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ABSTRACT

Proper temporal epigenetic regulation of gene ex-
pression is essential for cell fate determination and
tissue development. The Bromodomain-containing
Protein-4 (BRD4) was previously shown to control the
transcription of defined subsets of genes in various
cell systems. In this study we examined the role of
BRD4 in promoting lineage-specific gene expression
and show that BRD4 is essential for osteoblast differ-
entiation. Genome-wide analyses demonstrate that
BRD4 is recruited to the transcriptional start site of
differentiation-induced genes. Unexpectedly, while
promoter-proximal BRD4 occupancy correlated with
gene expression, genes which displayed moderate
expression and promoter-proximal BRD4 occupancy
were most highly regulated and sensitive to BRD4
inhibition. Therefore, we examined distal BRD4 oc-
cupancy and uncovered a specific co-localization of
BRD4 with the transcription factors C/EBPb, TEAD1,
FOSL2 and JUND at putative osteoblast-specific en-
hancers. These findings reveal the intricacies of lin-
eage specification and provide new insight into the
context-dependent functions of BRD4.

INTRODUCTION

The bromodomain containing protein-4 (BRD4) is the best
characterized member of the bromo- and extra-terminal
(BET) domain family of proteins. The BET proteins harbor
two amino-terminal bromodomains (BD1 and BD2) that
preferentially bind to diacetylated histone tails followed
by one extraterminal (ET) domain (1). Additionally, the
long isoform of BRD4 has a unique Positive Transcription
Elongation Factor b (P-TEFb) Interaction Domain (PID)
at its carboxy-terminus which associates with the P-TEFb
complex components Cyclin T1 and CDK9 and serves to
recruit them to chromatin (2,3). In turn, RNA Polymerase
II (RNAPII) can be phosphorylated at Ser-2 residues within
the carboxy-terminal heptapeptide repeat domain (CTD),
which serves as a hallmark for transcriptional elongation to
recruit various proteins involved in transcription-associated
processes. In addition to binding to acetylated histone pro-
teins, BRD4 has recently also been shown to directly in-
teract with several transcription factors (TFs) including
TWIST, p53, C/EBP� and C/EBP�, ERG and NF�B in
both acetylation-dependent and -independent manners (4–
8). Moreover, proteomic analyses revealed the ability of
the ET domain of BRD4 to interact with other chromatin-
associated proteins like NSD3 and JMJD6 (9,10).

Gene expression is tightly regulated by the cooperative
action of TFs. Generally, TFs bind to the promoter and/or
regulatory DNA elements called enhancers. Enhancers de-
termine the specificity of gene expression patterns in a
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spatiotemporal- and context-dependent manner (11). The
mechanisms by which enhancers stimulate target gene ex-
pression still remain poorly understood. Application of
chromosomal conformation capture analyses suggests that
long-range chromosomal interactions facilitate the expres-
sion of target genes, for example by bridging distal enhancer
regions with the transcriptional start site (TSS) via specific
TFs and cofactors (12,13). In addition, recent findings un-
covered non-coding transcripts produced from enhancer re-
gions (eRNA) that might also promote enhancer-mediated
long-range chromosomal interactions and/or P-TEFb acti-
vation (14–18). Notably, BRD4 also occupies intergenic re-
gions containing putative enhancers and facilitates eRNA
transcription (10,19–22).

Since the discovery of BET inhibitors, which prevent
BET domain binding to acetyl-lysine containing sequences,
the function of BRD4 has been widely studied in tumor-
associated transcriptional programs (4,5,20,23–27). Inter-
estingly, while BET inhibition (BETi) has been shown to
work in multiple tumor types, the effects elicited are highly
dependent upon the underlying transcriptional program
defining the tumor cell phenotype (e.g. MYC in the con-
text of hematological malignancies (26,28), ER� in the con-
text of breast cancer (20), etc.). This supports a central role
of BRD4 in controlling specific subsets of genes defined by
tumor- or tissue-specific TFs. Consistently, CDK9 is also
required for lineage-specific transcription and promotes the
differentiation of human mesenchymal stem cells (hMSC)
(29). However, apart from studies in embryonic stem (ES)
cells (21,30,31), few reports have examined the significance
and mechanisms of action of BRD4 in lineage maintenance
and determination.

In this study, we investigated the role of BRD4 in lin-
eage specification during osteoblast differentiation. Pertur-
bation of BRD4 function affects osteoblast differentiation
both at early stages as well as later during mineralization
by regulating skeleton- or extracellular matrix-specific gene
expression. Moreover, we computationally identified pu-
tative tissue-specific BRD4-occupied enhancers and TFs
associated with these regions. Subsequently, genome-wide
occupancy studies confirmed preferential and differential
binding patterns of activator protein-1 (AP1) TF family
members, a Hippo/YAP signaling mediator (TEAD1) and
CEBP/� with osteoblast-specific BRD4-occupied putative
enhancers. Furthermore, depletion of these TFs impaired
the recruitment of BRD4 to potential enhancer sites of
BRD4-target genes. Taken together, our data suggest that
BRD4 plays a major role in maintaining tissue specificity
by serving as a hub to integrate the effects of multiple TFs
at lineage-specific enhancers.

MATERIALS AND METHODS

Cell culture, differentiation, inhibitor treatments and siRNA
transfections

Human fetal osteoblasts (hFOB) were maintained as pre-
viously described (32). In short, cells were maintained at
34◦C in 5% CO2 in phenol red-free high-glucose Dul-
becco’s modified Eagle’s medium (DMEM/F12, Invitro-
gen) supplemented with 10% fetal bovine serum and 1%
penicillin/streptomycin (Sigma-Aldrich). For induction of

differentiation, confluent cells were treated with differenti-
ation cocktail as described previously (29) and shifted to
39◦C. Cells were pretreated with JQ1 (250 nM) 1 h before
the induction of differentiation and added again with every
media change (every second day). hMSC were maintained
in �-MEM (Invitrogen) and differentiated to the osteoblast
lineage as described before (29). The JQ1 treatment was
performed as described above for hFOBs. IDG-SW3 osteo-
cyte cells were cultured and differentiated as previously de-
scribed (33). Namely, cells were maintained at 34◦C in colla-
gen coated plates. For the experiment, cells were plated onto
12-well plates at 50% density and grown for 3–4 days until
confluency before inducing differentiation and transferring
to 37◦C with a concomitant treatment with JQ1 or vehicle
(DMSO). For day 0 harvest, the cells were maintained in
differentiation media and treated with DMSO for 24 h at
37◦C. For long term treatment, differentiation media was
replaced every third day with fresh treatments of DMSO
and JQ1 (250 nM). The cells were harvested following 14
and 26 days of treatment for harvesting RNA or perform-
ing alizarin red staining.

siRNA transfections were performed using Lipofec-
tamine RNAiMAX (Invitrogen) according to the manufac-
turer’s instructions. Control siRNAs (ON-TARGETplus,
Non-targeting siRNA#2, target sequence: UGGUUUAC
AUGUUGUGUGA, used in hFOBs; Luciferase GL2 du-
plex, target sequence: CGUACGCGGAAUACUUCGA,
used in hMSCs) and BRD4 siRNAs (siGENOME, D-
004937-02 – D-004937-05, target sequences: #2 –GAAC
CUCCCUGAUUACUAU, #3 – UAAAUGAGCUACCC
ACAGA, #4 – UGAGAAAUCUGCCAGUAAU, #5 –
AGCUGAACCUCCCUGAUUA) were purchased from
Dharmacon, ThermoScientific.

Western blot, RNA isolations, qRT-PCR and stainings

Protein and RNA isolations, reverse transcription, western
blot and qRT-PCR analyses were performed as previously
described (20,29). The list of antibodies used in this study is
provided in Supplementary Table S1. The primers are listed
in Supplementary Table S2.

Alkaline phosphatase staining was performed following
the manufacturer’s instructions with the use of Leukocyte
Alkaline Phosphatase Kit (Sigma). Pictures of stained wells
were taken using an AxioScope.A1 microscope equipped
with an AxioCam MRc under A-Plan 2.5× magnification.
For alizarin red staining cells were fixed with neutral for-
malin for 24 h and stained with alizarin red as previously
described (33). The stained 12-well plates were scanned and
quantification of the stained areas was evaluated with the
ImageJ software using the Threshold Color Plugin.

For statistical analysis of staining and gene expression
values a two-tailed two-sample with equal variance Stu-
dent’s t-test and one-way ANOVA followed by Dunnett’s
or Turkey’s test (as indicated in figure legends) were used.

Chromatin immunoprecipitation

ChIP analyses were performed as previously reported
(20,29) with modifications as described. Briefly, cells were
fixed in 1% formaldehyde in phosphate buffered saline
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for 20 min and quenched with 125 Glycine for 5 min at
room temperature. Cells were scraped, lysed and washed
twice with Nuclear Preparation buffer (150 mM NaCl, 50
mM Tris–HCl (pH 7.5), 5 mM ethylenediaminetetraacetic
acid (EDTA), NP-40 (0.5% vol/vol), Triton X-100 (1.0%
vol/vol)). The nuclear pellet was resuspended in Lysis
Buffer (150 mM NaCl, 1% (v/v) NP-40, 0.5% w/v sodium
deoxycholate, 0.1% sodium dodecyl sulphate (SDS), 50 mM
Tris–HCl (pH 8), 20 mM EDTA, 20 mM sodium fluoride
and protease inhibitor cocktail) and subjected to 20 cycles
of sonication (30 s ON/OFF) using a Bioruptor Pico (Di-
agenode). Following sonication, the chromatin extract was
precleared with 100 �l of 50% Sepharose 4B (GE Health-
care) in Lysis Buffer and incubated overnight with 1–2 �g
of the corresponding antibody (Supplementary Table S2).
The next day, 30 �l of bovine serum albumin-blocked 50%
Protein-A Sepharose slurry (GE Healthcare) was added to
capture the immunocomplexes. After additional 2 h of in-
cubation, the ChIP immunocomplexes were washed once
with Lysis Buffer, twice with Wash Buffer (100 mM Tris (pH
8.5), 500 mM LiCl, 1% (v/v) NP-40, 1% w/v sodium de-
oxycholate, 20 mM EDTA, 20 mM NaF), again twice with
Lysis Buffer followed by two washes with TE Buffer. After
the last step of washes, samples were subjected to RNAse
A treatment (Qiagen) in 10 mM TRIS (pH 8) for 30 min at
37◦C. Samples were subsequently diluted once with a buffer
containing 20 mM EDTA, 100 mM Tris–HCl (pH 8), 2%
SDS and 20 �g Proteinase K and incubated for at least 4
h at 65◦C for reversing the crosslinking. DNA was precip-
itated with 0.4 M LiCl and linear polyacrylamide and iso-
lated using phenol|hloroform–isoamyl alcohol extraction.

The obtained DNA was utilized to confirm the efficiency
of immunoprecipitation by qPCR on positive and negative
sites using the primers listed in Supplementary Table S3.
The PCR signals of the IP samples were normalized to in-
put DNA (isolated from the same ChIP sample after the
preclearing step) and displayed as enrichment relative to in-
put in percent. The background signal was estimated using
DNA from IgG immunoprecipitated DNA.

Library preparation and next-generation sequencing

After confirming the efficiency of ChIP with qPCR, DNA
was subjected to an additional 40 cycles of sonication in 10
�l volume using a Bioruptor Pico (Diagenode) to achieve
a size range of ≤200 bp. ChIP-Seq libraries were gener-
ated using the MicroPlex Library Preparation Kit (Diagen-
ode) following the manufacturer’s instructions. For RNA-
sequencing, libraries were prepared using The NEXTflex
Rapid Directional RNA-Seq Kit (Bioo Scientific) after ver-
ifying the RNA integrity on an agarose gel.

The library size was estimated using a Bioanalyzer 2100.
Pooled libraries were used for cluster generation on cBot
followed by 51 bp single-end sequencing on HiSeq 2000
from Illumina performed by the Transcriptome Analysis
Laboratory in Göttingen, Germany. The sequencing Base-
Caller bcl output files were further demultiplexed to fastq
files using CASAVA 1.8.2.

Raw and processed ChIP-Seq data generated by the En-
cyclopedia of DNA Elements (ENCODE) Consortium (34)
from primary normal human osteoblast cells (NHOST)

for H3K4me1, H3K4me3, H3K27ac, H3K27me3, DNAse-
Hypersensitivity as well as published RUNX2 ChIP-Seq
data (35) were downloaded from Gene Expression Omnibus
and the European Nucleotide Archive, respectively. The ac-
cession numbers for each dataset are listed in Supplemen-
tary Table S3.

RNA-sequencing bioinformatic analysis

For RNA-Seq in hFOBs, seven conditions were used:
undifferentiated hFOBs treated with DMSO and non-
targeting siRNA (siCNTR); differentiated hFOBs treated
with DMSO or JQ1; differentiated hFOBs transfected
with a non-targeting siRNA (siCNTR) or two indepen-
dent siRNAs (#3 and #4) against BRD4. The FASTQ files
were mapped to the human genome (assembly hg19) using
TopHat Gapped-read mapper (36) for RNA-seq data with
very sensitive Bowtie2 settings on Galaxy Platform (Ver-
sion 0.9) (37). The read counting was performed via HT-
Seq (38) (version 0.6.0) with the following parameters: -f
bam -r pos -s reverse -a 10 -t exon -m union. The count
files were subsequently subjected for differential analysis
using the DESeq2 Package (39) on R (Bioconductor ver-
sion 3.2.2). The Wald Test was utilized for a comparison of
one-factor conditions (in case of DIF JQ1 or DIF siBRD4
#3+#4 versus DIF DMSO or DIF siCNTR, respectively),
whereas for differential analysis of conditions differing by
two factors (in case of DIF DMSO + DIF siCNTR ver-
sus UND DMSO + UND siCNTR) Likelihood Ratio Test
reduced by ‘treatment’ was used. The same model was im-
plemented in case of comparison across all conditions and
samples for estimation of sample-to-sample distances de-
picted in principal component analysis (PCA) plot. The
threshold values to determine the differentially expressed
genes during differentiation (DIF siCNTR+DIF DMSO
versus UND siCNTR+UND DMSO) were as follows:
DESeq2 ‘average baseMean’ >20, abs(log2fold change) ≥ 1
and false discovery rate (FDR) < 0.05. For differentiation-
unregulated genes the thresholds were set to abs(log2 fold
change value) ≤ 0.2 and FDR > 0.8. For JQ1-regulated
genes (DIF JQ1 versus DIF DMSO) the thresholds were
set to ‘average baseMean’ >20, abs(log2 fold change) ≥ 0.8,
FDR < 0.05 and abs(log2 fold change) ≤ 0.2 and FDR >
0.85 in case of unregulated genes. For siBRD4 regulated
genes (DIF siBRD4 #3 + #4 versus DIF siCNTR), follow-
ing thresholds were used: ‘average baseMean’ > 20, abs(log2
fold change) ≥ 0.7, FDR < 0.05 and in case of siBRD4
unregulated genes the same thresholds as for JQ1 unreg-
ulated genes were used. The gene ontology (GO) analysis
was performed using the ‘goseq’ (40) Bioconductor pack-
age version 3.2.2. The significantly enriched GO categories
were identified based on the FDR values < 0.05 using the
Benjamini and Hochberg test. The resulting list of GO cat-
egories were further synthesized using REVIGO (41) which
clusters the categories based on semantics.

For the gene set enrichment analysis (GSEA) (42) the
variance stabilization transformed read counts obtained
through DESeq2 analysis were used. GSEA was performed
with default settings (1000 permutations of gene sets, Sig-
nal2Noise ranking metric). For enrichment analysis GO
sets (C5.all) were used.
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The RNA-Seq heatmaps were performed with heatmap.2
from gplots R package (43).

ChIP-sequencing bioinformatic analysis

The FASTQ files were mapped to the human reference
genome assembly hg19 using Bowtie2 (44) with very-
sensitive presets in end-to-end mode. For visualization the
corresponding BAM files of the replicates were merged
within each condition. For visualization in the genome
browser and to generate the heatmaps, all the BAM files
were filtered on MAPQ ≥ 10 (MAPQ ≥ 2 for TF ChIPs)
with removal of duplicates and normalized to fragments
(reads) per kilobase per million (RPKM) using the bamcov-
erage tool on deepTools (45) (Galaxy Version 1.1.4 and later
for TF BAMs 1.5.9.1.0). The visualization was performed
using the Integrative Genomics Viewer (46). For the differ-
ential binding analysis and chromatin segmentation, only
the reads with MAPQ ≥ 2 (Samtools 0.1.19) were retained
for each BAM file and the BAM files were further dedu-
plicated with MarkDuplicates Picard Tools (version 1.140).
Heatmaps were generated using deepTools, the profile and
correlation plots were made with deepTools and Cistrome
Galaxy. The annotation file containing the genomic coordi-
nates for all the human genes (assembly hg19) were down-
loaded from the UCSC Table Browser (47). For correlations
of ChIP-seq signal with gene expression, duplicate TSS
(from different transcripts) were removed. Based on gene
expression values from hFOB RNA-Seq data, genes with
DESeq ‘average baseMean’ values < 20 and gene length <
1000 bp were further removed from the analysis. Moreover,
for genes bearing more than one TSS, the TSS bearing the
highest BRD4 signal was considered.

The peak calling step was performed with Model-based
Analysis of ChIP-Seq 2 (MACS2) (48) on Galaxy Cistrome
(version 2.1.0.20140616.0) using default settings with q-
cutoff < 0.05. For BRD4, H3K27ac, H3K27me3, H2Bub1
and RNAPII –broad option was used, whereas for TF ChIP
the narrow peak option was utilized. For each condition the
corresponding input samples were used as control.

To determine osteoblast-specific BRD4 binding regions
differential binding analysis of all the BRD4 binding sites
and regions among four different cell lines (differentiated
hFOB, MCF7, MCF10A and L3.6) was performed by us-
ing ‘DiffBind’ (49) R package version 3.2.2. To determine
the regions bound by BRD4 that are specific to differ-
entiated hFOB the DiffBind thresholds were set to: Fold
Concentration Change (hFOB versus the rest of the cell
lines) > 1 and FDR < 0.05. These specific regions were
further subdivided via Epigenome Count-based Segmenta-
tion (EpiCSeg) (50) software. The states were determined
based on the combination of five histone modifications
H3K27ac, H3K27me3, H3K79me2, H3K4me3, H3K4me1
from NHOST (34) as well as H3K27ac and H3K27me3
from differentiated hFOBs. Segments 3 and 4 were used as
potential enhancer sites (marked by BRD4, H3K27ac and
H3K4me1). Consecutive segments 3 and 4 were joined and
considered as one region using Bedtools (51) merge (book
end option). The resulting region file was analyzed us-
ing the Genomic Regions Enrichment of Annotations Tool
(GREAT) (52) to identify genes associated with these puta-

tive enhancer regions and perform GO enrichment analysis
(biological processes) on these genes. The same file was used
as input for ReMap (Regulatory Map of TF Binding Sites)
(53) to calculate the enrichment of TFs based on publicly
available ChIP-seq data. Because of the larger size of some
of the segments, we further intersected this file with DNAse-
seq summit bed file from NHOST (ENCODE) to specifi-
cally focus on the accessible portions of the regions (based
on DNAse summits). We then performed de novo motif dis-
covery using peak-motifs from regulatory sequence analysis
tool (RSAT) suite (54,55) on the regions flanking ±250 bp
around the identified accessible regions of ‘Segment 3+4’.
The differential mode was used between ‘Segment 3+4’ ver-
sus ‘Segment 1+2+5’ using oligo-analysis 6 and 7 nt out-
putting 5 motifs.

The BRD4 RPKM values, identified using the ‘reference-
point’ mode of the computeMatrix tool on deepTools
Galaxy (version 1.5.9.1.0), flanking ±500 bp around the
TSS of genes in differentiated hFOBs were used to group
the genes into ‘Very Low’ – log2BRD4 RPKM < 2.3;
‘Low’ – 2.3 < log2BRD4 RPKM < 2.8; ‘Medium’ – 2.8
< log2BRD4 RPKM < 3.3; ‘High’ – log2BRD4 RPKM >
3.3. The H3K27ac values within the groups were similarly
identified on the same regions as BRD4. For RNAPII, re-
gions ranging from TSS to +300 bp downstream were used.
The H2Bub1 occupancy values were identified on the whole
gene bodies (using the ‘scale-regions’ mode of computeM-
atrix tool on deepTools Galaxy).

RESULTS

BRD4 promotes osteoblast differentiation

To examine the function of BRD4 during lineage specifica-
tion and maintenance, we examined the effects of BETi on
the differentiation of hFOBs (32). Perturbation of BRD4
function by BETi (JQ1) treatment or siRNA-mediated
knockdown (Supplementary Figure S1A and B) resulted
in a significant decrease of differentiation-induced alkaline
phosphatase activity (Figure 1A and B; Supplementary Fig-
ure S1C and D). Gene expression analyses confirmed these
findings and showed a reduced expression of the osteoblast-
specific genes RUNX2, TNFRSF11B (Osteoprotegerin) and
ALPL following JQ1 treatment or BRD4 knockdown (Fig-
ure 1C). To investigate whether this effect was limited to
early stages of lineage-specification, we also tested the ef-
fect of BRD4 inhibition on IDG-SW3 mouse osteocytes.
Despite their advanced stage of differentiation, mineral-
ization was significantly impaired following JQ1 treatment
(Figure 1D and E). Consistently, BETi treatment resulted
in reduced expression of the osteoblast/osteocyte-specific
genes Mepe, Bglap and Dmp1 (Figure 1F). The role of
BET proteins in controlling osteoblast differentiation was
differentiation-stage independent since similar effects were
also observed in multipotent hMSC, where knockdown or
inhibition of BRD4 also potently affected the expression
of osteoblast lineage-specific genes (ALPL, COL1A1 and
BGLAP; Supplementary Figure S1E and F).

In order to gain a more complete overview of the effects
of BRD4 on the regulation of lineage-specific gene expres-
sion we performed transcriptome-wide mRNA-seq analy-
ses following BRD4 depletion or JQ1 treatment in hFOB
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Figure 1. BRD4 is required for osteoblast differentiation. (A and B) Alkaline Phosphatase staining of hFOBs differentiated into the osteoblast lineage
following DMSO or JQ1 (250nM) (upper panel) and siCNTR or siBRD4 (SmartPool) (lower panel) treatments (A). The stained areas were quantified and
displayed as percentage of whole area. Mean ± SD, n = 2 (B). Student’s t-test was performed for statistical analysis where ***P < 0.001, **P < 0.01, *P <

0.05 (C). The relative expression of osteoblast marker genes in hFOBs in undifferentiated (UND) and differentiated (DIF) state following siBRD4 or JQ1
treatment was evaluated via qRT-PCR and normalized to expression level of RPLP0 and the expression in the undifferentiated state. Mean ± SD, n = 3.
One-way ANOVA followed by Turkey’s test was performed for statistical analysis where ***P < 0.001, **P < 0.01, *P < 0.05. (D and E). Mouse IDG-
SW3 osteocyte cells were differentiated for 14 and 26 days following DMSO or JQ1 treatment and stained with alizarin red for detection of mineralized
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cells (Supplementary Figure S1G). Inhibition of BRD4 by
JQ1 resulted in the differential regulation of a selected sub-
set of genes. Consistent with the positive role of BET pro-
teins in gene transcription, we observed more downregu-
lated genes compared to upregulated genes following JQ1
treatment (Figure 1G). Interestingly, a large fraction of
BETi-regulated genes were also differentially regulated dur-
ing osteoblast differentiation, further supporting a lineage-
specific function of BRD4 (Figure 1G–I). Consistent with
the fact that JQ1 targets all BET proteins including BRD2,
- 3 and -4 (56) and the potential differences induced by
inhibition of bromodomain-mediated protein-protein in-
teractions versus effects observed following a complete
loss of BRD4 protein expression, the effects of JQ1 and
BRD4 knockdown were not identical (Figure 1G–I). How-
ever, both treatments showed a similar effect of preferen-
tial downregulation of differentiation-induced genes (Fig-
ure 1I). Moreover, GSEA on siBRD4-downregulated genes
indicated a significant enrichment for pathways associated
with extracellular matrix, collagen and skeletal develop-
ment (Figure 1J). JQ1-downregulated genes were similarly
enriched for developmental pathways (Supplementary Fig-
ure S1H). Taken together, these results suggest a role of
BRD4 in maintaining and directing osteoblast-specific lin-
eage gene expression.

BRD4 is recruited to the TSS region of differentiation-
induced genes and correlates with gene expression

In order to understand the mechanisms by which BRD4
functions in osteoblast differentiation, we performed
genome-wide occupancy studies using chromatin immuno-
precipitation for BRD4, RNA Polymerase II (RNAPII) and
histone modifications associated with active transcription
(H3K27ac) and elongation (H2Bub1) (Supplementary Fig-
ure S2B–E) followed by high throughput sequencing (ChIP-
seq). These studies revealed that differentiation-induced
genes involved in the formation of bone phenotype as iden-
tified by GO analysis (Figure 2A) including decorin (DCN)
and the odd-skipped related TF 2 (OSR2) display a marked
increase in the occupancy of BRD4, H3K27ac, RNAPII
and H2Bub1 during differentiation (Figure 2B). Consis-
tently differentiation-induced genes showed the highest in-
crease in BRD4 occupancy around their TSS (Figure 2C
and G). Both RNAPII and H3K27ac levels similarly in-
creased around the promoter regions of these genes while
H2Bub1 occupancy increased on the transcribed regions
(Figure 2E, F, H–J). In contrast, no notable change was
observed on the set of un- and downregulated genes (Fig-
ure 2C–F, G–J). Altogether, consistent with a positive role
in gene transcription, differentiation-induced changes in

BRD4 recruitment around the TSS of genes positively cor-
related with the induction of lineage-specific gene expres-
sion.

BRD4-occupied genes differentially respond to JQ1 treat-
ment

To understand the role of BRD4 in regulating gene ex-
pression and its association with active marks of transcrip-
tion, we grouped genes as being upregulated, unregulated
(unchanged) and downregulated based on their changes in
mRNA expression following JQ1 treatment (Figure 3A–
D). As expected, genes downregulated upon JQ1 treatment
displayed proximal BRD4 and H3K27ac occupancy with
summits shortly downstream of the TSS (Figure 3E and
G). Interestingly, RNAPII and H2Bub1 occupancy at these
genes were relatively lower when compared to the set of
BRD4-independent genes (Figure 3F and H). Consistent
with the gene expression change induced by JQ1, H2Bub1
levels dropped on JQ1-downregulated genes, whereas the
JQ1-upregulated genes showed an increase in H2Bub1 oc-
cupancy (Figure 3D, H and I). Remarkably, JQ1 treatment
resulted in a slight decrease in the overall H3K27ac levels
across all genes (Figure 3C, G and I).

Notably, we observed that genes unaffected by JQ1 show
a high occupancy of BRD4 and RNAPII as well as the
active histone modifications H3K27ac and H2Bub1 (Fig-
ure 3 A–D, E–H). Moreover, genes downregulated by JQ1
treatment displayed a wide range of BRD4 occupancy
around their TSS (see the BRD4 heatmap for JQ1 DN
genes, Figure 3A). To further investigate the correlation
between BRD4 occupancy and gene expression, we clas-
sified genes based on BRD4 occupancy into 4 groups re-
ferred to as ‘Very Low’, ‘Low’, ‘Medium’ and ‘High’ (Figure
3J). RNAPII, H3K27ac and H2Bub1 levels correlated with
BRD4 within each group where they displayed lowest occu-
pancy around the genes of ‘Very Low’ group and increased
incrementally in the ‘Low’, ‘Medium’ and ‘High’ groups
(Supplementary Figure S3A–C). Similarly, gene expression
levels also correlated with BRD4 occupancy (Supplemen-
tary Figure S3D). Strikingly, the absolute gene expression
change following JQ1 treatment was highest for the ‘Very
Low’ group (Figure 3K), implying that low BRD4-marked
and lowly expressed genes were more sensitive to inhibition
of BRD4. In fact, almost a third of the JQ1 downregulated
genes belonged to the ‘Very Low’ group (Supplementary
Figure S3E) while the rest of the genes were scattered across
the other three groups. Altogether, these results indicate that
TSS-associated BRD4 occupancy generally correlates with
gene expression levels but only partially explains the extent
of its requirement for gene expression, suggesting that ad-

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
nodules and the stained areas (D) were quantified as described in (B). Mean ± SD, n = 2. One-way ANOVA followed by Turkey’s test was performed for
statistical analysis where ***P < 0.001, **P < 0.01, *P < 0.05. (F). The relative expression of mouse osteocyte marker genes was evaluated via qRT-PCR
and normalized to Gapdh and expression in the undifferentiated state. Mean ± SD, n = 2. One-way ANOVA followed by Turkey’s test was performed for
statistical analysis where ***P < 0.001, **P < 0.01, *P < 0.05. (G). Heatmap depicting log2fold change values of RNA-Seq data from hFOBs. The genes
for the heatmap were selected based on JQ1 regulation, grouped into JQ1 up- and downregulated genes and sorted according to their regulation during
differentiation. (H and I). Venn diagrams showing overlap of significantly (p.adj<0.05) up- (H) and downregulated (I) genes following JQ1 or siBRD4
treatment and regulation during differentiation (refer to the ‘Experimental Procedures’ section for description of thresholds used) (J). GSEA report for
genes downregulated following BRD4 depletion. The table shows the enrichment score (ES), normalized enrichment score (NES) and FDR values for the
top 15 hits.
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Figure 2. Differentiation-induced genes accumulate more BRD4 around TSS. (A) Functional classification summary of GO terms associated with genes
upregulated during differentiation created by REVIGO(41). (B) Binding profiles for DCN and OSR2 identified from RNA-Seq as being upregulated during
differentiation (DIF UP). Each track represents normalized average occupancy (in RPKM) for BRD4, RNAPII, H3K27ac and H2Bub1 in undifferentiated
(pink) and differentiated (cyan) hFOBs. For scaling, group autoscale was used for each condition. (C–F). Heatmaps depicting occupancy (RPKM values)
of BRD4, RNAPII, H3K27ac and H2Bub1 in undifferentiated and differentiated hFOBs around the TSS (±3 KB) of genes upregulated (DIF UP), unreg-
ulated (DIF UN) and downregulated (DIF DN) during differentiation. Each row of the heatmap represents one gene. The genes in heatmaps are sorted
high to low based on BRD4 RPKM levels in differentiated cells. The order was maintained for RNAPII, H3K27ac and H2Bub1. (G–J). Average binding
profiles (in RPKM values) of BRD4, RNAPII, H3K27ac and H2Bub1 in undifferentiated and differentiated hFOBs, respectively on the same genomic
regions as used for heatmaps in (C–F). The profiles are depicted for differentiation upregulated (DIF UP), unregulated (DIF UN) and downregulated
(DIF DN) genes, separately in undifferentiated (UND) and differentiated (DIF) state.
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Figure 3. BRD4 bound genes display different patterns in gene expression upon JQ1 treatment. (A–D) Heatmaps depicting occupancy (in RPKM) of
BRD4 and RNAPII in differentiated hFOBs and occupancy of H3K27ac and H2Bub1 in differentiated hFOBs with DMSO or JQ1 treatment. Each row
represents ±3 KB around the TSS of genes upregulated (JQ1 UP), unregulated (JQ1 UN) and downregulated (JQ1 DN) upon JQ1 treatment. Genes are
sorted from high to low based on their RPKM values for BRD4 in differentiated cells. The order was maintained for RNAPII, H3K27ac and H2Bub1
profiles. (E–H) Average occupancy profiles (in RPKM) of BRD4, RNAPII in differentiated hFOBs and of H3K27ac and H2Bub1 in differentiated hFOBs
with DMSO or JQ1 treatment on the same genomic regions as used for heatmaps in (A–D). The profiles are depicted for JQ1 upregulated (JQ1 UP),
unregulated (JQ1 UN) and downregulated (JQ1 DN) genes, separately for differentiated control (DIF DMSO) and JQ1-treated (DIF JQ1) states (the last
only for H3K27ac and H2Bub1 profiles). (I). The binding profiles for ELN and DCN genes identified by RNA-seq as JQ1-downregulated genes (JQ1 DN).
Each track represents normalized average occupancy (in RPKM) for BRD4, RNAPII, H3K27ac and H2Bub1 in differentiated hFOBs treated with DMSO
(cyan) or JQ1 (yellow). For scaling, group autoscale was used for each condition. (J) Boxplots showing log2 RPKM values of BRD4 ±500 bp around the
TSS of genes in differentiated hFOBs. Based on the BRD4 values genes were grouped in four classes: ‘Very Low’, ‘Low’, ‘Medium’ and ‘High’ having log2
BRD4 RPKM < 2.3; 2.3 < log2 BRD4 RPKM < 2.8; 2.8 < log2 BRD4 RPKM < 3.3 and log2 BRD4 RPKM > 3.3, respectively. (K). Boxplots showing
log2 fold gene expression change induced by JQ1 in differentiated hFOBs within ‘Very Low’, ‘Low’, ‘Medium’ and ‘High’ BRD4 groups. For statistical
analysis Wilcoxon Rank Sum test was performed where ***P < 0.001, **P < 0.01, *P < 0.05.

ditional mechanisms of transcriptional control may play a
more significant role in determining the effects of BRD4 in-
hibition or loss.

BRD4 is enriched on osteoblast-specific putative enhancers

The transcriptional regulation of a gene is achieved by a
cooperation of promoter- and enhancer-mediated events.
Consistent with a proposed function at both enhancers and
promoter proximal regions, nearly half of BRD4-enriched
regions (45.3%) were localized to distal intergenic regions

(Figure 4A). Moreover, BRD4 occupancy markedly cor-
related with RNAPII and H3K27ac on all the genomic
regions (Supplementary Figure S3F). These findings sup-
port the notion that distal BRD4-bound regions might
serve as transcribed enhancers responsible for the establish-
ment and maintenance of an osteoblast-specific transcrip-
tional program. In order to identify putative osteoblast-
specific enhancer regions we performed differential analy-
sis of BRD4-bound regions among four diverse cell systems
including hFOB, MCF7 (estrogen-receptor-positive breast
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Figure 4. BRD4 occupancy increases on putative enhancers upon differentiation. (A) Distribution of BRD4 occupied regions over the genome in differen-
tiated hFOBs. The figure was obtained with the program CEAS (78) with default options. (B) The Venn diagrams depicting overlap of BRD4 peaks among
four cell lines used in the study: differentiated hFOBs (DIF FOB), MCF10A, MCF7 treated with estradiol (+E2) and L3.6 cells. (C) hFOB-specific re-
gions displaying differential BRD4 occupancy were subjected to EpiCSeg segmentation analysis. Five histone modifications from NHOST cells (H3K27ac,
H3K4me1, H3K79me2, H3K4me3 and H3K27me3) and two from hFOBs (H3K27ac and H3K27me3) were used to identify chromatin states associated
with selected BRD4 regions. The heatmap shows five chromatin states which were identified based on the combination of normalized counts of the histone
modifications datasets. (D) IGV profile showing the distribution of segments around the osteoblast-specific TNFRSF11B gene. Each lane represents nor-
malized occupancy (from top to low) of BRD4 in MCF7+E2 (darkblue), in MCF10A (purple), in L3.6 (magenta); BRD4 and H3K27ac in differentiated
hFOBs (cyan); H3K27ac, H3K4me1, DNAse-Seq, H3K4me3, H3K79me2 in NHOST (coral); H3K27me3 in differentiated hFOBs (cyan) and NHOST
(coral). The coverage signals were autoscaled by the software. (E–G) Heatmaps showing BRD4, RNAPII, H3K27ac occupancy in undifferentiated and
differentiated hFOBs ±3 KB around the center of ‘Segment 3+4’ identified from EpiCSeg. Segments in heatmaps were ordered from high to low based on
BRD4 RPKM values in differentiated cells. (H–J). Average binding profiles (in RPKM) of BRD4, RNAPII, H3K27ac in undifferentiated and differentiated
hFOBs on the same genomic regions as heatmaps in (E–G).
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cancer cell line) (20), MCF10A (normal mammary epithe-
lial cell line) and L3.6 (pancreatic cancer cell line). Strik-
ingly, the fraction of commonly shared BRD4-occupied
sites was lower between these cells than the number of cell
type-specific regions for each of them (Figure 4B). 7822 re-
gions were found to be specifically enriched for BRD4 oc-
cupancy in hFOBs (FDR < 0.05). Since active enhancers
can be identified based on the combination of active histone
marks we performed chromatin segmentation analysis (50)
to further characterize osteoblast-specific BRD4-enriched
regions. Based on the high degree of epigenetic similarity of
hFOB cells and NHOST cells (Supplementary Figure S4A
and B), we also utilized available H3K4me3, H3K4me1,
H3K79me2, H3K27me3 and H3K27ac occupancy profiles
from NHOST cells along with H3K27ac and H3K27me3
profiles from hFOBs to identify chromatin states which sub-
divide osteoblast-specific BRD4-bound regions (Figure 4C
and Supplementary Figure S4C). All these states were pos-
itive for H3K27ac and negative for H3K27me3, confirm-
ing the association of BRD4 with active chromatin regions.
States 1 and 2 were most likely associated with actively tran-
scribed promoter regions as revealed by the combination
of H3K27ac, H3K4me3 and H3K79me2 occupancy, where
H3K4me3 is particularly associated with TSS-proximal re-
gions and H3K79me2 with the proximal transcribed re-
gion of active genes (Figure 4D and Supplementary Figure
S4E). States 3 and 4 appear to represent putative enhancers
(Supplementary Table S5) based on the presence of both
H3K27ac and H3K4me1 marks, both known to be associ-
ated with active enhancer regions. State 5 was only positive
for H3K27ac, and specific for hFOBs, possibly indicating
that these regions may be specific for the hFOB system and
therefore less informative about general mechanisms related
to osteoblast lineage-specification. Consistently, the major-
ity of ‘Segment 3+4’ constituted distal intergenic regions or
introns (Supplementary Figure S4D), where some were in
close proximity to osteoblast-specific genes as seen on the
example of the TNFRSF11B and COL1A1 genes (Figure
4D and Supplementary Figure S4E).

Interestingly, upon differentiation, BRD4 occupancy
substantially increased on ‘Segment 3+4’ regions, imply-
ing a potential function of these enhancers in controlling
osteoblast-specific gene expression (Figure 4E and H). Con-
sistently, H3K27ac and RNAPII occupancy also slightly in-
creased on these regions after differentiation (Figure 4F, G,
I and J). Thus, by combining differential binding and chro-
matin segmentation analysis, we were able to successfully
identify putative osteoblast-specific enhancers potentially
involved in lineage determination.

A distinct set of tissue-specific transcription factors co-
localizes with BRD4 on putative enhancers

To identify possible target genes associated with the puta-
tive enhancers from ‘Segment 3+4’ we used ‘Genomic Re-
gions Enrichment of Annotations Tool’ (GREAT) (52). In-
terestingly, the majority of these enhancers were found to
be 50–500 kb away from known gene-specific TSS regions
(Supplementary Figure S5A). Consistent with their spe-
cific enrichment in hFOB cells, these genes were enriched
for pathways associated with skeletal development and ex-

tracellular matrix organization (Figure 5A). Importantly,
many of these genes were differentially regulated during dif-
ferentiation or following BETi treatment (Supplementary
Figure S5B and C), supporting a role for BRD4 function in
osteoblast lineage determination.

The tissue-specific function of an enhancer is dictated
by the panel of TFs bound to it at a given time. The
TFs define the composition and hence the outcome of
enhancer-promoter interactions during gene regulation.
Notably, ‘Segment 3+4’ displayed DNase hypersensitivity
in NHOST cells (Figure 5B), suggesting that these regions
may be bound by specific TFs. One of the main TFs in-
volved in the osteoblast differentiation is the Runt-related
TF 2 (RUNX2) (57). Consistently, analysis of RUNX2 oc-
cupancy in NHOST cells revealed a prominent enrichment
of RUNX2 on ‘Segment 3+4’ (Figure 5C). To identify ad-
ditional TF binding motifs enriched in these regions, we
performed differential motif analysis of ‘Segment 3+4’ ver-
sus the ‘Segments 1+2+5’. We observed an enrichment of
consensus sequences for the AP1 TF family as well as
the Hippo/YAP-regulated Transcriptional enhancer fac-
tor TEF-1 (TEAD1) within the osteoblast-specific BRD4-
bound regions of ‘Segment3+4’ (Supplementary Table S4).
Moreover, an enrichment analysis within ‘Segment 3+4’ of
a large number of publicly available datasets for the oc-
cupancy of various TFs and cofactors was performed us-
ing ReMap (53). These analyses confirmed the significant
enrichment of AP1-bound regions on ‘Segment 3+4’ (Fig-
ure 5D) and further identified a significant overlap with
additional TFs including Signal Transducer and Activa-
tor of Transcription 3 (STAT3) and CCAAT/Enhancer-
Binding Protein-� (C/EBPb). Notably, based on RNA-seq
data, all the identified TFs are expressed in hFOBs and
only RUNX2 and Fos-related antigen 2 (FOSL2) expression
were dependent on BRD4 (Supplementary Figure S5D),
suggesting that these factors may serve as central media-
tors to facilitate BRD4 recruitment to osteoblast-specific
enhancer regions. ChIP-qPCR analyses on the overlapping
regions identified by ReMap showed a significant enrich-
ment for C/EBPb, TEAD1, STAT3, JUND and FOSL2
(Supplementary Figure S5E–H). Thus, we performed ad-
ditional genome-wide occupancy studies of all five TFs in
hFOB cells to examine their overlap with osteoblast-specific
BRD4-enriched regions. Interestingly, these TFs displayed
differential binding patterns in hFOBs, where a signifi-
cant number of C/EBPb-bound regions were largely de-
void of other factors (Supplementary Figure S5I). A num-
ber of sites displayed similar TEAD1, JUND and FOSL2
occupancy, while strongly enriched STAT3-bound regions
lacked binding of the other factors (Supplementary Fig-
ure S5J–M). Notably, BRD4 exhibited differential bind-
ing profiles at the TF bound regions, where C/EBPb-,
JUND- and FOSL2-enriched sites displayed higher bind-
ing of BRD4, compared to TEAD1- and STAT3-enriched
regions, which showed moderate and low levels of BRD4
occupancy, respectively (Supplementary Figure S5N). Re-
markably, ‘Segment 3+4’ displayed substantial binding of
C/EBPb, TEAD1, FOSL2 and JUND (Figure 5E–H, J)
whereas almost no STAT3 signal was detected on these re-
gions (Figure 5I and J). Interestingly, some ‘Segment 3+4’
regions showed co-occupancy of all TFs (Supplementary



Nucleic Acids Research, 2017, Vol. 45, No. 1 137

Figure 5. BRD4-bound putative enhancers show C/EBPb, AP1 and TEAD1 binding. (A) Biological process gene ontology (GO.BP) analysis of genes
associated with putative enhancers from ‘Segment 3+4’ as identified by GREAT analysis. (B and C). Heatmaps showing DNAse-Seq signal and RUNX2
occupancy in NHOST ± 3 KB around the center of regions identified from EpiCSeg ‘Segment 3+4’. The ordering of segments in heatmaps is based on
BRD4 RPKM values levels in differentiated hFOB cells from high to low. (D) Top 10 hits according to ReMap results performed on ‘Segment 3+4’. The
bars represent the significance values for intersected regions of identified factors. (E–I) Heatmaps depicting occupancy (in RPKM) of C/EBPb, TEAD1,
FOSL2, JUND and STAT3 ±3 KB around the center of ‘Segment 3+4. Each row represents one segment and is ordered from high to low based on
BRD4 RPKM values levels in differentiated hFOB cells. (J) Average binding intensity (RPKM) of C/EBPb, TEAD1, FOSL2, JUND and STAT3 ±3
KB around the center of ‘Segment 3+4’. (K) IGV profile depicting binding of C/EBPb, TEAD1, FOSL2 and JUND in differentiated hFOBs (cyan) and
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Figure S6A) while some osteoblast-specific BRD4 target
genes such as TNFRSF11B (Figure 1C), ELN and DCN
(Supplementary Figure S5C) showed distinct occupancy of
the identified TFs at putative enhancer sites located within
50 kb of the genes (Figure 5K; Supplementary Figure S6B
and E).

We next examined the functional importance of each
of the TFs identified to be differentially enriched at
the osteoblast-specific BRD4-enriched putative enhancers
within ‘Segment 3+4’ for the expression of the associated
target genes. Consistent with reduced recruitment of BRD4
at both the TSS as well as the putative enhancer sites (Site
1 and 2, Figure 5K) following the depletion of C/EBPb,
TEAD1, FOSL2 and JUND in differentiated hFOBs (Sup-
plementary Figure S6C and D), the expression of the TN-
FRSF11B gene was decreased in each of the knockdown
conditions, albeit to a varying degrees (Figure 5L and M).
Notably, the expression of BRD4 was partially dependent
on JUND expression (Supplementary Figure S6D). Like-
wise, BRD4 occupancy both at TSS as well as at a potential
enhancer site (Site 1, Supplementary Figure S6E) upstream
of the ELN gene was markedly decreased following the
knockdown of each of the four TFs (Supplementary Figure
S6F). However, the expression of elastin (ELN) was signifi-
cantly affected only upon TEAD1 and JUND knockdown
(Supplementary Figure S6G), suggesting a unique and, per-
haps, hierarchical contribution pattern of TFs to BRD4-
dependent gene expression regulation. Thus, the predictive
value of utilizing a combination of chromatin segmentation
of differentially bound osteoblast-specific BRD4-enriched
regions, motif analyses and integration of publically avail-
able TF genome occupancy datasets, could be confirmed
by genome-wide occupancy studies for four out of five
predicted TFs (C/EBPb, TEAD1, JUND and FOSL2).
Moreover, the association of these putative enhancers with
osteoblast-related genes and the dependence of these genes
on functional activity of BRD4 support a role for BRD4 in
regulating gene expression and controlling lineage determi-
nation.

DISCUSSION

Cellular differentiation is a complex process involving the
coordination of multiple TFs and epigenetic modifiers act-
ing on both cis- and trans-regulatory elements to selectively
regulate lineage-specific gene expression. In this study, we
sought to elucidate the context-specific function of BRD4
in regulating gene expression by exploring its function and
localization during osteoblast differentiation. In fact, we
show that the function of BRD4 is indispensable for os-
teoblast lineage commitment at early as well as later stages
of osteoblast differentiation. Although global mRNA or

protein levels of BRD4 do not significantly change dur-
ing differentiation there is a considerable increase of BRD4
occupancy around the TSS of genes and the change is
markedly higher on genes upregulated during differentia-
tion.

Importantly, pharmacological inhibition of BET proteins
was shown to be a promising strategy in the treatment of
bone-associated tumors and inflammatory bone resorption
(58,59). Consistently, in addition to inhibition of tumor
growth or osteoclastogenesis, BETi inhibited the differenti-
ation of osteoblasts. However, BETi injections into healthy
mice did not lead to any significant changes in bone forma-
tion rate or bone morphometric parameters, possibly due
to the adult age of the animals used in the studies. In fact,
among other developmental defects, heterozygous BRD4
null mice were reported to display malformations of skull
bones, possibly supporting the importance of BRD4 for
bone formation (60).

The identification of osteoblast-specific BRD4-bound
putative enhancers and TFs associated with these regions
further strengthens the role of BRD4 in lineage determi-
nation. Previous studies established important functions of
C/EBPb, AP1 and STAT3 TFs in regulating osteoblast dif-
ferentiation (61–64). Although the specific role of TEAD1
in the context of bone formation has not yet been stud-
ied, its importance can be implied based on its interac-
tion and dependence on the transcriptional co-activator
with PDZ-binding motif (TAZ) (65). Specifically, TAZ was
shown to regulate osteoblast differentiation and mediate
the effects of canonical Wnt signaling, a central regulator
of osteoblast differentiation (66,67). Although the RUNX2
binding motif was not specifically identified by motif dis-
covery, analysis of RUNX2 in NHOST cells suggests its co-
localization on osteoblast-specific BRD4-enriched regions.
Consistently, RUNX2 was previously reported to interact
with both AP1 factors as well as C/EBPb to regulate os-
teoblast differentiation (61,68). Thus, it is likely that BRD4
localization to ‘Segment 3+4’ may be mediated by func-
tional cooperation between RUNX2 and other DNA bind-
ing TFs. In general, the distinct binding pattern of the iden-
tified TFs at osteoblast-specific genes suggests that each
might play a specific role in coordinating BRD4 function
during the establishment of osteoblast-specific transcrip-
tional programs. The cluster of active enhancers marked
by TFs, the mediator complex and a combination of his-
tone modifications are frequently found near genes asso-
ciated with cell fate specification (12). However, the func-
tional importance of each of the enhancer units within these
clusters might vary greatly (69,70). Whereas some of the
enhancers might display critical regulatory functions, the
function of others is dispensable for the activation of the tar-
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RUNX2 in NHOST (coral) in the proximity of the TNFRSF11B gene. Two potential enhancer sites 1 and 2 are indicated. (L). The relative expression
of TNFRSF11B in differentiated hFOBs following siRNA-mediated knockdown of C/EBPb, TEAD1, FOSL2 and JUND evaluated via qRT-PCR and
normalized to expression level of RPLP0 and the expression in the control (siCNTR) state. Mean ± SD, n = 3. One-way ANOVA followed by Dunnett’s
test were performed for statistical analysis where ***P < 0.001, **P < 0.01, *P < 0.05. (M) BRD4 occupancy was evaluated by ChIP at potential enhancer
sites 1 and 2 indicated in (K) and the TSS of the TNFRSF11B gene and measured via qPCR in differentiated hFOBs following JQ1 treatment or siRNA-
mediated knockdown of BRD4, C/EBPb, TEAD1, FOSL2 and JUND. For background estimation IgG ChIP was used. The ChIP efficiency is displayed
as enrichment over Input in percent. Mean ± SD, n = 2. Student’s t-test (for DMSO versus JQ1 comparison) and one-way ANOVA followed by Dunnett’s
test (for the rest) were performed for statistical analysis where ***P < 0.001, **P < 0.01, *P < 0.05.
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get genes. The functional hierarchy of individual enhancers
likely reflects the complexity of TF cooperativity involved in
enhancer activation (70). Moreover, the three-dimensional
organization of the chromatin and the looping of several
enhancers with the target promoter within one topologi-
cally associated domain may enable multiple enhancers to
promote target gene transcription in an additive manner
(71). Hence, given the (at least partial) additive and redun-
dant function of enhancers, it is not surprising that deple-
tion of the identified TFs in this study resulted in differ-
ential regulation of BRD4-target genes despite similar ef-
fects on BRD4 recruitment at individual potential enhancer
sites and TSS of these genes. Moreover, whether each of
the putative enhancers located in the proximity of a specific
gene serve as regulatory elements controlling the expres-
sion of this gene requires further gene editing approaches
to definitively establish their role. Futhermore, although
BRD4 recruitment was dependent on each of the identi-
fied TFs, whether these TFs directly interact with BRD4 in
a bromodomain-dependent manner or indirectly by means
of additional co-factors needs further investigation. The
strong association of p300 with BRD4 specifically on en-
hancers as well as with C/EBPb, AP1, TEAD1 and STAT
proteins suggests a possible model where the identified TFs
could utilize p300 to recruit BRD4 onto tissue-specific en-
hancers (65,72–75). This assumption can further be sup-
ported by synergistic effects of CBP/p300 inhibitors with
BETi (76). Moreover, some of the TFs may themselves serve
as acetylation targets for p300 (4,77), offering an additional,
more direct mode of mediating BRD4 recruitment to en-
hancers.

Although BRD4 was reported as a ubiquitously ex-
pressed protein that serves as a general facilitator of tran-
scriptional activation, an increasing body of evidence indi-
cates that it regulates gene expression in a context-specific
manner where the specificity is defined by the repertoire of
TFs and co-factors expressed. Together, our findings sup-
port the role of BRD4 as a central intermediary in the in-
duction of gene expression in response to external signal-
ing via its recruitment to both promoter and enhancer re-
gions bound by a subset of TFs. Thus, these findings be-
gin to provide an explanation of the intricacies and diver-
sity of BETi-mediated transcriptional effects elicited in dif-
ferent tissues and cell lines. A further understanding of the
context-dependent functions of BET proteins will be essen-
tial for the efficient and correct clinical application of BET
inhibitors in various diseases.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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