
EVOLVING THERAPIES (RM BUKOWSKI, SECTION EDITOR)

BET and EZH2 Inhibitors: Novel Approaches for Targeting Cancer

Sofia Genta1 & Maria Cristina Pirosa1 & Anastasios Stathis1

Published online: 4 February 2019
# Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
Purpose of Review Increasing evidence suggests that epigenome plays a central role in cancer development making it a prom-
ising target for anticancer treatments. Here, we review two new classes of epigenome-targeting agents: the bromodomain and
extraterminal domain proteins (BET) inhibitors and the enhancer of zeste homolog (EZH2) inhibitors.
Recent Findings Clinical research evaluating BET and EZH2 inhibitors is still at an early stage; however, both classes of drugs
have demonstrated activity among different hematologic malignancies and solid tumors.
Summary Several studies on BETi and EZH2i are ongoing to better define their potential role in cancer treatment, which patients
are most likely to benefit and if the association with other drugs can improve their efficacy.

Keywords Bromodomain and extraterminal motif proteins inhibitor (BETi) . Enhancer of zeste homolog 2 inhibitor (EZH2i) .

Epigenetic agents . Hematological malignancies . Solid tumors

Introduction

Over the last years, significant progress has been made in the
comprehension of tumor biology, and many genetic alter-
ations linked to cell survival, proliferation, differentiation,
and apoptosis have been discovered. This has permitted the
development of several drugs able to target specific genomic
aberrations and some of them have now become the standard
of care in the treatment of different tumors.

Gene expression does not depend only on DNA integri-
ty but it is also regulated by different mechanisms includ-
ing epigenetic processes such as DNA methylation, histone
modification, and non-coding RNA-associated gene si-
lencing [1].

Epigenetic abnormalities are common in cancer and they
include global hypomethylation which can determine the ac-
tivation of different oncogenes, promoter hypermethylation

resulting in silencing of tumor suppressor genes and loss of
imprinting on normally silenced genes [2–4].

Approved Treatments Targeting Epigenome

The elucidation of the roles played by epigenome in gene
regulation and its involvement in cancer has permitted the
development of several drugs targeting epigenetic compo-
nents with some of them already approved for the treatment
of selected hematologic malignancies.

DNA methyltransferase (DNMT) inhibitors such as
decitabine and azacitidine, which induce an anticancer effect
through GpC island hypomethylation, are currently used in
the treatment of myelodysplastic syndromes (MDS) [5–8],
chronic myelomonocitic leukemia (CMML), and acute mye-
loid leukemia (AML) [9–11]. Another class of drugs approved
for cancer treatment is represented by histone deacetylase
(HDAC) inhibitors. These agents inhibit histone de-
acetylation causing increased expression in genes involved
in cell cycle arrest, antiangiogenesis, induction of cell differ-
entiation and apoptosis. Four different HDAC inhibitors have
been approved by the US Food and Drug Administration
(FDA): vorinostat, belinostat, and romidepsin for the treat-
ment of some T cell lymphomas [12–16] and panobinostat
for multiple myeloma [17].

Besides HDAC and DNMT inhibitors, other types of drugs
have been recently developed and tested in clinical trials. In
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Fig. 1, we represent the main mechanism of action of the
principal classes of drugs targeting the epigenome. Among
the recently developed compounds, bromodomain and
extraterminal motif (BET) protein inhibitors and enhancer of
zeste homolog 2 (EZH2) inhibitors have shown activity
among different tumor types and have now advanced to com-
bination phase I/II trials. Here, we review the role of BET
proteins and EZH2 in cancer and the results of clinical trials
testing these new classes of compounds in solid tumors and
hematologic malignancies.

The Role of BET Proteins in Cancer
Development

BET proteins are a family of chromatin readers character-
ized by the presence of two N-terminal bromodomains
(BD1 and BD2) and one extraterminal domain (ET) in-
cluding four different members: Brd2, Brd3, Brd4, and
bromodomain testis-specific protein (BRDT) [18].

By binding acetylated histone tails and other acetylated pro-
teins such as transcription factors, BET proteins act as regulators
of RNA transcription and cell cycle progression [19].

Molecular mechanisms at the bases of these processes are
not fully understood; however, in the last years, several studies
have partially clarified some of the roles exerted by BET pro-
teins and their possible involvement in human cancer.

Brd4 is involved both in transcription starting and elonga-
tion. Phosphorylating C-terminal domain of RNA polymerase
II, Brd4 allows transcription initiation [19, 20] and, through
the recruitment of the positive transcription elongation factor
(PTEFb), consents transcription elongation [21].

Brd4 is also responsible for cell cycle progression and its
knockdown is known to be associated with cellular arrest in

G1 phase [22]; furthermore, it plays a key role during mitosis
in the control of chromosomal segregation by regulating the
expression of Aurora kinase B (AURKB) [23].

Brd2 is part of the mediator complex, a group of proteins
whose binding to RNA polymerase II is essential for transcrip-
tion initiation [24].

Both Brd2 and Brd3 can activate through E2F-Rb pathway
proteins, the promoters of different genes involved in cell
cycle control such as cyclin D11 and cyclin E [25–27]. In
addition, these two BET proteins are known to have a chap-
erone function in remodeling histones to allow RNA polymer-
ase II movements along DNA [27].

The first evidence of the involvement of BET proteins in
cancer emerged from preclinical studies on hematological ma-
lignancies such as multiple myeloma (MM) and AML. Brd4
and mediator complex co-occupy super-enhancers associated
with genes involved in oncogenesis such as MYC. It was
observed that the displacement of Brd4 caused by BET inhib-
itors could result in transcription elongation defects affecting
MYC and other genes associated with the enhancers [28–30].

It was subsequently shown that BET proteins regulate the ex-
pression of several other genes involved in the development of
tumors including androgen receptor (AR) in prostate cancer [31],
extracellular signal-regulated kinase 1 (ERK1), small conductance
potassium channel type 2 (SK2), p21 and p27 in melanoma [32]
and FoxM1 transcription factor in ovarian cancer [33].

Furthermore, in ovarian cancer xenograft models, BET in-
hibition resulted in decreased PD-L1 expression in immune
and cancer cells suggesting a possible synergism between
BET and immune checkpoint inhibitors [34].

Finally, a particular example of the oncogenic role of BET
proteins is represented by the nuclear protein in testis (NUT)
midline carcinoma (NMC), a rare and aggressive squamous
cell carcinoma characterized by chromosomal translocations

Fig. 1 Targeting epigenome:
mechanism of action of HDACi,
DNMTi, EZHi, and BETi. Ac =
acetyl groups; BETi =
bromodomain and extraterminal
motif proteins inhibitors; Brd4 =
bromodomain containing protein
4; DNMT=DNA
methyltransferase; DNMTi =
DNA methyltransferase
inhibitors; EZH= enhance of
zeste homolog; EZHi = enhance
of zeste homolog inhibitors;
HATs = histone acetyltransferase;
HDAC= histone deacetylase;
HDACi = histone deacetylase
inhibitors; Me =methyl groups;
Pol II = RNA polymerase II$
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commonly involving the NUT and Brd4 orBrd3 genes. These
translocations result in a chimeric fusion protein (BRD-NUT)
which indeed represents the major pathogenic event that
drives the malignant transformation [35].

BET Inhibitors: Clinical Evidence in Cancer
Treatment

Several BET inhibitors have been tested in patients with solid
and hematological tumors (results are summarized in Table 1).
Among patients with solid cancers, radiological responses
have been mainly observed in NUT midline carcinoma
(NMC). Birabresib, also known as MK-8628 or OTX015, is
a potent BET inhibitor tested in several clinical trials. The first
data on Birabresib clinical activity were published in 2016.
Among 4 patients with NMC and confirmed BRD4-NUT fu-
sion 2 rapid responses were observed and a third patient
achieved a disease stabilization with a minor metabolic re-
sponse [36•]. Recently, results of a phase I trial have been
reported by Lewin and colleagues. A total of 46 patients have
been enrolled: 26 with castration-resistant prostate cancer
(CRPC), 10 with non-small cell lung cancer (NSCLC) and
10 with NMC. Patients were divided in two cohorts: cohort
A at a starting dose of 80 mg daily continuously and cohort B
at 100 mg daily for 7 days in 3-week cycles.

No dose-limiting toxicities (DLTs) were observed in cohort
B while in cohort A 4 patients experienced thrombocytope-
nia ≥G3 (3 patients at 80 mg/day and 1 patient at 100 mg/
day). One patient treated at 80 mg/day had an AST increase
and hyperbilirubinemia, and another patient treated at 100 mg/
day had anorexia requiring > 7 days of treatment delay. Three
patients with NMC treated in cohort A at 80 mg/day achieved
a partial response (PR) [37•].

Molibresib or GSK525762 is another BET inhibitor which
has been tested in 70 patients with advanced malignancies
including 17 NMC patients, treated at doses ranging from 2
to 100 mg once a day and 20 and 30mg twice a day. The most
commonly reported adverse events were thrombocytopenia,
anemia, nausea, vomiting, and fatigue. Among 10 patients
with NMC evaluable for response, 2 had PR and 4 stable
disease (SD) [38].

The third BET inhibitor, which has shown clinical activity
in NMC, is RO6870810/TEN-010 that has been recently in-
vestigated in patients with advanced solid tumors including 3
with NMC. Of these 3 patients, 1 was treated at 0.1 mg/kg and
2 at 0.45 mg/kg. The patient treated at the lower dose had
disease progression while both patients treated at 0.45 mg/kg
dose had a PR. Data regarding other tumor types are not yet
available [39].

Aftimos and colleagues reported the results of a first-in-
men trial of the BET inhibitor BI 894999 in patients with other
types of solid malignancies. Twenty-eight patients were

treated at 0.25–5 mg/day continuously or at 1.5–2 mg on an
intermittent schedule. Among 27 evaluable patients, 3 obtain-
ed PR and 1 SD. DLTs included grade 4 thrombocytopenia,
grade 3 hypophosphatemia, and grade 3 troponin increase
[40].

Another agent named INCB054329 has been tested in a
phase I trial in solid tumors and lymphomas: 54 patients were
enrolled and received the drug at doses ranging from 15 to
30 mg once a day or 15–25 mg twice a day. Dose-limiting
thrombocytopenia was observed at 30 mg daily. Only one PR
was obtained in a NSCLC patient [41].

PLX51107 and ABBV-075 are two BET inhibitors tested
in phase I trials in patients with solid cancers obtaining SD as
best responses. Thrombocytopenia, fatigue, and gastrointesti-
nal events were the most frequent observed toxicities.
Regarding hematological malignancies, limited activity has
been reported in AML and diffused large B cell lymphoma
(DLBCL).

Birabresib was evaluated in a phase I trial in patients with
AML or acute lymphatic leukemia (ALL). Three patients
treated at three different dose levels (40, 80, and 160 mg/
day) achieved CR and 2 had a partial blast clearance [42,
43•]. Main toxicities included fatigue and diarrhea.

Molibresib was tested in 46 AML patients obtaining 2 CR
(at 100 and 120 mg/day) and 3 PR (2 at 60 mg/day and 1 at
80 mg/day). DLTs observed were grade 3 diarrhea and grade 3
decreased ejection fraction [44].

Preliminary results of a trial evaluating ABBV-075 with or
without venetoclax in AML patients have been presented at
2018 American Society of Clinical Oncology (ASCO) annual
meeting. Efficacy data were available only for 11 patients
treated with ABBV-075 inmonotherapy: 4 had a bonemarrow
blast count decrease of ≥ 50% from baseline and 1 patient
achieved a CR [45].

Among lymphoma patients, 2 CR and 1 PRwere observed in
45 patients (with lymphoma orMM) treatedwithBirabresib. The
3 responders had DLBCL. Dose-liming thrombocytopenia, gas-
trointestinal events, fatigue, and hyponatremia were observed at
different dose levels [46].

Other evidences of activity in lymphomas have been obtained
with CPI-0610, tested in 64 patients and resulting in 2 CR in
DLBCL patients and 3 PR (1 in FL and 2 in DLBCL). DLTs
observed were thrombocytopenia and grade 3 diarrhea [47].

BET Inhibitors: Future Perspectives

Several preclinical evidences suggest a possible synergism of
BET inhibition with different classes of drugs including mTor
and Pi3K inhibitors, hormone therapy, rituximab, ibrutinib,
HDAC inhibitors, CDK inhibitors, bcl2 inhibitors, and che-
motherapy [48].
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Trials aimed at evaluating different associations in spe-
cific tumor types are ongoing (see Table 2); for example,
both ZEN003694 and molibresib are under investigation in
patients with castration-resistant prostate cancer in associ-
ation with enzalutamide or abiraterone. The association of
molibresib with fulvestrant is being tested in an ongoing
phase I/II trial in women with ER positive breast cancer.
Regarding the association of BET proteins inhibitors and
immunotherapy there are two phase I trials currently eval-
uating respectively the activity of RO6870810/TEN-010
and atezolizumab in patients with ovarian or triple negative
breast cancer and of BMS-986158 alone or with nivolumab
in patients with advanced solid tumors with specific geno-
mic profiles. RO6870810/TEN-010 is also under investi-
gation in combination with daratumumab in MM patients.
Another phase I trial is evaluating ABBV-075 as single
agent or in combination with venetoclax in advanced
tumors.

There are many studies still ongoing aimed at better defin-
ing the role of these agents as a monotherapy in different
settings. In addition, different innovative strategies to target
BET proteins are in development such as the proteolytic
targeting chimera (PROTAC) induced degradation of Brd4
which have shown interesting activity in preclinical models
[49]. Results of these studies may open new possibilities for
the use of BET inhibitors in cancer treatment.

EZH2 Roles in Oncogenesis

Enhancer of zeste homolog 2 (EZH2) is an histone-lysine N-
methyltransferase enzyme. It is a catalytic subunit of the
polycomb repressive complex 2 (PRC2) responsible for trans-
ferring methyl groups from S-adenosyl-L-methionine (SAM)
to Lys-27 on histone H3 (H3K27) through the Su(var)3–9
enhancer of zeste thrithorax (SET) domain [50, 51]. The
PRC2 includes other core members such as suppressor of
zeste 12 (SUZ12), embryonic ectoderm development (EED),
and histone-binding proteins RbAp46/48 [52].

EZH2 is involved in cell cycle-regulatory retinoblastoma-
E2F pathway, in silencing of E-cadherin and DNA damage
repair pathways and can be involved in promoting oncogene-
sis [53].

In the hematopoietic system, EZH2 regulates cell pro-
liferation, T cell differentiation while in B cells induces a
correct V(D)J recombination of immunoglobulin heavy
chains. In fact, EZH2 is expressed in high division rate
cells, such as B cells entering in germinal center (GC)
where the process of somatic hypermutation and isotypic
switching occurr [54].

EZH2 can be replaced by its analogous EZH1 that has
lower methyltransferase activity and is expressed ubiquitous-
ly, usually in less actively dividing cells [55]. Alterations in

EZH2 have been described in multiple cancer types including
breast, ovarian, prostate cancer, non-Hodgkin lymphoma
(NHL), and T cell ALL. At a molecular level, different types
of EZH2 alterations have been found including point muta-
tions resulting in gain or loss of function in EZH2.

EZH2 gain of function mutations are frequent in FL and
GC-DLBCL, while loss of function in myelodysplastic syn-
drome (MDS), myelodysplastic syndrome/myeloproliferative
disorders (MDS/MPN), myelofibrosis, AML, and T-acute
lymphoblastic leukemia (T-ALL) [56–59].

Finally, overexpression of EZH2 has been described in
prostate, breast, bladder, gastric, lung, hepatocellular and renal
cell carcinomas, melanoma, and NHLs. In solid tumors, alter-
ations of MEK-ERK-Elk-1 pathway or retinoblastoma (Rb)-
E2F pathway have been found to induce an EZH2 overexpres-
sion [60–64].

In NHL, a MYC overexpression induces an EZH2 overex-
pression binding directly EZH2 promoter or inducing a
miRNA dysregulation [65, 66].

In these tumors, EZH2 overexpression is associated with
aggressiveness, metastasis, and poor outcome [67].

EZH2 Inhibitors: Clinical Activity

During the last years, several EZH2 inhibitors have been de-
veloped and clinically tested.

The first compound is DZNep (3-deazaneplanocin A), a S-
adenosylhomocysteine hydrolase inhibitor, which induces an
increase of 5-adensylhomocystein levels leading to inhibition
of the global methyltransferase activity, including histone
methylation mediated by EZH2, without selectivity [68].

However, a suboptimal safety and pharmacokinetic profile
of DZNe encouraged the development of more potent and
selective small molecules such as the SAM-competitive cata-
lytic EZH2 inhibitors which have been tested in vitro like
EPZ0005687, EI1, and GSK126 [69–71].

While most compounds are still in preclinical develop-
ment, DS-3201b, tazemetostat (EPZ-6438), CPI-1205,
SHR2554, have recently moved into phase I/II clinical trials
(clinical results are reassumed in Table 1).

Tazemetostat is a competitive inhibitor of the SAM pocket
of the EZH2 SET domain.

Knutson and colleagues have demonstrated the activity of
tazemetostat in preclinical models of Malignant Rhabdoid tu-
mors (MRT) [72]. These rare and aggressive pediatric tumors
are characterized by loss of the INI1 protein, a component of
the Switch Sucrose Non-fermentable (SWI/SNF) multimeric
chromatin-modifying complex.

SWI/SNF complex and the PRC2 complex have an antag-
onistic role in the regulation of tumor suppressor genes. Loss
of INI1 in SWI/SNF complex, induce an aberrant recruitment
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of EZH2, increasing H3K27 methylation and consequent re-
pression of these tumor suppressors genes [73].

According to these observations, tazemetostat has been
evaluated in a first-in-human, phase 1 study in relapsed or
refractory patients with INI1-negative tumors or B cell
NHLs, showing clinical activity with a favorable safety pro-
file. In this trial, 64 pretreated patients (21 with B cell NHL
and 43 with solid tumors) received tazemetostat. The phase 1
part of the study is complete while the phase 2 is ongoing
(NCT01897571). In the phase 1 trial, tazemetostat was admin-
istered orally starting from 100 mg to 1600 mg twice a day in
28-day cycles. The most common adverse events observed,
mainly of grade 1 or 2, included asthenia, anemia, muscle
spasms nausea, and vomiting. One patient developed a DLT
consisting in grade 4 thrombocytopenia at the highest dose of
1600 mg. The overall response rate (ORR) was 38% (8/21)
and 5% (2/43) in lymphomas and solid tumors respectively.
Seven patients who had an objective response or a stable dis-
ease lasting at least 11 months were transferred from this study
to the EZH-501 study and continued tazemetostat for a medi-
an of 28 months after initial dosing [74•].

Further clinical investigation of tazemetostat monotherapy
is ongoing in a phase 2 trial in adult patients with relapsed or
refractory B-NHLs. Interim results after the inclusion of 210
patients were presented in June 2017 in Lugano, at the
International Conference of Malignant Lymphoma. Among
patients with follicular lymphoma, objective response rate
(ORR) was 92% in patients EZH2-mutated and 26% in
EZH2 wild type. In DLBCLs, ORR was 29% in patients with
mutated EZH2 and 15% in wild type. A low incidence of
adverse events was observed, mainly thrombocytopenia and
neutropenia, each observed in 6% of patients [75•].

Tazemetostat was recently evaluated in a phase II study in
33 patients with previously treated synovial sarcoma (SS). In
this tumor, there is a low expression of INI1 in SWI/SNF
complex and the mechanism of INI1 reduction is distinct from
malignant rhabdoid tumors, epithelioid sarcoma, or other INI1
negative tumors. Best response observed was SD in 11 pa-
tients (33%) and 5 patients (15%) had SD lasting ≥ 16 weeks.
Tazemetostat has shown a favorable safety profile (grades
1and 2 cough, dyspnea, and fatigue were the only toxicities
reported) and it was considered for combination therapy [76].

DS-3201b is a potent inhibitor with high specificity for
EZH1 and EZH2 under investigation in a phase I study in
patients with relapsed or refractory NHLs, including adult T
cell leukemia-lymphoma (ATL) associated with human T-
lymphotropic virus type I. Fifteen patients with different lym-
phoma subtypes have been enrolled. This dose escalation
study started at a dose of 150 mg and escalated through
200 mg and 300 mg dose levels. Four DLTs (three grade 4
platelet count decreased and one grade 3 anemia requiring
transfusion) occurred in three patients at 200 mg QD and
300 mg QD. The most frequent adverse events were

hematological toxicities; only one grade 3 non-hematologic
adverse event was described consisting in pneumonia, while
other non-hematological events were represented by
dysgeusia, diarrhea, nasopharyngitis, and alopecia.
Preliminary data showed an ORR of 53% among evaluable
patients (1 CR, 7 PR, and 5 SD) and 80% among 5 patients
with T cell lymphoma (1 CR and 3 PR) [77].

CPI-1205 is an oral small molecule inhibitor of EZH2
which binds to the EZH2 catalytic region and partially over-
laps with the SAM-binding site. A phase I study is ongoing
(NCT 02395601) in patients with relapsed or refractory B cell
lymphoma. Among 32 patients enrolled (17 DLBCL, 4 FL, 2
marginal zone lymphoma and 9 other lymphomas, 1 patient
had a CR at cycle 6 and 5 patients a SD (3 remained on SD ≥
6 months). Seven patients developed grade 3 events, nausea
(n = 1), lymphocyte count decreased (n = 3), anemia (n = 1),
hypertension (n = 1), and toxic epidermal necrolysis (n = 1);
other toxicities were grade 2 or lower such as nausea, diarrhea,
anemia, and fatigue. No DLTs were reported. [78]

Finally, GSK2816126 (GSK 126), a highly selective SAM
pocket EZH2 inhibitor, induces a decrease of H3K27me3
levels in preclinical studies [70]. GSK126, was evaluated in
a multicenter phase I clinical trial. The first part of the study
enrolled 30 patients including 10 patients with DLBCL, 2
patients with transformed FL, 2 with other NHL (FL and
MZL) and 16 patients with solid tumors. GSK126 was admin-
istered at a starting dose of 50 mg and was escalated to a
maximum dose of 3000 mg. The most frequent drug-related
adverse events were fatigue (53%), nausea (30%), anemia
(20%), and vomiting (20%). Of 22 evaluable patients, 1 pa-
tient with GCB-DLBCL showed a PR and 7 patients had SD.
Unfortunately, the study was closed due to the low efficacy in
this patient population [79].

EZH2 Inhibitors: Future Directions

Further clinical investigation is ongoing with tazemetostat in a
phase 2 study in INI1-negative or SMARCA2/A4-negative
tumors (NCT02601950), and BAP1-negative mesothelioma
(NCT02860286), as well as in a phase 1 study in children with
INI1-negative tumors. Clinical trials evaluating the combina-
tion of tazemetostat with R-CHOP chemotherapy, prednisone,
and the PDL1 antagonist atezolizumab are ongoing in adults
with DLBCL.

Two studies are evaluating the role of CPI-1205 in non-
hematological malignancies (Table 2), a phase 1b/2 trial in
combination with either enzalutamide or abiraterone/
prednisone in patients with metastatic castration-resistant
prostate cancer and a phase 1/2 study with ipilimumab in
patients with advanced solid tumors.

Finally, the selective EZH2 inhibitor SHR2554, has recent-
ly entered clinical evaluation in a phase I trial in relapsed or
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refractory mature lymphoid neoplasms. This study opened in
August 2018 and is expected to enroll approximately 42 pa-
tients through September 2020.

Conclusions

Over the last years, following the approvals of DNMTi and
HDACi, new classes of epigenetic targets have been identified
and new compounds have been developed with some of them
already in clinical development. BET and EZH2 inhibitors
represent two new classes of epigenome-targeting compounds
that have entered clinical development and may open new
possibilities for cancer treatment. Despite available data are
based mainly on phase I/II trials, BET inhibitors have shown
clinical activity in NUT midline carcinoma and limited activ-
ity in lymphomas and AML. Adverse events observed have
been generally mild to moderate; however, they could limit
treatment compliance, may request dose reduction or interrup-
tions and they will need to be taken in consideration when
planning combinations with other drugs. On the other hand,
EZH2 inhibitors have shown significant clinical activity in
patients with relapsed or refractory lymphomas and future
studies may define their possible role in the treatment of dif-
ferent lymphoma subtypes defining also the patient population
that may most benefit. Finally, several combination trials are
currently ongoing aiming at investigating the possible syner-
gisms between these compounds and other anticancer drugs as
observed in preclinical studies.

Compliance With Ethics Guidelines

Conflict of Interest Sofia Genta declares that she has no conflict of
interest.

Maria Cristina Pirosa declares that she has no conflict of interest.
Anastasios Stathis has received research funding (paid to his institu-

tion) from Amgen, Bayer, Novartis, Pfizer, Roche, and MEI Pharma, and
has received travel grants from AbbVie and PharmaMar.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any of
the authors.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

References

Papers of particular interest, published recently, have been
highlighted as:
• Of importance

1. Esteller E, Huerta P, Segarra F, Matino E, Enrique A, Adema JM.
Undiagnosed (corrected) cases of obstructive sleep apnoea

syndrome: a new reason for involvement of otorhinolaryngologists.
Acta Otorrinolaringol Esp. 2008;59:62–9.

2. Feinberg AP, Ohlsson R, Henikoff S. The epigenetic progenitor
origin of human cancer. Nat Rev Genet. 2006;7:21–33.

3. Baylin SB. DNAmethylation and gene silencing in cancer. Nat Clin
Pract Oncol. 2005;2(Suppl 1):S4–11.

4. Feinberg AP, Vogelstein B. Hypomethylation of ras oncogenes in
primary human cancers. Biochem Biophys Res Commun.
1983;111:47–54.

5. Kantarjian H, Oki Y, Garcia-Manero G, Huang X, O'Brien S,
Cortes J, et al. Results of a randomized study of 3 schedules of
low-dose decitabine in higher-risk myelodysplastic syndrome and
chronic myelomonocytic leukemia. Blood. 2007;109:52–7.

6. Steensma DP, Baer MR, Slack JL, Buckstein R, Godley LA,
Garcia-Manero G, et al. Multicenter study of decitabine adminis-
tered daily for 5 days every 4 weeks to adults with myelodysplastic
syndromes: the alternative dosing for outpatient treatment
(ADOPT) trial. J Clin Oncol. 2009;27:3842–8.

7. Silverman LR, Demakos EP, Peterson BL, Kornblith AB, Holland
JC, Odchimar-Reissig R, et al. Randomized controlled trial of
azacitidine in patients with the myelodysplastic syndrome: a study
of the cancer and leukemia group B. J Clin Oncol. 2002;20:2429–
40.

8. Kantarjian H, Issa JP, Rosenfeld CS, et al. Decitabine improves
patient outcomes in myelodysplastic syndromes: results of a phase
III randomized study. Cancer. 2006;106:1794–803.

9. Cashen AF, Schiller GJ, O'Donnell MR, DiPersio JF. Multicenter,
phase II study of decitabine for the first-line treatment of older
patients with acute myeloid leukemia. J Clin Oncol. 2010;28:
556–61.

10. Kantarjian HM, Thomas XG, Dmoszynska A, Wierzbowska A,
Mazur G, Mayer J, et al. Multicenter, randomized, open-label,
phase III trial of decitabine versus patient choice, with physician
advice, of either supportive care or low-dose cytarabine for the
treatment of older patients with newly diagnosed acute myeloid
leukemia. J Clin Oncol. 2012;30:2670–7.

11. Maurillo L, Venditti A, Spagnoli A, Gaidano G, Ferrero D, Oliva E,
et al. Azacitidine for the treatment of patients with acute myeloid
leukemia: report of 82 patients enrolled in an Italian compassionate
program. Cancer. 2012;118:1014–22.

12. O’Connor OA, Masszi T, Savage KJ, et al. Belinostat, a novel pan-
histone deacetylase inhibitor (HDACi), in relappsed or or refractory
perpheral T cell lymphoma (R/R PTCL: results from the BELIEF
trial). J Clin Oncol. 2013;31(15s):8507.

13. Duvic M, Talpur R, Ni X, Zhang C, Hazarika P, Kelly C, et al.
Phase 2 trial of oral vorinostat (suberoylanilide hydroxamic acid,
SAHA) for refractory cutaneous T-cell lymphoma (CTCL). Blood.
2007;109:31–9.

14. Olsen EA, Kim YH, Kuzel TM, Pacheco TR, Foss FM, Parker S,
et al. Phase IIb multicenter trial of vorinostat in patients with per-
sistent, progressive, or treatment refractory cutaneous T-cell lym-
phoma. J Clin Oncol. 2007;25:3109–15.

15. Piekarz RL, Frye R, Prince HM,KirschbaumMH, Zain J, Allen SL,
et al. Phase 2 trial of romidepsin in patients with peripheral T-cell
lymphoma. Blood. 2011;117:5827–34.

16. Piekarz RL, Frye R, Turner M, Wright JJ, Allen SL, Kirschbaum
MH, et al. Phase II multi-institutional trial of the histone deacetylase
inhibitor romidepsin as monotherapy for patients with cutaneous T-
cell lymphoma. J Clin Oncol. 2009;27:5410–7.

17. San-Miguel JF, Hungria VT, Yoon SS, et al. Panobinostat plus
bortezomib and dexamethasone versus placebo plus bortezomib
and dexamethasone in patients with relapsed or relapsed and refrac-
tory multiple myeloma: a multicentre, randomised, double-blind
phase 3 trial. Lancet Oncol. 2014;15:1195–206.

18. Stathis A, Bertoni F. BET proteins as targets for anticancer treat-
ment. Cancer Discov. 2018;8:24–36.

13 Page 8 of 10 Curr Oncol Rep (2019) 21: 13



19. Fukazawa H, Masumi A. The conserved 12-amino acid stretch in
the inter-bromodomain region of BET family proteins functions as
a nuclear localization signal. Biol Pharm Bull. 2012;35:2064–8.

20. Devaiah BN, Lewis BA, Cherman N, Hewitt MC, Albrecht BK,
Robey PG, et al. BRD4 is an atypical kinase that phosphorylates
serine2 of the RNA polymerase II carboxy-terminal domain. Proc
Natl Acad Sci U S A. 2012;109:6927–32.

21. Devaiah BN, Singer DS. Two faces of brd4: mitotic bookmark and
transcriptional lynchpin. Transcription. 2013;4:13–7.

22. Mochizuki K, NishiyamaA, JangMK, DeyA, GhoshA, Tamura T,
et al. The bromodomain protein Brd4 stimulates G1 gene transcrip-
tion and promotes progression to S phase. J Biol Chem. 2008;283:
9040–8.

23. You J, Li Q, Wu C, Kim J, Ottinger M, Howley PM. Regulation of
aurora B expression by the bromodomain protein Brd4. Mol Cell
Biol. 2009;29:5094–103.

24. Jiang YW, Veschambre P, Erdjument-Bromage H, Tempst P,
Conaway JW, Conaway RC, et al. Mammalian mediator of tran-
scriptional regulation and its possible role as an end-point of signal
transduction pathways. Proc Natl Acad Sci U S A. 1998;95:8538–
43.

25. Denis GV, McComb ME, Faller DV, Sinha A, Romesser PB,
Costello CE. Identification of transcription complexes that contain
the double bromodomain protein Brd2 and chromatin remodeling
machines. J Proteome Res. 2006;5:502–11.

26. Denis GV, Vaziri C, Guo N, Faller DV. RING3 kinase transactivates
promoters of cell cycle regulatory genes through E2F. Cell Growth
Differ. 2000;11:417–24.

27. LeRoy G, Rickards B, Flint SJ. The double bromodomain proteins
Brd2 and Brd3 couple histone acetylation to transcription.Mol Cell.
2008;30:51–60.

28. Loven J, Hoke HA, Lin CY, et al. Selective inhibition of tumor
oncogenes by disruption of super-enhancers. Cell. 2013;153:320–
34.

29. Zuber J, Shi J, Wang E, Rappaport AR, Herrmann H, Sison EA,
et al. RNAi screen identifies Brd4 as a therapeutic target in acute
myeloid leukaemia. Nature. 2011;478:524–8.

30. CoudeMM, Braun T, Berrou J, et al. BET inhibitor OTX015 targets
BRD2 and BRD4 and decreases c-MYC in acute leukemia cells.
Oncotarget. 2015;6:17698–712.

31. Asangani IA, Dommeti VL, Wang X, Malik R, Cieslik M, Yang R,
et al. Therapeutic targeting of BET bromodomain proteins in
castration-resistant prostate cancer. Nature. 2014;510:278–82.

32. Segura MF, Fontanals-Cirera B, Gaziel-Sovran A, Guijarro MV,
Hanniford D, Zhang G, et al. BRD4 sustains melanoma prolifera-
tion and represents a new target for epigenetic therapy. Cancer Res.
2013;73:6264–76.

33. Zhang Z, Ma P, Jing Y, Yan Y, Cai MC, Zhang M, et al. BET
Bromodomain inhibition as a therapeutic strategy in ovarian cancer
by downregulating FoxM1. Theranostics. 2016;6:219–30.

34. Zhu H, Bengsch F, Svoronos N, Rutkowski MR, Bitler BG,
Allegrezza MJ, et al. BET bromodomain inhibition promotes anti-
tumor immunity by suppressing PD-L1 expression. Cell Rep.
2016;16:2829–37.

35. French CA. NUT midline carcinoma. Cancer Genet Cytogenet.
2010;203:16–20.

36.• Stathis A, Zucca E, Bekradda M, et al. Clinical response of carci-
nomas harboring the BRD4-NUT oncoprotein to the targeted
bromodomain inhibitor OTX015/MK-8628. Cancer Discov.
2016;6:492–500 This article represents the first clinical proof-
of-concept that targeting BRD4-NUTwith a BET inhibitor re-
sults in antitumor activity in NMC.

37.• Lewin J, Soria JC, Stathis A, et al. hase I trial with birabresib, a
small-molecule inhibitor of bromodomain and extraterminal pro-
teins in patients with selected advanced solid tumors. J Clin
Oncol. 2018 JCO2018782292. This is the first phase I study in

patients with solid tumors with a BET inhibitor to be reported
in complete form. The study also reported clinical activity of
BET inhibition in NMC with 3 over 10 patients treated achiev-
ing a response.

38. O’Dwyer PJ, Piha-Paul SA, French C et al. GSK525762 a selective
bromodomain (BRD) and extraterminal protein (BET) inhibitor:
results from a part 1 of a phase I/II open label single agent study
in patients with NUT midline carcinoma (NMC) and other cancers.
Cancer Res. 2016;76(14 Supplement):CT014–CT014.

39. Shapiro GI, Dowlati A, LoRusso PM, et al. Clinical efficacy of the
BET bromodomain inhibitor TEN-010 in an open-label substudy
with patients with documentedNUTmidline carcinoma (NMC). In:
AACR-NCI-EORTC international conference: molecular targets
and cancer therapeutics: November 5–9; 2015.

40. Aftimos PJ, Bechter O, AwadaA, et al. Phase I first-in-men trial of a
novel bromodomain and extraterminal domain (BET) inhibitor (BI
894999) in patients (pts) with advanced malignancies. J Clin Oncol.
2017;35:15.

41. Falchook G, Talpaz M, Mita M, et al. Abstract A093: Phase I/II
study of INCB054329, a bromodomain and extraterminal (BET)
protein inhibitor, in patients (pts) with advanced malignancies.
Mol Cancer Ther. 1 2018;(17) (1 Supplement) A093.

42. Dombret H, PreudhommeC, BerthonC, et al. A phase I study of the
BET-bromodomain inhibitor OTX015 in patients with advanced
acute leukemia. Blood. 2014;14:117.

43.• Berthon C, Raffoux E, Thomas X, et al. Bromodomain inhibitor
OTX015 in patients with acute leukaemia: a dose-escalation, phase
1 study. Lancet Haematol. 2016;3:e186–95 This is the first report
of activity of BET inhibition in patients with acute leukemia.

44. Dawson M, Stein EM, Huntly BJP, et al. A phase I study of
GSK525762, a selective bromodomain (BRD) and extraterminal
protein (BET) inhibitor: results from part 1 of phase I/II open label
single agent study in patients with acute myeloid leukemia (AML).
Blood. 2017;130:1377.

45. Borthakur G, Wolff JE, Aldoss I, et al. First-in-human study of
ABBV-075 (mivibresib), a pan-inhibitor of bromodomain and
extraterminal (BET) proteins in patients (pts) with relappsed/
refractory (RR) acute myeloid leukemia (AML): preliminary data.
J Clin Oncol. 2018;36, n(15 Suppl):7019.

46. Amorim S, Stathis A, GleesonM, Iyengar S,Magarotto V, Leleu X,
et al. Bromodomain inhibitor OTX015 in patients with lymphoma
or multiple myeloma: a dose-escalation, open-label, pharmacoki-
netic, phase 1 study. Lancet Haematol. 2016;3:e196–204.

47. Blum KA, Abramson J, Maris M, et al. A phase I study of CPI-
0610, a bromodomain and extraterminal protein (BET) inhibitor in
patients with relapsed or refractory lymphoma. Ann Onco.
2018;29(3 Suppl):mdy048.

48. Ramadoss M, Mahadevan V. Targeting the cancer epigenome: syn-
ergistic therapy with bromodomain inhibitors. Drug Discov Today.
2018;23(1):76–89.

49. Kharenko OA, Hansen HC. Novel approaches to targeting BRD4.
Drug Discov Today Technol. 2017;24:19–24.

50. Quian C, Zhou MM. SET domain protein lysine methyltransfer-
ases: structure, specificity and catalysis. Cell Mol Life Svi.
2006;63(23):2755–3.

51. Velichutina I, Shaknovich R, Geng H, Johnson NA, Gascoyne RD,
Melnick AM, et al. EZH2-mediated epigenetic silencing in germi-
nal center B cells contributes to proliferation and lymphomagenesis.
Blood. 2010;116:5247–55.

52. Margueron R, Reinberg D. The polycomb complex PRC2 and its
mark in life. Nature. 2011;469:343–9.

53. Stazi G, Zwergel C, Mai A, Valente S. EZH2 inhibitors: a patent
review (2014–2016). Expert Opin Ther Pat. 2017;27:797–813.

54. Su IH, Basavaraj A, Krutchinsky AN, Hobert O, Ullrich A, Chait
BT, et al. Ezh2 controls B cell development through histone H3
methylation and Igh rearrangement. Nat Immunol. 2003;4:124–31.

Curr Oncol Rep (2019) 21: 13 Page 9 of 10 13



55. Gulati N, Beguelin W, Giulino-Roth L. Enhancer of zeste homolog
2 (EZH2) inhibitors. Leuk Lymphoma. 2018;59:1574–85.

56. Khan SN, Jankowska AM, Mahfouz R, Dunbar AJ, Sugimoto Y,
Hosono N, et al. Multiple mechanisms deregulate EZH2 and his-
tone H3 lysine 27 epigenetic changes in myeloid malignancies.
Leukemia. 2013;27:1301–9.

57. Jankowska AM, Makishima H, Tiu RV, Szpurka H, Huang Y,
Traina F, et al. Mutational spectrum analysis of chronic
myelomonocytic leukemia includes genes associated with epigenet-
ic regulation: UTX, EZH2, and DNMT3A. Blood. 2011;118:3932–
41.

58. Wang X, Dai H, Wang Q, Wang Q, Xu Y, Wang Y, et al. EZH2
mutations are related to low blast percentage in bone marrow and
−7/del(7q) in de novo acute myeloid leukemia. PLoS One. 2013;8:
e61341.

59. Ntziachristos P, Tsirigos A, Van Vlierberghe P, et al. Genetic inac-
tivation of the polycomb repressive complex 2 in T cell acute lym-
phoblastic leukemia. Nat Med. 2012;18:298–301.

60. Koh CM, Iwata T, Zheng Q, Bethel C, Yegnasubramanian S, De
Marzo AM. Myc enforces overexpression of EZH2 in early pros-
tatic neoplasia via transcriptional and post-transcriptional mecha-
nisms. Oncotarget. 2011;2:669–83.

61. Varambally S, Cao Q,Mani RS, Shankar S,Wang X, Ateeq B, et al.
Genomic loss of microRNA-101 leads to overexpression of histone
methyltransferase EZH2 in cancer. Science. 2008;322:1695–9.

62. Bracken AP, Pasini D, Capra M, Prosperini E, Colli E, Helin K.
EZH2 is downstream of the pRB-E2F pathway, essential for prolif-
eration and amplified in cancer. EMBO J. 2003;22:5323–35.

63. Fujii S, Tokita K, Wada N, Ito K, Yamauchi C, Ito Y, et al. MEK-
ERK pathway regulates EZH2 overexpression in association with
aggressive breast cancer subtypes. Oncogene. 2011;30:4118–28.

64. Coe BP, Thu KL, Aviel-Ronen S, Vucic EA, Gazdar AF, Lam S,
et al. Genomic deregulation of the E2F/Rb pathway leads to activa-
tion of the oncogene EZH2 in small cell lung cancer. PLoS One.
2013;8:e71670.

65. Zhang X, Zhao X, Fiskus W, Lin J, Lwin T, Rao R, et al.
Coordinated silencing of MYC-mediated miR-29 by HDAC3 and
EZH2 as a therapeutic target of histone modification in aggressive
B-cell lymphomas. Cancer Cell. 2012;22:506–23.

66. Yan J, Ng SB, Tay JL, et al. EZH2 overexpression in natural killer/
T-cell lymphoma confers growth advantage independently of his-
tone methyltransferase activity. Blood. 2013;121:4512–20.

67. Lue JK, Amengual JE. Emerging EZH2 inhibitors and their appli-
cation in lymphoma. Curr Hematol Malig Rep. 2018;13:369–82.

68. Miranda TB, Cortez CC, Yoo CB, Liang G, AbeM, Kelly TK, et al.
DZNep is a global histone methylation inhibitor that reactivates
developmental genes not silenced by DNA methylation. Mol
Cancer Ther. 2009;8:1579–88.

69. Qi W, Chan H, Teng L, Li L, Chuai S, Zhang R, et al. Selective
inhibition of Ezh2 by a small molecule inhibitor blocks tumor cells
proliferation. Proc Natl Acad Sci U S A. 2012;109:21360–5.

70. McCabe MT, Ott HM, Ganji G, et al. EZH2 inhibition as a thera-
peutic strategy for lymphoma with EZH2-activating mutations.
Nature. 2012;492:108–12.

71. Knutson SK, Wigle TJ, Warholic NM, Sneeringer CJ, Allain CJ,
Klaus CR, et al. A selective inhibitor of EZH2 blocks H3K27meth-
ylation and kills mutant lymphoma cells. Nat Chem Biol. 2012;8:
890–6.

72. Knutson SK, Warholic NM, Wigle TJ, Klaus CR, Allain CJ,
Raimondi A, et al. Durable tumor regression in genetically altered
malignant rhabdoid tumors by inhibition of methyltransferase
EZH2. Proc Natl Acad Sci U S A. 2013;110:7922–7.

73. WilsonBG,WangX, ShenX,McKenna ES, LemieuxME, ChoYJ,
et al. Epigenetic antagonism between polycomb and SWI/SNF
complexes during oncogenic transformation. Cancer Cell.
2010;18:316–28.

74.• Italiano A, Soria JC, Toulmonde M, et al. Tazemetostat, an EZH2
inhibitor, in relapsed or refractory B-cell non-Hodgkin lymphoma
and advanced solid tumours: a first-in-human, open-label, phase 1
study. Lancet Oncol. 2018;19:649–59 This study reports in com-
plete form results of a phase I study with the EZH2 inhibitor
tazemetostat in patients with non-Hodkins lymphoma and solid
tumors.

75.• Morschhauser F, Salles G, McKay P, et al. Interim report from a
phase 2 multicenter study of tazemetostat, an EZH2 inhibitor: clin-
ical activity and favorable safety in patients with relapsed or refrac-
tory B-cell non-Hodgkin lymphoma. Hematol Oncol. 2017;35(S2):
24–25. This is a preliminary report of a phase II study of
tazemetostat in patients with follicular and DLBCL. Results
of this study are important in that they clearly show a very high
clinical activity of the compound in patients with relapsed or
refractory disease (in particular patients with mutated EZH2
follicular lymphoma).

76. Schoffski P, Agulnik M, Stacchiotti S, et al. Phase II multicenter
study of the EZH2 inhibitor tazemetostat in adults with synovial
sarcoma (NCT02601950). J Clin Oncol. 2017;35, n(15 Suppl):
11057.

77. Maruyama D, Tobinai K, Makita S, et al. Firts-in-human study of
the EZH1/2 dual inhibitor DS-3201b in patients with relapsed or
refractory non-Hodgkin lymphomas-preliminary results. Blood.
2017;130(suppl 1):4070.

78. HarbW, Abramson J, LunningM, et al. A hase I study of CPI-1205
a small molecule inhibitor of EZH2, preliminary safety in patients
with B-cell lymphomas. Ann Oncol. 2018;29(3 Suppl):
mdy048.001.

79. Yap TA, Winter JN, Leonard JP, et al. A phase I study of
GSK2816126, an enhancer of zeste homolog 2 (EZH2) inhibitor,
in patients (pts) with relapsed/refractory diffuse large B-cell lym-
phoma (DLBCL), other non-Hodgkin lymphomas (NHL), trans-
formed follicular lymphoma (tFL), solid tumors and multiple my-
eloma (MM). Blood. 2016;128:4203.

13 Page 10 of 10 Curr Oncol Rep (2019) 21: 13


	BET and EZH2 Inhibitors: Novel Approaches for Targeting Cancer
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Approved Treatments Targeting Epigenome
	The Role of BET Proteins in Cancer Development
	BET Inhibitors: Clinical Evidence in Cancer Treatment
	BET Inhibitors: Future Perspectives
	EZH2 Roles in Oncogenesis
	EZH2 Inhibitors: Clinical Activity
	EZH2 Inhibitors: Future Directions
	Conclusions
	References
	Papers of particular interest, published recently, have been highlighted as: • Of importance



