver versus
passenger events for such selection is currently a major question in cancer epigenetics
research. In this regard, a recent study indicated that in a colon cancer cell line with
engineered deletion of two major DNMT's, and 95% or more loss of DNA methylation, a
group of genes still retain promoter hypermethylation - and that their loss of function may be
essential for survival of the cells (De Carvalho et al., 2012).

How, in the above dynamics, do epigenetic abnormalities contribute to key cell sub-
populations in cancers and particularly those with stem-like function? A key to their
potential importance comes from the nature of genes with focal gains in promoter CpG
islands and associated transcriptional silencing. Several groups, including ours have
documented that a large proportion of genes with this cancer specific change are those with
a history of a specific pattern of chromatin regulation in embryonic stem cells (Schlesinger
etal., 2007) (Widschwendter et al., 2007) (Ohm et al., 2007) and which we have also traced
back to adult stem cells (Easwaran et al., 2012). This chromatin, termed “bivalent
chromatin” (Azuara et al., 2006) (Bernstein et al., 2006), is defined by simultaneous
presence of the repressive histone marks, H3K27me3, and active, H3K4me3, and normally
involves genes with non-DNA methylated, promoter CpG islands in embryonic and adult
stem cells. These genes, when in a bivalent state, often have a low, poised level of
transcription and generally switch to either an active state with predominantly promoter
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H3K4me3, or a repressed state, with predominantly H3K27me3, during differentiation
(Bernstein et al., 2006). The majority of promoter DNA hypermethylated genes in cancer
come from this pool and many of these control the balance between maintaining self
renewal and commitment to differentiation in embryogenesis (Easwaran et al., 2012).

Although the existence of the bivalent state is now well established in terms of a promoter
zone in which there is existence of both the H3K27me3 and H3K4me3 marks surrounding
transcription start, some changes concerning the concept are emerging. First, the term
bivalency refers to a zonal distribution of the marks and only recently is it established that
there are individual nucleosomes that can carry both marks (Voigt et al., 2012). Second,
there are suggestions that bivalency emerges to follow states of transcription rather than
setting them. In this view, the degree of the H3K27me3 occupancy builds by default when
transcription is low (Di Croce and Helin, 2013). Thus the initially proposed role for bivalent
chromatin in maintaining developmental genes in a poised state for later activation or
suppression might be an oversimplified. However, there is still no doubt that many genes
marked by bivalent promoters do reside in relatively low expression states, and that during
differentiation undergo activation or silencing in association with conversion to H3K4me3
or H3K27me3 marks. It then follows that the transcriptionally “off” state mediated by
H3K27me3 can be modified by signal transduction for a range of generally low level
transcription which is reflected by varying, simultaneous levels of the active H3K4me3
mark (De Gobbi et al., 2011). Such a model is consistent with studies showing that bivalent
promoters mostly have paused RNA Pol Il (Brookes et al., 2012; Min et al., 2011). In such a
state, these genes may be primed to be activated or silenced in response to the right
environmental cue and presence of transcription factors. Importantly, when DNA
hypermethylated in cancer, these genes with potential roles in differentiation are less
responsive to such cues and are fully suppressed due to a lack of, or markedly reduced,
H3K4me3 and H3K27me3 (Easwaran et al., 2012) (Fig 2).

We suggest that in cancer, for gene promoters where DNA methylation replaces zones of
bivalent marking, abnormal silencing for individual, or groups, of such genes, may help
select events in initiation and/or progression of the cancer. We have hypothesized that their
silencing, perhaps for different groups in different tumor types, can contribute mechanisms
for how cancer cell subpopulations are held in an abnormal state of self-renewal potential at
the expense of proper capacity to respond to lineage commitment and differentiation cues
(Easwaran et al., 2012). This state is a fundamental defect of cancer cells and particularly
those termed cancer “stem cells”. Recent studies illustrate how epigenetic abnormalities may
drive these cell properties and serves as another illustration of how they can collaborate with
genetic changes. Mutations in the isocitric dehydrogenase genes (IDH) have been linked to
the genes that are bivalent in embryonic stem cells and DNA hypermethylated in subsets of
glioblastomas (Noushmehr et al., 2010; Parsons et al., 2008), chondrosarcomas (Amary et
al., 2011), and acute myelogenous leukemias (AML) (Figueroa et al., 2010). The molecular
underpinning appears to be a combination of abnormal depletion of the Krebs cycle
constituent a-keto-glutarate at the expense of marked increases in D-2-hydroxyglutarate
(D-2-HG) which has been termed an “oncometabolite” (Dang et al., 2009). This
oncometabolite inhibits various Fe(l1)/2-oxoglutarate-dependent dioxygenases (Xu et al.,
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2011), including various histone demethylases that protect against DNA methylation by
diminishing chromatin marks that attract DNA methylation, and the TET family of enzymes
that catalyze DNA demethylation by converting 5-methylcytosine (5mC) into 5-
hydroxymethylcytosine (5hmC). Mice with genetic knock-in of IDH mutations have
abnormally increased numbers of early haematopoietic progenitors and blockage of lineage
commitment (Cairns and Mak, 2013; Sasaki et al., 2012). A similar phenotype has been seen
for engineered mouse cells (Lu et al., 2013) and for patient-derived glioma xenografts with
an IDH1 mutation (Borodovsky et al., 2013; Turcan et al., 2013). Critically, the build up of
abnormal DNA methylation in the genes under discussion has been seen in each of the
above scenarios, and treatment of cells with DNA demethylating agents can restore cell
ability for induction of differentiation (Borodovsky et al., 2013) (Turcan et al., 2013). A
challenge in all of this work is to directly identify whether, and which, genes that are
bivalently marked in embryonic and adult stem cells may be responsible for abnormal
retention of the cancer stem cell-like properties.

There is also growing evidence that cancer stem cells can harbor key epigenetic states
defined by not just DNA methylation alterations but also solely by the histone modifications
discussed above. For example, in AML, the AML-CSCs and non-CSCs differ in their
histone modification patterns (H3K4me3 and H3K27me3) but not DNA methylation
patterns (Yamazaki et al., 2013). In glioblastoma (GBM), the GBM-CSCs have aberrant
activation of multiple transcription factors due to loss of the polycomb mark H3K27me3
from their promoters (Rheinbay et al., 2013). Aberrant expression of one of these
transcription factors, ASCL1, causes Wnt activation, which is required for maintenance of
the CSC state and its tumorigenecity. A dramatic instance of such loss of H3K27me3, and
again an example of interactions between genetics and epigenetics, occurs in a type of
pediatric brain tumor. Although these tumors harbor a mutation in the K27 residue of
histone H3 in only one of multiple alleles encoding this histone (Shen and Laird, 2013), this
change appears to act as a dominant negative effect inhibiting all EZH2 activity resulting in
loss of H3K27me3 (Lewis et al., 2013). This in turn probably results in abnormal target gene
activation, which might initiate and drive these tumors.

Epigenetic regulation of cancer cell plasticity—Our understanding of the clonal
evolution of epigenetic alterations regulating gene expression is very limited. The median
frequency of methylated gene promoters per tumor is in the range of 250 to 800 depending
on the tumor type, which is far higher compared to the frequency of non-synonymous gene
mutations per tumor, which maximally is in the range of 150-170 (Vogelstein et al., 2013).
Further, compared to the spontaneous mutation rate in normal and cancer cells, which is
about 10719 mutations/nucleotide base pair/division (Jones et al., 2008), the error rate for
gaining or losing methylation is far higher, estimated at 2 x 10~ per CpG site per division
(YYatabe et al., 2001). Therefore, despite the fact that focal promoter DNA hypermethylation
is consistent between primary tumors and their metastatic counterparts (Aryee et al., 2013),
the high error rate for replicating DNA methylation may indicate far more epigenetic than
genetic variability occurs as tumors evolve. The precise ramifications of this epigenetic
variability remain to be fully resolved. However, epigenetic changes, and especially DNA
methylation, are heritable and can directly influence gene function when strategically
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located. They may, then contribute to clonal selection and thus be a factor in creating tumor
cell heterogeneity.

Thus, epigenetic alterations arising stochastically, or as part of an aberrant transcriptional
program, can potentially impart selective advantage just like genetic aberrations, such as
inducing silencing of key tumor suppressor genes or inducing dysfunction in DNA repair
genes. Such epigenetic variation might be one of the changes contributing to a cellular
plasticity for formation of tumor initiating sub-populations during tumor evolution. This
would be a factor in countering the strictly hierarchical theory for existence of cancer stem
cells as a stable population with unrestricted tumor initiating potential that always give rise
to progeny cells lacking, or reduced for, the tumor initiating property (Greaves and Maley,
2012; Gupta et al., 2011). By either theory or combinations thereof, tumors will be
inherently heterogeneous in their cell populations based on their epigenetic makeup.

As mentioned, the question regarding a strict hierarchical model of tumors versus the
plasticity model is still debated. However, evidence for tumor cell populations that can
reversibly shift between functional states, including between stem-like and more committed
cells, and a role in epigenetic shifts, is emerging. A key example is the concept that
epithelial to mesenchymal transition (EMT) in cancer occurs along a spectrum found for
normal cell transitions that are active from model organisms to man and which allow the
proper control of organogenesis (Tam and Weinberg, 2013; Thiery et al., 2009). In the
concept of EMT, the mesenchymal cells are more stem-like and have properties allowing for
continued self-renewal which preserves stemlike populations in renewing systems including
for migratory capabilities. These activities are fundamental for tissue formation during
development and also in adult cell renewal. Inherent to this process, both in normal settings
and cancer, is that with various cues cells can bi-directionally slide along this spectrum
going from mesenchymal to epithelial characteristics and reverse this course as situations
warrant (Fig 3). This has been experimentally seen for both normal and cancer-related
mammary epithelial renewal. Although transitions occur even in normal cells, such
switching occurs more efficiently in transformed cells (Chaffer et al., 2011). Thus, for breast
cancer, the data indicate that more stem-like or mesenchymal phenotype cells can appear,
and shift, at any time during tumor evolution leading to mixed cell populations in tumors
with respect to more epithelial cell properties. (Chaffer et al., 2011; Marjanovic et al., 2013)

How do epigenetic properties specifically enter the picture for controlling EMT plasticity? It
is postulated that for EMT states at any given point in time, chromatin regulation of key
transcription factors and their downstream targets is critical (Chaffer et al., 2011,
Marjanovic et al., 2013). In this regulation, WNT activation, TGF-beta activation, and
regulation of E-cadherin are all key pathway controls. For the chromatin regulation, gene
silencing may be particularly important as controlled by the PcG proteins and the attendant
H3K27me3 mark, and particularly in the setting of promoter bivalency(Chaffer et al., 2011;
Marjanovic et al., 2013). Thus, especially for the mesenchymal or stem-like cells, such
bivalency may hold genes like E-cadherin in a poised state that would otherwise allow
epithelial characteristics to accrue if activated and suppress factors that allow WNT or TGF-
beta activation. In contrast, and key for the concept of plasticity, some genes may similarly
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be held in bivalent states in more epithelial cells, which if more active might otherwise
trigger EMT.

Overall, we hypothesize that a molecular progression along the types of chromatin
regulation discussed above, and inherent to the earlier outlined relationships between
bivalent chromatin and abnormal promoter DNA methylation, is key for cellular plasticity
existing in cancers (Figs. 2 and 3). Further, our own studies indicate that cellular stresses
affecting early events in tumor progression, probably during pre-malignant stages, are key to
initiating progressive chromatin alterations in cancer. These epigenetic changes may allow
survival of cell clones associated with increased cancer risk states, such as those induced by
chronic inflammation (O'Hagan et al., 2011). In these dynamics, protein complexes with
interaction between PcG proteins and DNMT's can rapidly move into promoter, CpG islands
and associate with transcriptional silencing of the involved genes (O'Hagan et al., 2011).
These shifts normally are probably transient events which serve to protect these promoter
regions from errors of DNA damage repair that might accrue if transcription were not halted.
However, during continued environmental insults, such as in chronic inflammation, low
gene transcription associated with chromatin states such as bivalency, and/or typical of PcG
marked genes, might render associated promoters vulnerable to retention of the above
protein complexes and induce onset of time dependent accrual of abnormal DNA
methylation (O'Hagan et al., 2011). Indeed, initiation of such methylation in a time frame as
short as 30 minutes can be observed after exposure of cells to H,O, exposure (O'Hagan et
al., 2011). The deeper silencing of stem cell related genes with this abnormal DNA
methylation and/or transcriptionally repressive chromatin, could reduce the plasticity of cell
population changes and help lock in cell clones with abnormal retention of self-renewal
capacity at the expense of capacity for differentiation (Easwaran et al., 2012). These types of
chromatin alterations could also contribute to emergence of sub-clones in tumors for
phenotypic heterogeneity with respect to plasticity for evolution and/or reversibility of
tumor initiating and self-renewal properties (Fig. 2). Subclones with the least plasticity for
reversion of stem-like properties could come to dominate the cell populations of a cancer at
any given point in time of tumor progression.

In the above hypotheses, altered chromatin patterns during cancer development would be a
factor for evolution of cellular heterogeneity by helping to lock in tumor phenotypes, which
may reflect the cell compartments from which the tumors arise (Fig. 3). The type of
chromatin abnormalities would, in turn, also reflect such timing and be dependent upon the
degree of molecular progression from the more plastic expression states of bivalency or PcG
control to the tightest form of abnormal gene silencing associated with promoter CpG island
DNA hypermethylation. Perhaps these proposed dynamicsmay have roots in relationships
between given cancers and the normal stem cell compartments in which they arise. Such
relationships could be determinants of which genes, relative to their initial chromatin
patterns during cell stresses in cancer risk states, undergo epigenetic abnormalities such as
abnormal promoter DNA methylation (Easwaran et al., 2012). Breast cancers may be a key
example of these possibilities. Multiple groups (Fang et al., 2011), including ours (Easwaran
et al., 2012), have reported that the more differentiated luminal phenotype breast cancers
with epithelial features, have far more genes with promoter CpG island DNA
hypermethylation than do the basal or triple negative tumors, which are more stem-like with
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mesenchymal phenotype. These latter, proposed to derive from a more primitive, and/or less
committed normal breast epithelial compartment (Lo and Sukumar, 2008), might arise faster
with cell phenotypes more dependent on retention of PcG driven chromatin control than its
conversion to DNA methylation. In contrast, development of luminal phenotype tumors may
evolve over a longer time course with more chromatin evolution from bivalency/PcG control
to promoter DNA methylation. The latter change may reflect, and/or help lock in,
subpopulations of self-renewing cells reflective of the origin of luminal tumors in more
committed stem/progenitor cell compartments in normal breast epithelium. Plasticity of the
resultant populations for self renewing properties may still be present, but the EMT
phenotypes involved might be of the more mixed EMT-epithelial types proposed recently in
the range of breast cancer cell phenotypes (Tam and Weinberg, 2013).

The high frequency of DNA methylation patterns in luminal breast cancer, termed as a CpG
island hypermethylation phenotype or CIMP, and differences from basal and triple negative
tumors, has great relevance for other cancer types as well. Classic CIMP has been defined in
colorectal cancer, and again is a pattern separating one group of tumors arising in the right
side of the colon from the more common ones arising on the left side (Toyota et al., 1999)
(Weisenberger et al., 2006). We have mentioned earlier that tumors with IDH mutations,
first recognized in brain tumors, are accompanied by a CIMP pattern again involving genes
with a history of bivalency (Turcan et al., 2012) and having a phenotype of being locked in a
self-renewal state resistant to differentiation induction (Lu et al., 2013; Lu et al., 2012). The
cells of origin in this scenario may be particularly relevant. These mutations are confined
almost totally to a form of low-grade gliomas occurring in a far younger group of patients
than the more typical gliomas (Parsons et al., 2008; Yan et al., 2009). Also, they arise in a
proneural, or more committed neural stem cell than the glial cell origins of typical gliomas
and are much slower growing with a far better prognosis (Noushmehr et al., 2010; Parsons et
al., 2008).

The implications of epigenetic abnormalities for cancer treatment and a

role in treatment resistance

In addition to their importance for understanding basic facets of tumor biology, epigenetic
alterations are increasingly being recognized as being integral for new approaches to cancer
therapies - and for their possible role in treatment resistance, the major barrier to successful
therapies for advanced malignancies (Fig. 4). Potential for preventing, delaying, or reversing
such resistance with epigenetic therapies, such as use of small molecules that can reverse
DNA methylation and histone deacetylation, have been the subjects of recent reviews as
have implications for targeting other chromatin regulatory proteins (Azad et al., 2013)
(Baylin and Jones, 2011). A background context for this is the excitement surrounding
recent data indicating a role for chromatin changes in linking simultaneous emergence of
stem cell populations and their role in the evolution of treatment resistance to multiple
therapy types (Sharma et al., 2010). Certainly, and especially for targeted therapies, such
resistance can be due to new mutations arising directly in the targeted molecule, or in genes
in the direct downstream pathways, or complementing pathways (Redmond et al., 2008)(Fig.
4). However, it may be that epigenetic alterations could play just as important a role in such
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resistance. As we have pointed out, every cancer has multiple genes with epigenetic
alterations in every key pathway fundamental to tumor development. In fact, experimentally,
a reversible type of resistance has been induced in cancer cells (Fig. 4). This resistance,
reversible with drug withdrawal and with treatment by low doses of histone deacetylase
inhibitors, correlates with selection and/or induction of stem-like cancer cells from
heterogeneous tumor cell populations. In turn, a key association in these cell subpopulations
is very high levels in these cells of the H3K4me3 demethylase, JARID1A and decreased
overall H3K4me3 (Roesch et al., 2010; Sharma et al., 2010). A close relative of this protein,
JARID1B, has been associated with maintenance of tumor initiating cells (Roesch et al.,
2010). All of these data, again, juxtapose cancer cell subpopulation plasticity with respect to
stem-like phenotypes, and chromatin alterations. Notably, the reversibility of epigenetic
abnormalities in cancer subpopulations with inherent drug tolerance also provides a
potentially exciting therapeutic strategy. Epigenetic therapy could be utilized as a priming
therapy, which may sensitize cancer cells, which are otherwise drug-resistant, to
conventional/targeted chemotherapy (Fig. 4).

Conclusion and future directions

We have reviewed data to suggest that, beginning in cancer risk states and moving forward
through tumor progression, epigenetic abnormalities may play key roles in determining
patterns of cellular heterogeneity in cancers. These may vary at any steady state point in
time during tumor evolution. We have defined the concept of molecular progression for
epigenetic changes occurring even before frank tumor appearance, which may be induced by
agents predisposing to cancer. These events could modulate evolution of non-hierarchical
sub-populations of cancer stem-like and tumor initiating cells. We have also raised the
hypothesis that a key underlying mechanism for how such chromatin patterns arise may be
inherent to responses of cells to chronic stress which may select for, or induce, stem-like cell
populations which otherwise would not survive and have the capacity to maintain cell
renewal. In turn, we suggest that the initial chromatin make up of such cells may set the
stage for patterns of epigenetic abnormalities that might help maintain self renewal
properties at the expense of normal responses to lineage commitment and differentiation
cues. Thus, the cell compartments from which a tumor arises, and the duration of time to
tumor appearance, may dictate the extent of molecular progression of epigenetic
abnormalities and the degree of cell plasticity. Various technical challenges have to be
overcome in studies aimed at further understanding the role of epigenetic alterations in
tumor heterogeneity. Firstly, measuring the variations in epigenetic alterations within a
tumor is very challenging. Although with the advent of deep sequencing this could be
tackled in the case of DNA methylation, this remains a challenge for histone modifications
by the sheer nature of these madifications. Secondly, important to this endeavor will be
efforts to sort out the direct and indirect gene and molecular pathway targets of the genes
subject to tumor-specific epigenetic alterations, and to define their driver versus passenger
roles in tumorigenesis. Finally, we have stressed that any tumor cell constitution represents
interplay between the above dynamics and the genetic abnormalities arising at each stage of
tumor progression from initiation onwards. Particularly intriguing are the frequent mutations
that are being increasingly recognized for genes encoding major determinants of epigenomes
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and how these dictate the phenotypic make up of cancers. For the future, investigation
strategies will be key for not only determining the role of these mutations in determining
patterns of epigenetic abnormalities in cancer, but for exploring facets of all the dynamics
we have been discussing in this review.

In addition to advancing our understanding of cancer biology, the data reviewed and the
concepts derived are extremely important for their translational potential. There is a rapidly
evolving enterprise for targeting epigenetic abnormalities as a therapeutic strategy for
cancer. Attempts are ongoing to use older drugs in newer more targeted ways, and efforts
are building to develop new drugs that target a myriad of proteins which regulate the
epigenome (Cole, 2008; Dawson and Kouzarides, 2012; Vedadi et al., 2011). All of these
endeavors will benefit immensely from considering the implications of the cellular and
molecular biology we have reviewed and some of the hypotheses put forth. Particularly
important may be the patterns of epigenetic abnormalities we have discussed for different
tumor types and for sub-types within tumor categories. Targeting of therapies to fit the
precise epigenetic abnormalities contributing to the phenotype of a given cancer may, in the
end, determine the success or failure of such strategies. Epigenetic therapies may eventually
work best not only in combination with other treatment modalities, but especially may
benefit from following biochemically driven hypotheses for combining drugs targeting
different regulators of the cancer epigenome. Already in this regard, use of older drugs
targeting the epigenetic machinery, like DNA demethylating agents and histone deactylase
inhibitors, are showing very promising signs of efficacy by potentially sensitizing to other
therapies (Juergens et al., 2011). The future of the epigenetic therapy lies in following up on
the potential leads for using epigenetic drugs to reverse and/or delay resistance to current
cancer therapies. As we learn more about relationships between epigenetics and their
contribution to cellular composition of cancers, the future appears very bright for leveraging
its translational potential.
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Figure 1. Genetic and epigenetic contributions to tumor heterogeneity
During oncogenesis, environmental stress such as chronic inflammation, accumulating

reactive oxygen species (ROS) or aging, may promote clonal expansion of cells with genetic
or epigenetic abnormalities. These cells then acquire further mutations or epigenetic
alterations and become founder tumor cells that initiate pre-cancer or cancer. The evolution
of tumor clones continues as tumors develop. In an established tumor, the parental subclone
may acquire new driver or passenger mutations (genetic subclone), or undergo epigenetic
alterations on the levels of chromatin or DNA methylation, or both (epigenetic subclones).
Some subclones may acquire mutations in epigenetic modifying proteins resulting in
emergence of epigenetic changes (genetic/epigenetic subclones). Either genetic or epigenetic
subclones can exhibit different functional attributes from the parental clone in terms of self-
renewing capacity, drug tolerance or metastatic potential. Thus, both genetic and epigenetic
mechanisms contribute to the intra-tumoral heterogeneity.
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Figure 2. Epigenetic plasticity in normal and cancer cells
In normal embryonic and adult stem cell states, many developmental genes maintain both

active (H3K4me3) and repressed(H3K27me3) marks, or bivalent chromatin, at their
promoter regions. This state helps maintain genes gene in poised states for transcription.
During normal differentiation, bivalent domains will resolve into either active marks
(H3K4me3) attendant to active transcription of certain differentiation-related genes, or
repressive marks (H3K27me3) marks which accompany silencing of stem cell-related genes.
Under certain circumstances, the resolution of bivalent domains can be reversed and cells
may undergo dedifferentiation. Also, bivalency of genes may arise in cell populations distal
to stem cell states. In a cancer cell, these chromatin shifts may be vital to cellular plasticity.
Some of the bivalent genes may assume cancer-specific promoter DNA hypermethylation
and, thus, be locked in a more permanent silenced state.
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Figure 3. Cancer may derive from different compartments during normal cell differentiation

and have plasticity for movement of cell subtypes

During normal cell differentiation, self-renewing tissue stem cells undergo a series of
chromatin state transitions and give rise to progenitor and differentiated cells. Cellular
transformation may take place at different stages during normal differentiation, and give rise
to malignant cells that carry similar, but abnormal chromatin states relative to their normal
counterparts. Notably, tumor cells may exhibit a cellular plasticity through which they can
switch between more stem cell-like states and more differentiated cell states through
mesenchymal-epithelial transition (MET) or epithelial-mesenchymal transition (EMT).
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Figure 4. Genetic and epigenetic mechanisms for drug resistance and implications of epigenetic
therapy
Top panel - cancers may consist of different subclones that carry a founder mutation(s)

alone, or additional acquired mutations, that confer drug resistant states. When treated with
targeted therapies, a pre-existing drug tolerant clone may remain unaffected and through
outgrowth can come to dominate the entire cancer population. Middle panel - cancer
subclones with epigenetic-mediated drug tolerance may exist in the original caner
population or develop as a result of targeted chemotherapy. The drug tolerance may be
reversed and cells may return to the sensitive epigenetic state after a prolonged drug
withdrawal or after the tumor is treated with epigenetic therapy, such as low dose histone
deacetylase (HDAC) inhibitors and/or DNA demethylating agents. Lower panel - epigenetic
therapy may convert cancer cells in a drug-resistance state to a drug-sensitive state, thereby
sensitizing the cells to targeted chemotherapy that was not effective for the original cancer
population.
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