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Abstract

During the course of malignant cancer progression, neoplastic cells undergo dynamic and
reversible transitions between multiple phenotypic states, the extremes of which are defined by the
expression of epithelial and mesenchymal phenotypes. This plasticity is enabled by underlying
shifts in epigenetic regulation. A small cohort of pleiotropically acting transcription factors is
widely recognized to effect these shifts by controlling the expression of a constituency of key
target genes. These master regulators depend on complex epigenetic regulatory mechanisms,
notably the induction of changes in the modifications of chromatin-associated histones, in order to
achieve the widespread changes in gene expression observed during epithelial-mesenchymal
transitions (EMTSs). These associations indicate that an understanding of the functional
interactions between such EMT-inducing transcription factors and the modulators of chromatin
configuration will provide crucial insights into the fundamental mechanisms underlying cancer
progression and may, in the longer term, generate new diagnostic and therapeutic modalities for
treating high-grade malignancies.

The neoplastic cells within individual human carcinomas reside within a spectrum of
phenotypic states, ranging from a fully differentiated epithelial state to a dedifferentiated
mesenchymal state, each of which is associated with distinct functional traits. While they
reside within primary tumors, the bulk of carcinoma cells generally exhibit predominantly
epithelial characteristics. However, in order to invade, disseminate to distant tissues and
subsequently form metastatic colonies, neoplastic epithelial cells must shift, at least
transiently, into a more mesenchymal phenotype. This shift is achieved by the activation of
the complex cell-biological program termed the EMT. During an EMT, carcinoma cells shed
their differentiated epithelial characteristics, including cell-cell adhesion, polarity and lack
of matility, and acquire mesenchymal traits, including motility, invasiveness and,
importantly, many of the attributes of stem cellsl:2,

In normal and neoplastic epithelial tissues, it seems that the physiologic activation of EMT
programs depends on the convergence of multiple signals that a cell receives from its nearby
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microenvironment. Various paracrine signaling factors can trigger the induction of an EMT
program, doing so by activating a corresponding diverse array of intracellular signaling
cascades3® (Box 1 and Fig. 1). In response, a cohort of EMT-inducing transcription factors
(EMT-TFs) becomes expressed and functionally activated®’. The forced expression of
individual EMT-TFs, such as TWIST, SNAIL, SLUG or ZEB1, has been found to activate
EMT programs in epithelial cells, and their elevated expression has been well documented

in invasive tumors8-15. Although the activation of an EMT program by individual
extracellular signaling factors is possible in principle, it seems more likely that these afferent
signals work in various combinations to provoke the expression of EMT-TFs and in turn the
activation of EMT programs.

In carcinoma cells, the newly acquired mesenchymal traits resulting from activation of an
EMT program endow these cells with the multiple features that are required to execute most
steps of the invasion-metastasis cascadel. This cascade includes the ability of carcinoma
cells to invade locally in the vicinity of primary tumors, intravasate, travel through the
circulation, extravasate, survive in the parenchyma of a distant organ and form
micrometastatic deposits, some of which may eventually form macroscopic metastases. This
last step, termed ‘colonization’, probably involves the adaptation of carcinoma cells to
foreign tissue microenvironments.

Importantly, this acquisition of mesenchymal attributes by carcinoma cells need not be
permanent, as cells that have passed through an EMT while in the primary tumor may later
revert to an epithelial state through a mesenchymal-epithelial transition (MET)16:17,
highlighting the plastic nature of these changes (Fig. 2). Indeed, within sites of
dissemination, newly arrived carcinoma cells are unlikely to encounter the contextual
signals that induced their precursors in the primary tumor to activate EMT programs; this
may permit them to lapse back into an epithelial state. The reversibility of the EMT process
involves widespread reprogramming of gene expression and implies that epigenetic
regulators have important roles in this process, as discussed below.

The term ‘epigenetics’ has acquired multiple meanings in recent years!®. Traditionally it has
been used to describe the mechanisms that impose cellular phenotypes without concomitant
changes in the genome of a cell, meaning without changes in its nucleotide sequences. More
recently, however, the term has taken on a new meaning, as it has become apparent that
epigenetic regulation is achieved in large part by the covalent modification of DNA,
specifically the methylation of certain cytosine residues (that is, DNA methylation), as well
as by the covalent modifications of the histone proteins that form DNA-associated
nucleosomes. We refer here to the enzymes that catalyze these various biochemical reactions
as epigenetic regulators.

Over the last decade, the generation of transcriptionally active and repressive histone marks
that are catalyzed by a variety of histone-modifying enzymes has been recognized as a
cornerstone of gene regulation!®. For example, histone methyltransferases and demethylases
can either add or remove methylation marks on the lysine residues of nucleosome subunits,
especially those of histones H3 and H4. Acting combinatorially, these modifications help
determine how DNA is packaged in chromatin, thereby dictating the transcriptional potential
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of the underlying genes. More recent studies have revealed interesting links between EMT-
TFs, which bind DNA in a sequence-specific manner, and the control of the chromatin
configuration resulting from these histone modifications.

Phenotypic plasticity of cancer cells

The contributions of the EMT program in promoting cancer cell invasion and metastasis
have been well documented in many types of carcinoma, including those arising in the
breast, prostate, colon, head and neck, ovary and lung?20. In addition, such a program has
been found to generate cells that either exhibit stem-like properties or are poised to enter
into the stem cell state®-21-25, This acquisition of stem-like characteristics holds important
implications for the successful completion of the invasion-metastasis cascade by
disseminated cancer cells. Passage through an EMT often imparts tumor-initiating properties
to carcinoma cells, and these traits would seem to be crucial for the ability of disseminated
cancer cells to serve as founders of new neoplastic colonies in anatomically distant sites. Of
additional interest, diverse lines of evidence have increasingly indicated that the stem cell
programs operating in carcinomas are quite similar to those that function in the
corresponding normal cells of origin, that is, those residing in the tissues in which
carcinomas initially arise89:26,

The experimental observations described above are correlated with and supported by clinical
evidence. High-grade tumors, notably those associated with poor patient prognosis, often
contain cells that express molecular signatures that are associated with the expression of an
EMT program. In breast cancer, for example, the expression of characteristically
mesenchymal genes by carcinoma cells is typically enriched in the basal and triple-negative
subtypes of tumors, both of which correlate with poor clinical outcomes?’. Such tumors
contain cells that behave as if they have undergone at least a partial EMT, with acquired
expression of mesenchymal markers and retention of certain epithelial characteristics28-30,
Cells isolated from these tumors also show many features of tumor-initiating cancer stem
cells (CSCs), such as an enrichment for cells residing in the CD44MNCD240 antigenic state
and a heightened resistance to diverse cancer therapies, as well as enhanced invasive and
metastatic properties2-20,

A spectrum of transitory cell states

The phenotypic plasticity of carcinoma cells to profoundly alter their behavior is not a
contrivance of neoplasia but instead reflects transdifferentiation programs that play
important parts in normal metazoan development and tissue repair2-31. For instance, the
EMT program is activated very early during gastrulation and neural crest formation.
Embryonic epithelial sheets that subsequently arise also undergo marked remodeling in
either a reversible or irreversible manner, leading to the formation of the heart,
musculoskeletal system, craniofacial features and peripheral nervous system?. During tissue
repair in adult mammals, epithelial cells such as keratinocytes initially undergo an EMT and,
after reconstitution of epithelial cell sheets, an MET32, indicating that the reversible
transitions between cell states are natural processes that are crucial to normal development
and tissue homeostasis.
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Although the EMT is often portrayed as simply a gain of clear-cut mesenchymal markers
coupled with the complete loss of epithelial features, in reality it usually produces cells
residing within a spectrum of intermediate phenotypic states. Stated differently, cells can
advance to differing extents through an EMT program, progressively acquiring
mesenchymal features as they shed epithelial ones; indeed, cells that have entered an EMT
program rarely shed all of their pre-existing epithelial features. Accordingly, in the context
of carcinoma pathogenesis, neoplastic cells may reside in a state in which they coexpress
newly acquired mesenchymal markers together with retained epithelial ones—often termed
a ‘partial EMT?33-37_ Normal and neoplastic cells may dwell only metastably in these
intermediate states, being ostensibly primed to transition rapidly into cells expressing either
fully epithelial or mesenchymal phenotypes. In carcinomas, these shifts are often and
perhaps invariably instigated by contextual signals originating in the tumor
microenvironment (the tumor-associated stroma).

Additional evidence of such phenotypic plasticity can be found in the cellular differentiation
and dedifferentiation programs of normal epithelial stem cell compartments. Although stem
cells within these niches differentiate to produce specialized progeny during development, a
rare pool of stem cells must be continuously maintained through the process of self renewal.
The traditional portrayal of the stem cell hierarchy indicates a unidirectional change from
multipotent stem cells into more differentiated progeny. However, recent work has pointed
to a deviation from this scheme: in particular, non-stem cells in the mammary gland seem to
repopulate stem cells in vitro by dedifferentiation through mechanisms that remain
unclear38:39, This has subsequently been shown to occur in the context of cancer during
intestinal tumorigenesis in vivo*". Importantly, the observations that EMTs push
differentiated epithelial cells toward a stem cell state and that EMT programs are activated
in a variety of physiologic processes would seem on their own to indicate that such
dedifferentiation is indeed part of the behavioral repertoire of normal epithelial cells and, by
extension, their neoplastic derivatives.

It has been proposed that the epithelial differentiation program is a default pathway for cells
in a mesenchymal state?L. In the absence of signals that continuously reinforce residence in
the mesenchymal or stem cell state, the mesenchymal products of EMT may naturally revert
to an epithelial state (Fig. 3). Implicit in this hypothesis is the notion that residence in the
mesenchymal state must be actively and continuously supported by contextual signals. For
example, a variety of epithelial cells respond, at least transiently, to transforming growth
factor-p (TGF-B) signaling by activating the expression of mesenchymal genes. However,
after withdrawal of TGF-, such cells revert back to an epithelial state. In contrast to this
model of ongoing dependence, there is also evidence that CSCs can maintain their own
residence in the mesenchymal state metastably through the activation of autocrine signaling
loops that seem to liberate them from dependence on continuous paracrine EMT-inducing
signals originating elsewhere within tissues342,

Interactions between epigenetic and transcription regulators

E-cadherin (encoded by the CDH1 gene) forms a keystone of the epithelial state, and the
downregulation of this adherens junction protein represents a hallmark of passage through
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an EMT program. This explains why its expression must be precisely regulated. A number
of studies have demonstrated that several EMT-TFs become recruited to the promoter of
CDH1 after activation of an EMT program, where they repress its transcription!. However,
the precise role of epigenetic regulators in facilitating and stabilizing these changes is less
well understood. More recent studies have revealed that the epigenetic silencing of E-
cadherin is highly complex and orchestrated by a variety of histone-modifying enzymes that
cooperate to confer various degrees of repression of the CDH1 promoter.

Polycomb repressor-mediated silencing

The polycomb group (PcG) proteins constitute a group of epigenetic regulators that have a
key role in regulating the expression of E-cadherin. They function as transcription repressors
by directing lineage choices during early development and stem cell differentiation4344, For
example, they help to preserve the repression of homeotic genes during development,
thereby ensuring that progenitor or stem cells remain in an undifferentiated state*®.
Importantly, PcG proteins are also capable of driving tumor development by controlling the
phenotypic states of cancer cells.

The PcG proteins assemble with other scaffolding proteins to form the multisubunit
polycomb repressive complexes (PRCs), which silence transcription by modifying histones
and recruiting a variety of additional repressors#6. Two distinct classes of polycomb
complexes, PRC1 and PRC2, participate in promoting the EMT but do so in different ways.
Typically, PRC2 is initially recruited to target genes, which may then be followed by PRC1
recruitment#347. Enhancer of zeste homolog 2 (EZH2), which functions together with
suppressor of zeste 12 homolog (SUZ12), is a PRC2 subunit that catalyzes the
trimethylation of K27 on histone H3 (H3K27me3) in the nucleosomes surrounding
promoters, thereby leading to transcriptional repression“8,

During cancer pathogenesis, the elevated expression of certain PRC2 subunits is thought to
drive malignant progression through an EMT program?#3-51, This is attributed, in part, to
their ability to repress key genetic targets, including CDH1, that are otherwise essential for
enforcing the epithelial state of neoplastic cells. The manner in which PRC2 can be recruited
to certain target genes is not well understood but seems to involve physical interactions
between PRC2 and certain sequence-specific transcription factors. Many of the EMT-TFs
contain DNA-binding domains that recognize the enhancer box (E-box) nucleotide sequence
motifs present on certain gene promoters!; this recognition confers the specificity required
for transcription factors to become localized to specific genomic targets. For example, in
pancreatic and colon adenocarcinoma cells, SNAIL is associated with the CDH1 promoter
and physically interacts with EZH2 and SUZ12 to catalyze the trimethylation of H3K27 in
nearby nucleosomes, thereby silencing CDH1 gene transcription®0. Subsequently, the
ongoing repression of CDH1 seems to be dependent on the continuous presence of
SNAIL®0, Hence, sequence-specific master transcription factors (in this case EMT-TFs) are
initially recruited to key target loci; their continued presence enables the subsequent
recruitment of chromatin-modifying enzymes, providing one model for coupling
transcription control with the epigenetic regulatory mechanisms that govern the EMT>2 (Fig.
4).
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Several lines of evidence have begun to shed light on the clinical importance of PRC2 in the
pathological EMTs that occur in certain carcinomas. For example, basal breast cancers and
BRCA1-deficient tumors, both of which bear EMT gene expression signatures28-30, tend to
overexpress EZH2 (refs. 53-57). It is possible that EZH2 enforces the silencing of E-
cadherin expression in subpopulations of carcinoma cells within these mammary tumors.
Indeed, loss of E-cadherin on its own can drive certain epithelial cells toward a
mesenchymal state®®. Similarly, elevated EZH2 expression has been detected in aggressive
forms of bladder and prostate tumors and is correlated with loss of CDH1 expression®. Still,
these observations are at best correlative and do not demonstrate directly that EZH2
promotes the mesenchymal cell states of these carcinoma cells by driving the trimethylation
of the H3K27 residues that are associated with the CDH1 promoter.

The initial formation of H3K27me3 by PRC2 facilitates the subsequent recruitment of
chromodomain-containing proteins, which recognize and bind to previously methylated
histones; examples of these proteins are the CBX2, CBX4 and CBX8 subunits of PRC1 (ref.
59). PRC1 contains another functionally important subunit, the polycomb ring finger
oncoprotein, BMI1, whose expression is dysregulated in many cancers®%-63. In recent years,
BMI1 has also been characterized as a stem cell factor that drives CSC function, and its
upregulation strongly correlates with invasive tumor phenotypes®4-67. Given the increasing
recognition that CSCs within carcinomas exhibit components of the EMT program, it is
plausible that BMI1 plays a key part in facilitating the cell-state transitions that lead to the
formation of more mesenchymal, CSC-like cells.

In nasopharyngeal carcinomas, BMI1 overexpression on its own induces a mesenchymal-
like phenotype and thus enhances the invasiveness and motility of the associated neoplastic
cells®®. The precise mechanism by which BMI1 mediates the repression of target genes is
not well understood. It is clear, however, that BMI1 can transcriptionally downregulate
expression of the tumor suppressor PTEN, which in turn leads to activation of
phosphoinositide 3-kinase (PI3K)-AKT signaling and post-translational stabilization of
SNAIL®8; the resulting accumulation of SNAIL presumably facilitates the activation of
EMT programs. Another line of evidence suggests that the elevated expression of BMI1
may in fact be directly linked to the EMT program, as TWIST has been found to bind the
BMI1 promoter and upregulate its expression. Thus, both TWIST and BMI1 seem to be
essential for the execution of EMT programs and the acquisition of the CSC phenotype89.79,

Histone deacetylases and silencing

Acetylation of lysine residues is another avenue leading to histone modification. Histone
acetylation is often associated with transcription activation, whereas deacetylation results in
repression. Histone acetyltransferases add the acetyl group to several distinct lysine residues,
such as the K9 and K14 residues of histone H3, whereas histone deacetylases (HDACs)
catalyze their removal. Similar to the PcG proteins, histone acetyltransferases and HDACs
form multimeric complexes. During metastasis, HDAC1 and HDACZ2, which function as
components of the Mi-2—nucleosome remodeling and deacetylase (NuRD) repressive
complex, are recruited by mouse Snail to the Cdhl promoter and contribute to its

Nat Med. Author manuscript; available in PMC 2014 October 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tam and Weinberg

Page 7

silencing’1:72, Treatment with an HDAC inhibitor, Trichostatin A, blocks the repressive
effects of Snail and prevents metastasis’2.

This ability of Snail to silence target genes seems to be conferred by its N-terminal SNAG
domain, which helps recruit transcription repressors such as HDACs and Sin3A.
Accordingly, Snail mutants containing a deletion or truncation of the SNAG domain are
unable to repress E-cadherin expression’1:73. Additionally, TWIST can associate directly
with the NuRD complex to silence E-cadherin in human and mouse breast cancer cells but
seems to recruit NURD in a manner that is distinct from that of Snail, doing so through its
ability to recognize and bind other subunits of the NURD complex, such as Mi-2b and
MTAZ2 (ref. 74).

Histone demethylases: an emerging class of EMT regulators

More recent studies have begun to link the lysine-specific demethylase LSD1 to EMT and
cancer progression. LSD1 was the first histone demethylase to be identified and was initially
shown to remove methyl groups from the transcription-activating H3K4me3 mark. LSD1
does this through its amine oxidase domain, which catalyzes oxidation of biogenic amines,
including the N terminus of methylated histones, resulting in gene repression’®. In mixed-
lineage leukemia cells, LSD1 regulates leukemia stem cell potential by blocking
differentiation and apoptosis’®. Among breast cancers, LSD1 is highly expressed in estrogen
receptor-negative tumors, which tend to bear mesenchymal gene signatures’’, pointing to its
possible involvement in promoting the EMT. Indeed, SNAIL-driven EMT of human
mammary epithelial cells involves the recruitment of LSD1, which it employs to silence
epithelial genes, including those encoding E-cadherin, claudins and cytokeratins’®. This
interaction between LSD1 and SNAIL depends on the amine oxidase domain of LSD1 and
the SNAG domain of SNAIL. Interestingly, the SNAG domain seems to share sequence
similarities with the N terminus of histone H3, which enables LSD1 to recognize the SNAG
domain, leading to the formation of LSD1-SNAIL complexes on gene promoters’s,

These experimental results, together with the clinical observations that LSD1 overexpression
is correlated with poor survival in several other types of cancer, have prompted
investigations into the therapeutic utility of LSD1 inhibitors. In mixed-lineage leukemic
cells, pharmacologic targeting of LSD1 decreased their leukemia-initiating ability and
increased the re-expression of genes that are associated with myeloid differentiation?6.7°.
These effects were also accompanied by a concomitant increase of H3K4me2 at those
promoters’®. Treatment of breast cancer cells strongly expressing LSD1 with pharmacologic
inhibitors targeting amine oxidases conferred growth inhibition and led to a global increase
of H3K4me3 (ref. 77).

Of note, other findings seem to directly contradict these reports of the oncogenic properties
of LSD1. Some studies have found that LSD1 can inhibit the invasiveness of breast cancer
cells and suppress their metastatic potential®. These contradictory observations of the
functions of LSD1 may be attributed to the multiple histone lysine substrates it is able to
modify. Apart from converting active H3K4me2 or H3K4me3 to the less active H3K4mel
mark, LSD1 is now known to cause demethylation of the inactive H3K9me3 mark,
converting it into the less repressive H3K9mel or H3K9me2 marks, thereby causing gene
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derepression®l. Taken together, the functional outcome of LSD1 activity depends on the
balance between the activation and repression of different subsets of genes, and these
conflicting functions seem to derive from its ability to modify either H3K4me3 or H3K9me3
or both. Hence, the design of therapeutic strategies aimed at targeting LSD1 will need to
respond to its known pleiotropic actions.

Bivalent histone modification and poised transcription

The permissiveness of chromatin loci to gene transcription is initially regulated through the
acquisition of a variety of epigenetic modifications and is subsequently consolidated through
higher-order changes in the chromatin architecture. These higher-order changes involve the
formation of euchromatin (containing actively transcribed genes) or heterochromatin
(containing repressed genes) domains. Importantly, certain segments of the DNA may be
associated with facultative heterochromatin, implying an ability to alternate between
induced and repressed states of expression; this behavior contrasts with the known behavior
of constitutive heterochromatin, which is associated with permanently silenced genes.
H3K27me3 has been found to be associated with facultative heterochromatin that can be
converted readily into an active euchromatic state. In embryonic stem cells, for example,
the coexistence of both the H3K27me3 and H3K4me3 modifications on certain promoters
marks the existence of genes in a ‘bivalent’ state that are not being actively transcribed.
Genes residing in this configuration are nevertheless poised to become activated in response
to specific differentiation cues that lead to the removal of the repressive H3K27 methylation
mark®2. This finding indicates that bivalent genes are not stably repressed but instead remain
responsive to dynamic regulation by certain physiologic signals.

Indeed, cancer cells that are phenotypically plastic seem to contain bivalent modifications at
the ZEB1 promoter, which facilitate their rapid dedifferentiation to a stem-like state83.
Bivalent promoters are also observed in certain cancer cells that exhibit stem cell-like
properties. Within the CD44* stem cell-enriched populations of primary human mammary
epithelial tissues, the CDH1 promoter bears the bivalent H3K4me3 and H3K27me3
modifications while being silenced, whereas the more differentiated CD24" cells that
express abundant E-cadherin carry only the active H3K4me3 mark®4. This chromatin
configuration in CD44* stem cells should logically permit their rapid differentiation into a
CD24" epithelial state through loss of the repressive H3K27me3 mark on the CDH1 gene
and, quite possibly, other epithelial-specific genes. Likewise, the TWIST and FGF2 genes,
although silent in CD24* non-stem cells, seem to carry some bivalent features, whereas
CD44" cells expressing these same genes contain only the H3K4me3 activating
modification84. These observations may indicate that at least some of the CD24* non-stem
cells are poised to become dedifferentiated into CD44* stem cells38.

The bivalent configuration of certain EMT-associated genes presumably permits the
dynamic regulation of gene expression and contributes to the plastic nature of these
mammary epithelial cells. Nevertheless, it remains unclear whether the modulation of
cellular plasticity depends largely on changes in bivalent genes and whether such bivalent
genes are commonly found throughout the genomes of cells known to exhibit plasticity. Of
note, time-lapse microscopy has revealed that epithelial cells can interconvert rapidly and
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reversibly between epithelial and mesenchymal cell phenotypes!485, In these cases, cell
division seems to be dispensable for the observed cell-state transitions, underscoring the
need for rapid, dynamic changes in epigenetic regulation at the level of chromatin,
ostensibly involving substantial shifts in histone modification.

Stable repressive marks and long-term silencing

As indicated above, bivalent genes are not associated with long-term, durable silencing, as
they need to respond rapidly and reversibly to contextual signals. In contrast, during certain
steps of the invasion-metastasis cascade, epithelial genes must be repressed for extended
periods of time. For example, in order for invading cells to detach from and remain
dissociated from primary tumor masses, their metastable residence in a quasi-mesenchymal
state (involving the stable silencing of certain epithelial genes) needs to be enforced during
the extended invasion period.

Such stable repression may be explained by the special properties of certain histone
modifications. Thus, the trimethylation of H3K9 creates constitutive heterochromatin that is
more resistant to the activation of transcription than is the chromatin resulting from the
H3K27me3 modification. SNAIL was recently found to associate with G9a (also known as
EHMT2), a major histone methyltransferase that is responsible for creating the H3K9me2
repressive mark®. Subsequently, the addition of a third methyl group to H3K9 by
SUV39H1 (another histone methyltransferase) leads to a H3K9me3 modification that
confers a more stable and durable repressive state than H3K9me2. In fact, SNAIL also
interacts with SUV39H1 during EMT induced by TGF-p or SNAIL and mediates silencing
of the CDH1 promoter8”. Consistent with its role in silencing epithelial genes, SUV39H1
seems to be more abundantly expressed in the mesenchymal, basal subtype of breast cancer
cells relative to the more epithelial cells of the luminal subtype®’.

The formation of the H3K9me3 mark in promoter-associated chromatin has important
consequences for long-term gene silencing, as this modification is thought to be a prelude to
the recruitment of DNA methyltransferases (DNMTs) that catalyze DNA methylation?6.
Methylation at the CpG dinucleotides near gene promoters is associated with highly stable
gene silencing that can be inherited with high fidelity over the course of multiple successive
cell divisions. As a result, the progenies of a cell that initially underwent a specific CpG
methylation continue to exhibit mesenchymal features that may in turn support their ability
to invade or disseminate. Indeed, in the claudin-low subtype of human breast cancers, which
is one of the most mesenchymal subtypes of this disease, SNAIL has the ability to recruit
G9a and DNMT to the CDH1 promoter, resulting in DNA methylation and thus the stable
shutdown of E-cadherin expression6,

To summarize, the involvement of various histone-modifying enzymes and the
modifications they create is consistent with the view that the EMT program subsumes a
succession of changes as cells pass from a fully epithelial to a fully mesenchymal state
rather than a single coordinated change in cell phenotype. At the level of chromatin, these
cell-biological changes may be accompanied by, and indeed driven through, a spectrum of
progressively more stable epigenetic changes that control passage through distinct phases of
an EMT (Fig. 3). For instance, the repression of epithelial genes may involve an initial gain
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of H3K27me3 to form a bivalent modification with H3K4me3 (ref. 88), creating a highly
plastic state that is reversible. This may be succeeded by the loss of H3K4me3, which
facilitates the subsequent formation of constitutive heterochromatic H3K9me3 modifications
that are acquired more stably. Subsequently, in the sustained presence of potent EMT-
inducing signals, H3K9me3 sets the stage for the recruitment of DNMTs, which proceed to
methylate the DNA of gene promoters that confer epithelial traits, creating the highly stable
CpG dinucleotides that can be perpetuated over many cell generations.

Genome-wide epigenetic reconfigurations

Most chromatin modification studies, such as those discussed above, have focused on a
small number of gene promoters that are epigenetically regulated. These studies do not,
however, address how the epigenetic ‘landscape’ of the entire genome (that is, the
epigenome) is altered during transitions between cell states. Active genome-wide epigenetic
reconfiguration is crucial for normal development, differentiation and disease, and
chromatin-modifying enzymes are indeed rarely targeted to small sets of gene promoters.
Such widespread modification of histones often results in marked changes to the overall
chromatin structure and hence expression changes of large constituencies of genes within a
cell. Moreover, recent studies have found that ‘long-range’ epigenetic remodeling, through
either the activation or repression of large genomic domains, can be a major driving force in
tumorigenesis89.90,

Typically, long-range epigenetic silencing has been thought to involve the gain of repressive
histone modifications, such as deacetylation and K9 and K27 trimethylation, as well as DNA
methylation across domains spanning up to several megabases; these regions may contain
tumor-suppressor genes or those associated with the regulation of an epithelial cell

state90:91, More recently, an alternative mechanism of such domain gene deregulation that
also operates through long-range epigenetic activation has been described in certain cancer
cell types. Such regions, which are characterized by a gain of active chromatin marks and a
loss of repressive marks, tend to contain oncogenes, microRNAs and cancer
biomarkers89:92,

In the context of cellular plasticity, it remains unclear whether EMT-associated genes are
also epigenetically regulated as parts of large genomic domains. We imagine that long-range
epigenetic remodeling may not directly drive epithelial or mesenchymal cell-state transitions
on its own. However, it may create a permissive cell state that allows for the subsequent,
more focused actions of EMT effectors, doing so by altering the overall epigenome of
epithelial cells. Consequently, we note that currently embraced, simpler schemes of local
chromatin regulation that involve the directed actions of EMT-TFs on a small cohort of key
target genes will need to be revised in the future as the complexities that are associated with
the large-scale remodeling of the epigenetic landscape become apparent.

Epigenetic therapies targeting EMT

During cancer development, a rare population of CSCs is thought to drive tumor initiation,
recurrence and metastasis®3-9. Such cells, which tend to exhibit certain mesenchymal traits,
are also more resistant than bulk non-CSCs to attack by a variety of therapeutic agents and
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therefore create a substantial obstacle to achieving favorable clinical responses. The
discovery of the molecular links between epigenetic regulation, the CSC state and epithelial-
mesenchymal plasticity may reveal new targets for therapeutic intervention, more
specifically by suggesting treatments that can target the more mesenchymal CSCs.

For example, restoring the expression of epithelial-associated regulators, including certain
microRNAs (Box 2 and Fig. 5) that help promote the differentiation of CSCs into an
epithelial state, might be achieved by epigenetic therapies. The DNA demethylating agent 5-
azacytidine (5-azaC) seems capable of restoring the expression of the epithelial-specific
microRNA miR-200 (refs. 97,98) and may therefore be useful for sensitizing CSCs to
traditional therapeutic agents by inducing their differentiation. Likewise, inhibitors that
target the activity of the histone deacetylase sirtuin 1 (SIRT1) may help promote E-cadherin
or miR-200 expression99:190, Treatment of leukemic cells with 5-azaC, trichostatin A or
both seems to halt leukemia progression, an effect that is attributable in part to the induction
of cellular differentiation or the reactivation of tumor-suppressor genes'91-103, Both of these
single agents have now been applied in some clinical settings as part of a combined therapy
for treating myelodysplastic syndrome and leukemial01.103.104,

Despite the apparent clinical efficacy of such epigenetic therapies in a limited number of
cancers, the long-term effects of these drugs on normal cell physiology and tissue function
remains a matter of debate. Although these agents may act through affecting certain targeted
genes, their impact on the expression of countless other untargeted genes cannot be readily
assessed, which complicates attempts to reduce side-effect toxicities. For example, some
studies have noted that DNA hypomethylation in mice deficient for Dnmtl activity
promotes chromosome instability and increases tumor incidence95-108, Furthermore, such
epigenetic modulators could have conflicting pathological consequences depending on when
they are applied after the initiation of cancer formation: during the early stages of tumor
progression, these agents may cause mesenchymal cells to differentiate within the primary
tumor or arrest their ability to undergo cell-state transitions; later on they may promote
metastatic colonization by acting on carcinoma cells that have already disseminated to
distant organs.

Although HDAC inhibitors have been useful in treating certain hematological tumors, thus
far they have exhibited limited impact on solid tumors, notably carcinomas. Such inhibitors
also seem to have conflicting effects on regulating cell-state transitions. Earlier reports have
suggested a role for HDACs, especially HDAC1 and HDAC?2, in promoting EMT in a TGF-
—dependent manner. Indeed, the inhibition of HDAC activity has been found to block cell-
state transitions in hepatocytes as well as head-and-neck squamous carcinoma cells109-111,
However, more recent studies have found that HDAC inhibitors can induce an EMT in
prostate and nasopharyngeal cancer cells112.113 Hence, the utility of these treatments for
carcinomas remains unclear and will need to be evaluated carefully.

Thus far, the majority of epigenetic drugs have been aimed at inhibiting the epigenetic
‘writers” and ‘erasers’, which are the enzymes that attach or remove, respectively, the
covalent marks on various histones. More recent strategies have been applied to targeting
epigenetic ‘readers’, which recognize and then bind certain modified histones. Interestingly,
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insights into the ability of one such inhibitor to target epigenetic landmarks in a cell state— or
type—specific manner arose from the marriage of two apparently unrelated findings. First
was the success in the development of the JQ1 cell-permeable small molecule, which binds
to acetyl-lysine recognition motifs (termed bromodomains) and thereby inhibits the function
of the bromodomain-containing transcriptional coactivator BRD4 (refs. 114,115). Later
came the recognition that the simultaneous binding of multiple master transcription factors
and the Mediator coactivator complex to certain genomic loci creates so-called ‘super
enhancers’ at key cell-identity genes; indeed, BRD4 is among the proteins that has been
found to bind to such super enhancers!16:117 Super enhancers are localized to unique,
relatively small subsets of genes that differ between cell states, and the loss of a single
crucial component, such Mediator or BRD4, from these complexes can cause super
enhancer-mediated gene expression to be lost. For example, super enhancers are often found
at key oncogenes, such as MYC, and the inhibition of BRD4 may preferentially affect the
function of MYC and potentially target tumor cells in a highly selective manner!1’, Along
these lines, it is plausible that cells residing in either an epithelial or mesenchymal state
carry distinct sets of active super enhancers in their genomes. The identity of the genes that
are regulated by such super enhancers may provide clues into key regulatory landmarks that
differ between cell states. Hence, the inhibition of bromodomain-containing proteins could
potentially destabilize the continued residence of carcinoma cells in a mesenchymal state,
which may rely on the activity of super enhancer—driven genes to maintain their long-term
residence in this state.

Perspectives

The development of new epigenetic therapies to target carcinomas will require more
comprehensive descriptions of the epigenetic profiles that distinguish mesenchymal CSCs
and epithelial non-CSCs. A number of epigenetic enzymes and histone readers, such as
bromodomain- and chromodomain-containing proteins, seem to be differentially expressed
between cell states (W.L.T., unpublished data); this observation suggests a dependency of
CSCs on certain proteins that might be targeted with small molecules that are designed to act
against these proteins specifically18-119. Indeed, a similar strategy has been implemented
for the specific targeting of CSCs, which depend more strongly on certain kinase signaling
networks, and resulted in the selective elimination of mesenchymal CSCs while having little

impact on the bulk epithelial fraction, which in principle can be eliminated by use of
conventional therapeutic agemslzo, Tam et al.,2013. http://dx.doi.0rg/10.1016/j.ccr.2013.08.005_

Over the next several years, chromatin-modifying enzymes will likely be implicated in the
transcriptional regulation of epithelial and mesenchymal cell-state programs and thus in the
regulation of the EMT. It is also likely that the actions of these various regulators will be
closely tied to those of EMT-TFs. Together with the currently achievable, precise mapping
of genome-wide localizations of transcription factors, chromatin modulators, histones and
DNA maodification marks, it is probable that high-resolution, genome-wide transcription and
epigenetic blueprints that underlie the organization and expression of EMT programs will be
produced in the near future. These maps will likely reveal previously unidentified landmarks
within the genome, such as conserved regulatory sequence elements and those occupied by
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new transcriptional regulators, including cofactors that are involved in various aspects of
transcriptional regulation.

Importantly, and as emphasized here, it is becoming increasingly evident that the EMT
program does not operate in a simple binary fashion, controlling the alternation of cells
between two extreme cellular states. Instead it is now realized to be a highly dynamic
process that involves a series of transitions and a spectrum of multiple intermediate states
lying between these two endpoints. The interconversion of cells between these alternative
states, resulting in the observed phenotypic plasticity, depends on the modulation of
epigenetic regulatory mechanisms that remain poorly understood. Accordingly, the studies
of the EMT that have previously focused on these extreme states must now begin to
elucidate in a more nuanced fashion the regulators orchestrating these intermediate states,
which seem to be more typical of the cells within actual human carcinomas. The resulting
information will likely provide valuable insights into some of the early events that occur
during the initiation of the EMT and MET programs and quite possibly reveal clues about
the types of contextual signals that are involved. We foresee that these signals, notably those
originating in the microenvironment near carcinoma cells, will be found to play key parts in
governing the advance of carcinoma cells through EMT programs, thereby determining
tumor progression and clinical outcomes of patients with cancer.

Acknowledgments

We thank J.A. Krall for helpful comments and T. DiCesare for illustrations. Research in the Weinberg laboratory is
supported by grants from the US National Institutes of Health (P01 CA080111), the Breast Cancer Research
Foundation, MIT Ludwig Center for Molecular Oncology and the Cotswold Trust. R.A.W. is an American Cancer
Society and Ludwig Foundation professor. W.L.T. is supported by the MIT Ludwig Center for Molecular
Oncology.

References

1. Polyak K, Weinberg RA. Transitions between epithelial and mesenchymal states: acquisition of
malignant and stem cell traits. Nat Rev Cancer. 2009; 9:265-273. [PubMed: 19262571]

2. Thiery JP, Aclogue H, Huang RY, Nieto MA. Epithelial-mesenchymal transitions in development
and disease. Cell. 2009; 139:871-890. [PubMed: 19945376]

3. Scheel C, et al. Paracrine and autocrine signals induce and maintain mesenchymal and stem cell
states in the breast. Cell. 2011; 145:926-940. [PubMed: 21663795]

4. Katoh Y, Katoh M. Hedgehog signaling, epithelial-to-mesenchymal transition and miRNA. Int J
Mol Med. 2008; 22:271-275. [PubMed: 18698484]

5. Moustakas A, Heldin CH. Signaling networks guiding epithelial-mesenchymal transitions during
embryogenesis and cancer progression. Cancer Sci. 2007; 98:1512-1520. [PubMed: 17645776]

6. De Craene B, Berx G. Regulatory networks defining EMT during cancer initiation and progression.
Nat Rev Cancer. 2013; 13:97-110. [PubMed: 23344542]

7. Zheng H, Kang Y. Multilayer control of the EMT master regulators. Oncogene. Apr 22.2013
published online. 10.1038/onc.2013.128

8. Mani SA, et al. The epithelial-mesenchymal transition generates cells with properties of stem cells.
Cell. 2008; 133:704-715. [PubMed: 18485877]

9. Guo W, et al. Slug and Sox9 cooperatively determine the mammary stem cell state. Cell. 2012;
148:1015-1028. [PubMed: 22385965]

10. Gregory PA, et al. The miR-200 family and miR-205 regulate epithelial to mesenchymal transition
by targeting ZEB1 and SIP1. Nat Cell Biol. 2008; 10:593-601. [PubMed: 18376396]

Nat Med. Author manuscript; available in PMC 2014 October 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tam and Weinberg

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Page 14

Peinado H, Olmeda D, Cano A. Snail, Zeb and bHLH factors in tumour progression: an alliance
against the epithelial phenotype? Nat Rev Cancer. 2007; 7:415-428. [PubMed: 17508028]
Wellner U, et al. The EMT-activator ZEB1 promotes tumorigenicity by repressing stemness-
inhibiting microRNAs. Nat Cell Biol. 2009; 11:1487-1495. [PubMed: 19935649]

Yang J, et al. Twist, a master regulator of morphogenesis, plays an essential role in tumor
metastasis. Cell. 2004; 117:927-939. [PubMed: 15210113]

Savagner P, Yamada KM, Thiery JP. The zinc-finger protein slug causes desmosome dissociation,
an initial and necessary step for growth factor-induced epithelial-mesenchymal transition. J Cell
Biol. 1997; 137:1403-1419. [PubMed: 9182671]

Blanco MJ, et al. Correlation of Snail expression with histological grade and lymph node status in
breast carcinomas. Oncogene. 2002; 21:3241-3246. [PubMed: 12082640]

Ocarfia OH, et al. Metastatic colonization requires the repression of the epithelial-mesenchymal
transition inducer Prrx1. Cancer Cell. 2012; 22:709-724. [PubMed: 23201163]

Tsai JH, Donaher JL, Murphy DA, Chau S, Yang J. Spatiotemporal regulation of epithelial-
mesenchymal transition is essential for squamous cell carcinoma metastasis. Cancer Cell. 2012;
22:725-736. [PubMed: 23201165]

Bird A. DNA methylation patterns and epigenetic memory. Genes Dev. 2002; 16:6-21. [PubMed:
11782440]

Agger K, Christensen J, Cloos PA, Helin K. The emerging functions of histone demethylases. Curr
Opin Genet Dev. 2008; 18:159-168. [PubMed: 18281209]

Nieto MA. The ins and outs of the epithelial to mesenchymal transition in health and disease. Annu
Rev Cell Dev Biol. 2011; 27:347-376. [PubMed: 21740232]

Morel AP, et al. Generation of breast cancer stem cells through epithelial-mesenchymal transition.
PLoS ONE. 2008; 3:62888. [PubMed: 18682804]

Rhim AD, et al. EMT and dissemination precede pancreatic tumor formation. Cell. 2012; 148:349-
361. [PubMed: 22265420]

Wang Z, et al. Activated K-Ras and INK4a/Arf deficiency promote aggressiveness of pancreatic
cancer by induction of EMT consistent with cancer stem cell phenotype. J Cell Physiol. 2013;
228:556-562. [PubMed: 22806240]

Albino D, et al. ESE3/EHF controls epithelial cell differentiation and its loss leads to prostate
tumors with mesenchymal and stem-like features. Cancer Res. 2012; 72:2889-2900. [PubMed:
22505649]

Mulholland DJ, et al. Pten loss and RAS/MAPK activation cooperate to promote EMT and
metastasis initiated from prostate cancer stem/progenitor cells. Cancer Res. 2012; 72:1878-1889.
[PubMed: 22350410]

Morel AP, et al. EMT inducers catalyze malignant transformation of mammary epithelial cells and
drive tumorigenesis towards claudin-low tumors in transgenic mice. PLoS Genet. 2012;
8:21002723. [PubMed: 22654675]

Carey L, Winer E, Viale G, Cameron D, Gianni L. Triple-negative breast cancer: disease entity or
title of convenience? Nat Rev Clin Oncol. 2010; 7:683-692. [PubMed: 20877296]

Sarrié D, et al. Epithelial-mesenchymal transition in breast cancer relates to the basal-like
phenotype. Cancer Res. 2008; 68:989-997. [PubMed: 18281472]

Blick T, et al. Epithelial mesenchymal transition traits in human breast cancer cell lines parallel the
cD44"cp24!9/ stem cell phenotype in human breast cancer. ] Mammary Gland Biol Neoplasia.
2010; 15:235-252. [PubMed: 20521089]

Blick T, et al. Epithelial mesenchymal transition traits in human breast cancer cell lines. Clin Exp
Metastasis. 2008; 25:629-642. [PubMed: 18461285]

Trelstad RL, Hay ED, Revel JD. Cell contact during early morphogenesis in the chick embryo.
Dev Biol. 1967; 16:78-106. [PubMed: 6035571]

Arnoux V, Nassour M, L'Helgoualc'h A, Hipskind RA, Savagner P. Erk5 controls Slug expression
and keratinocyte activation during wound healing. Mol Biol Cell. 2008; 19:4738-4749. [PubMed:
18716062]

Nat Med. Author manuscript; available in PMC 2014 October 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tam and Weinberg

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Page 15

Micalizzi DS, Farabaugh SM, Ford HL. Epithelial-mesenchymal transition in cancer: parallels
between normal development and tumor progression. J Mammary Gland Biol Neoplasia. 2010;
15:117-134. [PubMed: 20490631]

Bednarz-Knoll N, Alix-Panabieres C, Pantel K. Plasticity of disseminating cancer cells in patients
with epithelial malignancies. Cancer Metastasis Rev. 2012; 31:673-687. [PubMed: 22733306]

Chao Y, Wu Q, Acquafondata M, Dhir R, Wells A. Partial mesenchymal to epithelial reverting
transition in breast and prostate cancer metastases. Cancer Microenviron. 2012; 5:19-28.
[PubMed: 21892699]

Leroy P, Mostov KE. Slug is required for cell survival during partial epithelial-mesenchymal
transition of HGF-induced tubulogenesis. Mol Biol Cell. 2007; 18:1943-1952. [PubMed:
17344479]

Theveneau E, Mayor R. Neural crest delamination and migration: from epithelium-to-mesenchyme
transition to collective cell migration. Dev Biol. 2012; 366:34-54. [PubMed: 22261150]

Gupta PB, et al. Stochastic state transitions give rise to phenotypic equilibrium in populations of
cancer cells. Cell. 2011; 146:633-644. [PubMed: 21854987]

Chaffer CL, et al. Normal and neoplastic nonstem cells can spontaneously convert to a stem-like
state. Proc Natl Acad Sci USA. 2011; 108:7950-7955. [PubMed: 21498687]

Schwitalla S, et al. Intestinal tumorigenesis initiated by dedifferentiation and acquisition of stem-
cell-like properties. Cell. 2013; 152:25-38. [PubMed: 23273993]

Frisch SM. The epithelial cell default-phenotype hypothesis and its implications for cancer.
Bioessays. 1997; 19:705-709. [PubMed: 9264253]

Jechlinger M, et al. Autocrine PDGFR signaling promotes mammary cancer metastasis. J Clin
Invest. 2006; 116:1561-1570. [PubMed: 16741576]

Sparmann A, van Lohuizen M. Polycomb silencers control cell fate, development and cancer. Nat
Rev Cancer. 2006; 6:846-856. [PubMed: 17060944]

Pietersen AM, van Lohuizen M. Stem cell regulation by polycomb repressors: postponing
commitment. Curr Opin Cell Biol. 2008; 20:201-207. [PubMed: 18291635]

Orlando V. Polycomb, epigenomes, and control of cell identity. Cell. 2003; 112:599-606.
[PubMed: 12628181]

Cedar H, Bergman Y. Linking DNA methylation and histone modification: patterns and
paradigms. Nat Rev Genet. 2009; 10:295-304. [PubMed: 19308066]

Bracken AP, Helin K. Polycomb group proteins: navigators of lineage pathways led astray in
cancer. Nat Rev Cancer. 2009; 9:773-784. [PubMed: 19851313]

Bracken AP, Dietrich N, Pasini D, Hansen KH, Helin K. Genome-wide mapping of Polycomb
target genes unravels their roles in cell fate transitions. Genes Dev. 2006; 20:1123-1136.
[PubMed: 16618801]

Cao Q, et al. Repression of E-cadherin by the polycomb group protein EZH2 in cancer. Oncogene.
2008; 27:7274-7284. [PubMed: 18806826]

Herranz N, et al. Polycomb complex 2 is required for E-cadherin repression by the Snaill
transcription factor. Mol Cell Biol. 2008; 28:4772-4781. [PubMed: 18519590]

Iliopoulos D, et al. Loss of miR-200 inhibition of Suz12 leads to polycomb-mediated repression
required for the formation and maintenance of cancer stem cells. Mol Cell. 2010; 39:761-772.
[PubMed: 20832727]

Zaret KS, Carroll JS. Pioneer transcription factors: establishing competence for gene expression.
Genes Dev. 2011; 25:2227-2241. [PubMed: 22056668]

Wright MH, et al. Brcal breast tumors contain distinct CD44%/CD24~ and CD133* cells with
cancer stem cell characteristics. Breast Cancer Res. 2008; 10:R10. [PubMed: 18241344]

Chang CJ, et al. EZH2 promotes expansion of breast tumor initiating cells through activation of
RAF1-3-catenin signaling. Cancer Cell. 2011; 19:86-100. [PubMed: 21215703]

Collett K, et al. Expression of enhancer of zeste homologue 2 is significantly associated with
increased tumor cell proliferation and is a marker of aggressive breast cancer. Clin Cancer Res.
2006; 12:1168-1174. [PubMed: 16489070]

Nat Med. Author manuscript; available in PMC 2014 October 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tam and Weinberg

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Page 16

Kleer CG, et al. EZH2 is a marker of aggressive breast cancer and promotes neoplastic
transformation of breast epithelial cells. Proc Natl Acad Sci USA. 2003; 100:11606-11611.
[PubMed: 14500907]

Puppe J, et al. BRCA1-deficient mammary tumor cells are dependent on EZH2 expression and
sensitive to Polycomb Repressive Complex 2—inhibitor 3-deazaneplanocin A. Breast Cancer Res.
2009; 11:R63. [PubMed: 19709408]

Onder TT, et al. Loss of E-cadherin promotes metastasis via multiple downstream transcriptional
pathways. Cancer Res. 2008; 68:3645-3654. [PubMed: 18483246]

Mills AA. Throwing the cancer switch: reciprocal roles of polycomb and trithorax proteins. Nat
Rev Cancer. 2010; 10:669-682. [PubMed: 20865010]

Molofsky AV, et al. Bmi-1 dependence distinguishes neural stem cell self-renewal from progenitor
proliferation. Nature. 2003; 425:962-967. [PubMed: 14574365]

lwama A, et al. Enhanced self-renewal of hematopoietic stem cells mediated by the polycomb gene
product Bmi-1. Immunity. 2004; 21:843-851. [PubMed: 15589172]

Sangiorgi E, Capecchi MR. Bmil is expressed in vivo in intestinal stem cells. Nat Genet. 2008;
40:915-920. [PubMed: 18536716]

Sangiorgi E, Capecchi MR. Bmil lineage tracing identifies a self-renewing pancreatic acinar cell
subpopulation capable of maintaining pancreatic organ homeostasis. Proc Natl Acad Sci USA.
2009; 106:7101-7106. [PubMed: 19372370]

Lobo NA, Shimono Y, Qian D, Clarke MF. The biology of cancer stem cells. Annu Rev Cell Dev
Biol. 2007; 23:675-699. [PubMed: 17645413]

Valk-Lingbeek ME, Bruggeman SW, van Lohuizen M. Stem cells and cancer; the polycomb
connection. Cell. 2004; 118:409-418. [PubMed: 15315754]

Pardal R, Molofsky AV, He S, Morrison SJ. Stem cell self-renewal and cancer cell proliferation
are regulated by common networksthat balance the activation of proto-oncogenes and tumor
suppressors. Cold Spring Harb Symp Quant Biol. 2005; 70:177-185. [PubMed: 16869752]

Park IK, Morrison SJ, Clarke MF. Bmil, stem cells, and senescence regulation. J Clin Invest.
2004; 113:175-179. [PubMed: 14722607]

Song LB, et al. The polycomb group protein Bmi-1 represses the tumor suppressor PTEN and
induces epithelial-mesenchymal transition in human nasopharyngeal epithelial cells. J Clin Invest.
2009; 119:3626—3636. [PubMed: 19884659]

Martin A, Cano A. Tumorigenesis: Twistl links EMT to self-renewal. Nat Cell Biol. 2010;
12:924-925. [PubMed: 20885418]

Yang MH, et al. Bmil is essential in Twist1l-induced epithelial-mesenchymal transition. Nat Cell
Biol. 2010; 12:982-992. [PubMed: 20818389]

Peinado H, Ballestar E, Esteller M, Cano A. Snail mediates E-cadherin repression by the
recruitment of the Sin3A/histone deacetylase 1 (HDAC1)/HDAC2 complex. Mol Cell Biol. 2004;
24:306-319. [PubMed: 14673164]

von Burstin J, et al. E-cadherin regulates metastasis of pancreatic cancer in vivo and is suppressed
by a SNAIL/HDAC1/HDAC?2 repressor complex. Gastroenterology. 2009; 137:361-371. 371.e1-
5. [PubMed: 19362090]

Lin Y, et al. The SNAG domain of Snaill functions as a molecular hook for recruiting lysine-
specific demethylase 1. EMBO J. 2010; 29:1803-1816. [PubMed: 20389281]

Fu J, et al. The TWIST/Mi2/NuRD protein complex and its essential role in cancer metastasis. Cell
Res. 2011; 21:275-289. [PubMed: 20714342]

Shi Y, et al. Histone demethylation mediated by the nuclear amine oxidase homolog LSD1. Cell.
2004; 119:941-953. [PubMed: 15620353]

Harris WJ, et al. The histone demethylase KDM1A sustains the oncogenic potential of MLL-AF9
leukemia stem cells. Cancer Cell. 2012; 21:473-487. [PubMed: 22464800]

Lim S, et al. Lysine-specific demethylase 1 (LSD1) is highly expressed in ER-negative breast
cancers and a biomarker predicting aggressive biology. Carcinogenesis. 2010; 31:512-520.
[PubMed: 20042638]

Nat Med. Author manuscript; available in PMC 2014 October 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tam and Weinberg

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

9L

92.

93.

94.

95.

96.

97.

98.

99.

Page 17

Lin T, Ponn A, Hu X, Law BK, Lu J. Requirement of the histone demethylase LSD1 in Snail-
mediated transcriptional repression during epithelial-mesenchymal transition. Oncogene. 2010;
29:4896-4904. [PubMed: 20562920]

Schenk T, et al. Inhibition of the LSD1 (KDM1A) demethylase reactivates the all-trans-retinoic
acid differentiation pathway in acute myeloid leukemia. Nat Med. 2012; 18:605-611. [PubMed:
22406747]

Wang Y, et al. LSD1 is a subunit of the NURD complex and targets the metastasis programs in
breast cancer. Cell. 2009; 138:660-672. [PubMed: 19703393]

Metzger E, et al. LSD1 demethylates repressive histone marks to promote androgen-receptor-
dependent transcription. Nature. 2005; 437:436-439. [PubMed: 16079795]

Bernstein BE, et al. A bivalent chromatin structure marks key developmental genes in embryonic
stem cells. Cell. 2006; 125:315-326. [PubMed: 16630819]

Chaffer CL, et al. Poised chromatin at the ZEB1 promoter enables breast cancer cell plasticity and
enhances tumorigenicity. Cell. 2013; 154:61-74. [PubMed: 23827675]

Maruyama R, et al. Epigenetic regulation of cell type-specific expression patterns in the human
mammary epithelium. PLoS Genet. 2011; 7:¢1001369. [PubMed: 21533021]

Vallés AM, et al. Acidic fibroblast growth factor is a modulator of epithelial plasticity in a rat
bladder carcinoma cell line. Proc Natl Acad Sci USA. 1990; 87:1124-1128. [PubMed: 2153969]

Dong C, et al. G9a interacts with Snail and is critical for Snail-mediated E-cadherin repression in
human breast cancer. J Clin Invest. 2012; 122:1469-1486. [PubMed: 22406531]

Dong C, et al. Interaction with Suv39H1 is critical for Snail-mediated E-cadherin repression in
breast cancer. Oncogene. 2013; 32:1351-1362. [PubMed: 22562246]

Ke XS, et al. Global profiling of histone and DNA methylation reveals epigenetic-based regulation
of gene expression during epithelial to mesenchymal transition in prostate cells. BMC Genomics.
2010; 11:669. [PubMed: 21108828]

Bert SA, et al. Regional activation of the cancer genome by long-range epigenetic remodeling.
Cancer Cell. 2013; 23:9-22. [PubMed: 23245995]

Zouridis H, et al. Methylation subtypes and large-scale epigenetic alterations in gastric cancer. Sci
Transl Med. 2012; 4:156ra140.

Coolen MW, et al. Consolidation of the cancer genome into domains of repressive chromatin by
long-range epigenetic silencing (LRES) reduces transcriptional plasticity. Nat Cell Biol. 2010;
12:235-246. [PubMed: 20173741]

Easwaran H, Baylin SB. Epigenetic abnormalities in cancer find a “home on the range”. Cancer
Cell. 2013; 23:1-3. [PubMed: 23328477]

Creighton CJ, et al. Residual breast cancers after conventional therapy display mesenchymal as
well as tumor-initiating features. Proc Natl Acad Sci USA. 2009; 106:13820-13825. [PubMed:
19666588]

Li X, et al. Intrinsic resistance of tumorigenic breast cancer cells to chemotherapy. J Natl Cancer
Inst. 2008; 100:672-679. [PubMed: 18445819]

Singh A, Settleman J. EMT, cancer stem cells and drug resistance: an emerging axis of evil in the
war on cancer. Oncogene. 2010; 29:4741-4751. [PubMed: 20531305]

Diehn M, et al. Association of reactive oxygen species levels and radioresistance in cancer stem
cells. Nature. 2009; 458:780-783. [PubMed: 19194462]

Ceppi P, et al. Loss of miR-200c expression induces an aggressive, invasive, and chemoresistant
phenotype in non-small cell lung cancer. Mol Cancer Res. 2010; 8:1207-1216. [PubMed:
20696752]

Vrba L, et al. Role for DNA methylation in the regulation of miR-200c and miR-141 expression in
normal and cancer cells. PLoS ONE. 2010; 5:e8697. [PubMed: 20084174]

Eades G, et al. miR-200a regulates SIRT1 expression and epithelial to mesenchymal transition
(EMT)-like transformation in mammary epithelial cells. J Biol Chem. 2011; 286:25992-26002.
[PubMed: 21596753]

Nat Med. Author manuscript; available in PMC 2014 October 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tam and Weinberg

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Page 18

Tryndyak VP, Beland FA, Pogribny IP. E-cadherin transcriptional down-regulation by epigenetic
and microRNA-200 family alterations is related to mesenchymal and drug-resistant phenotypes
in human breast cancer cells. Int J Cancer. 2010; 126:2575-2583. [PubMed: 19839049]

Daskalakis M, et al. Demethylation of a hypermethylated P15/INK4B gene in patients with
myelodysplastic syndrome by 5-Aza-2/-deoxycytidine (decitabine) treatment. Blood. 2002;
100:2957-2964. [PubMed: 12351408]

Petti MC, et al. Complete remission through blast cell differentiation in PLZF/RARa-positive
acute promyelocytic leukemia: in vitro and in vivo studies. Blood. 2002; 100:1065-1067.
[PubMed: 12130525]

Shaker S, Bernstein M, Momparler LF, Momparler RL. Preclinical evaluation of antineoplastic
activity of inhibitors of DNA methylation (5-aza-2’-deoxycytidine) and histone deacetylation
(trichostatin A, depsipeptide) in combination against myeloid leukemic cells. Leuk Res. 2003;
27:437-444. [PubMed: 12620295]

Cameron EE, Bachman KE, Myohanen S, Herman JG, Baylin SB. Synergy of demethylation and
histone deacetylase inhibition in the re-expression of genes silenced in cancer. Nat Genet. 1999;
21:103-107. [PubMed: 9916800]

Lengauer C. Cancer. An unstable liaison. Science. 2003; 300:442-443. [PubMed: 12702865]

Gaudet F, et al. Induction of tumors in mice by genomic hypomethylation. Science. 2003;
300:489-492. [PubMed: 12702876]

Eden A, Gaudet F, Waghmare A, Jaenisch R. Chromosomal instability and tumors promoted by
DNA hypomethylation. Science. 2003; 300:455. [PubMed: 12702868]

Yang AS, Estecio MR, Garcia-Manero G, Kantarjian HM, Issa JP. Comment on “Chromosomal
instability and tumors promoted by DNA hypomethylation” and “Induction of tumors in nice by
genomic hypomethylation”. Science. 2003; 302:1153. [PubMed: 14615517]

Bruzzese F, et al. HDAC inhibitor vorinostat enhances the antitumor effect of gefitinib in
squamous cell carcinoma of head and neck by modulating ErbB receptor expression and
reverting EMT. J Cell Physiol. 2011; 226:2378-2390. [PubMed: 21660961]

Lei W, et al. Histone deacetylase 1 is required for transforming growth factor-f1-induced
epithelial-mesenchymal transition. Int J Biochem Cell Biol. 2010; 42:1489-1497. [PubMed:
20580679]

Kaimori A, et al. Histone deacetylase inhibition suppresses the transforming growth factor f1-
induced epithelial-to-mesenchymal transition in hepatocytes. Hepatology. 2010; 52:1033-1045.
[PubMed: 20564330]

Jiang GM, et al. Histone deacetylase inhibitor induction of epithelial-mesenchymal transitions via
up-regulation of Snail facilitates cancer progression. Biochim Biophys Acta. 2013; 1833:663—
671. [PubMed: 23246564]

Kong D, et al. Histone deacetylase inhibitors induce epithelial-to-mesenchymal transition in
prostate cancer cells. PLoS ONE. 2012; 7:e45045. [PubMed: 23024790]

Filippakopoulos P, et al. Selective inhibition of BET bromodomains. Nature. 2010; 468:1067—
1073. [PubMed: 20871596]

Delmore JE, et al. BET bromodomain inhibition as a therapeutic strategy to target c-Myc. Cell.
2011; 146:904-917. [PubMed: 21889194]

Whyte WA, et al. Master transcription factors and mediator establish super-enhancers at key cell
identity genes. Cell. 2013; 153:307-319. [PubMed: 23582322]

Lovén J, et al. Selective inhibition of tumor oncogenes by disruption of super-enhancers. Cell.
2013; 153:320-334. [PubMed: 23582323]

Daigle SR, et al. Selective killing of mixed lineage leukemia cells by a potent small-molecule
DOTLL inhibitor. Cancer Cell. 2011; 20:53-65. [PubMed: 21741596]

Knutson SK, et al. A selective inhibitor of EZH2 blocks H3K27 methylation and kills mutant
lymphoma cells. Nat Chem Biol. 2012; 8:890-896. [PubMed: 23023262]

Finn RS, et al. Dasatinib, an orally active small molecule inhibitor of both the src and abl kinases,
selectively inhibits growth of basal-type/“triple-negative” breast cancer cell lines growing in
vitro. Breast Cancer Res Treat. 2007; 105:319-326. [PubMed: 17268817]

Nat Med. Author manuscript; available in PMC 2014 October 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tam and Weinberg

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142

Page 19

Bonde AK, Tischler V, Kumar S, Soltermann A, Schwendener RA. Intratumoral macrophages
contribute to epithelial-mesenchymal transition in solid tumors. BMC Cancer. 2012; 12:35.
[PubMed: 22273460]

Gao MQ, et al. Stromal fibroblasts from the interface zone of human breast carcinomas induce an
epithelial-mesenchymal transition-like state in breast cancer cells in vitro. J Cell Sci. 2010;
123:3507-3514. [PubMed: 20841377]

van Zijl F, et al. Hepatic tumor-stroma crosstalk guides epithelial to mesenchymal transition at the
tumor edge. Oncogene. 2009; 28:4022-4033. [PubMed: 19718050]

Li HJ, Reinhardt F, Herschman HR, Weinberg RA. Cancer-stimulated mesenchymal stem cells
create a carcinoma stem-cell niche via Prostaglandin E2 signaling. Cancer Discov. 2012; 2:840-
855. [PubMed: 22763855]

Wyckoff JB, et al. Direct visualization of macrophage-assisted tumor cell intravasation in
mammary tumors. Cancer Res. 2007; 67:2649-2656. [PubMed: 17363585]

Yu M, et al. Circulating breast tumor cells exhibit dynamic changes in epithelial and
mesenchymal composition. Science. 2013; 339:580-584. [PubMed: 23372014]

Brabletz T. To differentiate or not—routes towards metastasis. Nat Rev Cancer. 2012; 12:425—
436. [PubMed: 22576165]

Brabletz S, Brabletz T. The ZEB/miR-200 feedback loop—a motor of cellular plasticity in
development and cancer? EMBO Rep. 2010; 11:670-677. [PubMed: 20706219]

Bracken CP, et al. A double-negative feedback loop between ZEB1-SIP1 and the microRNA-200
family regulates epithelial-mesenchymal transition. Cancer Res. 2008; 68:7846-7854. [PubMed:
18829540]

Chang CJ, et al. p53 regulates epithelial-mesenchymal transition and stem cell properties through
modulating miRNAs. Nat Cell Biol. 2011; 13:317-323. [PubMed: 21336307]

Aclogue H, Adams MS, Fishwick K, Bronner-Fraser M, Nieto MA. Epithelial-mesenchymal
transitions: the importance of changing cell state in development and disease. J Clin Invest. 2009;
119:1438-1449. [PubMed: 19487820]

Thiery JP. Epithelial-mesenchymal transitions in tumour progression. Nat Rev Cancer. 2002;
2:442-454, [PubMed: 12189386]

Zavadil J, Bottinger EP. TGF-} and epithelial-to-mesenchymal transitions. Oncogene. 2005;
24:5764-5774. [PubMed: 16123809]

Taylor MA, Parvani JG, Schiemann WP. The pathophysiology of epithelial-mesenchymal
transition induced by transforming growth factor-f3 in normal and malignant mammary epithelial
cells. J Mammary Gland Biol Neoplasia. 2010; 15:169-190. [PubMed: 20467795]

Han G, et al. Distinct mechanisms of TGF-f1-mediated epithelial-to-mesenchymal transition and
metastasis during skin carcinogenesis. J Clin Invest. 2005; 115:1714-1723. [PubMed: 15937546]
Lehmann K, et al. Raf induces TGFf production while blocking its apoptotic but not invasive
responses: a mechanism leading to increased malignancy in epithelial cells. Genes Dev. 2000;
14:2610-2622. [PubMed: 11040215]

Oft M, Heider KH, Beug H. TGFp signaling is necessary for carcinoma cell invasiveness and
metastasis. Curr Biol. 1998; 8:1243-1252. [PubMed: 9822576]

Xi Q, et al. A poised chromatin platform for TGF-§ access to master regulators. Cell. 2011;
147:1511-1524. [PubMed: 22196728]

McDonald OG, Wu H, Timp W, Doi A, Feinberg AP. Genome-scale epigenetic reprogramming
during epithelial-to-mesenchymal transition. Nat Struct Mol Biol. 2011; 18:867-874. [PubMed:
21725293]

Vermeulen L, et al. Wnt activity defines colon cancer stem cells and is regulated by the
microenvironment. Nat Cell Biol. 2010; 12:468-476. [PubMed: 20418870]

Moon RT, Kohn AD, De Ferrari GV, Kaykas A. WNT and f-catenin signalling: diseases and
therapies. Nat Rev Genet. 2004; 5:691-701. [PubMed: 15372092]

. Taketo MM. Shutting down Whnt signal-activated cancer. Nat Genet. 2004; 36:320-322.
[PubMed: 15054482]

Nat Med. Author manuscript; available in PMC 2014 October 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tam and Weinberg

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

Page 20

Liu BY, McDermott SP, Khwaja SS, Alexander CM. The transforming activity of Wnt effectors
correlates with their ability to induce the accumulation of mammary progenitor cells. Proc Natl
Acad Sci USA. 2004; 101:4158-4163. [PubMed: 15020770]

Mohamed OA, Clarke HJ, Dufort D. 3-catenin signaling marks the prospective site of primitive
streak formation in the mouse embryo. Dev Dyn. 2004; 231:416-424. [PubMed: 15366019]

Kemler R, et al. Stabilization of f-catenin in the mouse zygote leads to premature epithelial-
mesenchymal transition in the epiblast. Development. 2004; 131:5817-5824. [PubMed:
15525667]

Kim K, Lu Z, Hay ED. Direct evidence for a role of 3-catenin/LEF-1 signaling pathway in
induction of EMT. Cell Biol Int. 2002; 26:463-476. [PubMed: 12095232]

Reya T, Clevers H. Wnt signalling in stem cells and cancer. Nature. 2005; 434:843-850.
[PubMed: 15829953]

Yook JI, et al. A Wnt-Axin2-GSK3 cascade regulates Snaill activity in breast cancer cells. Nat
Cell Biol. 2006; 8:1398-1406. [PubMed: 17072303]

Gilles C, et al. Transactivation of vimentin by -catenin in human breast cancer cells. Cancer Res.
2003; 63:2658-2664. [PubMed: 12750294]

Kong D, et al. Platelet-derived growth factor-D overexpression contributes to epithelial-
mesenchymal transition of PC3 prostate cancer cells. Stem Cells. 2008; 26:1425-1435. [PubMed:
18403754]

Brabletz S, et al. The ZEB1/miR-200 feedback loop controls Notch signalling in cancer cells.
EMBOJ. 2011; 30:770-782.

Thomson S, et al. A systems view of epithelial-mesenchymal transition signaling states. Clin Exp
Metastasis. 2011; 28:137-155. [PubMed: 21194007]

Hardy KM, Booth BW, Hendrix MJ, Salomon DS, Strizzi L. ErbB/EGF signaling and EMT in
mammary development and breast cancer. ] Mammary Gland Biol Neoplasia. 2010; 15:191-199.
[PubMed: 20369376]

Sakai D, et al. Regulation of Slug transcription in embryonic ectoderm by p-catenin—Lef/Tcf and
BMP-Smad signaling. Dev Growth Differ. 2005; 47:471-482. [PubMed: 16179074]
Séanchez-Till6 E, et al. B-catenin/TCF4 complex induces the epithelial-to-mesenchymal transition
(EMT)-activator ZEB1 to regulate tumor invasiveness. Proc Natl Acad Sci USA. 2011;
108:19204-19209. [PubMed: 22080605]

Kim T, et al. p53 regulates epithelial-mesenchymal transition through microRNAs targeting
ZEB1 and ZEB2. J Exp Med. 2011; 208:875-883. [PubMed: 21518799]

Korpal M, Lee ES, Hu G, Kang Y. The miR-200 family inhibits epithelial-mesenchymal
transition and cancer cell migration by direct targeting of E-cadherin transcriptional repressors
ZEB1 and ZEB2. J Biol Chem. 2008; 283:14910-14914. [PubMed: 18411277]

Park SM, Gaur AB, Lengyel E, Peter ME. The miR-200 family determines the epithelial
phenotype of cancer cells by targeting the E-cadherin repressors ZEB1 and ZEB2. Genes Dev.
2008; 22:894-907. [PubMed: 18381893]

Davalos V, et al. Dynamic epigenetic regulation of the microRNA-200 family mediates epithelial
and mesenchymal transitions in human tumorigenesis. Oncogene. 2012; 31:2062-2074.
[PubMed: 21874049]

Neves R, et al. Role of DNA methylation in miR-200c/141 cluster silencing in invasive breast
cancer cells. BMC Res Notes. 2010; 3:219. [PubMed: 20682048]

Wiklund ED, et al. Coordinated epigenetic repression of the miR-200 family and miR-205 in
invasive bladder cancer. Int J Cancer. 2011; 128:1327-1334. [PubMed: 20473948]

Tellez CS, et al. EMT and stem cell-like properties associated with miR-205 and miR-200
epigenetic silencing are early manifestations during carcinogen-induced transformation of human
lung epithelial cells. Cancer Res. 2011; 71:3087-3097. [PubMed: 21363915]

Kasinski AL, Slack FJ. Epigenetics and genetics. MicroRNAs en route to the clinic: progress in
validating and targeting microRNAs for cancer therapy. Nat Rev Cancer. 2011; 11:849-864.
[PubMed: 22113163]

Kong YW, Ferland-McCollough D, Jackson TJ, Bushell M. microRNAs in cancer management.
Lancet Oncol. 2012; 13:e249-e258. [PubMed: 22652233]

Nat Med. Author manuscript; available in PMC 2014 October 09.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Tam and Weinberg

165.

166.

167.

168.

Page 21

Rinn JL, Chang HY. Genome regulation by long noncoding RNAs. Annu Rev Biochem. 2012;
81:145-166. [PubMed: 22663078]

Prensner JR, Chinnaiyan AM. The emergence of IncRNAs in cancer biology. Cancer Discov.
2011, 1:391-407. [PubMed: 22096659]

Gupta RA, et al. Long non-coding RNA HOTAIR reprograms chromatin state to promote cancer
metastasis. Nature. 2010; 464:1071-1076. [PubMed: 20393566]

Rinn JL, et al. Functional demarcation of active and silent chromatin domains in human HOX loci
by noncoding RNAs. Cell. 2007; 129:1311-1323. [PubMed: 17604720]

Nat Med. Author manuscript; available in PMC 2014 October 09.



1duosnuepy Joyiny vd-HIN 1dudsnuepy Joyiny vd-HIN

1duosnuey Joyiny vd-HIN

Tam and Weinberg

Page 22

Box 1

Autocrine and paracrine signaling networks for the maintenance of an EMT
program

Various extracellular ligands activate and maintain the EMT program, operating in either
an autocrine or paracrine manner (reviewed in refs. 5,131,132). TGF-f signaling is a
major inducer of EMT during embryonic development and cancer progression133.134,
TGF-B signals through two distinct receptor serine/threonine kinases, TGF-R1 and
TGF-BR2, which then phosphorylate the cytoplasmic SMAD2 and SMAD3 proteins.
Activated phosphorylated SMAD2 and SMAD3 form complexes with SMADA4, which
then translocate into the nucleus to regulate genes that are important in the control of cell
fate. In various carcinomas, TGF-f signaling is commonly hyperactivated and promotes
invasion and metastasist3>-137, Hence, inhibition of TGF-f signaling has the potential to
block the induction of EMT programs and, therefore, disease progression. TGF-3
signaling has also been demonstrated to result directly in the epigenetic regulation of
downstream target genes. For instance, SMAD2 and SMAD3 associate with certain
epigenetic regulators, such as tripartite motif containing 33 (TRIM33), which displace
repressive histone modifications, thereby creating a poised chromatin structure that can
be accessed by transcriptional regulators38. In addition, exposure of mouse hepatocytes
to TGF- can reduce the bulk amounts of the heterochromatic H3K9me2 mark and
increase the amounts of the H3K4me3 euchromatic and H3K36me3 transcription
elongation marks!3°. The gain of these activating modifications seems to be crucial for
EMT-mediated phenotypes such as cell motility.

WNT signaling is another developmentally important pathway that becomes dysregulated
in a wide variety of carcinomas and contributes to the expansion and maintenance of
CSCs in these tumors!40-143_ During mouse embryonic development, WNT activates -
catenin activity, which is necessary for gastrulation—an EMT-driven process44145,
Hyperactive WNT signals can trigger EMT-like programs, resulting in the aberrant
activation of the p-catenin—TCF cascade and tumor progression3-146.147 EMT in breast
cancer cells may be mediated through the stabilization of SNAIL activity as a result of
WNT activation or by the transactivation of the mesenchymal marker vimentin by the b-
catenin-TCF complex148.149,

Various receptor tyrosine kinases that are activated by hepatic growth factor, epidermal
growth factor, fibroblast growth factor and PDGF ligands can also contribute to the
expression of EMT programs in a context-dependent manner that varies across different
carcinomas#2150-153 Numerous studies have demonstrated that mesenchymal cancer
cells depend on elevated expression of these signaling molecules for the induction and
maintenance of an EMT transcriptional program.

Although the types of signaling network that guide the EMT are fairly well defined, the

manner by which their downstream effector proteins, such as SMAD and b-catenin, feed
into the induction of an EMT program is less well understood. Presumably they mediate
the transcriptional activation of pleiotropically acting EMT transcription factors. Certain
functional response elements, such as SMAD-binding elements, TCF-LEF binding sites,
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E-boxes and activator protein 1 (AP-1) sites found within the promoters of the SNAIL and
S UG genes, may provide entry points for responding to extracellular signals (W.L.T.,
unpublished data). For instance, during neural crest development in the mouse embryo,
bone morphogenetic protein—dependent activation of Smad1 results in its recruitment to
the Sug promoter and leads to its precise temporal activation!®*. In invasive colorectal
carcinoma where mutations of the adenomatous polyposis coli gene (APC) result in
constitutive WNT signaling, the p-catenin—TCF4 complex is bound to the ZEB1 promoter
and upregulates its transcription195.
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Box 2
Microregulators of EMT

A repertoire of microRNAs maintains the epithelial phenotype by post-transcriptionally
inhibiting MRNAs that encode EMT-TFs. The miR-200 microRNA family and miR-205
control the phenotypic state of epithelial cells through their interactions with ZEB1 and
ZEB2 (refs. 128-130,156-158). During the early phases of tumor formation, most
neoplastic cells within the primary tumor are epithelial; this state is enforced by the
expression of the miR-200 family, which targets ZEB1 and ZEB2 mRNAs at numerous
binding sites in their 3¢ untranslated regions'®. After activation of an EMT program, the
induction of ZEB1 and ZEB?2 reciprocally represses the transcription of miR-200
microRNASs by directly repressing the mir-200 promoter; the resulting loss of miR-200
relieves ZEB1 and ZEB2 inhibition, allowing maintenance of the mesenchymal statel2.
Thus, miR-200 family members promote epithelial differentiation, and their expression is
lost in invasive breast cancer cells. The opposing process of MET occurs when the
expression of ZEB1 or ZEB2 becomes downregulated because of the loss of EMT-
inducing signals; this allows the re-expression of miR-200.

miR-200 can also epigenetically regulate E-cadherin by targeting SUZ12 protein
expression®L. In breast CSCs, the loss of miR-200 increases SUZ12 expression, which
results in the polycomb-mediated repression of the CDH1 gene and upregulation of ZEB1
and ZEB2 (ref. 51). The connection between microRNAs and epigenetic regulators is
further observed with the histone deacetylase SIRT1 and miR-200. The TGF-B-driven
EMT of mammary epithelial cells can upregulate SIRT1 expression, which epigenetically
silences the mir-200 promoter through histone deacetylation®®. SIRT1 and miR-200 seem
to participate in a negative feedback loop, as miR-200 targets the 3¢ untranslated region
of SIRTL.

MicroRNAs that contribute to phenotypic plasticity are themselves subjected to
epigenetic regulation9159-162_ Epjigenetic inactivation by CpG island hypermethylation
stably silences the mir-200 promaoter, as is observed in highly invasive non—-small cell
lung cancers that are resistant to chemotherapeutic agents, as well as in invasive bladder
and breast cancers7:160.161 |nterestingly, a stepwise epigenetic repression of the mir-200
promoter, first through the gain of H3K27me3 and then through DNA methylation, has
been observed in bronchial epithelial cells that were dedifferentiating in response to
carcinogen exposurel®2, Treatment with a DNA demethylating agent could alleviate
mir-200 promoter hypermethylation and promotes epithelial redifferentiation98.161,
Likewise, the introduction of a miR-200 analog restores the epithelial phenotype, inhibits

tumor growth and metastasis and confers chemosensitivity to otherwise resistant
cells?”:159,

One potential strategy for preventing cancer metastasis could involve sensitizing CSCs to
traditional therapies by forcing their differentiation into an epithelial state using
epithelial-specific microRNAs such as miR-200, miR-34 or let-7. Although microRNA
therapeutics are being increasingly explored as options for cancer management163, the
delivery of these molecules to solid tumors still represents a formidable barrier.
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Nevertheless, increasingly innovative methods of synthesizing, packaging and delivering
these nucleic acids may potentially address such challenges64.

More recently, long noncoding RNAs (IncRNAs) have been found to affect
tumorigenesis and cancer progression largely through epigenetic regulatory
mechanisms!65166_For example, enforced expression of the IcRNA HOTAIR was
sufficient to promote breast cancer metastasis, doing so by associating with PRC2 and
modulating PRC2 and H3K27me3 localization to certain sites across the genome67.168,
Given the increasingly prominent roles of IncRNAs in the epigenetic control of gene
expression, it is likely that they will have new functions in regulating cell-state
transitions.
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Figure 1.
Connecting extracellular signals to EMT transcription factors. Contextual signals, such as

TGF-B, WNT proteins, platelet-derived growth factors (PDGFs) and interleukin-6 (I1L-6),
arising from autocrine or paracrine signaling networks can activate intracellular signaling
factors that influence the activation or maintenance of the EMT transcription factor network
during an EMT. TGF-BR1 and TGF-BR2 are two TGF-f receptors; PDGF-CC is a specific
member of the PDGF family; PDGFR-a/p indicates two distinct receptor serine/threonine
kinases; STAT3 is signal transducer and activator of transcription 3; IL-6R is the IL-6
receptor; gp130 is a membrane glycoprotein; SMAD2/3 indicates SMAD2 and SMAD3; c-
JUN/FRAZ1 are heterodimeric subunits of the AP-1 complex (please note that AP-1 has been
defined earlier in Box 1); NK cells are natural killer cells.
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Epithelial-mesenchymal plasticity allows cancer cells to undergo functional adaptations

during the invasion-metastasis cascade. In response to EMT-promoting signals, a
subpopulation of epithelial cells at the invasive edge of the tumor may lose epithelial traits.
As these cells detach further from the bulk of the tumor, they become less exposed to
epithelial signals and acquire more mesenchymal properties in the presence of EMT signals
supplied by stromal cells121-124 The metastable mesenchymal cells are suited for invasion
into surrounding tissues. A fully mesenchymal phenotype facilitates intravasation into blood
capillaries or draining lymphatic vessels. In some instances, this process may be aided by
macrophages12®. The disseminating cancer cell is also more resistant to environmental and
genotoxic stresses, a characteristic that is crucial for survival in circulation126. After arrival
at a distant organ, the mesenchymal phenotype facilitates extravasation and invasion into the
foreign tissue. Here disseminated cells are exposed to signals different from those of the
primary tumor, and the mesenchymal state may confer survival advantages to single cancer
cells or alternatively may support long-term dormancy!27. When the appropriate contextual
signals become available, disseminated cells may undergo an MET and gradually reacquire
epithelial properties such as rapid proliferative capabilities'®17. Epithelial signals are
reinforced through autocrine and paracrine signals, resulting in the stabilization of an
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epithelial phenotype. This facilitates the outgrowth of macrometastases that are composed
predominantly of epithelial cells.
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v

The epigenetic landscape governs the stability of epithelial-mesenchymal plasticity. The
epithelial phenotype is a default state of epithelial cells. Contextual signals promote the
epigenetic repression of key epithelial genes (for example, that encoding E-cadherin) by
introducing histone modifications, which help define the plasticity of epithelial cells and the
residency of cells in a given phenotypic state during the transition. The gain of an
increasingly stable mesenchymal phenotype depends on the sustained presence of potent
EMT-promoting signals. In their absence, metastable mesenchymal cells may simply revert
to a more epithelial phenotype unless they are supported by the appropriate epigenetic

modifications. H3Kac, histone H3 lysine acetylation.
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Interactions between transcription factors and epigenetic regulators. (a) PRC1- and PRC2-
mediated silencing of epithelial genes such as that encoding E-cadherin involves the initial
recruitment of an EMT-TF (for example, SNAIL) to the gene promoter. SNAIL recruits
PRC2, which catalyzes conversion to the repressive H3K27me3 mark that is recognized by
the PRC1. (b) EMT-TFs repress gene activity through the deacetylation of gene promoters.
EMT-TFs associate with the NURD complex, which contains HDACs that catalyze the
removal of acetyl groups from lysine residues of histones. H3K9/14, histone H3 lysine 9 and
lysine 14. (c) SNAIL-mediated recruitment of LSD1 to target genes can result in opposing
functional outcomes. LSD1 may catalyze the removal of methyl groups from H3K4,
resulting in the loss of transcription activation, or cause the conversion of repressive
H3K9me2 or H3K9me3 to H3K9mel, thereby permitting transcriptional activity in
conjunction with additional epigenetic modifications. H3K4mel/2, methylation or
dimethylation of H3K4. (d) SNAIL mediates stable silencing by recruiting G9a and
SUV39H1, which cooperatively result in the trimethylation of H3K9. The H3K9me3 mark
is a prerequisite for the consequent recruitment of DNMTs, which leads to CpG methylation
of gene promoters. The conversion of euchromatin or facultative heterochromatin to
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constitutive heterochromatin stably blocks transcription activity. SUV39H1/2, SUV39H1
and SUV39H2.
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Figureb.
Integral microRNA transcription regulator networks control epithelial-mesenchymal

plasticity. MicroRNAS such as miR-34, miR-200 and let-7 promote the EMT or MET by
interacting with certain transcription factors and epigenetic regulators10:12:51,99,128-130
Reciprocal negative feedback loops appear to be a common feature that regulates the bi-
stable residence of cells in two distinct states.
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