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Abstract The bromodomain and extra-terminal (BET) proteins act as “readers” for lysine
acetylation and facilitate the recruitment of transcriptional elongation complexes. BET pro-
tein is associated with transcriptional elongation of genes such as c-MYC and BCL-2, and is
involved in the regulation of cell cycle and apoptosis. Meanwhile, BET inhibitors (BETi) have
regulatory effects on immune checkpoints, immune cells, and cytokine expression. The role
of BET proteins and BETi in a variety of tumors has been studied. This paper reviews the recent
research progress of BET and BETi in hematologic tumors (mainly leukemia, lymphoma and
multiple myeloma) from cellular level studies, animal studies, clinical trials, drug combina-
tion, etc. BETi has a promising future in hematologic tumors, and future research directions
may focus on the combination with other drugs to improve the efficacy.
ª 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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Introduction

The bromodomains are amino acid modules of approxi-
mately 110 found in chromatin-associated proteins.1 Almost
all histone acetyltransferase (HAT)-associated transcrip-
tional co-activators are known contain bromodomains, and
histone acetylation is critical in chromatin remodeling and
gene activation.1 The bromodomain and extra-terminal
(BET) proteins possess two highly conserved N-terminal
Figure 1 Structural description of human BET proteins and BRD4 r
of human BET proteins BRD2, BRD3, BRD4, and BRDT. Among them
regulates the process of transcription. BRD4 binds to hyperacety
scription elongation factor b (P-TEFb)-dependent manner, and regu
(Pol II).
bromodomains, BD1 and BD2, and an extra-terminal (ET)
region with additional functions, two of which (BRD4 and
BRDT) have a carboxy-terminal domain (CTD) (Fig. 1A).2

The BET family includes four subtypes, bromodomain-
containing protein 2 (BRD2), BRD3, BRD4 and the testis-
ovary specific BRDT form, of which BRD4 is the most stud-
ied subtype.3 There are two isoforms of BRD4, long and
short, which have different relative abundance in different
cell types. The long isoform of BRD4 (BRD4L) is a
egulates the process of transcription. (A) Structural description
, BRD4 is divided into two subtypes, BRDL and BRDS. (B) BRD4
lated chromatin regions, recruits proteins in a positive tran-
lates transcriptional processes by coupling to RNA polymerase II
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transcriptional coactivator and the short isoform of BRD4
(BRD4S) corresponds to an alternative splice variant lacking
exons 12e20.4 BRD4 functions as a scaffold for transcription
factors at promoters and super-enhancers, and plays an
essential role in mediating the expression of genes involved
in cancer and non-cancer diseases (e.g., inflammatory
diseases).5,6 It is closely associated with gene transcription,
replication, epigenetic regulation and DNA repair, and it
also serves as a mitotic bookmark for transcriptional reac-
tivation of MYC, FOS and other genes in early G1 phase.6

BRD4 is widely distributed and has an important role in the
development of many cancers, and cancer-related genes
(e.g., MYC ) are selectively dependent on BRD4.7,8 Studies
have shown that BRD4 has an important role in the devel-
opment of cancers such as gastric cancer, breast cancer and
small cell lung cancer, and inactivating or down-regulating
the expression of BRD4 can inhibit the development of
cancer, and BRD4 is a promising new anti-cancer
target.5,9e11

Common hematologic tumors include non-Hodgkin’s
lymphoma, leukemia, multiple myeloma, and Hodgkin’s
lymphoma, and they ranked 13th, 15th, 24th, and 28th in
global cancer incidence in 2018, respectively.12 Hemato-
logic tumor development is closely linked to epigenetics
and cancer genes such as MYC and B-cell leukemia/
lymphoma-2 (BCL-2).13,14 BET is important in the patho-
genesis of hematologic malignant diseases, and BET in-
hibitors are also effective in a variety of hematologic
tumors. This article provides a review of the progress of
research on BET and BET inhibitors in hematologic tumors.
The main biological functions of BET

The basic function of BET proteins

BET proteins are important regulators of epigenetics
Epigenetics refers to changes in gene expression levels
based on non-genetic sequence alterations, including DNA
methylation, histone modifications, chromatin remodeling
and non-coding RNA regulation.15,16 Epigenetics plays an
important role in the replication, modification, and tran-
scription of DNA, and its abnormal regulation may lead to
the development and maintenance of various cancers.17

Epigenetic pathways associated with cancer include DNA
methylation, histone modifications, non-coding RNAs, and
so on.17 Histone acetylation is particularly important in
histone modifications and is regulated by three main types
of epigenetic regulatory proteins, which are ’’writers’’,
’’erasers’’ and ’’readers’’.5,18,19 “Writers” refer to HATs,
methyltransferases, kinases, and ubiquitinases, whose
function is to mediate histone modifications, such as the
acetylation of lysine in the protein tails by HATs.5,18,19

“Erasers” include deacetylases, phosphatases, demethy-
lases, and deubiquitinases, which act to remove enzymes
that modify proteins, such as histone deacetylases (HDACs)
that remove acetyl groups from acetylated lysines.5,18,19

Proteins of the bromodomain family act as “readers” of
lysine acetylation and facilitate the recruitment of tran-
scriptional elongation complexes (e.g., positive transcrip-
tion elongation factor b (P-TEFb)) (Fig. 1B).2 BET is found in
different types of nuclear proteins, including helicases,
transcriptional co-activators, methyltransferases, and nu-
clear scaffolding proteins, and the BET family proteins
selectively bind to acetylated lysine, which explains why
protein acetylation can produce a large number of func-
tions.5,18,19 As a member of the BET family, BRD4 usually
functions as an epigenetic “reader”, for example, it is
involved in osteoblast differentiation and regulates the
pluripotency of embryonic stem cells.20,21 Interestingly,
recent studies have confirmed that BRD4 is not only an
epigenetic reader but also an epigenetic writer, a novel
HAT.6,8 BRD4 acetylates H3K122, a residue essential for
nucleosome stability that leads to nucleosome expulsion
and chromatin decompression.6,22

BRD4 regulates the expression of MYC
BRD4 of the BET family is closely related to the expression
of the proto-oncogene MYC, which is intimately involved in
the development of hematologic tumors such as diffuse
large B-cell lymphoma (DLBCL), leukemia and multiple
myeloma (MM).23e25 MYC expression is mainly regulated by
phosphorylation, with phosphorylation of Thr58 leading to
MYC degradation and phosphorylation of Ser62 resulting in
MYC stabilization and activation. BRD4 phosphorylates MYC
at Thr58, leading to MYC degradation, but this effect can be
counteracted by activation of ERK1, a kinase that stabilizes
MYC.8 Degradation of BRD4 causes a reduction in the pro-
longation of RNA polymerase II (Pol II) and thus reduces all
transcripts, but inhibition of BRD4 produces different ef-
fects depending on the dose of the BET inhibitor (BETi) JQ1,
with high doses of JQ1 inhibiting all transcripts and low
doses of JQ1 having limited effects.26 JQ1 can down-
regulate MYC transcription, leading to a decrease in MYC-
dependent target gene expression, and the inhibitory ef-
fect of JQ1 on MYC expression affects the sensitivity of
tumor cells to JQ1.23,26

Common BET-related signaling pathways
BET also regulates tumor progression through multiple
signaling pathways, one of which is the NF-kB pathway.
BETi inhibits melanoma progression through the NF-kB
pathway,27 and NF-kB inhibitors have synergistic effects
with BETi in in vivo and in vitro models to overcome
resistance to BETi in uveal melanoma.28 In colorectal can-
cer (CRC), BETi decreased c-MYC expression and NF-kB
activity in BETi-sensitive CRC cells.29 In addition, BET pro-
tein inhibits human T cell leukemia virus 1-mediated adult
T-cell leukemia by suppressing the NF-kB pathway.30

Another common signaling pathway associated with BET is
the PI3K/AKT pathway, and in a model of metastatic breast
cancer, BETi decreased PI3K signaling, and combined inhi-
bition of PI3K and BET induced tumor cell death and tumor
regression.31 BETi has synergistic effects with PI3K/AKT
inhibitors in ovarian clear cell carcinoma, and targeting the
IGF1R/PI3K/AKT pathway increased the sensitivity of
Ewing’s sarcoma to BETi.32,33 BET proteins effectively block
the adaptive signaling response of cancer cells to PI3K
pathway inhibitors, and BET inhibition improves the clinical
efficacy of PI3K inhibitors, as detailed in a review by
Stratikopoulos et al.34 BET proteins also play an important
role in the MAPK and JAK/STAT pathways.35,36
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Biomarkers of BETi treatment
BETi is a strategy for treating a wide range of tumors,29e36

but not all types of tumor cells respond well to BETi.
Shorstova et al described three different types of bio-
markers for BETi treatment, namely predictive biomarkers,
resistance biomarkers and pharmacodynamic biomarkers.37

Predictive biomarkers of BETi include MYC amplification,
and dual SMARCA4/A2 loss.26,38 Knockdown of SMARCA4/A2
sensitizes resistant cells to BETi, while restoration of
SMARCA4/A2 promotes tumor cells resistance to BETi. Bio-
markers of resistance mainly include PI3K-AKT pathway
activation, RAS-MAPK pathway activation and speckle-type
POZ protein (SPOP) mutation. SPOP mutation is responsible
for ubiquitination and degradation of BET proteins, and the
mechanism of resistance of BETi in SPOP mutated cells is
the reduction of BET protein degradation rate, leading to
the accumulation of BET proteins.37 c-MYC mRNA is useful
as a biomarker for hematological tumors, but is not ideal as
a whole blood biomarker, whereas CCR2 and CD180 mRNA
can be applied as whole blood pharmacodynamic bio-
markers for BETi.39 Another pharmacodynamic biomarker is
HEXIM1, the only gene that exhibits robust and consistent
BETi regulation across multiple cancer indications and sur-
rogate tissues.40 Biomarkers of BETi treatment can predict
the efficacy of BETi and guide antitumor therapy.

Brief introduction about inhibitors of BET proteins

JQ1, a selective and potent inhibitor of BET proteins, was
reported in 2010, and competitive binding of JQ1 displaces
BRD4 fusion oncoprotein in chromatin, promoting squamous
differentiation and exerting specific anti-proliferative ef-
fects in BRD4-dependent cell lines and patient-derived
xenograft models.41 OTX015 is an oral agent with a struc-
ture similar to that of JQ1. OTX015 is effective against a
variety of hematologic malignancies, including b-cell lym-
phoma and multiple myeloma.37 In 2014, Chaidos et al re-
ported that I-BET151 and I-BET762, which represent the
quinoline and benzodiazepine of BETi, respectively, induce
cell cycle arrest in myeloma cells, resulting in potent
antiproliferative effects, and proapoptotic effects are
also observed.42 For multi-domain protein targets, the
pharmacological outcome of small molecule antagonists is
Table 1 The information of common BETi and BET-PROTAC.

Compound Classification Molecular weigh

JQ1 BETi 400.88
I-BET151 BETi 415.44
I-BET762 BETi 396.83
OTX015 BETi 383.42
PLX51107 BETi 438.48
RO6870810 BETi 540.13
Mivebresib, ABBV-075 BETi 459.47
GS-5829 BETi 437.49
ABBV-744 BETi 491.55
ARV-771 BET-PROTAC 986.64
dBET1 BET-PROTAC 785.3
ARV-825 BET-PROTAC 923.43
limited selective disruption of a domain-specific activity,
and treatment with BETi leads to the accumulation of BET
proteins associated with reversible binding and incomplete
inhibition of BRD4, which may impair the antitumor activity
of BETi. Winter et al converted JQ1 to a phthalimide con-
jugated ligand that immediately promotes cereblon-
dependent BET protein degradation (dBET1).43 In 2015, Lu
et al reported that ARV-825, a BET proteolysis-targeting
chimera (PROTAC), recruits BRD4 to the E3 ubiquitin
ligase cereblon, leading to fast, efficient, and prolonged
degradation of BRD4 in all burkitt’s lymphoma (BL) cell lines
tested.44 BET-PROTAC (e.g., dBET1 with ARV-825) have
better efficacy in treating hematologic malignancies
compared to BETi. We summarize the information of com-
mon BETi and BET-PROTAC45 (Table 1).

BET in immune regulation

Role of BET in immune checkpoints
Blocking PD-L1 signaling can restore anti-tumor immunity of
T cells. PD-L1 is a direct target of BRD4-mediated gene
transcription, and in a mouse model, JQ1 inhibits BRD4,
thereby reducing PD-L1 expression on tumor cells, dendritic
cells, and macrophages.46 The mechanism of action of JQ1
on PD-L1 has been described in two ways: one is that JQ1
suppresses the MYC gene, which binds directly to the pro-
moters of CD47 and PD-L1 genes thereby regulating the
anti-tumor immune response47; the other is a genome-wide
analysis of BETi-induced transcriptional responses, which
found that PD-L1 is a MYC-independent BETi target-gene,
and BETi directly inhibits interferon-g (IFN-g)-induced
CD274 expression in tumor cell lines and primary patient
samples.48 In a study of triple-negative breast cancer, re-
searchers found that BET proteins control PD-1 expression
in T cells and that BTEi reduces IFN-g production and
signaling, thereby inhibiting PD-L1 expression in breast
cancer cells.49 BETi also reduces PD-L1 mRNA and protein
levels in melanoma, prostate cancer, liver cancer, lung
cancer and other cell lines.50,51 CTLA-4 is also an immune
checkpoint expressed on T cells, which inhibits T cell ac-
tivity upon binding to ligand B7 on dendritic cells. A
mathematical model of the combination of BETi and CTLA-4
inhibitors in the treatment of breast cancer showed that
t Formula/E3 ubiquitin
ligase recognition motif

PubChem Compound
ID number

C₁₉H₁₇ClN₄O₂S 46,907,787
C₂₃H₂₁N₅O₃ 52,912,189
C₂₀H₁₇ClN₄O₃ 46,943,432
C₁₈H₁₇N₅O₃S 9,936,746
C₂₆H₂₂N₄O₃ 90,448,953
C27H34ClN7OS 54,670,351
C₂₂H₁₉F₂N₃O₄S 71,600,087
C₂₆H₂₃N₅O₂ 86,281,210
C₂₈H₃₀FN₃O₄ 132,010,322
VHL ligand 126,619,980
Thalidomide 91,799,313
Thalidomide 92,044,400
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the two drugs had a synergistic effect, that is, the tumor
volume decreased with increasing drug dose.52

BET and BETi in immune cells
BETi affects the function of a variety of immune cells. BETi
increases the sensitivity of tumor cells to the antitumor
activity of CD8þ T cells, and its disruption of the NF-kB
signaling pathway leads to the activation of the tumor ne-
crosis factor (TNF)-mediated extrinsic apoptotic cascade
and the death of tumor cells.53 BETi PLX51107 increases
activated, proliferating and functional CD8þ T cells in
melanoma tumors, leading to delayed CD8þ T cell-mediated
tumor growth.54 In addition to affecting CD8þ T cells, BETi
can also affect the function of regulatory T cells (Treg).
Treg play an important role in the immune system by
maintaining immune homeostasis and preventing the
development of autoimmune diseases, and Treg has
emerged as a promising treatment for graft-versus-host
disease (GVHD).55 JQ1 interfered with Treg expansion and
altered subset distribution and phenotype, whereas BETi
EP11313 did not interfere with Treg expansion, subset dis-
tribution and in vitro function, and a low level of EP11313
given at the time of allogeneic HSCT, combined with
expanded Treg adoptive transfer, could further reduce
GVHD.55

Regulation of cytokines by BET and BETi
The disorder of immune function is the basis of the occur-
rence of many tumors. BET also has a regulatory effect on
various cytokines. In spinal cord injury, JQ1 decreased the
levels of pro-inflammatory cytokines interleukin-6 (IL-6),
IL-1b and TNF-a, and increased the expression of anti-
Figure 2 BETi affects the expression of cytokines by acting on i
levels of pro-inflammatory cytokines IL-6, IL-1b and TNF-a, and inc
and IL-13, resulting in anti-inflammatory effects. BETi inhibits cyto
and COVID-19 infection induces cardiac damage.
inflammatory cytokines IL-4, IL-10 and IL-13.56 JQ1 also
significantly inhibited IL-1b, IL-6 and TNF-a in periodonti-
tis.57 BETi OTX015 has anti-inflammatory effects by inhib-
iting proliferation and pro-inflammatory cytokine
expression in mouse and human CD4þ T cells, including
selective inhibition of IL-17 in human memory CD4þ T
cells.58 Similarly, BET is essential for TH17 differentiation in
mice, and IL-17 secretion is inhibited by JQ1 in a dose-
dependent manner.59 BET is also involved in the epige-
netic regulation of immune responses by macrophages and
dendritic cells (DCs), suggesting that treatment of cancer
with BETi promotes immunosuppressive effects, with JQ1-
treated DCs showing a decreased capacity to induce
antigen-specific T cell proliferation and antigen-specific T
cells co-cultured with JQ1-treated DCs exhibiting an un-
deractive phenotype with decreased cytokine production.60

We already know that BETi alters cytokine expression in DCs
and T cells and that BETi has promising applications in
GVHD.55,61 Another BETi I-BET151 also alters cytokine
expression in DCs and T cells, including the secretion of
surface stimulatory molecules and cytokines in vitro and
in vivo. Short-term administration early during bone
marrow transplantation (BMT) reduces GVHD severity and
improves mortality in allogeneic BMT models, but preserves
sufficient graft antitumor effects.61 BETi in combination
with T-cell bispecific antibodies or immune checkpoint
blockade enhances tumor growth inhibition in a TNF-
dependent manner.53 The inflammatory “cytokine storm”
that occurs after COVID-19 infection induces cardiac dam-
age and dysfunction in patients, such as decreased
myocardial strength due to TNF and diastolic dysfunction
due to IL-1b, IFN-g, poly (I:C), and LPS, whereas the use of
mmune cells such as CD4þ T cells and DCs. BETi decreases the
reases the expression of anti-inflammatory cytokines IL-4, IL-10
kine storms, thereby reducing graft-versus-host disease (GVHD)
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BETi in a mouse cytokine storm model restores dysfunction
in human cardiac organoids and completely prevents car-
diac dysfunction and death (Fig. 2).62

The status of BET proteins and BETi in the
development and progression of hematologic
tumors

Study of BET proteins and BETi in leukemia

The study by Zuber et al identified the BRD4 protein as a
key factor in acute myeloid leukemia (AML) maintenance.63

Inhibition of BRD4 using small hairpin RNAs (shRNAs) or JQ1
produced potent anti-leukemic effects in vitro and in vivo,
along with terminal myeloid differentiation and elimination
of leukemic stem cells. Similar sensitivities have been
observed in various human AML cell lines and primary pa-
tient samples.63 BETi has shown good results in many types
of AML.

In MLL-fusion leukemia, many common MLL fusion part-
ners play a role in regulating transcriptional elongation
through their interaction with P-TEFb, where abnormal
function of the SEC/PeTEFb complex formed by super-
elongation complex (SEC) and P-TEFb leads to abnormal
transcriptional elongation as a central mechanism in the
pathogenesis of MLL-fusion leukemia.64 BRD3 and BRD4 are
essential components of SEC, and BET has an important role
in the pathogenesis of MLL-fusion leukemia.64 A novel small
molecule inhibitor of BET, GSK1210151A (I-BET151), induces
early cell cycle arrest and apoptosis in MLL-fusion leukemia
cells, and the mechanism of action of I-BET151 is the in-
hibition of transcription of key genes BCL-2, c-MYC and
CDK6.65

BETi is also efficacious in a wide range of AML cells with
different oncogenic mutations. Dawson et al evaluated
the role of I-BET151 in common recurrent AML mutations
and found that several other AML cell lines, including
those containing Cytoplasmic NPM1 mutations (NPM1c),
FGFR1OP2-FGFR1 rearrangement, the EZH2 Y641C muta-
tion, AML1-ETO rearrangement, and CBFb-MYH11 rear-
rangement, all showed sensitivity to I-BET151
treatment.66 Key regulators of myelopoiesis and leukemia,
such as BCL-2, c-MYC and IRF8, were generally down-
regulated after I-BET151 treatment, suggesting that BET
proteins regulate the expression of “core” transcriptional
programs in AML.66 Nuclear NPM1 exerts a suppressive
effect on BRD4, while NPM1c mutation relieves the
repression of BET proteins and promotes the upregulation
of the “core” AML transcriptional program.66 Another
BETi, JQ1, increased the percentage of G1-phase cells and
decreased the percentage of S-phase cells, and induced
apoptosis in AML with NPM1c mutation, and JQ1 was also
lethal to primary AML cells of patient origin with NPM1
and/or FLT3-ITD mutations.67 JQ1 inhibited the binding of
BRD4 and RNA Pol II and reduced the mRNA expression of
c-MYC and BCL-2 in AML cells.68 Combined treatment with
JQ1 and pan-HDAC inhibitor panobinostat also induced
greater loss of clonal survival of AML cells. In primary
AML expressing mutant NPM1cþ with or without concom-
itant expression of FLT3-ITD, combined treatment with
panobinostat and JQ1 caused more downregulation of c-
MYC and BCL-2, induced significantly more apoptosis, and
increased PARP cleavage, but did not produce significantly
greater lethal activity against normal CD34þ hematopoi-
etic progenitor cells.67

BETi also plays an important role in the treatment of
early thymic progenitors (ETP) leukemias. JQ1 and I-BET151
reduced tumor burden in ETP leukemic mice, significantly
reducing leukemic cells in the peripheral blood, spleen, and
bone marrow of mice.68 Investigators transplanted ETP
leukemia cells with EZH2 and RUNX1 mutant into immuno-
deficient NSG mice, and treatment with JQ1 significantly
inhibited the progression of EZH2 and RUNX1 mutant ETP
leukemia and reduced leukemic cells, but normal hemato-
poietic function of bone marrow and spleen in mice was
relatively preserved.68

The risk stratification of FLT3-ITD-positive AML is high
risk with an extremely poor prognosis. The study by Fiskus
et al found that JQ1 and FLT3 tyrosine kinase inhibitor
(FLT3-TKI) quizartinib or ponatinib were synergistically le-
thal to AML cells expressing FLT3-ITD and induced apoptosis
in AML primary cells expressing FLT3-ITD.69 Knockdown of
BRD4 by shRNA also sensitized AML cells to FLT3-TKI, and
the study confirmed the promising therapeutic effect of
BETi in FLT3-ITD-positive AML.69 The research described
above was performed in suspension cells and did not
address the issue of drug resistance of tumor cells to FLT3
inhibition mediated by tumor microenvironment. In fact,
JQ1 is not suitable for in vivo application. PLX51107 is a
structurally unique BETi that inhibits the growth of AML cell
lines carrying the FLT3-ITD mutation in vitro. In the in vivo
experiments, the combination of PLX51107 and quizartinib
induced a synergistic anti-leukemic effect, with PLX51107
enhancing the response of AML cells to sustain and low-dose
quizartinib treatment without concomitant toxicity.70

BETi interacts with p53 in AML. JQ1 inhibited the pro-
liferation of AML cells carrying NPM1 and DNMT3A muta-
tions and induced apoptosis via caspase 3/7.71 BRD4-
mediated recruitment of p53 to chromatin was blocked by
JQ1, resulting in the inability of the DNA damage repair
response to activate proper and ultimate apoptosis.71 MDM2
inhibitors (MDM2i) are drugs that activate p53 in cells
expressing wild-type genes, thereby releasing the tumor
suppressive function of p53, but MDM2i alone is less effec-
tive in treating tumors.72 BETi enhances the activation of
p53 by MDM2i and alleviates BRD4-mediated suppression of
p53 target genes. BETi enhances the killing of human AML
cells by MDM2i, and the combination of BETi and MDM2i
eliminates AML in mouse models.72

Myeloproliferative neoplasms with myelofibrosis can
progress to secondary acute myeloid leukemia (sAML), and
standard induction chemotherapy is ineffective in sAML.
JQ1 treatment reduced protein expression of c-MYC, p-
STAT5, Bcl-xL, CDK4/6, PIM1 and IL-7R in sAML cells, and
combined treatment with BETi and ruxolitinib synergisti-
cally induced apoptosis in cultured and patient-derived
sAML cells, and significantly increased the survival of
immune-depleted mice engrafted with human sAML cells.73

Meanwhile, the co-treatment of BETi and HSP90i had a
synergistic lethal effect on ruxolitinib-persister or
ruxolitinib-resistant sAML cells.73
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We already know that BETi has a good effect on AML at
the cellular level. Here we look at the results of clinical
trials of BETi for AML. OTX015 is a novel BETi that binds
BRD2, BRD3 and BRD4 and suppresses gene transcription by
preventing BET proteins from binding to chromatin.74 A
dose-escalation phase 1 trial assessed efficacy and side
effects in 41 patients with relapsed/refractory acute leu-
kemia, 36 of whom had AML, with a median age of 70
years.74 OTX015 is given orally once daily at a dose of
10 mg/day gradually increasing to 160 mg/day, and com-
mon side effects are fatigue and increased bilirubin. Three
patients achieved complete remission and lasted 2e5
months.74 OTX015 single-agent oral administration is
effective in AML, but not ideal. RO6870810 (RO), a novel
small molecule BETi, was tested in a clinical trial
(NCT02308761) in 32 patients with relapsed/refractory AML
and hypomethylating agent-refractory myelodysplastic
syndrome, and the most common adverse reactions were
fatigue, injection site reactions, diarrhea, loss of appetite,
and nausea.75 One patient with AML achieved complete
remission and 11 patients with AML developed stable dis-
ease (SD) and the median overall survival (OS) for AML pa-
tients was 72.0 days. For myelodysplastic syndrome (MDS),
two patients developed SD.75 Because the patients included
in the clinical trials were all with relapsed/refractory AML
(R/R AML), these studies do not suggest that BETi has no
future in the treatment of AML. We should consider BETi in
combination with other drugs more often than mono-
therapy. A phase 1 trial evaluated the efficacy and adverse
events of BETi mivebresib (ABBV-075) alone or in combi-
nation with venetoclax (ABT199) in the treatment of R/R
AML. Only 1 of 19 patients in ABBV-075 monotherapy group
(5 went on to receive combination treatment after disease
progression) could achieve complete remission.76 The
combined therapy group consisted of 30 patients with
complete remission in 2 patients, partial remission in 2
patients and morphologic leukemia-free state in 2 patients.
The common adverse events were loss of appetite, vomiting
and nausea.76 Another new BETi, ABBV-744, was compara-
ble to ABBV-075 in its anti-AML effect, but with an improved
therapeutic index.77 A clinical trial evaluating the safety
and pharmacokinetics of ABBV-744 in patients with R/R AML
has been completed and we look forward to the publication
of the results of this study (NCT03360006).

The resistance of leukemic stem cells to BETi is due to
the activation of Wnt/b-catenin.78 Specific antagonism of
the Wnt/b-catenin pathway in BETi-resistant leukemia
cells recovers the sensitivity of leukemia cells to BETi
in vivo and in vitro, while stimulation of Wnt/b-catenin
pathway expression in BETi-sensitive leukemic cells can
rapidly achieve I-BET resistance.78 Concomitant use of
BETi and Wnt/b-catenin inhibitors is a promising thera-
peutic strategy for AML. The combination of JQ1 and
azacitidine decreased the proliferation of leukemic cells
and increased the apoptotic effect of azacitidine on leu-
kemia cells.79 JQ1 also enhances the effect of ATR inhib-
itor (AZD6738) on apoptosis in leukemia cells.79 The anti-
leukemic effect of BETi can be enhanced by combining
BETi with other drugs.

In primary human leukemia cells, dBET1 had a more
rapid and powerful apoptotic response compared to BETi,
and in vitro study in a mouse xenograft model of human
MV4-11 leukemia cells, treatment with dBET1 attenuated
tumor development and reduced tumor weight, and dBET1
was well tolerated in mice after 2 weeks of treatment, and
had no significant effect on body weight, white blood cell
count, and platelet count.43,80 In a study of T-cell acute
lymphoblastic leukemia (T-ALL), BRD4 expression was found
to be higher in T-ALL samples compared to T cells from
healthy donors, and BRD4 was associated with poor prog-
nosis.81 ARV-825 is a novel BET-degrading drug conjugated
with cereblon ligand that inhibits the cell cycle and pro-
motes apoptosis, with a lower IC50 in T-ALL cells compared
to JQ1, dBET1 and OTX015. In a T-ALL xenograft model,
ARV-825 significantly decreased tumor growth, effectively
inhibited T-ALL cell proliferation and promoted apoptosis
through BET protein depletion and c-MYC inhibition.81 JQ1
has synergistic activity with venetoclax in patients at high
risk of relapse or in relapsed T-ALL cell lines by a mecha-
nism of action mediated by acute induction of the pro-
apoptotic factor BCL2L11 and reduction of BCL-2 due to
BETi.82 Another BET protein degrader BETd-260 is highly
potent in degrading BRD2/3/4 and inhibiting the growth of
RS4; 11 B-cell acute lymphoblastic leukemia (B- ALL) cells
in vitro and in a xenograft mouse model.83

A novel BETi GS-5829 inhibits chronic lymphocytic leu-
kemia (CLL) cell proliferation and induces apoptosis by
regulating key signaling pathways such as BLK, AKT, ERK1/
2, MYC and NF-kB.84 GS-5829 synergistically increases anti-
leukemic activity when combined with the bruton’s tyro-
sine kinase inhibitors (BTKi) ibrutinib, PI3K inhibitor idela-
lisib, and other drugs. BETi can also target the supportive
CLL microenvironment.84

BETi has shown good efficacy in vitro and in vivo against
a variety of leukemias, and resistance to it is associated
with activation of the Wnt/b-catenin pathway. BETi com-
bined with drugs such as azacitidine and AZD6738 increases
the efficacy. BET-degrading drugs conjugated with cereblon
ligand (e.g., dBET1 with ARV-825) have better efficacy in
treating leukemia compared to BETi.
BET protein and BETi show great promise in
lymphoma

World Health Organization defines diffuse large B-cell
lymphomas (DLBCL) with concurrent rearrangements of c-
MYC, BCL-2 and/or BCL-6 as “double/triple hit lymphomas
(DHL/THL)”, accounting for approximately 5e15% of all
DLBCL.85 If high expression of c-MYC, BCL-2 and/or BCL-6 is
present only at the protein level, without gene rear-
rangements, then the lymphoma is called a “double
expressor lymphoma/triple expressor lymphoma (DEL/
TEL)” and accounts for about 20e30% of all DLBCL.85,86 The
prognosis of DEL/TEL is worse than other DLBCLs, but it is
less aggressive than DHL/THL.85,86 Because DHL/THL is
positive for MYC and BETi inhibits MYC expression, the ef-
ficacy of BETi in DHL/THL is promising. In a trial evaluating
the efficacy of BETi in DHL/THL, researchers found that
BETi (JQ1, I-BET and OTX015) targeted MYC in DHL/THL
DLBCLs and significantly reduced proliferation, accompa-
nied by a reduction in MYC, but no significant changes in
BCL-2 protein.85 The combination of BETi with Pan-HDAC
inhibitor had a limited effect on cell survival in DHL/THL,
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whereas the combination of BETi and BCL-2 antagonist
ABT-199 had a significant inhibitory effect on cell survival.
The combination of JQ1 and ABT-199 reduced cell survival
by over 90% in DHL and 50% in THL, and the combination of
I-BET and ABT-199 resulted in almost complete cell death
in DHL and THL cells.85

A phase 1b dose-escalation study (NCT03255096) evalu-
ated the efficacy and adverse effects of the novel subcu-
taneous BETi RO combined with the BCL-2 inhibitors
venetoclax and rituximab in relapsed/refractory DLBCL.
Thirty-nine patients received a median of 2.8 cycles of
treatment, with the most common adverse event being
haemocytopenia.87 The overall remission rate was 38.5%,
with 8 patients (20.5%) achieving complete remission.87 The
objective response rate for RO monotherapy for advanced
DLBCL was 11% (2/19), with fatigue, decreased appetite
and injection site erythema being the most common
treatment-related adverse events.88 In a dose-escalating,
open-label phase 1 study, 33 patients with lymphoma and
12 patients with MM received oral OTX015 once daily, with a
median age of 66 years and four prior treatments, and the
common toxicities were thrombocytopenia, anaemia, neu-
tropenia, diarrhoea, fatigue and nausea. Three patients
with DLBCL achieved durable objective responses, and six
others (two with DLBCL and four with indolent lymphomas)
did not reach objective response criteria but had evidence
of clinical activity.89

The researchers found high protein expression of inter-
feron regulatory factor 4 (IRF4), TCF4 and BCL-2 in richter
transformation DLBCL (RT-DLBCL), and that the combina-
tion of BETi or BET-PROTAC with ibrutinib or venetoclax
exerted a synergistic in vitro lethal effect in RT-DLBCL
cells.90 Combined treatment with BET-PROTAC and ven-
etoclax significantly reduces lymphoma burden in mice and
improves survival of immune-depleted mice engrafted with
RT-DLBCL.90 RhoA belongs to a family of small GTPases that
play an integral role in DLBCL migration. JQ1 inhibits
migration of DLBCL cells by suppressing RAS signaling and
inhibiting MYC-mediated RhoA activity.91 These cellular
studies and clinical trials proved that BETi or BET-PROTAC
has a promising application prospect in DLBCL. In the
future, more studies could focus on the combination of BETi
and other drugs to further improve its efficacy in DLBCL.

BRD4 is crucial for the transcriptional activity of NF-kB,
and mantle cell lymphoma (MCL) cells show increased NF-
kB activity. A study by Sun et al found that the use of JQ1
reduced the expression of NF-kB target genes, such as BTK,
in MCL cells.92 Co-treatment of JQ1 with ibrutinib syner-
gistically induced apoptosis in MCL cells, while JQ1 in
combination with the histone deacetylase inhibitors pan-
obinostat or BCL-2 antagonist ABT199 induced apoptosis in
ibrutinib-resistant MCL cells.92 And compared to BETi, BET-
PROTAC induced apoptosis in MCL cells more powerfully.93

This is a promising treatment modality for patients with
ibrutinib-resistant MCL. The exacerbation of IRF4/MYC
signalling is closely associated with the development of
bortezomib resistance in MCL cells, and lenalidomide was
able to act against IRF4 expression and plasma cell differ-
entiation programs, thereby overcoming bortezomib resis-
tance.94 The use of BETi CPI203 in combination with
lenalidomide downregulated both MYC and IRF4 and
induced apoptosis in bortezomib-resistant MCL cells.94
In cutaneous T-cell lymphoma (CTCL), miR-214 levels in
purified CD4þ neoplastic T cells from CTCL patients were
markedly higher than in healthy donors, and aberrant
expression of TWIST1 and BRD4 cooperatively drove miR-
214 expression in CTCL cell lines and CTCL patient sam-
ples, whereas treatment with JQ1 resulted in down-
regulation of miR-214. TWIST1/BRD4/miR-214 regulatory
loop is an essential oncogenic pathway in CTCL.95 JQ1
down-regulated c-MYC expression and dose-dependently
induced G1 phase arrest in CTCL cells. JQ1 down-
regulated CD30 and CCR4 expression on both the CTCL
cell surface and at the mRNA level.96 The combination of
BETi and HDAC inhibitor (HDACi) has a synergistic effect on
CTCL cell lines, inducing G0/G1 cell cycle arrest and
increasing apoptosis.97 The mechanism of action is to
reduce the proliferation drivers c-MYC, Cyclin D1, NF-kB
and IL-15Ra, and to enhance the expression of extrinsic
apoptotic pathway death receptors and ligands (FasL, DR4,
DR5, TRAIL and TNFR1).97 BETi and JAK pathway inhibitors
also have synergistic effects in CTCL.98 BETi has excellent
efficacy in the treatment of CTCL.

The PI3K/AKT/mTOR signalling pathway and MYC gene
are essential for the survival of burkitt’s lymphoma (BL)
cells,99 and the PI3K inhibitors idelalisib and IPI-145
(duvelisib), the allogenic AKT inhibitor MK-2206, and the
mTOR inhibitors everolimus and deforolimus were all syn-
ergistic with OTX015.100 The combination of the CDK in-
hibitor SNS-032 with OTX015 also had a synergistic
effect.100 The combination of HDACi romidepsin and BETi
JQ1 in BL cells at concentrations close to the IC50 values
(5 nM romidepsin and 1 mM JQ1) not only synergistically
inhibited proliferation but also synergistically promoted
apoptosis, with a significant increase in cleaved PARP1 and
a decrease in the level of the anti-apoptotic protein BCL-xL
after 48 h of action of the two drugs.101

The BET proteins and BETi have also been studied in
other rare lymphomas. IBET and JQ1 induce cell cycle
arrest in the G0/G1 phase in Waldenström macroglobuli-
nemia (WM).102 IBET/JQ1 causes a reduction in IgM
expression and secretion, BETi is synergistic with HDACi
and BCL-2 antagonists in combination, but not with
BTKi.102 In primary effusion lymphoma (PEL), lenalidomide
showed synergistic cytotoxicity with JQ1, IBET151 and PFI-
1, and the combination of lenalidomide and JQ1 signifi-
cantly improved survival in a mouse transplantation tumor
model of PEL compared with either agent alone.103 In
anaplastic large cell lymphomas (ALCL), the combination
of OTX015 with ibrutinib leads to cell cycle arrest followed
by cell death, as can the combination with the ALK in-
hibitor CEP28122.104 BET and BETi play an important role
in the pathogenesis and treatment of a variety of lym-
phomas, and their efficacy in DLBCL and MCL is particu-
larly promising.
BET in multiple myeloma: current opinions

Multiple myeloma (MM) is a malignant disease of plasma cell
origin, for which significant advances have been made in
recent years, but for which there is no cure. Expression of
BRD4 was increased in monoclonal gammopathy of unde-
termined significance (MGUS) and smoldering MM (SMM)
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compared to bone marrow plasma cells from healthy do-
nors.105 Expression of BRD4 was significantly higher in
plasma cell leukemia (PCL) compared to MM or MGUS
samples.106 Thus, BRD4 expression was positively corre-
lated with MM progression. In MM, JQ1 causes depletion of
c-MYC and downregulates the c-MYC-coordinated tran-
scriptional program, contributing to cell cycle arrest and
cellular senescence.107 The binding of BRD4 to the IgH
enhancer in MM.1S cells was significantly reduced after 24 h
of JQ1 treatment (500 nM), and the cell cycle arrest
observed after JQ1 treatment was partially rescued by
overexpression of c-MYC. In a mouse model, JQ1 reduced
disease burden and prolonged overall survival.107 A novel
BETi CG13250 inhibited ligand binding to BRD4 in a dose-
dependent manner, thereby inhibiting MM proliferation
and arresting cells at G1, and thus inducing apoptosis
through caspase activation, and in vivo administration of
CG13250 significantly prolonged the survival of MM-bearing
mice.108 Another BETi I-BET151 can dose-dependently
inhibit osteoclast formation and inflammatory cytokine
secretion by targeting the BRD4-mediated RANKLeNFekB
signaling pathway,109 and I-BET151 also induces apoptosis in
MM cells and exerts potent anti-proliferative effects
in vitro and in vivo.42 OTX015 regulated NF-kB, EGFR, cell
cycle regulation and cancer proliferation signalling path-
ways in MM,110 and it showed synergistic effects with pro-
teasome inhibitors, immunomodulators and alkylating
agents in MM cells.111 Oral administration of OTX015
showed significant anti-tumor activity in a mouse model,
and OTX015 promoted osteoblast differentiation from
mesenchymal stem cells (MSCs) and inhibited osteoclast
formation and resorption in in vivo experiments.110

BET-PROTACs reduce the viability of myeloma cell lines
in a time- and concentration-dependent manner through
cell cycle G0/G1 phase arrest, reduced levels of CDKs 4 and
6, increased levels of p21 and induction of apoptosis, and
Table 2 Ongoing clinical trials of BETi and BET-PROTAC in hem

Compound Sponsor Status Clinical phase Di

PLX51107 Hannah Choe Not yet
recruiting

Phase 1
Phase 2

St
GV

CPI-0610 Constellation
Pharmaceuticals

Recruiting Phase 1
Phase 2

He
Ma
My

INCB057643 Incyte Corporation Recruiting Phase 1 My
Ot
My

BMS-986158 Dana-Farber Cancer
Institute

Recruiting Phase 1 Ch
Ly

ZEN003694 National Cancer
Institute (NCI)

Recruiting Phase 1
Phase 2

Ad
Ly

CC-95775 Celgene Active, not
recruiting

Phase 1 No
Ly

CPI-0610 Constellation
Pharmaceuticals

Recruiting Phase 3 My

PLX51107 M.D. Anderson
Cancer Center

Recruiting Phase 1 AM
can overcome resistance to bortezomib, dexamethasone,
lenalidomide and pomalidomide.112 BET-PROTACs function
in synergy with dexamethasone, BH3 mimetics and AKT
pathway inhibitors in a synergistic manner.112 Lim et al used
a combination of cyclin dependent kinase 9 (CDK9) inhibitor
and BET-PROTAC ARV825 to treat MM.113 The combination
significantly reduced protein expression of BRD 2, BRD 4,
MYC and phosphorylated RNA Pol II, and significantly
increased apoptosis in MM cells compared to each drug
alone.113

A multicentre phase 1 trial of RO in patients with
advanced MM included 24 patients with a median age of
65.6 years (range: 46e82 years), all of whom received at
least one dose of RO.114 The most common adverse events
were injection site reactions, fatigue, anemia, thrombo-
cytopenia, and nausea. This study confirmed 0.65 mg/kg as
the recommended monotherapy dose for relapsed/re-
fractory MM.114 Four of the 24 patients treated in the study
achieved partial remission, and clinical benefit rate (mini-
mal response or better) was 20.8% and 70.8% achieved
stable disease or better.114 The best response achieved in
the phase 1 trial of OTX015 in 12 patients with MM was
stable disease (17%) or disease progression (83%).89

BETi or BET-PROTAC alone has been shown to inhibit
proliferation and promote apoptosis in MM cell lines, and
has been shown to be effective in animal studies, and in
combination with proteasome inhibitors and immunomod-
ulators. Clinical trials with single agents (RO6870810,
OTX015) have been less than satisfactory and combinations
with other drugs may be tried in the future.

BETi and BET-PROTAC have promising therapeutic ef-
fects in many hematologic tumors, which have been sum-
marized in detail in this paper at the cellular level, in
animal studies, and in concluded clinical trials. We next
summarized the ongoing clinical trials of BETi and BET-
PROTAC in hematologic tumors (Table 2).
atologic tumors (from www.clinicaltrials.gov, last update).

seases Estimated
Enrollment

Identifier Estimated
completion
date

eroid Refractory
HD

34 NCT04910152 December 31,
2024

matological
lignancies,
elofibrosis

341 NCT02158858 December 31,
2022

elofibrosis and
her Advanced
eloid Neoplasms

39 NCT04279847 November 11,
2024

ildhood
mphoma

34 NCT03936465 July 10, 2024

vanced
mphoma

30 NCT05053971 May 1, 2023

n-Hodgkin
mphoma

24 NCT04089527 October 31,
2021

elofibrosis 310 NCT04603495 September
2023

L, MDS, MPN 32 NCT04022785 December 31,
2022

http://www.clinicaltrials.gov


BET in hematologic tumors 2315
BETi combined with other drugs is more effective
than monotherapy

Histone deacetylases inhibitor
It is already known that BET acts as a “reader” of lysine
acetylation and binds to acetylated lysine on histones to
regulate the expression of important carcinogens, while
HDAC acts as an “erasers” to remove enzymes that modify
proteins, and the combined application of the two in-
hibitors has been studied in depth.5,18,19 The combination
of HDACi and BETi was investigated in AML and various
lymphomas, and the combination had a synergistic effect,
mainly by further promoting apoptosis and inhibiting cell
proliferation, reducing tumor burden and improving overall
survival in animal studies (Table 3).

BCL-2 antagonists
Members of the BCL-2 protein family are key regulators of
the intrinsic apoptotic pathway, the dysregulation of which
leads to pathological survival of cancer cells.116 BCL-2
antagonist (venetoclax), which is widely used in the treat-
ment of haematological tumors, has been approved for use
or entered clinical trials in lymphomas such as MCL, DLBCL
and WM and have shown good efficacy, and venetoclax has
also been used in combination with demethylating agents
to achieve significant results in the treatment of elderly
Table 3 Combined use of BETi and other drugs in hematologic

Hematological malignancy BETi or BET-PROTAC Type of c

AML JQ1 Pan-HADC
FLT3-ITD þ AML JQ1 FLT3-TKI,
FLT3-ITD þ AML PLX51107 FLT3-TKI,
AML CPI203 MDM2i, Id
sAML JQ1 JAKi, ruxo
AML ABBV-744 BCL-2 ant
AML/MDS JQ1 Hypometh
T-ALL JQ1 BCL-2 ant
CLL GS-5829 BTKi, ibru
DHL/THL I-BET Pan-HDAC
RT-DLBCL ARV-771 BTKi, ibru
MCL JQ1 BTKi, ibru
MCL CPI203 immunom
CTCL OTX015 HDACi, Ro
CTCL mivebresib JAKi, ruxo
BL OTX015 PI3Ki idel
BL JQ1 HDACi, Ro
WM JQ1 Pan-HDAC
PEL JQ1 immunom
MM OTX015 proteasom
MM ARV-825 and ARV-763 dexameth
Myc-induced lymphoma RVX2135 HDACi, Vo
DLBCL PLX51107 and PLX2853 BCL-2 ant
AML ABBV-075 BCL-2 ant
DLBCL OTX015 BTKi, ibru
DLBCL, BL JQ1, CPI-203 mTORi ev
Myc-induced lymphoma JQ1, RVX2135 ATRi, AZ2
AML.116e120 The combination of BETi and venetoclax has
also been studied in hematologic tumors, which we sum-
marize in Table 3.

Bruton’s tyrosine kinase inhibitors
BTK is a key component of B-cell receptor signaling and
functions as an essential regulator of cell proliferation and
survival in B-cell malignancies.123 BTKi ibrutinib has a high
response rate in patients with R/R CLL and MCL, but
resistance may develop with monotherapy.124 The combi-
nation of BTKi with other drugs is the best way to improve
the efficacy, and we summarize the combination of BTKi
and BETi in hematologic tumors (Table 3).

Signaling pathways inhibitors
BET proteins interact with a variety of signaling pathways,
such as the NF-kB pathway, PI3K/AKT pathway, and JAK/
STAT pathway.27,31,35 Moreover, the resistance of leukemic
stem cells to BETi is due to the activation of Wnt/b-cat-
enin.78 Here, we summarize the studies related to the
combination of BETi and signaling pathway inhibitors in
hematologic tumors (Table 3).

Other drugs
The combination of BETi with other drugs has also been
studied, and a study by Vangala et al found synergistic
tumors.

ombination agent References

i, panobinostat 67

AC220 (quizartinib) 69

quizartinib 70

asanutlin/RG7388 72

litinib. HSP90i, AUY922 73

agonists, venetoclax 77

ylating agents, azacitidine 79

agonists, venetoclax 82

tinib; PI3Ki idelalisib 84

i, vorinostat 85

tinib 90

tinib; HDACi, Panobinostat 92

odulators, lenalidomide 94

midepsin 97

litinib 98

alisib, CDKi SNS-032 and mTORi everolimus 100

midepsin 101

i, Panobinostat; BTKi, ibrutinib 102

odulators, lenalidomide 103

e inhibitors, lenalidomide, and melphalan 111

asone, mTORi everolimus and Akti afuresertib 112

rinostat and RVX2135 115

agonists, venetoclax 121

agonists, venetoclax 122

tinib 125

erolimus, AKTi MK-2206, PI3Ki CAL-101. 126

0 128
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effects of JQ1 with the proteasome inhibitor carfilzomib in
a variety of cancers, including lung, breast, and prostate
cancers.127 In hematologic tumors, the combination of BETi
with proteasome inhibitors, immunomodulators, and many
other drugs have been studied, which we summarize in
Table 3.

Please refer to supplemental tables for more detailed
information on combination of drugs.

Conclusion

BET proteins act as “readers” for lysine acetylation and
facilitate the recruitment of transcriptional elongation
complexes (e.g., P-TEFb), which are closely associated
with cellular modifications, transcription, chromatin
remodeling, and many other physiological functions. BET
plays an important role in many cancers by regulating the
cell cycle, apoptosis and aggressiveness of tumor cells.
BRD4 is the most studied BET protein, which is closely
related to the expression of the proto-oncogene MYC,
which is closely involved in the development of hemato-
logical tumors. BET is also closely related to the NF-kB
pathway, PI3K/AKT pathway, and JAK/STAT pathway. BETi
has regulatory effects on immune mechanisms including
checkpoint inhibitors, immune cells and cytokines. BET is
involved in the development of many hematologic tumors
such as AML, DLBCL, MCL, and MM. BETi can inhibit he-
matologic tumor cell proliferation and promote apoptosis,
and many clinical trials of BETi are already in order, with
encouraging efficacy of monotherapy. The strong syner-
gistic effect of BETi with other anti-cancer drugs has been
confirmed at the cellular level, in animal studies and
clinical trials, and the future direction lies in the devel-
opment of new potent BETi and the study of combination
drugs.
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