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Abstract

Methylation of lysine 27 on histone 3 (H3K27me), a modification associated with gene repression,

plays a critical role in regulating the expression of genes that determine the balance between cell

differentiation and proliferation. Alteration of the level of this histone modification has emerged

as a recurrent theme in many types of cancer, demonstrating that either excess or lack of H3K27

methylation can have oncogenic effects. Cancer genome sequencing has revealed the genetic basis

of H3K27me deregulation, including mutations of the components of the H3K27

methyltransferase complex PRC2 and accessory proteins, and deletions and inactivating mutations

of the H3K27 demethylase UTX in a wide variety of neoplasms. More recently, mutations of

lysine 27 on histone 3 itself were shown to prevent H3K27me in pediatric glioblastomas. Aberrant

expression or mutations in proteins that recognize H3K27me3 also occur in cancer and may result

in misinterpretation of this mark. Additionally, due to the crosstalk between different epigenetic

modifications, alterations of chromatin modifiers controlling H3K36me, or even mutations of this

residue, can ultimately regulate H3K27me levels and distribution across the genome. The

significance of mutations altering H3K27me is underscored by the fact that many tumors

harboring such lesions often have a poor clinical outcome. New therapeutic approaches targeting

aberrant H3K27 methylation include small molecules that block the action of mutant EZH2 in

germinal center-derived lymphoma. Understanding the biological consequences and gene

expression pathways affected by aberrant H3K27 methylation may also lead to other new

therapeutic strategies.

Background

The phenotype and fate of a given cell depends on a precise control of gene expression that

determines the set of genes that are expressed at a specific moment. Local chromatin

configuration at gene promoters and enhancers determines DNA accessibility to

transcription machinery and factors involved in chromatin looping that brings promoters and

enhancers into close proximity. Epigenetic modifications, namely DNA methylation at CpG
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sites, and covalent modifications of the N-terminal tails of core histones, are critical

regulators of chromatin structure and ultimately gene expression. Over the past decade,

aberrant epigenetic regulation and alteration of histone modifications have emerged as a

recurrent theme in malignancy.

The amount and distribution of a specific histone modification can be pathologically altered

by aberrant expression or function of the enzymes that place the modification (“writers”),

dysfunction of the enzymes that remove the mark (“erasers”), or by mutations of the histone

that prevent the residue from being modified. Histone modifications are intricately

coordinated, and alterations of a histone mark can affect the levels and distribution of other

modifications. In addition, alterations in factors that recognize the modification (“readers”)

can result in an aberrant functional outcome of the mark. In this review, we will focus on

mechanisms that lead to altered methylation of lysine 27 on histone H3 (H3K27me), a

common feature in many types of cancer.

The presence of trimethylation of H3K27 (H3K27me3) at promoter regions is associated

with gene repression. This modification is generated by the Polycomb repressive complex 2

(PRC2), composed of the SET domain-containing histone methyltransferase (HMT) EZH2

(enhancer of zeste homolog 2) or its functional homologue EZH1, and core accessory

proteins (EED, SUZ12, and RbAp48) (Fig. 1A). The H3K27me3 mark is recognized by the

PRC1 complex, which represses transcription by several mechanisms, including

ubiquitination of histone H2A on lysine K119 and chromatin compaction (1). Despite its

repressive function, H3K27me3 is found together with the activation-associated H3K4me3

mark at the promoters of “bivalent genes”. These genes, characteristic of embryonic stem

cells (ESC) (2), are poised for either activation or repression. Upon differentiation, either

H3K27me3 or H3K4me3 is lost, leading to gene activation or repression, respectively.

Accordingly, EZH2 and the PRC2 complex are essential for normal differentiation of ESCs

(3).

Removal of di and tri-methyl groups from H3K27 is performed by the histone demethylases

UTX/KMD6A and JMJD3/KDM6B, which contain a JmjC (Jumonji) catalytic domain (4, 5)

(Fig. 1A). UTX is encoded on the X chromosome but escapes X inactivation in females (6).

This protein is part of a transcriptional activator complex including the MLL2/MLL3 H3K4

methyltransferases, suggesting a concerted mechanism in which repressive H3K27 methyl

marks are removed and H3K4 is methylated to activate transcription (5). UTX (7) and

JMJD3 (8) are also required for ESC differentiation, underscoring that the regulated

resolution of the bivalent state is critical for normal development. Given the critical role of

the H3K27me in temporal and spatial control of gene expression, it is not surprising that

mutations of the machinery that creates, removes and interprets this chromatin modification

play a role in malignancy (1).

Clinical-Translational Advances

Alterations in H3K27me “writers”

EZH2 overexpression—Overexpression of EZH2 is found in a wide variety of cancers

(9). In solid tumors, high levels of this factor are associated with aggressive biology,
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metastasis and poor clinical outcome (9–11). Accordingly, experimental overexpression of

EZH2 promotes proliferation, anchorage-independent growth, migration, invasion and

metastasis (9), with oncogenic activity dependent on the SET domain, and presumably, on

its ability to mark histones for gene repression. Genome-wide analyses demonstrated that of

in cancer-associated EZH2 overexpression leads to increased H3K27me3 and repression of

genes involved in the differentiation of cancer SCs, such as p16 and p19, and tumor

suppressor genes such as RUNX3 and CDH1 (9, 12) (Fig. 1D). In contrast, overexpression

of EZH2 was more recently associated with lower global levels of H3K27me3 in castration-

resistant PCa (13). In this system, phosphorylated EZH2 did not associate with the PRC2

complex but bound the androgen receptor; and was present at actively transcribed genes

(Fig. 1D). This activity required the SET domain of EZH2 (13), suggesting that methylation

of non-histone targets may also be relevant for the oncogenic action of EZH2. As another

example of this alternative action, in glioblastoma, phosphorylated EZH2 methylates

STAT3, increasing activation of this oncogenic transcription factor (14) (Fig. 1D).

EZH2 mutations—In 2010, cancer genome sequencing identified heterozygous somatic

missense mutations of EZH2 in 7% of follicular lymphoma and up to 22% of germinal

center B-cell-like diffuse large B-cell lymphoma (GCB-DLBCL) (15). These mutations are

found within the SET domain of EZH2 at tyrosine 641 (Y641N, F, S, or H), alanine 677

(A677G) and alanine 687 (A687V) (15–17). Such mutations result in a change-of-function

of EZH2 and, unlike EZH2 overexpression, lead to a marked genome-wide increase in the

abundance of H3K27me3 (18). While wild-type EZH2 efficiently monomethylates H3K27,

it has weaker activity for the subsequent reactions that lead to di- and tri-methylation. By

contrast, mutations in Y641 block the ability of EZH2 to modify unmethylated substrates

while increasing its efficiency in converting mono- or dimethylated histones, created by

wild-type EZH2, to the tri-methylated state (19, 20) (Fig. 1B). EZH2 A687V works

similarly, whereas EZH2 A677G has enhanced catalytic activity converting all un-, mono-

and dimethylated histones to H3K27me3 (16, 17). During B-cell development, EZH2 is

expressed in GC cells where it establishes a specific chromatin landscape, comprised of

repressed and bivalent loci, silencing of cell cycle checkpoints and differentiation factors

and allowing for the expansion of B-cells. With B-cell maturation, EZH2 activity is

overcome, leading to gene activation and allowing cells to exit the GC compartment,

differentiate into plasma cells and cease division. In GC B-cells, the Y641 mutation

enhances H3K27 trimethylation and results in an exaggerated silencing of EZH2 targets,

blocking differentiation and promoting proliferation and tumor formation (18).

In contrast to lymphoma, in T-cell acute lymphoblastic leukemia (T-ALL) and myeloid

malignancies, a range missense, nonsense and frameshift mutations of EZH2 occur (21–23).

These lesions can be homozygous, are found throughout the gene and generally are

predicted to disable HMT activity. Accordingly, cell lines harboring inactivating EZH2

mutations show a global decrease in H3K27me3 (21) (Fig.1C). The biological consequences

of these mutations were elucidated in T-ALL, where the PRC2 complex normally competes

with NOTCH1, a major driver of this disease, at specific target genes. Thus, loss of EZH2

favors NOTCH1-driven oncogenic gene activation in T-ALL (23). In myeloid neoplasms,

EZH2 mutations are associated with poor outcome, and are more common in patients with
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myelodysplastic syndromes (MDS) and myeloproliferative neoplasms (MPN) and rare in de

novo acute myeloid leukemia (AML) (21, 24–26). While targets in myeloid human

malignancies have yet to be identified, deletion of Ezh2 in mice produces a drastic reduction

in H3K27me and de-repression of potential oncogenes such as Hmga2, Pbx3, Lmo1 and Myc

target genes, leading to an MDS/MPN-like phenotype (27).

The identification of EZH2 mutations with opposing outcomes on H3K27me highlights the

importance of the balance of this histone mark for cell homeostasis, and suggests that EZH2

target genes may differ among tissues. Moreover, while EZH2 inhibition may be therapeutic

in lymphoma, it could be deleterious in other cell-types, emphasizing the need for

comprehensive preclinical mechanistic studies before embarking on such epigenetic

therapies.

Mutations in Polycomb-group associated proteins—Alterations in other members

of the PRC2 complex and associated proteins have also been identified. Missense and

inactivating mutations of SUZ12, EED and the PCR2-associated factor JARID2 were found

in MPN and MDS, and mimic EZH2 mutations, leading to reduced PRC2 activity (28–30).

Recurrent somatic mutations and deletions of ASXL1, encoding another PRC2-associated

factor (31), occur in patients with MDS, MPN, and AML, and predict poor survival (24, 25,

32). Most of these mutations are found within the last exon of the gene, yielding a truncated

protein. Accordingly, truncated forms of ASXL1 inhibit myeloid differentiation and induce

MDS-like disease in mice (33). ChIP-seq studies suggest that in the absence of ASXL1,

PRC2 neither binds chromatin nor methylates H3K27, resulting in a global loss of

H3K27me3. As a result, many genes are aberrantly activated, including the HOXA cluster,

contributing to myeloid transformation (31) (Fig. 1C).

Alterations in H3K27me erasers

While aberrations in JMJD3 are rare (34, 35), somatic inactivating mutations and deletions

of UTX are more common in hematological malignancies and solid tumors (36–38). UTX

lesions tend to be homozygous in females, and to be accompanied by genomic loss of its

homologue UTY in males, suggesting a tumor suppressor role (39). Supporting this idea,

loss of UTX enhances proliferation of cancer cells in many contexts (39–41). However, this

may be a tissue-specific effect, as UTX overexpression in breast cancer promotes

proliferation and invasion (42). UTX expression rises in parallel with MLL2/KMT2D in

breast cancer (42), whereas inactivating mutations of UTX and MLL2 in bladder cancer are

mutually exclusive (35). These findings suggest that the balance of H3K27/H3K4

methylation promoted by the UTX/MLL2 complex is critical for cell homeostasis, and thus,

overrepresentation or disruption of this complex can lead to oncogenesis. Aberrations in this

complex may explain the presence of cancer-specific bivalent genes, which show decreased

expression and are associated with drug resistance and tumor progression in ovarian cancer

(43). While in Drosophila UTX mutants have increased global levels of H3K27me3, UTX

aberrations in human cancers lead to only local alterations of this mark (39, 44, 45) (Fig.

1B). Retinoblastoma (RB)-binding proteins and HOX genes are regulated by UTX in

fibroblasts and ESCs, and their aberrant repression in the absence of UTX alters cell cycle

and differentiation regulation (7, 41). In breast cancer, pro-invasive and cell cycle genes are
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upregulated upon UTX overexpression, correlating with H3K27me3 loss (42). These studies

suggest that the subset of genes showing altered H3K27me3 upon UTX deregulation is cell-

type specific, and that similarly to EZH2, UTX may act as an oncogene or tumor suppressor

depending on the cellular context. Thus, additional effort is needed to understand how

alterations of UTX deregulate the epigenome in specific cancers.

Histone H3 mutations

Remarkably, recurrent disease-driving mutations are even found in the genes encoding

histones. A prime example is H3F3A, the gene encoding the histone variant H3.3, in which

heterozygous mutations (K27M and G34R/V) are found in diffuse intrinsic pontine glioma

and in up to 60% of cases of pediatric glioblastoma multiforme (46, 47), where the presence

of the K27M-H3.3 predicts poor survival (47–50). Cell lines and human specimens

harboring the K27M-H3.3 mutation display reduced levels of H3K27me2/3, and DNA

hypomethylation at many loci (48, 51, 52). Similarly, enforced expression of H3K27M

reduces genome-wide levels of H3K27me3. This can be explained by the ability of the

H3K27M mutant to inhibit the PRC2 complex by interacting with the SET domain of EZH2,

as well as SUZ12, competing with normal histone binding and turnover. However, mutant

cells also display enhanced EZH2 recruitment, increased H3K27me3 and repression of

specific loci. Hence, aberrant gene repression as well as activation may occur through

redistribution of the PRC2 complex (Fig. 1D). Accordingly, glioblastoma samples harboring

histone mutations show a distinct gene expression and DNA methylation profile (47, 50,

53).

Histone mutations may also affect H3K27me3 in an indirect way. In a high fraction of cases

of chondroblastoma and giant cell bone tumors, a mutation of lysine 36 histone 3 to

methionine (K36M) is found (54). There is crosstalk between the H3K36 and H3K27 methyl

marks, as the PRC2 complex is unable to methylate H3K27 in the presence of

H3K36me2/me3 (55, 56). Thus, the global reduction of H3K36 methylation that K36M

mutants provoke (51) may result in a lack of PRC2-inhibition and expansion of the

H3K27me3 mark, leading to aberrant repression of many loci (Fig. 1B). Experiments are

needed to determine the nature of genes deregulated in such tumors.

Alterations in H3K27me readers

The functional outcome of methylated H3K27 depends on the recruitment of effector

molecules that recognize this modification through WD40 and chromo domains. Aberrations

in these “readers” may therefore result in lack of H3K27me interpretation. The PRC2

component EED recognizes H3K27me3, promoting the self-propagation of this

modification. Mutations in the WD40 motifs of EED are found in myeloid malignancies (30,

57, 58), and interrupt the interaction between EED and H3K27me3 leading to reduced PRC2

activity (57) (Fig. 1C). The chromo domain protein CDYL also participates in the

propagation of H3K27me3, bringing EZH2 to sites harboring this mark (59). Loss of

heterozygosity of the CDYL locus is frequent in cervical cancer and correlates with poor

prognosis. Furthermore, decreased CDYL expression contributes to transformation by

promoting de-repression of the proto-oncogene TrkC (60). Missense and nonsense mutations

in the chromo domain of CDYL and its homolog CDYL2 (35), may also affect H3K27me3
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recognition. CBX proteins are components of the PRC1 complex that recognize H3K27me3

and target PRC1 to specific loci. CBX7 is critical for the formation of H3K9me3, which is

recognized by HP-1 (heterochromatin protein 1) leading to gene silencing. CBX7 is a tumor

suppressor that is downregulated in many types of cancer, leading to de-repression of cell

cycle genes such as CCNE1 (61). Paradoxically, overexpression of CBX7 is also pathogenic

as it enhances self-renewal and induces leukemia, an effect that requires binding to

H3K27me3 (62). Misinterpretation of H3K27me3 by these and other readers may therefore

result in effects as drastic as those produced by aberrations in writers and erasers. However,

more efforts are needed to fully characterize the mechanisms of action of these mutations.

Alterations of other chromatin regulators

Due to the balance between H3K27 and H3K36 methylation, aberrations in chromatin

modifiers regulating H3K36me2/3 may indirectly affect H3K27me. MMSET/NSD2 is a

H3K36-specific HMT overexpressed in multiple myeloma (MM) cases harboring the

translocation t(4;14), which is associated with poor prognosis (63). MMSET drives cancer

cell proliferation, clonogenicity and an invasive phenotype (64, 65). MMSET

overexpression provokes a genome-wide increase in H3K36me2 and a concomitant

reduction in H3K27me3. In these cells, EZH2 is unable to bind and methylate sites that

show increased H3K36me2, and is relocated to loci that maintain H3K27me, leading to

increased H3K27me3 and further repression of those genes (66) (Fig. 1D). MMSET-

overexpressing cells show higher sensitivity to small molecules targeting EZH2 (EZH2i),

indicating that H3K27me3-mediated repression is relevant to the molecular pathogenesis of

this form of malignancy. Recently, a recurrent mutation (E1099K) in MMSET was

identified in pediatric B-ALL and mantle cell lymphoma (67–69). This mutation lies within

the catalytic SET domain of MMSET and mimics the effects of MMSET overexpression,

promoting cell growth and the chromatin switch between H3K36me2 and H3K27me3.

NSD1, a close homologue of MMSET, is fused to the NUP98 locus in rare cases of AML to

generate the NUP98-NSD1 fusion protein. Expression of NUP98-NSD1 in mice stimulates

expression of Hoxa9 and Meis1 proto-oncogenes and induces AML. These effects depend

on the HMT activity of NSD1, which provokes local increases in H3K36me3, and

concomitant loss of EZH2 and H3K27me3 enrichment across these genes (70).

Several studies suggest that the chromatin remodeling complex SWI/SNF antagonizes

polycomb proteins in the control of gene expression. Loss of the SWI/SNF component

SNF5 occurs in aggressive cancers including malignant rhabdoid tumors. SNF5 loss

produces loci-specific increases in H3K27me3, due to a lack of polycomb protein

displacement by SWI/SNF and increased EZH2 levels (71).

Targeting deregulated H3K27me

Due to the reversible nature of epigenetic modifications, chromatin regulators such as EZH2

have emerged as potential therapeutic targets. The first agent identified to target EZH2 was

DZNep (Deazaneplanocin A), which inhibits SAH-hydrolase, a required cofactor for several

HMTs. DZNep leads to degradation of EZH2 and associated proteins, reactivation of PRC2

target genes and antitumor activity (9). Nevertheless, its short plasma half-life and lack of
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specificity led to the development of highly selective molecules (GlaxoSmithKline,

Epizyme) that directly target EZH2 and compete with the cofactor SAM binding at the

active site (18, 72–74). Some of these compounds have high selectivity for mutant-EZH2

lymphoma cells, leading to de-repressed expression of PRC2 target genes, decreased tumor

growth, and apoptosis (18, 72). Moreover, GCB but not activated B-cell-type DLBCL cells

respond to these inhibitors irrespectively of EZH2 status (18). Interestingly, high global

levels of H3K27me3 may not always dictate sensitivity to EZH2i. MMSET overexpression

decreases global levels of H3K27me3 but sensitizes MM cells to EZH2i. Local increases of

this mark at specific loci seem to guide their sensitivity, presumably due to the functional

outcome of those repressed genes. Rhabdoid tumors lacking the SNF5 SWI/SNF protein,

which promotes local H3K27me3-increases, display enhanced sensitivity to EZH2i (75). In

the case of loss of UTX, it remains to be elucidated whether localized increases in

H3K27me3 also sensitize these cells to EZH2i. A more detailed understanding these altered

epigenomes is critical to ascertain which cancer subtypes could benefit from these drugs.

T-ALL and myeloid malignancies show decreased H3K27me due to inactivation of different

PRC2 components. Finding a therapeutic strategy for such tumors may require the

identification of biologically relevant transcription factors that normally compete with the

PRC2 complex (such as NOTCH1 in T-ALL), and/or genes whose upregulation upon

H3K27me loss contributes to transformation. Another therapeutic approach to be explored is

the use of Jumonji H3K27 inhibitor molecules (76), which would impede the removal of the

aberrantly low H3K27me levels and perhaps restore repression. Developing an epigenetic

targeting strategy for tumors bearing K27M-H3.3 mutations also seems complex, as these

aberrations lead to both global decreases and local increases in H3K27me2/3. Careful study

of the pathways and genes altered in these cells will aid in the identification of putative

therapeutic approaches.

Taken together, alteration of H3K27me has emerged as a hallmark of transformation in

many types of cancer, and a platform for development of new therapies to overcome the

aberrant function of the writers or erasers of the modification. One of the most recent

approaches to epigenetic therapy has been the development of molecules that block the

“readers” of the H4K20 methyl mark (77). Likewise, compounds targeting H3K27me

“readers” may be developed to treat cancers showing a gain of function of these factors.

Lastly, elucidation of the pathways deregulated by alterations of H3K27me in specific tumor

types may lead to new understanding of cancer biology and development of targeted

therapy.
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Figure 1.
A. H3K27me3 writing is carried out by the PRC2 complex accompanied by accessory

proteins such as JARID2 and ASXL1. One mechanism of PRC2 recruitment is the

recognition of H3K27me3 by the PRC2-component EED, which leads to self-propagation of

this mark. EZH2 catalyzes H3K27 methylation leading to H3K27me3 and gene repression.

H3K27me3 erasing is done by the histone demethylase UTX, which specifically removes

the repressive mark H3K27me3 leading to gene activation. B. Alterations that produce

increases in the levels of H3K27me3 include: activating mutations of EZH2, inactivating

mutations of the histone demethylase UTX that lead to failure in the removal of this mark,

and K36M mutations in histone H3. H3-K36M mutant provokes a decreased in global levels

of H3K36me. The decrease of this mark will likely result in a lack of inhibition of PRC2,

increased levels of H3K27me3 and gene repression. C. Aberrations that lead to reduced

levels of H3K27me3 include inactivating mutations of the PRC2 components and accessory

proteins, and mutations in readers of H3K27me3. For example, mutations in EED inhibit the
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recognition of H3K27me3 by this factor, leading to a failure in the recruitment of PRC2

complex and the propagation of H3K27me3. D. Some aberrations lead to both increases and

decreases of H3K27me3 at different loci. MMSET induces higher global levels of

H3K36me2, which impede PRC2 binding. PRC2 is displaced and further represses loci that

are able to maintain H3K27me. Overexpression of EZH2 increases PRC2 activity and

H3K27me3 at specific loci. High levels of EZH2 also methylate and activate STAT3 to

promote gene activation. Phosphorylated EZH2 associates with androgen receptor (AR) and

activates gene expression. H3.3-K27M mutations sequester the PRC2 complex provoking a

global decrease of H3K27me3, although some loci show increased H3K27me3 and gene

inactivation due to PRC2 redistribution.

Ezponda and Licht Page 14

Clin Cancer Res. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


