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BRD4-Regulated Molecular Targets in Mantle Cell Lymphoma:
Insights into Targeted Therapeutic Approach
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Abstract. Background: Since bromodomain-containing
protein 4 (BRD4) facilitates the transcription of genes
important for neoplastic cells in a cancer-type specific
manner, BRD4-regulated molecules may also include
therapeutic targets for mantle cell lymphoma (MCL), a
treatment-refractory subtype of malignant lymphoma.
Materials and Methods: In order to uncover direct BRD4-
regulated targets in MCL, we performed integrated analysis
using the pathway database and the results of both gene-
expression profiling and chromatin immunoprecipitation
with parallel sequencing for BRD4. Results: Treatment with
BRD4 inhibitor I-BETI151 exerted a dose-dependent
inhibitory effect on cell proliferation in MCL cell lines.
BRD4 was found to directly regulate series of genes
involved in the B-cell receptor (BCR) signaling pathway,
including B-cell linker (BLNK), paired box 5 (PAX5), and
IKAROS family zinc finger 3 (IKZF3), and several
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oncogenes, such as MYB. Indeed, the combinatory inhibition
of BCR pathway and IKZF showed an additive antitumor
effect. Conclusion: Concomitant targeting multiple BRD4-
regulated molecules may constitute a rational therapeutic
strategy for MCL.

The advent of immunochemotherapy consisting of cytotoxic
agents and monoclonal antibodies, such as the antibody to
CD20 rituximab, has markedly improved treatment outcomes
for the majority of patients with B-cell lymphomas (BCLs).
However, several hard-to-treat disease subtypes still exist for
which the treatment outcome needs to be improved (1, 2).
Mantle cell lymphoma (MCL), originating from CDS5-
positive naive B-lymphocytes, is such a treatment-refractory
disease subtype which comprises approximately 3% of all
non-Hodgkin lymphomas (NHLs). In addition to the disease-
specific chromosomal translocation t(11;14)(q13;q32)
leading to cyclin DI (CCNDI1) overexpression in
approximately 90% of patients with MCL, there are
additional genetic alterations. Abnormal overexpression of
sex-determining region Y-box 11 (SOX11), a transcription
factor, and cross talk with aberrant activation of several cell
signaling pathways, including B-cell receptor (BCR), nuclear
factor-kappa B (NF-xB), mitogen-activated protein kinase
(MAPK), and NOTCH, coordinately promote MCL
development and progression (3, 4). Despite the involvement
of those known molecular pathways and abnormalities, a
promising therapeutic molecular target for MCL has not been
defined. The sole inhibition of CCND1 is insufficient for the
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eradication of tumor cells in experimental MCL models, and
the therapeutic significance of SOX11 inhibition has not been
found to be relevant to MCL. Although therapeutic moieties
that potently target the above described pathways, including
the proteasome inhibitor bortezomib which potently
inactivates the NF-xB pathway and the Bruton kinase (BTK)
inhibitor ibrutinib which theoretically shuts down BCR
signaling, MCL is rarely cured due to primary and acquired
resistance. Therefore, the identification of a rational and
targetable therapeutic molecule is needed for the development
of a more effective treatment strategy against MCL.

The dysregulation of epigenetic enzymatic ‘writers’,
including DNA methyltransferase and ‘erasers’, including
histone deacetylases (HDACs), have been the subject of
intensive research for various cancer types. The therapeutic
targeting of the writers and erasers using compounds, such
as either hypomethylating agents or HDAC inhibitors, has
been used to treat various types of cancer. One of the
epigenetic modification mechanisms involving
bromodomain and extra-terminal domain (BET) proteins
acts on acetylated histones and facilitates the transcription
of target genes as epigenetic ‘readers’. Bromodomain-
containing 4 (BRD4), a BET protein, recruits the positive
transcription factor b (P-TEFb) complex to genomic
lesions in chromatin and, thereby, simultaneously activates
RNA polymerase II (Pol II) at specific promoter sites of
the target genes. Importantly, recent studies have
highlighted the pivotal functional involvement of BRD4 in
cancer initiation and progression in cancer by regulating
the expression of key molecules responsible for
oncogenesis in a disease-type specific manner (5). For
example, BRD4 directly governs the expressions of fusion
partner genes involved in immunoglobulin heavy chain
gene (IgH) translocations in myeloma cells. BRD4 also
regulates B-cell lymphoma 2 (BCL2) and cell division
protein kinase 6 (CDK®6) in acute myeloid leukemia with
mixed-lineage leukemia 1 (MLL) gene rearrangement, as
well as the interleukin-7 receptor gene in acute
lymphoblastic leukemia and the Fos like (FOSL) oncogene
in lung adenocarcinoma (6-9). Through these mechanisms,
BRD4 regulates the expression and of a number of its
downstream direct-target genes. Therefore, BRD4 is an
attractive therapeutic target molecule in the context of the
molecular pathophysiology of cancers and the dissection
of genes targeted by BRD4 might lead to the discovery of
disease type-specific and therapeutically targetable key
molecules involved in disease development and
progression. Based upon this concept, our goal was to
identify therapeutic targets for MCL through BRD4
screening, i.e., through the broad screening of BRD4-
regulated molecules in MCL by genome-wide approaches
which would then identify functionally and therapeutically
relevant molecules for MCL.
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Materials and Methods

Cell lines and reagents. This study used four human MCL-derived cell
lines, JVM-2, MINO and Z138, and KPUM-Y Y1 which was recently
established from a patient with MCL with a t(11;14)(q13;q932)
translocation for the IGH/CCNDI fusion gene in our laboratory (10).
Cells were maintained in RPMI-1640 containing 10% fetal calf serum,
2 mM L-glutamate, and penicillin/streptomycin. I-BET151, an
inhibitor of BRD4, was purchased from TOCRIS Bioscience (Bristol,
UK). Lenalidomide and ibrutinib were purchased from Selleck
(Houston, TX, USA).

Cell viability and proliferation. Cell growth was analyzed by a
modified MTT assay for all four MCL cell lines with triplicated
samples. Cells were treated for 72 h with following drug
concentrations: I-BET151: 0-10 uM, lenalidomide: O - 20 uM, and
ibrutinib: 0 - 2 pM in combination with either 0, 1, or 10 pM
lenalidomide. Cell numbers were counted using the Cell Counting Kit-
8 (Dohjindo Molecular Technologies, Kumamoto, Japan). The MTT
assay results were analyzed by Calcusyn software (version 2.0; Biosoft,
UK). For apoptosis assay, JVM-2 and MINO cells treated with or
without I-BET151 at the 50% inhibitory concentration (ICs() of each
cell line for 24 and 48 h were counterstained with both annexin V-
fluorescein isothiocyanate (FITC) and propidium iodide (PI) followed
by flow cytometric analyses. For analysis of cell cycle distribution by
the DNA content, four MCL cell lines were cultured with or without I-
BETI51 at the IC5(y of each cell line for 24 h. Cells were fixed with
ice-cold 70% ethanol, stained with PI, and then analyzed by flow
cytometry. The flow cytometric results were analyzed by FLOWJO
software (version 10.2; Tomy Digital Biology, Tokyo, Japan).

Quantitative reverse transcription-PCR (RQ-PCR). For RQ-PCR
analysis, all four MCL cell lines were treated with I-BET151 at the
80% inhibitory concentration (ICg;) of each cell line for 3 and 6 h.
Total RNA was extracted from the cultured cells using a mirVana
miRNA Isolation Kit (Thermo Fisher Scientific, Waltham, MA, USA)
and reverse-transcribed by QuantiTect Reverse Transcription Kit
(Qiagen, Hilden, Germany). Real-time PCR was performed with
triplicate samples as technical replicates using StepOnePlus Real-Time
PCR System (Thermo Fisher Scientific). The custom primers
(Hokkaido System Science, Hokkaido, Japan) used were as follows:
BTK: forward (fwd): 5’-CTT TCT GAA GCG ATC CCA AC-3’,
reverse (rev): 5’-ATC CAC CGC TTC CTT AGT TC-3’, CCND1I:
fwd: 5’-CAA ATG TGT GCA GAA GGA GG-3’, rev: 5’-GGG CGG
ATT GGA AAT GAA CT-3’, early B-cell factor 1 (EBF1): fwd: 5’-
TTC TCC TTC TCA CCA GCC AA-3’,rev: 5’-TGC ACT TGA AGA
TCC CTC TT-3’, IKAROS family zinc finger 1 (IKZFI): fwd: 5’-
GGA CGC ACT CCG TCA TTA AA-3’, rev: 5’-GTT GGT CAG GTA
GAT GAG AC-3’, MYC: fwd: 5’-GAA ACT TTG CCC ATA GCA G-
3’,rev: 5’-AAC TCT GGT TCA CCATGT C-3’, PAXS: twd: 5’-AGG
ACA TGG AGG AGT GAA TC-3’, rev: 5’-TTG ATG GAA CTG
ACG CTA GG-3’, and spleen tyrosine kinase (SYK): fwd: 5’-AGG
CAG AAG ATT ACC TGG TC-3’, rev: 5’-CTT CTG ACT GAT GAT
GGC CT-3". Each mRNA level was normalized to that of [3-actin using
Tagman B-actin control reagents and compared the relative expression
level with that of the untreated sample using AACt method.

Western blotting. To assess the molecular expression effects by I-
BET151 at protein level, all four cell lines were treated with I-
BET151 at either ICsys or ICqs for 12 or 24 h. For lenalidomide, four
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cell lines were treated with either 1uM or 10uM lenalidomide for 48
h. Cells were lysed with lysis buffer, incubated on ice for 1 h,
centrifuged at 13,400 g for 10 min at 4°C and supernatants were
obtained as protein extracts. Each 30 pg of extracted protein samples
were denatured at 100°C for 5 min, applied into Novex WedgeWell
12% Tris-Glycine Gels (Thermo Fisher Scientific) and separated by
SDS-PAGE at 110 V for 1.5 h. Protein samples were electroblotted
onto a Hybond-PDVF membrane (Amersham Biosciences, Uppsala,
Sweden) at 25 V for 2.5 h. The membranes were saturated with 5%
(wt/vol) non-fat dry milk in phosphate-buffered saline (PBS)
containing 0.1% (vol/vol) Tween 20 (Sigma-Aldrich, Saint Louis,
MO, USA) at room temperature (RT) for 1 h. The blocked
membranes were incubated with primary antibodies against CCNDI,
PAXS (Becton Dickinson, San Diego, CA, USA), MYC, interferon
regulatory factor 4 (IRF4) (Santa Cruz Biotechnology, Dallas, TX,
USA), BTK, SYK, IKZF1 (Cell Signaling Technology, Beverly, MA,
USA), or B-ACTIN (Sigma-Aldrich) at 4°C overnight. Antibodies
were detected by horseradish peroxidase-conjugated secondary
antibodies and enhanced chemiluminescence (ECL) Prime
(Amersham Biosciences) and qualitatively assessed.

Microarray analysis and signal pathway analysis. IVM-2 and Z138
cells were cultured with dimethyl sulfoxide (DMSO) or I-BET151 at
each ICg) for 6 h. Total RNA was extracted from the cultured cells
using a mirVana miRNA Isolation Kit. The gene-expression prolife
(GEP) analysis was determined by Affymetrix Gene Chip arrays and
GeneChip Scanner 3000 (Affymetrix, Santa Clara, CA, USA). Data
were analyzed using Affymetrix GeneChip operating software ver.
1.0. Genes showing at least a 1.5-fold difference in expression levels
from control were considered to be positive. Signal pathway analysis
was determined with the Ingenuity pathway analysis (IPA) software
(Ingenuity Systems, Mountain View, CA, USA).

Chromatin immunoprecipitation with parallel sequencing (ChIP-
Seq). ChIP was performed using the SimpleChIP Plus Enzymatic
Chromatin IP Kit (Magnetic Beads; Cell Signaling Technology)
according to the manufacturer’s protocol. Four million JVM-2 cells
were treated at a cell density of 2.0x105 cells/ml with either 10 uM
I-BET151 or DMSO for 6 h and crosslinked with 1.7%
formaldehyde in PBS for 5 min at RT. The cross-linking reaction was
stopped by the addition of 1x glycine solution (provided with the kit)
for 5 min at RT followed by two washes with PBS. Cross-linked
cells were lysed with buffer A supplemented with a dithiothreitol and
protease inhibitor cocktail, and the nuclear fraction was collected and
treated with micrococcal nuclease in buffer B containing
dithiothreitol at 37°C for 20 min. After sonication in 1x ChIP buffer
supplemented with a protease inhibitor cocktail, lysates were
clarified by centrifugation at 9,300 g for 10 min at 4°C. Chromatin
samples were diluted into five-fold in ChIP buffer containing a
protease inhibitor cocktail, and incubated with either anti-BRD4
antibody (E2A7X, Cell Signaling Technology) or anti-IgG antibody
(background control) overnight at 4°C. The antibody-bound
complexes were captured by incubation with protein G magnetic
beads for 2 h at 4°C and washed in low and high salt ChIP buffer.
DNA-protein complexes were eluted with elution buffer at 65°C for
30 min, and the DNA-protein cross-links were reversed by adding
NaCl and Proteinase K followed by incubation for 2 h at 65°C. The
immunoprecipitated DNA was purified using a spin column. ChIP-
Seq libraries for sequencing were prepared using the TruSeq ChIP
Sample Prep Kit (Illumina, San Diego, CA, USA). The libraries were

subjected to parallel sequencing with a HiSeq2500 sequencer
(Illumina) using the single-end 50 bp sequencing length protocol.
Next generation sequencing (NGS) raw data were converted into
FASTQ files using CASAVA software (version 1.8.2), and each data
set was aligned to the human genome reference (UCSC hg19) using
the Burrows-Wheeler Aligner (version 0.7.12) (11). ChIP-Seq peak
calling was performed using the MACS2 program (version 2.0.1)
with the default parameters but -q value 0.05, with the input data for
subtraction (12). Peak comparison with the control and I-BET151
samples was performed with Diffbind, an R package, using a
DeSeq2 algorithm, where the false-discovery rate of 0.1 was
considered significant (13). Super-enhancers were identified from the
set of peaks detected in DMSO-treated JVM-2 cells with the super-
enhancers software ROSE (14). ChIP-Seq peaks were annotated with
an R package of ChIPpeakAnno, and promoters were defined as
BRD4-enriched regions within 1 kb from the transcription start site
(15). The target gene of those super-enhancers was assigned to the
nearest gene from the center of the enhancer to each transcription
start site. Interaction analysis using the Reactome Pathway Database
(version 2014) was performed and visualized with ReactomeFIViz,
a Cytoscape plug-in, where the functional interaction of genes down-
regulated by BRD4 according to GEP analysis is displayed as a
network, and genes that are regulated are colored based on the ChIP-
Seq analysis result (16, 17).

Results

BRD4 inhibitor I-BET151 inhibits the growth and survival
of MCL-derived cell lines via G1/S cell cycle arrest and
apoptosis, respectively. After treatment with [-BET151 for
72 h, all four MCL-derived cell lines showed a dose-
dependent inhibition of cell proliferation with the IC5s of
3.6 uM, 3.5 uM, 2.6 uM and 3.0 uM for JVM-2, KPUM-
YY1, MINO, and Z138 cells, respectively (Figure 1A). The
underlying mechanisms for the anti-proliferative effect on
the MCL cell lines included both G;/S cell-cycle arrest
(Figure 1B) and apoptosis (Figure 1C).

Global transcription in MCL-derived cell lines is affected by
BRD4 inhibition with I-BETI51. Next, we analyzed the
global transcriptional changes in MCL-derived cell lines
induced by I-BET151 treatment to investigate the molecular
sequelae of BRD4 inhibition. We selected two cell lines,
JVM-2 and Z138, for this analysis because their sensitivities
to I-BET151 were intermediate among the four cell lines.
After 6-hour treatment with I-BETI51 at the ICg
concentration for each cell line, GEP analyses revealed that
609 were commonly up-regulated in both cell lines by more
than 1.5-fold, and 665 genes down-regulated by less than
0.67-fold (Figure 2A).

Because BRD4 inhibition leads to the down-regulation of
its direct target genes and also affects the expressions of
downstream target genes, we next performed the Ingenuity
Canonical Pathway analyses focusing on the 665 genes
down-regulated by I-BET151 treatment in both JVM-2 and
7138 cells. BRD4 inhibition affects BCR signaling, PI3K
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signaling in B-lymphocytes, and genes associated with B-
cell development as the major pathways, suggesting that
BRD4 regulates multiple genes crucial for B-cell functions,
i.e. development, differentiation, proliferation, and
activation (Table I). Furthermore, GEP revealed that
multiple genes involved in B-cell master regulation, such as
IKZF1, IKZF2, IKZF3, PAX5, and EBFI, and those
associated with BCR signaling pathways, such as BLNK,
CD22, BTK, SYK, BLK, CDI9, and CD79B, were
simultaneously down-regulated by BRD4 inhibition (Figure
2B). We also confirmed that I-BET151 treatment caused a
reduction in multiple molecules associated with B-cell
biology at the transcriptional level and at the protein level
in four of the cell lines examined (Figure 2C and D). In
addition, MYC expression was also down-regulated by I-
BET151 treatment in all of the cell lines examined, while
expression of CCNDI, which is the hallmark of MCL, was
reduced by I-BET151 in only two out of the four cell lines
(Figure 2D). Major cyclin-dependent kinase inhibitors,
p21WAF/CIP 'and p27%¥IP1 were also up-regulated following
I-BET151 treatment (Figure 2D), suggesting their
involvement in G1/S cell-cycle arrest.

Identification of BRD4 direct binding partner genes by ChlIP-
Seq. We next performed ChIP-Seq analysis of I-BET151-
untreated and -treated JVM-2 cells to identify the target genes
that bound to BRD4 out of all of the genes down-regulated
by I-BET151. ChIP-Seq analysis identified 14,267 and 3,091
sites bound to BRD4 in the untreated and I-BET151-treated
cells, respectively, including 2,386 sites which commonly
bound with BRD4 regardless of I-BET151 treatment (Figure
3A). By precise comparison of the ChIP signal intensities of
treated and untreated cells, 2,890 out of 14,267 sites were
significantly affected by I-BET151 according to the DeSeq2
algorithm, including those of genes involved in BCR
signaling, B-cell development, and oncogene MYB expression
(Figure 3B and 3C). Among all of the BRD4-binding regions,
547 were characterized as super-enhancers, including BLNK,
IKZF3, and PAXS5 (Figure 4).

We then combined the results of the GEP and ChIP-Seq
analyses to determine the genes most likely to be directly
regulated by BRD4, and data were integrated with the
Reactome Pathway Database. Visualization of these results
showed that in the MCL cell lines, BRD4 directly and
indirectly regulates a network of genes involved in the BCR
pathway and B-cell biology [BLNK, PAX5, EBF1, IKZF3,
pre-B-cell leukemia transcription factor 2 (PBX2), IRFS,
tumor necrosis factor receptor superfamily member 17
(TNFRSF17), etc.], as well as genes regulated by MYC
(IKZF3, etc.) and genes for cell proliferation and survival
[MYB, signal transducer and activator of transcription 6
(STAT6), ETS variant 6 (ETV6), etc.] (Figure 5).
Unexpectedly, MYC was not directly regulated by BRD4.
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Figure 1. Continued

Silencing single signaling pathways downstream of BRD4 is
not effective therapeutically. Finally, we investigated the
degree of involvement of the IKZF family and the BCR
signaling pathway on the cell viability of MCL-derived cell
lines, since these have been the therapeutic molecular targets
in BCLs. Treatment with up to 20 uM lenalidomide, an
inhibitor of the IKZF family, resulted in the reduction of
IKZF1 protein expression (Figure 6A), however, cell
proliferation was only modestly reduced in the KPUM-YY1
and MINO cells, and not significantly reduced in the JVM-
2, and Z138 cells (Figure 6B). Cell proliferation was
moderately suppressed by up to 2 uM ibrutinib, a BTK
inhibitor that blocks BCR signaling, in two out of the four
cell lines, KPUM-YY1 and MINO, in a dose-dependent
manner, while the effect was modest in the other two cell
lines, JVM-2, and Z138 (Figure 6C). When ibrutinib and
lenalidomide were combined, an additive effect on cell
proliferation in the moderately sensitive cell lines MINO and
KPUM-YY1 was observed (Figure 6C).

Discussion

Accumulating evidence in studies of carcinogenesis has
demonstrated the involvement of super-enhancers, regulatory
regions with high levels of acetylated histone H3 lysine 27
as the transcriptional mediator complexes involving BRD4.
Super-enhancers are enriched at oncogenic genes and
regulate their expression in various types of cancer cells (5,
14, 18-20). Therefore, the blockade of BRD4 potently down-
regulates the expression of super-enhancer-associated
oncogenic genes and potentially constitutes an anticancer
treatment in a broad range of cancer types. The blockade of
BRD#4 activity has been proposed as a potential therapeutic
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Figure 1. The antitumor effect of bromodomain-containing 4 (BRD4) inhibitor I-BET151 on mantle cell lymphoma (MCL)-derived cell lines.
A: Treatment with I-BETI151 for 72 h inhibited the proliferation of four MCL cell lines in a dose-dependent manner. Results are expressed as the
mean of triplicates. B: I-BET151 treatment at the 50% inhibitory concentration (ICs) for the indicated periods induced G,;/S cell-cycle arrest and
an increase in the sub-G; population in MCL-derived cell lines. The DNA content was examined by propidium iodide (PI) staining of formalin-
fixed cells using flow cytometric analysis. The x-axis represents DNA content, and the y-axis represents the relative cell numbers. Data shown are
representative results for JVM-2, KPUM-YYI, MINO, and Z138 cells. Green: G| phase; yellow: S phase; light blue: G,/M phase; white: sub-G;
population, a hallmark of apoptosis induction. C: I-BET151 treatment induced apoptosis in MCL-derived cell lines. Cells were treated with
I-BETI51 at the ICsys for each cell line for 24 h and were subjected to double staining with annexin-V (AV) and PI. Data shown are representative
of results for JVM-2 cells and MINO cells. x-Axis: AV positivity; y-axis: PI positivity. Fraction I: AV—/PI- (viable cells), fraction II: AV+/PI—
(cells undergoing early apoptosis), fraction Il11: AV+/PI+ (cells undergoing late apoptosis), and fraction IV: AV—/PI+ (necrotic cells) populations.
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Figure 2. Molecular expression changes induced by bromodomain-containing 4 (BRD4) inhibitor I-BET151 in mantle cell lymphoma (MCL)-derived
cell lines. A: Venn diagrams showing the numbers of genes up-regulated by more than 1.5-fold or down-regulated by less than 0.67-fold, respectively,
in JVM-2 and Z138 cells treated with I-BET151. B: Average fold change in relative expression of 665 commonly down-regulated genes in JVM-2
and Z138 cells after I-BET151 treatment as identified by microarray analysis are illustrated with the annotation of genes associated with B-cell
biology. C: Quantitative reverse transcription-polymerase chain reaction identified genes associated with B-cell biology and MYC. Cells were
treated with their respective 80% inhibitory concentrations (ICgys) with I-BET151 for the indicated periods. Significantly different at *p<0.05 and
*%p<0.01 compared with untreated cells (t-test). D: Western blot analyses. Cells were treated with their respective 50% inhibitory concentrations
(ICsps) or ICgys for I-BET151 for the indicated periods. Non-specific bands are indicated by arrowheads. Ctrl: Untreated cells.

Table 1. Transcriptional expression changes induced by I-BET151 treatment in JVM-2 and Z138 cells. The top 10 signal pathways suggested by
Ingenuity Canonical Pathway analysis involving genes commonly down-regulated by I-BET151 in JVM-2 and Z138 cells.

Ingenuity Canonical Pathways —Log p-value Ratio Involved genes
B-Cell receptor signaling 9.10E+00 1.37E-01 BLNK, FCGR2C, PTPN6, CD19, CD79B, POU2F2, CSK, INPPLI,
IKBKE, MAP3KS5, NFATC4, FCGR2B, INPP5D, PAX5, PTPRC, BTK,
BCL2LI1, EBF1, SYK, PIK3CG, MAPK3, CD22, NFATC2, PIK3CD
PI3K Signaling in B-lymphocytes 5.87E+00 1.19E-01 BLNK, CD19, CD79B, ATF1, IKBKE, NFATC4, FCGR2B, INPP5D, BLK,
PTPRC, BTK, SYK, PIK3CG, MAPK3, NFATC2, PIK3CD, PLEKHA2
B-Cell development 5.15E+00 1.94E-01 PTPRC, CD19, SPN, CD79B, CD80, CD86, HLA-DMB
Primary immunodeficiency signaling 4.63E+00 1.25E-01 BLNK, PTPRC, BTK, CD19, CIITA, ADA, RFX5, TNFRSF13B
Altered T-cell and B-cell signaling 4 21E+00 1.10E-01 TLR10, TRAF3, CD79B, CDS80, IL10, TLR7, CD86,
in rheumatoid arthritis HLA-DMB, TNFRSF13B, FAS, TNFRSF17
Fc’RIIB signaling in B-lymphocytes 4.10E+00 1.25E-01 BLNK, BTK, CD79B, PIK3CG, SYK, PIK3CD, FCGR2B, INPP5D
Role of NFAT in regulation of 3.79E+00 8.00E-02 BLNK, FCGR2C, CD79B, HLA-DMB, IKBKE, NFATC4, FCGR2B, BTK,
the immune response GNAIS5, CD80, MAPK3, PIK3CG, SYK, NFATC2, CD86, PIK3CD
CD28 Signaling in T-helper cells 3.44E+00 8.82E-02 PTPRC, PTPN6, CD80, CSK, PIK3CG, SYK, CD86,
NFATC2, IKBKE, HLA-DMB, PIK3CD, NFATC4
T-Cell receptor signaling 3.37E+00 1.01E-01 PTPRC, BTK, PTPN7, CSK, PIK3CG, MAPK3,
RASGRP1, NFATC2, IKBKE, PIK3CD, NFATC4
Systemic lupus erythematosus signaling 3.34E+00 6.25E-02 FCGR2C, PTPN6, CD79B, IL10, NFATC4, FCGR2B, INPP5D, PTPRC,

CD80, PIK3CG, MAPK3, CD22, TLR7, CD86, NFATC2, PIK3CD
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Figure 3. Results of bromodomain-containing 4 (BRD4) chromatin immunoprecipitation with parallel sequencing (ChIP-Seq) in JVM-2 cells. A:

Venn diagram showing the numbers of peaks detected by BRD4 ChIP-Seq

when treated with either Control or I-BET151, an inhibitor of BRD4. B:

Heatmaps of BRD4 signals between control and I-BET151-treated cells identified 2,890 promoters significantly affected by I-BET151. C: Gene
tracks of BRD4 signals near the transcription start site of B-cell linker (BLNK), MYB, and paired box 5 (PAX5) genes in untreated (red) and I-
BETI151-treated (blue) cells. Light blue bar indicates the region of a peak detected by the computational tool.

for MCL. The BRD4 inhibitor JQ1 showed high anti-
proliferative efficacy which was accompanied by the down-
regulation of MYC, CDK4/6 and RelA in MCL-derived cell
lines (21). We proposed that additional BRD4-regulated
targets for MCL likely exist. Supported by recent findings
on the promising utility of BRD4-regulated enhancer
profiling as a strategy for the identification of disease-
specific oncogenic molecules (22), we further identified
BRD4 targets which promote MCL development and
progression by taking advantage of comprehensive screening
of genes down-regulated by I-BET151.

BRD4 ChIP-Seq analysis identified several super-enhancers
as BRD4 targets in MCL, and, in combination with the results
obtained by GEP, our study revealed that genes associated
with the BCR signaling pathway and the IKZF family,
presumable upstream of the MYC/IRF4 axis (23, 24), are
crucially involved in MCL pathophysiology. These results
support the current clinical therapeutic strategy for MCL (25).
The introduction of targeted agents, such as ibrutinib for BTK,
which is a mediator of BCR signaling, bortezomib for the NF-
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kB pathway, which is downstream of the BCR signaling
pathway, and lenalidomide for IKZF family proteins, has
improved treatment outcomes for MCL (26-28). However,
despite an improvement over treatment with genotoxic agent,
a cure for MCL has been rarely achieved even with the use of
those molecular targeted agents, indicating that single
molecular targeting is not sufficient for eradicating MCL cells.
BRD4 targeting is an attractive strategy, because it
simultaneously regulates multiple genes associated with both
disease development and progression. Several basic studies
have supported this notion and found that BRD4 inhibitors can
synergistically augment the anti-MCL effect of ibrutinib or
lenalidomide even in bortezomib-resistant MCL cells (29).
Moreover, our study also revealed that the combination of
ibrutinib and lenalidomide increased anti-proliferative efficacy
in MCL cells. Although we initially expected that BRD4
screening may uncover novel molecular targets other than the
already known therapeutic targets, namely BCR pathway
associated genes and the IKZF gene family, this was not the
case. Indeed, gene knockdown experiments on several other
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Figure 4. Super-enhancers identified by bromodomain-containing 4 (BRD4) chromatin immunoprecipitation with parallel sequencing (ChIP-Seq)
in JVM-2 cells. A: A total of 547 BRD4-binding regions were characterized as super-enhancers. B: Gene tracks of BRD4 signals at B-cell linker
(BLNK), IKAROS family zinc finger 3 (IKZF3), and paired box 5 (PAX5) genes, including super-enhancer regions in untreated cells are shown.

Light blue bar indicates a super-enhancer.

BRDA4 targets, such as MYB or PAXS, did not show therapeutic
efficacy for proliferation, survival, or sensitivity to genotoxic
agents (data not shown). However, our results collectively
suggest the functional significance of dual or compensative
activation of the BCR signaling pathway and IKZF in MCL.
Although the single blockade of either pathway was not
sufficient as a therapeutic approach, our data also imply the
importance of concomitant blockade of those targets.

Our study also gained insight into the mechanism of
resistance to currently available molecular targeted
approaches in MCL. While the in vitro efficacies of
ibrutinib and lenalidomide were limited in our study,
I-BET151 demonstrated high efficacy against all four
MCL-derived cell lines examined. This result was
consistent with a previous study using broad
pharmacological profiling which demonstrated that a subset
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Figure 5. Integrated analysis of the results of gene-expression profiling (GEP) and chromatin immunoprecipitation with parallel sequencing (ChIP-
Seq) with the Reactome Pathway Database. Blue circles indicate genes significantly reduced by bromodomain-containing 4 (BRD4) inhibitor I-
BETI151 treatment, red; genes with super-enhancers, pink; genes with super-enhancers where the BRD4 signal was significantly reduced by I-
BETI151 treatment, green; genes indirectly down-regulated by BRD4 according to GEP that were not related to the BRD4 promoter.

of MCL cell lines was refractory to the BCR pathway
inhibitors, ibrutinib and sotrastaurin, due to recurrent
alterations in genes of the alternative NF-kB pathway that are
downstream of BCR signaling (30). Resistance to ibrutinib
likely involves the BTK C481S mutation at the ibrutinib
binding site in MCL cells. This mutation can enhance the
activation of both BTK and AKT, and also promotes tissue-
specific proliferation by CDK4 activation (31). In the MCL
lines studied, lenalidomide reduced the protein expression of
IKZF1 and IKZF3, but had no effect on IRF4 or MYC levels.
Since the antitumor effect of the BRD4 inhibitor is not
hampered by BTK mutational status and BRD4 regulates
multiple genes in the BCR signaling pathway in addition to
MYC, BRD4 inhibitors may be relevant in overcoming
resistance to current MCL treatments. We previously
identified the higher potency of a novel bivalent BRD4
inhibitor AZD51513 on BCLs concomitantly expressing
MYC and BCL2 compared with that of I-BET151, the
classical monovalent BRD4 inhibitor utilized in this study.
AZD5153 also concomitantly blocks multiple genes involved
in the BCR signaling pathway in addition to MYC (32).
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There are concerns about BRD4-targeting therapy as an
anticancer strategy. In this study, PAX5 transcription was
directly regulated by BRD4 at promoter regions, and
constituted a super-enhancer. PAXS, a transcription factor, is
essential for B-cell differentiation. Interestingly, PAXS has
been reported to act as a tumor suppressor in MCL, and we
also confirmed that silencing PAX5 led to increased cell
proliferation in MCL cell lines (data not shown), indicating
that a subset of BRD4 target genes are not responsible for
tumor progression, and may be tumor suppressors (33). These
findings may be translated into future studies on the
mechanism of sensitivity and resistance to BRD4 inhibitors in
BCLs, including MCL. It is also anticipated that the inhibition
of BRD4 may lead to unnecessary off-target molecular effects
which may potentially cause unexpected adverse events.

In conclusion, BRD4 regulates transcription of multiple
genes by binding to promoter regions, partly including super-
enhancers and, thus, simultaneously regulates various
pathways responsible for disease development and
progression. Our study disclosed the therapeutic importance
of simultaneous blockade of the BCR signaling and IKZF
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axis in MCL, indicating that BRD4 inhibitors constitute
promising candidates for MCL treatment.
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