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SUMMARY

Histone posttranslational modifications represent a versatile set of epigenetic marks involved not only in
dynamic cellular processes, such as transcription and DNA repair, but also in the stable maintenance
of repressive chromatin. In this article, we review many of the key and newly identified histone modifi-
cations known to be deregulated in cancer and how this impacts function. The latter part of the article
addresses the challenges and current status of the epigenetic drug development process as it applies to
cancer therapeutics.
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OVERVIEW

Cancer is a diverse collection of diseases characterized by the
dysregulation of important pathways that control normal cel-
lular homeostasis. This escape from normal control mecha-
nisms leads to the six hallmarks of cancer, which include
sustaining proliferative signaling, evading growth suppres-
sors, resisting cell death, enabling replicative immortality, in-
ducing angiogenesis, and activating invasion and metastasis
(Hanahan and Weinberg 2011). The systematic investigation
of the acquired and inherited molecular alterations in the
genomes of somatic cells has revealed a great deal about
the genetic basis for cancer initiation, progression, and main-
tenance. This progress has afforded a number of promising
and effective opportunities for therapeutic intervention.

The epigenetic mechanisms that govern transcriptional
regulation and the corresponding dysregulation in cancer,
initially less well studied, have increasingly become the focus
of cancer researchers, although the transgenerational effects
remain largely unexplored. “Epigenetic” transcriptional con-
trol can occur through DNA methylation, covalent histone
modification, the reading of these modifications by protein
recognition modules, histone exchange, and alteration by
ATP-dependent chromatin remodelers and via the effects of
noncoding RNA. Because DNA methylation in cancer is
addressed elsewhere, this article focuses on many of the
covalent histone modifications that are altered in cancer,
particularly the well-studied acetylation and methylation
modifications.

Collectively, the combination of histone marks found in
a localized region of chromatin function through multiple
mechanisms as part of a “chromatin-based signaling” system
(Jenuwein and Allis 2001; Schreiber and Bradley 2002). The
landscape of known histone and nonhistone modifications
that affect chromatin-based processes continues to expand.
The diverse set of observed histone adornments includes
phosphorylation, citrullination, sumoylation, adenosine di-
phosphate (ADP) ribosylation, deimination, and crotonyla-
tion. The various known epigenetic mechanisms work in a
concerted and interdependent fashion to regulate gene
expression. In cancers, their misregulation can result in the
inappropriate activation of oncogenes or, conversely, the in-
appropriate inactivation of tumor suppressors. There is also a
growing understanding and appreciation for the genetic basis
contributing to epigenetic changes observed in cancer. This
adds to the complexity of cancer etiology and, perhaps, offers
important general insights into the epigenetic basis of human
disease.

This article speaks of some of the challenges faced by
the epigenetic drug discovery process, searching for mole-
cules targeting epigenetic regulators and also supporting
an emerging role of epigenetic alterations that occur during
chemotherapy, thought to contribute to drug resistance.
Finally, it highlights some of the more recent progress
toward developing therapeutic agents in this promising target
space.
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1 INTRODUCTION

DNA within cells is packaged as chromatin, a dynamic
structure composed of nucleosomes as the fundamental
building blocks. Histones are the central component of
the nucleosomal subunit, forming an octamer containing
the four core histone proteins (H3, H4, H2A, H2B) around
which is wrapped a 147-base-pair segment of DNA. Each
of the largely globular histone proteins possesses a charac-
teristic side chain, or tail, which is densely populated with
basic lysine and arginine residues. The histone tails are
subject to extensive covalent posttranslational modifica-
tions (PTMs) that cooperate to govern the chromatin state.
Some PTMs can alter the charge density between histones
and DNA, impacting chromatin organization and under-
lying transcriptional processes, but they can also serve as
recognition modules for specific binding proteins that,
when bound, may then signal for alterations in chromatin
structure or function.

Alterations in the patterns of histone PTMs have been
extensively linked to cancer, both at the global level across
the genome (Seligson et al. 2005; Bannister and Kouzarides
2011) and at specific gene loci, using ChIP-chip (chromatin
immunoprecipitation with DNA microarray analysis)
and ChIP-sequencing (parallel sequencing technologies
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coupled to chromatin immunoprecipitation) technology.
These findings have come on the back of the earlier, more
established findings linking aberrant DNA methylation to
cancer, discovered in the early 1980s (see Baylin and Jones
2014). In addition to recent PTM mapping projects, se-
quencing efforts have also now identified many of the en-
zymes responsible for placing (“writers”) and removing
“erasers”) such epigenetic marks (Fig. 1). Mutations in
such enzymes turn out to be among the most frequently
mutated targets in cancers (Shen and Laird 2013). Collec-
tively, these findings show interplay between cancer genet-
ics and epigenetics, adding to the complexity in our
understanding of the oncogenic process. Advances in
whole genome/exome sequencing of patient tumors have
allowed for the identification of possible key epigenetic
drivers of cancer. These epigenetic drivers may silence
one or more tumor-suppressor genes and/or activate
oncogenes, thus providing an alternative mechanism by
which oncogenic reprogramming of the genome may occur
(Shen and Laird 2013). Genomic studies have clearly im-
plicated dysregulation of chromatin modifiers as drivers
in many types of cancer (Garraway and Lander 2013) and
recurrent mutations occur in the genes that encode the
enzymes, which add, remove, and interpret the covalent
histone modifications. Intriguingly, certain chromatin

H3 tail ENHANCER PROMOTER GENE BODY WRITERS ERASERS READERS
ai
Met ik IS & MLL1-5 KDM1A/B MLL,CHD1,BPTF.RAG2
K41 Mes @ | SETD1AD  KDMSA/B/C ING,KDM5, TAF3
1 L
\ cry | SUV39H1/2  KDM3/4 HP1,ATRX
K9
A b — CBP/P300  HDACs/SIRTs  BRD4
Mef | EZH2EZH1  KDM6A/B EED,PC
vor o
A b — CBP/P300  HDACS/SIRTs  BRD4
K36  Me3 ¢id s SETD2 KDM4 ZYMNDII
PHF19
DOT1L 2 2

Figure 1. Histone writers, erasers, and readers in cancer. Histone H3 tail lysine residues, frequently subject to
posttranslational modifications (PTMs), are indicated along the left side. The typical distribution of these H3
PTMs is also indicated along the length of gene loci (including distal enhancers) as shaded blocks. Green (meth-
ylation) or cyan (acetylation) indicates histone marks associated with active genes, whereas red shading is indicative
of silent genes. A few examples of writers, erasers, and readers that may propagate a mark or act as an effector protein
are listed on the right side of the figure. For a more complete listing of these proteins, see Appendices A—D at the end

of this article.
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modifiers have been identified in cancer, for both increased
and decreased levels of functionality, suggesting they oper-
ate both as tumor-suppressor genes and oncogenes. The
loss-of-function mutations in affected tumors are often
heterozygous, suggesting that haploinsufficiency for these
chromatin-modifying enzymes drives the cancer, whereas
total absence of function is cell lethal. As a result, this
class of enzymes has broad appeal as potential therapeutic
targets with both gain-of-function aberrations associated
with oncogenic behavior and monoallelic loss-of-function
changes rendering tumor cells particularly vulnerable to
further inhibition.

An additional level of epigenetic control, and with it
additional complexity, is brought by the wide variety of
proteins that act at the chromatin level through domains
that “read” histone and even DNA PTMs. Direct aberra-
tions in reader proteins have recently been shown to drive
oncogenic transformation in some contexts (French et al.
2001, 2008). The discovery of potent and selective small-
molecule inhibitors of prototypic members of readers
from the bromodomain family, which recognize acetyl-
lysine marks, suggests that these may represent attractive
points of therapeutic intervention in cancers arising from
other genetic and epigenetic drivers (elaborated in Qi 2014;
Schaefer 2014; also see Filippakopoulos et al. 2010; Gallen-
kamp et al. 2014). In summary, the ensemble of chromatin
regulators and adaptors possess a diverse set of specialized
domains that serve to bind to and recognize histone mod-
ifications either individually or in specific combinations.
These protein-binding modules play an important role in
directing the appropriate transcriptional machinery to lo-
cations on chromatin.

This article focuses on highlighting what is known
about the well-studied PTMs in cancer. Recent findings
on some newer PTMs also illustrate the pace of progress
in the field and serve to highlight the complexity of the
epigenome, its regulation and dysregulation in cancer,
and the nature of its regulators and interacting proteins.
The second part of this article instructs the reader about the
drug-discovery process as it applies to the search for ef-
fective therapeutics that interfere with epigenetic targets
or reverse epigenetic adaptions contributing to drug resis-
tance during cancer treatment.

2 HISTONE MODIFICATIONS

It is well noted that PTM of histones mediates a variety of
critical biological processes, generally via chromatin mod-
ification that is conducive to the expression or repression
of target genes. The bulk of the literature has focused on
acetylation, methylation, and phosphorylation. However,
in addition to these well-published modifications, histones

may also be modified in other ways, some of which are
illustrated in Figure 6 of Allis et al. (2014) or included in
Zhao and Garcia (2014). These include citrullination, ubig-
uitination, ADP-ribosylation, deamination, formylation,
O-GlcNAcylation, propionylation, butyrylation, crotony-
lation, and proline isomerization (Chen et al. 2007; Martin
and Zhang 2007; Ruthenburg et al. 2007; Tan et al. 2011;
Herranz et al. 2012; Tweedie-Cullen et al. 2012). It is gen-
erally accepted that the sum of all these PTMs largely de-
termines the chromatin structure and, hence, biological
outcome. The contextual reading and interpretation of
the collection of histone modifications is critical, as the
same combination of marks may result in distinct biologic
outcomes at different genes within the same (or different)
cells. This may, at least in part, be due to different reader
recognition, DNA-binding proteins, and/or chromatin
conformations. Experimentally, the modification and the
reader cannot be readily separated for a specific output, and
this is an important limitation of our current ability to
readily translate combinatorial PTMs. Furthermore, the
enzymes that modulate the addition or removal of these
moieties are not fully understood (see Cheng 2014; Mar-
morstein and Zhou 2014; Seto and Yoshida 2014) or, in
many cases, yet to be identified.

2.1 Histone Acetylation

The addition of an acetyl group can occur at multiple ly-
sine residues on histone tails. This has the potential to
broadly influence the compaction state of chromatin by
neutralizing the basic charge at unmodified lysine residues
(Kouzarides 2007), weakening the electrostatic interaction
between negatively charged DNA and histones. An increas-
ing body of data, however, suggests that this may be an
oversimplification of the consequences of this modifica-
tion and likely belies the importance of specific acetylation
events. Another recently discovered, generalized function
of histone acetylation may be to regulate intracellular pH
(pHi) (McBrian et al. 2013); this is corroborated by the fact
that many tumors show low pHi and display concomi-
tant reduced levels of histone acetylation, which correlates
with a poor clinical outcome. From a functional perspec-
tive, we know that histone acetylation is largely associated
with active transcription, particularly localized at enhanc-
ers, promoters, and the gene body (Di Cerbo and Schneider
2013). Altered global levels of histone acetylation, particu-
larly acetylation of H4 at lysine (K)16, have been linked to
acancer phenotype in a variety of cancers (Fraga et al. 2005)
and have even been found to be of potential prognostic
value (Seligson et al. 2009). When hyperacetylation occurs,
specifically involving proto-oncogenes, gene expression
may be activated, whereas hypoacetylation of tumor sup-
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pressors often localizes to promoters, co-occurring with
DNA methylation, causing the genes to be silenced (see
Baylin and Jones 2014).

The enzymes that catalyze the addition of acetyl groups
to histone lysine residues are the lysine (K) acetyltransfer-
ases (KATs), commonly referred to as histone acetyltrans-
ferases (HATs). These enzymes can also acetylate a broad
range of nonhistone proteins, including p53, Rb, and MYC.
The opposing histone deacetylases (HDACs) are responsi-
ble for their removal. Although HATs are generally associ-
ated with transcriptional activity, both HAT and HDAC
activity together are required for properly regulated gene
expression (Struhl 1998). This is partly to do with their
activity often being an integral part of multisubunit chro-
matin-modifying complexes. As a result, genetic or epige-
netic aberrations affecting HAT and HDAC expression,
translation, protein stability, or domain function can have
chromatin regulatory consequences beyond changes in the
histone acetylation states. In addition to the structural ef-
fects acetylation has on chromatin, it can also function in
chromatin as a signal that is recognized by a specific protein
module (i.e., “reader”), such as the bromodomain. Epige-
netic-based drugs, targeting acetyl readers, are thus likely
to be of clinical relevance in the treatment of cancer. Given
that acetylation modifications are reversible, the pharma-
cological intervention of HATs, HDACs, and acetyllysine
readers represent known, in the case of HDACs, or viable
strategies of therapeutic value in the treatment of cancer.

2.1.1 Histone Acetylation Writers

In humans, there are three major families of HATs: the
Gcen5-related  N-acetyltransferase family (GNAT), the
MYST family (MOZ, Ybf2, Sas2, TIP60), and the orphan
family (CBP/EP300 and nuclear receptors), whose struc-
ture and mechanism of action are elaborated in Marmor-
stein and Zhou (2014). Avariety of studies have implicated
HATs as both oncogenes and tumor suppressors, suggest-
ing that the balance of acetylation is critical. Many of the
HAT mutations frequently detected in a variety of cancers
are captured in Appendix A at the end of this article (Di
Cerbo and Schneider 2013). Interestingly, alterations in
HAT levels, both upward (Chen et al. 2012b; Hou et al.
2012) and downward (Seligson et al. 2009), often occur
without DNA mutation in cancers and are associated
with poor outcome.

Somatic mutations in a single allele of the p300 and
CBP genes have been identified in multiple cancers. The
resulting loss of heterozygosity implicates them as tumor
suppressors (Muraoka et al. 1996; Gayther et al. 2000; for
more on the characterization of tumor-suppressor genes,
see Baylin and Jones 2014). It is increasingly evident that
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CBP and/or EP300 are important in cancers (e.g., trans-
genic mice deficient in CBP or EP300 can develop he-
matologic malignancies [Iyer et al. 2004]). Another facet
of HAT function revealed by the many mutations in CBP
and EP300 is the protein’s ability to acetylate the non-
histone transcription factors, p53 and BCL6; a lack of
P53 and BCL6 acetylation abrogates their transcriptional
activator and repressor functions (Fig. 7A of Busslinger
and Tarakhovsky 2014), making the resultant cells more
tumorigenic via altered pathways that tolerate DNA dam-
age vet evade apoptosis and cell-cycle arrest (Pasqualucci
etal. 2011).

Enhanced HAT activity, conversely, has an overall on-
cogenic effect in cancers and usually occurs as the result of
chromosomal translocations with diverse fusion partners,
such as mixed lineage leukemia (MLL)-CBP, MLL-EP300,
MOZ-EP300, or MOZ-CBP in hematological malignan-
cies (Krivtsov and Armstrong 2007). The oncogenic effect
arises when the translocations generate chimeric oncopro-
teins. This may allow HATs to abnormally acetylate the
genomic targets of its fusion partner. Another mechanism
by which HATS, such as EP300/CBP, are oncogenic is when
they are recruited by more common fusion proteins, such
as acute myloid leukemia (AML)1-ETO, to serve as tran-
scriptional coactivators (Wang et al. 2011). Overall, a HAT’s
oncogenic or tumor-suppressor effects in cancer are depen-
dent on its dose; overexpression correlates with oncogenic
potential, whereas loss of expression results in loss of acet-
ylation capacity. This, therefore, suggests that HATs could
be a good drug target, although, to date, progress toward
producing a viable HAT inhibitor has lagged behind the
development of inhibitors of its counterpart enzyme,
HDAGCsS, described in the following section.

2.1.2 Histone Acetylation Erasers

Alterations in HDAGCs, the enzymes that remove acetyl
groups from histone lysine residues, have been observed
in cancer. There are four major families of HDACs, termed
class I, I, III, and IV. Class I, I, and IV are Zn2+—dependent,
whereas class III/Sirtuins are nicotinamide adenine di-
nucleotide (NAD)-dependent (see Fig. 1 in Seto and Yosh-
ida 2014). The contributions of specific HDAC subtypes
to individual cancers are currently not fully understood
(see Appendix B at the end of the article) (Barneda-Zaho-
nero and Parra 2012). This may be, in part, because of the
relatively low substrate specificity shown by the HDACs
themselves; each individual enzyme is capable of deacety-
lating multiple divergent histone sites. Interestingly, mu-
tations in HDAC:s are rare, but overexpression of HDACs
is frequently observed in cancer patients (Dell’Aversana
et al. 2012).
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The class I HDACs that are misregulated, usually by
overexpression or mistargeting, are found in a variety of
human cancers. The frequency with which they are dereg-
ulated in cancer, perhaps, reflects their normal function
in such a wide range of tissues, but in cancer, this is often
associated with poor prognosis (Nakagawa et al. 2007). The
role of HDAC:s in cancer, as with HATs, may not be confined
to histones. The growing list of reported HDAC targets that
become deacetylated include a-tubulin, HSP90 and cor-
tactin (HDACS6), p53 (HDACS5), and ERRa (HDACS);
HDACs also directly act on proteins involved in tumor
migration, metastasis, and growth (see Appendix B at the
end of the article). The example of HDAC2 in lung cancer
is a case in point; HDAC2 directly deacetylates p53 and
the CDKN1B/1C/2A proteins, attenuating a cell’s ability
to activate the apoptotic machinery or regulate cell cycle
(Jung et al. 2012; Reichert et al. 2012). This, therefore,
makes it hard to dissect what the exact epigenetic effects
of HDAC deregulation are, and thus how HDAC inhibitors
interfere with their activity.

Another mode by which HDACs are implicated in
cancer is through the abnormal recruitment of HDAC-con-
taining complexes to promoters as a consequence of chro-
mosomal translocation, observed in leukemias (Mercurio
et al. 2010). For example, the promyelocytic leukemia
(PML)-retinoic acid receptor a (RARa) translocation,
which is the driver for many acute promyelocytic leukemia
cases, represses many RAR target genes by the aberrant
recruitment of the N-CoR/HDAC repressor complexes
(Minucci and Pelicci 2006).

The class III HDACs, the Sirtuins (SIRT1-7), are also
capable of deacetylating a combination of histones (SIRT1-
3, 6, 7) and nonhistone proteins (SIRT1-3, 5, 7), as well as
ADP-ribosylating (SIRT4), and desuccinylating various
proteins (SIRT5) (see Appendix B at the end of the article).
They are distinguished from the other classes of HDACs by
a distinct catalytic mechanism of action (Seto and Yoshida
2014). The bulk of efforts has focused on studying SIRT1,
but has, to date, failed to clarify whether SIRT1 is a tumor
suppressor or oncogene, suggesting that these activities
may be contextual (Stunkel and Campbell 2011). SIRT1
is overexpressed in many tumors (leukemia, lymphoma,
prostate, liver, breast, ovarian, gastric, colorectal, and mel-
anoma) but significantly reduced in others (bladder, colon,
glioma). It may be that SIRT1 plays an oncogenic role by
inactivating other tumor suppressors (e.g., HIC1) and/or
activating tumor promoting genes (e.g., through N-Myc
stabilization, or p53) or other proteins (cortactin).

SIRT1 levels are elevated in drug-resistant SK-N-SH
neuroblastoma cells, a result that prompted the evaluation
of class I/1I (Vorinostat) and class III (Cambinol) HDAC
inhibitors in animal models of neuroblastoma (Lautz et al.

2012). In neuroblastoma, N-Myc induces SIRT1 transcrip-
tion, which, in turn, enhances N-Myc stability in a feed-
forward loop. It is believed that SIRT1 represses MKP3
phosphatase, leading to elevated ERK phosphorylation/
activation and then to N-Myc phosphorylation, a more
stable form of N-Myc. The antitumor efficacy of cambinol,
a SIRT1/2 inhibitor, in both wild-type and doxorubicin-
resistant neuroblastoma is consistent with a tumor-pro-
moting role for SIRT1 and/or SIRT2. Gene silencing and
use of pharmacological inhibitors in MCF7 breast tumor
cells indicate that blockade of both SIRT1 and SIRT2 may
be required to induce apoptosis. Other dual SIRT1/2 in-
hibitors have shown efficacy in xenograft models (melano-
ma, Burkitt’s lymphoma). In genetically engineered mouse
models, SIRT1/PTEN-null transgenic mice spontaneous-
ly develop aggressive prostate and thyroid carcinomas. In
contrast, SIRT™/~ /p53™/~ mice develop tumors in multi-
ple organs and SIRT-null mice form prostatic intraepithe-
lial neoplasia.

SIRT3-5 are localized primarily to the mitochondria
(although SIRT3 has been reported to deacetylate histones)
and can modify a number of substrates involved in energy
metabolism via deacetylation, ADP-ribosylation, or desuc-
cinnylation (see Appendix B at the end of the article). It
is believed that these Sirtuins act as metabolic sensors to
adjust mitochondrial energy production during stress or
energy deprivation (Haigis and Sinclair 2010). SIRT3, and
perhaps also SIRT6, have been identified as tumor sup-
pressors that regulate glycolysis in tumor cell (Haigis
et al. 2012; Sebastian et al. 2012), with reduced expression
in human breast cancer tissue versus normal. Its loss cor-
relates with hypoxia-induced factor (HIF)a stabilization,
up-regulation of HIFla target genes, increased glycolysis,
tumor cell proliferation, and fibroblast transformation
(Bell et al. 2011), whereas overexpression has the opposite
effect (Finley et al. 2011; Sebastian et al. 2012). Similarly,
depletion of SIRT6 leads to tumorigenesis, with trans-
formed SIRT6-deficient MEFs displaying increased glycol-
ysis and tumor growth. Conditional SIRT6 knockout in
vivo increases the number, size, and aggressiveness of tu-
mors. These data suggest that SIRT6 plays a role in both the
establishment and maintenance of cancer (Sebastian et al.
2012).

SIRT7 deacetylates H3K18 and is highly expressed in
many cancers (see Appendix A at the end of the article)
(Van Damme et al. 2012; Paredes et al. 2014). Hypoacety-
lation of H3K18, which is indicative of high SIRT7 activity,
causes tumor-suppressor gene repression, and is associated
with cancer progression and poor prognosis (Seligson et al.
2005; Barber et al. 2012; Paredes et al. 2014).

Broad-spectrum (class 1/1I) HDAC (e.g., vorinostat,
romidepsin) and DNA methylation inhibitors (Dacogen,
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Vidaza) were the first types of epigenetically targeted ther-
apies approved by the FDA for the treatment of hemato-
logical malignancies (discussed in more depth in Baylin
and Jones 2014). Data are evolving that suggest that these
therapies may be even more effective in combination with
standards of care or even with each other (e.g., HDACi +
DNA methylation inhibitor), and perhaps be used to ame-
liorate chemoresistance (discussed further in Sec. 3.1).
However, it is abundantly clear that the functions of each
specific HDAC isoform are much more complicated and
different than anticipated. This is, in part, due to their
contextual function in various protein complexes and abil-
ity to modify both histone and nonhistone proteins. In the
near future, it is expected that more HDAC isoform-spe-
cific small molecules (especially inhibitors) will emerge to
provide more clarity as to the roles of each HDAC in tu-
morigenesis and the therapeutic value of more advanced
HDAC modulators.

2.1.3 Histone Acetylation Readers

Proteins that read histone acetylated lysines can do so via
the bromodomain motif. There are more than 40 bromo-
domain-containing proteins, which share a high level of
sequence homology and structural similarity within the
domain. The bromodomain was the first histone-binding
module and, consequently, is the most prominent and
thoroughly studied histone recognition domain. It is in-
trinsic to a number of histone-modifying writers (e.g.,
p300 and MLL) and remodelers (e.g., SMARCA2), as well
as other proteins associated with chromatin function and
transcriptional control. Its occurrence in such a vast array
of chromatin-associating proteins has made it an obvious
druggable motif in the search for new epigenetic drugs.
The primary structural feature of the bromodomain is a
hydrophobic acetyllysine-binding pocket surrounding,
most typically, an asparagine residue, which engages in a
hydrogen-bonding interaction with the modified histone
substrate (for details, see Fig. 6 of Marmorstein and Zhou
2014).

The BET (bromodomain and extraterminal domain)
subset of bromodomain proteins consists of four family
members, BRD2, BRD3, BRD4, and BRDT, with a com-
mon architecture and structural design. BRD4 is a protein
that, when bound to acetylated histones, can activate tran-
scription (see Sec. 6 of Busslinger and Tarakhovsky 2014).
The reversal of cancer cell phenotype (i.e., the promotion of
differentiation and growth impairment using bromodo-
main-specific inhibitors, such as JQ1 and I-BET) provided
the first proof of concept that this histone mark reader
could act as a potential therapeutic target for the treatment
of cancers, such as leukemias (described in Qi 2014; Schae-
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fer 2014). The inhibitors were effectively shown to pheno-
copy BRD4 small hairpin RNA knockdown experiments.
These approaches were applied to murine MLL-AF9/
NRas“?P Jeukemia models, MLL-fusion cancer cell lines,
and patient-derived cells, leading to differentiation and
growth impairment (Fig. 2A) (Dawson et al. 2011; Zuber
et al. 2011). Further testing of the effects of selective BET
inhibitors in other cancer models continues to reinforce the
notion that BET proteins are potential therapeutic targets
in other cancers, including nuclear protein in testis (NUT)-
midline carcinoma, multiple myeloma, lymphoma, lung
cancer, and neuroblastoma (Delmore et al. 2011; Mertz
et al. 2011; Lockwood et al. 2012; Wyce et al. 2013). The
NUT-midline carcinoma, for example, has a translocation,
which fuses the BRD3 or 4 protein to the NUT transcrip-
tional regulator. This fusion produces an oncoprotein that,
through binding to acetylated histones, is thought to pro-
mote transcription of proliferation genes (e.g., MYC). Al-
though work on BET inhibitors continues to be the main
focus of research, it is interesting that a dual-drug strategy
involving HDAC inhibitors coupled to the JQ1 BET inhib-
itor has shown positive results as a therapeutic approach for
the treatment of AML (Fiskus et al. 2014).

BRD7 and, more recently, BRD9 bromodomain pro-
teins have been identified as components of chromatin-
remodeling switch/sucrose nonfermenting (SWI/SNF)
complexes, increasingly found to be mutated in a variety
of human cancers (Kaeser et al. 2008; Kadoch et al. 2013).
BRD7 has specifically been linked to the control of p53 and
BRCAL1 transcriptional pathways (Drost et al. 2010; Harte
et al. 2010). In the case of p53, BRD7 is thought to help
recruit the P300 HAT to p53 target genes, activating tran-
scription of senescence genes (Drost et al. 2010). In the case
of estrogen receptor (ER)-a response genes, BRD7 is be-
lieved to function in the recruitment of the BRCA1 tran-
scriptional activator (Harte et al. 2010).

CBP and EP300, previously described in the context of
their HAT activity, also possess bromodomains and tran-
scription factor binding domains. These multifunctional
proteins are critical as mediators of histone marks at tran-
scriptional enhancers (Fig. 1) (elaborated in Pirrotta 2014)
and required for transcriptional activation. This is illustrat-
ed by the loss of expression at MYB target genes, controlling
the proliferation and differentiation of hematopoietic stem
and progenitor cells, because MYB is mutated at its P300
interacting domain and thus is no longer able to activate
gene expression (Sandberg et al. 2005). It should be noted
that transcriptional activation occurs in a three-dimen-
sional context, in which looping together of enhancer
and promoter regions is thought to ensure proper expres-
sion. This relies on correct local histone signatures written
by HATs and lysine methyltransferases (KMTs) to facilitate
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Figure 2. MLL as an oncogene. (A) The MLL1-AF9 (or ENL) fusion oncoprotein activates transcription via two
possible mechanisms; the left mechanism attributes recruitment of MLL1-AF9 to chromatin via the MLL1 portion,
and transcription is activated via association with cofactors, including the DOT1 methyltransferase, methylating
H3K79 (green hexagon) and the pTEFb complex, which modifies RNA Polymerase I into the active elongating form.
(B) The partial duplication of an MLL gene can result in duplication of an internal region that includes chromatin
binding features and protein—protein interaction domains, providing oncogenic methyltransferase H3K4me3 ac-
tivity and increased transcriptional activation. LSD1 may be involved via the MLL supercomplex, or a transcription
elongation complex contributing to oncogenic activity through H4K4me2 or H3K9me2 demethylase activity. LSD1
inhibition somehow reduces the oncogenic program, promoting differentiation. In the mechanism on the right,
recruitment of MLL1-AF9 to chromatin is attributed to its association with BRD-2, -3, or -4 via acetylated chro-
matin. This mechanism of gene activation can therapeutically be targeted via treatment with BET inhibitors.

an open chromatin structure and the recruitment of the
full transcription machinery (Fig. 1), often through histone
PTM reader proteins, such as BRD4 (reviewed in Ong and
Corces 2011; exemplified in Fig. 1 of Qi 2014).

P300 was also found to mark binding sites of leukemic
fusion proteins, such as AML1-ETO and PML-RAR«;, and
to directly acetylate AML1-ETO fusion proteins, indicating
it may have particular importance in contributing to on-
cogenic transcriptional programs in leukemia (Wang et al.
2011; Saeed et al. 2012). The specific function of the bro-
modomains in this context has not been definitively shown,
but the recent identification of potent and selective chem-
ical probe molecules should afford a similar opportunity to
interrogate the function of these domains as has occurred

for the BET proteins (Jennings et al. 2014). One would
anticipate that, by virtue of BRD proteins being involved
in multiple complexes, their mutation must have far-reach-
ing oncogenic effects.

2.2 Histone Methylation

Methylation of lysine and arginine residues on histone
tails represents a complex and more subtle chromatin
modification than does acetylation. Multiple methylation
states exist for both lysine and arginine residues, but when
modified, they retain their fundamental basic character
(Bannister and Kouzarides 2011). The suggestion that in-
dividual methylation states for each histone lysine or argi-
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nine can be meaningfully recognized generates enormous
functional complexity. This modification is tightly reg-
ulated by a number of methyltransferase writers and deme-
thylase eraser enzymes that act in concert to place and
remove specific methyl marks critical for gene expression,
cell fate, and genomic stability. Individual methyltransfer-
ases are highly specific with regard to both the lysine resi-
due on which they operate and the degree of methylation.
Appendix C at the end of this article captures some of the
important information about lysine and arginine methyl-
transferases in cancer. Appendix D at the end of this article
summarizes some of the important demethylases implicat-
ed in cancer. It is important to note that, whereas many
of the methyltransferases and demethylases are amplified,
overexpressed, deleted, misregulated, rearranged, or mutat-
ed, their direct causality on cancer as a result of changes
to lysine methylation has not been broadly shown (Black
et al. 2012). Additionally, cancer associations have been
observed both for elevations and reductions in histone
methylation (illustrated in Fig. 7 of Busslinger and Tara-
khovsky 2014). The literature has much more on histone
KMTs, as elaborated in this section, partly because of their
earlier discovery. Discussion of protein arginine methyl-
transferases (PRMTs) in cancer is discussed in Section 1.4
on PTM cross talk and further in Cheng (2014).

2.2.1 Histone H3K4 Writers

The MLL family of KMTs is implicated in many forms of
cancer, either by loss of function or, in the case of MLLI,
through dysregulation following translocation or rear-
rangement (see Appendix C at the end of this article).
Members of the MLL (KMT2) methyltransferases specifi-
cally methylate histone H3 at lysine 4. MLLLI is frequently
translocated in myeloid and lymphoid leukemias, in which
such rearrangements account for ~80% of infant leuke-
mias and 5%—10% of adult leukemias (Smith et al. 2011;
Zhang et al. 2012a; Li et al. 2013a). The MLLI fusion pro-
teins generally do not retain the catalytic SET methyltrans-
ferase domain, but do retain their DNA-binding motifs
that target Hox genes. The chimeric proteins inappropri-
ately recruit epigenetic factors to MLL targets, altering the
transcriptional control of critical genes, such as HOXA9.
Constitutive HOXA9 expression prevents differentiation
in myeloid lineages, thus, contributing to the maintenance
of a multipotent phenotype. The fusion partners also fre-
quently playa role in transcriptional elongation at the target
genes. The partial duplication of MLL1’s set KMT domain
further corroborates a role for MLL1 in cancer, showing in
this case, increased HoxA gene expression associated with
increased H3K4me3 marks at the promoter, albeit by an
unknown mechanism (Fig. 2B) (Dorrance et al. 2006). In
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the case of MLL2/3 loss-of-function mutations, the mo-
lecular consequences are, at present, unclear, although in-
creasing evidence suggests that cancers may alter H3K4
methylation states as a common method of achieving a
growth advantage.

2.2.2 Histone Lysine Erasers

LSD1 (KDM1A) was the first reported lysine demethylase
(KDM) enzyme specific to H3K4 and H3K9 residues (Shi
and Tsukada 2013). It is a classic oncogene, based on the
numerous reports of its overexpression in many types of
cancer (see Appendix D at the end of this article). This
overexpression, coupled with the fact that LSD1 is part of
the MLL supercomplex and found at MLL target genes in
MLL-fusion instances of AML, implicates it in the onco-
genic gene expression program of these leukemia stem cells.
Promising results have been obtained using a small mole-
cule inhibitor of LSD1 in both human and murine AML
cell lines with the MLL-AF9 translocation, in which induc-
tion of differentiation of otherwise proliferative undiffer-
entiated tumor cells was observed (Fig. 2A) (Harris et al.
2012). The similar use of an LSD1 inhibitor in PML-RAR«
translocated AML, but this time in combination with
all-trans-retinoic acid (ATRA), produced a superior anti-
leukemic effect to the single-agent approach (Schenk et al.
2012). ATRA alone can enhance differentiation of tumor
cells through the dissociation of RARa-recruited repressor
complexes at RAR« target genes. The combination thera-
py of LSD1 inhibitor plus ATRA caused ATRA-insensitive
cancer cells (i.e., a drug-resistant population) to become
differentiated. Although these two results show great ther-
apeutic promise, the mechanism by which LSD1 modulates
expression is not clear at present.

Apart from KDMI1 (i.e., LSD1 and -2), all the other
known KDMs are members of the larger JmjC domain
family of demethylases. The characterization of many of
these proteins is in progress through both functional stud-
ies and the development of small molecule inhibitors
targeted against them and stand to be invaluable for our
understanding and treatment of cancer. One interesting
finding made by Sharma et al. (2010) was the discovery
of an underlying epigenetic basis for transient and revers-
ible drug resistance that develops in certain cancer cell
populations during treatment with cancer drugs. The
H3K4-specific JmjC domain demethylase, KDM5A, in par-
ticular, was implicated in the development of drug resis-
tance. Further research should be able to confirm whether
epigenetic mechanisms, such as histone demethylation
truly represent a broad and adaptive mechanism by which
cancer cells can avoid eradication during chemotherapy
(Sharma et al. 2010). The related KDM5B has also been
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associated with divergent roles in cancer: in metastatic
melanoma, it has a putative tumor-suppressive function
(Roesch et al. 2006; Roesch et al. 2008); in breast cancer,
a proproliferative role (Mitra et al. 2011); and in prostate
cancer, overexpression has been observed.

H3K9 is another histone residue in which methylation
is aberrantly regulated in multiple cancers. This could be
explained by alterations in H3K9-specific KMTs or op-
posing KDM enzymes (see Appendices C and D). With
respect to the G9a KMT, both deletion or lowered expres-
sion and increased expression have been observed in cancer
(see Appendix C at the end of this article). For H3K9-
specific demethylases, KDM3A and KDM4 are often am-
plified or highly expressed, whereas attenuated expression
of KDM4A has been observed in cancer (see Appendix D at
the end of this article). One mechanism by which KDM3
and KDM4 could become overexpressed is by the targeted
gene-activating effect of the HIF, itself induced by tumor-
igenic hypoxic conditions.

2.2.3 Histone H3K27 Writers and Erasers

EZH2 is the catalytic component of the Polycomb repres-
sive complex 2 (PRC2) responsible for the di- and tri-
methylation of H3K27 (H3K27me2 and -me3) via its
SET domain. EZH2 was among the earliest methyltransfer-
ase to have putative oncogenic capabilities because it was
shown to be overexpressed or amplified in multiple cancers,
including breast, prostate, and bladder (Bracken et al.
2003). More recently, altered EZH2 functionality was re-
ported as oncogenic. Intriguingly, it is also believed to act as
atumor suppressor in some cancers, suggesting the balance
of resulting H3K27 methylation is key.
Change-of-function mutations within the SET domain
of EZH2 are oncogenic, giving rise to H3K27me3 accu-
mulation. Such mutations modify EZH2’s H3K27 substrate
preference, increasing catalytic activity at H3K27me2
substrates (not increased for H3K27mel substrates vs.
wild type) (see Appendix C at the end of the article).
These heterozygous oncogenic gain-of-function mutations
strongly implicate the catalytic activity in the malignant
transformation process, and support consequent gene si-
lencing as being the driver for genesis or maintenance of
tumor cells. Moreover, diffuse large B-cell lymphoma tu-
mors harboring such EZH2 mutations are extremely sen-
sitive to EZH?2 inhibition with small molecule inhibitors,
suggesting promise for their clinical translation and offer-
ing a path toward molecular stratification of patients on the
basis of the mutational status. More compelling evidence
that accumulation of H3K27me3 is central to EZH2’s on-
cogenic effect in medulloblastoma is that EZH2 overexpres-
sion or amplification was found to be mutually exclusive to
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inactivating mutations in the reversing H3K27 demethylase
UTX (KDM6A) (Robinson et al. 2012).

A potential tumor-suppressor role for EZH2, or PRC2,
has been shown by loss-of-function mutations in myeloid
malignancies (Khan et al. 2013). This was further support-
ed by the observation that a K27M point mutation in the
histone H3 gene (H3F3A) in pediatric glioblastoma result-
ed in lowered or absent H3K27me3 (Venneti et al. 2013).
This indicated that aloss of a lysine residue at position 27 of
H3 abrogated the capacity for chromatin to appropriately
repress PRC2-mediated gene expression. EZH2’s repressive
effects are not only modulated by the opposing UTX de-
methylase, but also by the activity of the SWI/SNF chro-
matin-remodeling complex. SWI/SNE in fact, critically
depends on EZH?2 activity, as shown in cell lines and mouse
models in which inactivation of EZH2 blocked tumor
formation driven by SNF5 loss (Wilson et al. 2010). Col-
lectively, these results indicate that correct genomic and
developmental gene repression programs are largely en-
sured by H3K27 methylation. The writers and erasers of
this modification, as well as other epigenetic modulators,
are central to maintaining the balance of H3K27 methyla-
tion and represent viable drug-discovery targets in cancer.
It is interesting to note that continued endeavors to epi-
genomically map cancers are suggesting that the correct
balance of H3K27 methylation may be affected by other
chromatin PTMs, namely DNA methylation in cancer,
but also the interplay with other histone PTMs, such as
acetylation (see Pirrotta 2014).

2.2.4 Other Histone Lysine Writers and Erasers

H3K36-specific methyltransferase writers are implicated
in a variety of cancers (see Appendix C at the end of this
article). These enzymes are members of the NSD (nuclear
receptor-binding SET domain) family (i.e., KMT3B/3F/
3G). In AML, NSD1 (KMT3B) is fused to nucleoporin
98 (NUP9S), resulting in enhanced H3K36me3 at critical
HOXA gene loci, accompanied by increased transcrip-
tion (Wang et al. 2007). The loss of gene repression may
partly be achieved by NSD1/H3K36me3 preventing PRC2
complex access. Similarly, NSD2 (WHSCI1, KMT3G) is
translocated in 20% of multiple myelomas and has been
reported to act as a potent coactivator of NF-«[3, which
plays an important role in cancer progression. The investi-
gators suggest that NSD2 is recruited to NF-k[3 target gene
promoters on pathway induction, resulting in an elevation
of histone H3K36me2 and H3K36me3 marks at their pro-
moters, directly implicating NSD2 methyltransferase activ-
ity in gene deregulation (Yang et al. 2012).

Another common site of histone lysine methylation is at
H4K20, which when monomethylated (H4K20mel) is as-
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sociated with transcriptional repression and when di-
methylated (H4K20me?2) is linked to DNA repair pathways.
The presence of H4K20me3, accompanied by the loss
of H4K16 acetylation, constitutes a common H4 cancer
“epigenetic signature” predominantly at DNA repetitive
sequences (Fraga et al. 2005). This suggests that one or
more of the known histone H4K20 methyltransferases—
that is, SUV420H1 and SUV420H2 (H4K20me2 and
H4K20me3) or SETD8 (HK20mel) (KMT5A)—could be
targets for disruption in cancer cells.

2.3 “Atypical” Histone Modifications

The growing base of knowledge regarding some of these less
prevalent or newer PTMs, namely, histone deamination/
citrullination, ubiquitination, ADP-ribosylation, deamina-
tion, N6-formylation, and O-GlcNAcylation, are discussed
below.

2.3.1 Histone Arginine Citrullination

Histone arginine residues may become methylated like ly-
sines, and this modification is catalyzed by the PRMT fam-
ily of enzymes. Histone arginine residues, unmodified or
monomethylated, may also be modified by hydrolysis to
Citrulline, a process termed citrullination or deimination.
This removes the positive charge, as does histone acetyla-
tion, and is enzymatically catalyzed by the partitioning and
anchoring domain (PADs or PADIs). Of the PAD family,
only PAD4 has a nuclear localization signal and been clearly
shown to deiminate/citrullinate histones H3 (Arg residues
2, 8, 17, 26), H2A, H4 (Arg3), and H1R54 (Wang et al.
2004; Tanikawa et al. 2012; Christophorou et al. 2014),
although a recent report showed PAD2 as deiminating
H3R26 (Zhang et al. 2012b). The citrullination of histone
tails is associated with the decondensation of chromatin,
but this is tightly regulated to occur only in naive plurip-
otent (i.e., embryonic stem or inner cell mass cells) cells,
conducive to the transcriptional activation of key stem-cell
genes, or in myeloid lineages as part of the immune re-
sponse to inflammatory stimuli. The H1-specific deimina-
tion at stem-cell loci seems to be one mechanism by which
PAD4 effects chromatin decondensation through the weak-
ening and eventual displacement of H1 on chromatin in
ground-state pluripotent cells (Christophorou et al. 2014).
Citrullination of H3RS, in some instances, may also con-
tribute to chromatin decondensation, possibly through the
interference of HP1a binding to H3K9me3 (Sharma et al.
2012). Given that PAD4 is highly expressed in many tumor
tissues and cell lines (e.g., non-small-cell lung carcinoma
[NSCLC], ovarian, breast, and hepatocellular carcinomas)
compared with normal tissues or more-benign hyperplas-
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tic tissues (Chang et al. 2009), it will be interesting to see
whether PAD4 contributes to tumorigenesis. It is conceiv-
able that this may occur by promoting chromatin decon-
densation, resulting in the activation of pluripotent stem
cell genes, or interference of HP1b heterochromatin, or via
its gene-repressive effect via involvement in the p53 path-
way described below.

Citrullination may have a gene-repressive effect, report-
ed first in conjunction with HDACI-mediated histone
deacetylation of estrogen-regulated genes (Cuthbert et al.
2004; Wang et al. 2004; Denis et al. 2009). Depletion of
PAD4 in colorectal tumor cells has an antitumorigenic
effect, increasing the expression of p53 target genes (p21,
GADD45, PUMA) and inducing cell-cycle arrest and apo-
ptosis (Li et al. 2008). As p53 and PAD4 directly interact, it
is not certain whether PAD4 acts in these cells via a scaf-
folding effect, enzymatic deiminase activity, or a combina-
tion of both.

Based on the accumulated evidence, there is interest in
developing inhibitors of PADs (especially PAD2 and PAD4)
for the treatment of cancer, and possibly also inflamma-
tory diseases. Currently, PAD inhibitors are in early pre-
clinical development, so more time will be required to
understand the therapeutic potential of these targeted epi-
genetic therapies.

2.3.2 Histone Lysine ADP-Ribosylation

During the cell cycle, DNA is being damaged and repaired
by an elaborate set of mechanisms that have evolved to
conserve genomic integrity. Although cancers may result
from improper/incomplete DNA repair, targeted in-
hibition of DNA repair mechanisms may also be exploited
to kill cancer cells. One clinical paradigm is to interfere
with the tumor’s ability to repair its DNA following treat-
ment with a cytotoxic chemotherapy (i.e., chemosensiti-
zation).

ADP-ribosylation of lysine residues is a relatively rare
histone modification, occurring in <<1% of all histone pro-
teins, but is observed particularly in instances of single-
DNA-strand breaks (Boulikas 1989). Some of the NAD™-
dependent Poly(ADP-ribose) polymerases (PARPs), more
recently referred to as ADP-ribosyltransferases (ART),
ADP-ribosylate histone and nonhistone proteins, as do
some of the Sirtuins (Stunkel and Campbell 2011).
PARP1 (ARTD1), the best-characterized histone ADP-ri-
bosylating enzyme, is activated by environmental stresses,
such as DNA damage, and has been reported to ADP-ribo-
sylate the amino-terminal tails of all core histones, specif-
ically at H2AK13, H2BK30, H3K27, H3K37, and H4K16
(Messner et al. 2010). This PTM is thought to cause chro-
matin decondensation and recruit DNA repair machinery.
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Interestingly, acetylation of H4K16 inhibits ADP-ribosyla-
tion by PARP1 (Messner et al. 2010). This is the first direct
piece of evidence pointing to PTM cross talk between lysine
ADP-ribosyl and acetylation marks. Interestingly, a group
of macrodomain-containing proteins have been shown as
mono-ADP-ribosylhydrolases and define a class of en-
zymes that renders mono-ADP-ribosylation a reversible
modification (Rosenthal et al. 2013).

Responding to DNA damage repair is crucial for
maintaining genomic stability and, typically, tumors are
deficient in a DNA repair pathway. It is still early for deci-
phering a functional understanding of the biological role
of histone ADP-ribosylation and individual PARP en-
zymes in chromatin function. Nonetheless, observed his-
tone ADP-ribosylation and PARP1 detected during DNA
repair has led to the use of PARP1 inhibitors in the treat-
ment of breast and ovarian cancers. PARP1 inhibitors (ola-
parib) induce synthetic lethality (i.e., when two or more
mutations together cause cell lethality) in cancer cells al-
ready mutated for BRCA1 or -2 genes. The BRCA proteins
are essential components of the double-strand break (DSB)
repair pathway through homologous recombination (dis-
cussed in Sec. 1.4.3), and in their absence, cancer cells
become reliant on PARP1-dependent DNA repair path-
ways. Thus, the use of PARP1 inhibitors in BRCA mutant
cancers results in tumor cell death, whereas normal cells
survive owing to their still-intact BRCA1-dependent DNA
damage repair pathway.

The positive progression of several PARP inhibitors
through clinical trials (breast, colorectal, and ovarian can-
cers), although yet unapproved, lends credence to a parallel
clinical approach with histone ADP-ribosylation inhibitors.

2.3.3 Other Histone PTMs with Implications
in Cancer

A relatively new entry to histone PTMs is histone lysine
deamination. This PTM already appears to play a known
role in cancer progression and metastasis via genetic studies
of its writing enzyme, lysyl oxidase—like 2 enzyme (LOXL2).
Histone H3K4me3 can be deaminated by LOXL2 and this
enzymatic activity is required to silence the tumor-suppres-
sor gene, CDH1, and induce the epithelial to mesenchymal
transition, commonly associated with metastasis, in breast
tumor cells (Herranz et al. 2012).

N6-formylation of histone lysine residues is one of
the rarest histone PTMs, found at very low abundancy
(0.04%—0.1% of all lysines in acid-soluble chromatin pro-
teins) (Jiang et al. 2007). The linker histone H1 is N-for-
mylated most frequently (13 residues), but core histones
also contain multiple sites of Lys formylation (19 sites
in total for H2A, H2B, H3, and H4) (Jiang et al. 2007;
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Wisniewski et al. 2008). Lysine formylation increases
during oxidative stress (Jiang et al. 2007), which has been
associated with various disease states, including cancer.
The biological relevance of N6-lysine histone formyl-
ation may lie in its potential to disrupt gene expression
mediated by other histone lysine marks. For example, N-
formylation is observed at H3K79, which could possibly
interfere with methylation at that site catalyzed by DOT1L,
a target that has been linked to MLL-rearranged leukemias.
However, specific cross talk between lysine N-formylation
and acetylation or methylation remains unverified and
there is no clear disease linkage established with histone
formylation.

Histone PTM is not restricted to Arg and Lys residues.
Histone Ser or Thr phosphorylation has long been known
to be an important PTM involved in the cellular response
to DNA damage (Rossetto et al. 2012). For example, H2A.X
is phosphorylated at Ser 139 shortly after DNA damage,
demarcating the region of chromatin around the DNA
lesion.

Recently, O-GlcNAcylation (addition of 3-N-acetylglu-
cosamine) of Ser and Thr residues on core histones H2A
at Thr101, H2B at Ser36, and H4 at Ser47 was reported,
although more residues are thought to be subject to this
modification (Sakabe et al. 2010). This PTM increases
during heat shock and the mitotic phase of the cell cycle.
The known sites of O-GlcNAcylation are also modified
by phosphorylation, the latter of which are potentially im-
portant for H2A-H2B dimerization. This suggests that O-
GlcNAcylation may interfere with residues that are poten-
tially to be phosphorylated, hence, explaining the observed
increase in chromatin condensation when the O-GlcNAc
transferase (OGT) enzyme is overexpressed or O-GlcNA-
cylation is triggered following heat shock (Hanover 2010).
Thus, the increase in histone O-GlcNAcylation during heat
shock, concurrent with DNA condensation, suggests a pos-
sible role in DNA damage.

Recently, OGT was found to operate in a ten eleven
translocation (TET)2-dependent manner, particularly at
transcriptional start sites. This suggests there is a combina-
torial effect of DNA 5-hydroxymethylation and O-GlyNA-
cylation in regulating gene expression (Chen et al. 2013).
Collectively, these findings suggest a possible role in tran-
scriptional regulation, DNA damage, and thus cancer, par-
ticularly, given that the OGT partner, TET2, is a known
tumor suppressor involved in myeloproliferative diseases
(see Baylin and Jones 2014).

2.4 Cross Talk among Histone Modifications
As noted above, histones can be decorated with a wide

variety of PTMs, presenting numerous combinatorial pat-
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terns (Jenuwein and Allis 2001). These can occur on any of
the four core histones in the histone octamer (two copies
each of histones H2A, H2B, H3, and H4) and may even
differ between tails of the same histone within a nucleo-
some or between nucleosomes (Fig. 3) (Ruthenburg et al.
2007). There is no doubt that PTMs are implicated in can-
cer. Although single marks have been generalized as acti-
vating (e.g., H3K9ac, H3K4me3) or repressive (H3K9me3,
H3K27me3) (Ruthenburg et al. 2007; Zhu et al. 2013), it is
clear that certain PTMs can affect the ability of other marks
to either be put down or read (more extensively reviewed by
Ruthenburg et al. 2007; Suganuma and Workman 2008).
Extracting which are the important modifications that
drive tumorigenesis versus which are passengers is a key
endeavor for the field. It is complicated by the fact that
multiple interactions occur between PTMs, often referred
to as cross talk. A few examples that have a bearing on our
understanding of the epigenetic role in cancer are described
in this section.

INTRAHISTONE

Histone Modifications and Cancer

2.4.1 Histone Lysine and Arginine Methylation
Cross Talk

There are instances in which histone PTMs can act as
exclusion marks, preventing the occurrence of other
marks and/or binding of chromatin readers (Migliori
etal. 2010). For instance, the presence of H3K4me3 appears
to inhibit the deposition of the H3R2me2a mark by
PRMT6 (Guccione et al. 2007; Hyllus et al. 2007). Con-
versely, the H3R2me2a mark prevents methylation of
H3K4 by an MLL complex, making the coexistence of these
marks mutually exclusive (Fig. 3A). Another example
of exclusion marks is seen when PRMT7 promotes sym-
metric dimethylation of H4R3 (H4R3me2s) and inhibits
expression of MLL2-dependent target genes (Dhar et al.
2012). PRMT7 knockdown causes an increase in MLL2-
catalyzed H3K4 methylation, suggesting an inverse rela-
tionship between these methylation sites. It has been
hypothesized that the H4R3me2s mark may block binding

INTERHISTONE

H3

H4

H3

Figure 3. Histone tail cross talk. (A) H3R2me2a and H3K4 methylation are examples of mutually exclusive intra-
histone H3 PTMs. (B) An example of an interhistone cross talk is when H4R3me0 or H4R3me2a marks (purple
hexagon) are converted into H4R3me2s (purple triangle), which is thought to block the binding of MLL2 via its
PHD4-6 domain, thus preventing the methyltransferase activity of MLL2 at H3K4. (C) PRMT4, a histone arginine
methyltransferase, is thought to partially rely on H3 acetylation at K18 and K23 for recruitment to H3 and
subsequent dimethylation of the nearby R17 residue. (D) An illustration of the increasingly complex picture of
histone H3 tail cross talk, involving H3K9, H3K27, and H3K79 methylation and H3K14 acetylation. See text for a

more detailed explanation.
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by tandem PHD4-6 reader domain(s) within MLL2, which
normally recognize H4R3me0 or H4R3me2a, and are re-
quired for its methyltransferase activity (Fig. 3B) (Dhar
et al. 2012). In this way, the tails of two histones, H3 and
H4, could interact contextually to dictate target gene
expression.

2.4.2 Cis Histone Cross Talk

Histone lysine acetylation and arginine methylation can
also act cooperatively to localize and activate other meth-
yltransferases. A sequential process has been proposed in
which estrogen stimulation, CBP/EP300, first acetylates
H3K18, then H3K23, and, finally, PRMT4 is attracted to
the histone tail in which it dimethylates H3R17 (Daujat
et al. 2002). In vitro histone H3K18/K23 acetylation was
shown to tether recombinant PRMT4 to the H3 tail to
efficiently catalyze arginine dimethylation (Fig. 3C) and
activate estrogen-dependent genes.

Histone methylation and phosphorylation can interact
in a regulatory fashion. One key example is when chromo-
domain recognition of a methylated lysine can be disrupted
by an adjacent phosphorylation event. H3K9me3 is im-
portant for recruiting heterochromatin protein 1 (HP1)
to distinct chromosomal regions, required for heterochro-
matin formation, and thereby regulating gene expression
(Stewart et al. 2005). H3 serine 10 phosphorylation adja-
cent to the trimethylated H3 (H3K9me3S10ph) by Aurora
B causes dissociation of HP1 from heterochromatin dur-
ing M phase and allows for mitotic progression (Fischle
et al. 2005; Hirota et al. 2005). This apparently occurs by
a disruption of the chromodomain binding of HP1 to
H3K9me3 (see Fig. 12 of Allis et al. 2014).

With the advent of modern mass spectrometry and
corresponding analytical tools, the entire panoply of his-
tone marks may be interrogated simultaneously from cell
extracts. An example is provided by the mass spectrometric
analysis of HEK293 cells when G9a/GLP-1 (EHMT1/
EHMT?2) is knocked down, revealing not only a reduction
in the expected methyltransferase products, H3K9mel and
H3K9me2 (H3K9me2 being predominant), but also an
increase in H3K79me2, a mark associated with gene expres-
sion, added by DOT1L (Plazas-Mayorca et al. 2010). In
addition, the greatest reduction in H3K9me2 was seen on
peptides containing H3K14 acetylation. The biological sig-
nificance of these mark changes is unknown, but it infers
cross talk between G9a/GLP-1, H3K9me2, H3K79me2,
and H3K14ac (Fig. 3D). It is conceivable that H3K9me2
and H3K14ac are mutually exclusive marks representing
a form of conditional epigenetic switch. The situation
is further complicated by PRC2 recruitment being shown
as dependent on G9a and GLP-1 association, affecting,
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therefore, the degree of H3K27me3 at target genes, which
mediates gene silencing (Mozzetta et al. 2014). This shows
that there is additional interplay between H3K27me3 and
H3K9 methylation, which are both typically repressive
marks.

Ultimately, the challenge of relating changes in primary
chromatin definitively to cancer, and then determining
how cross talk contributes to cancer are key questions in
the field. A clear understanding of these marks is limited
both by the technologies available with which to interro-
gate this, as well as our ability to interpret the role that the
readers themselves play on the biologic output of chroma-
tin modifications.

2.4.3 DNA Damage Repair: Ubiquitination
and Other Cross-Talking PTMs

The repair of DNA damage is an essential cellular function,
requiring a rapid dynamic response. It is important to note
that repair has to occur in a chromatin context and involves
extensive chromatin remodeling. The loss of total repair
functionality is cell lethal; however, in cancer, there is often
partial loss of function that is accompanied by an increase
in genomic instability and mutation rates. PTMs of his-
tone proteins around the DNA damage site and recruited
repair proteins is a central means by which the process
is regulated. In fact, our current knowledge of mammalian
DNA repair in a chromatin context, illustrates the cen-
tral involvement of histone PTM:s as signals in the recruit-
ment or binding inhibition of repair proteins, involving
extensive cross talk. Ubiquitination, in particular, repre-
sents one of the first key modifications activating the repair
pathway. Ubiquitination occurs at histone lysine residues,
as do the already discussed acetylation and methylation
modifications.

One of the earliest stages of the DNA damage response
is when H2AX undergoes monoubiquitination at Lys119/
Lys120, mediated by the RNF2-BMI1 complex (compo-
nents of the PRC1 complex). This is necessary for the re-
cruitment of early sensors of DNA damage. They include
the ATM protein, which phosphorylates histone variant
H2AX to form y-H2AX, MRN complex at broken DNA
ends, and MDC1 (Fig. 4B) (Ginjala et al. 2011; Pan et al.
2011; reviewed in Panier and Durocher 2013). As RNF2-
BMI1 complex-depleted cells have an impaired DNA repair
capability and increased sensitivity to ionizing radiation
(Pan et al. 2011), it is tempting to speculate that pharma-
cological inhibitors of H2AX monoubiquitination may act
as radio-sensitizing agents in cancer. Monoubiquitination
of H2A at Lys119, incidentally, is also involved in transcrip-
tional repression via PRC proteins, such as the RINGIA
and 1B ubiquitin ligases (de Napoles et al. 2004; Fang
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A Undamaged chromatin

H2AX

C Homologous repair

H2B § WH2AX
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B H2AX formation
at DSB

HAT ? HDAC ?

H2B ubiquitination
pathway H4
H2A ubiquitination

pathway

Initiation of DNA damage repair

Nonhomologous
end joining

Figure 4. Role of histone PTMs in DNA damage repair. (A) Before DNA damage, L3BMBTL1 and JMJD2A ( possibly
also JMJD2B) bind, via their Tudor domains, to H4K20me2 (red hexagons), hindering access by DNA repair
proteins, such as 53BP1. (B) When double-strand DNA breaks occur (red arrow), the DNA damage—sensing
proteins, such as MRN, act to initiate cascades of protein and histone tail PTMs (blue-shaded area). In particular,
the phosphorylation of H2A at S139 represents the conversion of H2A into H2A.X. Subsequent chromatin-remod-
eling events occur as a consequence of H2B ubiquitination (green-shaded area), whereas further ubiquitination
events on H2A.X alter local chromatin structure (pink-shaded area). This latter RNF8/RNF168-catalyzed H2A
ubiquitination pathway also polyubiquitinates JMJD2A /B for degradation, whereas L3MBTL1 is removed by RNF8-
mediated ubiquitination. This then allows DSBs in DNA to be repaired by homologous recombinant repair (HRR),
where joining occurs between two similar or identical strands of DNA (C); or by nonhomologous end joining
(NHE]J), in which the two DNA ends are joined directly, usually with no sequence homology, although, in some
cases, regions of microhomology are used (D). (C) During HRR, TIP60 acetylates H4K16, RNF8 ubiquitinates
H2AK®63, and selectively allows for BRCA1 binding but not 53BP1. (D) If NHE] is required, H4K16 is deacetylated
(presumably by HDACI1,2) and H2AK15 is ubiquitinated. 53BP1 binds to both H4K20me2 and H2AK15ub,
whereas BRCAL is excluded. To illustrate 53BP1 oligmer formation, only histone H4 and H2AX tails are illustrated
in this panel.
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et al. 2004; Endoh et al. 2008; Trojer et al. 2011). BMI-1
functions as an oncogene in medulloblastoma and other
malignancies, although its deregulation seems to mostly
impact its function as a stem-cell factor (see Grossniklaus
and Paro 2014). Given BMI-1’s dual role, it is hard to sep-
arate its role when considering using it as a drug target,
as both functions must be taken into consideration.
RING1B has been proposed to control the balance between
early myeloid progenitors and mature myeloid popula-
tions (Cales et al. 2008); potential dysfunction could lead
to myeloid dysfunction and/or malignancies. Indeed,
RING1B deficiency was found to result in an accelerated
onset of hematopoietic neoplasia in the absence of the
tumor suppressor, Ink4a (Cales et al. 2008).

Monoubiquitination of H2B at Lys120 is also induced
at sites of DNA damage and required for DNA DSB re-
pair (reviewed in Prinder et al. 2013). The ubiquitin
ligase, RNF20 (really interesting new gene [RING]-finger),
when phosphorylated by ATM, likely mediates H2B ubiq-
uitination. Ubiquitination of histone H2B, in turn, pro-
motes methylation of H3K4 and H3K79, which is critical
for remodeling chromatin to allow access to the DNA
repair machinery. The remodeling is partly facilitated by
the SNF2h subunit of the ISWI complex, likely through
interaction with methylated H3K4, as SNF2h depletion
reduces repair, at least by the homologous repair (HR)
pathway (Fig. 4B). This H2B ubiquitination branch of the
DNA repair pathway is a necessary part of either NHE] or
HR mechanisms at DSB (Pinder et al. 2013).

The HR pathway involves polyubiquitination of H2A
or H2AX at Lys63 by the RNF8 and RNF168 ubiquitin
ligases at sites of DNA DSBs, acting to recruit DNA repair
factors, such as BRCAI (Doil et al. 2009; Campbell et al.
2012). Repair by NHE] involves histone lysine PTM cross
talk to dictate 53BP1 protein recruitment, which inter-
acts with the nucleosome in an oligovalent trans-histone
fashion (Fig. 4D). Focal accumulation of 53BP1 at DSBs
depends on the specific interaction of its tandem Tudor
domain with dimethylated H4K20 (H4K20me2) and
ubiquitinylated H2AK15. Rapid induction of H4K16 de-
acetylation after DSBs facilitates 53BP1-induced DNA
damage signaling and DSB repair (Hsiao and Mizzen
2013). In the absence of DNA damage, TIP60 acetyltrans-
ferase-mediated H4K16 acetylation inhibits the interaction
between 53BP1 and H4K20me?2 (Tang et al. 2013). Follow-
ing the initiation of DSB repair, the acetylation status
of histone H4K16, written by TIP60 or removed by
HDAC1/2, in fact, may act as a switch between BRCAI
and 53BP1 localization to DSB chromatin by affecting
the binding affinity of the 53BP1 Tudor domain for
H4K20me?2 (Tang et al. 2013). These histone modifications
(H4K16ac, H4K20me2) could function to balance 53BP1
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DSB chromatin occupancy for NHE], versus BRCA1 DSB
localization and HRR (Fig. 4).

In summary, DSB repair is a complex process involving
many proteins and PTMs. When mutated, many of these
factors contribute to cancer: among them are TIP60,
BRCALI, and 53BP1, documented to have tumor-suppres-
sor function, thus making these and other epigenetic
modifying proteins involved in the DNA repair pathway
potential cancer drug targets. Conversely, tumors may be
made more susceptible to standard cytotoxic therapies if
their DNA damage repair pathways are perturbed by tar-
geted pharmacological agents, such as epigenetic therapies.

3 DRUG-DISCOVERY CHALLENGES FOR
HISTONE-MODIFYING TARGETS

Two possible modes by which epigenetic drug therapy may
be able to halt or even prevent the oncogenic process are (1)
repressing oncogenes and/or activating tumor-suppressor
genes that are deregulated by epigenetic processes (Baylin
and Ohm 2006; Jones and Baylin 2007) and (2) overcoming
resistance to chemotherapy. The “epigenetic” drugs that are
currently being developed primarily target histone-modi-
fying enzymes, histone readers, or other chromatin-associ-
ated proteins.

3.1 Epigenetics and Drug Resistance

There is evidence to suggest there is an epigenetic basis for
resistance to cancer chemotherapy. Because resistance
develops to virtually all forms of cancer therapy, overcom-
ing drug resistance remains the biggest obstacle to improv-
ing a positive and durable outcome cancer treatment.
Examples of epigenetic alterations being attributed to re-
sistance include the aforementioned KDM5A in Section
2.2.2 and overexpression of EZH2, observed during cis-
platin chemotherapy; EZH2 overexpression results in in-
creased gene repression and enhanced cell proliferation
(Hu et al. 2010; Crea et al. 2011). Clearly, more research
is required to understand how epigenetic alterations
mechanistically contribute to drug resistance and how to
apply epigenetic drug therapy appropriately to patients,
depending on an individual’s drug and/or (epi)genomic
profile.

3.2 Approved Epigenetic Drugs

The earliest clinical entries to epigenetic drugs were ac-
tually not developed with a focus on histone-modifying
targets, but were discovered to interact with chromatin
modifiers and express their biological effects through these
targets after the fact. Dimethylsulfoxide and the later agent
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Development status of drugs targeting histone modifications and histone modifiers in oncology

Research

Preclinical development

KDMi; KMTi; HATi; HDACIi
Bromodomain inhibitors;
other chromatin readers

BETi; EZH2i (CPI-1205); KDMi (KDM5i)

Clinical development

BETi (iBET762, CPI-0610, OTX-015, Ten010, RVX-208);
EZH2i (EPZ6438, GSK126); LSDi (OG98, GSK2879552, SP2577)
DOT1Li (EPZ5676); selective HDACi, DNMTi

Approved

DNMTi (Azacitidine, Decitabine); HDACI (vorinostat, romidepsin)

Figure 5. The development status of epigenetic drugs. KDMi, lysine demethylase inhibitor; KMTi, lysine methyl-
transferase inhibitor; HATI, histone acetyltransferase inhibitor; HDACI, histone deacetylase inhibitor; BETi, bro-
modomain and extracarboxy terminal domain inhibitor; DNMTi, DNA methyltransferase inhibitor.

HMBA, for example, although explored therapeutically
since the 1950s, were only recently shown as inhibitory to
a subset of bromodomains (including the BET family).
Among the agents specifically designed against his-
tone-modifying targets that have been clinically approved
thus far are the HDAC inhibitors (see Figs. 5 and 6). These
drugs (Zolinza, Istodax) broadly inhibit HDACs and

show single-agent activity only in a limited set of patients
with cutaneous T-cell lymphoma. A large number of clin-
ical trials are now ongoing with these and newer, more
subtype-selective HDAC inhibitors (some examples are
found in Fig. 8 of Seto and Yoshida 2014) in combination
with standard care drugs, in the hopes of expanding the
utility of these treatments. Given the early successes with

Drugs against DNA methyltransferases, histone modifiers, or histone readers either approved or in clinical development
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Figure 6. Representative structures of drugs targeting DNA methylation, histone modifications, and histone readers

in oncology.
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epigenetic therapy, particularly when used in combina-
tion (i.e., HDAC and DNA methylation inhibitors, Vidaza
and Dacogen) for the treatment of myelodysplastic syn-
dromes and AML, there has been great interest in produc-
ing selective agents that target other histone-modifying
proteins.

3.3 The Epigenetic Drug-Discovery Process

The enthusiasm for developing novel epigenetic therapeu-
tics has been tempered by the challenges presented in the
epigenetic-targeted drug-discovery process (Table 1). Con-
temporary drug discovery, with some variation, is most
commonly seen to consist of three phases: target identifi-
cation/validation, lead generation, and lead optimization.
Optimized lead compounds are then entered into a devel-
opment pipeline, again consisting of multiple stages. These
include the preclinical (or early development) stage, clini-
cal stage (which is typically further subdivided into Phases
1, 2, and 3), and the registration/approval phase. From
beginning to end, this discovery/development process
can take more than a decade despite myriad efforts on
the part of academics, industry, and the regulatory agencies
to streamline the process.

Epigenetic drug discovery presents some unique chal-
lenges at each stage of discovery and development. For
example, in the target identification/validation stage, we
still have yet to fully “map” the epigenetic landscape of all
cell types, normal or tumorigenic, on a structural, bio-
chemical, and functional level. This fundamental lack of
knowledge introduces a number of pragmatic and scientific
issues, which must be considered in the drug-discovery
process. For example, challenges include identifying the
most disease-relevant targets, understanding the associated
biology, developing biologically relevant assays with limit-
ed tools (e.g., proteins, antibodies, etc.), and finding suit-
able small molecule activators or inhibitors with few
chemical starting points. Cancer relevance for a given target
(e.g., a particular KMT like MLLI) is often determined
from genomic analyses of patient tumors; this may reveal
mutations, translocations, rearrangements, fusions, ampli-
fications, or copy number changes. Additional experimen-
tal data is also used to corroborate their role in cancer, such
as testing for synthetic lethality or gene silencing. Ex-
perimental data using RNA silencing, although beneficial
in these analyses, must be interpreted with care, especially
for epigenetic enzymes, as knockdown can disrupt protein
complexes and not necessarily be directly associated with
the catalytic activity. Use of catalytically inactive “domi-
nant-negative” mutants in concert with selective small
molecule activators/inhibitors can be more informative.
Clinical relevance of a target in oncology, especially in
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the absence of tool compounds that modify it, may be
inferred by correlating a target’s expression with mortality,
disease-free survival, and/or development of resistance to
chemotherapy.

With modern targeted chemotherapies, the ultimate
goal is to tailor drugs to patients most likely to respond.
Success in this endeavor requires a thorough understanding
of the patient, their tumor(s), and the underlying biology
driving tumor growth and metastasis. Epigenetic targets, as
well as being a good focus for drug development, are in-
creasingly proving to be good biomarkers of cancer etiol-
ogy and chemotherapy response. This may be determined
by tracking various histone mark changes, target gene,
and/or downstream gene expression patterns (e.g., looking
for overexpression, wild-type expression, mutation, trans-
location, or partnering as a fusion protein, as illustrated in
scenarios of Fig. 2). The presence or absence of a mutated
or fusion protein, thus, can provide a binary patient-tai-
loring marker. For instance, EZH2-activating mutations
are observed in subsets of lymphoma, providing a bio-
marker for this type of lymphoma (Yap et al. 2011; Majer
et al. 2012; McCabe et al. 2012), whereas MLL-fusion
proteins in rearranged leukemias have altered DOT1L-de-
pendent H3K79 methylation profiles, which is again a bio-
marker for MLL-rearranged cancers (Bernt and Armstrong
2011). However, aside from EZH?2, very few epigenetic ac-
tivating mutations or translocations have been found in
human tumors; many epigenetic gene alterations are pre-
dicted to result in loss of function (i.e., loss of tumor-sup-
pressor function, which is extensively discussed in Baylin
and Jones 2014), or alteration of function, the latter of
which does not constitute a straightforward overexpression
consequence. This makes epigenetic targeting and patient
tailoring quite challenging—that is, how does one “reacti-
vate” the target when deleted, truncated, or conformation-
ally unfavorable?

Once a compelling target has been identified and se-
lected, a series of assays are constructed to screen com-
pounds and ultimately optimize drug-like properties. An
initial high-throughput screening assay is typically bio-
chemical and -analytical in nature, investigating disruption
or enhancement of protein—protein interactions and cata-
lytic activity. It is critical that these biochemical assays
reflect (or at least, generally, predict) the cellular context
of the active process one wishes to modulate. For example,
chromatin-modifying proteins can exist in heterogeneous
multimeric complexes (e.g., PRC1, PRC2, COMPASS)
such that partners and enzymatic substrates may be recruit-
ed or exchanged to elicit specific biological responses. It is
therefore conceivable that different results may be obtained
when screening with various protein forms, such as the
apoprotein lacking its nonpolypeptide moiety versus the
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Table 1. Epigenetic drug-discovery challenges

Target selection

Chemistry

Assay development

In vivo biology

Toxicology

Clinical

Issues

Few activating mutations, translocations, or synthetic lethal relationships known.

Understanding change-of-function mutations in large multisubunit complexes that represent
the most frequent epimutations.

Limited high quality, specific antibodies to epigenetic proteins and histone marks (e.g., confirm
target expression, linkage of target to mark).

Biology-driving cancer phenotype unknown or poorly understood.

Roles of PTM of histone versus nonhistone substrates by epigenetic targets unclear.

Existing chemical libraries may not have adequate diversity to provide good starting points.

Few crystal structures solved. Are structures relevant if not reflecting complete complex?
Multiple complexes with different functions possible.

Different enzyme/chaperone/substrate combinations may yield different SARs.

Few reference compounds to establish assay signal window, sensitivity, reproducibility.

Assay may not be configured properly to achieve optimal sensitivity (e.g., enzyme in proper
complex, with relevant substrate to achieve adequate turnover).

Producing active enzymes difficult, may require coexpression of multimeric complex and
specific substrate (nucleosome, histone, nonhistone).

Limited high-quality antibodies to epigenetic proteins and histone marks (quantify mark or
target gene product).

Cellular target engagement readout of chromatin adaptors and remodelers.

Histone marks and target genes slow to change, require longer duration studies to assess target
engagement (pharmacodynamic [PD] biomarker) and efficacy.

May necessitate higher-compound requirement to conduct studies, earlier optimization of PK
properties than traditional paradigm.

May require novel models for tumors with mutations, translocations.

Acute and/or chronic liabilities of specific isoform-targeted epigenetic therapies currently
unknown.

Knockout animal data limited; inducible knockouts, dominant negatives preferred, but more
scarce, and technically challenging.

Identify and implement appropriate patient selection markers, more challenging if not an
activating mutation (overexpression, gene profile?).

Identify and implement suitable PD marker (PTM, target gene, surrogate tissue, or tumor?).

Epigenetic changes at metastatic sites can differ from primary tumor; which should be targeted
clinically?

Modified, from Campbell and Tummino 2014, with permission of the American Society for Clinical Investigation.
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complexed form, or using various substrate forms (i.e.,
peptide vs. protein /histone, core histones, or nucleosomes,
as discussed in Sec. 16.2 of Patel 2014). The choice of en-
zymatic substrates is further complicated by the fact that
many epigenetic enzymes can posttranslationally modify
nonhistone targets. Among the many known examples are
HDACS, SIRT1, SIRT2, SET7/9, SETD8, SMYD2, PRMTS5,
and EHMT2/G9a) (Hubbert et al. 2002; Huang et al. 2006;
Shi et al. 2007; Pradhan et al. 2009; Karkhanis et al. 2011;
Stunkel and Campbell 2011).

The presence of “tool compounds” or chemical probes
to understand the translation from biochemical to cellular
assays brings us a step closer to the elucidation of in vivo
biological function. This collection of specific epigenetic
probes is currently quite limited; however, efforts to expand
the collection of such tools continue to progress. A tool
compound, such as the S-adenosyl methionine (SAM) an-
alog, Sinefungin, for example, can be useful for SAM-de-
pendent enzyme assays on lysine and arginine histone
methyltransferase enzymes, but is poorly cell permeable.
Other tools that can be used are the recently described
selective, cell-active inhibitors of EZH2, DOT1L, SMYD2,
G9a/GLP1, PRMT3, JMJD3, LSD1, BET (BRD2-4),
L3MBTLI, L3AMBTL3, CBP/EP300, PCAE and BAZ bro-
modomains (Arrowsmith et al. 2012; Muller and Brown
2012; James et al. 2013; Gallenkamp et al. 2014). It is an-
ticipated that these and future chemical tools will greatly
facilitate assay development and our understanding of tar-
get biology. However, a cautionary note is warranted: as
powerful as probes may be in revealing the mechanistic
and phenotypic consequences of inhibiting specific do-
mains of chromatin modifiers and their readers, such
data is clearly dependent on the quality of the probes, the
thoughtful design of experiments, and the cellular assays
designed to monitor their readout, such that the outcome
can be most directly linked to the specific target. As more
data is generated and more targets are credentialed, probes
must continue to be reviewed for specificity and cellular
target engagement (i.e., ability to specifically modulate the
downstream target-dependent biology, such as a histone
mark change) to ensure that the biology observed is prop-
erly interpreted.

The challenge of identifying chemical probe molecules
of sufficient potency, selectivity, and cell-permeability sug-
gests that traditional chemical libraries may be deficient in
the most relevant chemotypes and screening methodolo-
gies were not optimal. As such, new chemical diversity is
being explored, particularly, using small molecular weight
fragment approaches, and generating substrate or cofactor
analogs, such as SAM- and Lys/Arg-peptide mimetics for
use with histone methyltransferase targets. A growing col-
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lection of crystal structures has been solved to facilitate
drug design, some of which are covered in the structural
articles of this collection (see Cheng 2014; Marmorstein
and Zhou 2014; Patel 2014; Seto and Yoshida 2014). How-
ever, still too few structures represent protein complexes or
have a small molecule modulator bound, a problem dis-
cussed in Section 16.2 of Patel (2014).

Epigenetic-targeted drug discovery is in its infancy,
but steadily evolving to overcome the unique challenges
of prosecuting its targets. To be successful, ideally, a com-
prehensive “epigenetics toolbox” must be assembled to
test and better understand the dominant biology, relevant
histone marks (or nonhistone PTM), structural biology,
appropriate in vitro assays, pharmacodynamics of lead
drug and target interactions, and patient tailoring bio-
markers (perhaps, a major challenge with today’s phar-
ma-favoring genetic features to reflect a real epigenetic
basis for sensitivity). The possibility of “antitarget” action
must also be determined (i.e., action with another tar-
get), which might contribute to clinically unmanageable
toxicities.

To accelerate the production of epigenetic drug devel-
opment tools, a new paradigm has emerged whereby pri-
vate-public partnerships, such as the Structural Genomics
Consortium, have joined forces to generate necessary epi-
genetic chemical probes, assays, antibodies, and X-ray crys-
tal structures. Other large group efforts are performing
sequencing (exome and next-generation) of patient tumors
and performing synthetic lethal screens in genomically
characterized tumor cell lines. This is helping to identify
epigenetic target opportunities and determine patient pop-
ulations sensitive to therapeutic intervention. It is antici-
pated that substantial progress will be made in the coming
years as a result of knowledge sharing between these pooled
collaborative efforts. Such progress is occurring at an in-
creasing rate and, as reflected in Figure 5, early stage drugs
targeting histone modifications and modifiers are now
progressing through to clinical phases of development.
Beyond the initial DNA methyltransferase and HDAC
drugs already approved, new chemical entities targeting
the BET bromodomains have been entered into a number
of clinical studies in a variety of cancers by multiple spon-
sors (Figs. 5 and 6). Similarly, small molecule inhibitors of
the histone methyltransferases, DOT1L and EZH2, have
advanced to the clinic, as well as inhibitors of the histone
demethylase LSD1. Data from these and subsequent studies
will be critical for refining our understanding of the role of
histone modifications and histone-modifying enzymes
(and their readers) in cancer initiation, cancer progression,
and, ultimately, translating to new and improved cancer
therapies.
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APPENDICES

Appendix A. HAT mutations in cancer

Common
Gene name Tumor types Cell type  Tissue type Mutation types Fusion proteins
MYST family
KAT5 TIP60 Colorectal, head and neck, Somatic  Epithelial Missense, frameshift
stomach nonsense
KAT7 HBOI Lung, colorectal, breast, prostate, Somatic  Epithelial Amplification, missense,
ovarian, sarcoma splice
KAT6A/  MOZ Colorectal, lung, breast, acute Somatic  Epithelial, Nonsense, missense MOZ-CBP, MOZ-
MYST3 myelogenous leukemia leukemia/ amplification, EP300, MOZ-TIF2,
lymphoma deletion, translocation MOZ-NCOA3,
MOZ-ASXL2
KAT6B/ MORF Colorectal, glioblastoma, lung, ~ Somatic  Epithelial, Nonsense, missense MORF-CBP
MYST4 ovarian, acute myelogenous leukemia/ amplification, deletion
leukemia lymphoma translocation
MYST1 MOF Lung, colorectal, Somatic  Epithelial Missense, nonsense,
medulloblastoma deletion
GNAT family
KAT2A GCN5 Breast, colorectal, prostate, lung, Somatic Epithelial Deletion, amplification
kidney, sarcoma
KAT2B PCAF Lung, kidney, sarcoma, colorectal Somatic  Epithelial Missense, frameshift,
deletion, amplification
Orphan family
EP300 p300 Colorectal, breast, pancreatic, Somatic  Epithelial, Translocation, nonsense, p300-MOZ, MLL-p300
AML, ALL, DLBCL (10%), leukemia frameshift, missense,
NHL (7%), FL (8.7%) lymphoma other
CREBBP  CBP ALL (18.3%), AML, DLBCL Somatic  Leukemia Translocation, non-sense, CBP-MOZ, CBP-
(29%), NHL (21%) lymphoma frameshift, missense, MORE MLL-CBP
other
CREBBP  CBP Hematological (Rubstein- Taybe Germline Leukemia/ Deletion
syndrome) lymphoma
NCOAI/ SRCI Lung, colorectal Somatic  Epithelial Missense, deletion PAX3-NCOAI
KATI3A
NCOA3/ CRC-3/ Colorectal, ovarian, lung Somatic  Epithelial Nonsense, missense, NCOA3-MOZ
KATI3B ACTR amplification, in frame
insertion
KATI3D  CLOCK Colorectal, glioblastoma, lung ~ Somatic  Epithelial Missense, nonsense,
amplification, other
KAT4 TAFI Lung, colorectal, breast, Somatic  Epithelial Missense, nonsense,

glioblastoma, ovarian, kidney

splice

Adapted from Di Cerbo and Schneider 2013, by permission of Oxford University Press.
NHL, B-cell non-Hodgkin lymphoma; AML, acute myelogenous leukemia; ALL, acute lymphocytic leukemia; DLBCL, diffuse large B-cell lymphoma.
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Appendix B. Histone deacetylases in cancer

HDAC

Name class Substrate(s) Links to cancer

HDAC1 I H4K16, H3K56 Overexpressed in ALL, CLL, Hodgkin’s lymphoma, renal cell
cancer, breast, gastric, pancreatic, and colorectal (associated
with poor prognosis), prostate (high grade, hormone-
resistant), lung, and hepatocellular carcinoma (advanced
stage)

HDAC2 1 H4K16, H3K56 Overexpressed in ALL, Hodgkin’s lymphoma, renal cell cancer,

lung, colorectal (higher in polyps), cervical, gastric, and
prostate (associated with advanced stage and/or poor
prognosis); HDAC2-inactivating mutation in MSI* colon,
gastric, and endometrial tumors

HDAC3 1 H3K9,K14 H4K5 H4K12 Overexpression in CLL, Hodgkin’s lymphoma, renal cell cancer,
gastric, colorectal, prostate correlated with poor prognosis
(coincident with HDACI, -2 overexpression); higher
expression correlated with poor 5-year event-free survival

HDAC8 I ERRa, Overexpressed in ALL, pediatric neuroblastoma (associated with
advanced stage disease; poor survival)

HDAC4 1IIA Not defined High expression in breast cancer (relative to renal, bladder, and
colorectal tumors); associated with prednisone-poor response
in ALL

HDAC5 TIA p53 (Sen et al. 2013) High expression in colorectal cancer (relative to bladder, renal,

breast cancer) and medulloblastoma (associated with poor
overall survival); underexpressed in AML blasts

HDAC7 1A Not defined High expression in CLL, colorectal (relative to bladder, renal,
breast cancer), pancreatic cancer, and childhood ALL
(associated with poor survival)

HDAC9 TIA Not defined Lower expression in higher grade astrocytoma and glioblastoma
(vs. lower grade astrocytoma and normal brain), lung tumors
(vs. nontumor epithelial cells, although no correlation with
disease-free survival) (Okudela et al. 2013), higher expression
observed in medulloblastoma, CLL, Philadephia-negative
chronic myeloproliferative neoplasms, and childhood ALL
associated with poorer overall survival

HDAC6 IIB a-tubulin, HSP90, cortactin Overexpressed in CLL, oral squamous cell cancer (higher in
advanced stage), breast cancer (but correlated with better
survival; sensitivity to endocrine treatment), DLBCL and
AML; expression progressively increased with progression of
Philadephia-negative chronic myeloproliferative neoplasms

HDAC10 IIB Not defined Reduced expression linked to poor prognosis in lung cancer;
overexpressed in CLL; low expression correlated to better
survival in advanced stage primary neuroblastoma (Oehme
et al. 2013)

HDACI11 IV Not defined Overexpressed in mixed lobular and ductal breast carcinoma (vs.
normal breast tissue) (Deubzer et al. 2013); elevated in Mantle
cell lymphoma (Shah et al. 2012) and Philadephia-negative
chronic myeloproliferative neoplasms

SIRT1 111 H4K16, H3K9, p53, p73, PTEN, FOX01, FOX03a, = Overexpressed in AML, CLL, colon carcinoma, prostate, ovarian,

FOX04, NICD, MEF2, HIF-1a, HIF-2«x, TAF(1)68, gastric, melanoma, and a subset of HCC (Chen et al. 2012a);
SREBP-1c¢, B-catenin, RelA/p65, PGCla, BMALI, underexpressed in bladder, colon, glioma, prostate (?), ovarian
Per2, Ku70, XPA, SMAD?7, cortactin, IRS-2, APFE1, tumors (?)

PCAE TIP60, p300, SUV39H1, AceCS1, PPARY,

ER-a, ERRa, AR, LXR

Continued
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Appendix B. Continued

HDAC
Name class Substrate(s) Links to cancer
SIRT2 I H4K16, H3K56, a-tubulin, ATP-citrate lyase (Lin Higher nuclear expression in GBM (vs. astrocytoma or normal
et al. 2013), SETDS8 (Serrano et al. 2013), CDK9 by IHC) (Imaoka et al. 2012) and grade 3 ER™ breast cancer
(Zhang et al. 2013) (associated with reduced disease-free survival and increased

frequency of relapse, although the reverse trend was observed
in Grade 2 tumors) (McGlynn et al. 2014); however, decreased
expression of total SIRT2 in NSCLC (Li et al. 2013b), breast,
GBM, HCC as compared with normal tissue (Park et al. 2012)
SIRT3 111 H4K16, H3K56, H3K9, GDH, IDH2, HMGCS2, Overexpressed in CLL (Van Damme et al. 2012); higher levels
SOD2, AceCS2, Ku70, LCAD, SdhA, PDHA1, and associated with node-positive breast cancer
PDP (Fan et al. 2014)

SIRT4 111 GDH (ADP-ribosylation) Underexpressed in AML blasts

SIRT5 111 Cytochrome ¢, CPS1 HMGCS2, and SOD1 SIRTS5 suggested to desuccinylate and activate SOD1, inhibiting
(desuccinylation) (Rardin et al. 2013) lung tumor growth in vitro (Lin et al. 2013)

SIRT6 111 H3K9, H3K56 Overexpressed in CLL (Van Damme et al. 2012)

SIRT7 I H3K18, p53 Low levels of H3K18ac predict higher risk of prostate cancer,

poor prognosis in pancreatic adenocarcinoma; overexpressed
in CLL (Van Damme et al. 2012) and hepatoceullar cancer;
higher levels associated with node-positive breast cancer

Adapted from Witt et al. 2009; Bosch-Presegue and Vaquero 2011; Stunkel and Campbell 2011; Barneda-Zahonero and Parra 2012; Houtkooper et al. 2012;
Bernt 2013; Gong and Miller 2013; Paredes et al. 2014.

HDAGC, histone deacetylase; ALL, acute lymphoblastic leukemia; CLL, chronic lymphocytic leukemia; AML, acute myelogenous leukemia; HCC,
hepatocellular carcinoma; ER-a, estrogen receptor a; GBM, glioblastoma multiforme; GDH, glutamate dehydrogenase; IHC, immunohistochemistry; NSCLC,
non-small-cell lung carcinoma.

Appendix C. Selected histone methyltransferases in cancer

Histone

Name Synonyms target(s) Links to cancer

KMT1A SUV39H1 H3K9 Overexpressed in colorectal cancer (Kang et al. 2007), associated with transcriptional repression

KMT1C G9a, EHMT2 H3K9 Overexpressed in lung cancers (Watanabe et al. 2008; Chen et al. 2010, for advanced lung
cancer), regulation of centrosome duplication via chromatin structure (Kondo et al. 2008)

KMTI1F SETDB2 H3K9 Involved in chromosome segregation (Falandry et al. 2010)

KMT2A MLL H3K4 Rearranged and translocated in leukemias (Zhang et al. 2012a)

KMT2B MLL2 H3K4 Frequently mutated in non-Hodgkin lymphoma (Morin et al. 2011), critical role in
lymphomagenesis (Chung et al. 2012), role in multiple myeloma and Kabuki syndrome

KMT2C MLL3 H3K4 Germline mutation in colorectal cancer and AML (Li et al. 2013a); mutations in glioblastoma,
melanoma, pancreatic carcinoma, and colorectal cancer

KMT2D MLL4 H3K4 Regulates cell-cycle progression and viability in colon cancer (Ansari et al. 2012)

KMT2E MLL5 H3K4 Implicated as a tumor suppressor, MLL5 expression positive prognostic in AML (Damm et al.
2011)

KMT3A SETD2 H3K36 Mutations in high-grade gliomas (Fontebasso et al. 2013), tumor suppressor in breast cancer
and renal cell carcinoma (Hakimi et al. 2012)

KMT3B NSDI1 H3K36 Mutated in AML, myeloma, and lung cancers, NUP98-NSD1 translocation linked to
tumorogenesis in AML (Wang et al. 2007)

KMT3C SMYD2 H3K36 Overexpression in esophageal squamous cell carcinoma correlated with poor survival (Komatsu
et al. 2009)

KMT3E SMYD3 H3K4, H4K5 Overexpressed in liver, breast, and rectal carcinomas (Van Aller et al. 2012)

KMT3F WHSCIL1/ H3K36 Overexpressed in CML, bladder, lung, and liver cancers (Kang et al. 2013); amplified in human

NSD3 breast cancer cell lines (Angrand et al. 2001)
KMT3G WHSC1/NSD2 H3K36 Implicated in constitutive NF-kB signaling for cancer cell proliferation, survival, and tumor

growth (Yang et al. 2012), overexpressed in myeloma because of t(4;14) chromosomal
translocation, modulates cMYC in myeloma (Min et al. 2012)

Continued
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Appendix C. Continued

Histone

Name Synonyms target(s) Links to cancer

KMT4  DOTIL H3K79 Implicated in MLL-rearranged leukemias (Krivtsov et al. 2008; Bernt and Armstrong 2011)

KMT5A  SETD8/PR- H4K20 Overexpressed in bladder cancer, NSCLC, small cell lung cancer, pancreatic cancer,

SET7 hepatocellular carcinoma, and chronic myelogenous leukemia (Takawa et al. 2012)

KMT6 EZH2 H3K27 Catalytic component of PRC2 complex (Kuzmichev et al. 2002), overexpressed, is a marker for
advanced and metastatic breast and prostate cancer (Chase and Cross 2011), essential for
glioblastoma cancer stem-cell maintenance (Suva et al. 2009), somatic mutations in follicular
and diffuse large B-cell lymphomas (Morin et al. 2010)

KMT7  SET7/SET9/ H3K4 Regulation of the estrogen receptor (Subramanian et al. 2008)

SETD7

PRDM14 Unknown Amplified and overexpressed in breast cancer (Nishikawa et al. 2007; Moelans et al. 2010),
overexpressed in lymphoid neoplasms, and implicated in initiation of lymphoblastic
leukemia (Dettman et al. 2011)

PRMT4 CARMI H3R17, Deregulated in melanoma (Limm et al. 2013), methylation CBP/P300 required for estrogen-

H3R26 induced targeting to chromatin (Ceschin et al. 2011)

PRMT5 H4R3, H3R8  Essential component of HIF-1 signaling (Lim et al. 2012); silences the tumor suppressor ST7 and
is overexpressed in GBM (Yan et al. 2014), non-Hodgkin’s ymphoma (Chung et al. 2013), and
melanoma (Nicholas et al. 2013)

PRMT6 H3R2, H3R42 Overexpressed in prostate carcinoma (Vieira et al. 2014); PRMT6 silencing reduces PELP1-
mediated ER activation, proliferation, and colony formation in breast tumor cells (Mann et al.
2014)

AML, acute myelogenous leukemia; CML, chronic myelogenous leukemia; MLL, mixed lineage leukemia;
NSCLC, non-small-cell lung carcinoma; PRC2, Polycomb repressive complex 2; HIF-1, hypoxia-inducible factor 1; GBM, glioblastoma multiforme; ER,
estrogen receptor.

Appendix D. Histone demethylases in cancer

Name Synonyms Targets Links to cancer
KDMI1A LSD1, AOF2 H3K4me2/mel, H3K9me2/  Overexpressed in prostate carcinoma, bladder cancer (Kauffman et al.
mel 2011), ER-negative breast cancer (Lim et al. 2010), neuroblastoma

(Schulte et al. 2009); inhibition in animal models of engrafted AML
(Schenk et al. 2012)

KDMI1B LSD2, AOF1 H3K4me2/mel
KDM2A FBXL11A, JHDMIA H3K36me2/mel Overexpressed in NSCLC; KDM2A knockdown inhibits NSCLC tumor
growth in mouse xenografts (Wagner et al. 2013)
KDM2B FBXL10B, JHDM1B H3K36me2/mel, H3K4me3  Required for initiation and maintenance of AML (He et al. 2011)
KDM3A JMJDIA, JHDM2A H3K9me2/mel High expression correlated with bad prognosis in colorectal cancer
(Uemura et al. 2010), overexpressed in renal cell carcinoma (Guo
et al. 2011)
KDM3B JMJDI1B, JHDM2B H3K9me2/mel
KDM4A JMJD2A, JHDM3A H3K9me3/me2, Required for proliferation of breast cancer cells (Lohse et al. 2011),
H3K36me3/me2 attenuated expression in bladder cancer (Kauffman et al. 2011),
required for latency and replication of viruses that cause cancer
(Chang et al. 2011)
KDM4B JMJD2B H3K9me3/me2, Overexpressed in gastric cancer (Li et al. 2011), required for
H3K36me3/me2 proliferation and formation of metastasis in breast cancer cells
(Kawazu et al. 2011)
KDM4C JMJD2C, GASC1 H3K9me3/me2, Overexpressed in breast cancer (Liu et al. 2009), esophageal cancer
H3K36me3/me2 (Yang et al. 2000), MALT lymphoma (Vinatzer et al. 2008), AML
(Hélias et al. 2008), and lung sarcomatoid carcinoma (Italiano et al.
2006)
KDM4D JMJD2D H3K9me3/me2/mel, Required for cell proliferation and survival in colon carcinoma cells
H3K36me3/me2 (Kim et al. 2012a; Kim et al. 2012b)
KDM4E JMJD2E H3K9me3/me2

Continued
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Appendix D. Continued

Histone Modifications and Cancer

Name Synonyms Targets Links to cancer
KDM5A Jarid1A, RBP2 H3K4me3/me2 Involved in drug resistance (Sharma et al. 2010)
KDMS5B  Jarid1B, PLU1 H3K4me3/me2 Tumor-suppressive function in metastatic melanoma cells (Roesch
etal. 2006, 2008), proproliferative in breast cancer (Mitra et al. 2011),
and overexpressed in prostate cancer
KDM5C Jarid1C, SMCX H3K4me3/me2 Inactivating mutations found in clear cell renal carcinoma (Dalgliesh
et al. 2010)
KDM5D Jarid1D, SMCY H3K4me3 / me2
KDM6A UTX, MGC141941 H3K27me3/me2 Tumor-suppressive function (Tsai et al. 2010)
KDM6B JMJD3, KIAA0346, PHF8, H3K27me3/me2, H3K9me2/ Overexpressed in Hodgkin’s lymphoma (Anderton et al. 2011)
KIAA1111, ZNF422 mel, H4K20mel

KDM7 KIAA1718, JHDM1D H3K9me2/mel, H3K27me2/ Increased expression of KDM7A suppresses tumor growth in HeLa and
(KDM7A) mel B16 xenograft models (Osawa et al. 2011)

KDM8 JMJD5, FLJ13798 H3K36me2 Overexpressed in breast tumors; may play a critical role in regulation of

cell cycle by activating the cyclin Al locus via demethylation of
H3K36me2 (Hsia et al. 2010)

Adapted, with permission, from Hoffmann et al. 2012, © Elsevier.

From ER, estrogen receptor; AML, acute myloid leukemia; NSCLC, non-small-cell lung carcinoma; KDM2A, lysine demethylase 2A; MALT, mucosa-associated

lymphoid tissue.
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