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The chromatin environment is modulated by a machinery of chromatin modifiers, required
for the specification and maintenance of cell fate. Many mutations in the machinery have
been linked to the development and progression of cancer. In this review, we give a brief
introduction to Polycomb group (PcG) proteins, their assembly into Polycomb repressive
complexes (PRCs) and the normal physiological roles of these complexes with a focus on the
PRC2. We review the many findings of mutations in the PRC2 coding genes, both loss-of-
function and gain-of-function, associated with human cancers and discuss potential molec-
ular mechanisms involved in the contribution of PRC2 mutations to cancer development and
progression. Finally, we discuss some of the recent advances in developing and testing drugs
targeting the PRC2 as well as emerging results from clinical trials using these drugs in the

treatment of human cancers.

he genome of eukaryotic cells is organized
Tinto chromatin, consisting of DNA wrapped
around an octamer of core histones to form nu-
cleosomes. This organization serves both struc-
tural and functional purposes; organizing the
genome into chromatin enables the linear ge-
nome to be packaged into the cell nucleus and
protects the DNA strand from physical stresses.
In addition, this organization allows specific ar-
eas of the genome to be condensed, thereby
precluding the transcriptional machinery from
gaining access to the underlying genes, while
other areas in more open conformations can
be actively transcribed, thereby facilitating cell-
type specific gene expression patterns. Chroma-

tin-associated proteins modulate the chromatin
environment to help establish and maintain
gene expression patterns over cell generations
(Orkin and Hochedlinger 2011).

Deregulation of the chromatin environment
can influence cell fate, and cancer cells often
display disrupted chromatin environments
with altered levels of various factors of the chro-
matin machinery. Recently, sequencing studies
of human cancers have identified many somatic
mutations in genes encoding chromatin-related
factors, and intense research is ongoing to
further decipher their involvement in cancer
development and progression (You and Jones
2012).
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The focus of this review is somatic mutations
in genes coding for PRC2 subunits as well as
recently discovered somatic mutations in the
substrate for PRC2. We will discuss the potential
roles of these mutations in the development
of cancer. Before going into detail, however, we
will give a general introduction to Polycomb
group proteins, briefly outlining their biochem-
ical and biological functions.

POLYCOMB GROUP PROTEINS

Polycomb group (PcG) proteins were originally
identified in Drosophila as important regulators
of fly development. The PcG proteins were
shown to regulate the spatiotemporal expres-
sion pattern of important transcription factors
(most notably, the Hox genes) during develop-
ment, with PcG mutants showing characteristic
phenotypes with defects in body segmentation.
Orthologs have since been found in species
ranging from plants to mammals, where they
play key roles in establishing and maintaining
correct gene expression patterns (Laugesen and
Helin 2014).

POLYCOMB REPRESSIVE COMPLEXES

PcG proteins assemble into large multimeric
protein complexes, of which the best character-
ized ones are Polycomb repressive complexes 1
and 2 (PRC1 and PRC2).

PRC1 complexes all contain either RING1A
or RING1B with catalytic activity toward lysine
119 on histone H2A (H2AK119ub1), one of six
Polycomb group RING finger (PCGF) subunits
as well as additional subunits that define can-
onical PRC1 (CBX and PHC subunits) and
noncanonical PRC1 (RYBP/YAP2) (Gao et al.
2012). The subunit composition affects recruit-
ment to target genes and the catalytic activity of
the complex (Blackledge et al. 2015). The mech-
anism by which PRCI1 represses transcription
is not entirely clear. Genetic studies have shown
that it is only in part dependent on its ubig-
uitination activity (Illingworth et al. 2015; Pen-
gelly et al. 2015), and, although PRCI has been
shown to promote chromatin compaction
(Francis et al. 2004), the specific role of this

activity in transcriptional repression remains
unclear.

PRC2 is a methyltransferase with activity
toward lysine 27 on histone H3 (H3K27). The
SET-domain-containing component (EZH1 or
EZH?2) is closely associated with several other
subunits. The core complex necessary for cata-
lytic function consists of EZH1/2, the Zinc-
finger protein SUZ12, and the WD40 protein
EED, which can be purified from cells with
equimolar stoichiometry (Cao et al. 2002; Kuz-
michev et al. 2002; Pasini et al. 2004; Smits et al.
2013). The core complex is associated with
several additional proteins (RBBP4/7, JARID2,
AEBP2, PCL1-3, Cl70rf96, and Cl0orl2)
(Smits et al. 2013) as well as ncRNAs (Black-
ledge et al. 2015), and the different interaction
partners are thought to play roles in regulation
of PRC2 activity or recruitment to target genes
(Fig. 1) (Di Croce and Helin 2013).

RECRUITMENT OF POLYCOMB REPRESSIVE
COMPLEXES

While the recruitment of PcG proteins in
Drosophila to DNA stretches termed Polycomb
response elements (PREs) is believed to in-
volve transcription factors (Orsi et al. 2014),
the mechanisms governing the recruitment of
mammalian PRCs are still unclear. Mammalian
cells lack distinct PREs, but mammalian PRCs
preferentially bind in CpG-rich contexts and
CpG-rich sequences can mediate recruitment
of PRCs (Tanay et al. 2007; Ku et al. 2008; Men-
denhall et al. 2010; Lynch et al. 2012).

Several studies show that PRC1 and PRC2
binding patterns overlap, that these complexes
maintain the repression of common target
genes (Boyer et al. 2006; Bracken et al. 2006),
and that PRC1 recruitment is dependent on
PRC2 (Rastelli et al. 1993; Cao et al. 2002;
Wang et al. 2004). This, along with the fact
that PRC1 contains a subunit with affinity for
H3K27me3 (the CBX component) (Cao et al.
2002; Fischle et al. 2003; Min et al. 2003), has
led to the proposal of a hierarchical recruit-
ment model. According to this model, PRC2
is recruited to chromatin, where it trimethy-
lates H3K27, facilitating PRC1 recruitment
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Figure 1. PRC2 catalyzes H3K27 methylation. (A) The core PRC2 complex and substoichiometric interactors
measured in HeLa cells (Smits et al. 2013). (B) Electron micrograph (EM) structure of a PRC2 complex
with RBBP4 (RBAP48) and AEBP2 (EMDataBank 2236, deposited image) (Ciferri et al. 2012). (C) Graphic
representation of time-dependent successive H3K27 methylation (Sneeringer et al. 2010). A longer residence
time at CpG islands at promoters of untranscribed genes allows for establishment of a trimethylated domain.

WT, Wild-type.

and H2AK119 ubiquitination, leading to chro-
matin compaction and transcriptional repres-
sion (Blackledge et al. 2015). In recent years,
however, this model has been challenged by sev-
eral observations. First, in contrast to early stud-
ies from Drosophila and mammalian cells, PRC2
and H3K27me3 do not seem to be absolutely
required for PRCI1 recruitment and its activity
(Leeb et al. 2010). This is partly explained by the
discovery of “noncanonical” PRC1 lacking a
CBX binding partner (Lagarou et al. 2008).
Rather, recruitment of these complexes appears
to rely on recognition of unmethylated CpG
islands through the CXXC-domain of the
KDM2B-component (Farcas et al. 2012; Gao
et al. 2012; Qin et al. 2012; Tavares et al. 2012;
Wau et al. 2013b). Second, recent results have
shown that H2AK119ubl is able to recruit and
stimulate the activity of PRC2 (Blackledge et al.
2014; Cooper et al. 2014; Kalb et al. 2014), sug-
gesting that the hierarchy under certain circum-
stances might be inverted. This suggestion still

lacks experimental support, and while H3K27
methylation is essential for normal develop-
ment and gene repression (Muller et al. 2002;
Pengelly et al. 2013), H2AK119ubl is not re-
quired for “global” H3K27 methylation, gene
repression and early development in Drosophila
and in part in mouse (Illingworth et al. 2015;
Pengelly et al. 2015). Thus, while it appears
that noncanonical PRC1 can be recruited to
chromatin through the binding of KDM2B
to CpG-rich stretches and canonical PRC1 can
be recruited through binding to H3K27me3, it
is currently unclear how PRC2 is recruited to
chromatin. Although several of the PRC2 sub-
units or associated proteins have been shown
to possess weak DNA- or RNA-binding activi-
ties and other subunits are known to interact
with histones, no study has been able to pin-
point one factor being solely responsible for
PRC2 recruitment (Blackledge et al. 2015).
The recruitment of PRC2 will be discussed fur-
ther in the next section.
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PRC2 AND H3K27 METHYLATION

A low resolution EM structure of a five-member
human PRC2 has been solved, which is consis-
tent with a structural composition proposed by
biochemical studies (Fig. 1B) (Ketel et al. 2005;
Ciferri et al. 2012). Recently, the first crystal
structure of an active PRC2 (from the yeast spe-
cies Chaetomium thermophilum) was solved
(Jiao and Liu 2015). A striking feature of the
crystal structure is that an amino-terminal re-
gion of EZH2 makes extensive contacts with
and is wrapped around EED (Fig. 3D). This
loop is followed by a region, immediately before
the first SANT domain, that is sandwiched by
EED and the catalytic SET domain of EZH2.
This “pre-SANT” region appears to have impor-
tant regulatory roles for the enzymatic activity.
Previous data have shown that PRC2, more
specifically the WD40 domains of EED, have
an affinity for H3K27me3, suggesting a poten-
tial mechanism for the spreading of H3K27me3
over larger genomic regions (Hansen et al. 2008;
Margueron et al. 2009; Xu et al. 2010). Based on
the structure, it seems likely that binding of
H3K27me3 to EED leads to a conformational
change, which, through the pre-SANT region,
affects the SET domain of EZH2 and could ex-
plain the increased activity of the PRC2 com-
plex observed in the presence of H3K27me3
(Margueron et al. 2009; Xu et al. 2010; Jiao
and Liu 2015). The large interaction surfaces
observed from the structure also provide an ex-
planation for the stable nature of the PRC2
complex—and why some of the individual
components are unstable when not in the com-
plex (Montgomery et al. 2005; Pasini et al.
2007).

The different methylation states of H3K27
(H3K27mel, H3K27me2, and H3K27me3) are
found in different genomic contexts. ChIP-se-
quencing studies and mass spectrometry of
histones isolated from embryonic stem cells
show that around 5%—10% of histones carry
H3K27mel, and this modification is primarily
found within the gene bodies of actively tran-
scribed genes (Ferrari et al. 2014). H3K27me?2 is
very abundant (about 50%-70% of histones
have this modification) and is found in large

domains, where it is proposed to exert a protec-
tive function against inappropriate transcrip-
tion or enhancer activity (Jung et al. 2010,
2013; Ferrari et al. 2014). In contrast to
H3K27mel and H3K27me2, the distribution
of H3K27me3 overlaps well with PRC2-binding
patterns, and 5%—10% of histones carry this
modification (Peters et al. 2003; Jung et al.
2010, 2013; Ferrari et al. 2014). These observa-
tions bring up several interesting points: The
fact that PRC2 catalyzes all the different degrees
of H3K27 methylation and H3K27mel being
associated with actively transcribed genes is
hard to reconcile with the classic understanding
of PRC2 as a transcriptional repressor. Further-
more, the fact that PRC2 binding is only found
to overlap with H3K27me3 raises questions
about the dynamics and rates of the deposition
of each stage of H3K27 methylation, and might
help us better understand PRC2 recruitment.
With 70% of the genome being methylated on
H3K27 by PRC2, it is unlikely that the bulk of
PRC2 activity is directed by specific features in
DNA sequence or composition. Mono- and di-
methylation of H3K27 is reestablished very fast
in newly incorporated histones in each cell cycle
and show no sequence specificity. In contrast,
the reestablishment of H3K27me3 is relatively
slow (Zee et al. 2012; Alabert et al. 2015). Ge-
nome-wide location analyses have shown that
PRC2 is highly enriched at CpG islands, where-
as no enrichment of PRC2 is observed at
H3K27mel /me2-positive regions. These results
are in agreement with in vitro data showing
that PRC2 is slower at converting H3K27me2
to H3K27me3 than catalyzing mono- and di-
methylation of H3K27, and that it is therefore
thought to need longer residence time to cata-
lyze trimethylation (Sneeringer et al. 2010; Yap
et al. 2011). Taken together, the current avail-
able data suggest that PRC2 interacts with chro-
matin in a manner independent of the under-
lying DNA sequence, facilitating mono- and
dimethylation of H3K27, whereas conversion
to H3K27me3 requires more stable binding
of PRC2 (Fig. 1C). This might be achieved by
interaction with sequence-specific or CpG is-
land-associated proteins, which in the latter
case might even be an intrinsic property of the
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PRC2 complex. No PRC2 binding is observed at
CpG islands by active genes, but appears at
many such sites following drug-induced tran-
scriptional blockage. This implies that the tran-
scriptional machinery and associated proteins
prevent stable binding of PRC2, which other-
wise occurs by default (Riising et al. 2014).

PRC2 AND TRANSCRIPTIONAL
REGULATION

While some studies indicate that PRC2 is bound
to the stalled promoters of both coding and
noncoding transcripts (Enderle et al. 2011;
Brookes et al. 2012) with abortive transcripts
potentially playing a role in recruitment (Kan-
here et al. 2010), one study found the presence
of PcG proteins to block transcriptional initia-
tion altogether (Dellino et al. 2004; Kaneko et al.
2014), and it was recently demonstrated that
PRC2 is recruited upon transcriptional repres-
sion rather than being required for setting up
transcriptional repression (Riising et al. 2014).
In agreement with the latter results, studies
in Drosophila have shown that PRC2 is dispen-
sable for initiating transcriptional repression
of homeotic genes, but rather it is required for
maintaining the repression of these genes dur-
ing later stages of development (Struhl and
Akam 1985; Jones and Gelbart 1990; Simon
et al. 1992).

Whether loss of PRC2 function by itself
leads to derepression of its target genes has
been debated. Studies of embryonic stem cells
lacking functional PRC2 initially showed a cer-
tain degree of derepression of PRC2 target genes
(Montgomery et al. 2005; Pasini et al. 2007;
Chamberlain et al. 2008; Shen et al. 2008). How-
ever, subsequent studies from our laboratory in
more stable environments (ES cells grown in
defined medium) showed that PRC2 loss does
not lead to changes in transcription, indicating
that the deregulation observed in earlier studies
stems from outside stimuli (Riising et al. 2014).
Based on these studies, we proposed that, rather
than being recruited to target genes to promote
their repression, lack of transcription allows
a longer residence time of PRC2 at the promot-
ers of repressed genes. Here, PRC2 contributes

PRC2 Mutations in Cancer

to maintaining repression of these genes by set-
ting thresholds for their activation, and in this
way contributes to preserving cell identity. In
accordance with this, loss of PRC2 function
should not in itself lead to increased transcrip-
tion. It would, however, make the chromatin
environment more sensitive to stimuli, and
abolishing PRC2 function, therefore, greatly in-
fluences cells undergoing changes to their tran-
scriptional program, as occurring during cell-
fate transitions.

PRC2 IN STEM CELLS AND DEVELOPMENT

As initially observed in Drosophila, PcG mu-
tants display abnormal development in a range
of species. Knockout of Ezh2, Eed, or Suzl2 in
the mouse leads to early embryonic lethality
with the embryos failing to undergo gastrula-
tion (Schumacher et al. 1996; O’Carroll et al.
2001; Pasini et al. 2004). Studies of conditional
and tissue-specific knockout mice have shown
important roles of PRC2 in orchestrating cell-
fate transitions in the development of a range of
tissues (Laugesen and Helin 2014). Loss of
PRC2 integrity impairs the stability of cell iden-
tity and makes the differentiation process more
labile. With PRC2 being important for balanc-
ing differentiation versus proliferation, it is not
surprising that PRC2 mutations or misregula-
tion can skew this balance, leading to adverse
outcomes including cancer development.

MISREGULATION OF PRC2 IN CANCER

The first observations implicating PRC2 in can-
cer came from the discoveries that EZH2 is over-
expressed and/or its locus amplified in several
types of cancer, correlating with poor prognosis,
and from knockdown-studies showing that
PRC2 is required for proliferation of these can-
cer cells (Varambally et al. 2002; Bracken et al.
2003; Kleer et al. 2003). Subsequently, a pleth-
ora of studies have shown misregulation of
PRC2 in human cancers, with PRC2 overexpres-
sion often correlating to poor prognosis (Deb
et al. 2014; Jiang et al. 2015). Importantly, be-
cause of the cell-cycle-coupled expression of
PRC2 components (Bracken et al. 2003), and
PRC2 expression being high in the stem-cell
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compartment, increased PRC2 expression in
cancer cells may stem from the increased prolif-
erative capacity and/or dedifferentiated pheno-
type of cancer cells. It is, therefore, difficult to
judge whether increased expression levels are a
cause or a consequence of oncogenesis. It is
clear, however, that many cancers depend on
PRC2 expression for proliferation (discussed
below). Along with the stronger evidence from
EZH?2 amplifications (Bracken et al. 2003), the
discovery of hyperactivating EZH2 mutants,
and the fact that these mutations were found
to be an early event through studies of clonality
(Bodor et al. 2013), these observations collec-
tively show that increased PRC2 activity is cer-
tainly acting as a driver in some cancers. This
has recently been supported by numerous se-
quencing studies that have found the genes
encoding the PRC2 members to be mutated
in many different cancers. Surprisingly, howev-
er, both loss- and gain-of-function mutations
have been identified, indicating that PRC2 acts
as a tumor suppressor in some cancers and an
oncogene in others (Table 1).

HYPERACTIVATING CATALYTIC MUTANTS
OF EZH2

Several studies have identified recurring somatic
point mutations in the sequence coding for
the SET domain of EZH2 in follicular lym-
phoma (FL) and the germinal center B-cell
(GCB) subset of diffuse large B-cell lymphoma
(DLBCL) (Fig. 2). The most frequent of the
hyperactivating mutations leads to a substitu-
tion of a tyrosine in the SET domain (Y646F/
N/S/H/C, initially referred to as Y641), occur-
ring in up to 25% of DLBCL and FLs (Morin
et al. 2010, 2011; Bodor et al. 2013; Okosun
etal. 2014). Although this mutant was original-
ly reported to inactivate EZH2 activity as as-
sessed by in vitro methylation assays (Morin
et al. 2010), subsequent studies have demon-
strated that it is a gain-of-function mutation
with hyperactive conversion rate of H3K27 di-
to trimethylation, and the mutant does indeed
confer greatly increased levels of H3K27me3
(Sneeringer et al. 2010; Bodor et al. 2011,
2013; Yap et al. 2011).

The initial misperception concerning the
biochemical properties of the EZH2-Y646
mutant stems from the fact that the mutant
enzyme is very inefficient at the conversions
of unmethylated H3K27 to H3K27mel and of
H3K27mel to H3K27me?2. If a wild-type EZH2
is present, however, allowing the mutant en-
zyme to use H3K27me2 as its substrate, they
together very efficiently catalyze the conversion
to H3K27me3 (Fig. 2C) (Swalm et al. 2014).
Accordingly, the somatic mutation leading to
the change of Y646 is always monoallelic and a
wild-type allele of EZH2 is always present in
these cancers (Sneeringer et al. 2010). Interest-
ingly, this does not seem to be the case for
another characterized hyperactivating mutant
(A682G), found in 1%—2% of FL, which cata-
lyzes all the steps at a high rate and, consequent-
ly, does not seem to require wild-type EZH?2 in
vitro (Morin et al. 2011; McCabe et al. 2012a).
A third recurrent point mutant in the SET do-
main of EZH2 (A692V) associated with lym-
phoma also leads to increased H3K27me3, but
as it appears to prefer H3K27mel as its substrate
with little-to-no enhanced catalytic activity to-
ward H3K27me?2, it does not lead to a global
depletion of H3K27me?2 as seen in cells express-
ing Y646 or A682 mutants (Morin et al. 2011;
Majer et al. 2012; Bodor et al. 2013; Ott et al.
2014). Interestingly, this mutant is also detected
in a patient-derived B-cell acute lymphoblastic
leukemia (B-ALL) cell line, and treatment with
an EZH?2 inhibitor (GSK126) leads to growth
arrest and apoptosis (Ott et al. 2014). The
same study found another B-cell ALL cell line
to contain the Y646 substitution (Ott et al.
2014), and this mutant has also been found in
sporadic parathyroid adenomas (Cromer et al.
2012) and in melanomas (Hodis et al. 2012),
demonstrating that hyperactive EZH2 mutants
are not exclusive to lymphoma. Crystal struc-
tures of the human EZH2 SET domain (Anto-
nysamy et al. 2013; Wu et al. 2013a) show that
Y646 is placed so that the tyrosine hydroxyl
group can make hydrogen bond coordination
to the substrate’s terminal amine nitrogen.
This could impede free rotation needed to ori-
ent the nitrogen properly for transfer of the
third methyl group from S-adenosylmethionine
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Table 1. Mutations in genes coding for PRC2 subunits in cancer

Gene Cancer Notes References
Hyperactivating mutations
EZH2 DLBCL Y646N/F/S/H/C ~ Morin et al. 2010, 2011; Lohr et al. 2012;
A682G McCabe et al. 2012a; Okosun et al. 2014
A692V
FL Y646N/F/S/H/C ~ Morin etal. 2010, 2011; Bodor et al. 2011, 2013;
A682G McCabe et al. 2012a; Okosun et al. 2014
A692V
NHL (“other”) Y646F/S Morin et al. 2011
A692V
B-ALL (patient-derived Y646N Ott et al. 2014
cell lines) A692V
Sporadic parathyroid Y646N Cromer et al. 2012
adenomas
Melanoma Y646N /F/S Hodis et al. 2012; Krauthammer et al. 2012;

Loss-of-function mutations

EZH2 Myeloid malignancies,
including MDS, MPN,
ME CMML, and AML

T-ALL
EED MDS/MPN
MPNST
GBM
Melanoma
MDS/MPN
T-ALL

Suzi2

MPNST

GBM
Melanoma
MDS/MPN
T-ALL
MDS/MPN

JARID2

AEBP2

Correlated with
poor survival

Alexandrov et al. 2013; Zingg et al. 2015

Ernst et al. 2010; Nikoloski et al. 2010; Abdel-
Wahab et al. 2011; Bejar et al. 2011;
Guglielmelli et al. 2011; Jankowska et al.
2011; Score et al. 2012; Muto et al. 2013;
Lindsley et al. 2015;

Ntziachristos et al. 2012; Neumann et al. 2015

Score et al. 2012

De Raedt et al. 2014; Lee et al. 2014

De Raedt et al. 2014

De Raedt et al. 2014

Score et al. 2012

Ntziachristos et al. 2012; Simon et al. 2012;
Neumann et al. 2015

De Raedt et al. 2014; Lee et al. 2014; Zhang
et al. 2014

De Raedt et al. 2014

De Raedt et al. 2014

Puda et al. 2012; Score et al. 2012

Simon et al. 2012

Puda et al. 2012

AML, Acute myeloid leukemia; B-ALL, B-cell acute lymphoblastic leukemia; CMML, chronic myelomonocytic leukemia;
DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; GBM, glioblastoma multiforme; MDS, myelodysplastic
syndrome; ME myelofibrosis; MPN, myeloproliferative neoplasm; MPNST, malignant peripheral nerve sheath tumor; NHL,
non-Hodgkin lymphoma; T-ALL, T-cell acute lymphoblastic leukemia.

(SAM) (Fig. 2B). A682 likely holds Y646 in
place, and mutation to glycine may loosen the
pocket to decrease suppression of the third
methylation step. A692 is also located in the
active site, although it is not as clear what exact
structural changes occur when it is mutated to
valine.

In accordance with Ezh2 being specifically
expressed at this stage of B-cell development

(Velichutina et al. 2010), Ezh2 is required for
the formation of germinal centers. Expression
of hyperactive Ezh2 (Ezh2-Y646N) in GC-B
cells induces GC hyperplasia, and this hyperpla-
sia is reverted by treatment with an EZH?2 in-
hibitor. Knockin of an Ezh2 allele expressing
Ezh2-Y646N alone does not give rise to lym-
phomas, but collaboration with Bcl2 and
sustained activation of GC formation leads to
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Figure 2. Hyperactive EZH2 mutants in DLBCL and FL. (A) Histogram of EZH2 mutation frequencies in FL and
DLBCL. These map to three residues in the catalytic SET domain. (B) The mutated residues (light blue) are
found in the active catalytic site of EZH2 near substrate and cofactor (yellow). Y646 coordinates the substrate
lysine’s side-chain amine and impedes rotation to allow transfer of the third methyl group, while A682 stabilizes
the position of Y646. The crystal structure of the human EZH2 SET domain (PDB 4MI0) (Wu et al. 2013a) is
used with substrate and cofactor from EHMT1 superimposed (PDB 2RFI) (Wu et al. 2010). (C) Combined
activities of wild-type (WT) and Y646 mutant EZH2 achieves faster H3K27 trimethylation (Swalm et al. 2014).

GC-derived lymphomas (Beguelin et al. 2013).
Similarly, expressing Ezh2-Y646F from a lym-
phocytic promoter does not in itself lead to tu-
mor formation. However, crossing these mice
with the Ep-Myc transgenic mice markedly in-
creases the rate of lymphoma formation in the
offspring, and the resulting cancers can give rise
to tumors in secondary recipients in transplan-
tation experiments (Berg et al. 2014). Collec-

tively, these studies show that Ezh2-Y646N/F
can collaborate with known oncogenes to accel-
erate tumorigenesis.

Both DLBCL and FL arise from GC B cells.
As mentioned above, Ezh2 is required for GC
formation with Ezh2 levels increasing as B cells
enter the GC reaction and then decreasing upon
exiting, enabling the expression of genes medi-
ating terminal differentiation (Velichutina et al.
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Figure 3. Loss-of-function PRC2 mutations in cancer. (A) Mutations conferring loss of PRC2 function are
recurrent in several cancer types. The mutations are found in the genes coding for PRC2 core subunits or
substoichiometric interaction partners, as well as in the genes coding for H3.1 and H3.3. (B) Histogram of EZH2
mutants found in T-cell acute lymphoblastic leukemia (T-ALL) and myelodysplastic syndrome/myeloprolifer-
ative neoplasm (MDS/MPN) (Ernst et al. 2010; Nikoloski et al. 2010; Abdel-Wahab et al. 2011; Bejar et al. 2011;
Guglielmelli et al. 2011; Jankowska et al. 2011; Score et al. 2012; Muto et al. 2013; Lindsley et al. 2015). (Legend

continues on following page.)
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2010; Beguelin et al. 2013). Hyperactive PRC2 in
the GC appears to inhibit terminal differentia-
tion, keeping cells in a more stem cell-like state,
and allowing continuous rapid proliferation.
Thus, the normal physiological role of PRC2 in
GC B cells is related to keeping these cells from
terminally differentiating—an observation that
is mimicked in several other tissues, where PRC2
is often active in the stem-cell compartment and
downregulated upon differentiation, seemingly
guarding the balance between self-renewal and
differentiation (Laugesen and Helin 2014).

LOSS-OF-FUNCTION MUTATIONS IN
GENES ENCODING PRC2 MEMBERS

Loss-of-function mutations in EZH2 in human
cancers were first identified in myeloid malig-
nancies (Ernst et al. 2010; Nikoloski et al. 2010).
The observed mutations range from chromo-
somal loss over insertions/deletions to single
nucleotide substitutions leading to mis- or non-
sense amino acid substitutions, most of them
believed to abolish PRC2 activity (Ernst et al.
2010). Subsequently, loss-of-function muta-
tions in genes encoding core PRC2 members
(EZH2, SUZI12, EED) and accessory factors
(JARID2, AEBP2) have been identified in vari-
ous myeloid malignancies (Ernst et al. 2010;
Nikoloski et al. 2010; Jankowska et al. 2011;
Puda et al. 2012; Score et al. 2012; Lindsley
et al. 2015) with loss of EZH2 correlating with
poor prognosis (Bejar et al. 2011; Guglielmelli
et al. 2011), as well as in T-cell lymphoblastic
leukemia (T-ALL) (Ntziachristos et al. 2012; Si-

mon et al. 2012; Neumann et al. 2015), malig-
nant peripheral nerve sheath tumor (MPNST)
(De Raedt et al. 2014; Lee et al. 2014; Zhang
et al. 2014), and melanoma and glioblastoma
multiforme (GBM) (De Raedt et al. 2014).

In myelodysplastic syndrome/myelopro-
liferative neoplasm (MDS/MPN) and T-ALL,
PRC2 is most frequently targeted through
mutations of EZH2. This includes mutations
leading to homozygous amino-terminal frame
shifts, and thus complete loss of EZH2 is toler-
ated and maybe beneficial for these cancers.
Missense mutations are also frequent, and are
mostly found in the part of the gene coding for
the catalytic domain, but three other regions of
the gene appear to have a significant number of
mutations clustering as well (Fig. 3B). The first
hotspot region lies prior to the first SANT do-
main. Although sequence homology is poor
between the crystallized PRC2 from C. thermo-
philum and human PRC2, it is plausible that an
analogous pre-SANT region sandwiched be-
tween EED and the SET domain exists, and mu-
tations may directly affect the SET domain or
the allosteric communication from EED (Fig.
3E). The second hotspot region is immediately
after the first SANT domain, but the crystal
structure currently gives little clues as to how
this can affect PRC2 function. Mutations in
the CXC domain map to the two zinc-binding
clusters and likely disrupt the (unknown) func-
tion of the CXC domain (Fig. 3F). In the SET
domain mutants, the alterations map to the
immediate proximity of the active site where
catalysis takes place (Fig. 3G). In MDS/MPN

Figure 3. (Continued)The missense mutations cluster in four hotspot regions. (C) Mutations in EED and SUZ12
found in malignant peripheral nerve sheath tumors (MPNSTs) (De Raedt et al. 2014; Lee et al. 2014; Zhang et al.
2014). (D) Crystal structure of Ezh2 and Suz12 VEFS domain from C. thermophilum (PDB 5CH1) (Jiao and Liu
2015) with Eed replaced by superimposed human EED (PDB3IIW) (Margueron et al. 2009). Right panel shows a
schematic representation of the structure. (E) Loss-of-function mutations are frequently found in the part of
EZH2 coding for the 50 amino acid pre-SANT region. In the structure D, the pre-SANT region (red) is sand-
wiched between EED (green) and the catalytic SET domain of Ezh2 (blue), and mutations likely affect SET
domain function directly or perturb a putative allosteric communication between EED and Ezh2. (F) Loss-of-
function mutations are frequently found in the part of EZH2 coding for the CXC domain. It has nine cysteines
(light blue) that coordinate zinc ions in two separate clusters. All missense mutations (red) in this domain map
to these clusters. Structure of the human CXC domain is used (PDB 4MI0) (Wu et al. 2013a). (G) The hotspot
region for EZH2 mutations in the SET domain maps to the active site and surrounding binding pockets for
substrate and cofactor. Structure used is of human SET domain (PDB 4MI0) with substrate and cofactor from
EHMT1 superimposed (PDB 2RFI) (Wu et al. 2010). DIPG, Diffuse intrinsic pontine glioma.
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and T-ALL, mutations in EED and SUZI2 are
less frequent (1%-2%), but they do occur
(Ntziachristos et al. 2012; Score et al. 2012; Si-
mon et al. 2012; Neumann et al. 2015) and are
further evidence that PRC2 disruption is the
driving event. Missense mutations in SUZI2
map to the VEFS domain, which mediates the
binding to EZH?2.

In some cancers, both alleles of a gene en-
coding a PRC2 member carry loss-of-function
mutations, leading to complete abrogation of
PRC2 activity, while other patients carry one
wild-type allele. A recent study of MPNST pa-
tients found that 79% with and 34% without
NFI microdeletions are homozygous for loss of
either SUZI2 or EED (De Raedt et al. 2014). In
an Nf1 ™/ ~; Trp53*/~ mouse model, heterozy-
gous loss of Suzl2 significantly accelerated the
development of MPNST and other cancer types,
including high-grade glioma (De Raedt et al.
2014). MPNST appears to frequently be derived
from a neurofibroma with monoallelic NFI de-
letions that include SUZ12 (neighboring gene),
and the second SUZI2 mutation drives the
event. This observation provides a possible ex-
planation to why SUZI2 is frequently the tar-
geted PRC2 member in MPNST.

It was recently shown that knockout of
Suzl2 or Eed leads to defects in hematopoietic
stem cell (HSC) self-renewal, in part through
derepression of the Cdkn2a locus, and that
PRC2 function is required for lymphoid devel-
opment (Xie et al. 2014; Lee et al. 2015). Con-
versely, partial loss of PRC2 function leads to
increased proliferative capacity of HSCs (Les-
sard et al. 1999; Richie et al. 2002; Majewski
et al. 2010; Lee et al. 2015), highlighting the
sensitivity of these cells to PRC2 dosage.

Several mouse models have shown tumor
suppressive roles of PRC2 in hematological ma-
lignancies, with Ezh2 knockout leading to spon-
taneous development of T-ALL and MDS/
MPN (Simon et al. 2012; Mochizuki-Kashio
etal. 2015). Importantly, deletion of Ezh1 alone
does not cause any hematological malignancies,
and concomitant loss of Ezhl/Ezh2 abolishes
the myoproliferative effects of Ezh2 loss, indi-
cating that the phenotype of Ezh2 knockouts
might rely on Ezhl compensating to uphold

PRC2 Mutations in Cancer

some residual PRC2 activity (Mochizuki-Ka-
shio et al. 2015). In addition, loss of Ezh2 was
found to accelerate and exacerbate the develop-
ment of MDS when deleted in conjunction with
Tet2 (Muto et al. 2013), and in a RunxI mouse
model, Ezh2 knockout promotes MDS develop-
ment but prohibits malignant transformation
to AML (Sashida et al. 2014). Interestingly, het-
erozygous loss of SuzI2 was found to accelerate
lymphomagenesis in Ep-myc mice (Lee et al.
2013), a striking observation, since hyperactive
Ezh2 was found to induce a similar phenotype
(Berg et al. 2014). Furthermore, several studies
have shown that deletion or depletion of PRC2
members impedes MLL-AF9-driven AML (Neff
et al. 2012; Tanaka et al. 2012; Shi et al. 2013;
Danis et al. 2015), and overexpression of Ezh2
leads to myeloproliferative disorders (Herrera-
Merchan et al. 2012). Taken together, this un-
derlines the complex nature of PRC2 function
in disease progression, and indicates that the
consequence of PRC2 loss is highly dependent
on the cellular context and exact developmental
stage at which the loss occurs, compromising
the intricate balance between self-renewal and
differentiation. The various observations indi-
cate that HCSs are dependent on a functional
PRC2 to prevent activation of the Cdkn2a locus,
whereas loss-of-function of one allele coding
for a core component of PRC2 predisposes to
the development of a hematopoietic malignan-
cy. If these malignancies retain an intact Cdkn2a
locus, they could therefore still be dependent on
PRC2 activity and might thus respond to treat-
ment with EZH2 inhibitors (see below).

THE SIGNIFICANCE OF H3K27
METHYLATION

Drosophila studies have shown that the catalytic
activity of PRC2 is required to prevent derepres-
sion of target genes (Muller et al. 2002), and a
histone mutant abolishing H3K27 methylation
phenocopies of Polycomb mutants, strongly
suggesting that H3K27 methylation is the essen-
tial physiological function of PRC2 (Pengelly
et al. 2013). Additional data from Drosophila
show that a mutant with an amino acid substi-
tution (R741K) in the SET domain of E(z) (the
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Drosophila homolog of EZH2) confers hyper-
trimethylation activity of PRC2 with increased
levels of H3K27me3 and decreased levels of
H3K27mel/me2. Importantly, this increased
trimethylation leads to inappropriate repres-
sion of PRC2 target genes with phenotypes
mimicking those of loss-of-function mutations
in trithorax (trx), encoding the Drosophila en-
zyme orthologous to the MLL H3K4 methyl-
transferases and key antagonist of Polycomb
silencing (Stepanik and Harte 2012). Although
the mutation conferring hypertrimethylation
of H3K27 is distinct from the mutations ob-
served in mammalian cancers, the data from
Drosophila show that increased H3K27me3 can
indeed cause inappropriate silencing of PRC2
target genes with consequences for cell-fate de-
cisions.

The discovery of cancers with increased
levels of H3K27me3 from hyperactivating mu-
tations in EZH2 point to a definite role of
the catalytic activity of PRC2 and particularly
H3K27me3 in cancers where PRC2 is playing
an oncogenic role. In a case of PRC2 acting
as a tumor suppressor, patients with benign
neurofibromas retaining some PRC2 function,
staining for H3K27me3 is lost upon progres-
sion to MPNST (Lee et al. 2014), indicating
that complete loss of PRC2 function and
H3K27me3 is contributing to malignant trans-
formation in these cancers. In line with this,
loss of H3K27me3 was recently shown to be a
robust diagnostic marker for distinguishing
sporadic and radiation-induced MPNSTs from
other cancers in the differential diagnosis for
MPNST (Prieto-Granada et al. 2015). In addi-
tion, the demethylases responsible for removing
H3K27me3 are also deregulated in human can-
cers with KDM6A/UTX mutations in several
cancer types (van Haaften et al. 2009; Gui et al.
2011;Jankowska et al. 2011; Ross et al. 2014; Van
der Meulen et al. 2015) and KDM6B/JMJD3
overexpression in Hodgkin’s lymphoma and
T-ALL associated with loss of H3K27me3 (An-
derton et al. 2011; Simon et al. 2012).

Seemingly direct implications of the histone
substrate of PRC2 in cancer development have
come from recent findings of somatic muta-
tions, causing a lysine-to-methionine substitu-

tion at residue 27 in the H3 tail in genes encod-
ing histone variants H3.1 and H3.3 in pediatric
brain tumors (Schwartzentruber et al. 2012; Wu
et al. 2012). Global levels of H3K27me3 are di-
minished in these tumors, putatively because of
the inhibitory effect of H3K27M on PRC2 ac-
tivity (Bender et al. 2013; Chan et al. 2013; Lewis
et al. 2013; Venneti et al. 2013), and these mu-
tants might primarily exert their tumorigenic
function through their conferred loss-of-func-
tion of PRC2. Despite the global reduction in
H3K27me3, PRC2 occupancy and H3K27me3
are specifically enriched at certain PRC2 tar-
get genes, correlating with lower expression of
these genes. Conversely, PRC2 target genes with
lower levels of H3K27me3 in cells carrying the
H3K27M mutant were found to have reduced
levels of DNA methylation and increased ex-
pression levels, indicating that the functional
consequence of H3K27M mutation includes
aberrant transcriptional activation as well as de-
fective repression of PRC2 targets (Bender et al.
2013; Chan et al. 2013).

HOW DOES DEREGULATED PRC2 ACTIVITY
CONTRIBUTE TO TUMORIGENESIS?

PRC2 is important for balancing proliferation
versus differentiation, and PRC2 has been
shown to promote a de-differentiated pheno-
type of several cancers (Richter et al. 2009;
Tanaka et al. 2012; Beguelin et al. 2013).
Increased PRC2 activity (be it through overex-
pression or hyperactive mutants) in stem and
progenitor cells might promote self-renewal
over differentiation by increasing the thresholds
for transcriptional activation of differentiation-
associated PRC2 target genes or genes control-
ling cell proliferation such as CDKN2A. A
central role of CDKN2A in relation to PRC2
mutants is supported by findings that knockout
of the Cdkn2a locus in combination with Eed
knockout partially rescues the growth pheno-
type of both HSCs (Xie et al. 2014) and leuke-
mic cells in an MLL-AF9 mouse model (Shi et al.
2013; Danis et al. 2015), as well as the co-occur-
rence of CDKN2A mutations and loss-of-func-
tion mutations in EED and SUZ12 in MPNSTs
(Lee et al. 2014) and the requirement of PRC2-
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mediated repression of CDKN2A for prolifera-
tion of rhabdoid tumors (Kia et al. 2008).

Another plausible explanation is that dereg-
ulation of PRC2 activity in either direction al-
ters thresholds for gene activation, promoting
epigenetic instability and giving rise to tran-
scriptional deregulation, thereby increasing
the risk of cancer development (Brock et al.
2015). In addition to the direct misregulation
of CDKN2A in some cancers with PRC2 alter-
ations, this explanation might provide a more
general model of how deregulated PRC2 activity
promotes oncogenesis. This would also explain
the difficulties with identifying key deregulated
genes or conserved gene expression signatures
in cancers dependent on PRC2 and with altered
PRC2 activity.

TARGETING PRC2 IN CANCER

Knockdown studies in cancer cells with in-
creased PRC2 levels show that many of these
cancers depend on PRC2 for proliferation (Al-
bert and Helin 2010). Along with the discovery
of mutations in EZH2 leading to hyperactive
PRC2, this has prompted the hope of thera-
peutically targeting PRC2 in cancer. Several
companies have developed small molecule in-
hibitors specific for EZH2, and their efficiency
in targeting lymphoma cells harboring hyper-
activated EZH2 has been demonstrated both in
vitro and in preclinical mouse models (Knutson
etal. 2012, 2014a; McCabe et al. 2012b; Qi et al.
2012; Beguelin et al. 2013; Garapaty-Rao et al.
2013; Bradley et al. 2014; Campbell et al. 2015).
The inhibitors are all S-adenosylmethionine
(SAM, cofactor) competitive inhibitors, and,
perhaps because the hyperactivity-conferring
mutations map in the substrate-binding pocket
(Fig. 2B), these inhibitors are not selective for
mutant versus wild-type EZH2.

Three companies (Epizyme, Cambridge,
MA; GlaxoSmithKline, Parsippany, NJ; and
Constellation Pharmaceuticals, Cambridge,
MA) have moved their EZH2 inhibitors forward
into phase 1 clinical trials in the last couple of
years. Whereas the phase 1 clinical trials are
primarily aimed at establishing acceptable safe-
ty profiles for the compounds, the three com-

PRC2 Mutations in Cancer

panies have all pointed at B-cell lymphomas
with hyperactive mutant EZH2 as the primary
indication to target. Recently, the FDA approved
that Epizyme can initiate phase 2 clinical trials
for the treatment of patients with relapsed
DLBCL (Epizyme, press release). Interestingly,
the Epizyme EZH2 inhibitor Tazemostat (also
known as EPZ-6438) has shown promising
antitumor activity in nine out of 15 DLBCL
patients of which only one patient expressed
hyperactive mutant EZH2 (Epizyme, press re-
lease). This intriguing finding is in line with
several studies suggesting that targeting EZH2
might be a relevant therapeutic strategy in can-
cers without hyperactivated EZH2. In addition
to EZH2 inhibition effectively targeting lym-
phomas without hyperactivated EZH2 (Begue-
lin et al. 2013; Bradley et al. 2014), these studies
have shown that EZH2 inhibition shows syn-
thetic lethality with mutations in components
of the SWI/SNF remodeling complex (Wilson
etal. 2010; Knutson et al. 2013; Bitler et al. 2015;
Fillmore et al. 2015; Kim et al. 2015) BAP1 (La-
Fave et al. 2015), and potentially also with mu-
tations in UTX (Van der Meulen et al. 2015).

With PRC2 mutational status not being suf-
ficient to decide whether a patient will respond
to EZH2 inhibition, identification of robust
biomarkers that can be used to stratify patients
correctly becomes a major challenge. As men-
tioned above, PRC2 mutations may primarily
contribute to oncogenesis through a desta-
bilization of the chromatin environment by al-
tering the thresholds for gene activation and
increasing transcriptional noise. Thus, the
gene expression changes ultimately promoting
cancer development might well be diverse and
unique to each patient. This is supported by the
identification of very few common gene expres-
sion changes following EZH?2 inhibition in pa-
tient-derived DLBCL cell lines (McCabe et al.
2012b; Beguelin et al. 2013). Analysis of gene
expression signatures may thus not be a viable
strategy for defining responders to treatment
with EZH?2 inhibitors.

Collectively, therapeutically targeting PRC2
in cancer through EZH2 inhibition has very
promising prospects, and, with the particular
requirement of PRC2 in stem and progenitor
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cells, might present a means of targeting the
cancer stem cell compartment. However, the
fact that PRC2 acts as a tumor suppressor in
some cancer types along with the sensitivity of
many cell types to alterations in PRC2 dosage
raises some safety concerns and underlines the
need to identify potential responders and min-
imize adverse effects of EZH?2 inhibition in the
clinic. It has already been demonstrated that
secondary mutations can be acquired in tumors
carrying either wild-type or mutated EZH?2 al-
leles under prolonged inhibitor treatment, thus
making cancer cells refractory to current inhib-
itors (Baker et al. 2015; Gibaja et al. 2016). Such
findings highlight the need to expand the range
of EZH2 inhibitors to include a repertoire of
inhibitors targeting potential resistance mu-
tants in the clinic. (See also Melnick 2016 on
therapy targeting lysine methyltransferases.)

CONCLUDING REMARKS

In accordance with their crucial functions in
specification and preservation of cell fate, the
genes encoding the PRC2 components are
often found mutated or deregulated in human
cancers. The fact that both activating and inac-
tivating mutations can contribute to the devel-
opment of cancer is consistent with the general
role of PRC2 in maintaining transcriptional
programs and thereby guarding cell identity.
Deregulation of PRC2 activity does not in itself
lead to changes in transcriptional programs, but
it alters the thresholds for gene activation.
Therefore, the apparent role of PRC2 becomes
context-dependent, that is, the phenotypic con-
sequences of deregulated PRC2 activity are de-
termined by the cellular environment and other
mutations contributing to tumor development.
With this in mind, it might not be surprising
that efforts to identify common gene expres-
sion patterns in PRC2-dependent tumors have
been futile. Apart from a crucial role of PRC2 in
maintaining the transcriptional repression of
the CDKN2A locus, genes have not been iden-
tified that indicate PRC2-dependency in tu-
mors. However, despite this complexity, several
companies have developed specific EZH2 in-
hibitors that have shown promising results in

both preclinical and clinical trials. Thus far,
the clinical trials have focused on cancers over-
expressing EZH?2 (e.g., DLBCL and FL), cancers
expressing hyperactivating mutants of EZH2
(e.g., DLBCL and FL), and cancers with muta-
tions in genes coding for the SWI/SNF complex
(e.g., thabdoid tumors and synovial sarcomas).
If further success is achieved in these clinical
trials, they could be extended to other cancers
with somatic mutations that show synthetic
lethality with PRC2 inhibition (e.g., BAP1
mutated mesotheliomas [LaFave et al. 2015]).
While EZH2 inhibitors have until now been
used as single agents, several studies have sug-
gested that combination therapies might be a
viable strategy (Beguelin et al. 2013; De Raedt
et al. 2014; Knutson et al. 2014b; Fillmore et al.
2015), which could be exploited.
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