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Abstract Non-Hodgkin lymphoma is a diverse group of
lymphocyte-derived neoplasms. Although a heteroge-
neous group of malignancies, it has become apparent that
epigenetic alterations, such as disturbances of DNA meth-
ylation and histone modification, are a common occur-
rence in both B cell and T cell lymphomas, contributing
to lymphomagenesis. As a result, the use of epigenetic
targeted therapy has been incorporated into various pre-
clinical and clinical studies, demonstrating significant ef-
ficacy in lymphoma, with vorinostat becoming the first
epigenetic therapy to receive FDA approval in any malig-
nancy. The role of epigenetic drugs is evolving, with its
potential use in combination therapy as well as a means of
overcoming chemotherapy resistance. In this review, we
discuss the epigenetic alterations in non-Hodgkin lympho-
mas as well as provide an overview of current epigenetic
drugs and their role in clinical practice, and on-going
clinical trials.
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Introduction

The term epigenetics refers to the reversible modification of
gene expression independent of DNA sequence. This concept
of an Bepigenetic landscape^ was first introduced by C.H.
Waddington in the late 1930s to describe the interactions of
genes and their cellular environment to produce a phenotype
[1]. Normal human cells depend on epigenetic modifications
to control gene activity and nuclear architecture. For instance,
X-chromosome inactivation in females and genomic imprint-
ing of genes are dependent upon DNA hypermethylation and
histone modification [2, 3]. Furthermore, hypermethylation of
repetitive genomic sequences (CpG islands) provides chromo-
somal stability by preventing translocations and reactivation
of transposable elements [4].

Epigenetic alterations are complex and dependent on sev-
eral biochemical mechanisms including: (1) acetylation and
deacetylation of histones catalyzed by histone acetyltransfer-
ases (HATs) and histone deacetylases (HDACs), respectively;
(2) post translational modifications including methylation,
phosphorylation and ubiquination of histones executed by
histone methylases, kinases, and ubiquitin ligases, respective-
ly; (3) DNA methylation carried out by DNA methyltransfer-
ases; and (4) the activity of non-coding RNAs, such as micro-
RNAs. The subversion of these epigenetic processes contrib-
utes to and drives various malignancies through the silencing
of tumor-suppressor genes, DNA repair proteins, and cell cy-
cle control enzymes (Fig. 1) [5, 6].

In general, histone acetylation is associated with transcrip-
tional activation as it causes the disruption of histone–DNA
interaction [7, 8]. Acetylation of the lysine tails of histone 3
and 4 (H3 and H4) induces chromatin decondensation,
allowing access of transcription factors to the DNA, and thus
transcriptional activation. Based on several studies, HAT pro-
teins, specifically CBP and p300, have been implicated as
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tumor suppressors in B cell lymphomas. CBP and p300 func-
tion as co-activators of transcription factors and acetylate var-
ious proteins including p53, HSP90, and NF B [9–11]. P300 is
a direct target of BCL6, an essential oncoprotein, driving var-
ious B cell lymphomagenesis. In vivo and in vitro use of
BCL6 inhibitors in diffuse large B cell lymphoma (DLBCL)
can stimulate p300 protein function, leading to activation of
tumor-suppressor activity [11]. Lymphoma cells with mutant
p300 are resistant to BCL6 inhibitors, further supporting the
role of p300 in preserving normal cell function [11].

The role of HDACs in cancer biology has become a critical
area of research, leading to the incorporation of HDAC inhib-
itors into new treatment paradigms for patients with lympho-
ma. HDACs are a large family of chromatin-modifying pro-
teins that remove acetyl groups from lysine residues on his-
tones, which enhances chromatin condensation (or compac-
tion) and leads to transcriptional repression. HDACs can be
classified into four distinct classes based on homology to yeast
counterparts. Class I (HDAC1, HDAC2, HDAC3, and
HDAC8), class IIa (HDAC4, HDAC5, HDAC 7, and
HDAC9), class IIb (HDAC6 and HDAC10), and class IV
(HDAC11) HDACs which contain zinc-dependent
deaceytlase domains. The sirtuin family, also known as the
class III histone proteins, is made up of seven members, each
having distinct cellular localizations and targets. The sirtuins
are dependent on NAD+ as a co-factor to carry out deacetylase
activity [12]. Although there is overlap between the HDAC
classes, in general, each class is found in distinct

compartments of the cell and is involved in different cellular
processes [13, 14].

Aberrancy in histone methyltransferases, such as EZH2
and MLL, are thought to play a role in the pathogenesis of
follicular lymphoma (FL) and DLBCL [15, 16]. Loss of func-
tion mutations in MLL are seen in 89 % of FLs and 32 % of
DLBCLs [16], while mutations in EZH2 are found in 7–12 %
of FLs, and 22 % of Germinal Center (GC) DLBCLs [17, 18].
EZH2 is a histone methyltransferase and is a component of
polycomb repression complex 2 (PCR2), which is responsible
for tri-methylation of histone 3 lysine 27 (H3K27) [19]. In
early B cell development, EZH2 is required for VDJ recom-
bination and is then subsequently down-regulated in mature B
cells [20]. Similar to BCL6, EZH2 activity is highly expressed
in actively proliferating germinal center B cells, with a direct
influence on genes that are involved in differentiation and
inhibitors of cell growth and proliferation, such as
CDKN1A, CDKN1B, and CDKN2 [15]. Activating muta-
tions of EZH2 promotes tri-methylation of H3K27, and in
turn, leads to the inhibition of tumor-suppressor genes, pro-
moting lymphomagenesis.

Hypermethylation of histone 3 lysine 4 (H3K4) opposes
the actions of EZH2. Methylation of H3K4 is partially medi-
ated by the MLL family of histone methyltransferases. MLL
also forms a complex with UTX, which is an H3K27
demethylase [21]. Another important function of MLL in-
volves DNA damage surveillance during S-phase, as
inactivating mutations of MLL lead to DNA damage-

Fig. 1 Epigenetic modifications influence gene expression. Histone and
DNA modification influences transcriptional state. Silencing of tumor-
suppressor genes, DNA repair proteins, and cell cycle control enzymes
contributes to lymphomagenesis. Methylation of CpG islands and
histones tails by DMNT and EZH2 or MLL, respectively, lead to a
transcriptionally repressed state. Histone acetylation leads to

transcriptional activation as it disrupts histone–DNA interaction,
exposing DNA to transcription factors. Epigenetic drugs, such as
DNMT inhibitors, EZH2 inhibitors, and HDAC inhibitors lead to a
transcriptionally active state and can induce the re-expression of
previously repressed genes, such as tumor suppressors
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independent DNA synthesis and tolerance of genetic instabil-
ity [22]. Together, mutations in EZH2 and MLL have illus-
trated the significance of abnormal epigenetic activity under-
lying lymphomagenesis, particularly those that are GC
derived.

DNA methylation serves an essential role in gene activity
and transcription. DNA methylation occurs at CpG-rich re-
gions (CpG islands), which are located at the 5′ regulatory
regions of many genes [6]. Both hypomethylation and hyper-
methylation have been linked to the pathogenesis of multiple
cancers [23]. For example, CpG hypermethylation of the pro-
moter region for CDKN2A/p16 has been found to be associ-
ated with more aggressive forms of non-Hodgkin lymphoma
(NHL) [24].

Interestingly, mutations of epigenetic genes in
angioimmunoblastic T cell lymphoma (AITL) and peripheral
T cell lymphomas, not otherwise specified (PTCL-NOS) have
centered on pathways that result in abnormal DNA methyla-
tion. Mutations in TET2, IDH2, and DNMT3A have been
identified in both PTCL-NOS and AITL [25–28]. Isocitrate
dehydrogenase 2 (IDH2) is responsible for the conversion of
isocitrate to alpha-ketoglutarate. The mutated form of IDH2
results in the inadvertent production of 2-hydroxyglutarate
(2HG), which inhibits TET2, a DNA methylase. Therefore,
mutations in IDH2 and TET2 cause DNA hypermethylation
and subsequent gene silencing [29, 30]. Additionally, 2HG
prevents the action of lysine-specific demethylases, thereby
inducing additional histone methylation [29]. Inhibitors of
IDH are now in early clinical development (NCT02071862,
NCT02364206) [31, 32].

Due to the robust link between epigenetic modification and
carcinogenesis, multiple drug targets, including HDAC inhibi-
tors, DNA methylation inhibitors (DNMTi) and EZH2 inhibi-
tors have shown efficacy in both pre-clinical and clinical studies,
with Tcell lymphomas (TCL) being the first lymphoma subtype
for which an epigenetic therapy has been FDA approved.

Drugs Targeting Epigenetic Operations

HDAC Inhibitors

C.W. Friend, renowned for the discovery that a virus (Friend
leukemia virus) could cause erythroleukemia, serendipitously
observed that adding DMSO to erythroleukemic cells induced
differentiation into mature erythrocytes [33, 34]. For a long
period of time, the mechanism of DMSO stimulating differ-
entiation of leukemic cells was not well understood; however,
the accumulation of hyperacetylated histones was prominent-
ly observed and thought to be linked. It was not until 1996
when Taunton and colleagues developed an assay that identi-
fied HDACs as the targets of DMSO that the etiology became
clear [35].

The first successful application of epigenetic targeting was
realized with HDAC inhibitors in relapsed/refractory TCL
[36–44]. HDAC inhibitors are thought to exert their therapeu-
tic action by modulating gene expression, inducing cell differ-
entiation, apoptosis, and cell cycle control [45, 46]. Vorinostat,
also known as suberoylanilide hydroxamic acid (SAHA), is an
orally available HDAC inhibitor with activity against class I
and class II HDACs [43, 44]. In a panel of cutaneous T cell
lymphoma (CTCL) cell lines, exposure to vorinostat led to
acetylation of histones, BAX, STAT6, and caspase-3, and trig-
gered higher rates of apoptosis in peripheral blood mononu-
clear cells isolated from CTCL patients as compared to
healthy donors [47]. Vorinostat was first approved in CTCL
after phase II and phase IIa studies demonstrated an objective
response rate (ORR) of 24.2 and 29.5 %, respectively, with a
time to progression (TTP) of 12 to 20 weeks [36, 37]. It was
the first HDAC inhibitor approved for the treatment of any
malignancy.

Vorinostat has also shown efficacy in other subtypes of
lymphoma including FL and marginal zone lymphoma
(MZL). In a phase II trial of patients with relapsed/refractory
FL, MZL, and mantle cell lymphoma (MCL), the ORR was
29%,with a complete response (CR) of 14.5% after treatment
with vorinostat. Upon further subgroup analysis, the response
rates for FL andMZLwere 47 and 22%, respectively, with no
responders among the MCL patients [48].

In a phase II clinical trial, vorinostat was used to treat 18
patients with relapsed DLBCL and demonstrated limited sin-
gle agent activity (1 CR, 2 stable disease) [49]. However,
Amengual and colleagues demonstrated that the combination
of niacinamide, a sirtuin inhibitor, and pan-HDAC inhibitors
(romidepsin, vorinostat, belinostat or panobinostat) led to syn-
ergistic cytoxicity of GC-derived DLBCL as demonstrated by
increased acetylation of BCL6 and p53, and modulation of
downstream targets of p21 and Blimp1 [50]. Extrapolating
from these pre-clinical studies, a phase I clinical study utiliz-
ing combination therapy of vorinostat and niacinamide in
heavily treated patients with relapsed/refractory lymphoma
demonstrated an ORR of 24 %, with two patients achieving
CRs and three patients with partial responses (PRs), suggest-
ing a potential role of combination HDAC inhibitor therapy in
DLBCL.

Since this development, other HDAC inhibitors have also
been approved for the treatment of T cell lymphomas
(Table 1). Romidepsin has been FDA approved for both re-
lapsed CTCL and PTCL, and most recently, belinostat for
PTCL [38–42]. Romidepsin is a cyclic peptide that has activ-
ity against class I–III HDACs. The activity of romidepsin in
CTCL was first observed during a NCI Phase I clinical trial
[51]. Given the promising results in CTCL, romidepsin was
studied in two separate phase II multi-institutional clinical
trials, one sponsored by the NCI and the other by Gloucester
Pharmaceuticals (GPI) [38, 39]. Both studies demonstrated an
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ORR of approximately 35 %. Time to progression (TTP) in
the GPI trial varied from 5.9 months, for patients who
achieved stable disease, to 15.1 months, for those who
achieved a major response (complete or partial responses),
while the NCI study demonstrated a TTP of 8 months.

The NCI 1312 study analyzed the use of romidepsin in both
CTCL and PTCL-NOS showing a CR rate of 18 % and PR
rate of 20 % in patients with relapsed PTCL-NOS [40]. A
separate phase II trial sponsored by GPI confirmed the activity
observed in the NCI trial [41]. These studies led to accelerated
FDA approval of romidepsin in PTCL.

Like vorinostat, belinostat is a derivative of hydroxyamic
acid and inhibits both class I and class II HDACs. In the
BELIEF trial, patients with relapsed/refractory PTCL received
belinostat at 1,000 mg/m2 D1–5 on a 21-day cycle. The ORR
was 26 %, with a median duration of response of >12 months
[42]. Notably, patients with baseline thrombocytopenia toler-
ated belinostat with 98 % dose intensity and a low incidence
of myelosuppression. Given the low incidence of
myelosuppression, possible combination therapy with
belinostat and traditional cytotoxic chemotherapy may prove
to be more feasible compared to romidepsin and could serve a

role in combination with regimens like CHOP for patients
with PTCL.

The efficacy of the three approved HDAC inhibitors in
TCL suggests that class I HDAC dysfunction plays a crucial
role in pathogenesis of this disease. Additionally, the use of
HDAC inhibitors has also been studied in other lymphoma
subtypes and other hematological malignancies, leading to
the recent FDA approval of panobinostat for Multiple
Myeloma [52]. Given the success of single-agent HDAC in-
hibitors in relapsed/refractory TCL, further clinical investiga-
tion of HDAC inhibitors in combination therapy as well as in
the first-line setting is warranted in not only TCL, but other
hematological malignancies.

DNA Methylation Inhibitors

Azacitidine and decitabine are nucleoside analogues that are
incorporated into DNA and act as hypomethylating agents by
inhibiting DNA methyltransferases. Additionally, azacitidine
is also integrated during RNA synthesis causing the disassem-
bly of polyribosomes, and in turn, inhibition of translation
[53]. The actions of azacitidine and decitabine are dose-

Table 1 FDA-approved epigenetic agents

Agent Sub-type n Prior
therapies

ORR (%) CR (n) Median
DOR (mo)

Median
TTP (mo)

Grade 3/4 toxicities

Vorinostat CTCL [36] 33 5 24.2 – 3.8 3.0 Thrombocytopenia, anemia hypovolemia,
deep vein thrombosis

CTCL [37] 74 3 39.7 1 NR 4.9 Thrombocytopenia, Fatigue, Nausea

Romidepsin CTCL [38] 71 4 35 4 13.7 15.1, 5.9 Leukopenia, thrombocytopenia, lymphopenia,
anemia

CTCL [39] 96 3 34 5 33 8 Nausea, asthenia, fatigue, lethargy, malaise

TCLa [40] 47 3 38 8 8.9 7.4 Leukopenia, thrombocytopenia, anemia

TCLb [41] 131 2 34 10 12 – Thrombocytopenia, neutropenia, infections

Belinostat PTCLc [42] 120 2 26 11 13.6 – Pneumonia, fatigue, dyspnea

Panobinostat Multiple
Myeloma [52]

768 1–3 60.7 107 13–4 – Thrombocytopenia, lymphopenia, diarrhea

Azacitidine MDS [55] 358 – 29 30 – 17.8d Neutropenia, thrombocytopenia, anemia,
nausea, diarrhea

Decitabine MDS [56] 233 – 19 16 – 6.6e Febrile neutropenia, infection, nausea,
vomiting, diarrhea

a This phase II study included PTCL-NOS (57 %), angioimmunoblastic T cell lymphoma (15 %), ALK-1-negative ALCL (4 %), ALK-1-positive ALCL
(4 %), primary cutaneous anaplastic large T cell lymphoma (4 %), cutaneous gamma/delta T cell lymphoma (4 %), hepatosplenic PTCL (2 %),
enteropathy-type T cell lymphoma (2 %); PTCL, unspecified of the skin (2 %), CD30 lymphoproliferative disorder (2 %), DLBCL (2 %)
b This Phase II study included PTCL-NOS (53%), angioimmunoblastic Tcell lymphoma (21%), ALK-1-negativeALCL (16%), enteropathy-type Tcell
lymphoma (5 %), subcutaneous panniculitis-like T cell lymphoma (2), ALK-1-positive ALCL (1 %), cutaneous gamma/delta T cell lymphoma (1 %),
extranodal NK/T cell lymphoma, nasal type (1 %), transformed mycosis fungoides (1 %).
c The BELIEF trial included patients with PTCL-NOS (64 %), angioimmunoblastic T cell Lymphoma (18 %), ALK-1-negative anaplastic large cell
lymphoma (11 %), ALK-1-positive anaplastic large cell lymphoma (2 %), enteropathy-associated T cell lymphoma (2 %), extranodal NK/T cell
lymphoma, nasal type (2 %), and hepatosplenic T cell lymphoma (2 %)
dMedian time to acute myeloid leukemia transformation was 17·8 months in the azacitidine group compared with 11.5 months in the conventional care
group (HR 0.50, 95 % CI 0.35–0.70; p<0.0001)
e Patients treated with decitabine had a progression-free survival of 6.6 months as compared to 3.0 months in the best supportive care group (HR, 0.68;
95 % CI, 0.52 to 0.88; p=0.004)
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dependent. At low doses, the desired effect of DNA methyl-
transferase inhibition occurs, whereas at higher concentrations
cytotoxic effects including DNA damaging properties pre-
dominate often leading to myelosuppression [54]. Both drugs
are FDA approved for the treatment of myelodysplastic syn-
dromes [55, 56] and are currently under investigation in acute
myeloid leukemia (AML) and lymphoma.

Several phase I studies with decitabine have been per-
formed in lymphoma patients. In a study of patients with
relapse/refractory small lymphocytic lymphoma (SLL),
DLBCL, and MCL, dose-limiting myelosuppression and in-
fectious complications prevented any significant change in
DNA methylation levels and gene expression in tumor sam-
ples [57]. Among 20 patients, 8 patients experienced stable
disease after one to two cycles of decitabine, with the remain-
ing 12 patients progressing after a median of two to three
cycles. However, in a study including both solid tumors and
relapsed CTCL, treatment with decitabine decreased tumor
global DNA methylation (percent of methylated CpG islands)
by a median relative reduction of 6 %, with a median 12 %
decrease in methylation at the highest dose tested (100mg/m2/
cycle). Reduction in tumor DNA methylation was seen at all
decitabine dose levels, with relative methylation decreases of
6, 3, and 2.5 %, with 25, 50, and 75mg/m2/cycle, respectively.
To put into context, patients who had relapsed in <3 months
were noted to have 55.2 % methylation of CpG islands as
compared to 39.6 % methylation in patients who relapsed >
3 months (16 % difference). The reduction of global DNA
methylation observed by treatment with decitabine may hypo-
thetically reduce the risk of drug resistance [58]. At the first
planned evaluation, 17 of 28 patients had stable disease, with
one PR (thymoma) and three minor responses including one
patient with CTCL. The median TTP was 7.1 months (range
1–7 months). Although a small study, these data support the
notion that lower doses of DNMT inhibitors promote DNA
hypomethylation without significant myelosuppression, and
may be most useful in future combination strategies.

The combination of DNMT and HDAC inhibitors repre-
sents an area of increasing attention in the development of
epigenetic therapies. Pre-clinical studies have demonstrated
that histone deacetylation and DNA methylation are linked,
contributing to the transcriptional inactivation of tumor-
suppressor genes, such as hMLH-1, p57, CDKN2A, and
CDKN2B [59, 60]. Moreover, the in vitro combination of a
DNMT inhibitor with a HDAC inhibitor in hematologic and
solid tumor cell lines have shown synergistic effects resulting
in increased anti-tumor activity [59, 60]. Compared to their
single-agent activity, combination therapy with decitabine and
valproic acid, a HDAC inhibitor, enhanced apoptotic activity
in leukemia cells [61]. In a phase I trial involving patients with
heavily treated solid tumors and NHL, the use of decitabine
and vorinostat together led to stable disease that lasted a me-
dian time of 4 months [62]. Notably, in this study, the majority

of patients had a diagnosis of a solid tumor malignancy, while
only four patients had a diagnosis of NHL (MCL, DLBCL,
SLL, and anaplastic large cell lymphoma). Several other phase
I studies performed in solid tumor and myeloid malignancies
have demonstrated reversal of epigenetic markers when using
a combination of DNMT inhibitors and HDAC inhibitors
[63–65], and as discussed below, recent pre-clinical data also
suggests a potential role in DLBCL and TCL [66••, 67].

EZH2 Inhibitors

Gain of function mutations in EZH2 have been linked to the
downregulation of tumor-suppressor genes, which in turn, al-
lows for the emergence of genetic mutations and lymphoma-
genesis [15, 17, 68–72]. Pre-clinical studies have shown that
EZH2 is down-regulated in AML cells following treatment
with panobinostat. This inhibition is enhanced in conjunction
with 3-deazaneplanocin A, an EZH2 inhibitor [73]. Given the
fact that GC-derived lymphomas, such as DLBCL and FL,
often possess EZH2 mutations, EZH2 may represent a useful
treatment target. At this time, EZH2 inhibitors are in develop-
ment and are actively being incorporated into various clinical
trials (NCT02395601) for the treatment of lymphoma [74].

Drug Resistance

As our understanding about the complexities of epigenetics
grows, it is now known that epigenetic changes, such as meth-
ylation of CpG islands and mutations in HATs, may be occur-
ring at a higher rate and influencing a greater set of pathways
than the direct mutations of tumor-suppressor genes them-
selves. These mutations in epigenetic modulators have a glob-
al influence on both lymphomagenesis and drug sensitivity
[75]. This likely occurs through modulation of a large scale
of genes as opposed to the single gene rearrangement or mu-
tation altering a single oncogene or tumor suppressor. The
ability to silence multiple genes simultaneously leads to
Bpolygenic drug resistance,^ [76]. These epigenetic alter-
ations, such as aberrant CpG methylation, are non-random,
and have a tendency to occur repeatedly at specific promoter
regions after repeated exposure to chemotherapy.

There are several examples of tumor-suppressor genes that
have been identified as having hypermethylated CpG islands
(Table 2) [6 , 77–82] . Some wel l - charac te r i zed
hypermethylated tumor suppressors include hMLH1, Apaf-
1, p16, p73, Caspase 8, and SMAD1. As an example, Apaf-
1 is a co-factor for Caspase-9 and leads to p53 induced apo-
ptosis. Soengas et al. found that p53 is infrequently mutated in
melanoma, but when apparent leads to a disease state that is
refractory to chemotherapeutic agents [83]. Downstream tar-
gets of p53 were evaluated and Apaf-1 was discovered to have
decreased expression by mRNA and protein levels. It was
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found that Apaf-1 was commonly mutated, but that this oc-
curred exclusively in a mono-allelic fashion. After further in-
vestigation, it was elucidated that epigenetic inactivation oc-
curred through methylation of enhancer elements of Apaf-1,
and that expression of Apaf-1 could be restored following
treatment with azacitidine. Similar findings were demonstrat-
ed in Burkitts lymphoma where Apaf-1 levels were found to
be very low despite normal genetic structures [84]. It was
found that methylation of CpG islands between +87 and +
128 of the promoter regions was found exclusively in the cell
lines with low Apaf-1 expression and correlated to over-
expression of DNMT1. Treatment with azacitidine led to a
reversal of these findings and restoration of Apaf-1 expression
rendering these cells more sensitive to chemotherapeutic
agents.

Additionally, genes may be silenced at the histone level.
Tri-methylation of histone tails via histone methyltransferases
(HMTs) leads to enforcement of chromatin in the condensed
state. Interestingly, di-methylation can lead to both a permis-
sive and repressed chromatin state. This dynamic process is
altered not only by the Bnumber^ of methylation marks but
also by other post-translational modifications such as acetyla-
tion, phosphorylation, ubiquitination, and sumolyation.
Competitive acetylation at identical histone moieties such as
H3K9 leads to a permissive chromatin state, displacing the
possibility of methylation of a specific moiety, a modification
leading to a repressed state [85]. Most lysines cannot accom-
modate both acetylation and methylation simultaneously as
acetylation and methylation often lead to opposing effects.
Enzymes leading to the acetylation and methylation of his-
tones are often found in complexes creating a direct cross-
talk between these states.

Given our understanding that hypermethylated CpG
islands and methylated histone tails lead to a repressed chro-
matin state and that acetylation of these same sites in a com-
petitive manner leads to a permissive chromatin state, treat-
ment with a combination of HMTs, DNMT inhibitors, and
HDAC inhibitors may have synergistic effects on re-
sensitizing drug resistant malignancies.

Kalac and colleagues treated a panel of DLBCL cell lines
with decitabine in combination with four separate pan-class
HDAC inhibitors (panobinostat, belinostat, romidepsin, and
vorinostat) and demonstrated synergy between the two classes
of agents across six different cell lines [66••]. These findings
were validated with a xenograft mouse model of DLBCL
where the combination of decitabine plus panobinostat led to
marked tumor growth delay compared to either agent alone.
The combination also led to unique effects on gene expression
and gene-specific CpG methylation as measured by bisulfite
sequencing. In particular, it was found that panobinostat led to
an increase in the gene expression of SMAD1 and DNMT3A.
SMAD1 plays a role in differentiation, proliferation, and apo-
ptosis, as well as chemotherapy-induced senescence. The
finding of increased DNMT3A expression may explain the
synergy demonstrated by adding a DNMT inhibitor.
Verifying these findings, Clozel et al. demonstrated that
DNA hypermethylation of SMAD1 contributed to doxorubicin
resistance in DLBCL cell lines. However, resistance was over-
come with a 5-day pre-treatment with decitabine.
Extrapolating from this information, a small phase I study
using azacitidine pre-treatment followed by standard R-
CHOP demonstrated increased induction of apoptosis, a de-
crease in methylation markers, and 11/12 patients with ad-
verse features achieved CRs [86••]. This collective data sug-
gests a new a role for DNMT inhibitors in the treatment of
DLBCL.

Similarly, the combination of HDAC andDNMTinhibition
has been studied in the context of T cell lymphomas.
O’Connor et al. evaluated the interaction of decitabine and
romidepsin on modulation of gene expression and methyla-
tion array [67]. It was demonstrated that the combination led
to increased number of modulated genes from 138 when treat-
ed with romidepsin alone, to 390 genes in the combination. In
particular, there was significant up-regulation of cell cycle
check points and a down-regulation of genes involved in bio-
synthetic pathways. Surprisingly, there was a decrease in the
number of demethylated genes in the combination compared
to cells treated with decitabine alone. The pattern of repressed

Table 2 Tumor suppressor genes that undergo CpG island hypermethylation

Gene Function Malignancies Consequences

hMLH1 DNA mismatch repair Colon, endometrial, lymphoma Frameshift mutations

Apaf-1 Co-factor for caspase-9 Lymphoma, melanoma Anti-apoptosis

p16INK4a Cyclin-dependent kinase inhibitor Lymphoma, colon, gastric Cell cycle progression

p14arf MDM2 inhibitor Colon, gastric, renal Degradation of p53

p15INK4b Cyclin-dependent kinase inhibitor Leukemia Cell cycle progression

p73 Pro-apoptotic NHL Anti-apoptosis

Caspase 8 Pro-apoptotic Lymphoproliferative disorders Anti-apoptosis

SMAD Activate TGFβ pathway NHL Chemotherapy resistance

DAPK Pro-apoptotic Lymphoma, lung, colon Anti-apoptosis
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to expressed genes in the T cell lymphoma cell line was
completely reversed following treatment with both decitabine
and romidepsin.

Based on these findings, a study of oral azacitidine in com-
bination with romidepsin for relapsed refractory lymphoma is
currently underway (NCT01998035). Although the primary
objective of this phase I study is to assess safety, strong cor-
relative studies will help to determine the effects of this com-
bination on modulating gene expression and methylation pat-
tern changes in these patients with chemotherapy resistant
lymphomas. Different mechanisms for overcoming chemo-
therapy resistance may emerge for B cell lymphomas and
TCL using this strategy.

Although PTCLs are heterogeneous, as a group, they are
consistently very chemotherapy resistant with only 10–15 %
of patients experiencing long-term survival after treatment
with standard CHOP-based therapy. As treatment for this
group of diseases evolves, HDAC inhibitors have emerged
as one of the most active classes of drugs. Of the few other
classes of drugs approved for this disease, pralatrexate also
offers benefit leading to nearly 30 % response rate in heavily
treated, relapsed PTCL patients. Jain et al. studied the combi-
nation of these two drugs in preclinical models of this disease
and found striking synergy [87••]. Although mechanisms for
synergy were evaluated, no change in RFC (reduced folate
carrier) or FPGS (folylpolyglutamate synthase) was seen
which are known to influence internalization of pralatrexate
into cells. Treatment of a novel TCL mouse model with the
combination led to complete responses in all mice in the com-
bination arm, but none in the mice treated with romidepsin or
pralatrexate alone. The combination was well tolerated and
also led to a marked increased and durable survival compared
to mice treated with single agents. These findings have been
translated into a phase I/II clinical trial (NCT01947140) where
early signals of response have been very promising in patients
with refractory T cell lymphoma.

In keeping with this strategy, romidepsin has been com-
bined with a multitude of agents, ranging from combination
chemotherapy such as CHOP and ICE to other novel agents
such as alisertib, a novel aurora A kinase inhibitor known to
have activity in TCL with a response rate nearing 30 %. Zullo
et al. analyzed the combination of romidepsin and alisertib
across a large panel of lymphoma cell lines and found synergy
exclusively in TCL by induction of polyploidy and failure of
cytokinesis [88]. Again, the findings of this study have con-
tributed to the development of a phase I study evaluating
romidepsin plus alisertib in patients with refractory lymphoma
(NCT01897012).

This approach has been taken with solid organ malignan-
cies as well. Sharma et al. found that NSCLC exposed to
EGFR TKIs eventually became resistant to these drugs [89].
Although this finding is not surprising, the mechanism by
which resistance was conferred was not through direct genetic

mutation of the drug target or efflux pumps, but rather through
an altered chromatin state that was modified by the histone
demethylase RBP2/KDM5A/Jarid1A as identified by gene
expression profiling. Interestingly, this resistant phenotype
could be rescued by chromatin-modifying drugs such as the
HDAC inhibitors TSA, SAHA, MS-275, and Scriptaid which
when given together with an EGFR TKI led to rapid cell kill
and prevented emergence of new resistant clones. These find-
ings were translated into a phase I clinical trial of panobinostat
in combination with erlotinib for patients with advanced
aerodigestive tract tumors [90]. In this study, 42 patients with
refractory NSCLC and head-and-neck cancer were enrolled
leading to 9 % ORR and an additional 42 % of patients
achieved stable disease. Although perhaps underwhelming,
these results were demonstrated in a heavily pretreated popu-
lation and in a disease state not known to be inherently sensi-
tive to HDAC inhibition, suggesting a broader applicability of
this strategy.

Conclusion

The identification of mutations affecting epigenetic and
transcriptional modifiers appears to be a driving force in
both B cell and T cell lymphomas. Disruptions in DNA
methylation and histone modification have emerged as
hallmarks of these diseases, and have served as a founda-
tion for epigenetic targeted therapy. With the use of next-
generation sequencing, individualized approaches to ther-
apy may arise based on unique expression patterns lead-
ing to specific molecular phenotypes. Because epigenetic
modifications are potentially reversible, the development
of epigenetic therapy alone as well in combination with
traditional treatment regimens is promising. This may ul-
timately lead to treatment with less toxicity and increased
tolerability. Another exciting potential use of epigenetic
modification is to sensitize malignant cells to traditional
chemotherapy agents, which may lead to lower doses of
chemotherapeutic agents with similar cytotoxic effect.
Future and on-going trials are currently evaluating various
combinations of epigenetic therapies together as well as in
combination with traditional chemotherapy agents.
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