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Abstract

Although hormones and downstream transcription factors are considered main drivers directing
mammary gland development and oncogenic transformation, an emerging body of evidence
suggests these processes are modulated by dynamic histone methylation landscapes. The
methyltransferase EZH2 catalyzes the formation of trimethyl groups on lysine 27 of histone 3
(H3K27me3) and loss- and gain-off-unction studies have provided insight into its role in normal
mammary development and oncogenic transformation. EZH2 controls the homeostasis of mouse
mammary stem cells, and mammary epithelium devoid of EZH2 does not undergo functional
development during pregnancy, possibly due to a paucity of stem cells. EZH2 levels are frequently
elevated in breast cancer suggesting a link between H3K27me3 and cell proliferation. In addition
to its role as epigenetic regulator, recent studies have placed EZH2 into the category of
transcriptional co-activators and thus opened the possibility of non-canonical signaling pathways.
In contrast to solid tumors, loss of EZH2 from hematopoietic cells has been linked to malignancies
(Fig. 1). The challenge will be to understand not only cell-specific functions of EZH2, but also the
extent to which it relies on its enzymatic activity versus its ability to serve as a transcriptional co-
factor.
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1. EZH1 and EZH2, histone methyltransferases and beyond

Enhancer of zeste homolog 2 (EZH?2) is a bona fide H3K27 methyltransferase and an
integral component of the polycomb repressive complex (PRC) 2. Its enzymatic function
catalyzes the establishment of trimethyl groups on lysine 27 of histone H3 (H3K27me3),
which is generally associated with the repression of large gene sets (Sauvageau and
Sauvageau, 2010). Studies of £zh2-nullembryonic stem cells (ESCs) have demonstrated the
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2. EZH2 in

existence of residual H3K27me3, which was attributed to the presence of the
methyltransferase EZH1 (Shen et al., 2008), suggesting that these two enzymes can, at least
partially, compensate for each other. Genetic loss-of-function studies have demonstrated a
role for EZH2 in the establishment and physiology of several cell types and tissues, such as
skin (Ezhkova et al., 2011), heart (Shen et al., 2008) and the mammary gland (Pal et al.,
2013; Laible et al., 1997). In general, genetic loss of £zA2has less severe consequences than
the loss of other PRC components, which has been attributed to the compensatory presence
of EZH1. For example, in skin, loss of £zA2 only has only marginal consequences on
epidermal development and significant defects are only observed in the combined absence
of EZH1 and EZH2 (Ezhkova et al., 2011). While in most cell types, the absence of only
EZH1 does not provoke a visible pathology, it is required for the maintenance of
hematopoietic stem cells (Hidalgo et al., 2012).

Since EZH1 and EZH2 display histone methyltransferase activity, epigenetic mechanisms
are frequently invoked in explaining developmental and physiological consequences
obtained upon their loss or overexpression. However, recent evidence suggests that EZH?2
can also control gene expression by serving as a transcription co-activator of steroid
hormone receptors (Xu et al., 2012) and by methylating cellular proteins and thereby
controlling their half-life (Lee et al., 2012). In general studies on £zA2-null cells have not
provided a comprehensive evaluation of the global and cell-specific H3K27me3 status and
thus did not necessarily link EZH2 to epigenetic control mechanisms. It is well possible that
non-canonical functions of EZH2 are a major venue to control specific target genes. The
histone methyltransferase EZH1 also appears to strive beyond its enzymatic activity and
binds to transcriptional start sites to promote RNA polymerase Il elongation (Mousavi et al.,
2012). Knock-in mutations that specifically ablate only the methyltransferase activity of
these proteins should provide a better understanding of their function (see Fig. 1).

mammary gland development

Development of the mammary gland during pregnancy is a coordinated process including
the proliferation of mammary alveolar cells followed by their differentiation to produce milk
(Hennighausen and Robinson, 2005). These processes are driven largely by progesterone
and prolactin through their respective receptors that, in turn, elicit a strict temporal
activation of genetic programs. Extensive insight into the mechanisms by which prolactin
controls alveolar proliferation and differentiation have been obtained from mice carrying
hypomorphic Stat5 germline mutations as well as mammary epithelium-specific Stat5-null
mice (Miyoshi et al., 2001; Cui et al., 2004; Yamaji et al., 2009, 2013). The transcription
factors STAT5a and STATSb (referred to as STATS) are key to convey prolactin signaling
in mammary epithelium during pregnancy and the establishment of functional alveoli.
Recent studies determined that distinct thresholds of STATS are required to induce unique
biological programs, which help to explain the differential activation of genetic programs
during pregnancy. While low levels of STATS are sufficient for the establishment and
proliferation of alveolar cells, differentiation and milk production are only obtained in the
presence of high STATS5 concentrations (Yamaji et al., 2013). These programs are initiated
by the binding of STATS5 to respective target genes and the establishment of trimethyl
groups on lysine 4 of histone 3 (H3K4me3) epigenetic marks.

While transcription factors, such as STATS5, and the accompanying formation of H3K4me3
marks, are keys to the execution of hormone-induced biological programs, science
surrounding the biological significance of epigenetic marks is still in its infancy. A major
step forward came from a recent study by Pal and colleagues, who used mammary
epithelium-specific gene knockout mice to explore the role of EZH2, and thus the
accompanied H3K27me3, in the developing mammary gland during pregnancy (Pal et al.,
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2013). Their interest in EZH2 stemmed from the observation that mammary stem cells
(MaSCs), committed luminal progenitors and mature luminal cells isolated from virgin mice
displayed unique and distinct H3K27me3 patters. Most notably, the degree of H3K27me3
was lower in the MaSC/basal cell population as compared to luminal progenitors and mature
luminal cells. Moreover, during pregnancy preferential loss of H3K27me3 marks were
observed over genes that are normally activated by STATS. In contrast, gene classes that are
potentially associated with mammary morphogenesis acquired H3K27me3 marks during
pregnancy. Their data argued that an evolving histone methylation landscape is likely key to
expression changes that accompany cell lineage progression and the establishment of mature
luminal cells. They tested the causal relationship between H3K27me3 and the progression of
mammary lineages during pregnancy through inactivation of the £zA2gene in mammary
stem and progenitor cells using Cre-mediated gene recombination. Loss of EZH2 function
resulted in a paucity of mammary stem and progenitor cells with the consequence of delayed
ductal morphogenesis, as indicated by the inability of ducts to fill the mammary fat the
persistence of terminal end buds during puberty. Moreover, in vitro culture experiments
revealed an at least 10-fold reduction in the clonogenic capacity of £zA2-mutant MaSCs.
Most dramatically, alveolar development during pregnancy was severely impaired and
mutant mice failed to lactate, both on a pure FVB/N and a mixed FVVB/N-B6 background.
Impaired development was associated with deregulated expression of bona fide EZH2 target
genes, such as /nk4aand Cdknla.

3. EZH2 in breast cancer

The Ezh2gene is amplified in a variety human cancers, including those of the bladder,
breast, colon and prostate and in lymphoma (Sauvageau and Sauvageau, 2010) and elevated
EZH?2 levels are deemed a good indicator for aggressiveness and poor outcome in breast
cancer (Kleer et al., 2003). Increased EZH2 concentrations were also detected in a
precancerous state in morphologically normal breast epithelium, suggesting that an increase
of EZH2 is possibly an early event in the development of breast cancers (Ding et al., 2006).
These correlative /n7 vivo studies were supported by tissue culture experiments where EZH2
overexpression in immortalized human mammary epithelial cell lines promotes anchorage-
independent growth and cell invasion (Kleer et al., 2003). Additional experiments were
performed in transgenic mice overexpressing £242 under control of the MMTV-LTR (Li et
al., 2009). While overexpression of the £z/2transgene resulted in distinct intraductal
epithelial hyperplasias, no frank tumors were observed (Li et al., 2009), suggesting that
EZH2 is not the primary driver of cellular transformation but rather a modulator. Since the
status of H3K27me3 in mammary tissue of these mice has not been evaluated it is not clear
to what extent EZH2 overexpression affects epigenetic programming or non-canonical
pathways.

Although breast cancer is in general associated with elevated EZH2 levels in transformed
epithelium, loss of Ezh2 might be linked to some subtypes of breast cancer. Notably, gene
expression profiles of the £zA2-null MaSCs/basal cell population displayed similarities with
signatures of claudin-low breast cancers (Pal et al., 2013). The claudin-low subtype is
associated with metaplastic features and displays lower EZH2 levels (Keller, Arendt .PNAS.
2012), which reflects aberrant differentiation. Challenging mammary-specific £zA2-null
mice with oncogenic hits and an analysis of genome-wide H3K27me3 patters is needed to
deliver a growth advantage to cells.

4. EZH2 and DNA methylation

EZH2 catalyzes H3K27 trimethylation, which leads to subsequent recruitment of other
polycomb complexes and also to the conscription of DNA methyltransferases and histone
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deacetylases, which in turn results in transcriptional repression and chromatin compaction
(Sauvageau and Sauvageau, 2010).In general, cancer cells display global DNA
hypomethylation of specific gene loci, thereby enabling stable repression of tumor
suppressor genes (Christman, 2002). Since EZH2 can physically contact DNA
methyltransferases and recruit them to target genes to repress gene expression (Vire et al.,
2006), it can be argued that EZH2 overexpression could repress tumor suppressor genes.
However, it is unclear whether EZH2 is associated with DNA methylation at target sites or
not and several studies have reported conflicting results. One report showed that human
mammary epithelial cells with up-regulated EZH2 present PcG-dependent hypermethylation
of the HOXAZlocus (Reynolds et al., 2006). In prostate cancer cells, downregulation of
EZH2 restores expression of H3K27me3 target genes without affecting promoter DNA
methylation and with no effect on silencing by DNA methylation (Kondo et al., 2008).
However, it remains unclear whether EZH2 deregulation in cancer results in aberrant
H3K27me3, and this conflict might be explained by tissue- and cancer-specific differences
related to activation of specific silencing pathways.

5. EZH2-regulated genetic programs in breast cancer cells

EZH2 has been linked to different signaling pathways, each possibly contributing uniquely
to the establishment and progression of breast cancer by regulating large sets of target genes
(Yoo and Hennighausen, 2012). Most of the available data sets were derived from /n vitro
studies using tissue culture cells that had been manipulated with siRNA technology to
modulate gene expression. Thus, the relevance of these studies to cancers in situ still needs
to be established.

A number of genes, including RAD51 (Chang et al., 2011), CDH1 (Cao et al., 2008) and
CDKN1C (Yang et al., 2009), HOTAIR (Gupta et al., 2010) are EZH2 targets in primary
breast cancer tissues. EZH2 mediated downregulation of RAD51 leads to accumulation of
recurrent RAFI gene amplification in breast tumor initiating cells (BTICs), which activates
p-ERK-B-catenin signaling to promote BTIC expansion (Chang et al., 2011). EZH2 also
mediates transcriptional silencing of CDHI (E-cadherin) through H3K27me3 (Cao et al.,
2008). E-cadherin maintains epithelial cellular adhesion and integrity, and loss of E-cadherin
expression is associated with invasiveness. CDKN1C (encoding tumor suppressor p57XIP2)
is a cyclin-dependent kinase (CDK) inhibitor. Expression of the CDOKNIC gene is regulated
through H3K27me3 of its promoter (Yang et al., 2009). Reduction of p57KIP2 |eads to an
accelerated G1-S transition, which has been suggested to support breast cancer progression.

One study revealed elevated levels of HOTAIR, a large intervening non-coding RNA
(lincRNA), in primary breast tumors and metastases (Gupta et al., 2010). Enforced
expression of HOTAIR is induced to altered H3K27me3, gene expression, and increased
breast cancer invasiveness and metastasis in a manner dependent on EZH2, whereas loss of
HOTAIR inhibits cancer invasiveness. These data point to a modulating role of lincRNAs in
modulating EZH2 in breast cancer.

In addition, several genes, including RUNX3 (Fujii et al., 2008), FOXC1 (Du et al., 2012)
and ADRB2 (Yu et al., 2007), have been found to be EZH2 targets in breast cancer cell
lines. An inverse correlation between EZH2 and RUN.X3 gene expression has been reported
in a breast cancer cell line (Fujii et al., 2008). Lower RUNX3 concentrations result in lower
CDKN1A (p2WAF1/Cipl) Jevels, which do not block the cell cycle (Chi et al., 2005). EZH2
negatively regulates FOXCI gene expression through H3K27me3 of the FOXC1 promoter.
Increased FOXCL1 expression leads to reduced breast cancer cell migration and invasion (Du
etal., 2012). EZH2 may mediate increased invasiveness and metastasis by silencing a
number of downstream targets including the p-2-adrenergic receptor (ADRB2) (Yu et al.,
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2007). ADRB2 has been implicated to play a role in cell growth, adhesion, and
transformation (Bos, 2005). Although these studies suggest that EZH2 could have multi-
faceted roles in breast cancer progression, additional /n vivo studies on mice and primary
human tissue are needed.

6. Linking EZH2 and BRCAL1

Polycomb group (PcG) proteins control stem cell homeostasis through chromatin silencing
and other non-histone functions (Sauvageau and Sauvageau, 2010). Poorly differentiated
breast tumors present an embryonic stem cell-like signature characterized by the expression
of pluripotency factors such as Nanog, Oct4, Sox2, and c-Myc as well as repression of PcG
targets. This signature is strongly associated with high-grade estrogen-receptor (ER)
negative tumors, often of the basal-like subtype and poor clinical outcome (Ben-Porath et
al., 2008). Higher EZH2 expression is more associated with the aggressive basal-like
subtype and poor metastasis-free survival (Kleer et al., 2003). BRCA1 mutations are a cause
of basal-like breast carcinomas, and, consistent with their basal-like characteristics, BRCA1-
deficient breast tumors exhibit aggressive behavior and are associated with poor survival.

Although the modulatory role of EZH2 in BRCAL1-mutant breast tumors is not well defined,
it has been proposed that EZH2 overexpression inhibits BRCAL phosphorylation and
promotes cell proliferation through increases in Cdc25C, which is crucial for entry into
mitosis (Gonzalez et al., 2009). It appears that BRCA1-deficient mouse mammary tumor
cells are selectively sensitive to an EZH2 inhibitor (Puppe et al., 2009). Cells derived from
BRCAZ1-deficient mice mammary tumors are 20-fold more sensitive to the EZH2 inhibitor
(DZNep) than that of cells derived from BRCAZ1-proficient mammary tumor cells.
Furthermore, EZH2 can function in a context-dependent manner (Lee et al., 2011).
Intriguingly, EZH2 confers a transactivation function on a set of nuclear factor (NF)-kB
targets such as interleukin-6 and tumor necrosis factor, which are important in basal-like
breast cancer, but act oppositely to repress NF-kB targets in ER-positive breast cancers (Lee
etal., 2011). These data suggest that inhibiting EZH2 could potentially be as a tailored
strategy for treating sporadic basal-like breast tumors with decreased BRCAL activity.

7. EZH2 mutations in hematopoietic malignancies

In contrast to the concept that increased EZH2 activity has oncogenic functions, inactivating
somatic EZH2 mutations are found in B-cell lymphoma (Morin et al., 2010). Replacement
of a single tyrosine in the SET domain of the EZH2 protein (Tyr641) occurs in 7-21% of
specific B-cell lymphomas. Although initially thought to result in a loss of catalytic activity,
several studies have shown that Y641 mutants have very limited ability to perform the
H3K27 mono methylation reaction but have enhanced catalytic efficiency for subsequent
reactions (Sneeringer et al., 2010). However, the vast majority of £zA2alterations in
myeloid disorders are comprised of deletions, missense and frame-shift mutations (Ernst et
al., 2010). These mutations are predicted to result in the complete loss of histone
methyltransferase activity. The finding of inactivating £zA2 mutations opens a new
perspective on the tumor suppressive role of EZH2 in other cancers (Fig. 2).

8. Perspective

Mutations in genes encoding signaling proteins, such as a transcription factors, affect a
limited number of pathways, but mutations in epigenetic regulators can affect developmental
programs on a large scale and alter the expression of many diverse gene sets. Although the
deregulation of H3K27 methyltransferases and demethylases has been associated with
cancer aggressiveness, there is no clear genetic evidence that they can serve as molecular
tumor markers. Decisive genetic experiments must be conducted to link these histone
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modifying enzymes to the H3K27 methylation status in relevant cancer models. Equally
important, it is necessary to pursue hon-canonical functions of these proteins, such as their
ability to function as transcriptional co-activators. The identification of epigenetic changes
in cancer cells /n vivowould be another step in the development of novel strategies for
cancer treatment.
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Epigenetic regulation of histone methyltransferase EZH2 in development and cancer. (A)
EZH1/2 controls the homeostasis of mammary stem cells and development. Overexpression
of EZH2 is correlated with breast cancer progression and poor prognosis. (B) EZH2 controls
the homeostasis of hematopoietic stem cells. Loss of EZH2 from hematopoietic cells has
been linked to malignancy.
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Fig. 2.

Functions of EZH2 in modulating polycomb target genes. PRC2 complexes, which include
EZH1 and EZH2, catalyze H3K27 di- and tri-methylation, and leads to transcriptional
repression. Furthermore, EZH1 and EZH2 also can act as transcriptional co-activator to
promote the expression of target genes.
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