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Abstract

Chromatin regulatory mechanisms play a major role in the control of gene expression programs 

during normal development and are disrupted in specific disease states, particularly in cancer. 

Important mediators of chromatin regulatory processes can broadly be classified into writers, 

erasers, and readers of covalent chromatin modifications that modulate eukaryotic gene 

transcription and maintain the integrity of the genome. The reversibility and disease-specific 

nature of these chromatin states make these regulators attractive therapeutic targets. As such, there 

is an ever-increasing number of candidate therapies aimed at targeting cancer-associated 

chromatin states that are in various stages of preclinical and clinical development. In this review, 

we discuss recent advances that have been made in the rational therapeutic targeting of chromatin 

regulatory mechanisms and highlight certain cancers where there is a specific rationale to assess 

these therapeutic approaches.

Introduction

Epigenetics refers to the description of phenotypic outcomes that are not attributable to 

changes in underlying DNA sequence. At the resolution of a single gene, the chromatin 

modifications associated with a particular locus and its distant regulatory elements play a 

major role in determining the final state of gene activation or repression during organismal 

or lineage-specific development and are thus often referred to as epigenetic modifications or 

epigenetic states. These states are conferred via several central epigenetic processes 

including posttranslational histone modification, DNA methylation, and expression of non-

coding RNAs (Goldberg et al., 2007). Over the past two decades, much has been revealed 

about the mechanisms governing epigenetic regulation on a genome-wide scale, particularly 

in the wake of the development of several major technological advances, including but not 

limited to whole genome sequencing, chromatin immunoprecipitation coupled with high-

throughput sequencing (ChIP-seq), RNA-seq, bisulfite sequencing, and chromosome 

conformation capture. Concerted epigenomic efforts like the ENCODE Project and the NIH 

Roadmap Epigenomics Mapping Consortium have employed these techniques on a wide 

variety of cell types to provide an important framework for cataloguing the myriad 
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epigenetic modifications that modulate lineage- and disease-specific gene expression 

programs (Bernstein et al., 2010; Consortium, 2004).

It is now well established that chromatin or epigenetic regulation plays a nonredundant role 

not only in normal development but also in the pathogenesis of a number of disease states, 

including cancer where the role in hematologic malignancies is most well developed. In the 

case of acute myeloid leukemia (AML), whole-genome sequencing of 200 AML patients 

demonstrated that a significant proportion of these cases harbored nonsynonymous 

mutations in epigenetic regulators, with 44% of these samples found to have DNA-

methylation-related mutations, and 43% having mutations in other chromatin modifiers or 

cohesin-complex genes (Cancer Genome Atlas Research Network, 2013). The relative 

frequency with which recurrent mutations are now known to occur in epigenetic regulators, 

together with the tissue and disease specificity of the epigenetic program, make the 

processes that control the epigenome an attractive therapeutic target for cancer and other 

disease states. Thus, ever since the FDA approved the DNA methyltransferase 1 (DNMT1) 

inhibitor 5-azacitidine in 2004, and the histone deacetylase (HDAC) inhibitor vorinostat in 

2006, two of the earliest therapies to target epigenetic mechanisms, for the treatment of 

specific hematologic malignancies, the number of candidate drugs targeting the epigenome 

has grown significantly (see Table 1). In this review, we will highlight recent developments, 

novel strategies, and potential pitfalls in targeting epigenetic drivers of disease (see Figure 

1). As the preponderance of these therapies were discovered within the context of and 

directed at treating hematologic malignancies, the discussion will be focused primarily on 

this disease subset, but selected relevant discoveries made within the context of other 

disease states will be discussed as well.

Targeting DNA Methylation and Histone Deacetylation

Histone Deacetylases

Histone deacetylase (HDAC) inhibitors, together with hypomethylating agents, represent the 

only two classes of epigenetic therapies currently approved by the FDA. Suberoylanilide 

hydroxamic acid (SAHA), otherwise known as vorinostat, was developed as a differentiation 

agent in the 1990s and shortly afterward was found to be a potent HDAC inhibitor with 

antitumor activity (Richon et al., 2001). Vorinostat was the first HDAC inhibitor to be FDA-

approved in 2006 for the treatment of advanced cutaneous T cell lymphoma (CTCL) (Mann 

et al., 2007). Since then, three additional HDAC inhibitors are now approved for the 

treatment of hematologic malignancies including CTCL and multiple myeloma (Tanaka et 

al., 2015).

Given the proven clinical efficacy of HDAC inhibitors, these compounds have now been 

extensively studied in combinations. HDAC inhibitors in conjunction with other epigenetic 

targeted therapies including EZH2 and LSD1 inhibitors have preclinical activity in AML 

(Fiskus et al., 2009, 2014), and HDAC inhibitors combined with imatinib has the added 

benefit of targeting quiescent CML progenitors that otherwise would be resistant to imatinib 

therapy alone (Zhang et al., 2010). The detailed history of the development and mechanisms 

of HDAC inhibitors has recently been reviewed elsewhere (Falkenberg and Johnstone, 

2014).
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DNA Methyltransferases

DNA methylation is an epigenetic modification that is relevant to a number of processes, 

including normal development, X chromosome inactivation, maintenance of stem cells, and 

disease. DNA methylation occurs on CpG dinucleotides via the addition of a methyl group 

to the C5 position of cytosines, which generates 5-methylcytosine (5mC); DNA 

hypermethylation is generally, but not always, associated with gene silencing (Galm et al., 

2006). This modification is mediated by DNA methyltransferases (DNMTs), with DNMT1 

functioning to maintain pre-existing DNA methylation and DNMT3A and DNMT3B acting 

as de novo methyltransferases (You and Jones, 2012).

The hypomethylating agents decitabine and azacitidine are DNA methyltransferase 1 

inhibitors that have proven clinical efficacy in the treatment of MDS and to a somewhat 

lesser extent, AML. Recently, these agents have been shown to induce antitumor “memory” 

at very low doses and after transient exposure (Tsai et al., 2012). This occurs in the absence 

of cytotoxicity that can be seen with much higher doses, which causes cell cycle arrest, 

DNA damage, and apoptosis. Notably, this phenomenon was observed in both solid and 

liquid tumors. This raises the hypothesis that hypomethylating agents can be used to 

sensitize tumors to other therapies, which was subsequently validated in NSCLC patients 

(Juergens et al., 2011). In another study, azacitidine treatment resulted in immune activation 

characterized by gene signatures associated with interferon signaling, antigen presentation, 

and cytokine production, which raises the hypothesis that hypomethylating agents may 

perhaps sensitize tumors to immunotherapies such as nivolumab, ipilimumab, and 

lenalidomide (Li et al., 2014a). The development of inhibitors of DNA methylation remains 

an area of significant drug development and has been reviewed extensively (Ahuja et al., 

2014).

Targeting Histone Methylation

The roles of histone methyltransferases in disease pathogenesis have been studied most 

extensively within the context of leukemias harboring rearrangements in the mixed lineage 

leukemia (MLL1) gene since this was the first identified cancer-associated mutation of a 

histone methyltransferase. As a consequence of these chromosomal translocations, a fusion 

oncoprotein is generated whereby the amino-terminal portion of MLL1 is joined in frame to 

the carboxyl terminal portion of one of over 70 partner genes, the most common of which 

include AF4, AF9, AF10, ENL, and ELL (Meyer et al., 2013). This fusion results in the loss 

of the native SET domain located near the carboxyl terminus of MLL1, which harbors the 

catalytic methyltransferase activity to methylate lysine 4 of histone H3 (H3K4). Via 

interactions with a subset of MLL fusion partners, two nuclear protein complexes, DOT1L 

and the super elongation complex (SEC), can be aberrantly recruited to MLL fusion target 

genes to drive leukemogenic gene expression (Deshpande et al., 2012; Lin et al., 2010; 

Mohan et al., 2010; Smith et al., 2011). The ongoing detailed mechanistic characterization 

of these mechanisms has led to a number of potential points for therapeutic intervention.
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Disruptor of Telomeric Silencing 1-like

Disruptor of Telomeric Silencing 1-like (DOT1L) is the only known mammalian enzyme 

that catalyzes methylation of lysine 79 on histone H3 (H3K79), a chromatin modification 

that is generally associated with actively transcribed genes (Steger et al., 2008). In 2005, 

Zhang and colleagues first implicated DOT1L as a potential therapeutic target in leukemia 

based on the finding that it interacts with the MLL fusion partner AF10 and that MLL-AF10 

target genes were decorated with H3K79 methylation (Okada et al., 2005). Subsequent 

studies demonstrated that aberrant H3K79 methylation profiles were found in other more 

common subtypes of MLL-rearranged leukemias (Guenther et al., 2008; Krivtsov et al., 

2008). Furthermore, suppression of DOT1L led to downregulation of critical leukemia genes 

driven by the MLL-AF4 fusion, thereby highlighting a potentially broad requirement for 

DOT1L in MLL-rearranged leukemias (Krivtsov et al., 2008). The requirement of DOT1L 

for MLL-rearranged leukemia development was convincingly demonstrated by a series of 

studies using conditional mouse models (Bernt et al., 2011; Jo et al., 2011; Nguyen et al., 

2011). In several independent mouse models, loss of DOT1L profoundly hindered the 

leukemogenicity of MLL fusion-transformed cells. Epigenomic studies revealed that gene 

targets directly bound by MLL fusion products are associated with abnormally high levels of 

H3K79 dimethylation, particularly at the loci of the leukemogenic oncogenes MEIS1 and 

HOXA-cluster genes whose upregulation constitute a hallmark feature of MLL-rearranged 

leukemias (Guenther et al., 2008; Krivtsov et al., 2008).

The role of the DOT1L complex member AF10 was defined in multiple subtypes of AML 

vis-à-vis its ability to potentiate DOT1L-mediated conversion of H3K79 mono-methylation 

to di-methylatedstates and thereby maintain aberrant expression of HOXA9 and MEIS1 

(Deshpande et al., 2014). Genetic loss of AF10 caused a significant reduction of H3K79 di- 

and trimethylation, which corresponded to a reduction in HOXA gene expression and 

impairmentin the transforming potential of both MLL and non-MLL fusions. These findings 

were supported by elegant structure-function studies demonstrating that the stoichiometry of 

DOT1L binding to the MLL fusion complex can be manipulated to titrate the level and state 

of H3K79 methylation at MLL fusion target genes and thus leukemia development 

(Kuntimaddi et al., 2015). Furthermore, the critical transforming ability of AF10 as a 

component of the DOT1L complex suggests that the interface of the DOT1L-AF10 

interaction may also be a therapeutic target.

Intriguingly, the observation that HOXA-cluster gene expression is dampened when 

conversion of H3K79 to higher order states is blocked raised the hypothesis that DOT1L 

inhibition may be a viable therapeutic option in leukemias with high HOXA gene expression 

but otherwise without MLL rearrangements. This was tested and validated in AML cells 

transformed by NUP98-NSD1 as well as in primary AML cells cultured in vitro (Deshpande 

et al., 2014; Sarkaria et al., 2014).

The dependency of MLL-rearranged leukemias on DOT1L enzymatic activity spurred the 

development of small molecule DOT1L inhibitors, which are actively under investigation in 

clinical trials (NCT02141828 and NCT01684150 at https://clinicaltrials.gov/). Early 

findings show that some patients do achieve morphologic and cytogenetic remissions (Stein 
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et al., 2014). Although these positive responses were achieved with DOT1L inhibitor 

monotherapy, there is a significant precedent for resistance to arise in the setting of single-

agent targeted therapies, similar to observations made early during the nascence of cytotoxic 

chemotherapy regimens. Examples include tyrosine kinase inhibitor (TKI) resistance in 

chronic myelogenous leukemia (CML) and EGFR mutant non-small cell lung cancers 

(NSCLC). In these cases, patients exhibit an initial response to therapy but eventually 

develop disease progression as secondary mutations ultimately arise. As such, targeted 

therapies administered in rational combinations provide a strategy to achieve deeper 

responses by potentially derailing acquired resistance mechanisms or by enhancing the 

sensitivity of tumor cells to the primary therapy. Furthermore, the fact that DOT1L 

inhibitors and many other small molecule inhibitors that target chromatin regulatory 

mechanisms often induce cell cycle arrest and/or cellular differentiation supports the concept 

that combinations of therapeutics will be necessary to fully eradicate malignant clones.

A number of groups have used shRNA or CRISPR-Cas9 mediated screens in combination 

with a small molecule of interest to identify proteins/pathways that modulate sensitivity to 

specific small molecules (Shalem et al., 2015). This approach has recently been used to 

identify mechanisms that could be targeted to enhance sensitivity to DOT1L inhibition. 

Chen et al. employed a genome-wide shRNA screen to identify genes that, when knocked 

down, allowed for cell growth to occur in murine MLL-AF9-driven leukemia cells upon 

DOT1L deletion (Chen et al., 2015). The NAD-dependent lysine deacetylase SIRT1 was the 

top hit identified in this screen, and adding a pharmacologic activator of SIRT1 resulted in 

an increased susceptibility of leukemia cells to DOT1L inhibition. Such approaches 

highlight how vulnerabilities in the combinatorial effects of chromatin modifiers can be 

unveiled and thus be exploited via rational combinations of targeted epigenetic therapies. 

We expect that similar experiments with multiple different small molecules will help guide 

future combination approaches.

MLL Complex

MLL1 and MLL2 function as large macromolecular complexes comprised of multiple 

subunits. Several of the core components of these complexes act as allosteric regulators of 

histone methyltransferase activity, including WDR5, RBBP5, and ASH2L (Hughes et al., 

2004). Given the role of wild-type MLL1 in leukemia initiation and maintenance (Thiel et 

al., 2010), disrupting components of the MLL1 complex has become an attractive 

therapeutic strategy. For example, small molecule inhibitors aimed at disrupting the 

interaction between MLL1 and WDR5, such as the cyclic compound MM-401, have shown 

activity in inhibiting leukemia cell proliferation (Cao et al., 2014). The tumor suppressor 

menin is another essential component of the MLL complex. Menin binds MLL1, MLL2, and 

MLL1-fusion proteins and is necessary for transcription of MLL target genes. Disruption of 

the MLL-menin interaction blocks the development of acute leukemia in mice (Yokoyama 

et al., 2005). Structural studies of the MLL-menin interface revealed bivalent binding of 

menin at two sites on MLL1, a high-affinity motif on MLL1 (MBM1) and a low-affinity 

motif (MBM2) (Grembecka et al., 2010). A number of menin-MLL inhibitors targeting 

MBM1 have been developed, including peptidomimetics such as MCP-1 and 

thienopyrimidines such as MI-2, a derivatized version MI-2-2, MI-136, MI-463, and MI-503 
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(Borkin et al., 2015; Grembecka et al., 2012; Shi et al., 2012; Zhou et al., 2013). These 

inhibitors demonstrated activity in blocking MLL fusion-driven leukemic transformation, 

and given the potentially broad role for MLL1/MLL2 in the regulation of gene expression it 

is likely that further indications for menin inhibitors will be identified.

Menin, in addition to its role in leukemogenesis, has been implicated in other malignancies. 

Recently, MLL1 was identified as a coactivator associated with the androgen receptor (AR) 

in castration-resistant prostate cancer (Malik et al., 2015). Pharmacologic disruption of the 

MLL1-menin interaction with MI-136 blocked androgen-stimulated proliferation of prostate 

cancer cells. Menin inhibition has also been identified as a potential therapeutic opportunity 

in diffuse intrinsic pontine glioma (DIPG), a rare but extremely aggressive brainstem tumor 

that frequently harbors somatic mutations in the H3F3A gene encoding H3.3 (Funato et al., 

2014). Further studies aimed at interrogating the mechanisms by which menin and the MLL 

complex cooperate in these diseases are necessary, but these initial studies are encouraging 

and suggest that MLL-menin inhibition may be an interesting approach in multiple cancers. 

An important next step in all cases will be to perform thorough structure-function studies of 

complex components in order to determine the specific mechanisms at play in various 

cancers.

Enhancer of Zeste Homolog 2

Enhancer of zeste homolog 2EZH2 is a member of the Polycomb repressive complex 2 

(PRC2), together with embryonic ectoderm development (EED), suppressor of zeste 12 

(SUZ12), Jumonji/ARID domain-containing protein 2 (JARID2), and RBBP4. EZH2 has 

H3K27 methyltransferase activity that marks target loci and is associated with gene 

repression and chromatin silencing. The context dependence of epigenetic modifiers in 

tumorigenesis is highlighted by the opposing roles of EZH2 in different malignancies. EZH2 

is amplified in solid tumors (Bachmann et al., 2006; Wagener et al., 2008) and gain-of-

function Y641 mutations that cause H3K27 hypermethylation are found in B cell 

lymphomas (Morin et al., 2010). The PRC2 complex is also important in a mouse model of 

AML (Neff et al., 2012). In contrast, inactivating mutations or deletions of EZH2 have been 

identified in MDS, myeloproliferative neoplasms (MPN), and T-ALL, which implicates 

EZH2 as a tumor suppressor in these diseases (Ernst et al., 2010; Khan et al., 2013; 

Ntziachristos et al., 2012). This illustrates the biological complexity of H3K27 methylation 

and suggests that differential target gene silencing may be what ultimately defines whether 

EZH2 functions as an oncogene or a tumor suppressor.

In the case of tumors harboring gain-of-function mutations, EZH2 is an obvious therapeutic 

target. A number of small molecule inhibitors targeting EZH2 catalytic activity have 

demonstrated antiproliferative activity in human lymphoma cell lines and xenograft models 

(Campbell et al., 2015; Knutson et al., 2014a). Some of these compounds have entered early 

phase clinical trials for patients with relapsed or refractory B cell lymphomas or with 

advanced solid tumors (NCT02395601, NCT01897571, and NCT02082977 at 

clinicaltrials.gov). Additionally, similar to menin inhibitors and other compounds that 

disrupt the MLL complex, Orkin and colleagues engineered a stabilized alpha helix of EZH2 

peptides that block H3K27 trimethylation by disrupting the interaction between EZH2 and 
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EED (Kim et al., 2013). Treatment of MLL-AF9 AML cells with these peptides caused 

growth arrest and differentiation. Thus, disruption of the PRC2 complex represents another 

interesting potential therapeutic approach.

In addition to the focus on EZH2 as a target in mutant lymphomas, a unique susceptibility to 

EZH2 inhibition has been demonstrated in tumors harboring loss-of-function mutations in 

the SWI/SNF chromatin remodeling complex. SWI/SNF complexes play an important role 

in regulating gene expression via ATP-dependent mobilization of nucleosomes at promoters 

and enhancers, and recurrent mutations in subunits of these complexes have been identified 

in at least 20% of all human cancers (Kadoch et al., 2013; Shain and Pollack, 2013). Loss-

of-function mutations of SNF5 (SMARCB1), a core member of the SWI/SNF complex, 

have been found in malignant rhabdoid tumors, and conditional loss of function leads to 

cancer in mice, thus confirming the role of SNF5 as a tumor suppressor (Roberts et al., 

2000; Versteege et al., 1998). More recently SNF5 mutations have been identified in a 

number of other tumors including epithelioid sarcomas and melanomas (Stockman et al., 

2015; Sullivan et al., 2013). Important insight into a potential therapeutic opportunity in this 

disease was gained when Roberts and colleagues demonstrated epigenetic antagonism 

between EZH2 and SNF5 at Polycomb targets in SNF5-deficient tumors (Wilson et al., 

2010). Conditional inactivation of EZH2 prevented tumor formation driven by loss of SNF5, 

suggesting that SNF5 deficiency confers PRC2 dependence and thus potential sensitivity 

toEZH2 inhibition. Sensitivity to EZH2 inhibition was indeed observed in a xenograft 

mouse model of SMARCB1 mutant malignant rhabdoid tumors, providing further support 

for the potential use of EZH2 inhibitors in treating SNF5 mutant cancers (Knutson et al., 

2013).

Two independent studies in different cancer models also highlight the possible utility of 

EZH2 inhibitors as sensitizers to standard cytotoxic chemotherapy. In one study, treatment 

of human lymphoma in a xenograft model with an EZH2 inhibitor plus standard CHOP 

chemotherapy demonstrated synergistic effects (Knutson et al., 2014b). In another report, 

Fillmore et al. observed a stark contrast in responsiveness of distinct genetic subsets of 

NSCLC tumor cells to the topoisomerase II inhibitor etoposide after EZH2 inhibition. While 

BRG1- and EGFR mutant NSCLC cells treated with EZH2 inhibitors exhibited an enhanced 

susceptibility to etoposide therapy, BRG1- and EGFR-wild-type tumors displayed resistance 

to etoposide by virtue of their ability to upregulate BRG1 to counter EZH2 inhibition 

(Fillmore et al., 2015). Given the potential for single-agent targeted therapies to fail due to 

resistance, adding epigenetic therapies to standard cytotoxic chemotherapy regimens that 

have proven clinical efficacy is a promising strategy. However, as demonstrated in the case 

of NSCLC, it will be important to understand the genetic and epigenetic determinants of 

enhanced sensitivity to combination regimens in order to help identify those patients that 

will benefit most from these therapies.

Lysine-Specific Demethylase 1

Lysine-specific demethylase 1 (LSD1) is a member of the FAD-dependent amine oxidase 

family of enzymes and can demethylate mono- and di-methylated lysines, specifically 

lysines 4 and 9 on histone H3 (H3K4me1/2 and H3K9me1/2, respectively) (Shi et al., 2004). 
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When LSD1 is targeted to specific loci via repressive complexes, it demethylates 

H3K4me1/2 thus promoting gene silencing. In addition, LSD1 has since been identified in a 

number of activating complexes. When recruited by these complexes to target genes, LSD1 

demethylates the repressive H3K9me2 mark leading to activation of gene expression 

(Metzger et al., 2005).

Recent studies have identified a functional link between LSD1 and leukemia maintenance 

(Harris et al., 2012). Pharmacologic inhibition of LSD1 induced differentiation of mouse 

AML cells and impaired the ability of these cells to cause leukemia in recipient mice. 

Simultaneously, another group found that LSD1 inhibition, when coupled with all-trans 

retinoic acid (ATRA) therapy, could induce differentiation and suppress leukemia 

engraftment in AML cell lines that otherwise were insensitive to ATRA (Schenk et al., 

2012). These studies provided the initial preclinical rationale to develop LSD1 inhibitors, 

either as monotherapy or in combination with ATRA, as a potential approach for patients 

with AML. These and other preclinical data have prompted multiple phase I trials using 

either irreversible LSD1 inhibitors such as GSK2879552 as a single agent or 

tranylcypromine in combination with ATRA (NCT02177812 and NCT02261779 at https://

clinicaltrials.gov/, respectively).

LSD1 is also overexpressed in solid tumors (Lv et al., 2012). A recent cell line screen 

demonstrated that the LSD1 inhibitor GSK2879552 has activity against small cell lung 

carcinomas (SCLC) (Mohammad et al., 2015). Furthermore, a DNA hypomethylation 

signature correlated with sensitivity to LSD1 inhibition in SCLC cells. This is a potentially 

important finding, because a reproducible biomarker that can predict response to LSD1 

inhibitor therapy is currently lacking. Given that the mechanisms by which LSD1 inhibition 

slows cancer cell proliferation remain unclear, a genetic or epigenetic signature that 

correlates with response would be extremely useful to help inform ongoing and future 

clinical trials.

Jumonji D3

Jumonji D3 (JMJD3) and UTX are the only known members of the Jumonji family of 

deoxygenases that have H3K27 demethylase activity and have recently been investigated as 

therapeutic targets in T-ALL. The majority of T-ALL cases have activating NOTCH1 

mutations, and roughly one quarter of T-ALL cases have loss-of-function mutations or 

deletions in members of PRC2, such as EZH2 and SUZ12, implicating a tumor suppressor 

role of PRC2 in T-ALL (Ntziachristos et al., 2012). Recent work from Aifantis and 

colleagues demonstrated that NOTCH1 activation antagonizes PRC2 by inducing loss of 

H3K27 trimethylation. If transcriptional repression mediated by the H3K27me3 mark has a 

tumor suppressive function, then inhibition of the enzymes that mediate removal of that 

chromatin modification, namely H3K27 demethylases, may confer therapeutic benefit.

This hypothesis was tested by Ntziachristos et al. (2014). Strikingly, UTX and JMJD3 had 

divergent roles in T-ALL pathogenesis. While UTX functions as a tumor suppressor and is 

inactivated in T-ALL, JMJD3 binds important NOTCH1 targets and is required for T-ALL 

initiation and maintenance. Treatment of T-ALL cell lines with the histone demethylase 

inhibitor GSKJ4 impaired proliferation and induced apoptosis. Although this small molecule 
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compound targets both JMD3 and UTX, it appears more potent against JMJD3, which was 

consistent with the finding that expression profiles of T-ALL cell lines in the setting of 

JMJD3 knockdown and GSKJ4 treatment were similar to each other but not to UTX 

knockdown (Ntziachristos et al., 2014). These studies demonstrate that targeting JMJD3 

may be a potential treatment for T-ALL by virtue of the functional antagonism between the 

leukemogenic NOTCH1 pathway and tumor suppressor role of PRC2, and more broadly 

provide support for the idea that loss-of-function mutations in histone methyltransferases 

might be targeted by inhibition of the corresponding demethylase.

Targeting Histone Acetylation

Acetyl-Lysine Readers

In recent years, major progress has been made in characterizing epigenetic “reader” domains 

that are important for recognizing posttranslational chromatin modifications and for 

recruiting downstream effector proteins to specific loci to activate lineage- and disease-

specific gene expression programs. Included among these “readers” are bromodomains; 

these domains are highly conserved and recognize acetylated lysine residues. In humans, 

there are 61 bromodomains identified within 46 bromodomain-containing proteins 

(Filippakopoulos and Knapp, 2014). BRD4 is one of the best characterized among these 

members, and its multiple roles in regulating transcription intersect a number of distinct 

pathways ranging from transcriptional initiation and elongation to super-enhancer assembly. 

These functions have recently been reviewed by Basheer and Huntly (2015).

BRD4 was identified as a potential therapeutic target in an RNAi screen querying known 

chromatin regulators in an AML mouse model (Zuber et al., 2011). Treatment of AML cells 

with the competitive bromodomain inhibitor JQ1 resulted in potent antiproliferative effects 

and induced myeloid differentiation. A follow-up study by Vakoc and colleagues confirmed 

and extended the importance of the bromodomain in an elegant negative selection screen, 

this time using CRISPR-Cas9 genome editing as a means to unveil this BRD4 dependency, 

among others, in AML (Shi et al., 2015). This study not only validated the importance of 

BRD4 in AML but also precisely revealed that bromodomain 1, bromodomain 2, extra-

terminal (ET) domain, and a C-terminal domain were the important determinants of BRD4 

responsible for this phenotype. CRISPR-Cas9-based screens of this sort have the potential to 

greatly accelerate structure-function studies and provide significantly higher resolution of 

candidate drug targets to inform rational therapeutic design.

In addition to AML, bromodomain inhibition also has activity in a number of other 

malignancies, including multiple myeloma, lymphoma, and the NUT midline carcinomas 

(NMC), which represent a group of aggressive carcinomas characterized by the presence of 

NUT fusion oncogenes, the most common of which is BRD4-NUT (Delmore et al., 2011; 

Filippakopoulos et al., 2010; French, 2012; Mertzet al., 2011). A striking commonality 

among these diseases is their addiction to MYC, and the susceptibility of these malignancies 

to inhibitors like JQ1 can partially be attributed to their ability to suppress MYC 

transcription. In the case of AML, restoration of MYC expression was sufficient to rescue 

much of the phenotype induced by JQ1 or knockdown of BRD4 (Zuber et al., 2011).
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A series of reports also showed how MYC expression is maintained in T-ALL via a BRD4-

dependent manner despite inhibition of NOTCH1 (Herranz et al., 2014; Knoechel et al., 

2014; Yashiro-Ohtani et al., 2014). Due to the frequency of activating NOTCH1 mutations 

in ALL, gamma-secretase inhibitors (GSIs) that block this pathway have been in various 

stages of clinical development, but their effectiveness has been hampered by resistance. 

These reports described MYC enhancer elements in T-ALL that were differentially occupied 

by NOTCH1 or BRD4. In the setting of GSI resistance, MYC expression was maintained by 

switching to the BRD4-occupied enhancer, thereby rendering these cells exquisitely 

sensitive to JQ1. Targeting of bromodomains has also been shown to overcome resistance to 

kinase inhibitor therapy in solid tumors. A recent report demonstrated that resistance to 

PI3K in a mouse model of breast cancer could be overcome with the addition of a BET 

inhibitor (Stratikopoulos et al., 2015). These studies demonstrate that epigenetic resistance 

pathways converge with genetic drivers of cancer to determine sensitivity to targeted 

therapies.

Despite the importance of MYC in these diseases, it is one of many genes affected by 

bromodomain inhibitors. Transcriptome profiling of AML cells treated with the BET 

inhibitor I-BET151 showed diminished expression of CDK6, CCND2, and BCL2 in addition 

to MYC (Dawson et al., 2011). In multiple myeloma, BRD4 was found to colocalize with the 

Mediator complex at thousands of active enhancers. Among these enhancers was a subset of 

super-enhancers characterized by broad regions of K27 acetylation and exceptionally high 

BRD4 and Mediator occupancy that influences transcription of major oncogenic drivers 

including MYC (Lovén et al., 2013).

Similar epigenomic efforts aimed at understanding where BRD4 exerts its effects were 

extended to AML. Roe et al. demonstrated via ChIP-seq analysis of AML cell lines that 

BRD4 occupancy coincided with binding of the major hematopoietic transcription factors 

PU.1, FLI1, ERG, C/EBPα, C/EBPβ, and MYB (Roe et al., 2015). Recruitment of the 

acetyl-transferases p300 and CBP to target loci by these transcription factors is the proximal 

event that creates a milieu of lysine acetylation that ultimately results in BRD4 occupancy at 

promoter and enhancer regions. Notably, bromodomain inhibition caused a reduction in the 

functional output of these transcription factors, suggesting that the antileukemic potency of 

bromodomain inhibitors is at least partially explained by their ability to perturb 

hematopoietic-specific transcription factor networks that cooperate to maintain an AML-

specific transcriptional program.

JQ1, one of the early prototypical bromodomain inhibitors, acts by potently and selectively 

displacing acetylated lysines from bromodomains (Filippakopoulos et al., 2010). Its 

experimental utility has been highlighted in the aforementioned studies. Multiple 

bromodomain inhibitors have also been developed with enhanced pharmacokinetic 

properties, including CPI-0610, OTX015, TEN-010, and I-BET762 (GSK525762A) 

(Filippakopoulos and Knapp, 2014). These compounds are under investigation in early 

phase clinical trials for lymphoma, leukemia, MDS, and solid tumors including NMC 

(NCT02308761, NCT01587703, NCT02303782, NCT02158858, and NCT02157636 at 

https://clinicaltrials.gov/; see also Table 1).
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The notion of “druggability” implies that the feasibility of targeting disease modifiers across 

the proteome lies on a spectrum. Drug development strategies are adept at targeting proteins 

with enzymatic activity but less effective at developing potent small molecules that block 

the functions of proteins such as transcription factors or scaffold molecules that lack 

intrinsic catalytic activity. Also, early studies suggest that effective targeting of chromatin 

regulatory processes may, in many cases, require near complete inhibition of protein 

function for extended periods of time. This could complicate drug development efforts. 

Recently, Bradner and colleagues developed a promising novel strategy that may overcome 

some of these issues via degradation of proteins like BRD4 by redirecting E3 ubiquitin 

ligase activity to these targets (Winter et al., 2015). Ubiquitination of BRD4 resulted in its 

rapid proteasomal degradation and treatment of mice with this compound delayed leukemia 

progression. Strategies to coopt this degradation pathway can likewise be extended to other 

proteins that have been difficult to target and represents a novel approach to target 

complexes that modify chromatin.

Additional acetyl-lysine readers beyond bromodomains are on the horizon as promising drug 

targets. This includes the AF9 YEATS domain, which recently was found to bind acetylated 

H3K9 and, to a lesser extent, acetylated H3K27 and H3K18. Recognition of these 

modifications leads to AF9 recruitment of DOT1L, which then mediates transcriptional 

regulation at target loci (Li et al., 2014b). The role of YEATS domain function in disease 

states awaits further characterization, but these findings raise the possibility that disrupting 

this reader activity may also have therapeutic implications.

Histone Acetyltransferases

While there has been much recent focus on drug development to target acetyl-lysine readers, 

there has been less activity to target acetyltransferases. Most work that has focused on 

histone acetyltransferases (HATs) has been directed at p300/CREB binding protein (CBP). 

P300/CBP are transcriptional coactivators that have HAT activity whose substrates include 

histone and non-histone proteins. H3K27 acetylation by p300/CBP marks active enhancers 

and promoters. Inactivating mutations in p300/CBP have been identified in lymphoma and 

ALL (Pasqualucci et al., 2011). In contrast, genetic inactivation or knockdown of p300 and 

CBP results in impaired AML initiation and maintenance, and HAT inhibitors exhibit 

antileukemic activity across a variety of AML subtypes (Giotopoulos et al., 2015). It seems 

that these are a group of enzymes that warrant further investigation as potential therapeutic 

targets.

Perspectives

In the early era of cytotoxic chemotherapy, chemoresistance in the setting of single-agent 

therapies prohibited patients from achieving durable remissions in multiple cancer subtypes. 

Following the example of antituberculosis therapy, in which antibiotics were administered in 

combination in order to block resistance mechanisms, most chemotherapy regimens given 

with curative intent are now administered in combinations. The postimatinib era of targeted 

therapy has seen similar parallels with respect to acquired resistance. Moreover, epigenetic 

mechanisms have recurrently been implicated in the generation of “persister” or “drug-

tolerant” cells (Knoechel et al., 2014; Sharma et al., 2010), raising the interesting hypothesis 
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that targeted epigenetic therapies have the capacity to eliminate these cells as a means to 

prevent acquired drug resistance. Clearly, there is a need for a deeper mechanistic 

understanding of disease pathogenesis in order to inform rational combinations of these 

targeted therapies.

As highlighted in this review, there are multiple instances in which epigenetic dysregulation 

is either the primary driver of disease (e.g., MLL-rearranged leukemias) or a unique 

dependency that is likely not to be a direct result of oncogene activation (e.g., NSCLC). In 

either case, preclinical studies have shown that combination epigenetic therapies appear to 

be effective at targeting unique vulnerabilities to achieve synergies. The utility of either 

shRNA- or CRISPR-Cas9-based genetic screens as a strategy to reveal these vulnerabilities 

has been proven in a variety of experimental settings and such approaches will continue to 

provide insight.

Additionally, the spatial organization of chromatin into higher order structures is clearly 

functionally relevant and may be important for cancer cell proliferation and survival. 

Portions of the genome are compartmentalized into megabase-scale units termed 

topologically associated domains (TADs) (Dixon et al., 2012). This organization, including 

subdomains within TADS, allows for selective enhancer-promoter interactions to occur 

within discrete regions of the genome defined by CTCF boundaries. The technology used to 

resolve this chromatin organization is relatively new, but it is already becoming clear that 

structural variants in the form of deletions, inversions, or duplications can disrupt TADs to 

cause diseases such as limb malformation (Lupiáñez et al., 2015). It Is likely only a matter 

of time before we appreciate how disruption of this domain structure is playing a role in 

cancer. Future studies geared toward characterizing these higher order chromatin structures 

in normal and disease states will be of significant interest and will likely uncover new 

approaches to modulate cancer associated gene expression and hopefully more therapeutic 

opportunities.

Epigenetic dysregulation is a common feature of many diseases, and therapeutic targeting of 

these regulatory pathways is beginning to be assessed in patients. However, there is still 

much work to be done. There are a number of likely obstacles that will influence the 

efficacy of these therapies against cancer, including cellular heterogeneity, resistance, and 

the need for deep and consistent inhibition of target function. Furthermore, we are still in the 

early stages of drug development for most targets that regulate chromatin and the 

development of new treatment strategies will require deeper understanding of pathogenic 

mechanisms. The complexity of effectively drugging the epigenome is significant, but there 

is tremendous excitement that continued focus on the biology of these processes, new small 

molecule development, and informed clinical trials will lead to a new class of potent 

anticancer agents.
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Figure 1. Strategies for Targeting Epigenetic Regulators
(A) Inhibiting enzymatic activity with competitive small molecule compounds, (B) 

disrupting protein-protein interactions, and (C) using phthalimide-conjugated small 

molecules to redirect difficult-to-target proteins for proteasomal degradation via the 

cereblon (CRBN) E3 ubiquitin (Ub) ligase complex.
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