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Abstract

The bromodomain and extraterminal motif (BET) proteins are critical drug targets for diseases. The precise functions and
relationship of BRD2 with other BET proteins remain elusive mechanistically. Here, we used acute protein degradation and
quantitative genomic and proteomic approaches to investigate the primary functions of BRD?2 in transcription. We report that
BRD?2 is required for TAF3-mediated Pol II initiation at promoters with low levels of H3K4me3 and for R-loop suppression
during Pol II elongation. Single and double depletion revealed that BRD2 and BRD3 function additively, independently,
or perhaps antagonistically in Pol II transcription at different promoters. Furthermore, we found that BRD2 regulates the
expression of different genes during embryonic body differentiation processes by promoter priming in embryonic stem cells.
Therefore, our results suggest complex interconnections between BRD2 and BRD?3 at promoters to fine-tune Pol II initiation

and elongation for control of cell state.

Keywords BET proteins - RNA Pol II - Cross-regulation - Embryonic body

Introduction

BET family proteins, including BRD2, BRD3, BRD4, and
BRDT, consist of two bromodomains and one extraterminal
domain [1]. Increasing numbers of clinically relevant studies
have demonstrated that BET protein inhibitors show great
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therapeutic potential for various pathologies by generally
competing for the interactions between bromodomain and
acetylated histones, leading to the repression of key genes
involved in disease [2—4]. Genomic mapping indicates that
BRD2, BRD3, and BRD4 have similar binding profiles at
promoter and enhancer regions by recognizing acetylated
histones. Previous studies have shown that BRD4 regulates
Pol II elongation with p-TEFb [5-7], and BRD2 and BRD3
appear to function in Pol II initiation [8]. However, their
molecular effects on initiation factors remain unclear. On the
other hand, BRD3 rescues BRD2 deficiency [9], suggesting
that BRD2 and BRD3 might function redundantly in cells.
However, BRD2-, BRD3-, and BRD4-specific and relation-
ships remain elusive. Investigating unique and coregulated
gene targets for individual BRDs would therefore be impor-
tant for applying BET-specific and pan inhibitors.

BRD2 was demonstrated to regulate gene expression in
malignant melanoma, embryonic stem cells, and Th17 cell
differentiation [10—12]. Previous protein—protein interaction
network analyses have indicated that BRD2 interacts with
several proteins, such as E2F1, TBP, SWI/SNF, HDAC11,
KAT7, CTCF and topoisomerase I, indicating roles of BRD2
in transcriptional regulation, 3D chromatin organization
and DNA repair [13-18]. Previous studies on the molecular
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mechanisms of BRD2 in Pol II transcription are limited
because they primarily used specific gene expression analy-
ses, correlation analyses, BET inhibitor treatment, reporter
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assays, or aggregate analyses without follow-up mechanistic
investigations [11-13]. Although TBP was shown to inter-
act with BRD2 under serum starvation [13], whether they
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«Fig. 1 BRD?2 depletion leads to both Pol II initiation and elongation
defects. A Venn diagram displaying the overlapping peaks of the
BRD2, Pol 11, TAF3, and TBP ChIP-Seq datasets. B The pie chart
shows that the overlapping peaks of BRD2, Pol 1I, TAF3, and TBP
ChIP-Seq primarily occupy gene promoters. C Western blot analyses
of BRD2, Pol II, S2P Pol II and S5P Pol II protein levels in BRD2
degron mES cells under untreated and IAA-treated conditions. D
Scatter plots showing total Pol II (antibody recognized N-terminal of
RPB1), S2P (serine 2 phosphorylated RPB1), TBP and TAF3 ChIP-
Seq signals at expressed gene promoters and gene bodies (for S2P)
before and after BRD2 degradation. Red dots represent the differen-
tially regulated genes identified by DiffBind software (v3.2.2) using
DESeq2 as a comparison model (FDR <0.05). Two replicates were
done for each next-generation sequencing experiment. E Genome
browser track of BRD2, Pol II, S2P, TBP, and TAF3 ChIP-Seq sig-
nals in BRD2 degron mES cells in untreated and 3 h IAA-treated
conditions at the Rplp0 and Smo loci. F Pol II ChIP-qPCR analyses
of Rplp0 and Smo promoters and intergenic regions in BRD2 degron
mES cells under untreated and 3 h IAA-treated conditions. Pol II-
S2P ChIP-gqPCR analyses of the Rplp0O and Smo gene body regions
in BRD2 degron mES cells under untreated and 3 h IAA-treated
conditions. The intergenic region serves as a negative control for
ChIP-qPCR. Primers see Table S9. Error bars represent the SD of at
least three technical replicates. p values were calculated using Stu-
dent’s ¢ test (ns: p>0.05, *p< =0.05, **p< =0.01, ***p< =0.001,
*##¥¥p < =0.0001). G BRD2, TBP and TAF3 ChIP-qPCR analyses
of Rplp0 and Smo promoters and intergenic regions in BRD2 degron
mES cells under untreated and 3 h IAA-treated conditions. The qPCR
results are represented the same as (F). H The accumulative distri-
bution curve of the Pol 11 traveling ratio at initiation and elongation-
affected genes upon BRD2 degradation. Initiation-affected genes
were defined as genes whose promoters were bound by BRD2, TAF3
and Pol II and showed a decrease in TAF3 signals at promoters iden-
tified by DiffBind. Elongation-affected genes were defined as genes
whose promoters were bound by BRD2 and Pol II and showed an
increase in S2P signals at gene bodies and transcription ending sites
identified by DiffBind. Significance was assessed using the Wilcoxon
test. I Meta-gene plots of the average Pol II, TAF3, TBP and S2P
ChIP-Seq signals at initiation-affected, elongation-affected genes (see
methods for more details). Boxplots (insets) displayed the log2 ChIP-
Seq signals at+100 bp around TSS regions or gene-body regions
(Pol II or S2P at elongation-affected genes. Gene body regions were
defined as—1 kb from TSS to transcription termination sites) upon
BRD?2 depletion. Significance was generated using the ChIP-Seq sig-
nals in each gene set under untreat and IAA conditions by the Wil-
coxon test (ns p >0.05, **p < =0.01, ****p < =0.0001)

interact under normal conditions and their interdepend-
ence for executing effective transcription are unclear. On
the other hand, Pol Il was shown to decrease binding after
BRD2 depletion [8], but the detailed molecular mechanisms
and biological function are also unclear. Thus, the molecular
mechanisms of BRD?2 in Pol II transcription remain worthy
of investigation.

Uncovering the principles for maintaining and establish-
ing cell states is fundamental for understanding development
and diseases, so transcriptional regulation during cell line-
age commitment has been intensively investigated. Multiple
factors, such as LSD1, TAF3, ELL3, and MLL4, have been
shown to modulate embryonic stem cell differentiation by
controlling distal enhancers [19-22]. BRD?2 is essential for

early embryo development and proper neural tube matura-
tion, and haploinsufficiency of BRD2 causes epilepsy and
severe obesity without causing diabetes during mouse devel-
opment [23-27]. However, the molecular mechanisms of
BRD2-mediated promoter activation during differentiation
are not well understood. In particular, understanding BRD2’s
effect on cell state control would provide insights into the
applications of BET inhibitors in cell reprogramming.

Here, we performed BRD2 ChIA-PET, ChIP-MS, and
acute depletion of BRD2 proteins followed by quantitative
genomic analyses in murine embryonic stem cells. We found
that gene promoters with low-level H3K4me3 modifications
required BRD?2 to facilitate TAF3-mediated Pol II initiation.
Whereas gene promoters with high-level of H3K4me3 modi-
fications, exhibited a reduced requirement for BRD2 to safe-
guard initiation but needed BRD2 to suppress R-loops for
transcriptional elongation. Regarding the roles of other BET
proteins (BRD3) in BRD2-mediated transcriptional regula-
tion, we found that BRD2 and BRD3 function additively,
independently, or perhaps antagonistically in Pol II tran-
scription at different gene promoters. Furthermore, BRD2
depletion affects the expression of different genes during
embryonic stem cell differentiation, likely through promoter
priming. Our study reveals a complex regulatory mechanism
for BET proteins and provides a foundation for understand-
ing the binding and functional relationships among different
BET proteins in development and disease.

Results

BRD2 depletion affects Pol Il initiation mediated
by TAF3

To explore the detailed molecular mechanisms underlying
the regulation of Pol II transcription, we first compared the
genomic occupancy of BRD2 to that of Pol II and initiation
factors, such as TBP and TAF3 (also known as components
of TFIID) in mESCs. The overlap analyses for the ChIP-
Seq peaks revealed that BRD2, Pol II and initiation factors
largely co-occupied gene promoters (Figs. 1A, B), indicat-
ing an active role for BRD2 in Pol II regulation. We con-
structed BRD2-degron mESCs by knocking a mAID-GFP
(mini IAA-inducible degradation) tag into the C-terminus
of endogenous BRD2 using the CRISPR/Cas9 gene-editing
strategies that we previously used [28]. Genotyping, immu-
nofluorescence, and Western blot analyses confirmed that
BRD2 protein degron system was efficient (Fig. SIA-D).
The Pol II antibody recognized the N-terminal domain
(NTD) of RPBI1, captured total Pol II, S5P (serine 5 phos-
phorylated) Pol II antibody recognized initiating Pol II in
the promoters, and S2P (serine 2 phosphorylated) Pol II
antibody recognized elongating Pol II in the gene bodies.
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Western blot analyses indicated that BRD2 depletion did not
affect the protein levels of total Pol IT or S2P Pol II (Fig. 1C),
but affect S5P Pol II protein level, consistent with previous
report of BRD2 in transcription initiation [8]. To directly
investigate the roles of BRD2 in Pol II transcription, we then
performed total and S2P Pol II ChIP-Seq before and after
BRD2 depletion. The scatter-plot analyses indicated that
BRD2 depletion led to both an increase and a decrease in
total Pol I occupancy at promoter regions and a preferential
increase in S2P Pol II at gene bodies (Fig. 1D, Tables S1-2).
These results suggested that BRD2 depletion caused changes
in chromatin binding for both total Pol II and elongating Pol
II in the genome.

To further decipher the mechanisms of BRD2-mediated
transcriptional initiation, we next performed TBP and TAF3
ChIP-Seq after immediate BRD2 depletion. The differential
analyses indicated that BRD2 depletion decreased the chro-
matin binding of TAF3 and TBP at promoters (Fig. 1D).
The overlap analysis showed that the majority of genes with
decreased TAF3 binding also have decreased Pol II bind-
ing, and that genes with increased S2P binding exhibited
the most overlap with genes with increased Pol II binding
(Fig. S1E, Table S2). Correlation analyses for the ChIP-Seq
signal changes consistently indicated that TAF3 and S2P
changes were slightly associated with the changes in Pol
IT ChIP-Seq signals (Fig. S1F). ChIP-qPCR experiments
were used to further validate the ChIP-Seq changes in
response to BRD2 depletion. Smo and Rplp0 were selected,
because Smo encodes the protein smoothened, which plays
an important role in Hedgehog signaling [29], and Rplp0
encodes a ribosomal protein, both of which were enriched in
functional terms of BRD2 affected genes (Table S2). ChIP-
qPCR results revealed that the gene Smo, which showed
decreased total Pol II occupancy, also decreased the TAF3
and TBP binding. The gene Rplp0, which showed increased
Pol II binding, was associated with higher levels of Pol II
occupancy, exhibiting relatively fewer effects on TAF3 and
TBP binding, but with increased S2P Pol II binding signals
(Figs. 1E-G). Together, these results suggest that BRD2
facilitates TBP and TAF3 binding for many promoters in
mESCs.

We next defined initiation- and elongation-affected genes
by identifying genes that were co-bound by both Pol II and
BRD2, with either decreased TAF3 binding (n=919) or
increased S2P binding (n=706) (Fig. S1G, Table S3). The
initiation-affected genes exhibited decreased Pol II occu-
pancy at the transcription start sties (TSSs) and traveling
ratio, consistent with the defects of initiation. The elonga-
tion-affected genes were associated with increased Pol II at
gene bodies and decreased traveling ratio, also confirming
the perturbations in elongation (Fig. 1H, I). Meta-gene anal-
yses demonstrated that initiation-affected genes displayed a
decrease in Pol I, TBP, and TAF3 signals at their promoters.

@ Springer

Elongation-affected genes contained more total Pol II occu-
pancy at both the promoter and gene body regions but fewer
effects on the TBP and TAF3 signals at the promoters after
BRD2 depletion (Fig. 1I). Meta-plot and boxplot showed
that the effect sizes of TAF3 and TBP are small, however,
they are all significantly larger than the effect sizes of genes
with unchanged binding (Fig. SIH). In contrast, BRD2
unbound genes did not show obvious binding or changes in
these factors (Fig. S1I). Our results collectively suggested
that BRD2 functions in Pol II initiation and elongation in
mESCs.

BRD2 depletion leads to increased R-loops,
potentially underlying the effects of accumulated
Pol Il occupancy in the gene bodies

To obtain a deeper understanding of BRD2-mediated Pol II
transcriptional regulation, we performed BRD2 ChIP-MS
to characterize the BRD2 protein interactome in mESCs,
which would provide a resource for pinpointing candidate
factors to explain the molecular functions of BRD2. TFIID
components, including TAF1, TAF2, and TAF3, were pref-
erentially enriched in the BRD2 ChIP-MS preparations
(Fig. 2A, Table S4). The interactions of TBP and TAF3 with
BRD2 were independently verified by immunoprecipitation
followed by Western blotting experiments (Fig. 2B). In addi-
tion, size exclusion chromatography analyses indicated that
TAF3 colocalized in the same fractions as BRD2 (Fig. S2A),
suggesting that BRD2 interacts with TAF3.

Previous studies have reported that BRD2 suppresses
R-loops with TOP1 to inhibit genome instability [18], but
the impact of BRD2-mediated R-loop repression on Pol II
transcription remains unclear. Interestingly, several proteins
involved in R-loop regulation, such as DHX9, DDXS5, and
XRN2, were detected in the BRD2 ChIP-MS preparation
of mESCs (Fig. 2A). These protein interactions were also
detected in a published BRD2 IP-MS dataset with a differ-
ent cell line for investigating the roles of BRD2 in genome
stability [18]. Immunoprecipitation followed by Western
blotting further validated the interactions between BRD2
and XRN2 (Fig. 2B). Genomic binding analyses also indi-
cated that BRD2 co-occupies gene promoters with XRN2
(Fig. 2C). We then performed R-Loop analyses using a
recently published R-Loop CUT&Tag method after BRD2
depletion [30]. Metagene and specific gene examples showed
increased R-loop signals in response to BRD2 depletion, and
the increase was relatively greater for elongation-affected
genes (Fig. 2D), consistent with the prior finding that
R-loops may retard Pol II elongation in gene bodies [31, 32],
which served as an explanation for the increased Pol II sig-
nals in the genes after BRD2 depletion. However, the slight
increase in TAF3 and TBP chromatin binding after BRD2
depletion (Fig. 1D) might represent some negative feedback
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Fig.2 BRD2 depletion causes increased R-loop signals potentially
underlying the roles of BRD2 in Pol II elongation. A Volcano plot
displaying the enriched proteins identified by BRD2 ChIP-MS
in mESCs. BRD2 ChIP-MS-enriched proteins were identified by
DESeq?2 using the PSM (peptide-spectrum match) values in BRD2
and input samples (2 repeats for each sample, p value <0.05). The
enriched initiation factors and R-loop regulators are shown in red
and purple, respectively. B Western blot analyses of anti-BRD2,
anti-TAF3 and anti-XRN2 immunoprecipitates in isolated chromatin
fractions from wild-type mES cells show that BRD2 interacts with
TAF3 and XRN2. Western blot analyses of anti-BRD2 immunopre-
cipitates in isolated chromatin fractions of BRD2 degron mES cells
show that BRD2 interacts with TBP. C Pie chart (top left) showing
the overlapping ChIP-Seq peaks between BRD2 and XRN2. The
pie chart (top right) shows that the overlapping peaks of BRD2, and
XRN2 ChIP-Seq occupy promoters. Heatmap plots (bottom) display-
ing the occupancy of BRD2 and XRN2 at promoters, enhancers, and
insulators. D Meta-gene plots (left) of the average R-loop signals at
initiation-affected and elongation-affected genes upon BRD2 deple-
tion. Boxplots (insets) show log2 R-loop signals at+ 100 bp around
TSSs upon BRD2 depletion. Significance was determined using the
Wilcoxon test (¥**#*p < =0.0001). Two replicates were done for each
next-generation sequencing experiment. E Meta-gene plots (left) of
the average XRN2 ChIP-Seq signals at initiation-affected and elonga-
tion-affected genes upon BRD2 degradation. Boxplots (insets) show-
ing log2 XRN2 ChIP-Seq signals at+100 bp around TSS regions

upon BRD2 depletion. Density scatter plots (right) showing the cor-
relation of binding fold change between R-loop and XRN2 ChIP-Seq
signals upon BRD2 depletion. Significance was determined using
the Wilcoxon test (****p < =0.0001). Two replicates were done for
each next-generation sequencing experiment. F Left: genome browser
track of S9.6 R-loop Cut&Tag signals in BRD2 degron mES cells
under untreated and 3 h IAA-treated conditions at the Rplp0O and
Smo loci. The RNase A-treated group served as a negative control.
Right: genome browser track of XRN2 ChIP-Seq signals in BRD2
degron mES cells under untreated and 3 h IAA-treated conditions at
the Rplp0 and Smo loci. G XRN2 ChIP-qPCR analyses of Rplp0 and
Smo promoters and intergenic regions in BRD2 degron cells under
untreated and 3 h IAA-treated conditions. The intergenic region
serves as the negative control for ChIP-qPCR. Primers see Table S9.
Error bars represent the SD of at least three technical replicates.
p values were calculated using Student’s ¢ test (*: p < =0.05, **: p
< =0.01). H Meta-gene plots of the average H3K4me3, GRO-Seq,
H3K27me3 ChIP-Seq and R-loop signals (public available dataset,
see Table S8. The signal distribution is different from our R-loop sig-
nals in (D), as they were generated with different library preparation
methods for R-loop sequencing) at initiation-affected and elongation-
affected genes. Boxplots (insets) showing the log2 ChIP-Seq or GRO-
Seq signals at+ 100 bp around TSS regions, or R-loop signals at gene
body regions of initiation-affected and elongation-affected genes. Sig-
nificance was determined using the Wilcoxon test (¥****p < =0.0001)
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regulations for the transcription elongation suppression that
warrant further investigation in the future.

A previous study demonstrated that RNAi knock down
both decapping factor and XRN2 lead to increased Pol
IT occupancy at the gene bodies of ENO1, HSP90OAAL,
MAT2A, RBM39, etc. [33]. Surprisingly, these genes also
showed an increase in Pol II signals at the gene bodies after
BRD2 depletion in our mESCs, even though they were per-
formed in different cell lines with distinct perturbations.
XRN2 ChIP-Seq was also performed after BRD2 depletion.
Meta-gene and specific gene examples revealed that XRN2
decreased chromatin binding after BRD2 depletion, and this
decrease was preferentially greater for elongation-affected
genes than for initiation-affected genes (Figs. 2E, F).
Decreased XRN2 binding was also associated with increased
R-loop signals (Fig. 2E). ChIP-qPCR experiments further
validated the decreased chromatin binding of XRN2 after
BRD?2 depletion for both the elongation-affected gene Rplp0
and initiation-affected gene Smo (Fig. 2G). Collectively, our
results implicated that BRD2 may function together with
R-loop regulators, such as XRN2 and RNA helicases, to
suppress R-loops during transcriptional elongation globally.
The genome-wide effects of R-loop after BRD2 depletion
together with the preferential effects on initiation described
above combinatorically contribute to Pol II transcription.

TAF3 directly recognizes H3K4me3-modified histones at
promoters, and BRD2 binds acetylated histones in chroma-
tin [34-37]. Therefore, we performed correlation analyses
for both initiation-affected and elongation-affected genes.
The results showed that initiation-affected genes exhibited a
relatively low level of H3K4me3 modifications. In contrast,
elongation-affected genes presented a relatively high level
of R-loop and GRO-Seq signals (Fig. 2H). These results
indicated that the TAF3 binding at promoters containing
low levels of H3K4me3 may require BRD2 to enhance its
chromatin binding. TAF3 binding at promoters containing
high levels of H3K4me3 may not need BRD?2 to facilitate its
binding, while these genes are highly transcribed and require
BRD?2 to suppress R-loops for transcription elongation.

BRD2 depletion leads to increased BRD3 binding
in a subset of gene promoters

BRD2, BRD3, and BRD4 are bromodomain-containing
acetylated histone readers. We hypothesized that other BET
proteins might synergistically or antagonistically regulate
the molecular functions of BRD2. Genomic localization
analyses indicated that BRD2, BRD3, and BRD4 co-occupy
the enhancer and promoter regions (Fig. 3A), implicating
that BET proteins may interconnect with each other to regu-
late Pol II [38]. To directly investigate the relationships for
chromatin binding among BRD2, BRD3, and BRD4, we per-
formed BRD3 and BRD4 ChIP-Seq after BRD2 depletion.
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The differential analyses indicated that 857 promoters sig-
nificantly gained BRD3 binding (BRD3 up genes), and 69
promoters significantly reduced BRD3 binding (BRD3 down
genes) after the depletion of BRD2 (Fig. 3B, Table S5). The
Pol II occupancy of these genes indicates that genes with
decreased BRD3 binding exhibit relatively more changes,
and genes with increased BRD3 binding presented rela-
tively fewer changes (Fig. 3B), consistent with a previous
report that BRD3 rescues BRD2 deficiency in blood cells
[9]. In contrast, the chromatin binding of BRD4 appeared
to be affected less than that of BRD3 after BRD2 deple-
tion (Fig. 3C), which is consistent with previous finding
that BRD2 RNAIi followed BRD4 ChIP-qPCR analyses
in Th17 cells [10]. On the other hand, the BRD4 binding-
changed genes also seemed not to show obvious Pol II
occupancy changes at gene regions after BRD2 depletion
(Fig. 3C). ChIP-qPCR experiments validated the increased
BRD3 chromatin binding after BRD2 depletion at the Mtgl
gene promoter (Figs. 3D, E). These results suggested that
BRD2 competes with BRD3 for binding of subset of gene
promoters.

A previous study demonstrated that the BET coactivators
BRD3 and BRD4 contained intrinsically disordered regions
and formed transcriptional condensates with transcription
factors and mediators at super-enhancers for transcription
activation [39—41]. Amino acid sequence analyses indicated
that BRD2 also contains intrinsically disordered regions
(Fig. S2B). However, whether the occupancy of BRD3 and
BRD4 at the enhancer regions is dependent on BRD?2 is
still unclear. We next examined BRD3 and BRD4 chroma-
tin binding in response to BRD2 depletion at enhancer and
super-enhancer regions. The meta-analyses showed that
BRD2 depletion led to tiny reductions of BRD3 and BRD4 at
the enhancer and super-enhancer regions (Fig. 3F). Together,
these results suggested that BRD2 depletion increases BRD3
binding at a subset of genes. The interconnections between
BRD2 and BRD3 indicated that BRD2 might function in a
gene-specific manner with BRD3.

BRD2 and BRD3 depletion reveals both additive
and independent effects on Pol Il transcription

To further examine the functional relationship between
BRD2 and BRD3 in Pol II transcription, we knocked out
BRD3 in BRD2 degron mES cells. This cell line allows us
to investigate the molecular functions of BRD2 and BRD3
both separately and together. Western blot experiments
verified BRD3 knockout and BRD2 degradation (Fig. 4A).
We performed Pol II ChIP-Seq after depletion of BRD3
or after depletion of both BRD3 and BRD2. To directly
investigate the relationships between BRD2 and BRD3 in
Pol II transcription, we performed cluster analyses for Pol
IT ChIP-Seq signals at active gene promoters. The result
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Fig.3 BRD2 depletion increases BRD3 binding at a subset of pro-
moters. A Pie chart (top) showing the overlapping peaks among
BRD2, BRD3 and BRD4 ChIP-Seq in mESCs. The meta plots (bot-
tom) displaying the occupancy of BRD2, BRD3 and BRD4 at pro-
moters, enhancers and insulators. B Scatter plots (left) showing
BRD3 ChIP-Seq signals at expressed gene promoters before and after
BRD2 degradation. Red dots represent the differentially regulated
genes identified by DiffBind software (v3.2.2) using DESeq2 as a
comparison model (FDR <0.05). Metagene analysis (right) displays
the average Pol II ChIP-Seq signals at BRD3 up or down genes (rep-
resenting genes with up- and downregulated BRD3 ChIP-Seq signals
before and after BRD2 depletion). Boxplots (insets) show log2 Pol II
ChIP-Seq signals at+ 100 bp around TSS regions upon BRD2 deple-
tion. Significance was determined using the Wilcoxon test (***p <
=0.001; ****p < =0.0001). Two replicates were done for each next-
generation sequencing experiment. C The legend of © is the same as

revealed three gene clusters (Fig. 4B): cluster 1 did not
show noticeable differences between BRD3 knock out
and BRD2/BRD3 double depletion, indicating little cross
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that of (B), but for BRD4. D Genome browser track of BRD3 and
BRD4 ChIP-Seq signals in BRD2 degron mES cells under untreated
and 3 h IAA-treated conditions at the Mtgl locus. E BRD2, BRD3
and BRD4 ChIP-qPCR analyses of the Mtgl promoter and intergenic
regions. The intergenic region serves as a negative control for ChIP-
qPCR. Primers see Table S9. Error bars represent the SD of at least
three technical replicates. p values were calculated using Student’s ¢
test (ns: p >0.05, **p < =0.01, ***p < =0.001, ****p < =0.0001).
F Meta plots of the average BRD3 (left) and BRD4 (right) ChIP-Seq
signals at enhancers and super-enhancers before and after BRD2
degradation. Enhancers and super-enhancers were defined using pre-
viously published MED1 ChIP-Seq dataset. Boxplots (insets) show
log2 BRD3 and BRD4 ChIP-Seq signals at super-enhancer regions
and + 100 bp around the center of enhancer regions. Significance was
determined using the Wilcoxon test (¥p < =0.05, *** p < =0.001,
kD < =0.0001)

regulations of these; cluster 2 exhibited decreased Pol II
after BRD3 depletion and much more marked decrease in
Pol II after depletion of both BRD2 and BRD3, indicating
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Fig.4 BRD2 functions additively and independently with BRD3
in Pol II transcription. A Western blot validation of BRD3 protein
knockout (BRD3_KO) in BRD2 degron mESCs, BRD2 and BRD3
double depletion (BRD2/3_DKO) under 3 h IAA-treated with BRD2
degron mESCs. B Heatmap showing the occupancy changes of Pol
II at active gene promoters. The promoters were clustered by the
ChIP-Seq signals of untreated, BRD3-depleted and BRD2/3-double
depleted cells using k-means. Active gene promoters were down-
loaded from a previous publication [21]. The color bar indicates
the 1og2FC of ChIP-Seq signals. Two replicates were done for each
next-generation sequencing experiment. C Genome browser track of
Pol II ChIP-Seq signals in BRD3 protein knockout (BRD3_KO) in
BRD2 degron mESCs, BRD2 and BRD3 double depletion (BRD2/3_
DKO) conditions at the Mtgl and Ddb2 loci. D Meta-gene plots of
the altered Pol II ChIP-Seq signals at BRD3 up- and BRD2-specific
genes upon BRD2 depletion (IAA), BRD3 knockout (KO) or BRD2

that BRD2 and BRD3 function additively; cluster 3
showed few decreased Pol II genes after BRD3 depletion
and a slightly increased Pol IT after BRD2 and BRD3 dou-
ble depletion, indicating that BRD3 may function indepen-
dently, or perhaps antagonistically in BRD2-mediated Pol
II transcription at these genes.

We next sought to determine the effects on Pol II tran-
scription considering the relationships between BRD2 and
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and BRD3 double depletion. The altered Pol I ChIP-Seq signals were
calculated as Pol II signals in treated samples subtracting Pol II sig-
nals in untreated samples. Boxplots (insets) show log2 Pol II ChIP-
Seq signals in IAA samples subtracted by signals in untreated sam-
ples at+ 100 bp around TSS regions. Significance was determined
using the Wilcoxon test (****: p < =0.0001). E The Venn diagram
showed the overlap analyses for the Pol II upregulated genes (left)
and downregulated genes (right) after BRD2 depletion (BRD2_IAA),
BRD3 depletion (BRD3_KO) and BRD2 and BRD3 double deple-
tion (BRD2/3_DKO). F Meta-gene plots of the BRD2, H4K16ac,
H3K27ac ChIP-Seq signals (public available dataset, see Table S8)
at BRD3 up- and BRD2-specific genes. Boxplots (insets) show log2
ChIP-Seq signals at+100 bp around TSS of BRD3-up and BRD2-
specific genes. Significance was determined using the Wilcoxon test
(FFFEp < =0.0001)

BRD3 in chromatin binding. For the genes with increased
BRD3 chromatin binding at their promoters after BRD2
depletion (BRD3 up genes), they showed decreased Pol 11
binding at the transcription start sites after single deple-
tion of BRD2 or BRD3. Double depletion of BRD2 and
BRD3 led to further decrease of Pol II binding at TSSs
(Figs. 4C, D). For BRD2-regulated genes that did not show
both increase and decrease in BRD3 chromatin binding
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(BRD2-specific genes), BRD2 depletion slightly increased
Pol II signals, BRD3 depletion decreased the Pol II signals
at the TSS, and both BRD2 and BRD3 depletion decreased
Pol II signals less than BRD3 depletion alone (Figs. 4C, D).
These results collectively suggested that BRD2 and BRD3
have both additive and independent functions in Pol II tran-
scription at various gene promoters. In addition, Venn dia-
gram of genes perturbed by a single (BRD2 or BRD3) and
double (BRD2 and BRD3) protein showed that some genes
were regulated by both BRD2 and BRD3, while others were
regulated by BRD2 or BRD3 alone (Fig. 4E), further sug-
gesting the additive and independent roles between BRD2
and BRD3. Moreover, ChIP-Seq signal correlation analyses
indicated that the BRD3 up genes tend to have higher abun-
dances of BRD2, BRD3 and histone acetylation occupancy
(H4K16ac and H3K27ac) compared with the BRD2 specific
genes. In contrast, the BRD4 chromatin binding seemed not
to show apparent difference between these two groups of
genes (Figs. 4F, S2C). These results implicate that BRD2
and BRD3 might compete with each other’s chromatin bind-
ing at high abundance of histone acetylated regions.

BRD2 is dispensable for maintaining
promoter-associated chromatin interactions
for specific genes in mESCs

BRD?2 is unique compared to BRD3 and BRD4, as BRD2
has been implicated in 3D chromatin organization by inter-
acting with CTCF at the architectural boundaries [17].
To investigate whether BRD2’s functions in 3D genome
organization contributed to BRD2-mediated gene expres-
sion, we performed BRD2 chromatin interaction analysis
by paired-end tag sequencing (ChIA-PET) to capture the
BRD2-mediated chromatin interactions in mESCs. The
BRD2 ChIA-PET dataset was processed using the previously
described pipeline [42], identifying 7,677 high-confidence
interactions. Most of these interactions were associated with
enhancers and promoters (Fig. SA). The BRD2 ChIA-PET-
identified chromatin interactions were also confirmed by pre-
vious Cohesin and Pol II ChIA-PET datasets (Fig. 5B [43,
441]), suggesting the success of the BRD2 ChIA-PET experi-
ment. Interestingly, BRD2 ChIA-PET identified enhancer-
promoter interactions for many pluripotency genes in ES
cells, such as Oct4 (Fig. 5C), suggesting the potential roles
of BRD?2 in cell state control.

The majority of BRD2 ChIA-PET interactions localized
to enhancers and promoters, indicating that BRD2 occupied
mostly active chromatin regions in various cell lineages and
may serve as a molecular platform or scaffold for transcrip-
tional regulation. To gain functional insights into the 3D
chromatin occupancy of BRD2, multiomics analyses were
performed after acute depletion of BRD2. RNA-Seq, CTCF,
and Cohesin ChIP-Seq and 4C-Seq were performed after

BRD?2 depletion to directly investigate the potential roles of
BRD?2 in the 3D chromatin landscape in mESCs (Fig. 5D).
The DESeq?2 pipeline was used to identify differentially
expressed genes using the RNA-Seq dataset. We found 102
upregulated genes and 773 downregulated genes in response
to BRD2 depletion (Fig. 5E, Table S6). Among these dif-
ferentially expressed genes, 144 had BRD2-mediated ChIA-
PET interactions. The Venn diagram showed that there was
an enrichment for downregulated genes in the 144 differ-
entially expressed genes-mediated by BRD2 ChIA-PET
interactions (Fisher’s exact test p value=0.01) (Fig. S3B).
There were few differentially expressed genes localized in
the super-enhancer domains or polycomb domains, which
are known to be vulnerable to perturbations in 3D chro-
matin organization, as previously reported [44] (Fig. 5F).
Additionally, these differentially expressed genes did not
exhibit obvious differences in the distance to their nearest
super-enhancers compared to the randomly selected genes
(Fig. 5G). Consistently, the CTCF and Cohesin occupancy
genome-wide and at specific loci did not exhibit obvious
changes (Figs. 5H, I).

4C-Seq with baits for anti-several genomic loci were
performed after BRD2 depletion. Hoxd13 gene expression
changed after BRD2 depletion, but its promoter-associated
chromatin interactions do not show apparent changes after
BRD?2 degradation (Fig. 5J). In addition, the enhancer-
promoter interaction frequency for the pluripotency gene
Sox2 constrained in CTCF-insulated neighborhoods did
not obviously change after BRD2 depletion. The interac-
tions between the Sall4 promoter and its proximal or distal
enhancer also did not dramatically change after BRD2 deple-
tion (Fig. S3A). However, treatment with the 500 nM BET
inhibitor JQ1 for 24 h perturbed these enhancer-promoter
interactions, possibly due to secondary effects after long-
term transcriptional inhibition by a high concentration of
JQI or inhibition of other BRDs (Fig. S3A). This evidence
collectively suggests that BRD2 is dispensable for main-
taining enhancer-promoter interactions for specific genes in
mESCs.

BRD2 dynamically regulates key genes in ES cell
differentiation

We next sought to investigate the biological functions of
BRD?2 during ES cell differentiation. mES cells were dif-
ferentiated into embryoid bodies following a previously
published protocol [20, 45], and the cellular morphology
and expression of developmental markers confirmed the
success of the embryonic body differentiation procedure
(Figs. 6A, S4E). The morphology of the differentiated mES
cells was similar between the untreated and BRD2-depleted
cells (Fig. 6A). BRD2 depletion was efficient during EB
differentiation (Fig. 6B). Western blot analyses with ES cell
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Fig.5 BRD2 is dispensable for specific promoter-associated chro-
matin interactions. A Summary of the BRD2 ChIA-PET interactions
among enhancers, promoters and CTCF binding sites that did not
have transcriptional activity. B Venn diagram analyses showing the
overlap among ChIA-PET interactions identified by BRD2, RNAPII
and Cohesin in mESCs. The Pol II and Cohesin ChIA-PET data
were derived from public datasets. C BRD2 ChIA-PET-identified
enhancer-promoter interactions for Oct4. ChIA-PET interactions for
CTCF-CTCF and BRD2-BRD?2 are indicated as purple and red lines,
respectively. ChIP-Seq binding profiles for CTCF, SMC1, BRD2, and
OCT4/SOX2/NANOG (OSN) are shown at the Oct4 locus. D West-
ern blot analyses of BRD2 protein degradation at the indicated time
points after treatment of BRD2-degron-mESCs with IAA. ACTB
served as a loading control. E Heatmap of 875 genes with differen-
tial expression levels in BRD2-depleted versus untreated mESCs. The
normalized RNA-Seq reads were log2-transformed and are displayed
in the form of heatmaps for upregulated (red bar) and downregulated
(blue bar) groups. Three biological replicates were used for differen-
tial analyses in DESeq2 (FDR <0.05 and [log2FCI> 1). F Violin plot
showing the expression fold change of up- and downregulated differ-
entially expressed genes (DEGs) identified in panel E and that of the

differentiation time course samples indicated that BRD2
protein level, but not H3K9me3 or H3K27ac protein levels,
appeared to decrease gradually during embryoid body dif-
ferentiation (Fig. 6C). We then performed BRD2 ChIP-Seq
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DEGs in the super-enhancer domains (SDs) and polycomb domains
(PDs). G Cumulative distribution of the distance of DEGs to the
nearest super-enhancers. Random genes were selected as negative
controls. Significance was determined by the Wilcoxon test. H Scat-
ter plots showing CTCF and SMC1 ChIP-Seq signals at CTCF and
Cohesin (SMC1) peak sites before and after BRD2 degradation. Red
dots represent differentially binding sites identified by DiffBind soft-
ware (v3.2.2) using DESeq2 as a comparison model (FDR <0.05).
Two replicates were done for each next-generation sequencing experi-
ment. I Genome browser track of CTCF and SMC1 ChIP-Seq signals
in BRD2 degron mES cells under untreated and 3 h IAA-treated con-
ditions at the Hoxd13 and Myb loci. J ChIP signals for CTCF, SMCI,
BRD2, H3K27ac and H3K27me3 at the Hoxdl3 locus (upper).
4C-Seq assay (bottom) analyses for enhancer-promoter interactions
at the Hoxd13 locus in BRD2 degron mES cells under untreated and
3 h TAA-treated conditions. The red lines indicate 4C bait sites, and
the pink rectangles indicate the 4C prey sites. The bar plots (middle)
showing the normalized 4C-Seq signals at the left and right the 4C
prey sites, respectively. Error bars represent SD of duplicate reac-
tions. p values were calculated using Student’s ¢ test (ns: p>0.05)

using untreated and 4 day differentiated (EB-Day-4) mES
cells, both of which were not treated with IAA (Table S4).
These ChIP-Seq datasets exhibited good correlations
between replicates and validated many BRD2 binding sites
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that have been previously published [11] (Fig. S4A). Dif-
ferential analyses of the BRD2 ChIP-Seq signals indicated
that 421 BRD2 bindings were decreased, while 1559 BRD2
bindings were increased at gene promoters during embryoid
body differentiation (Fig. 6D). The ChIP-Seq signals seem
to be a little bit of shift to the x-axis. This trend is consistent
with the decreased protein level of BRD2 during EB differ-
entiation (Fig. 6C). We also performed BRD2 ChIP-MS on
wild-type mESCs and mESCs differentiated into embryoid
bodies for 4 days (EB-Day4 cells). The TFIID components,
DHX9 and XRN2 were detected in both the wild-type and
differentiated conditions. Proteins involved in chromatin
remodeling, RNA metabolism, and Pol II regulation were
preferentially detected in both mES cells and EB-Day-4 cells
(Fig. S4B).

To further investigate the biological functions of BRD2
during ES cell differentiation, we differentiated mES cells
into embryoid bodies for 2, 3, and 4 days and added TAA to
deplete BRD2 proteins 24 h before the cells were collected
for RNA-Seq analyses. At least 15.6 million reads were gen-
erated for each replicate, and three replicates were used for
each condition. These RNA-Seq datasets were of good qual-
ity and were highly reproducible (Fig. S4C, Table S6). The
differentially expressed genes between differentiated and
BRD2-depleted cells 24 h after differentiation were identi-
fied. Genes with increased BRD2 binding shows upregulated
gene expression, genes with decreased BRD2 binding shows
downregulated gene expression (Fig. 6E). The differentially
affected gene expression after BRD2 depletion in EB-Day4
cells indicated that the genes were enriched in Wnt signaling
(Fig. 6F). ChIP-qPCR was used to validate two genes asso-
ciated with Wnt signaling. The results showed that BRD2
decreased their binding signals after depletion, and Pol II
also decreased the occupancy of the Wnt signaling genes
both in embryonic stem cells and embryonic body differen-
tiation after 4 days, and EB-Day4 appeared to show stronger
decrease (Figs. 6G, H). Meanwhile, we also showed that
the RNA-Seq signals increased at the Wnt signaling-related
genes LRRK1 [46] and Shisa6 loci [47] (Fig. S4D), and the
BRD2 chromatin binding increased after embryonic body
differentiation for 4 days. These genes were downregulated
after BRD2 depletion in EB-Day4 cells.

We then performed GO enrichment analysis for differ-
entially expressed genes (DEGs) in mESCs, EB-Day?2, EB-
Day3, and EB-Day4 cells after BRD2 degradation (Fig. 6I).
The results showed that the differentially expressed genes
(DEGs) enriched in skeletal system morphogenesis and actin
filament organization in mESCs; enriched in eye photorecep-
tor cell development and sodium ion transport in EB-Day?2
cells; enriched in eye development and cell—cell adhesion
in EB-Day3 cells; enriched in Wnt signaling pathway in
EB-Day4 cells. We noted that genes with decreased expres-
sion in embryonic body differentiated cells were enriched

in differentiation or development, while the genes with
decreased expression in mESCs appeared not to be directly
associated with the differentiation or development. In addi-
tion, the genes with binding changes during EB differentia-
tion and differentially expressed in mES cells were enriched
in the alcohol metabolic process etc. The genes with bind-
ing changes during EB differentiation and differentially
expressed in EB-Day4 cells were enriched in eye develop-
ment and limb morphogenesis. Additionally, mRNA expres-
sion levels of ES cell markers (Nanog and Sox2), mesoderm
markers (T and Wnt3), and endoderm markers (Gata4 and
Gata6) were affected by BRD2 depletion during embryoid
body differentiation (Fig. S4E). These results suggest that
BRD?2 facilitates to express key genes related to the embry-
onic body differentiation process.

BRD2 regulates differential gene expression
during ES cell differentiation with primed Pol Il
regulation at promoters

Given the complexity of the BET protein regarding chro-
matin binding dependence and function in Pol II regulation,
we envisioned that it would be crucial to identify the unique
targets of BRD2. The BRD2 ChIA-PET and ChIP-Seq data-
sets identified BRD2-bound genes in the three-dimensional
genome. The BRD2 degron followed by Pol II ChIP-Seq
and RNA-Seq datasets would help us identify genes that
were functionally linked to BRD2. BRD2 depletion followed
by BRD3 and BRD4 ChIP-Seq narrowed down the genes
solely affected by BRD2. By further intersecting these gene
lists, we identified unique BRD2 targets in mESCs (Fig. 7A,
Table S7), and expression of these genes exhibited relatively
less changes (Tables S6-7), as we used the FDR cutoff for
the RNA-Seq gene expression changes for unique target
genes to include more genes. GO analyses indicated that
the BRD2 unique target genes identified in mESCs were
enriched in the regulation of translation and metabolic
processes (Fig. 7A). Interestingly, the unique BRD2 target
genes in mESCs appeared to become less sensitive to BRD2
depletion during ES cell differentiation (Fig. 7B, Table S6),
which were also supported by quantification and statistics
analyses of RNA-Seq signals (Fig. S4F). We further vali-
dated unique BRD?2 targets Rplp0 and Rafah1b3, and gene
Smo in ES cells and EB-Day 4 cells using BRD2 and Pol II
ChIP-qPCR. Consistent with the gene expression changes,
Pol II binding changed in ESCs but little in EB-Day 4 cells
(Fig. 7C). We also performed an additional 4-way Venn
analysis of the significantly affected genes in mESC and
EB-differentiated cells upon BRD2 degradation. There are
not many overlaps between the DEGs in mESC and EB-dif-
ferentiated cells upon BRD2 degradation (Fig. S4G). Thus,
we concluded that BRD2 depletion affects the expression
of different genes during embryonic body differentiation.
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To gain further insights into BRD2-regulated gene
expression in different cell states, we identified differentially
affected genes after BRD2 depletion during ES cell differ-
entiation using a stringent cutoff. The results showed that
BRD2-affected genes in various differentiation stages also
appeared to be perturbed in ESCs but at a lower magnitude
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(Fig. 7D). Interestingly, we also observed consistent Pol II
occupancy decreases at the promoters of downregulated
genes in ESCs, but less significant increase for the upreg-
ulated genes (Fig. 7E). This is probably because that the
upregulated genes usually express higher level and they
may be regulated through multiple mechanisms besides of
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«Fig.6 BRD2 associates with dynamic gene expression during ES cell
differentiation. A Bright field BRD2-mES and embryonic body (EB)
time course under untreated and IAA-treated conditions. The scale
bar is 100 pm. B Western blot showing the degradation of BRD2 in
response to IAA treatment before BRD2-mES differentiation into
EBs. C Western blot showing the BRD2, H3K9me3, and H3K27ac
protein levels during mESCs differentiation into EBs over time. D
Scatter plot showing all detected BRD?2 target sites with their dif-
ferential binding affinities in day-4 EBs compared to mESCs from
two replicates of untreated cells. Binding events around promoter
regions identified using DiffBind (v3.11), were used for further analy-
sis. If the closest transcription start site (TSS) contained one or more
BRD2 peaks within a 2 kb window, then the gene was considered to
be regulated for that particular peak. The red dots represent genes
where BRD2 exhibited a large change in binding at a later stage of
differentiation in day-4 EBs. E BRD2-induced gene expression was
correlated with BRD2 binding. Heatmap depicting the expression
levels of corresponding genes that exhibited altered BRD2 bind-
ing at promoters (increased or decreased). These plotted RNA-Seq
data were derived from three biological replicates in untreated cells
at four time points: mES, EB day 2, day 3, and day 4. Each row of
the heatmap represents one gene. To facilitate the robust detec-
tion of gene expression signatures associated with differentiation
and modulated by BRD2, we removed the unreliable variations and
the nonexpressed genes across all the untreated samples. F Bubble
plot showing the changed expression between untreated and BRD2-
depleted cells and the statistical significance of representative gene
sets related to Wnt signaling at different time points. Significantly
affected Wnt signaling-related genes at the specific time points (label
on the top of each box) were plotted in each box. The gene expres-
sion at other time points were also shown within the same box (labels
at the bottom). The color and size of each circle indicate the expres-
sion fold change and significance level (— logl0 p values) for each
selected gene, respectively. G Genome browser track of ChIP-Seq
signals of BRD2-mES and BRD2-EB-Day4 and RNA-Seq signals of
BRD2-mES and BRD2-EB-Day4 under untreated and IAA-treated
conditions at Wnt3 loci. H BRD2 and Pol II ChIP-qPCR analyses of
Porcn, Wnt3 and Insig2 (negative control) promoters and intergenic
regions (IN). The intergenic region serves as a negative control for
ChIP-qPCR. Primers see Table S9. Error bars represent the SD of at
least three technical replicates. p values were calculated using Stu-
dent’s ¢ test (ns: p>0.05, *p< =0.05, **p< =0.01, ***p< =0.001,
##%k¥p < =0.0001). I GO enrichment analysis for upregulated genes
and downregulated genes in mESCs, EB-Day2, EB-Day3 and EB-
Day4 cells upon BRD2 depletion. Note: no enriched functions for
the upregulated genes in EB-Day4 stage. The GO enrichment for the
BRD?2 binding changed genes during embryonic body differentiation
overlapped with BRD2 affected genes in mESCs, or EB-Day4 cells
were shown at the bottom right. GO enrichment analyses were per-
formed by clusterProfiler

BRD2-mediated promoter priming. Our results collectively
suggest that BRD?2 facilitates differentiated cell state control
with primed roles in the enhancement of Pol II initiation at
promoters in embryonic stem cells.

Discussion

Previous study has showed the initiation and elongation reg-
ulations of BRD?2 [8], but the detailed molecular mechanism
is unclear. Our work revealed that BRD?2 facilitates TAF3

binding to genes containing low levels of H3K4me3 for Pol
IT initiation and connects XRN2 to genes containing high
levels of H3K4me3 for suppression of R-loops. Previous
study showed the complex relationship among BRD2, BRD3
and BRD4 [48, 49], we provide evidence to show that BRD2
and BRD3 function additively, independently, or perhaps
antagonistically for Pol II transcription. We reported that
BRD?2 is dispensable for specific enhancer-promoter inter-
actions and important for ES cell differentiation, which are
also new (Fig. 7F). These findings were observed in mESCs.
However, we believe that some of the effects may be gener-
alizable. Our work also identified a unique regulatory circuit
for BRD2 and revealed that BRD2 regulates specific gene
expression during embryonic body differentiation, but BRD2
has already primed the initiation regulation of these gene
promoters in embryonic stem cells.

BRD2/3/4 are known to recognize acetylated histones to
regulate transcription [37, 50]. BRD4 has been documented
to regulate Pol II pause release, and BRD2 and BRD3 are
implicated in redundant function of Pol II initiation. Amino
acid sequence conservation analyses for various bromodo-
main proteins revealed that BRD2 and BRD3 were clus-
tered together with Bdf1l and Bdf2 in yeast and C-terminal
regions of TAF1 for their bromodomains compared to other
bromodomain factors (Fig. SSA). Conservation analyses for
BRD2, BRD3 and BRD4 were performed, and the results
showed that BRD2/3/4 bromodomains are conserved among
themselves in humans, and BRD2 bromodomain is also con-
served across species (Fig. S5B). Our chromatin binding
and functional analyses between BRD2 and BRD3 revealed
that they regulate Pol II transcription both additively and
independently, which has been observed in previous studies
with different biological systems [48, 49]. The molecular
basis for BRD2- and BRD3-independent and additive func-
tions at different gene promoters needs further investigation.
We envisioned that this could be dependent on the levels of
local histone acetylation, adjacent binding of other acetyla-
tion reader proteins, or co-occupied transcription factors.
On the other hand, BRD2 contains intrinsically disordered
regions, and may form phase separation-mediated conden-
sates. These biological condensates may concentrate many
transcription factors, chromatin regulators and cofactors,
which may interfere BRD3 binding after BRD2 depletion.
Besides, we also realized that the ChIP-Seq was performed
after BRD2 depletion for 3 h, which may not be long enough
to have more dramatic effects on BRD3 and BRD4. Several
previous studies suggested that BRD2 and BRD4 recognized
similar histone acetylation with variable affinities [36, 51].
However, the relationship between the sequence differences
and their differential affinity to recognize various histone
acetylation is still unclear. Importantly, characterizing the
complex relationship between BRD2 and BRD3 would raise
broad interest on the molecular basis for the specificity of
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Fig.7 BRD2 regulates different gene expression during embryonic
body differentiation but exhibits priming regulation of Pol II ini-
tiation in ESCs. A Schematic diagram showing the identification of
genes regulated solely by BRD2. Genes were first selected if promot-
ers were bound by BRD2 peaks or overlapped with BRD2 ChIA-PET
anchors and then filtered by unchanged BRD3 and BRD4 ChIP-Seq
signals, as well as changed Pol II and RNA-Seq signals upon BRD2
depletion to obtain a BRD2-uniquely-regulated gene list. GO enrich-
ment terms of BRD2 unique gene targets were identified using the
R package clusterProfiler with an adjusted p value cutoff of 0.05.
B Genome browser track of ChIP-Seq signals of BRD2-mES and
BRD2 EB-Day4 and RNA-Seq signals of BRD2-mES and BRD2 EB-
Day4 under untreated and IAA-treated conditions at Rplp0O, Smo and
Pafah1b3 loci. C BRD2 and Pol II ChIP-qPCR analyses of Rplp0,
Smo and Pafah1b3 promoters and intergenic regions in BRD2-mES
and BRD2 EB-Day4. The intergenic region serves as the negative
control for ChIP-qPCR. Primers see Table S9. Error bars represent
the SD of at least three technical replicates. p values were calcu-
lated using Student’s ¢ test (ns: p >0.05, *p < =0.05, **p <=0.01,
*#**p < =0.001, ****p <=0.0001). D Heatmap showing expres-
sion changes in the differentially expressed genes (DEGs) in mES
and EB at 2, 3, and 4 days. For mESCs, heatmap showing expression
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changes in the 401 unique BRD2 gene targets in response to BRD2
degradation in embryonic bodies differentiated for 2, 3 and 4 days.
For differentiated cells, DEGs in that cell type were first identified
using DESeq2 (FDR<0.05, l1og2FCI> 1) and then clustered using
hierarchical clustering. Expression changes of those DEGs in the rest
of the cell types were then plotted following the clustered order. The
color bar represents the z score of RNA-Seq expression in each cell
type. Three replicates were done for each next-generation sequenc-
ing experiment. E Meta plots of Pol II ChIP-Seq signal changes upon
BRD2 depletion in mESCs. The promoters for the genes downregu-
lated and upregulated after BRD2 depletion in the mES and EB 2,
3, and 4 day cells are shown as in (D). Significance was determined
at+ 100 bp around TSS of the corresponding genes using Wilcoxon
test (ns p >0.05, ****p < =0.0001). F Model of BRD2-mediated
transcription regulation. The model indicates that BRD2, BRD3 and
BRD4 co-occupy enhancers and promoters with RNA polymerase II.
BRD2 facilitates Pol II initiation via TFIID and suppresses R-loop
formation through XRN2 in mESCs. BRD2 primes the gene activa-
tion during ES cell differentiation. BRD3 functions additively, inde-
pendently, or perhaps antagonistically with BRD2 in Pol II transcrip-
tion. BRD4 mainly promotes Pol II elongation through p-TEFb
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different BET proteins and put forward higher requirements
for the design of inhibitors for specific BET proteins.

Previous studies revealed that BRD2 regulates tran-
scription in melanoma in an H2A.Z.2-dependent manner,
and BRD?2 regulates developmental poised gene transcrip-
tion through H2A.Z.1 ubiquitylation [11, 12]. In addition,
BRD2 has been implicated in regulating genome stability
and CTCEF insulator boundaries [17, 18]. Our BRD2 ChIP-
Seq dataset, the ChIA-PET dataset, and other datasets gen-
erated from different laboratories and cell lines show that
BRD?2 is predominantly enriched at active promoters and
enhancers, even though BRD2 occupies CTCF insulators
in the specific cell type [11, 12, 17, 52-54]. BRD2 does not
contribute to enhancer-promoter interactions for specific cell
identity genes in mES cells, suggesting that coactivators are
the accessory factors for executing particular activities in the
pre-established chromatin structures.

Using luciferase reporters, previous reports have shown
that serum stimulation induces the formation of the BRD2-
E2F1-TBP complex for transcriptional activation [13, 16].
Recently, acute depletion of BRD2 followed by Pol II ChIP-
Seq analyses showed that BRD2 depletion led to decreased
Pol II signals at the transcription start sites and increased
Pol II signals for a subset of genes [8]. However, the detailed
molecular mechanisms underlying BRD2-mediated Pol II
transcription are still unclear. In this study, we showed that
BRD?2 interacts with TBP and TAF3 and that BRD2 deple-
tion decreases Pol II ChIP signals at transcription start sites
and decreases chromatin binding of TBP and TAF3. These
results collectively suggest that BRD?2 is required for Pol II
initiation at many gene promoters, which is consistent with
the widespread roles of TFIID in Pol II transcription [55].
BRD?2 inhibition increased R-loop signals, which caused
DNA double strand breaks and genome instability [18]. We
showed that BRD2 depletion increased R-loop signals as
well as total and S2P Pol II ChIP signals at gene bodies, and
decreased the chromatin binding of XRN2. These results
indicate that BRD2 plays a role in Pol II elongation, likely
through suppression of R-loops. Whether increased R-loop
signals are the cause or consequence of Pol II elongation
defects needs additional investigation. It would be informa-
tive to examine additional RNA helicases (i.e., Dhx9) for its
relationship with BRD2. BRD2 was shown to be enriched
in H2A.Z regions, and this histone variant was recently
reported to regulate both Pol Il initiation and elongation, and
nucleosome unwrapping [11, 56, 57]. Thus, we also could
not fully rule out the possibility of a direct role of BRD2 in
transcription elongation.

Development involves controlling normal cell states,
and diseases typically arise due to dysregulation of
cell states, so understanding the control of cell states
in the transcription level is essential for understanding

development and disease [58—61]. Multiple mechanisms
have been proposed for controlling cell states. For exam-
ple, ELL3 and MLL4 prime the enhancer for gene activa-
tion during differentiation through the super elongation
complex (SEC) or P300 [20, 22, 62, 63], TAF3 controls
lineage-specific gene activation by DNA looping with
CTCEF [19], and LSD1 silences the active enhancer with
the NuRD complex during ES cell differentiation [21].
In this study, we found that BRD2 interacts with the
TFIID complex and appears to recruit RNA enzymes to
suppress R-loops to control genes during cell differentia-
tion. It would be interesting to perform single-cell gene
expression analyses after BRD2 depletion to gain detailed
information on cell lineages that were responsive to BRD2
depletion. The genes that responded to BRD2 depletion
in differentiated cells also exhibited a Pol II response at
their promoters after BRD2 depletion. This is unlikely to
be caused by insufficient differentiation of mESCs, as the
differentiation procedure was performed in the absence
of 2i inhibitors and LIF, and the cellular morphology and
expression of developmental markers also confirmed our
EB differentiation worked. The finding that BRD2 primes
the gene promoter’s in ES cells, while these genes would
be regulated by BRD2 during embryonic stem cell differ-
entiation, provides a foundation for understanding BET
proteins in cell state control.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-022-04349-4.
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