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Changes in the pattern of gene expression play an impor-
tant role in allowing cancer cells to acquire their hallmark
characteristics, while genomic instability enables cells to
acquire genetic alterations that promote oncogenesis.
Chromatin plays central roles in both transcriptional
regulation and the maintenance of genomic stability.
Studies by cancer genome consortiums have identified
frequent mutations in genes encoding chromatin regula-
tory factors and histone proteins in human cancer, impli-
cating them as major mediators in the pathogenesis of
both hematological malignancies and solid tumors. Here,
we review recent advances in our understanding of the role
of chromatin in cancer, focusing on transcriptional regu-
latory complexes, enhancer-associated factors, histone
point mutations, and alterations in heterochromatin-inter-
acting factors.

Fifteen years ago, in their paper ‘‘The Hallmarks of
Cancer,’’ Hanahan and Weinberg (2000) laid out a concep-
tual framework for the properties of cancer cells. Cancer
development is a complex process involving diverse
tissue types of distinct developmental origins, cell–cell
interactions, and a myriad of signaling pathways. Digest-
ing decades worth of research, Hanahan and Weinberg
(2000) extracted fundamental properties common to
many cancer types. Some aspects of their six hallmarks
of cancer (resisting apoptosis, self-sufficiency in growth
signals, insensitivity to anti-growth signals, invasive
metastasis, unlimited cellular proliferation, and sus-
tained angiogenesis) can be viewed in the light of deregu-
lated gene expression at the level of transcription. Indeed,
many signal transduction pathways perturbed in cancer
ultimately modulate the activity of transcriptional regu-
lators (Hanahan and Weinberg 2000, 2011). Moreover,
genomic instability is recognized as an enabling charac-
teristic of cancer (Hanahan and Weinberg 2011). Thus,
transcriptional control and structural maintenance of the
genome at the level of chromatin are likely suspects in
the hunt for culprits underlying cancer development.
The eukaryotic genome is packaged into a structure

called chromatin that, at itsmost basic level, comprises the
four core histones H2A, H2B, H3, and H4 wrapped inside
;147 base pairs (bp) of DNA to form the nucleosome core

particle (Kornberg 1974; Kornberg and Thomas 1974;
Luger et al. 1997). Additionally, histone H1 functions as
an internucleosome linker and is involved in the com-
paction of chromatin (Laybourn and Kadonaga 1991). The
N-terminal tails of the core histones protrude out from
the nucleosome and are subject to a diverse array of post-
translational modifications that alter chromatin struc-
ture and dynamics (Campos and Reinberg 2009). Large
families of proteins containing domains such as bromodo-
main, chromodomain, plant homeodomain (PHD) finger,
Tudor domains, PWWP domains, and YEATS domains
bind these modifications to effect diverse downstream
chromatin-based processes (Taverna et al. 2007). Consid-
ering the importance of chromatin in regulating eukary-
otic gene expression and maintaining genome stability, it
is perhaps notwholly unexpected that recent genome-wide
sequencing studies have uncovered cancer-associated mu-
tations in genes encoding chromatin regulatory factors and
enzymes (Fig. 1).
The emerging picture of chromatin function in cancer

is multifaceted and involves a complex interplay of
chromatin-modifying enzymes. A recent review from
Van Rechem and Whetstine (2014) highlights the diverse
mutations in genes involved in histone lysine methyla-
tion pathways associated with human cancer. In some
instances, alterations in chromatin itself, such as histone
H3.3 Lys27-to-methionine mutations in pediatric glioma,
are highly context-specific to a single cancer type
(Schwartzentruber et al. 2012; Wu et al. 2012). In other
cases, mutations of related pathway component genes
such as MLL3, MLL4, and UTX within the COMPASS
(complex of proteins associated with Set1) family occur in
a range of cancers, suggesting a broader tumor suppressor
role (Gui et al. 2011;Morin et al. 2011; Parsons et al. 2011;
Pasqualucci et al. 2011; Jones et al. 2012; Lohr et al. 2012;
Pugh et al. 2012; Herz et al. 2014a). As more cancer
genomes are sequenced, perhaps one of the most stirring
observations is co-occurrence as well as mutual exclu-
sivity of mutations between related cancer types. These
mutational signatures promise insight into not only
cancer development but also the molecular signaling
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pathways underlying normal development. Paradoxi-
cally, whereas basic developmental biology research has
supplied us with a rich understanding of the signal
transduction pathways involved in cancer, the recent
intense focus on cancer genomics may provide a better
understanding of the interplay between cell signaling and
chromatin during normal tissue development.

Mutations of Trithorax (Trx)/COMPASS and Polycomb-
repressive complex 2 (PRC2) in cancer

The Trx and PCRC2 complexes were identified as factors
controlling the developmentally regulated expression of
the homeotic gene (Hox) clusters in Drosophila mela-
nogaster (Ingham 1983; Jones and Gelbart 1990). Trx is
essential for maintaining Hox gene activation, whereas
PRC2 acts as a transcriptional repressor to prevent ectopic
Hox expression. Genetically, these two complexes act in
opposition to each other, suggesting that they converge on
a common pathway (Ingham 1983; Hanson et al. 1999).
Although the importance of Trx and PRC2 in develop-
mental gene regulation has been established for some time
(Ingham 1983; Jones and Gelbart 1990), the biochemical
activity of these proteins remained elusive until;12 years
ago. The first clues to the function of these complexes
stemmed from the presence of a SET histone methyltrans-
ferase domain protein in both the Trx and PRC2 com-
plexes. Studies in yeast revealed that Trx is a member of
the COMPASS family of protein complexes that catalyzes
methylation of histone H3 Lys4 (H3K4) (Miller et al. 2001;
Krogan et al. 2002; Shilatifard 2012). Biochemical exper-
iments and Drosophila genetics demonstrated that the
Enhancer of Zeste [E(Z)] subunit of PRC2 is a histone
methyltransferase specific for H3K27 (Cao et al. 2002;
Czermin et al. 2002; Kuzmichev et al. 2002; Muller et al.
2002). Consistent with Trx’s and PRC2’s respective roles
as activators and repressors of transcription, histone
H3K4 trimethylation (H3K4me3) is associated with ac-
tive promoters, whereas histone H3K27me3 is associated

with transcriptional silencing (Margueron and Reinberg
2011; Shilatifard 2012).
The first link between Trx function and cancer was

made when it was observed that childhood mixed-lineage
leukemias (MLLs) contain a translocation occurring at
chromosome 11q23 involving the MLL1 gene, one of the
two mammalian Trx homologs (Ziemin-van der Poel
et al. 1991; Rowley 1993; Mohan et al. 2010, 2011). These
translocations remove the C-terminal portion of MLL1,
containing its catalytic SET histone methyltransferase
domain, and create an in-frame fusion to generate gain-of-
function chimeric proteins (Mohan et al. 2010, 2011).
Recent work has elucidated the molecular mechanism
underlying the oncogenic activity of these MLL1 fusions.
A number of the most common MLL1 gene translocation
partners, including AF4, AF9, ENL, and ELL, are compo-
nents of the macromolecular complex called the super
elongation complex (SEC) (Lin et al. 2010; Luo et al. 2012).
SEC associates with positive transcriptional elongation
factor B (PTEF-b), a cyclin-dependent kinase (CDK) that
promotes RNA polymerase II elongation by phosphory-
lating its C-terminal domain and other basal factors
within the preinitiation complexes (Smith et al. 2011).
Thus,MLL1-SEC fusion proteins cause aberrant activation
of MLL1 targets through misregulation of transcription
elongation. MLL1 is required for normal hematopoietic
stem cell function (Hess et al. 1997; Ernst et al. 2004), and
MLL1 fusions likely result in altered stem cell properties
that promote tumor formation.
WhereasMLL1 gene mutations involve a characteristic

chromosomal translocation in a specific tumor type,
PRC2 appears to a have a more complex role in cancer.
Frequent point mutations of the EZH2 gene are observed
in non-Hodgkin lymphoma (follicular and diffuse large
B-cell lymphoma) (Morin et al. 2010). These affect the
EZH2 catalytic site and convert Tyr641 (Y641) to a variety
of other amino acids, with asparagine being the most
common substitution. In vitro, these mutants are unable
to methylate an unmodified histone peptide (Morin et al.

Figure 1. Chromatin proteins mutated in
cancer. A summary of cancer mutations that
affect post-translational modifications of the
histone H3 N-terminal tail. Protein classes
are indicated by the fill color for the ovals
([red] methyltransferase; [green] demeth-
ylase; [orange] deacetylase; [blue] histone),
whereas mutational status is indicated by
the outline color ([gray] loss of function;
[purple] overexpressed/hyperactive). Dashed
lines indicate the residue of histone H3 that
is expected to be modified due to the in-
dicated cancer mutations.

Altered chromatin states in cancer
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2010). However, subsequent studies revealed that these
mutations are not inactive but rather possess an altered
activity. Remarkably, EZH2 Y641 mutants show in-
creased activity toward the di- and trimethylated states
(Sneeringer et al. 2010). Thus, tumor cells with Y641
mutations in the EZH2 gene contain increased
H3K27me3. This finding is intriguing because H3K27
monomethylation (H3K27me1), H3K27 dimethylation
(H3K27me2), and H3K27me3 were recently shown to
have distinct enrichment patterns across the genome,
with H3K27me2 being implicated in the suppression of
enhancer function (Ferrari et al. 2014). In addition to
Y641, the A677G EZH2 mutant exhibits a similar in-
crease in H3K27me3 accompanied by a decrease in
H3K27me2 (McCabe et al. 2012a). In contrast, a recently
characterized A687V mutant displayed both increased
H3K27me3 and H3K27me2 (Ott et al. 2014). Remarkably,
a Drosophila mutation of E(Z) that mimics the Trx loss-
of-function phenotype has also been shown to possess
hyperactivemethyltransferase activity (Bajusz et al. 2001;
Stepanik and Harte 2012). The E(Z) Trx mimic mutation
[E(z)(Trm)] converts Arg741 (Arg727 in human EZH2) to
lysine (R741K), suggesting that this position may also be
important for regulating PRC2 catalytic activity (Bajusz
et al. 2001; Stepanik and Harte 2012). The activating
nature of these mutations makes PRC2 an attractive
target for therapeutic intervention. Recently, a small
molecule inhibitor of EZH2, GSK126, was shown to
specifically inhibit the growth of B-cell lymphomas con-
taining activating EZH2 mutations, whereas tumor lines
with wild-type EZH2 were largely unaffected (McCabe
et al. 2012b).
While EZH2 activating mutations are common in non-

Hodgkin lymphoma, loss of PRC2 activity is associated
with cancer development in other contexts. Inactivating
mutations of the PRC2 components EZH2, SUZ12, and
EED are detected in T-cell acute lymphoblastic leukemia
(T-ALL) (Fig. 2; Ntziachristos et al. 2012; Simon et al.
2012; Zhang et al. 2012). Removal of the H3K27 methyl
mark is catalyzed by the Jumonji domain containing
demethylasesUTX/KDM6Aand JMJD3/KDM6B (Kooistra
and Helin 2012). A recent study explored whether dis-
ruption of UTX and JMJD3 activity might provide a
therapeutic benefit for T-ALL by increasing H3K27me3
levels (Ntziachristos et al. 2014). Surprisingly, UTX and
JMJD3 have strikingly distinct roles in T-ALL. UTX acts
as a tumor suppressor, as mice with a NOTCH1-driven
model of T-ALL succumb to disease more rapidly on
a UTX mutant genetic background (Ntziachristos et al.
2014). In contrast, JMJD3 is highly expressed in T-ALL
versus normal T cells and is required for leukemogenesis,
as mice with JMJD3 mutant T-ALL show improved
survival rates. GSK-J4, an inhibitor of KDM6-type demeth-
ylases (Kruidenier et al. 2012), causes cell cycle arrest
and apoptosis in T-ALL cells but not myeloid leukemia or
normal hematopoietic progenitors (Ntziachristos et al.
2014). Remarkably, GSK-J4 treatment results in gene
expression changes that resemble knockdown of JMJD3
but are inversely correlated with the changes observed
for UTX knockdown. Chromatin immunoprecipitation

(ChIP) combined with sequencing (ChIP-seq) revealed
a significant overlap between JMJD3 and NOTCH1
targets, including genes with known oncogenic function
such as HEY1, NRARP, and HES1. Strikingly, these genes
gain H3K27me3 and are repressed upon JMJD3 depletion
or GSK-J4 treatment. It is unclear why GSK-J4 appears to
inhibit JMJD3 but not UTX functional activity in T-ALL,
but perhaps the molecule has a higher affinity for JMJD3
in vivo. Recent studies have also suggested that GSK-J4
may also target KDM5-type demethylases but with an
affinity five to 10 times lower than JMJD3 and UTX
(Heinemann et al. 2014). Despite these caveats, GSK-J4
appears to be a promising drug for modulating chromatin
modifications and perhaps a chemotherapeutic agent.
Loss of PRC2 components EED and SUZ12 is often

detected in combination with mutation of NF1 and
CDKN2A genes in malignant peripheral nerve sheath
tumors (MPNSTs) (Fig. 2; Lee et al. 2014; Zhang et al.
2014). In addition to loss of H3K27me3, PRC2 mutant
MPNSTs also display increased H3K27 acetylation
(H3K27ac) levels, an effect observed for loss of PRC2 in
multiple contexts (Tie et al. 2009; Pasini et al. 2010; Herz
et al. 2014b). Histone H3K27methylation and acetylation
are mutually exclusive modifications that correlate with
gene silencing and activation, respectively. Strong evi-
dence suggests that complexes responsible for imple-
menting these modifications act in opposition to one
another (Tie et al. 2009; Pasini et al. 2010; Reynolds et al.
2012; Herz et al. 2014b). A recent study examined
whether these increased acetylation levels in MPNSTs
could serve as a therapeutic target. Bromodomain-contain-
ing protein 4 (BRD4) is a member of the bromodomain and
extraterminal (BET) family of chromatin-associated pro-
teins that bind to acetylated histone H3 and H4 via
tandem bromodomains (Belkina and Denis 2012; Shi and
Vakoc 2014). The small molecule JQ1 binds to the BRD4
bromodomains and evicts the protein from chromatin
(Filippakopoulos et al. 2010). JQ1 has shown promise as
a potential chemotherapeutic agent in a number of cancers
in part due to regulation of the c-Myc oncogene by BRD4
(Filippakopoulos et al. 2010; Delmore et al. 2011; Chapuy
et al. 2013; Knoechel et al. 2014). BRD4 localizes to
enhancers containing H3K27ac, and the effects of JQ1
may involve disruption of enhancer activity (Chapuy
et al. 2013; Loven et al. 2013). As PRC2 mutant MPNSTs
display increased H3K27ac levels, BRD4 is an attrac-
tive target in this context. Indeed, loss of SUZ12 and
NF1 (a negative regulator of the oncogenic RAS pathway)
in MPNSTs renders them sensitive to treatment with JQ1
in combination with inhibition of the RAS pathway by
the MEK inhibitor PD-0325901 (De Raedt et al. 2014).
Interestingly, the RAS pathway and PRC2 appear to
synergize in MPNSTs, as SUZ12 loss promotes cell pro-
liferation in NF1 mutant cells but not wild-type cells,
and, moreover, SUZ12 loss enhances the RAS transcrip-
tional signature (De Raedt et al. 2014). MEK inhibition
has been shown to inhibit PRC2 activity in embryonic
stem cells, suggesting a potential negative feedback loop
(Marks et al. 2012; Tee et al. 2014). It will be important
to determine the molecular details of the connection
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Figure 2. Drugging the histone H3K27 methyl/acetyl switch in cancer. (A) Antagonism between H3K27 methylation and acetylation
machinery. H3K27 methylation and acetylation are mutually exclusive, and the PRC2 and CBP/p300 complexes act in opposition to
one another. In addition, deacetylation of H3K27ac by the HDAC1/2–NURD complex promotes PRC2-mediated repression, whereas
demethylation of H3K27me3 by UTX within COMPASS or JMJD3 is required for acetylation to occur. (B) In NOTCH-driven T-ALL, the
histone H3K27 demethylases UTX and JMJD3 have distinct functions. UTX acts as a tumor suppressor by activating genes such as
FBXW7 that negatively regulate the NOTCH pathway. In contrast, JMJD3 exists in a complex with NOTCH and is responsible for
activation of oncogenic NOTCH targets. Inhibition of JMJD3 with the small molecule GSK-J4 promotes PRC2-mediated H3K27me3 at
NOTCH target genes, resulting in their silencing. (C) MPNSTs often carry mutations in the genes encoding the components of both the
RAS pathway inhibitor NF1 and the PRC2 component SUZ12. In this cell type, PRC2 functions to suppress RAS target genes. Reduced
H3K27 methylation by PRC2 results in increased H3K27ac, increased recruitment of BRD4, and amplification of the RAS
transcriptional signature. Inhibition of BRD4 with JQ1 in combination with dampening of the RAS pathway with the MEK inhibitor
PD-0325901 suppresses RAS targets, resulting in tumor regression.
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between RAS/MEK signaling and PRC2 activity and
examine whether this link is conserved in multiple types
of cancer.
PRC2 gene mutations in cancer highlight both the

biochemical complexity of chromatin-modifying path-
ways and the rich potential for therapeutic intervention.
In PRC2 loss-of-function cancer models, inhibition of
BRD4, which binds to increased acetylated histones in
PRC2 mutant cells, as well as inhibition of H3K27me3
demethylases show therapeutic effects. In contrast, drugs
inhibiting EZH2 activity are more appropriate for non-
Hodgkin lymphomas carrying hyperactive EZH2 muta-
tions. Thus, the search for therapeutic targets should take
into consideration cross-regulation between histone
modification pathways (i.e., methylation and acetylation)
as well as effectors of those pathways, such as bromodo-
main and chromodomain proteins that bind to modified
histones. These studies also highlight the importance of
determining the precise mutational status of individuals
to determine what pathways should be targeted for
treatment.

Misregulation of enhancer chromatin in cancer

Enhancers are noncoding DNA elements that play an
essential role in transcriptional regulation by confer-
ring tissue-specific gene expression patterns (Smith and
Shilatifard 2014). Although enhancers have been intensely
studied for several decades, their precise mode of action is
not fully understood. Enhancers can act across very long
ranges of intervening DNA to activate a specific promoter
(Blackwood and Kadonaga 1998; Bulger and Groudine
2011). Enhancer–promoter communication involves the
formation of chromatin loops mediated by cohesin com-
plexes and other trans-acting factors (Cuylen and Haering
2010). However, the mechanisms that restrict enhancer
activity to a single promoter in the presence of multiple
promoter choices are unclear.
Enhancers carry a unique chromatin structure charac-

terized by the presence of 3K4me1 (Heintzman et al.
2009). In addition, histone H3K27ac distinguishes active
enhancers from poised enhancers (Creyghton et al. 2010).
Promoters typically contain H3K4me3 implemented by
the Set1A/B and MLL1/2 COMPASS-like complexes,
whereas MLL3/4 COMPASS catalyzes H3K4me1 at en-
hancers (Herz et al. 2012; Smith and Shilatifard 2014).
Acetylation of H3K27 is mediated by the acetyltrans-
ferases CREBBP (CBP) and EP300 (p300) (Pasini et al.
2010). Besides H3K4me1 methylase activity, MLL3/4
complexes also contain the H3K27 demethylase KDM6A
(UTX), raising the possibility that removal of H3K27
methyl marks by the MLL3/4 complex facilitates acety-
lation by CBP and p300 (Cho et al. 2007; Issaeva et al.
2007; Herz et al. 2012; Hu et al. 2013).
Recent genome-wide studies have identified mutations

in genes for the regulators of enhancer chromatin in
cancer (Herz et al. 2014a). Mutations of the H3K4 mono-
methylases MLL3 and MLL4 as well as their cofactor,
UTX, within the COMPASS family have been identified
in a range of malignancies, including the pediatric brain

cancer medulloblastoma (Parsons et al. 2011; Jones et al.
2012; Pugh et al. 2012), non-Hodgkin lymphoma (Morin
et al. 2011; Pasqualucci et al. 2011; Lohr et al. 2012), and
bladder cancer (Gui et al. 2011). MLL4 is particularly
frequently mutated in non-Hodgkin lymphomas and
often co-occurs with mutations in the histone acetyl-
transferase gene CREBBP and activating mutations of
EZH2 (Morin et al. 2011; Okosun et al. 2014). Mutations
of EP300 and CREBBP have been found to co-occur with
UTX in bladder cancer (Gui et al. 2011). MEF2B, a tran-
scription factor involved in recruiting CREBBP and EP300
to target sites in chromatin, is frequently mutated in non-
Hodgkin lymphoma (Morin et al. 2011). Intriguingly, the
majority of these mutations result in single amino acid
changes at one of four positions (K4, Y69, N81, and D83)
(Morin et al. 2011), and a subset of these mutations
results in increased MEF2B transcriptional activation
activity by loss of binding to the corepressor CABIN1
(Ying et al. 2013) Another enhancer-associated factor,
LIM domain-binding protein 1 (LDB1), is mutated in
medulloblastoma (Pugh et al. 2012). LDB1 is involved in
the formation of chromatin loops in both Drosophila and
mammalian cells and participates in enhancer–promoter
communication (Morcillo et al. 1997; Deng et al. 2012;
Krivega et al. 2014).
A large body of evidence implicates enhancer malfunc-

tion in cancer, and much remains to be learned about the
molecular mechanisms of this process (Herz et al. 2014a).
For instance, how does mutation in genes for factors such
as EP300 and CREBBP that are thought to function
globally at most enhancers play a role in cancer de-
velopment? Inappropriate enhancer–promoter communi-
cation is known to play a role in the pathogenesis of some
cancers. For instance, the classical chromosomal trans-
location found in Burkitt’s lymphoma places the c-Myc
gene under the regulation of the immunoglobulin heavy
chain enhancer, thus boosting its expression in B cells,
resulting in lymphomagenesis. Recent studies of acute
myeloid leukemia with a chromosomal translocation
near the GATA2 and EVI1 genes revealed that this
inversion allows a GATA2 enhancer to inappropriately
activate EVI1 expression (Groschel et al. 2014; Yamazaki
et al. 2014). This raises the possibility that mutation in
genes for enhancer-associated factors may lead to de-
fective enhancer–promoter restriction, perhaps allowing
for promiscuous activation of oncogenic gene products
(Herz et al. 2014a).

Histone gene mutations in cancer

Mutations and translocations in genes encoding chroma-
tin regulatory proteins such as the MLL family within
COMPASS have been linked with oncogenesis for many
years (Shilatifard 2012); however, cancer-associated mu-
tations of histone genes themselves were only recently
identified. Genome sequencing studies of aggressive
pediatric brainstem glioma uncovered point mutations
in histone H3 (Schwartzentruber et al. 2012; Wu et al.
2012). These mutations convert Lys27 to methionine
(H3K27M) or Gly34 to arginine or valine (H3G34R/V),
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occurring primarily in the replication-independent his-
tone H3.3 (H3F3A) and, to lesser extent, the replication-
dependent histone H3.1 (HIST1H3B) (Schwartzentruber
et al. 2012; Wu et al. 2012). Strikingly, these mutations
occur in only a single copy of the multiple histone H3
genes, suggesting that they have gain-of-function activity.
Mutations of H3K27M and H3G34R/V define distinct
subtypes of glioma, as they occur in distinct regions of
the brain and display unique molecular characteristics
(Sturm et al. 2012).
Histological examination of tumors harboring the

H3K27M mutation revealed a dramatic reduction in the
levels of H3K27me3 (Venneti et al. 2013). Further molec-
ular studies revealed that H3K27M as well as other
histone lysine-to-methionine mutants act as dominant
inhibitors of histone lysine methylation pathways in
tissue culture (Chan et al. 2013; Lewis et al. 2013).
Histone H3K27M expression in Drosophila recapitulates
the phenotype observed for depletion of the PRC2 com-
ponent E(Z) and mirrors the phenotype of replacing all
histone H3s with a H3K27R mutant (Pengelly et al. 2013;
Herz et al. 2014b). In contrast, the H3K34R/V mutations
do not dominantly inhibit bulk H3K27me3 or H3K36me3
in trans but do block methylation of H3K36 in cis (Lewis
et al. 2013).
The precise mechanism of H3K27M action is still

unclear. In vitro methyltransferase assays and immuno-
precipitation followed by Western blotting suggest that
H3K27M interacts strongly with EZH2 (Chan et al. 2013;
Lewis et al. 2013). However, using an unbiased proteomic
approach, we failed to detect increased enrichment of
PRC2 subunits relative to wild-type H3.3 control (Herz
et al. 2014b). In contrast, we found increased association
of the bromodomain protein BRD4, which is consistent
with increased histone acetylation levels observed in
H3K27M mutant cells (Herz et al. 2014b). It is also
intriguing that mutations in genes encoding for the
PRC2 components do not appear to be prevalent in these
pediatric gliomas.
Recent studies of chondroblastoma and giant cell

tumors of bone revealed additional histone H3.3 gene
mutations associated with distinct disease phenotypes
(Behjati et al. 2013). Remarkably, 95% of chondroblas-
toma samples analyzed carried a mutation of the H3.3
gene at Lys36 to methionine (H3.3K36M) in the H3F3B
gene, whereas 92% of giant cell tumors of bone harbored
mutations of H3.3 Gly34 to tryptophan or leucine (Behjati
et al. 2013). Similar to H3.3K27M, H3.3K36M can dom-
inantly inhibit methylation of H3K36 (Lewis et al. 2013).
Histone gene mutations in cancer are not restricted to

histone H3. Recent work in follicular lymphoma identi-
fied mutations in a number of histone H1 genes (Lohr
et al. 2012; Morin et al. 2013; Li et al. 2014; Okosun et al.
2014). Whereas histone H2A, H2B, H3, and H4 constitute
the nucleosome core, histone H1 acts as a linker histone
and is involved in chromatin compaction. Like H3 gene
mutations, H1 genemutations are primarily single amino
acid substitutions; however, instead of occurring at a few
specific positions, the H1 gene mutations are scattered
throughout the H1 globular domain (Lohr et al. 2012;

Morin et al. 2013; Li et al. 2014; Okosun et al. 2014).
Molecular analysis of one of these mutants, H1S102F,
revealed that it has a reduced capacity to associate with
chromatin (Morin et al. 2013) and binding to DNA
methyltransferase 3B (DNMT3B) (Li et al. 2014). This
suggests that histone H1may lead to defective chromatin
compaction and cause transcriptional misregulation or
result in genomic instability. It will be important to
examine the molecular function of histone H1 gene
mutations in B-cell lymphoma in more detail.
Analysis of mutations that co-occur or are mutually

exclusive to histone H3 gene mutations have been in-
sightful. For instance, in pediatric glioblastoma, muta-
tions of histone H3K27M, H3G34R/V, and isocitrate
dehydrogenase 1 (IDH1) are mutually exclusive and occur
in tumors with different molecular signatures, neuro-
anatomic locations, and prognostic outcome (Sturm et al.
2012). H3K27M mutants lose H3K27 methylation,
whereas H3G34V/R mutants display DNA CpG hypo-
methylation, and IDH1 mutants have a CpG hyper-
methylation phenotype (Sturm et al. 2012; Turcan et al.
2012). Mutations of the IDH1 gene are particularly
prevalent in glioma but are also detected in leukemias
(Parsons et al. 2008; Mardis et al. 2009). IDH1 alterations
occur in the substrate-binding site at position Arg132,
and most mutations convert this residue to histidine
(IDH1 R132H), although other substitutions have also
been detected (Parsons et al. 2008; Mardis et al. 2009).
Under normal circumstances, IDH1 converts isocitrate to
a-ketoglutarate and nicotinamide adenine dinucleotide
phosphate (NADP+) to NADPH. However, the mutant
IDH1 R132H enzyme generates the 2-hydroxyglutarate in
place of a-ketoglutarate (Dang et al. 2009). This metabo-
lite inhibits a-ketoglutarate-dependent enzymes (includ-
ing Jumonji-containing histone demethylases) as well as
TET family methylcytosine dioxygenases thought to be
involved in the process of DNA demethylation by con-
verting 5-methylcytosine to 5-hydroxy-methylcytosine
(Figueroa et al. 2010; Chowdhury et al. 2011; Xu et al.
2011; Lu et al. 2012). Thus, cells with the mutant IDH1
gene display CpG hypermethylation as well as in-
creased histone lysine methylation. Interestingly, his-
tone H3G34R/V gene mutations show an opposite effect
on CpGmethylation (Sturm et al. 2012). It is also notable
that H3G34R/V gene mutations tend to co-occur with
mutations of the histone H3.3 chaperone genes ATRX
and DAXX, suggesting that altered histone incorpo-
ration into chromatin may play a role in these cancers
(Schwartzentruber et al. 2012).
Recently, mutations in the gene for BMP receptor

ACVR1/ALK2 were detected in pediatric glioma with
H3K27M mutations (Buczkowicz et al. 2014; Fontebasso
et al. 2014; Taylor et al. 2014; Wu et al. 2014). These point
mutations convert ACVR1 into a constitutively active
form, and several cancer-associated mutations are iden-
tical to those found in the rare but devastating bone
formation disorder fibrodysplasia ossificans progressiva
(FOP) (Shore et al. 2006). Interestingly, ACVR1 mutations
tend to overlap with H3.1K27M mutations. Mutations of
H3.3K27Maremore prevalent thanH3.1K27M in pediatric
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gliomas (Schwartzentruber et al. 2012; Wu et al. 2012),
and these mutational types have distinct properties, as
patients with H3.1K27M show an early disease onset
with tumors located in the pons, whereas H3.3K27M
tumors are located at multiple brain regions along the
midline (Buczkowicz et al. 2014; Fontebasso et al. 2014;
Taylor et al. 2014; Wu et al. 2014). Determining the
biological significance of these mutational signatures will
be important to understanding pediatric glioma and may
shed light onto other developmental disorders, such as FOP.

Maintenance of genome stability through
heterochromatin

In eukaryotic cells, chromosomal structures such as
pericentromeric regions and telomeres are associated
with blocks of condensed heterochromatin (Maison and
Almouzni 2004). Heterochromatin is characterized by
histone hypoacetylation and methylation of histone H3
at Lys9, which serves as a binding substrate for the
chromodomain protein heterochromatin protein-1 (HP-1)
(Fig. 3; Maison and Almouzni 2004). These features are
essential for normal chromosome function and establish
a transcriptionally repressed state (James and Elgin 1986;
Bannister et al. 2001; Lachner et al. 2001; Nakayama et al.
2001; O’Sullivan and Karlseder 2010). Maintenance of
heterochromatic silencing is dependent on both histone
H3K9 methyltransferases and HP-1 proteins (Fig. 3;
Eissenberg et al. 1992; Bannister et al. 2001; Nakayama
et al. 2001). Moreover, heterochromatin is epigenetically
stable through a self-reinforcing circuit by which HP-1
associates with the DNA replication machinery and
recruits H3K9 histone methyltransferase complexes
(Aagaard et al. 1999; Murzina et al. 1999; Maison and
Almouzni 2004; Quivy et al. 2008).
Heterochromatin plays an essential role in genomic

stability at multiple levels. Mice doubly mutant for the
H3K9 methyltransferases Suv39h1 and Suv39h2 lack
H3K9 methylation at pericentric heterochromatin, ex-
hibit aneuploidy and male germline meiosis defects, and
develop B-cell lymphomas (Peters et al. 2001). Mutations
in the gene for the H3K9methyl-binding protein HP1 also
disrupt genomic stability through both aberrant centro-
mere and telomere function. HP1 mutant flies display
defective chromosome segregation as well as telomere
fusions (Kellum and Alberts 1995; Fanti et al. 1998).
Interestingly, cells mutant for Suv39h1 and Suv39h2
exhibit abnormally elongated telomeres (Garcia-Cao
et al. 2004). These mutant telomeres have reduced
H3K9me2/3 and loss of HP-1 binding but display
increased H3K9me1 (Garcia-Cao et al. 2004). This is
consistent with the function of SETDB1 as a H3K9
monomethyltransferase, whereas Suv39h1/2 act as
H3K9 di- and trimethylases (Loyola et al. 2009). Intrigu-
ingly, studies suggest that amplification of SETDB1 may
play a role in development of human cancer as well as
in a zebrafish model of melanoma (Ceol et al. 2011;
Rodriguez-Paredes et al. 2014). It remains to be examined
whether these oncogenic effects may be mediated
through abnormal telomere lengthening.

Maintenance of histone hypoacetylation is also impor-
tant for heterochromatin function. Treatment of cells
with the class I and II histone deacetylase inhibitor
trichostatin A (TSA) results in loss of HP1 binding to
pericentric regions and relocalization of these domains to
the nuclear periphery (Taddei et al. 2001). TSA also causes
abnormal mitotic structures consistent with a defect in
centromere function (Taddei et al. 2001). SIRT6, a histone
deacetylase specific for histone H3K9, is essential for
maintenance of telomeric heterochromatin (Michishita
et al. 2008). SIRT6 mutant mice display genomic in-
stability and exhibit a premature aging phenotype
(Mostoslavsky et al. 2006). Human cells depleted for
SIRT6 display telomere hyperacetylation, chromosome
end-to-end fusions, and premature senescence that can be
rescued by overexpression of telomerase (Michishita
et al. 2008). While Sirt6-null mice exhibit premature

Figure 3. Maintenance of genome stability through the hetero-
chromatin pathway. Centromeric heterochromain is essential
for normal segregation of chromosomes during mitosis, and
defects in this pathway result in aneuploidy. H3K9me3 and
binding of HP-1 are hallmarks of heterochromatin. At pericen-
tromeric heterochromatin, SETDB1 monomethylates H3K9,
whereas Suv39 converts H3K9me1 to H3K8me2/3. Disruption
of Suv39 function results in aneuploidy and lymphoma de-
velopment in mice. Active deacetylation is also important for
centromeric heterochromatin. Treatment of cells with the class
I and II histone deacetylase inhibitor TSA results in abnormal
mitosis. Similarly, Suv39 and SETDB1 are essential for telo-
meric heterochromatin. At telomeres, disruption of Suv39 re-
sults in loss of H3K9me2/3 and a depletion of HP-1 recruitment.
However, Suv39 mutant telomeres contain increased H3K9me1
mediated by SETDB1 and exhibit abnormal telomere lengthen-
ing. Overexpression of SETDB1 has been reported in some
cancers. Whereas centromeres depend on type I and II HDACs,
the sirtuin deacetylase SIRT6 is essential at telomeres. Lack of
SIRT6 in mice results in telomere fusions and premature
senescence. In other contexts, SIRT6 functions as a tumor
suppressor.

Morgan and Shilatifard

244 GENES & DEVELOPMENT



aging and early death, they do not develop spontaneous
tumors (Mostoslavsky et al. 2006). However, immortal-
ized Sirt6-null mouse embryonic fibroblasts (MEFs) are
able to form tumors in immunocompromised mice even
in the absence of transformation with an activated onco-
gene (Sebastian et al. 2012). Moreover, SIRT6 is frequently
deleted in human cancer, and a conditional mutant mouse
model revealed it to act as a tumor suppressor in an
intestinal cancer model in vivo (Sebastian et al. 2012).
Recent work has linked heterochromatin function to

the regulation of DNA replication. Methylation of his-
tone H3K9 and K36 have been linked to DNA replication
in fission yeast (Kim et al. 2008). The mammalian
Jumonji domain protein KDM4A/JMJD2A is a histone
lysine demethylase specific for methylated H3K9 and
K36 (Klose et al. 2006; Whetstine et al. 2006). Studies in
Caenorhabditis elegans and mammalian cells revealed
that KDM4A overexpression positively regulates S-phase
progression, whereas depletion slowed DNA replication
and induced cell death (Black et al. 2010). Moreover these
effects were dependent on HP1 levels, implying that
KDM4A influences cell cycle in part by removing
H3K9me3 and evicting HP1. A follow-up study revealed
that KDM4A is amplified in human cancers, and over-
expression in tissue culture results in focal copy number
gains during DNA replication (Black et al. 2013). How-
ever, these copy number gains are transient and become
resolved during entry into G2/M through an as-yet-un-
determined mechanism (Black et al. 2013). These copy
gains are suppressed by increasing the cellular concentra-
tion of the H3K9 methyltransferase Suv39h1 or HP1-g.
Interestingly, expression of the mutant histones H3.3K9M
or H3.3K36M, which inhibit bulk methylation of H3K9
and H3K36, respectively, also results in copy number
gains. Recent work has shown that H3.3K9M disrupts
heterochromatic transcriptional silencing in D. mela-
nogaster (Herz et al. 2014b). Whereas the function of
H3K9methylation in heterochromatin is well established,
studies by Whetstine and colleagues (Black et al. 2010,
2013) implicate H3K36 methylation in a pathway involv-
ing heterochromatin machinery that controls mammalian
DNA replication. In yeast, H3K36 methylation restricts
nucleosome dynamics over transcribed regions and pre-
vents ‘‘cryptic’’ transcription (Smolle et al. 2013). Perhaps
a similar mechanism is involved in restricting access of
DNA replication machinery.

Concluding remarks

The role of chromatin proteins in cancer is complex and
highly context-specific. Relatively few chromatin modi-
fiers seem capable of independently causing cancer de-
velopment; they are typically mutated in combination
with essential tumor suppressors and cell cycle regulators
such as p53 and CDKN2A. Although some chromatin
regulators, such as the MLL3/4-UTX of the COMPASS
family, may play a broad tumor suppressor role in various
cancers, many mutant chromatin proteins are highly
tissue-specific. Moreover, in the case of PRC2, both
hyperactivating and loss-of-function mutations are found

in cancers of distinct origins. Whereas B-cell lymphomas
tend to acquire hyperactivating mutations of the EZH2
gene in combination with loss of MLL4, other cancer
types, such as T-ALL and MPNST, harbor inactivating
mutations in genes encoding for PRC2 components
EZH2, EED, and SUZ12. These differences likely reflect
tissue-specific functions for PRC2. Thus, it is important
to determine the precise molecular consequence of al-
tered chromatin proteins, particularly in the case of point
mutations that may cause either loss of function or gain
of function. As the majority of cancer-associated muta-
tions in chromatin protein-encoding genes have yet to be
functionally characterized, biochemical analysis of these
mutants may lead to exciting new avenues of research.
The rapid proliferation of next-generation genome

sequencing promises to reveal not only novel mutations
involved in cancer but also co-occurring and mutually
exclusive mutations. These will likely connect develop-
mental signaling pathways to their downstream chroma-
tin effector proteins. In the instance of the NF1 mutant
MPNST, PRC2 appears to dampen the RAS signaling
pathway. Similarly, in T-ALL, PRC2 antagonizes the
NOTCH1 signal transduction pathway, whereas the
H3K27 demethylase JMJD3 directly associates with
NOTCH1 to remove PRC2-deposited H3K27me3. Inter-
estingly, recent studies have identified activating muta-
tions in the gene for the BMP receptor ACVR1/ALK2 in
combination with histone H3.1K27M gene mutations,
suggesting a potential connection between BMP–
SMAD1/5/8 signaling and PRC2-mediated repression.
Thus, future collaborative efforts between clinicians,
geneticists, biochemists, and developmental biologists
may shed light onto both the mechanisms underlying
cancer development and the connection between cell
signaling pathways and the chromatin signatures of cancer.
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