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Background: BRD4 interacts with P-TEFb, which regulates Pol II elongation.
Results: Disruption of BRD4 binding by JQ1 resulted in reduced Pol II Ser-2 in CD4+ T cells.
Conclusion: BRD4 affects Pol II Ser-2 phosphorylation at a subset of lineage-specific active genes in primary human CD4+ T

cells.

Significance: BRD4 binding may represent a means of identifying active promoters and lineage-specific enhancer elements.

Transcriptional elongation by RNA polymerase II (Pol II) is
regulated by positive transcription elongation factor b (P-TEFb)
in association with bromodomain-containing protein 4 (BRD4).
We used genome-wide chromatin immunoprecipitation se-
quencing in primary human CD4+ T cells to reveal that BRD4
co-localizes with Ser-2-phosphorylated Pol II (Pol II Ser-2) at
both enhancers and promoters of active genes. Disruption of
bromodomain-histone acetylation interactions by JQ1, a small-
molecule bromodomain inhibitor, resulted in decreased BRD4
binding, reduced Pol II Ser-2, and reduced expression of lin-
eage-specific genes in primary human CD4+ T cells. A large
number of JQ1l-disrupted BRD4 binding regions exhibited
diacetylated H4 (lysine 5 and -8) and H3K27 acetylation
(H3K27ac), which correlated with the presence of histone
acetyltransferases and deacetylases. Genes associated with
BRD4/H3K27ac co-occupancy exhibited significantly higher
activity than those associated with H3K27ac or BRD4 binding
alone. Comparison of BRD4 binding in T cells and in human
embryonic stem cells revealed that enhancer BRD4 binding sites
were predominantly lineage-specific. Our findings suggest that
BRD4-driven Pol II phosphorylation at serine 2 plays an impor-
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tant role in regulating lineage-specific gene transcription in
human CD4+ T cells.

Regulation of gene transcription occurs at both initiation and
elongation phases (1, 2). Phosphorylation of serine 5 (Ser-5) in
the C-terminal domain of RNA polymerase II (Pol II)? is asso-
ciated with initiation (3, 4), whereas Pol II phosphorylation at
Ser-2 is mediated by positive transcription elongation factor b
(P-TEFb) and is associated with elongation (5). P-TEFb associ-
ation with Pol II depends on tethering factors such as transcrip-
tion factor c-Myc, which is recruited to one-third of all active
genes in mouse embryonic stem cells (2).

Bromodomain-containing protein 4 (BRD4) is a nuclear pro-
tein that contains two bromodomains (BD1 and BD2) (6).
BRD4 interacts with acetylated lysines, but the exact combina-
tion of modified histone tails required to recruit BRD4 to target
genes is unknown. For example, in vitro assays indicate that
BRD4 binding can be supported by diacetylated histone 3 (H3)
at lysines K9/14, and by di-acetylated histone 4 (H4) at lysines
K5/12, as well as by tetra-acetylated H4K5/8/12/16 peptides (7).
In contrast, in vivo studies have identified acetylation at histone
H4K5/8/12 (8) and H3K9acS10ph/H4K16ac (9) as BRD4 rec-
ognition sites. BRD4 has also been implicated in the recruit-
ment of P-TEFb and transcription elongation (8, 10), but the

3 The abbreviations used are: Pol Il, RNA polymerase Il; P-TEFb, positive tran-
scription elongation factor b; BRD4, bromodomain-containing protein 4;
ChlIP-seq, ChIP sequencing; hESC, human embryonic stem cell; HAT, his-
tone acetyltransferase; HDAC, histone deacetylase; CBP, CREB-binding
protein; CREB, cAMP-responsive element-binding protein; Ab, antibody;
UCSC, University of California, Santa Cruz; TSS, transcription start site;
RPKM, reads per kilobase of exon model per million mapped reads; DHS,
DNase | hypersensitive sites; BET, bromodomain and extraterminal domain
nuclear protein.
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relative contribution of BRD4 to regulation of Pol II Ser-2 phos-
phorylation across the genome remains poorly defined.

Although Pol II binding to promoters has been studied
extensively, enzyme interactions with enhancer or locus con-
trol regions are less well understood (11-14). Recently, Kim ezt
al. (15) detected Pol II at enhancers throughout the genome in
mouse neurons, but the phosphorylation state of Pol II at these
sites was unclear. Ser-5 phosphorylation of Pol II has also been
observed at the locus control region of the B-globin gene (11)
and Pol IT Ser-2 has been detected at the enhancer of the pros-
tate-specific antigen gene (13, 16). We therefore sought to
determine whether BRD4 can regulate Pol II activity via Ser-2
phosphorylation at promoters and enhancer regions across the
genome.

We analyzed data from ChIP-seq of BRD4 distribution after
integration with data describing histone acetylations, methyla-
tions, and Pol II binding (17-20) in primary human CD4+ T
cells. We report that BRD4 co-localizes with Pol II at promoters
and can influence Pol II phosphorylation at Ser-2 at a subset of
Pol II-targeted genes. Pol II Ser-2 was decreased at gene bodies
upon disruption of BRD4 binding by treatment with the small
molecule inhibitor JQ1, and a similar mechanism appeared to
characterize enhancer regions. Our data reveal that BRD4
recruitment in human CD4+ T cells occurs predominantly at
sites that exhibit H4K5 and H4K8 acetylations. In addition,
regions bound by BRD4 and Pol II were enriched in both his-
tone acetyltransferases and deacetylases. Interestingly, we
observed that H3K27ac sites bound by BRD4 and Pol II Ser-2
exhibited higher gene activity than H3K27ac sites alone. Our
findings indicate that histone hyperacetylation at the promot-
ers and enhancers of transcriptionally active genes contributes
to the chromatin environment required for BRD4 binding and
may support Pol II recruitment and subsequent phosphoryla-
tion at Ser-2. Furthermore, we present evidence that BRD4
occupies different sets of enhancers in CD4+ T cells and in
human embryonic stem cells (hESCs), suggesting that BRD4-
driven Pol II phosphorylation at serine 2 may play an important
role in regulating lineage-specific gene expression.

EXPERIMENTAL PROCEDURES

CD4+ T Cell Isolation, Chromatin Preparation, and ChIP—
All blood sample collections and procedures used in this study
were approved by the Institutional Review Board of Singapore
in accordance with the guidelines of the Health Sciences
Authority of Singapore. Informed consent was obtained from
all participants in accordance with the Declaration of Helsinki.
CD4+ T cells were purified from normal human peripheral
blood using the human CD4+ T cell isolation kit II (Miltenyi
Biotec). Freshly isolated human CD4+ T cells were treated or
not with 500 nm JQI for 24 h. The human CD4+ T cells or
human embryonic stem cells were sonicated to generate chro-
matin fragments of ~100-300 bp length. Cells were cross-
linked with 1% formaldehyde at room temperature for 7 min
prior to sonication. Sonicated chromatin extracts were immu-
noprecipitated using the anti-BRD4 antibody (Abcam 46199,
targeting the amino acid sequence 1348 —1362 of BRD4), anti-
RNA Pol IT Ser-2 (Abcam 5095), anti-RNA Pol II 4H8 (Abcam
5408), and anti-CDK9 (Santa Cruz Biotechnology 484). ChIP
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TABLE 1
Quantitative PCR primers used in the CDK9 ChIP assay
CXCR4 gene
Primer 1
Forward TGTCTGAATTTAGAGGCGGAGGGCGGCGTG
Reverse GCACAGCTCCGTCGGCCGCACAGAGTTTAA
Primer 2
Forward GCGGCCAGAAACTTCAGTTTGTTGG
Reverse ACTGGACTTACACTGATCCCCTCCATGGTA
Primer 3
Forward CGCACGCGCCTCGGTCCCAGCTATCTCC
Reverse AGTGCTTTCCCCCTCGCGCCACTTCCCTCC
Primer 4
Forward ACAGGAGATGAAGTCACTTCGATGACATAA
Reverse GCTGTTTAGAGAAAGTCTGAAGGCTTACCC
Primer 5
Forward CCAAGTAGGGGTAGATAGGCTCTGGGCACC
Reverse ACCACACTACCAGCACGATTGGCTTTCATC
Primer 6
Forward CCTTTTTGCCTCTGTAACAGCCATCTCTCC
Reverse CCATCTGAAACCACAGTGGGGTGTTAGGTA
FOS gene
Primer 1
Forward TCTGTGTGCTAATCTATGCCCAAATCAACA
Reverse CAGGAAATCGAATGTAAAACCCTCCGAC
Primer 2
Forward GCCACGCTGAAACCTGAAACCATAACGTAA
Reverse TGAGTTCATGCCGCAAAGGAGAGTCAAG
Primer 3
Forward CGTCGCCAGTGTTTGGTGTGTAACGTTCT
Reverse TGGGAGACAACAACCAAAACAGCAACACAG
Primer 4
Forward AACTACTTCTGCATGCTGGGGATGGGCTGT
Reverse GGCACTTGAAGGAGACCTGACCCCACACTT
Primer 5
Forward CCCACGAGACCTCTGAGACAGGAACTG
Reverse TATGAATGAGTGTAAACGTCACGGGCTCAA
CXCRS5 gene
Primer 1
Forward CATGACCTTGTGGTAACCTTGATGTGCCTA
Reverse ACAGGAAGTGGGGTGGTAAAGGCTGTC
Primer 2
Forward GGGTAAACAACCTGAGTGCTGGGGTGATGG
Reverse CGGGGAGACTGGCAGGAGAGAAGGAGAGA
Primer 3
Forward CTCACTCCCTTCCCATAAGCTATAGACCCG
Reverse CCTGCCTCAGTGTGTTTCTTACACTTCCCT
NANOG gene
Forward CAAAATGGAGATACTGATAAGACTTCTTG
Reverse AGGACACTTTTGTCTAAAATTTTTCAAATA

assays were performed as described previously (21). Chromatin
from 1 X 10° cells (generating ~150-200 ug DNA) was used
for each ChIP experiment. Chromatin prepared from different
donors were pooled and stored at —80 °C. Five to 10 ug of
antibody was used for each ChIP experiment. In the ChIP-seq
analyses to determine JQ1 effects, isolated human CD4+ T
cells were pooled from five different donors and used for side-
by-side experiments of BRD4, Pol II Ser-2, Pol II Ser-5, and total
Pol II (4H8) treated with or without 500 nm JQ1 for 24 h. ChIP-
enriched DNA was processed and sequenced using Solexa (Illu-
mina) according to the manufacturer’s protocol. DNA was
sequenced using the Solexa 1G genome analyzer (Illumina) for
the BRD4 library, and Genome Analyzer IIx was used to
sequence the BRD4 library generated in hESC. The JQ1-treated
libraries for BRD4, Pol II Ser-2, and Pol IT 4H8 were sequenced
on the HiSeq 2000. Fifteen nanograms of each ChIP-enriched
DNA were processed for quantitative PCR or for sequencing.
The quantitative PCR primers used in the CDK9 ChIP assay
were as follows (Table 1).

Alignment of Tag Sequence—ChIP-seq data generated for
BRD4 (T cells and hESC) were aligned with the Solexa read
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alignment program Eland to reference build hg18 of the human
genome. Data for JQ1 comparisons (with and without treat-
ment) for CD4+ T cell poly(A) RNAseq and BRD4, Pol II Ser-2,
Pol II Ser-5, and total Pol II (4H8) ChIP-seq were aligned with
Bowtie using default parameters and m 1, k 2, best, and strata.
Mapped sequence tags for Pol II, H3K4mel, H3K4me2,
H3K4me3, H2AZ, H3K36me3, H4K20mel, and H3K27me3
generated by ChIP-seq in T cells (data obtained from Ref. 17)
were available from the NCBI Short Read Archive under acces-
sion no. SRA000206. ChIP-seq data for histone acetylations in
T cells (H4K5ac, H4K8ac, H4K12ac, H4Kl6ac, H3K9ac,
H3K14ac, H2AK5ac, H2AK9ac, H2BK12ac, H2BK20ac,
H2BK120ac, H2BK5ac, H3K18ac, H3K23ac, H3K27ac,
H3K4ac, H3K36ac, and H4K91ac) (19) were downloaded from
SRA000287. ChIP-seq data for Ser-5 phosphorylated Pol II and
unphosphorylated Pol II were obtained from SRA000234.
ChIP-seq data for Ser-2 phosphorylated Pol II was downloaded
from GSM501715. ChIP-seq data for histone acetyltransferases
(HATSs) and HDACs (CBP, p300, p300/CBP-associated factor,
males-absent-on-the-first, Tip60, HDAC1, HDAC2, HDACS3,
and HDAC6) (20) were downloaded from GSE15735. ChIP-seq
data for CD4+ T cell DNase hypersensitive sites were obtained
from GSM252783 (22).

Cross-link Co-immunoprecipitation Analysis—Co-immuno-
precipitation studies were performed using the Jurkat cell line
with the Pierce cross-link IP kit (catalog no. 26147) according to
the manufacturer’s instructions. Briefly, 5-10 ug of Abs: IgG
(Upstate/Millipore), anti-BRD4 (customized and Abcam
75898) and anti-CDK9 (Santa Cruz Biotechnology, sc-484)
were coupled to protein A/G-agarose by incubation for 1 h at
room temperature. The bound Abs were then cross-linked with
disuccinimidyl suberate for 1 h at room temperature. Jurkat
cells were lysed in lysis buffer (25 mm Tris, pH 7.4, 150 mm
NaCl, 1% Nonidet P-40, 1 mm EDTA, 5% glycerol, and protease
inhibitor mixture), followed by preclearing with Pierce control
resin to reduce nonspecific binding. The samples were incu-
bated with Ab-cross-linked resin in the column overnight at
4 °C. Immunoprecipitates were washed three times with lysis
buffer and once with conditioning buffer (neutral pH buffer).
The resulting antigens were eluted with elution buffer (primary
amine, pH 2.8) and then diluted with 5X sample loading buffer.
Proteins were subjected to SDS-PAGE followed by Western
blot analysis.

Peptide Competition Assay—Four identical samples (Jurkat
or HeLa cell lysate prepared as described in “Cross-link Co-
immunoprecipitation Analysis”) were prepared for analysis of
each antibody (S2 RNAPII, ab5095; S2 RNAPII H5, ab24758).
Proteins from each cell line were transferred and immobilized
on a PVDF membrane. At the same time, 4 ml of primary anti-
body (1 mg/ml) was prepared in nonfat milk blocking buffer,
and the individual peptides (RNAPII carboxy-terminal domain
repeats YSPTSPS peptide ab12795, RNAPII carboxy-terminal
domain repeats YSPTSPS phospho-Ser-5 ab18488, RNAPII
carboxy-terminal domain repeats YSPTSPS phosphor-Ser-2
ab12793, respectively), were added to achieve 200-fold molar
excess of peptide to antibody. The antibodies, preincubated or
not with specific peptides, were then incubated with each sam-
ple for 2 h at room temperature. After several washes to remove
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TABLE 2
Region-type definitions and score for peak-gene associations
Region Definition Score

Proximal promoter —2 kb to 0 b upstream of TSS 2
Distal promoter —10 kb to — 2 kb upstream of TSS 1
5' Distal —50 kb to — 10 kb upstream of TSS 0
>50 kb upstream Greater than — 50 kb upstream 0
First exon Within first exon 2
Other exon Within exons other than first exon 2
Intronic Intragenic regions other than exons 2
3’ Proximal downstream Within 1.5 kb downstream of TTS 2
3’ Distal downstream Within 1.5 kb to 50 kb downstream of 0

TTS

>50 kb downstream Greater than 50 kb downstream of TTS 0

unbound antibody, secondary antibodies (goat anti-rabbit IgG-
HRP or goat anti-mouse [gM-HRP) were added prior to further
incubation. Unbound secondary antibodies were then removed
by thorough washing before the bands were developed.

Peak Calling—Peak calling was performed using FindPeaks4
(23) with a 200-bp extension of sequence tags and a false dis-
covery rate of 0.01 (using the Lander-Waterman algorithm).
Sequenced tags were excluded from peak calling if they were
either duplicate reads, reads with >2 ambiguous base calls, or
>2 mapping mismatches. ChIP-seq libraries used in the analy-
sis of effects of JQ1 on BRD4 and different phosphorylation
states of Pol II were called with a false discovery rate of
0.0000001 due to their high sequencing depth. See supplemen-
tal “Methods” for identification of peak gene associations, clas-
sification of peak binding region, and determination of peak
binding overlap.

Peak Gene Association—The peaks belonging to a library
were first overlaid with refseq transcripts in the refFlat table
(build hg18, extended by 50 kb) downloaded from the Univer-
sity of California, Santa Cruz (UCSC). Overlap with the
extended refseq transcripts was determined using intersectBed
from BEDTools (version 2.16.2) (24). Only the peak-gene over-
laps that involved at least 50% of the width of the peak were
retained for classification of peak binding region.

Classification of Peak Binding Region—Peak-gene associa-
tions were used to classify BRD4 binding region type by calcu-
lating the distance from the BRD4 peak max to the transcrip-
tion start site (TSS) and termination site of the gene.

Region-type Definitions and Score for Peak-gene Associations—
Peak-gene association analysis was performed using the Perl
Programming Language (version 5.10.0) (Table 2). Peak-gene
associations were identified only where association scores were
equal to the maximum obtained for a particular peak.

Peak Binding Overlap/Co-localization—Unless otherwise
stated in the text, overlap was defined as =1 bp of a histone
modification or Pol II peak that occurred within =1 kb of the
BRD4 peak max. Overlap of BRD4 binding in CD4+ T cells and
hESCs was defined as =1 bp of a BRD4 peak in hESCs that
occurred within +2.5 kb of a BRD4 peak max in CD4+ T cells.

CpG Islands—Genomic coordinates of CpG islands table
“cpglslandExt” for hgl8 were obtained from the UCSC Table
Browser.

Tag Density Distribution—Sequence tags that contributed to
statistically significant peaks were extracted and directionally
extended by 200 bp. Tag density distributions were then plotted
in windows centered on either the TSS for promoters or on
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BRD4 peak max position for non-promoters. Total tags in
50-bp bins were then counted for each window.

Tag density profiles were obtained by calculating the average
normalized tag count for all genes/sites analyzed in each bin.
For each gene analyzed, tag density distributions in the tran-
script width were counted for bin sizes 1/100 of the length of
the gene body.

Tag Normalization—For comparisons between libraries, tag
counts in each bin were normalized by a factor of 10/(“#”; num-
ber of million non-duplicate mapped tags in the library, calcu-
lated to two decimal places). The value n number of million
non-duplicate mapped tags reflects the number of tags used for
peak calling.

Tag Density Heat Maps—Heat maps were generated from
matrices of calculated tag density distribution and visualized
using Java TreeView (25). Contrast value 3 was used for all heat
maps except H3K36me3 (1.01), H3K27me3 (0.3), and CpG
(0.81).

Nucleosome Preparation—]Jurkat T cells were lysed in lysis
buffer (20 mm HEPES (pH 7.3), 3 mm MgCl,, 0.25 M sucrose,
0.5% Nonidet P-40) and then washed twice in fresh lysis buffer.
The cell pellets were resuspended in buffer B (20 mm HEPES, 3
mMm MgCl,, 0.2 mMm EGTA). Three mg of DNA was used for each
reaction of oligonucleosome generation. An equal volume of
buffer B containing an additional 0.6 m KCI and 10% glycerol
was then added and incubated for 30 min at 4 °C. The nuclear
pellets were obtained by centrifugation at 17,000 X g for 40 min
and were subsequently resuspended in digestion buffer (20 mm
HEPES, pH 7.3, 10 mm KCI, 1.5 mm MgCl,, 0.34 M sucrose, 2
mm CaCl,, 10% glycerol). Chromatin was digested with
microccocal nuclease (Worthington) at 37 °C for 15 min (50
units/mg DNA in a total volume of 400 ul). The reaction was
stopped by addition of 5 mM EGTA and centrifugation at 600 X
g. The nuclear pellets were resuspended in nuclear extraction
buffer (20 mm HEPES, pH 7.35, 420 mm NaCl, 1.5 mm MgCl,,
0.2 mMm EGTA) and kept on ice for 1 h. Nuclear debris was
removed by centrifugation (1000 X g for 5 min at 4 °C). The salt
concentration of the supernatant was then adjusted to 150 mm
NaCl by addition of dilution and equilibration buffer (20 mm
HEPES, pH 7.35, 1.5 mm MgCl,, 0.2 mm EGTA, and 25% glyc-
erol), whereas the supernatant was vortexed. The resulting
H1-chromatin-enriched precipitate was cleared by centrifuga-
tion, and the suspension containing mainly mononucleosomes
and dinucleosomes was used for GST pulldown (see below).

Glutathione S-Transferase (GST)-BD1 and -BD2 Nucleosome
Pulldown Assay—Purified GST, GST-BD1, and GST-BD2 pro-
teins were incubated overnight at 4 °C under gentle rotation
with mononucleosomes in a total volume of 500-ul binding
buffer (50 mm Tris, pH 7.4, 100 mm NaCl, 0.1% Nonidet P-40,
10% glycerol). Following incubation, glutathione-Sepharose 4
Fast Flow beads were added to the reaction and incubated for
2 h at 4 °C. Beads were washed five times with binding buffer,
resuspended in 2X sample loading buffer, heated for 5 min at
95 °C, and then analyzed by SDS-PAGE and Western blotting.

H3 and H4 Peptide Binding Assay—Ten micrograms of GST-
purified BD1- and BD2-BRD4 proteins were incubated over-
night at 4 °C with 0.02 pg of N terminus biotin-labeled syn-
thetic H3 or H4 peptides carrying acetylation or methylation
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TABLE 3
RT-PCR primers used in this work
CXCR4
Forward CCCGACTTCATCTTTGCCAACGTCAGTGAG
Reverse TCTGGTGGCCCTTGGAGTGTGACAGCTT
RUNX3
Forward GCAGGCAATGACGAGAACTA
Reverse GTCTGGTCCTCCAGCTTCTG
CD4
Forward TTCCCTCCACAGTGACTGCCAACTCTGA
Reverse CAAGACAGTGCATGTCCAGGTGCCACTATC
IL2RA
Forward GAACCATGTTGAACTGTGAATGCAAGAGAG
Reverse TTGCATTTCTGTGGTTTTCCTTTCTTTCTG
FOS
Forward GTCTCCAGTGCCAACTTCATTCCCACGGTC
Reverse GCTCGGCCTCCTGTCATGGTCTTCACAAC

modifications at specific lysine residues (or with control pep-
tides that lacked modifications) in a buffer containing 50 mm
Tris-HCI, pH 7.4, 15 mm MgCl,, 150 mm NaCl, 0.5 mm DTT,
and 0.1% Nonidet P-40. The following day, 25 ul of M-280
streptavidin beads (Dynal) were added to the peptide mixture
and incubated for 1 h at 4 °C. The beads were washed three
times before the bound proteins were eluted with 2X sample
buffer and resolved by SDS-PAGE for Western blotting.

Western Blots—For antibody specificity assays, HeLa and Jur-
kat cell lines were seeded at a density of 5 X 105 cells/well in a
six-well plate. Twenty four hours after seeding, the cells were
treated or not with Flavopiridol at the indicated concentrations
(0.01-1 um) for 1 h. The cells were then lysed and subjected to
Western blot analysis. Western blots were carried out using
standard protocols. Antibodies used were CDK9 (Santa Cruz
Biotechnology, sc484), BRD4 (Abcam, 75898, and customized
Ab against epitope sequence NFQSDLLSIFEENLF at the C-ter-
minal of BRD4 protein), RNA Pol II phospho-Ser-2 H5
(ab24758), S2 RNA Pol II phospho-Ser-2 (ab5095), RNA Pol I1
phospho-Ser-5 (ab5131), RNA Pol II 4H8 (ab5408), and actin
(Chemicon MAB 1501). HRP-conjugated secondary antibodies
used were anti-rabbit IgG (GE Healthcare, NA934V), anti-
mouse IgG (GE Healthcare, NA931V), anti-mouse IgM (Santa
Cruz Biotechnology, sc2064), and anti-protein A (GE Health-
care, NA9120V).

RNA Isolation, Quantitative RT-PCR Analysis, and RNA-seq—
Human CD4+ T cells were treated or not with 1000 nm JQ1 for
24 h. Total RNA was extracted using TRIzol (Invitrogen) and
purified by an RNeasy mini kit (Qiagen). RNA concentration
was quantitated using a NanoDrop spectrophotometer
(Thermo Scientific). For cDNA synthesis, 1 ug of total RNA
was used with the SuperScript II kit (Invitrogen) according to
the manufacturer’s instructions. RNA levels were measured by
real-time PCR using SYBR Green detection with the ABI Prism
7900HT machine (Applied Biosystems). Results were normal-
ized to GAPDH. RNA sequencing was performed using an Illu-
mina GA IIX next-gen sequencer. The image processing and
base calling were performed by real-time analysis. RT-PCR
primers are shown in Table 3.

Calculation of RNA-seq Transcript Expression and Definition
of JQI-sensitive Refseq Transcripts—Uniquely mapped reads
with a maximum of two ambiguous base calls and a maximum
of two base mismatches were used for transcript expression
measurements. A total of 24,083,771 reads was obtained from
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TABLE 4
p values and adjusted p values from pairwise Wilcoxon rank sum tests between four classes of transcripts
Group 1 Group 2 p value Adjusted p value

BRD4/H3K27ac overlapping sites BRD4 unique sites 1.18 X 10737 7.10 X 10737
BRD4/H3K27ac overlapping sites H3K27ac unique sites 1.01 X 10~°* 6.04 X 10°*
BRD4/H3K27ac overlapping sites DHS unique sites 0 0
BRD4 unique sites H3K27ac unique sites 1.90 X 103* 1.14 X 1073*
BRD4 unique sites DHS unique sites 0.76 1
H3K27ac unique sites DHS unique sites 1.38 X 107* 827 X 107 %

the non-treated CD4+ T cell poly(A) RNA library, and
26,361,151 reads were obtained from the JQ1-treated CD4+ T
cell poly(A) RNA library. Estimation of refseq transcript
expression was performed using the Partek Genomics Suite™
RNA-seq workflow (Partek® software, version 6.5, build
6.11.0121). Transcript level mapping was performed using
28,787 transcripts of the hgl8 refGene table, downloaded from
USCS Table Browser (6). Reads per kilobase of exon model per
million mapped reads (RPKM) values were used for further
analysis. Transcripts that displayed RNA-seq expression values
of =5 RPKM that were decreased by half or more upon JQ1
treatment were regarded as being down-regulated by JQ1.

Percentage of BRD4 Binding for RNA-seq Transcript Expres-
sion Categories—Refseq transcripts were categorized based on
their RPKM values into the following 12 expression categories:
0 RPKM,; less than or equal to 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 RPKM;
and greater than 10 RPKM. Transcripts were considered to be
BRD4-bound if they had been associated to a BRD4 peak
through peak-gene association and classification of binding
region.

Test of Correlation for BRD4 Peak Height with Transcript
Expression—All transcripts were first ranked according to their
RPKM expression levels and binned into groups of hundreds.
The average height of the 100 BRD4 peaks in each bin was
calculated, and a test for correlation between average peak
height and bin expression number was performed using the
Spearman’s correlation coefficient. The Spearman correlation
of p = 0.848 was obtained.

Pearson’s Chi-squared Test for BRD4 Binding Regions Com-
pared with Randomized Binding Regions—Control distribu-
tions were generated from 1000 sets of BRD4 peaks placed ran-
domly across the genome (shuffleBed, BEDTools, version
2.16.2 (24)). Peak-gene association and classification of binding
regions for each set of 33,544 peaks was then conducted. Pear-
son’s Chi-squared test was subsequently used to compare the
distribution of actual BRD4 peaks with the mean distribution of
the randomized data sets across the following gene regions; first
exon, proximal promoter, 3’ proximal downstream, other exon,
distal promoter, intronic, 5" distal, 3" distal downstream, >50 k
downstream, >50 k upstream, and “not associated.” The ratio
of experimentally observed BRD4 peaks to randomized control
peaks was then calculated for each gene region. The p values
shown in Fig. 2B represent the probability of observing, by
chance, a higher number of peaks in that region than was
detected experimentally by BRD4 ChIP-seq. For the not asso-
ciated region, p values describe the probability of observing, by
chance, a lower number of peaks in that region than was
detected experimentally by BRD4 ChIP-seq.

Comparison of RPKM between Groups of Refseq Transcripts—
Refseq transcripts were grouped into four classes based on their
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association with BRD4, H3K27ac, or DNase I hypersensitive
sites (DHS). A non-parametric analysis of variance (Kruskal-
Weallis rank sum test) was performed in R, a language and envi-
ronment for statistical computing and graphics, using the func-
tion “kruskal test” where p < 2.2 X 10 '° indicated that
medians were significantly different. Pairwise Wilcoxon rank
sum test was used to compare transcript classes using the R
function “wilcox test.” p values were adjusted with a Bonferroni
correction using the R function “p.adjust” (Table 4).

Pathway Enrichment Analysis—Pathway enrichment analy-
sis was performed using IPA software (Ingenuity® Systems) to
obtain the negative log p values of gene enrichment in different
canonical pathways.

RESULTS

BRD4 Binding Is Associated with Active Genes across the
Genome—To establish whether BRD4 regulates transcription
elongation in a genome-wide manner, we performed ChIP fol-
lowed by DNA sequencing in primary human CD4+ T cells to
identify 33,544 BRD4 binding sites (peaks). The specificity of
the BRD4 antibody (Abcam 46199) was confirmed by Western
blotting using the total lysate, cytoplasmic lysate, and nuclear
lysate of THP-1 and HeLa S3 cells. The BRD4 antibody rou-
tinely detected a protein of the appropriate molecular weight
for BRD4 (~250 kDa; supplemental Fig S1a) (10, 26). We first
examined two individual active loci in CD4+ T cells; both CD4
and LCK exhibited high levels of BRD4 binding not only in
promoter regions but also in multiple intergenic and intronic
regions (Fig. 14). Conversely, inactive loci IL13 and IL5 (silent
genes in non-polarized T cells) lacked occupancy by BRD4 (Fig.
1B). To determine whether these findings were indicative of a
broader trend in transcriptional regulation, we examined the
relationship between BRD4 sites and levels of gene expression
on a global scale. Gene expression levels were measured by
high-throughput sequencing of polyadenylated RNA from
human CD4+ T cells. We observed that the majority of
expressed genes (81.8%) were targets for BRD4 binding (23,518
transcripts with RPKM =1) and that this feature was particu-
larly evident among highly expressed genes (Fig. 1C). To verify
the relationship between gene expression and BRD4 binding,
Refseq transcripts were ranked by RPKM value (with the order
of ties selected randomly and then grouped into bins of 100
transcripts. Pearson’s Chi-squared test was used to analyze the
28,787 transcripts based on their bin number and presence or
absence of BRD4. We observed significant dependence
between levels of gene expression and the presence of BRD4
(X-squared = 9255.312, df = 287, p < 2.2e” '°). A similar anal-
ysis of transcript associations with Pol II (supplemental Fig S1b)
and H3K4me3 (supplemental Fig S1c) displayed a comparable
trend, indicating that increased transcript expression was asso-
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FIGURE 1. BRD4 binding is associated with active genes across the genome. UCSC genome browser views of BRD4 ChIP-seq peaks identified at active genes
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sorted by expression values). Spearman correlation was r = 0.848 (see also supplemental Fig. S1).

ciated with the increased presence of Pol II and H3K4me3.
Moreover, from a Spearman correlation test of RPKM and peak
height, we found gene expression levels were strongly corre-
lated with BRD4 peak height (p, 0.848; p < 0.0001; Fig. 1D).
Taken together, these data indicate that genome-wide binding
of BRD4 is associated with active genes and that levels of BRD4
binding correlate with gene expression activity.

BRD4 Binds Both Promoters and Enhancers—To further clar-
ify the role played by BRD4 in global transcriptional regulation,
we examined the distribution of BRD4 binding sites within the
gene that encodes chemokine receptor 4 (CXCR4); a protein
thatinfluences T cell migration and may support HIV cell entry
(27). We identified BRD4 peaks in multiple regions along the
CXCR4 gene and promoter (Fig. 2A and supplemental Fig S2a).
These regions displayed high levels of the H3K4me3 mark of
transcription initiation that is generally found located within
promoters (17, 19). Intriguingly, peaks of BRD4 binding were
also detected 7—24 kb upstream of the TSS for CXCR4 (Fig. 24,
right box). These BRD4 binding regions co-localized with
H3K4me2 and H3K4mel, which are often enriched at gene
enhancers (19, 28). Lower levels of H3K4me3 were also
detected in a region upstream of the TSS, consistent with
reports from other investigators (17). Further analyses revealed
additional BRD4 binding capacity in the upstream regions of
other genes expressed in T cells, including FOS, BCL3, and
CXCRS5 (supplemental Fig S2, b, ¢, and f, respectively). Known
enhancer elements, including the proximal enhancer and thy-
mocyte enhancer regions of the CD4 gene, as well as the Posi-
tive Regulatory Region IV and CD28RE regions of IL2RA (as
defined in Ref. 29), were also found to exhibit BRD4 binding
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sites (supplemental Fig. S2, d and e, respectively). These data
indicated that BRD4 binds both to promoters and enhancers
and potentially associates with cis-acting regulatory elements
that may influence transcription across the genome.

To assess the extent of BRD4 binding at promoters and reg-
ulatory elements, we next examined the distribution of BRD4
peaks across the genome with respect to individual genes (Fig.
2B). Although single gene studies have previously suggested
that BRD4 acts primarily at promoters (8, 10), other studies
have reported detection of the BRD4-CDK9 complex at the
enhancer of the FOSL1 gene (9) and BRD4 binding at the IgH
enhancer in MM.1S cells (30). In our genome-wide analysis, we
observed that only ~20% of BRD4 binding sites were located in
proximal promoters. More than half of the BRD4 binding peaks
occurred within intergenic and intragenic regions, with the
majority of these being situated in introns and the first exon
(Fig. 2B). BRD4 binding at the gene regions defined in Fig. 2B
was significantly different from the distribution of 1000
random BRD4 sites sampled from across the genome
(X-squared = 14490.58, df = 10, p value < 2.2 X 10~ '¢). The
BRD4 binding peaks identified by ChIP-seq for each of the
gene regions analyzed were also substantially higher than
those observed among the 1000 randomized BRD4 binding
sites (supplemental Fig S2g). Notably, the first exon and proxi-
mal promoter displayed the highest ratio of observed to
expected BRD4 binding peaks (38.75 and 16.90, respectively;
supplemental Fig S2g¢). The non-random binding of BRD4
across the genome suggests a targeted role for this protein in
regulating gene expression.
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FIGURE 2. BRD4 binding occurs at both promoters and enhancers. A, UCSC genome browser view of chromatin modification patterns (data obtained from
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Although no single histone modification pattern can
unambiguously define all enhancer elements, these patterns
do reportedly include all three H3K4 methylation states
(H3K4mel, H3K4me2, and H3K4me3) (31) as well as the his-
tone variant H2A.Z (17). Enhancers can also be characterized
by the presence of high levels of H3K4mel combined with low
levels of H3K4me3 (17). In our analyses, histone variant H2A.Z
and all three methylated forms of H3K4 could be detected in
association with BRD4 (Fig. 2C). To ascertain that the BRD4
binding sites we defined as enhancers were not simply unde-
fined promoters, we next divided these sites into three
categories relative to annotated refseq transcripts (“promoter,”
“intergenic,” and “intragenic”) and compared the histone mod-
ification patterns in each group. Promoter binding sites were
defined as peaks that occurred within *£2 kb of an annotated
TSS, intragenic binding sites were located within the gene body
but outside the 2-kb region flanking the TSS, and intergenic
binding sites were peaks outside of the gene body and >2 kb
distant from the TSS. The incidence of histone modification
H3K4mel in the BRD4 binding sites were comparable between
the promoters, intergenic, and intragenic regions, whereas
H3K4me2, H3K4me3, and H2A.Z overlapped with 80 -100% of
promoters, but with only 40 —65% of other sites (Fig. 2C). The
average tag count for H3K4me3 was 5-fold lower in non-pro-
moter sites compared with promoter sites (Fig. 2D, middle
panel). In addition, these histone marks showed a distinct mul-
timodal distribution at promoter sites but not at enhancer sites,
consistent with reports that nucleosomes are depleted at the
TSS (19). Another distinguishing factor was that signal strength
for BRD4 binding at the average promoter was ~1.5-fold higher
than that observed for the average enhancer (Fig. 2D, top
panel).

CpG islands are enriched in ~72% of human promoters and
have been used to distinguish promoters from enhancers (32).
We detected CpG islands in 85% of the promoters that included
BRD4 binding sites, whereas only 21% of the intergenic regions
and 8% of the intragenic regions with BRD4 binding sites incor-
porated CpG islands (Fig. 2C). Together, the histone and CpG
analyses confirmed that the regions bound by BRD4 and
defined here as enhancers are not unannotated promoters.

The repressive histone marker H3K27me3 overlapped
poorly with BRD4 binding sites at both promoters and enhanc-
ers (Fig. 2C). In contrast, the active histone mark H3K27ac was
prevalent at BRD4 binding sites (Fig. 2C). These findings are
consistent with the observation that BRD4 primarily targets
active genes (Fig. 1C). We observed that 65.7% of the 23,518
transcripts with RPKM =1 exhibited BRD4 binding at the pro-
moter, and a further 54.5% of these genes also bound BRD4 at
enhancer elements. These data illustrated that BRD4 binding to
promoters and enhancers is shared by the majority of active
genes.

BRD4 and Pol Il Co-localize at Enhancers and Promoters—At
the CXCR4 gene, binding peaks for both Ser-5- and Ser-2-phos-
phorylated Pol II co-localized with BRD4 at multiple regions
along the gene, the promoter, and at a region 7—24 kb upstream
of the TSS (Fig. 3A4). Similar co-localization of BRD4 with phos-
phorylated Pol II was also observed at the FOS gene and corre-
sponding upstream region (Fig. 3B). These data led us to exam-
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ine the genome-wide relationship between BRD4 and Pol II
(using data obtained from Ref. 17). Of the 11,964 Refseq genes
in our analyses that were found to be associated with Pol II,
11,333 of these genes (95%) were also associated with BRD4
(supplemental Fig. S3a). Furthermore, 54% (18,244) of the
BRD4 binding sites displayed a Pol II peak within 1 kb of the
BRD4 peak max (FigS 3b), indicating that a substantial number
of BRD4 and Pol II binding sites are co-localized.

Further analysis in human CD4+ T cells confirmed that
BRD4, Pol Il, and Pol II Ser-2 co-occupied promoters across the
genome. The specificity of the antibody against Ser-2 phosphor-
ylation (ab5095) as used for the ChIP-seq analysis (data from
Ref. 18), was confirmed by comparison with an alternative anti-
body (H5) against phosphorylated Ser-2 (supplemental Fig S3, ¢
and d). Among all 29,658 Refseq transcript promoters, 95% of
the Pol II-bound loci and 96% of the Pol II Ser-2-bound loci
displayed BRD4 co-binding within the same 10-kb window cen-
tered on the TSS (Fig. 3C). Consistent with the notion that
BRD4 associates with active gene expression, BRD4 and Pol II
sites were enriched in the activation marks H3K27ac,
H4K20mel, and H3K36me3. In addition, marks H4K20mel
and H3K36me3 are associated with actively transcribed regions
of genes, with high levels of these variants being found at the
TSS and transcription termination site, respectively (17). Sites
at which BRD4 and Pol II co-localized exhibited substantial
levels of the marks H3K4me3 and H3K9ac that are known to
associate with Pol II binding (33). In contrast, the repressive
mark H3K27me3 was observed primarily at TSS that lacked
BRD4 and Pol II binding.

In approximately half of cases, the 10-kb analytical windows
centered on BRD4 peak max at enhancers also exhibited Pol II
and Pol II Ser-2 binding (Fig. 3D). H3K27ac was enriched in this
subset of enhancers that displayed dual binding of Pol II and
BRD4, whereas H3K27me3 levels were low or were not
detected at these sites. If the presence of BRD4 at enhancers was
determined by enhancer-promoter interactions, the enhancer
would be expected to display promoter BRD4 peaks, and these
regions should co-precipitate by ChIP. However, we detected
58 genes that displayed Pol II Ser-2 only at promoters, whereas
BRD4 binding was present only in enhancer regions (supple-
mental Fig. S3e and supplemental Table S1). These data sug-
gested that at least one mechanism of BRD4 association with
enhancers is due to direct binding. In 384 genes, Pol II Ser-2 was
present at enhancers but not at promoters (supplemental Fig.
S3fand supplemental Table S2), suggesting that Pol II can bind
to enhancers independently of promoter regions.

BRD4 Association with Histone Acetylation Marks—Al-
though BRD4 binding depends on acetylated histones, it is
unclear which patterns of histone acetylation can favor BRD4
binding across the genome. In the current report, BRD4 bind-
ing sites upstream of the CXCR4 and FOS genes clearly co-lo-
calized with a specific combination of histone acetylations
(supplemental Fig. S2, a and b). BRD4 binding has been
reported to occur at peptides H3 (lysines K9/14), diacetylated
H4 (lysines K5/12), and at tetra-acetylated H4 (K5/8/12/16) in
vitro (7). Data from in vivo studies have also identified H4 (K5/
8/12) (8), H3 (K9acS10ph), and H4 (K16ac) (9) acetylation pat-
terns as capable of promoting BRD4 binding. We therefore
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sought to identify the histone acetylation patterns that facilitate
BRD4 binding at a genomic level. To this end, we integrated
global BRD4 binding site data with acetylation data for histones
H4 and H3 across the entire genome (using data from Ref. 19).
H4K5 and H4K8 acetylations were each found to be associated
with more than 50% of BRD4 binding sites (Fig. 44). Although
35% of BRD4 binding sites did not exhibit any combination of
the four predominant H4 acetylations (K5, K8, K12, K16; Fig.
4B, striped bar), the majority of BRD4 binding sites were pref-
erentially associated with H4K5 and H4K8 acetylations (Fig. 4B,
black bars). H4 di- and triacetylated regions that lacked K5 and
K8 acetylation rarely co-occurred with BRD4 binding sites (Fig.
4B, white bars). Furthermore, in vitro assays demonstrated that
BRD4 (Fig. 4C) subdomain BD1 but not BD2 interacted with K5
and K8 acetylations of H4 in the native mono-nucleosome of
Jurkat T cells (Fig. 4D).

To confirm that the histone acetylation patterns enriched at
BRD4 binding sites in primary human CD4+ T cells (Fig. 4B,
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black bars) did indeed facilitate BRD4 binding, peptides with
combinations of H4 or H3 acetylations (Fig. 4E) were used to
probe for BD1 binding in vitro. BD1 failed to bind non- or
monoacetylated H4 (Fig. 4F, lanes 2— 4, and Fig. 4H, lanes 2 and
3) or to H3 tail peptides (Fig. 4G, lanes 2—4). Individual histone
acetylation H4K5 and H4KS8 tail peptides were not sufficient for
BD1 binding in vitro, despite the observed enrichment in in vivo
binding to these sites. These data perhaps indicated a require-
ment for additional histone acetylations to support BRD4 bind-
ing. BD1 bound to acetylated peptides H4K5/8 (Fig. 4F, lane 5,
and Fig. 4H, lane 9), H4K5/12 (Fig. 4H, lane 11), and H3K9/14
(Fig. 4G, lanes 5 and 7). However, H4K5/12ac (Fig. 4B) and
H3K9/14ac (data not shown) were not globally enriched at
BRD4 binding sites. Triacetylated H4 peptides (Fig. 4F, lanes 6
and 7, and Fig. 4H, lanes 17 and 18) and tetra-acetylated H4
peptides (Fig. 4F, lane 8) that included both K5 and K8 acetyla-
tions also interacted with the BD1 domain, consistent with the
in vivo data. Thus, H4K5/8ac, either alone or in combination
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with additional acetylations, was the only histone configuration
that demonstrated global enrichment at BRD4 binding sites as
well as positive peptide binding.

HATs and HDACs Are Associated with BRD4 Binding Sites
Enriched in H4 Acetylation—Histone acetylations at lysine res-
idues are co-regulated by HATs and HDACs, with the resultant
histone acetylation patterns being determined by the antago-
nistic interplay between these two classes of enzyme (20). To
gain mechanistic insight into how acetylation patterns at BRD4
binding sites are established in human CD4+ T cells, we sys-
tematically quantified the presence of HATS and HDACs at
BRD4 binding sites that displayed at least one of four predom-
inant H4 acetylations (H4K5, H4K8, H4K12, and H4K16;
H4ac™ hereafter) for comparison with regions that completely
lacked these acetylations (H4ac ™). By using ChIP-seq data sets
obtained from Wang et al. (20), we were able to determine that
both HATs (p300/CBP-associated factor, CBP, p300, Tip60,
and males-absent-on-the-first) and HDACs (HDAC1, HDAC?2,
HDAC3, and HDAC6) were frequently co-localized at BRD4
binding sites (Fig. 5, A and B, respectively). Interestingly, all five
representative HATs were enriched at H4ac™ sites (21,380
total) but were significantly depleted at H4ac™ sites (12,164
total; Fig. 5C). Comparable enrichment was also observed for all
four HDACs analyzed (Fig. 5D). In addition, levels of Pol II
Ser-2 were far higher at H4ac* BRD4 binding sites than those
detected at H4ac™ BRD4 sites (Fig. 5E). Our results suggest that
HATs and HDACs may function collaboratively or sequentially
to configure acetylation patterns at enhancers and/or promot-
ers that regulate BRD4 recruitment and thus Pol II phosphory-
lation at Ser-2.

H3K27ac Distinguishes Two Functionally Distinct Classes of
BRD4 Binding Site—H3K27ac was recently reported to distin-
guish active from inactive enhancers in embryonic stem cells
and in several adult cell lineages in the mouse (34, 35). Our
analyses in human CD4+ T cells revealed that mark H3K27ac
was enriched at BRD4-bound sites that exhibited H4ac™ pat-
terns (Fig. 5F). To determine whether the presence of H3K27ac
at BRD4-bound sites correlated with the activity of nearby
genes, we integrated ChIP-seq data sets for BRD4, H3K27ac,
and DHS (22) with RNA-seq gene expression data in human
CD4+ T cells. Genes with BRD4/H3K27ac overlapping sites
displayed significantly higher levels of gene expression than
genes that displayed BRD4 binding alone (Fig. 5G). Because
BRD4 binding sites that lacked H3K27ac coincided with H4ac™
sites, the differences in gene expression observed here are con-
sistent with the HAT, HDAC, and Pol II Ser-2 enrichment pre-
viously identified at H4ac™ BRD4 binding sites. Crucially, genes
that displayed BRD4/H3K27ac overlapping sites displayed sig-
nificantly higher gene expression than H3K27ac sites that

lacked BRD4 binding, clearly reflecting a contribution of BRD4
to the activity of H3K27ac-enriched enhancers.

BRD4 Regulates Pol II Ser-2 Phosphorylation—]Q1 is a small
molecule inhibitor that blocks the binding of bromodomain
and extraterminal domain nuclear proteins (BETSs) to acety-
lated histones (36). A previous study in murine bone marrow-
derived macrophages demonstrated that BETs primarily affect
the expression of inducible genes but exert little effect on the
expression of constitutively expressed genes (37). We therefore
investigated whether disrupting BET's by JQ1 treatment altered
the transcription of BRD4-bound, constitutively expressed
genes in human CD4+ T cells. When assessed by quantitative
PCR, expression of a representative subset of BRD4-bound
genes associated with archetypal T cell functions (CXCR4,
RUNX3, CD4, IL2RA, and FOS) was significantly reduced by
JQ1 treatment (Fig. 6A). These data indicated that BET pro-
teins, including BRD4, may positively regulate the expression of
constitutively expressed lineage-specific genes in primary
human CD4+ T cells.

We next used RNA-seq analysis to examine gene expression
profiles in primary human CD4+ T cells treated or not with
JQ1. Using this approach, we identified 1055 highly expressed
BRD4-bound genes (=5 RPKM) that were substantially down-
regulated upon JQ1 treatment (expression reduced by half or
more) (supplemental Table S3). These JQ1l-sensitive genes
included CXCR4, RUNX3, CD4, IL2RA, and FOS, consistent
with our previous quantitative PCR analyses of expression lev-
els of the individual genes in the presence or absence of JQ1
(Fig. 6A). We then probed for biological canonical pathways
among the 1055 JQ1-sensitive genes by using ingenuity path-
ways analysis. BRD4 target genes were strongly associated with
T cell-specific pathways, including T cell receptor signaling
(p = 1 X 10~ %% (Fig. 6B). These data were in-line with the
known participation of BRD4 target genes at multiple levels in
this pathway, including expression of cell surface molecules
(CD4 and CD3e), signaling components (ZAP70), and tran-
scriptional regulators (JUN and FOS). Together, these data
demonstrated that JQ1 treatment exerts highly selective effects
on expression of BRD4-bound lineage-specific genes in human
CD4+ T cells.

A potential mechanism of action for JQ1 was inhibition of
Pol II phosphorylation at Ser-2 by disruption of BRD4 binding,
leading to decreased gene expression. It could be predicted
therefore that JQ1 treatment might decrease BRD4 binding to
chromatin, resulting in decreased levels of Ser-2-phosphory-
lated Pol II. We tested this hypothesis by using ChIP-seq in
primary human CD4+ T cells to determine how JQ1 treatment
affected BRD4 and Pol IT occupancy of binding sites. To achieve
this, primary human CD4+ T cells from each donor were pre-

FIGURE 4. Global association of BRD4 with H4 diacetylation at K5 and K8. A, proportion of total BRD4 binding sites that exhibited specific acetylations
within 1 kb of the BRD4 peak max position (left to right; H4K5ac, H4K8ac, H3K9ac, H4K16ac, H4K12ac, and H3K14ac). B, the proportion of BRD4 binding sites
associated with different combinatorial patterns of histone acetylations. Percentage of sites with none of the predominant H4 acetylations (striped bar) and
sites that exhibited H4K5 and H4K8 monoacetylation or combinations of H4K5 and H4K8 acetylation (black bars). C, representation of BRD4 indicating BD1,BD2,
ET, and CTM domains. D, Western blot identifying H4K5ac and H4K8ac in mononucleosomes from Jurkat T cells incubated with purified GST, GST-BD1-BRD4,
and GST-BD2-BRD4 proteins to demonstrate preferential mononucleosome association with BD1. E, positions of lysines that can be acetylated in H3 (first
peptide sequence) and H4 (second peptide sequence), and acetylated/trimethylated H4 and H3 synthetic peptides as used for the BD1-peptide binding assays.
F-H, peptide binding was performed by incubating GST-purified BD1-BRD4 proteins with N terminus-biotinylated synthetic H4 peptides (F), various combi-
nations of H3 acetylations (G), and H3K4 trimethylation (H), and H4 peptides carrying acetylation modifications at specific lysine residues corresponding to B.
Control peptides used were histones with no modifications. BDI, bromodomain I; BDII, bromodomain II; ET, extraterminal; CTM, C-terminal motif.
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pared both in the absence and presence of JQ1 before chroma-
tin was fixed, sonicated, and dual-immunoprecipitated using
antibodies against BRD4 and Pol II in tandem. These assays
revealed that JQ1 treatment of human CD4+ T cells signifi-
cantly reduced BRD4 and Ser-2 Pol II occupancy of JQ1-sensi-
tive genes (Fig. 6C). In contrast to the JQl-sensitive genes
IL2RA, FOSL2, and MAL, BRD4, and Ser-2 Pol Il binding in the
-2 microglobulin gene, whose expression was not altered by
JQ1, revealed no significant change in occupancy (Fig. 6C). We
next carried out a global analysis of JQ1 effects on gene occu-
pancy by BRD4, Ser-2 Pol II (Ab5095), Ser-5 Pol II (Ab5131),
and total Pol II (4H8) across BRD4 target genes. As expected,
JQ1 disrupted BRD4 binding at promoters and gene bodies in
human CD4+ T cells (Fig. 6D, top left). However, ChIP-seq
analysis of Ser-2 Pol Il indicated that JQ1-sensitive BRD4 target
genes generally retained Ser-2 Pol II levels at promoters and
displayed significantly reduced Ser-2 Pol II density across the
gene body (Fig. 6D, bottom left). A similar distribution was also
observed by using the 4H8 antibody against total Pol II (38) (Fig.
6D, bottom right). Interestingly, the distribution of Ser-5 Pol II
in both promoter regions and gene bodies was largely unaf-
fected by JQ1 exposure (Fig. 6D, top right). JQ1 treatment also
reduced BRD4, Ser-2 Pol II, and total Pol II (4H8) occupancy of
intergenic and intragenic regions but exerted little effect on the
levels of Ser-5 Pol II present at intergenic and intragenic
enhancers (Fig. 6E). These observations are consistent with the
concept that BRD4 plays a key role in Pol II elongation at target
genes in primary human CD4+ T cells by inducing Ser-2 phos-
phorylation of Pol IL

Lineage-specific BRD4 Binding in Human CD4+ T Cells and
Embryonic Stem Cells—BRD4 binding at enhancers and pro-
moters was associated with lineage-specific genes in human
CD4+ T cells (CD4 and LCK), so we next investigated whether
BRD4 was associated with cell type-specific programs of tran-
scription. We performed ChIP-seq in hESCs to identify a total
of 33,988 BRD4 binding sites across the genome. Approxi-
mately 50% of the BRD4 binding sites shared genetic loci in
both hESCs and in T cells (15,411 BRD4 peaks in T cells had a
hESC BRD4 peak within 2.5 kb of their peak max position),
whereas the remaining 50% of BRD4 binding sites displayed a
differential distribution between cell types (Fig. 7A). Although a
large fraction of BRD4 binding sites in promoters were shared
between cell types (Fig. 7B), the enhancer sites were largely
distinct (Fig. 7C), indicating that enhancer elements may influ-
ence the lineage-specific binding of BRD4. Lineage-specific
BRD4 binding in T cells occurred in genes that regulate T cell-
specific functions, including T cell receptor signaling (Fig. 7D),
whereas binding in hESC occurred in genes that maintain plu-
ripotency (Fig. 7E). Genes that displayed BRD4 binding sites in
both hESC and T cell lineages were instead involved in general

cell metabolism (Fig. 7F). These data indicate that BRD4 may
play an important role in lineage-specific gene expression pro-
grams and that BRD4 regulates Pol II Ser2 phosphorylation to
influence gene transcription in hESCs as well as in human
CD4+ T cells.

We next mapped BRD4 binding sites and DHS in human
CD4+ T cells to establish the efficacy of this approach for map-
ping regulatory elements across the genome. The DHS data set
identifying active genes in human CD4+ T cell was adapted
from a published study (22). In terms of target genes, the distri-
bution of BRD4 binding sites and DHS were remarkably similar
in our analyses (Fig. 7G). These data demonstrated that BRD4
could potentially be used as a genome-wide hallmark of active
or poised genes in CD4+ T cells. An examination of BRD4
binding sites and DHS at promoters (sites within 2 kb of a Ref-
seq TSS) indicated that 96% of BRD4 binding sites at promoters
were associated with a DHS, whereas 74% of promoter DHS
also displayed a BRD4 binding site (Fig. 7H). These analyses
indicated that both BRD4 binding and DNase I assays can iden-
tify promoters in the genome of human CD4+ T cells. We next
assessed the efficiency with which transcriptional enhancers
were identified by BRD4 binding when compared with DNasel
assays. Enhancer binding sites were defined as gene-associated
sites at least a 2-kb distance from a TSS. Surprisingly, many
enhancer sites were detected by only one of the two assays; 55%
of enhancer BRD4 binding sites exhibited a DHS within 1 kb of
their peak max position, whereas only 40% of DHS incorpo-
rated a BRD4 binding site within 1 kb of their peak max (Fig. 71).
These data suggest that the broadest identification of enhancer
regulatory elements across the genome may require analyses of
both BRD4 binding and DHS distribution.

BRD4 Regulation of Pol II Ser-2 Phosphorylation via P-TEFb
at a Subset of Enhancers—We used ChIP-seq to determine
BRD4 and Pol II Ser-2 occupancy of promoters and enhancers
across the genome in primary human CD4+ T cells. Our data
revealed that average BRD4 and Pol II Ser-2 peak max position
are in close proximity at promoters (Fig. 84, left panel) and
enhancer binding sites (Fig. 84, right panel), thus suggesting
that BRD4 can regulate Pol II Ser-2 phosphorylation via effects
on P-TEFb, which is known to form a complex with BRDA4.
Immunoprecipitation of CDK9 (a subunit of the P-TEFb com-
plex) in Jurkat human T cells confirmed an interaction with
BRD4, and BRD4 immunoprecipitated with CDK9, further ver-
ifying the association between these molecules (Fig. 8B). These
data are also consistent with reports from other investigators
that CDK9 interacts with BRD4 in HeLa cells (10, 26). Accord-
ingly, we were able to detect binding of P-TEFb at sites where
BRD4 and Pol II co-localized. In addition, ChIP analyses of
BRD4-bound and Pol II Ser-2-bound regions indicated that
CDK9 binding capacity was increased at multiple BRD4 and

FIGURE 5. Two distinct classes of BRD4 binding confer different levels of gene transcription. Percentage of total HATs (A; p300, CBP, Tip60, p300/CBP-
associated factor, males-absent-on-the-first) and HDACs (B; HDAC1, HDAC2, HDAC3, and HDAC6) that displayed BRD4 binding within 1 kb of the enzyme peak
max position. C-F, average normalized tag count distribution in 2-kb windows centered on untreated BRD4 binding peak max positions for two classes of BRD4
binding sites: H4ac™ sites (one or more H4 acetylations; black) and H4ac™ sites (no H4 acetylations; red) for HATs (C), HDACs (D), Pol Il Ser-2 (E), and H3K27ac (F).
G, box plots showing the 10-90'" percentile of the RNA-seq RPKM expression range for genes with BRD4 and H3K27ac overlapping sites, BRD4 unique sites
(genes displaying BRD4 binding but not H3K27ac), H3K27ac unique sites (genes displaying H3K27ac but not BRD4 binding) and DHS unique sites (genes
displaying DHS but not H3K27ac or BRD4). Non-parametric analysis of variance (Kruskal-Wallis test) p value <2.2 X 10~ '®. Pairwise Wilcoxon rank-sum test p

values (Bonferroni-adjusted) are indicated in the figure.
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FIGURE 6. BRD4 regulates Pol Il phosphorylation at Ser-2. A, RNA expression of CXCR4, RUNX3, CD4, IL2RA and FOS in untreated CD4+ T cells (blue bars) and
JQ1-treated CD4+ T cells (yellow bars) expressed as a ratio of the mean gene expression in the untreated cells (error bars indicate S.D. of at least three
independent sets of experimental data). B, top 10 enriched pathways identified by Ingenuity Pathway Analysis for JQ1-sensitive BRD4 target genes, ordered by
decreasing negative log10 p values. C, UCSC genome browser view of normalized BRD4 and Pol Il Ser-2 binding at JQ1-sensitive genes MAL, IL2RA, and FOSL2
(left to right) compared with JQ1-resistant gene B2M both pre- (blue tracks) and post- (red tracks) JQ1 treatment. D, average normalized tag count distribution
in the 2 kb upstream region, 2kb downstream region, and in the gene body for all JQ1-sensitive BRD4-associated refseq transcripts. Distributions shown are
BRD4 (top left), Pol Il Ser-2 (bottom left), Pol Il Ser-5 (top right), and total Pol Il (4H8) (bottom right) both before (blue profile) and after JQ1 treatment (red profile).
‘0" - TSS and "1" - transcription termination site (TTS). E, average normalized tag count distribution in 2-kb windows centered on enhancer BRD4 peak max
positions for BRD4 (left panel), Pol || Ser-2 (middle left panel), total Pol Il (4H8) (middle left panel), and Pol Il Ser-5 (right panel). Tag count distributions were plotted
for intronic enhancers (top panel) and intergenic enhancers (bottom panel). Profile coloration is consistent with D.

Pol II Ser-2 co-localization sites in both promoter and
enhancer regions of the genes CXCR4 (Fig. 8C), FOS (Fig.
8D), and CXCRS5 (Fig. 8E). These data support our conclu-
sion that, at least for a subset of enhancers, co-localization

43150 JOURNAL OF BIOLOGICAL CHEMISTRY

with Pol II may promote BRD4 regulation of Pol II Ser-2
phosphorylation via effects on P-TEFb. Whether this obser-
vation can also be extended to other enhancers remains
unclear. Alternatively, BRD4 may act as an atypical kinase
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that directly promotes Ser-2 phosphorylation of Pol II inde-
pendently of P-TEFb (39).

DISCUSSION

Using genome-wide analyses, we observed that BRD4 is
recruited to the majority of active genes in primary human
CD4+ T cells. A role for BRD4 in P-TEFb recruitment was
previously known only for stimulus-specific genes, such as Toll-
like receptor-inducible genes in murine bone marrow-derived
macrophages (8). Similarly, alternative P-TEFb-tethering tran-
scription factors such as NF-«B and class II, major histocom-
patibility complex, transactivator have been shown to regulate
only a subset of inducible genes (40, 41). However, our findings
demonstrate that BRD4 regulation of Pol II Ser-2 phosphory-
lation is not restricted to inducible genes but extends to consti-
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tutively active genes in human CD4+ T cells. Nearly all of the
Pol IT Ser-2-bound promoters exhibited BRD4 co-binding, and
numerous enhancers were associated with tandem binding of
BRD4 and Pol II Ser-2, including several regions in the IL2RA
gene and well defined enhancer elements in the CD4 gene.
Global analyses confirmed that Pol Il occupancy of enhancers is
closely correlated with the enrichment of H3K4me3 and
H3K9%ac at distal regulatory elements. However, we were unable
to detect any interaction between BRD4 and Pol II when using
co-immunoprecipitation approaches in Jurkat human T cells
(data not shown). Treatment of human CD4+ T cells with
inhibitor JQ1 reduced BRD4 binding and consequently
decreased Pol II Ser-2 levels at enhancers and gene bodies in a
subset of T cell-associated genes. Taken together, these find-
ings suggest that phosphorylation of Pol II at Ser-2 in human
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CD4+ T cells depends on Pol II co-localization with BRD4,
which perhaps mediates the recruitment of P-TEFb.

The relationship between Pol II Ser-2 and BRD4 in regulating
transcription has been demonstrated primarily for promoters
(8,26). However, it has also been reported that the BRD4-CDK9
complex can bind to the FOSL1 gene enhancer (9) and to the
IgH enhancer in MM.1S cells (30). Our genome-wide analysis
revealed that BRD4 and Pol II Ser-2 do indeed both bind to
putative enhancers in primary human CD4+ T cells. By observ-
ing that a number of genes displayed binding of BRD4 or Pol II
Ser-2 at putative enhancers but not at promoters (supplemental
Fig, S3f), we also demonstrated that at least one mechanism of
recruitment involves BRD4/Pol II Ser2 binding independently
of the promoter. It has been proposed that recruitment of the
preinitiation complex to enhancers allows genes to be main-
tained in a potentiated state that regulates the timing of gene
transcription (14). It is possible that BRD4 and Pol II Ser2 bind-
ing at enhancers form part of this regulatory apparatus.

We observed that BRD4 disruption by JQ1 treatment in pri-
mary human CD4+ T cells substantially reduced the levels of
BRD4 binding at promoters but did not affect the levels of Ser-2
phosphorylated Pol IT located near the TSS of target genes. This
finding implies that a mechanism distinct from BRD4-Pol II
Ser-2 interaction may occur in the promoter regions of genes
expressed in primary human CD4+ T cells. A possible BRD4-
independent mechanism of P-TEFb recruitment could be via
PAF1- and/or Med26-mediated sequestration of the super
elongation complex, which incorporates P-TEFb (42). Intrigu-
ingly, the amount of Ser-2 Pol II we detected throughout the
coding regions of genes was found to be significantly reduced
after JQ1 treatment, which mirrored the decrease in BRD4
binding in the coding regions of genes after JQ1 exposure.
These findings suggested that the initial Ser-2 phosphorylation
of Pol II is mediated by a BRD4-independent mechanism,
whereas sustained Ser-2 phosphorylaton of Pol II is mediated
by BRD4 during the transition from transcription initiation to
elongation.

Genome-wide studies have established that distal regulatory
regions including enhancers are generally characterized by
H3K4mel (43), whereas H3K4me3 is a hallmark of gene pro-
moters. Our detection of H3K4me3 enrichment and Pol II
binding at a significant fraction of enhancers in primary human
CD4+ T cells could potentially have arisen from misidentifica-
tion of unannotated promoters as enhancers. However, several
lines of evidence suggest that the distal regulatory regions we
identified in human CD4+ T cells are genuine enhancer ele-
ments. First, unlike promoters, intergenic and intragenic
enhancers are generally not associated with CpG islands; we
rarely detected CpG islands in the regions identified as inter-
genic enhancers (21%) or intragenic enhancers (8%), whereas
CpG islands were detected in the majority (85%) of BRD4-
bound promoters. Second, promoters have been shown to
exhibit high levels of H3K4me, whereas the level of H3K4me3

we detected at intergenic and intragenic enhancers was signif-
icantly lower than that observed at promoters. Thirdly, we
detected H3K4me3 and Pol II at well characterized enhancer
elements in T cell-specific genes, including CD4 and IL2RA.
Lastly, the H3K4me3-enriched intergenic and intragenic
enhancers were found to be significantly associated with the
presence of H3K27ac, which was recently reported to charac-
terize developmentally active enhancers in a number of differ-
ent cell types, including murine embryonic stem cells and pro-B
cells. Our finding is also consistent with a recent study that
reported the detection of H3K4me3 at the enhancers of T cell-
specific genes in developing murine thymocytes (31). More-
over, the authors showed that the induction of H3K4me3 at T
cell-specific gene enhancers is strongly correlated with the
functional activity of these enhancers during differentiation.
Together, these studies in both mouse and human T cells sug-
gest that the presence of H3K4me3 at enhancers may be more
common than previously thought and could serve an important
role in enhancer activation during T cell development.

To identify possible determinants of genome-wide BRD4
recruitment, we probed for a histone acetylation pattern that
demonstrated genome-wide co-localization with BRD4 bind-
ing sites and exhibited interaction with BRD4 supported by
positive acetylated histone peptide binding with the BD1 bro-
modomain. BRD4 binding sites were enriched in H4K5 and
H4K8 monoacetylation or in multiacetylated H4 patterns that
included H4K5ac and H4K8ac. Histone acetylation peptides
that exhibited both H4K5ac and H4K8ac displayed positive
BD1 binding, but monoacetylations that were observed to be
associated with BRD4 binding sites in vivo could not support
binding in vitro. An additional histone acetylation other than
the four variants analyzed here might therefore contribute to
BRD4 binding at H4K5 and H4K8 monoacetylation sites. Other
peptides that displayed positive BD1 binding were H4K5/12ac
and H3K9/14ac, but neither variant was globally enriched at
BRD4 binding sites. Thus, H4K5/8ac, either alone or in combi-
nation with additional acetylations, was the only histone acety-
lation pattern that was both enriched at BRD4 binding sites and
displayed positive peptide binding.

We found that H3K27ac was enriched at histone acetylation-
associated BRD4 binding sites (H4ac™). However, BRD4 failed
to bind to synthetic H3K27ac peptides (data not shown).
H3K27ac has recently been shown to distinguish active enhanc-
ers (34, 35), and we observed that H3K27ac sites with associated
BRD4 and Pol II Ser-2 binding were accompanied by higher
gene activity than sites exhibiting H3K27ac alone, suggesting
that BRD4 contributes to the activity of H3K27ac-enriched
regions. The presence of HATs, HDACs, H3K27ac, H3K4me3,
H3K9ac, and Pol II Ser-2 along with BRD4 was specific to
H4ac™ BRD4 binding sites. Genes associated with these H4ac™
binding sites also displayed significantly higher gene expression
levels. A number of different transcription factors interact with
HATs and HDACs (44) and could potentially configure a chro-

FIGURE 8. BRD4 regulates Pol Il Ser-2 phosphorylation via P-TEFb. A, average normalized tag count distribution in 4-kb windows centered on the TSS (left
panel) and enhancer BRD4 peak max (right panel) for BRD4, Pol Il Ser-2, and H3K4me3. B, co-immunoprecipitation of BRD4 and CDK9 using antibodies against
1gG, CDK9, and BRD4. Immunoprecipitated proteins were analyzed by Western blotting with anti-BRD4 (top panel) or anti-CDK9 (bottom panel). C-E, ChIP of
CDK9 at regions where both BRD4 and Pol Il Ser-2 binding were observed in Jurkat T cells; CXCR4 (C), FOS (D), and CXCR5 (E). Primer sites are shown on the figure.
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matin environment conducive to BRD4 binding and P-TEFb
recruitment. We have identified that H4K5ac and H4K8ac per-
mit BRD4 recruitment, whereas H3K9ac and H3K4me3 may
provide a platform for Pol II binding. This combination of his-
tone modifications allows BRD4 and Pol II to co-localize at both
promoters and enhancer elements.

The mechanism we propose for the involvement of BRD4 in
regulating Ser-2 Pol II has wide-reaching implications for the
regulation of gene transcription across many different cell
types. In the current report, BRD4 binding in hESCs was as
frequent as that observed in human primary CD4+ T cells, with
approximately half of the binding sites identified occurring at
common genetic loci. Lineage-specific BRD4 binding sites were
associated with cell type-specific genes, whereas genes with
BRD4 binding sites shared between cell types were instead asso-
ciated with general metabolic activities. Binding sites shared
between the two lineages were found mainly at promoters,
whereas enhancer binding sites were largely exclusive to each
lineage, indicating that BRD4 binding at enhancers is more
variable than at promoters. BRD4 is both broadly expressed and
highly conserved across multiple cell types in diverse organ-
isms, such that genome-wide identification of BRD4 binding
could represent a novel means of identifying active promoters
and lineage-specific enhancer elements in many different cell
populations.

The ability of JQ1 to inhibit a subset of T cell-associated
genes in human CD4+ T cells may pave the way for the thera-
peutic targeting of BETS, including BRD4, in the treatment of
T cell-mediated diseases. The continuing development of
increasingly specific pharmacological inhibitors of different
nuclear proteins in the BET family will facilitate a better under-
standing of how these proteins contribute to transcription reg-
ulation in different subsets of human CD4+ T cells. This may
eventually lead to the identification of novel strategies for inter-
vening in human inflammatory disorders that are characterized
by specific programs of T cell differentiation.
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