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Over the past several years, there has been rapidly expanding evidence of epigenetic dysregulation in cancer, in 
which histone and DNA modification play a critical role in tumor growth and survival. These findings have gained 
the attention of the drug discovery and development community, and offer the potential for a second generation of 
cancer epigenetic agents for patients following the approved “first generation” of DNA methylation (e.g., Dacogen, 
Vidaza) and broad-spectrum HDAC inhibitors (e.g., Vorinostat, Romidepsin). This Review provides an analysis of 
prospects for discovery and development of novel cancer agents that target epigenetic proteins. We will examine 
key examples of epigenetic dysregulation in tumors as well as challenges to epigenetic drug discovery with emerging 
biology and novel classes of drug targets. We will also highlight recent successes in cancer epigenetics drug discovery 
and consider important factors for clinical success in this burgeoning area.

Epigenetic dysregulation in cancer
Epigenetic information is contained in the cell in multiple forms 
that include DNA methylation, histone modification (methyla-
tion, acetylation, phosphorylation, etc.), nucleosome positioning, 
and microRNA expression, among others. This combined informa-
tion constitutes the epigenome. A comprehensive understanding of 
epigenomic dysregulation in specific cancer types has not been elu-
cidated yet. Currently, there is an understanding of tumor-specific 
types of epigenetic modifications without a full appreciation of the 
context of the entire cancer epigenome in the specific tumor.

Cancer epigenetic dysregulation can be categorized into three 
types: (a) altered DNA or histone modification, (b) somatic altera-
tion in an epigenetic protein, and (c) altered expression of an epi-
genetic protein. Those types of cancer epigenome dysregulation 
have been reviewed comprehensively elsewhere (1–3), and only will 
be referred to here.

The primary types of epigenetic modification that have been tar-
geted by drug discovery efforts in recent years are histone meth-
ylation and acetylation. The enzymes that catalyze these histone 
post-translational modifications, which include histone methyl-
transferases, histone demethylases, histone acetyltransferases, and 
histone deacetylases, are considered potentially tractable targets 
for pharmacological intervention. Stated differently, drug discov-
ery scientists believe that it may be possible to discover and opti-
mize inhibitors to these activated enzyme targets as a direct means 
of pharmacological targeting of epigenetic dysregulation.

Of the three types of epigenetic dysregulation described above, 
a higher priority is placed on tumor somatic alterations in epi-
genetic proteins. There is a higher probability that somatic altera-
tions will be consistent between cultured cancer cells and patient 
tumor samples as compared to protein expression, histone or 
DNA modification, since there is some evidence that the latter 
is different in cell culture (4, 5). Hence, a somatic alteration in a 
histone-modifying enzyme is, at first analysis, a preferred start-

ing point for drug discovery. (An important exception to this 
concept, the bromodomain and extra-terminal [BET] inhibitors, 
is discussed below.)

There is a rapidly expanding list of reported somatic alterations 
in both hematological and solid tumor types. The somatic altera-
tions span all types of epigenetic genes, but only a subset provide 
early biological validation for a drug discovery target — those 
that are recurrent point mutations that activate or alter protein 
function, e.g., activating mutations in enhancer of zeste homolog 
2 (EZH2), a histone methyltransferase that specifically methyl-
ates the N-terminal lysine 27 of histone H3 (H3K27). EZH2 point 
mutations have been reported to be present at Y641 and A677 in 
germinal center B cell diffuse large B cell lymphomas (DLBCLs) 
and follicular lymphomas (6). Recombinant enzyme with these 
point mutations possesses higher catalytic activity for the H3K27 
methylation reaction (with important differences among the 
mutations), and there is a dramatic increase in H3K27 trimeth-
ylation (H3K27me3) in DLBCL cells with these point mutations 
compared to DLBCL cells with the wild-type EZH2 gene (refs. 6–8  
and Figure 1A). Similar to the point mutation of V600E BRAF 
kinase present in a high percentage of malignant melanoma, 
the EZH2 point mutation provides a means of patient selection 
and strong evidence of an oncogenic driver role for EZH2 in this 
selected population.

A second type of somatic alteration in an epigenetic gene that 
may provide early biological validation for a drug discovery 
target is a chromosomal translocation that results in protein 
overexpression or alteration of function. An example of this is 
found in a subpopulation of multiple myeloma patients with 
the t(4;14)(p16;q32) translocation, which constitutes 15% of 
all patients and those with the worst prognosis (9). This trans-
location results in high over-expression of two genes, FGFR3 
and NSD2 (also known as WHSC1 or MMSET). The resulting 
overexpression of NSD2, an H3K36 histone methyltransferase, in 
t(4;14)(p16;q32) multiple myeloma leads to increased H3K36me2, 
genomic disorganization of the H3K36me2, and oncogenic repro-
gramming (10–12). Additionally, it has been shown that the cata-
lytic activity of this histone methyltransferase is essential for its 
biological role in the NSD2 translocation subpopulation of mul-

Conflict of interest: Robert M. Campbell owns equity in and is an employee of 
Eli Lilly and Company. Peter J. Tummino owns equity in and is an employee of 
GlaxoSmithKline.

Citation for this article: J Clin Invest. 2014;124(1):64–69. doi:10.1172/JCI71605.



review series

 The Journal of Clinical Investigation   http://www.jci.org   Volume 124   Number 1   January 2014 65

tiple myeloma (12). Hence, a small-molecule inhibitor of NSD2 
may abrogate the oncogenic role of the epigenetic protein in this 
subpopulation of multiple myeloma.

Beyond these two types of somatic alterations, there are insertions, 
deletions, and point mutations of unknown biological consequence 
in epigenetic genes that occur with high frequency (13). Identify-
ing drug targets from these somatic alterations is more difficult, as 
some will not be critical for tumor growth and survival. Others will 
have a critical role in tumor biology, but the somatic alteration will 
result in an inactivation of gene product function. In these cases, a 
mechanistic understanding of how inactivation results in epigenetic 
dysregulation and consequent perturbation of biological function 
needs to be elucidated. The second requirement is that the inacti-
vation of an epigenetic gene makes the tumor more sensitive to a 
second druggable target. This is a high requirement for biological 
validation, but there is early evidence of such an example.

SWI/SNF is a multi-protein chromatin complex that remodels 
nucleosomes in an ATP-dependent manner, and thereby modulates 
transcription (14). Somatic alterations have been found in genes 
encoding the various member proteins of the SWI/SNF complex. 
These alterations occur with high prevalence in multiple tumor 
types and they appear to inactivate or alter the chromatin-remod-
eling function of the complex (14, 15). One of those is the bial-
lelic loss of the tumor suppressor SNF5 (SMARCB1) in malignant 
rhabdoid tumors (16, 17). Roberts and colleagues have found that 
SNF5 antagonizes EZH2 in regulating stem cell–associated pro-
grams in embryonic stem cells, and that EZH2 is required for the 
growth of SNF5-deficient malignant rhabdoid tumor cells (18). 
Consistent with this finding, Pollock and colleagues have reported 
that a potent selective EZH2 inhibitor induces apoptosis and dif-
ferentiation in malignant rhabdoid tumor cells, and that dosing of 
the inhibitor in mice results in regression of xenograft rhabdoid 
tumors (19). Taken together, an understanding of the interplay 
between two epigenetic regulators of gene expression (SNF5 and 

EZH2) was essential to design a targeted pharmacological approach 
for this tumor population with an inactivating somatic mutation.

Challenges to epigenetic drug discovery
Epigenetic drug discovery may be viewed as being in its infancy, as 
we are just beginning to understand the complexities of the “histone 
code” and the effects of pharmacological intervention. Indeed, there 
are quite a number of scientific and pragmatic challenges, many of 
which are summarized in Table 1. To begin, few biological tools (anti-
bodies to epigenetic proteins and/or histone marks) or chemical tools 
(selective inhibitors or activators) are available to probe this biology, 
build assays for compound screening, and provide starting points 
for medicinal chemistry. In the absence of these tools, drug discovery 
scientists are primarily using genetic association (as described above) 
combined with molecular tools (siRNA, shRNA, overexpression, cat-
alytic-inactive mutants) to identify relevant disease targets. However, 
each of these methods has caveats and is best confirmed with selective 
pharmacological modulators where available. Given this daunting 
task, private and public consortia have been established and are pool-
ing resources to more rapidly identify chemical probes for epigenetic 
targets, such as the Structural Genomics Consortium (SGC; http://
www.thesgc.org). The SGC has enabled the public dissemination of 
a substantial number of epigenetic protein crystal structures (helpful 
for computational approaches in medicinal chemistry) and chemical 
probes, e.g., G9a/GLP (20), EZH2 (21), DOT1L (22), L3MBTL3 (23),  
BET (24, 25), and PRMT3 (ref. 26 and Figure 2).

From a practical standpoint, building assays to screen compound 
libraries for small molecule modulators of epigenetic enzymes is 
not straightforward. In most cases, the initial screen is biochemical 
and ideally should recapitulate the activity in the cellular context. 
Many epigenetic targets exist as large complexes of proteins (e.g., 
EZH2 in polycomb repressive complex 2 [PRC2], mixed-lineage 
leukemia [MLL] in COMPASS), and in some cases these complexes 
may recruit different proteins to execute specific diverse responses. 
As such, screens using apo-enzymes may be misleading and not 
represent the cellular context. Substrates may not be canonical his-
tones, as exemplified by SMYD2, where p53 peptide is preferred 
over histone as a substrate for methylation (27). To identify an 

Figure 1
Epigenetic inhibitor mechanisms of action. (A) Model of EZH2 mecha-
nism of action in EZH2-mutant DLBCL. PRC2 is a 5-protein complex con-
sisting of EZH2 (the catalytic protein), EED, SUZ12, AEBP2, and RbAp48. 
EZH2 catalyzes methylation of H3K27 to a mono-, di-, and trimethylated 
state, and EZH2-activating mutations in DLBCL result in higher K27 tri-
methylation. An EZH2 inhibitor inhibits the catalytic activity of the enzyme 
and, combined with the catalytic activity of the H3K27 histone demethyl-
ases UTX and JMJD3, decreases methylation at H3K27. In some cells, 
this results in gene de-repression (increased gene expression). (B) Model 
of DOT1L mechanism of action in MLL-rearranged leukemias. MLL fusion 
proteins, including fusions with MLL-ENL, MLL-AF9, MLL-AF4, MLL-ELL, 
and MLL-AF10, recruit DOT1L, which catalyzes mono- and dimethylation 
of H3K79, an essential step in RNA Pol II–mediated transcriptional elon-
gation. A DOT1L inhibitor inhibits H3K79 methylation, which inhibits MLL-
fusion protein mediated transcription. Adapted from Haematologica (70). 
(C) Model of BET mechanism of action. Brd4 protein recruits positive tran-
scription elongation factor b (P-TEFb), an essential step in RNA Pol II– 
mediated transcriptional elongation. A BET inhibitor blocks the binding of 
BRD4 to acetylated lysines on nucleosome histones, inhibiting RNA Pol II– 
mediated transcription. Adapted from F1000 Biology Reports (71). Ac, 
acetylated histone residue.
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inhibitor that does not compete with the binding of s-adenosyl 
methionine (SAM) during the enzyme-catalyzed reaction, proper 
selection of protein/peptide substrate could be critical. Another 
example of assay development complexity is NSD2, in which the 
enzyme has been reported to exhibit disparate target preferences 
based on the nature of the substrate provided, and which is likely 
best assayed using nucleosomes as substrate (28).

Cellular assays for epigenetic proteins also have proven to be 
somewhat complex. For many epigenetic targets, effects of knock-
down or inhibitors in cell culture often take several days to see 
histone mark changes or effects on target genes, while phenotypic 
responses may require up to 7 to 10 days to observe (e.g., EZH2; 
see refs. 29, 30). Here again, there is a paucity of good antibodies to 
detect effects of knockdowns on target proteins and even fewer for 
specific acetylation/methylation sites. Progress in mass spectrom-
etry has allowed for development for LC/MS-based histone mark 
profiling from cell lysates (12, 31) so this may circumvent some of 
this need and help confirm antibody-based assay methods. Trans-
lating the cell-based activity to traditional xenograft models will 
require a relevant sensitive tumor and perhaps longer duration 
studies to see effects (see comments on EZH2 inhibitors below).

Drug discovery examples
EZH2 inhibitors. EZH2 inhibitor identification efforts at  
GlaxoSmithKline, among others, were initiated using biochemical 
assays (32). EZH2 is the catalytic component of PRC2, which selec-
tively methylates H3K27. The PRC2 complex consists of three or 
five member proteins, and exhibits lysine methyltransferase cata-
lytic activity on peptides, histones, mono-nucleosomes, and oligo-
nucleosomes (Figure 1A). Direct EHZ2 inhibitors, those that bind 
directly to the protein and inhibit its enzyme activity, have been 

identified through biochemical assays using the PRC2 complex 
on a variety of substrates (30, 32–35). An additional complexity is 
that H3K27me3 peptide, the product of the reaction, binds allo-
sterically to PRC2 and increases catalytic activity of the complex. 
The recognition of H3K27me3 by PRC2 is proposed to maintain 
repressed chromatin domains by re-establishing H3K27me3 onto 
naked nucleosomes being incorporated during DNA synthesis 
(36). Interestingly, some EHZ2 inhibitors have been found to pos-
sess greater biochemical potency and a longer enzyme-inhibitor 
residence time when H3K27me3 peptide is bound to PRC2 (37).

Optimization of GSK EZH2 inhibitors resulted in the develop-
ment of GSK126 (29, 34), which possesses potent, highly selective 
biochemical and cellular on-target potency, assessed by decreases in 
H3K27 trimethylation. GSK126 provides preclinical validation of 
EZH2 activating mutations as a marker of selectivity for an EZH2 
inhibitor in DLBCL, as cell lines with the mutation are more sensi-
tive to growth inhibition by GSK126 than WT DLBCL cell lines (29). 
Similar EZH2 inhibitor selectivity for EZH2-mutant DLBCL was 
reported also for the EZH2 inhibitors EPZ005687 (30) and EI1 (33). 
GSK126 dosed daily or intermittently decreases growth of DLBCL 
xenografts in mice and improves survival. Tumor growth inhibition 
continues after cessation of drug dosing for 24 days or longer (29).

It is noteworthy that the three groups have reported EZH2 
inhibitors independently, and all three inhibitor structures are 
strikingly similar (Figure 2). These successful efforts clearly indi-
cate that EZH2 (or PRC2) is a druggable small-molecule target, but 
the convergent inhibitor structures may indicate that the EZH2 
inhibitor-binding pocket (all are competitive with the enzyme 
cofactor S-adenosyl methionine) is highly stringent.

DOT1L inhibitors. Another histone methyltransferase, DOT1L, 
appears to be the sole enzyme responsible for catalyzing the meth-

Table 1
Epigenetic drug discovery challenges

Category Issues
Target selection Few activating mutations, translocations or synthetic lethal relationships known
 Limited high-quality 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
 Post-translational modification of histone vs. non-histone substrates by “epigenetic” targets unclear
Chemistry 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?
Assay development Few reference compounds to establish assay signal window, sensitivity, reproducibility
 Are binding or enzyme configured to properly reflect physiological context?
 Production of active enzymes is difficult, may require multimeric complex and specific substrate (nucleosome, histone,  
  non-histone)
 Limited high-quality antibodies to epigenetic proteins and histone marks (quantify mark or target gene product)
In vivo biology Histone marks and target genes slow to change, require longer-duration studies to assess target engagement (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 or translocations
Toxicology 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
Clinical Identify & implement appropriate patient selection markers, more challenging if not an activating mutation (overexpression,  
  gene profile?)
 Identify & implement suitable PD marker (posttranslational modification or mark, target gene, surrogate tissue or tumor?)
 Epigenetic changes at metastatic sites can differ from primary tumor; which should be targeted clinically?

 



review series

 The Journal of Clinical Investigation   http://www.jci.org   Volume 124   Number 1   January 2014 67

ylation of H3K79 (38). Aberrant DOT1L activity (increased H3K79 
mono- or dimethylation) is found in certain MLLs, which possess 
rearrangements of the mixed-lineage leukemia gene (MLL) located 
on chromosome 11q23. MLL is a histone-lysine N-methyltrans-
ferase that normally catalyzes the methylation of H3K4, but this 
function is lost when chromosomal translocations occur that pro-
duce oncogenic fusion proteins, e.g., MLL-AF4, MLL-AF9, MLL-
AF10, MLL-ENL, etc. These MLL translocations occur in approxi-
mately 3%–10% of AML patients and 8%–10% of patients with B 
cell–derived acute lymphoblastic leukemia (ALL) (39). MLL trans-
locations are rarely found in T cell ALL (T-ALL) but may account 
for up to 80% of all infant acute leukemia cases (39). Accumulated 
evidence indicates that, in many of these MLL-rearranged leuke-
mias, DOT1L associates with the fusion protein, is activated and 
drives development and progression of the disease (refs. 40–42 and  
Figure 1B). Ablation of DOT1L activity by shRNA or small-mole-
cule inhibitors has been demonstrated to inhibit proliferation of 
various MLL-rearranged leukemia cells in vitro and extend sur-
vival in MLL-rearranged tumor xenografts (43–45). This evidence 
has made DOT1L a compelling drug target for drug discovery, 

and several small-molecule inhibitors have 
subsequently been reported (Figure 2 and 
refs. 46–48). Of these, the DOT1L inhibitor, 
EPZ-5676 (Epizyme/Celgene), has recently 
entered Phase I clinical trials as a 21-day 
i.v. infusion in relapsed/refractory patients 
with leukemias involving translocation 
of the MLL gene at 11q23 or advanced 
hematological malignancies (ClinicalTrials.
gov identifier: NCT01684150).

BET inhibitors. In addition to the epigen-
etic proteins that “write” the histone code 
(histone methyltransferases and histone 
acetyltranferases) and “erase” the histone 
code (histone demethylases and histone 
deacetylases), there are epigenetic proteins 
that “read” the epigenetic code by binding 
to methylated or acetylated histone resi-
dues as part of mechanisms of transcrip-
tional regulation (49). The BET family of 
bromodomains, which includes BRD2, 
BRD3, BRD4, and bromodomain testis-
specific protein (BRDT), are epigenetic 
reader proteins that bind acetylated lysine 
residues on histones. BRD4 binds to the 
transcription elongation factor P-TEFb and 
stimulates RNA polymerase II–dependent 
elongation (refs. 50, 51, and Figure 1C).

The somatic alteration that defines the 
rare, highly lethal cancer NUT midline 
carcinoma (NMC) is a t(15;19)(q14;p13.1) 
chromosomal translocation that results in 
a fusion protein between the BET proteins 
BRD3 or BRD4 and the nuclear protein in 
testis (NUT) (52). Because these proteins 
are the key oncogenic drivers for this can-
cer (53), it was hypothesized that an agent 
that would block the biological activity of 
BRD3-NUT and/or BRD4-NUT may be an 
effective therapy for NMC.

The biological action of BET proteins occurs through a pro-
tein-protein interaction (BET protein binding to an acetylated 
histone protein) and, as such, these biochemical activities his-
torically have possessed poor tractability for small molecule drug 
discovery identification. Hence, Chun-Wa Chung and colleagues 
(54) did not initiate an oncology drug discovery effort to “drug” 
the BRD4 protein to target NMC, but rather identified potent, 
selective BET inhibitors serendipitously. A reporter gene cell-
based assay was used to perform a high-throughput screen to 
identify molecules that result in upregulation of APOA1 as an 
approach to identify molecules for potential use in atheroscle-
rosis. Through the use of chemoproteomics, siRNA, biophysi-
cal assays, and X-ray crystallography, it was determined that the 
ApoA1 upregulators identified were potent, selective binders to 
BET proteins BRD2, BRD3, BRD4, and BRDT (54). In indepen-
dent efforts over the same time period, Mitsubishi Tanabe scien-
tists reported the discovery and development of thienotriazolo-
diazepine as BET inhibitors (55), which were reported to inhibit 
CD28 costimulatory effects on T cells (56). Building on these 
findings, Bradner and colleagues synthesized a thienotriazolo-

Figure 2
Pharmacological inhibitors of epigenetic proteins.



review series

68 The Journal of Clinical Investigation   http://www.jci.org   Volume 124   Number 1   January 2014

diazepine, JQ1, which is highly selective for binding to BET over 
non-BET bromodomain proteins (24).

In fact, the initial presumption of low tractability of the BET 
proteins has proven not to be the case, as multiple investigators 
have identified potent, selective BET inhibitors with substantially 
different chemical structures (Figure 2 and refs. 24, 57–59). The 
crystal structures of these small molecule inhibitors bound to 
BRD4 illustrates that the binding pocket, which also binds acetyl-
lysine, is small, deep, and hydrophobic.

The BET inhibitor JQ1 promotes differentiation, tumor regression 
and prolonged survival in murine models of NMC (24), consistent 
with the role of BRD4-NUT in this rare cancer. Similar pharmaco-
logical activity has been observed with GSK I-BET762, which is cur-
rently in clinical trials for NMC and other cancers (ClinicalTrials.gov 
identifier: NCT01587703). Both BET inhibitors JQ1 and I-BET151 
down regulate the expression of multiple oncogenes in cancer cells, 
and have been shown to silence MYC and induce cytotoxicity in a 
range of hematological malignancies that include multiple myeloma 
and acute myeloid leukemia (58, 60, 61). BET inhibitors also possess 
broad cytotoxic activity in solid tumor cell lines; therefore, identifica-
tion of predictive biomarkers that can be used for patient selection 
would increase the likelihood of clinical success of the agents. Two 
groups recently reported that BET inhibitors silence MYCN expres-
sion in neuroblastoma and that MYCN amplification is a marker 
of sensitivity in this tumor type (62, 63). MYCN amplification is 
being employed as a prospective marker for patient selection in an 
I-BET762 clinical trial (ClinicalTrials.gov identifier: NCT01587703).

The finding that BET proteins, a subclass of epigenetic readers, are 
amenable to small-molecule drug discovery and that those inhibi-
tors have profound direct effects on transcription is an important 
breakthrough. For quite some time, a major goal of oncology 
drug discovery has been the identification of agents that directly 
and specifically silence oncogenes or increase expression of tumor 
suppressors. The BET inhibitors dramatically decrease expression 
of multiple oncogenes, though likely without the ideal specificity 
desired as they can downregulate more than 100 genes in a cell line. 
An in-depth understanding of the tumor-specific gene silencing 
activity profile of a BET inhibitor in tumor type subclasses is needed 
to apply a precision medicine approach to the use of these agents. 
Moreover, these advances necessitate determining how many epi-
genetic readers are druggable, and if targeting these proteins allows 
for targeted modulation of gene expression with a set of reader 
protein inhibitors (64). It is preliminary to address the question of 
whether the success of targeting BET proteins will be common for 
other epigenetic readers or the exception.

Implications for drug discovery
Great progress has been made in developing second-generation small-
molecule inhibitors of epigenetic proteins. Inhibitors of DOT1L, BET, 
and EZH2 are now entering clinical trials. This clearly demonstrates 
that many epigenetic targets are druggable, albeit with substantial 
effort. Progress is being made in developing tools to identify epigene-
tic drivers of cancer and prosecute epigenetic-targeted drug discovery. 
Despite these advances, it is evident that epigenetic biology is more 

complex than initially imagined. For example, there are now several 
selective inhibitors of EZH2 that are potently anti-proliferative in lym-
phomas bearing EZH2 activating mutations, yet it is not completely 
understood why some tumor lines with EZH2 activating mutations 
are weakly sensitive and why some with WT EZH2 are highly sensi-
tive (29). Deletion of UTX, an H3K27me3 demethylase, does not 
explain sensitivity in these WT EZH2 tumor lines. Evidently, there are 
underlying genetics and/or epigenetics that predispose some tumors 
to EZH2 enzyme inhibition. Moreover, the role of EZH2 (and other 
epigenetic proteins) may be contextual, acting as oncogenes in one 
cancer and tumor suppressors in another (myelodysplastic syndrome, 
ref. 65). Cross-talk or interaction between histone modifications 
affects protein recruitment and biological response, so the existing 
histone milieu may need to be considered when selecting patients/
tumor type. In addition, many enzymes thought to have an epigen-
etic role may function in cancer via non-epigenetic mechanisms, i.e., 
methylation of cytosolic substrates. The presence or absence of SWI/
SNF components may contribute to drug sensitivity, as demonstrated 
by the pronounced effect of EZH2 inhibitors on SMARCB1/SNF5-
deficient rhabdhoid tumors (19).

Challenges for existing and future clinical trials with epigenetic 
modifiers include understanding the utility of pharmacodynamic 
(PD) (e.g., histone/DNA mark, target gene signature) and patient 
stratification markers (somatic mutation) to optimize response 
to these agents. To enable these PD and patient-tailoring biomark-
ers, clinically approved prognostic and/or diagnostic assays will be 
required. There is also the longer term prospect of identifying and 
employing specific histone methyl or acetyl marks for tumor subtype 
identification and patient stratification. DNA methylation status in 
colon cancer patients (CpG island methylator phenotype) currently 
is employed as an important subclassification of this tumor type (66, 
67) and the same may be possible using histone marks. The safety 
profiles in human are as yet unknown and it will be interesting to see 
if there are commonalities with first generation epigenetic drugs, such 
as neutropenia or thrombocytopenia. If well tolerated, there is great 
potential for combination therapies, especially in cases of resistance 
to existing standards of care and/or refractory states (decitabine in 
cisplatinum-resistant ovarian cancer: ref. 68; azacytidine combined 
with etinostat in refractory advanced non–small-cell lung cancer: ref. 
69). The proven clinical utility of DNMT inhibitors and pan-HDAC 
inhibitors, as well as the rapid preclinical advancement of the second 
generation of epigenetic modulators (e.g., EZH2, DOT1L, BET), lends 
optimism for future epigenetic drug discovery and development. 
More clinical experience with these agents will serve to guide strate-
gies for therapeutic application in targeted patient populations.
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