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Abstract

The BH-3 mimetic venetoclax overcomes apoptosis and therapy resistance caused by high
expression of BCL2 or loss of BH3-only protein function. Although a promising therapy for
hematologic malignancies, increased expression of anti-apoptotic MCL-1 or BCL-XL, as well as
other resistance mechanisms prevent a durable response to venetoclax. Recent studies demonstrate
that agents targeting epigenetic mechanisms such as DNA methyltransferase inhibitors, histone
deacetylase (HDAC) inhibitors, histone methyltransferase EZH2 inhibitors, or bromodomain
reader protein inhibitors may disable oncogenic gene expression signatures responsible for
venetoclax resistance. Combination therapies including venetoclax and epigenetic therapies are
effective in preclinical models and the subject of many current clinical trials. Here we review
epigenetic strategies to overcome venetoclax resistance mechanisms in hematologic malignancies.
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1. Introduction

In the last decade remarkable progress has been made to improve our understanding of how
altered expression of the apoptosis machinery may be inexorably linked to tumorigenesis.
Cell life and death decisions are made largely dependent on the balance between pro-
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apoptotic and anti-apoptotic regulators. Malignancy may ensue when the balance is shifted
to prevent normal cell death processes. This was highlighted by the identification of BCL-2
as an oncoprotein in lymphoma [1,2]. Elucidation of the mechanism by which BCL-2

and similar proteins prevent cell death have led to a new category of recently approved
anticancer therapies. However, like many targeted therapies for malignancy, treatment can
result in the induction of or selection for resistance, often through shifts in gene regulation
mediated by changes in chromatin function. Thus, pharmacological agents that act upon
epigenetic mechanisms and restore a more normal state of gene expression to cancer

cells may be useful to counteract some resistance mechanisms of BCL-2 directed cancer
therapies.

BCL-2 family members are categorized by their BCL-2 homology (BH) domains into
three groups: anti-apoptotic proteins, pro-apoptotic BH3-only proteins and pro-apoptotic
mitochondria pore-forming proteins. These BH domains facilitate interaction between
family members to direct their anti- or pro-apoptotic function [3]. Patterns of gene
expression, activation or subcellular localization of individual BCL-2 family members may
vary depending on factors such as cell type, differentiation state, cellular stress stimuli or
developmental stage. Anti-apoptotic proteins such as BCL-2, BCL-XL, and MCL-1 bind
to and sequester mitochondria pore forming proteins BAX and BAK. Upon cellular stress,
BH3-only proteins such as BIM (BCL2L 11), BID, BAD, PUMA (BBC3), BIK and NOXA
(PMAIPI) bind to anti-apoptotic proteins through their BH3 domain to release pore-forming
proteins. These pore-forming proteins associate in the outer mitochondrial membrane to
trigger membrane permeability and the release of cytochrome C from the mitochondria
which activates caspases to initiate apoptosis.

More than 35 years ago, it was discovered that the t(14;18) chromosome translocation
found in follicular lymphoma and B cell leukemia placed BCLZ2from chromosome 18
under the control of the immunoglobulin heavy-chain promoter on chromosome 14, driving
constitutive BCL2 expression and resistance to apoptosis [1,2]. This translocation is present
in about 90% of follicular lymphoma and 10-30% of diffuse large B cell lymphoma
(DLBCL), but is insufficient to cause lymphoma on its own [4-6]. High BCL 2 expression is
often observed in combination with other activated oncogenes. For example, approximately
5-15% of diffuse large B-cell lymphomas (DLBCL) harbor MYC, BCLZ2and/or BCL6
translocations that have been characterized to drive proliferation and prevent apoptosis.
These “double” or “triple hit” lymphomas demonstrate a high-grade histology and are
difficult to treat with conventional chemotherapies leading to poor outcomes [7]. Genetic
amplification of BCL 2, aberrant activation of the NF-xB pathway, or downregulation of
certain microRNAs can cause increased BCL-2 expression and resistance to therapy in a
variety of human cancers [8,9]. The TCGA pan-cancer cBioPortal indicates that BCLZ2
amplification is found in about 4% of DLBCL, 2% of Sarcomas, 1% of Esophageal cancer
and 1% of invasive breast carcinoma (Fig. 1) [10,11]. Furthermore, loss or inactivation

of genes encoding BH3-only proteins is reported in many cancers and allows BCL-2

to persistently sequester pore-forming BAK and BAX, stalling apoptosis initiation. For
instance, loss of BAD or B/K gene expression due to DNA methylation was reported in
multiple myeloma (MM) and loss of function mutations in BAD have been reported in colon
cancer [12-14]. The loss of the BH3-only protein tumor suppressor mechanism can lead to
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growth factor signaling independence [15]. Thus, developing a BH3-mimetic molecule to
circumvent high BCL-2 or inactive BH3-only proteins has been an attractive approach to
restore apoptosis.

BH3 mimetics bind to and inactivate anti-apoptotic BCL-2 family members, allowing
mitochondria pore forming proteins to initiate mitochondria permeabilization, cytochrome
crelease and activation of the apoptosis-driving caspase cascade. One of the first BH3
mimetics developed with high affinity to BCL-2 was ABT-737 [16]. /n vitro studies
demonstrated that this molecule could induce apoptosis of hematopoietic cancer cell lines
and primary cancer cells. Furthermore, ABT-737 could synergize or cooperate with other
chemotherapies such as bortezomib, melphalan or dexamethasone in a variety of cancers
of hematologic origin [17-19]. However, clinical utility of ABT-737 was limited by both
poor bioavailability and ineffectiveness in cancer cells with high MCL-1 expression [17,20].
A second generation BH3 mimetic, navitoclax (ABT-263), was developed with improved
bioavailability, but it undermined platelet level due to BCL-XL inhibition [21]. Finally, a
small molecule related to navitoclax was developed, venetoclax (ABT-199), that retained
oral bioavailability. Venetoclax had improved binding selectivity for BCL-2 compared to
BCL-XL and thus did not cause thrombocytopenia [22]. Venetoclax induced apoptosis

of cells from chronic lymphocytic leukemia (CLL) patients /7 vitro and demonstrated
substantial responses in patients with relapsed CLL, including those with poor prognostic
features [23,24]. This led to the 2016 approval of venetoclax for the treatment of patients
with relapsed and refractory CLL with 17p (site of 7P53) deletion. In addition, acute
myeloid leukemia (AML) myeloblasts have been reported to depend upon BCL-2 to a
greater extent than normal hematopoietic stem cells, supporting the rationale for targeting
BCL-2 in these patients [25]. Additional clinical trials demonstrated the efficacy of
venetoclax as a monotherapy in patients of various hematologic malignancies including
non-Hodgkin's lymphoma (NHL), MM, and AML. The results of these trials have spurred
further investigation of combination strategies that include venetoclax [26-29].

CLL and AML patients can become venetoclax resistant due to intrinsic or acquired
mechanisms. Intrinsic venetoclax resistance has been primarily attributed to increased
levels of MCL-1 or BCL-XL, which sequester the pro-apoptotic proteins that are released
from BCL-2 upon venetoclax binding. Acquired resistance mechanisms include loss of
BH3-only gene expression or BCL-2 mutations that alter its BH3 binding grove [30-33].
For instance, a glycine to valine missense mutation in the venetoclax binding site of

BCL-2 at amino acid 101 has been reported to be acquired by CLL patients undergoing
venetoclax therapy that reduced venetoclax binding ~180 fold [34]. In addition, molecular
profiling of venetoclax-treated AML patient cells identified kinase activating mutations such
as FLT3-1TD or biallelic TP53 mutation in leukemic clones upon relapse, illustrating the
heterogenous mechanisms that may give rise to venetoclax-resistance [35]. In AML cell
lines, xenografts and patient samples, MAPK activation has been reported to stabilize anti-
apoptotic MCL-1 and inactivate pro-apoptotic BIM [36-38]. Moreover, venetoclax resistant
monocytic AML has a distinct transcriptomic profile marked by loss of BCL-2 expression
and dependence on MCL-1, resulting in a differential sensitivity that drives selective
outgrowth of monocytic subpopulations [39]. Thus, mechanisms that alter the balance of
BCL-2 family expression are key to understanding venetoclax resistance. Combination
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therapies that reduce expression of BCL-XL and MCL-1 or stimulate expression of BH3-
only proteins may be useful to improve venetoclax efficacy.

In addition to primary DNA sequences directing transcription factors and other transcription
regulators, gene expression is also regulated by epigenetic mechanisms. DNA methylation,
histone post-translational modifications, and nucleosome positioning are epigenetic features
that reversibly store and transmit heritable information marks governing gene expression.
Proteins that catalyze the addition of an epigenetic modification onto either DNA or
histones (usually on histone “tails” that extend from the nucleosome) can be thought of

as “writers”. Epigenetic “readers” are effector proteins that recognize or are recruited to
specific epigenetic modifications while epigenetic “erasers” remove these modifications.
The inherent reversibility of epigenetic modifications makes the mechanisms that regulate
these marks attractive therapeutic targets for reverting oncogenic gene expression signatures
back to a more normal state (Fig. 2). In this review, we summarize current evidence

that suggests therapies targeting epigenetic/gene expression mechanisms may be useful

in combination with venetoclax to counteract de novo or acquired venetoclax resistance
mechanisms in hematologic malignancies.

2. DNA methylation inhibitors and venetoclax

DNA methyltransferases (DNMTSs) methylate cytosines that precede guanine (CpG) to
catalyze DNA methylation throughout the genome of mammals. The enzymes DNMT3A
and DNMT3B establish de novo DNA methylation patterns while DNMT1 maintains
daughter strand methylation after DNA replication [40,41]. Demethylation of DNA is
facilitated by the TET enzymes that convert methylcytosine into hydroxymethylcytosine
which is not recognized by DNMT1 [42,43]. Methylation of CpG-rich regions in cis-
regulatory elements may repress expression of the corresponding gene by preventing
binding of transcription factors or recruiting methyl-CpG binding proteins that interact
with repressive histone modifying enzymes (Fig. 2). At the same time gene activation

is associated with hydroxymethylation of DNA, particularly at enhancers and hence the
activity of DNMTs and TET enzymes may be required for normal induction of gene
expression [44]. Furthermore, DNA methylation within gene bodies helps maintain normal
patterns of gene splicing, proper DNA repair, and prevents intragenic transcriptional
initiation. AML is associated with many lesions that can upset DNA methylation patterns
including loss of function mutations of TET2, gain of function mutations of IDH1 or IDH2,
and loss of function mutations in the DNA methyltransferase DNMT3A [43,45-47].

The cytosine analogues 5’ -azacytidine (azacitidine) and 5-aza-2”-deoxycytidine (decitabine)
substitute nitrogen for carbon at the pyrimidine ring C-5 position and when incorporated
into DNA irreversibly bind DNMT1, causing DNMT1 degradation and genome-wide
hypomethylation [48,49]. The potential of DNA methyltransferase inhibitors (DNMTi) to
reactivate tumor suppressor genes has spurred testing of these agents for hematologic
malignancies and solid tumors. In 2004 (azacitidine) and in 2006 (decitabine) DNMTi

were approved as therapies for myelodysplastic syndrome (MDS) [50,51]. In addition, active
clinical trials using either DNMTi are currently ongoing for a variety of cancers both as
single agents and in combination strategies (Table 1). Response to DNMTi treatment is
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correlated with a widespread loss of DNA methylation within leukemia cells, but how this
may lead to a therapeutic response is uncertain. There is conflicting /7 vivo evidence of
the activity of DNMTi as inducers of differentiation, DNA damage and re-expression of
endogenous retroviruses [52-56].

Several studies report that the efficacy of BH-3 mimetics is improved when administered

in combination with DNMTi. For instance, it has been reported that azacitidine sensitizes
AML cells to BH-3 mimetics by downregulating MCL-1 in a p53-independent manner,

or by activating the integrated stress response which induces expression of the BH3-only
protein NOXA, priming cells for apoptosis [57,58]. Retrospective cohort analyses using
propensity score matching has suggested lower rate of relapse, 30-day mortality, and longer
overall survival for patients receiving combination DNMTi and venetoclax compared to
intensive chemotherapy [59-62]. Due to these results, combination of venetoclax with
azacytidine, decitabine, or low dose cytarabine received regular approval from the United
States Food and Drug Administration (FDA) in October of 2020 for treatment of newly
diagnosed AML patients 75 years or older. However, the precise mechanism by which
DNMTi promote sensitivity to venetoclax remains uncertain. In addition to causing changes
in gene expression, other non-epigenetic mechanisms such as DNA damage may contribute
to the synergy of DNMTi with venetoclax.

Mutations in the enzymes IDH1 and IDH2 that normally convert isocitrate to a-
ketoglutarate are found in several tumors, including 10-20% of AML patients [63]. Mutant
IDH1/2 reduces a-ketoglutarate to 2-hydroxygluterate (2-HG), a competitive inhibitor of
the TET family of DNA methylcytosine dioxygenases that are key for DNA demethylation
[64]. The metabolite 2-HG has been reported to inhibit a-ketoglutarate dependent Jumonji
domain lysine demethylases and activate mTOR signaling [46,65,66]. In addition, increased
intracellular 2-HG due to mutant IDH1/2 has been found to inhibit cytochrome ¢ oxidase,
causing cells with these mutations to be dependent upon BCL-2 as revealed by an RNA
interference screen [67]. Furthermore, primary human AML cells with mutant IDH1/2
were more sensitive than wild-type IDH1/2 cells to venetoclax ex vivoand in xenograft
models [67]. Clinical trials have demonstrated that relapsed/refractory AML patients with
IDH-mutant AML have significantly improved outcomes when treated with venetoclax
either as a single agent or in combination with DNMTi than the overall AML cohort [61,68].

Small molecule inhibitors of mutant IDH1 (ivosidenib or AG-120) or mutant IDH2
(enasidenib or AG-221) reduce 2-HG levels and induce differentiation of leukemic cells

in vitro and /n vivo. Their use as single agent therapies was recently approved by the

FDA for the treatment of adults with IDH1 or IDH2-mutant AML [69]. Currently, clinical
trials are underway that test the combination of venetoclax and mutant IDH1/2 inhibitors
(Table 1). Given that the mechanism by which IDH mutations increase BCL-2 dependence
is due to increased production of 2-HG, reduction of 2-HG by treatment with mutant
IDH1/2 inhibitors may have been expected to antagonize venetoclax activity. Yet, evidence
to date suggests this combination therapy is very effective. For instance, preliminary reports
indicate that ivosidenib, venetoclax, and azacytidine may be a highly effective therapy for
patients with /DH-mutated AML and this combination is being evaluated in early phase
clinical trials [70]. Furthermore, in patient-derived xenograft (PDX) models of human
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IDHZ2-mutant AML, concurrent treatment of enasidenib and venetoclax resulted in the
greatest reduction in leukemia engraftment compared to all other treatment combinations,
including the sequential dosing of venetoclax and enasidenib [71]. Co-treatment with the
mutant IDH-2 inhibitor enasidenib did not antagonize venetoclax activity even though
enasidenib monotherapy resulted in a significant decrease in BCL2 gene expression [71].
Enasidenib treatment caused increased expression of myeloid differentiation markers [71],
and enasidenib has been reported to enhance erythroid differentiation of hematopoietic
progenitor cells independently of 2-HG [72]. Thus, although the mechanisms behind the
effectiveness of venetoclax combination with mutant IDH1/2 inhibitors is unclear, myeloid
differentiation may enable responsiveness to venetoclax and/or reduced BCL-2 may cause
mitochondria priming leading to a cell state that is very sensitive to apoptosis induction,
including by inhibition of the small remaining amount of BCL-2 [71].

While evidence is mounting that venetoclax combined with inhibitors targeting DNA
methylation mechanisms represent an important new therapy combination especially for
older AML patients, additional work is needed to determine the precise mechanisms by
which DNMTi synergize with BH-3 mimetics to induce apoptosis. It remains unclear
whether agents such as azacitidine promote venetoclax sensitivity due to any effect on DNA
methylation-dependent gene expression or through some other mechanism such as activating
DNA damage response pathways.

3. Histone deacetylase inhibitors and venetoclax

An essential means of gene regulation is through acetylation of histones by which acetyl
groups are added or removed from lysine residues of the histone tails that extrude

beyond the nucleosome. Addition and removal of these acetyl groups is a dynamic

process, regulated by histone acetyltransferases (HATs) and histone deacetylases (HDACS),
respectively (Fig. 2). Acetyl groups prevent the ionization and acquisition of positive charges
by lysine residues of the histone “tail” residues. Thus, histone acetylation weakens the
interaction between histones and the negative charge of the phospho-diester backbone

of DNA, creating greater accessibility to the underlying DNA sequences. At the same

time, acetylation of specific histone residues creates binding sites for chromatin regulators
that activate gene expression and prevent the binding of repressive regulators. Typically,
histone acetylation occurs at genomic regions that are either consistently active, therefore
accessible, or at regions whose activity must be regulated between active and repressed
transcription, e.g., promoter and enhancer regions [73-80]. As a hallmark of proper gene
regulation essential to a healthy chromatin landscape, the distribution of acetyl marks is
often deregulated in cancer.

In the context of tumor cells, promoters and enhancers of oncogenes are likely
hyperacetylated (active transcription), while promoters and enhancers of tumor suppressor
genes are typically hypoacetylated (repressed transcription) [81]. Studies in primary

tumor tissue indicate that global hypoacetylation correlates with more aggressive cancers,
increased risk of recurrence, and/or reduced survival [82—86]. In a survey of the cBioPortal
database of cancer genomics, CREBBP and EP300, two essential HAT proteins, are
significantly mutated in a variety of cancers (Fig. 3) [10,11]; in one study over 40% of basal
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cell carcinoma patients had a mutation in one of these two genes [87]. Somatic mutations
in both of these genes are prevalent, and resulting loss of heterozygosity implicates them as
tumor suppressor genes [81,88,89]. Interestingly, mutations in HDACs are rare, but HDAC
overexpression is frequently observed in cancer patients [90], and this may contribute to
histone hypoacetylation in many cancers.

To date the FDA has approved four pan-HDAC inhibitors (HDACI), and they are primarily
used in hematological malignancies, specifically T-cell lymphoma and myeloma [91].
Reports indicate that HDACI cause cell cycle arrest, leading to apoptosis in cultured
cancer cells. Furthermore, these inhibitors increase transcription levels of p21, a prevalent
cell-cycle regulator, and stimulate p53 acetylation [91], which enhances p53 stability that
is required for checkpoint responses to DNA damage and to activate oncogenes [92].
HDACI also stimulate transcription of pro-apoptotic genes such as BAXand BAK[91].
However, in humans the anticancer efficacy of pan-HDAC inhibitors has been limited.
These agents broadly target histone acetylation and can impact diverse mechanisms that lead
to pleiotropic effects. For instance, HDACi non-specifically block angiogenesis that may
hamper drug delivery to solid tumors and prevent inflammation, by inducing apoptosis of
tumor-fighting immune cells [91]. In addition, HDACI have been reported to induce DNA
damage and mitotic defects.

Altered patterns of histone acetylation are a common pan-cancer feature which can have
significant consequences on the transcription of pro-apoptotic and other tumor suppressing
genes. For example, histone hypoacetylation is associated with a more aggressive phenotype
in adenocarcinoma of the lung and hypoacetylation is associated with breast cancer
progression [93,94]. Reestablishing the appropriate balance of histone acetylation in cancer
cells may be a promising approach to reengage apoptosis mechanisms. Treatment with
HDACI can lead to the renewal of transcriptional profiles and cellular pathways that have
been made dormant by oncogenesis, leading to upregulation of genes involved in tumor
suppressing pathways, like apoptosis and cell-cycle arrest. Combination therapy of HDACI
with venetoclax may serve as a novel method to overcome resistance mechanisms that limit
the efficacy of each monotherapy. Recent data suggests that HDAC inhibition can act, at
least in part, by shifting the balance of BCL-2 family proteins in favor of pro-apoptotic
proteins, thus enhancing the ability of venetoclax to stimulate apoptosis. For example,
treatment with pan-HDAC inhibitors has been reported to cause increased expression of
pro-apoptotic factors, such as a 40-fold increase of pro-apoptotic BIM [95]. Furthermore,
treatment of both AML cell lines and primary patient samples with panobinostat upregulated
BIM expression and in combination with venetoclax synergistically induced cell death
[96,97]. Panobinostat synergy with venetoclax depended upon BIM and shRNA knockdown
of BIM in AML cell lines significantly attenuated apoptosis caused by the combination
therapy [96,97]. In an ex vivo study of cells isolated from 25 patients with advanced

CTCL, 93% of samples treated with venetoclax and vorinostat and 73% of samples treated
with venetoclax and romidepsin displayed synergistic effects [98]. Another recent report
demonstrated that synergy between venetoclax and panobinostat treatment was independent
of TP53 status in patient derived AML xenograft models [99].
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In addition, fimepinostat (CUDC-907), a dual PI3K and HDAC inhibitor, and venetoclax
have been reported to synergistically induce apoptosis in AML cell lines, primary AML
patient samples, and an AML xenograft mouse model. This combination is currently being
tested in early-stage clinical trials (Table 1) [100]. Although the precise mechanism is
unclear, fimepinostat downregulates expression of MCL1, CHK1, WEE1, RRM1, and c-
MYC while upregulating B/M and inducing DNA damage to potentiate venetoclax-induced
apoptosis [100]. Furthermore, venetoclax treatment enhanced fimepinostat-induced DNA
damage potentially through inhibition of DNA repair [100]. This illustrates that pan-HDAC
inhibitors may affect more than just gene expression of BCL-2 family members and their
contribution to apoptosis induction may include other mechanisms such as inducing DNA
damage [101].

4. Histone methyl transferase EZH2 inhibitors and venetoclax

Histone methylation at promoters and enhancers is crucial for modulating gene expression
and when imbalanced can lead to oncogene activation or tumor suppressor silencing.

The polycomb repressive complex 2 (PRC2) di- and tri-methylates lysine residue 27 on
histone H3 (H3K27me2/3) to promote chromatin compaction and transcriptional silencing
that is important for biological processes such as differentiation and maintaining cell
identity [102]. PRC2 is comprised of core polycomb group (PcG) proteins SUZ12, EED,
EZH2, and RbAp46/48, and the SET domain-containing histone methyltransferase EZH2 is
the enzymatic subunit that facilitates methylation [102-105]. Removal of methyl groups
from H3K27me2 and H3K27me3 is accomplished by histone demethylases KDM6A
(UTX) and KDM6B (JMJD3) [106]. Inactivating mutations in KDMG6A occur in many
different cancers and loss of demethylase activity may be associated with local alterations
in H3K27me3 levels similar to those observed in cells carrying gain-of-function EZH2
mutations [107,108]. Therefore, EZH2 inhibition presents an attractive target for restoring
H3K27me3 balance and tumor suppressor gene expression in malignancies.

H3K27me3 levels are deregulated in numerous cancer types [109]. Major aberrations
leading to increased H3K27me3 include overexpression of £ZH2, gain of function
mutations in £ZHZ2 or loss of function mutations in chromatin regulators antagonizing EZH2
function, such as KDM6A [109]. Increased expression of £ZHZis associated with failure of
differentiation, cell invasion and worse survival for patients with multiple myeloma or many
solid cancers, including prostate, head and neck, breast, bladder, thyroid, and endometrial
cancer [110-116]. Proliferation is attenuated in many EZH2-overexpressing cancer cell lines
when cells are treated with pharmacological EZH2 inhibitors (EZH2i) or EZH2-targeting
short hairpin RNA (shRNA) that deplete EZH2 protein expression [117]. Similarly, ectopic
expression of EZH2 confers a growth advantage in primary mouse embryonic fibroblasts
[118]. Significantly, 22% of germinal center B cell (GCB) DLBCL, 7%-12% of follicular
lymphomas [119], and a small number of melanoma cases have a gain-of-function EZH2
mutant within the enzymatic SET domain at position Y641 [120]. /n vitro biochemical
enzymatic assays demonstrated that this mutation leads to a gain of function in EZH2
activity that subsequently results in increased levels of H3K27me3 [121]. This increase in
H3K27me3 coincides with repression of Polycomb target genes that have recently been
identified in DLBCL [122] and melanoma [123]. Point mutations at residues A677 and
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A687 have also been identified in non-Hodgkin's lymphomas (NHL), and likewise result
in increased H3K27me3 levels [124,125]. Aside from EZH2, H3K27me3 levels can also
be affected by aberrations in other PcG proteins, mutations in H3K27me3 reader proteins,
histone mutations, or aberrations in related chromatin regulators [126].

Due to the common occurrence of gain-of-function £ZH2 alterations in cancer, development
of EZH2i has been an ongoing area of investigation. Diverse types of compounds have been
developed, including a SAH hydrolase inhibitor, SAM-competitive inhibitors, hydrocarbon-
stapled peptides that disrupt the protein interaction between EZH2 and EED or SUZ12, and
compounds triggering EZH2 degradation (see Table 2 in review article [127]). Most of these
compounds only show limited efficacy as monotherapy, but are promising therapeutics in
combination with other chemotherapy agents.

EZHZ2and BCL2 mutations commonly co-occur in DLBCL. Out of 1077 DLBCL cases
from 5 different studies queried on the cBioPortal of cancer genomics in December 2020,
248 cases had EZHZand/or BCL2 perturbations [10,11]. EZH2and BCL 2 mutations co-
occurred in 15% of cases (37/248) and co-occurrence was associated with a significantly
shorter survival rate (Fig. 4). This is in concordance with a recent study that determined
EZHZ mutation and BCL2translocation co-occur in 12% (69/574) of biopsy samples

of which 88% belonged to the germinal center B-cell subtype [128]. The common co-
occurrence of gain of function alterations in £2H2and BCLZ2in lymphoma justifies a
rationale for combination treatment with EZH2 and BCL 2 inhibitors.

To date, two studies have directly tested the efficacy of BCL2 inhibition and EZH2i
combination therapy. In 2013, Beguelin et a/. established that EZH2 cooperates with BCL2
to generate germinal center derived lymphomas [129]. When bone marrow from VavP-
BCL2mice was transduced with gain-of-function mutant EZH2Y%41F and transplanted into
C57BI6 recipient mice, the recipients developed splenomegaly and accelerated lymphoma
that was accompanied by increased B-cell infiltration into other organs. Combination
treatment with the BCL2 inhibitor Obatoclax and the EZH2i GSK503 attenuated cell growth
in vitro and tumor xenograft growth /n vivo. In addition, the synergy between EZH2i and
BCL2 inhibitors has been confirmed in DLBCL cell lines, organoids and /n7 vivo models
[130]. Combination therapy of venetoclax and the EZH2i tazemetostat was synergistic in

6 of 6 DLBCLs with EZH2 mutation and BCL2translocation, 2 of 4 DLBCLs with WT
EZHZ2and BCL2translocation, and 0 of 5 DLBCLs without alterations in either £E2H2

or BCL2. Synergy was confirmed in two £ZH2and BCL 2 alteration-harboring organoid
models, one derived from a cell line, the other from a patient-derived xenograft. /n vivo,
combination treatment attenuated tumor growth in DLBCL cell line xenografts and patient-
derived xenografts with £ZH2 mutations and BCL Ztranslocations. Both of these studies are
promising pre-clinical models that support using the combination of EZH2i and venetoclax
to eradicate tumor cells, and a clinical trial of this treatment strategy is currently being
developed [130].

The mechanism of synergy between EZH2i and BCL2 inhibitors remains uncertain. Because
EZH2 and BCL2 are both implicated in apoptosis evasion, amplifications or gain-of-function
mutations of these genes may cooperate to overcome anti-apoptotic signaling in cancer
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cells. EZH2 may directly or indirectly alter gene expression of BCL2 family genes through
H3K27me3 at promoters and enhancers of target genes. In addition, EZH2 regulates cell
cycle genes such as CODKN1A and CDKNZA that also regulate p53, further implicating
EZH2 in apoptosis evasion [109]. EZH2 has been reported to be downstream of the
pRB-E2F pathway, and inhibition of EZH2 enhances £2F1 expression and consequently
the expression of pro-apoptotic B/A/71[118,131]. Importantly, EZH2 inhibition may activate
pro-apoptotic gene expression (such as B/M) to prime cells for subsequent BCL2 inhibition
that now forces cancer cells to initiate apoptosis (Fig. 5). In support of this model, treatment
of DLBCL cell lines with tazemetostat has been demonstrated to increase expression of
pro-apoptotic BCL2 family proteins that may be direct or indirect target genes of EZH2
[130]. Although this combination therapy has only been tested in DLBCL, it may also be
applicable to other cancers marked by increased £2H2and BCL 2 expression or activity.

5. Bromodomain inhibitors and venetoclax

Reader proteins recognize and bind specific epigenetic marks on chromatin or histones to
either directly induce chromatin structural changes, recruit secondary chromatin modifiers
or serve as structural support proteins for transcription, replication or repair complexes.
Chromatin reader proteins can include several types of domains that recognize specific
epigenetic marks and binding may depend on adjacent histone modifications [132]. The
Bromodomain and Extra Terminal (BET) reader proteins BRD2, BRD3, BRD4, and BRDT
share two conserved ~100 amino acid N-terminal bromodomains. These bromodomains
contain a hydrophobic pocket which recognizes acetylated lysine residues. BET family
proteins bind to acetylated lysine residues on chromatin and facilitate activation of
transcription complexes to regulate gene expression. BRD4 is perhaps the most well
characterized BET family protein. BRD4 binds to acetylated lysine of histone H3 at

amino acid position 27 in transcriptionally active promoters and enhancer regions. Once
bound, BRD4 interacts with the mediator complex, positive transcription elongation factor
b (P-TEFb) and Jumonji domain containing 6 (JMJD6) to stimulate transcription elongation
[133]. Oncogenic transcription factors such as MYC and E2F1 depend on BRD4 to drive
gene expression [134,135].

BET family inhibitors (BETi) have been shown to cause downregulation of MYC and
initiate apoptosis in cancer cells [134]. One of the first BET inhibitors developed, JQ1,

can induce terminal differentiation of leukemic stem cells in primary AML samples

and prevent ovarian carcinoma growth in xenografts [136,137]. In addition, dBET, a
phthalimide-coupled JQ1 was demonstrated to induce BRD4 protein degradation and delay
leukemia progression in mice [138]. Recently, next generation BET inhibitors have been
developed with improved efficacy that are in clinical trials for hematologic malignancies
[139].

Preclinical studies have demonstrated the usefulness of BETi to sensitize cells to venetoclax.
For instance, BET inhibitors JQ1, ABBV-075, I-BET762, CP1-0610 have been reported

to cooperate with venetoclax to initiate cell death in cutaneous T cell lymphoma and

B cell lymphoma cell lines [140,141]. Furthermore, /in vitro drug screening in primary
T-cell acute lymphoblastic leukemia samples from high-risk patients and cell lines revealed
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synergistic activity between venetoclax and JQ1 that was confirmed in patient-derived
xenograft models [142]. Significantly, this drug combination reduced expression of BCL2
and a miRNA negative regulator of pro-apoptotic B/M expression, leading to increased
BIM expression and binding of BIM to BCL-2 [142]. JQ1 also increased venetoclax
sensitivity in CLL cells, primary CD19(+) lymphocytes, and venetoclax-resistant CLL

cell lines [143]. Similar results have been reported with other BETi such as CP1203

that decreases expression of MYCand BFL-1, a BCL-2-like protein, allowing venetoclax
to now induce caspase-mediated apoptosis in venetoclax-resistant double hit lymphoma
cultures and xenografts [144]. Although JQ1 has not been developed for clinical use due

to its short half-life, next generation BETi, such as ABBV-075, have entered early phase
clinical trials in combination with venetoclax. In AML blasts and patient derived CD34+
progenitor cells, treatment with ABBV-075 potentiates venetoclax efficacy by reducing
MCL1 and BCL-XL levels, while inducing BIM, thereby allowing BAX and/or BAK

to overcome venetoclax resistance mechanisms and initiate apoptosis [145]. In addition,
two recently developed nonbenzodiazepine BETi, PLX51107 and PLX2853, activated BIM
expression and BIM-dependent apoptosis by suppressing expression of miR-17-92 [146].
Consequently, administration of PLX51107 or PLX2853 with venetoclax initiated cell death
in MY C-driven lymphoma cells with high BCL-2 expression [146].

6. Summary

The discovery of venetoclax has led to a significant improvement for the treatment

of hematologic malignancies, particularly for older AML patients. Study of venetoclax
resistance mechanisms remains an emerging field, but it is clear that at least some

resistance mechanisms can be countered by combination therapies that include agents that
target epigenetic mechanisms. Therapies that target epigenetic mechanisms may serve as
counters to the activated growth signaling or chromosomal translocations that have led

to increased BCL2 gene expression in cancer cells. Furthermore, mutations that affect
epigenetic mechanisms are commonly found in cancer patients and many of these mutations
may alter expression or function of apoptosis mechanisms, rendering cells resistant to
venetoclax. For instance, in addition to the mechanisms described here, mutations in
components of the SWI-SNF chromatin remodeling complex have been found to facilitate
increased expression of BCL-XL [147]. Follicular lymphoma often harbors mutations in
histone methyltransferases KMT2D or EZHZ2that may cooperate with increased BCLZ2 gene
expression caused by chromosome translocation to drive tumorigenesis [148]. Fortunately,
epigenetic mechanisms of gene regulation are dynamic and often reversible, providing the
opportunity for therapeutic intervention, and many ongoing preclinical studies and clinical
trials are focused on testing whether epigenetic therapies may provide benefit when used in
combination with venetoclax (Table 1).

In addition to affecting gene expression, evidence suggests that inhibitors of epigenetic
mechanisms may affect other cell death mechanisms that could synergize with an
apoptosis-inducing agent such as venetoclax. For instance, IDH1/2 are key enzymes

in the tricarboxylic acid (TCA) cycle and mutant IDH1/2 alters metabolism in such

a way to make cells more sensitive to BCL-2 inhibition. Increased 2-HG caused by
mutant IDH1/2 suppresses cytochrome C oxidase activity in the mitochondria which in
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turn primes the mitochondria for apoptosis [71]. In addition to their effects on histone
acetylation and DNA methylation, HDACi and DNMTi, respectively, have been reported to
affect the DNA damage response. Furthermore, DNMTi and EZH2i have been reported

to induce expression of normally silent endogenous retroviruses that induce the host-
antiviral response. Therefore, the ability of epigenetic therapies to cooperate or synergize
with BH3 mimetics like venetoclax may be due to their effect on diverse mechanistic
pathways in addition to their classically regarded effects on gene expression. As our
understanding for the role of epigenetic mechanisms in venetoclax resistance expands, new
therapeutic strategies are expected to leverage this knowledge to improve patient outcomes
in hematologic malignancies.
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Fig. 1.
Frequency of BCL Zalterations in cancer. BCL 2 alterations were identified by a search in

cBioPortal of the TCGA Pan Cancer Atlas studies (10,967 samples from 10,953 patients)
as of 12/2020. Abbreviations: DLBC, Diffuse large B-cell lymphoma; LGG, Low grade
glioma; PCPG, Pheochromocytoma and paraganglioma; GBM, Glioblastoma multiforme;
ccRCC, Clear cell renal cell carcinoma.
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Schematic of chromatin states. Ranging from repressed heterochromatin to active
euchromatin. Repressed chromatin is marked by modifications such as H3K9me3,
H3K27me3, and DNA methylation of CpG islands. Poised chromatin is a state of
inactive chromatin that has a combination of activating and repressing chromatin marks,
such as H3K4me1/3 mixed with H3K27me3. Active chromatin is marked by histone
acetylation marks, like H3K4ac and H3K27ac with certain activating methylation marks
like H3K4mel/3.
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Fig. 3.

AI%][eration frequency of CREBBP/EP300 in the top 10 most frequently altered cancers. In
non-melanoma skin cancer 35.26% of patients (183/519), 29.68% of bladder urothelial
carcinoma patients (122/411), 28.77% of bladder/urinary tract cancer patients (21/73),
27.27% of penile cancer patients (3/11), 23.98% of bladder cancer patients (235/980),
23.53% of anal cancer patients (8/34), 21.51% of cervical squamous cell carcinoma patients
(54/251), 21.16% of endometrial cancer patients (124/586), 21.05% of vaginal cancer
patients (4/19), and 18.75% of small cell lung cancer patients (57/304).
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Co-occurrence of EZH2 and BCL2 alterations is associated with reduced overall survival in
DLBCL. Overall survival rate from 4 datasets (cBioPortal) of patients with no BCL2 and
EZH2 alterations (dark blue), an alteration in BCL2 or EZH2 (light blue), or alterations in
both EZH2 and BCL2 (magenta). Table displays number of overall cases per group, number
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of deceased cases, and median survival rates.
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Fig. 5.
Proposed mechanism of cooperation between EZH2 and BCL2 inhibition to induce

apoptosis. Cancer cells with BCL2 and EZH2 alterations have tightly compacted chromatin
at pro-apoptotic target genes because of increased H3K27me3 levels. Inhibition of EZH2
through Tazemetostat treatment results in open chromatin at pro-apoptotic target genes
such as BIM and BMF, activating their expression and priming cancer cells for apoptosis.
Inhibition of BCL2 with venetoclax now releases pro-apoptotic proteins from BCL2 and
cancer cells are forced to undergo apoptosis.
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Table 1

Clinical trials evaluating combination of epigenetic inhibitors and venetoclax.

Epigenetic drug combination with venetoclax Cancer typea Phase, trial ID
DNA methyltransferase inhibitors
Azacitidine AML 11, NCT03466294
AML 11, NCT04267081
AML 11, NCT03573024
AML 111, NCT04161885
AML 111, NCT04102020
AML 111, NCT02993523
AML 11, NCT04062266
AML I, NCT04424147
AML 11, NCT04128501
MDS/CMML 1/11, NCT04160052
MDS 111, NCT04401748
MDS I, NCT02966782
MDS 1, NCT02942290
MDS/CML 1/11, NCT04550442
Decitabine AML 1, NCT03844815
AML 11, NCT04476199
AML/MDS 11, NCT03404193
Azacitidine or decitabine AML 111, NCT03941964
AML I/11, NCT02203773
Azacitidine and anti-PD-1 AML 11, NCT04284787
Azacitidine, decitabine and salsalate MDS 11, NCT04146038
Azacitidine and lintuzumab-Ac225 AML 1/11, NCT03932318
Azacitidine and APR-246 TP53-mutant myeloid malignancies 1, NCT04214860
Azacitidine and pevonedistat AML I, NCT04172844
AML 11, NCT04266795
AML 11, NCT03862157
Azacitidine and gilteritinib AML/MDS 1/11, NCT04140487
Azactidine and trametinib AML/MDS 11, NCT04487106
Azacitidine and magrolimab AML 1/11, NCT04435691
Decitabine and nivolumab AML I, NCT04277442
Decitabine and quizartinib AML/MDS 1/11, NCT03661307
Decitabine and ponatinib AML/CML 11, NCT04188405
ASTX727 (decitabine and cedazuridine) AML I, NCT04657081
MDS/CML I/11, NCT04655755
Azacitidine and ivosidenib IDH1 mutant AML/MDS Ib/11, NCT03471260
Enasidenib IDH2 mutant AML Ib/11, NCT04092179

Histone deacetylase inhibitors
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https://clinicaltrials.gov/ct2/show/NCT03466294
https://clinicaltrials.gov/ct2/show/NCT04267081
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https://clinicaltrials.gov/ct2/show/NCT04102020
https://clinicaltrials.gov/ct2/show/NCT02993523
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https://clinicaltrials.gov/ct2/show/NCT04128501
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https://clinicaltrials.gov/ct2/show/NCT04172844
https://clinicaltrials.gov/ct2/show/NCT04266795
https://clinicaltrials.gov/ct2/show/NCT03862157
https://clinicaltrials.gov/ct2/show/NCT04140487
https://clinicaltrials.gov/ct2/show/NCT04487106
https://clinicaltrials.gov/ct2/show/NCT04435691
https://clinicaltrials.gov/ct2/show/NCT04277442
https://clinicaltrials.gov/ct2/show/NCT03661307
https://clinicaltrials.gov/ct2/show/NCT04188405
https://clinicaltrials.gov/ct2/show/NCT04657081
https://clinicaltrials.gov/ct2/show/NCT04655755
https://clinicaltrials.gov/ct2/show/NCT03471260
https://clinicaltrials.gov/ct2/show/NCT04092179
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Epigenetic drug combination with venetoclax Cancer typea Phase, trial ID
Fimepinostat and rituximab Lymphomas 1, NCT01742988
BET protein family inhibitors

ABBV-075 AML or solid tumors I, NCT02391480

aAML, Acute myeloid leukemia; CML, chronic myelogenous leukemia; CMML, chronic myelomonocytic leukemia; MDS, Myelodysplastic
syndrome.
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