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The C-terminal domain of Brd2 is important 
for chromatin interaction and regulation 
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ABSTRACT  Brd2 is a member of the bromodomain extra terminal (BET) protein family, which 
consists of four chromatin-interacting proteins that regulate gene expression. Each BET pro-
tein contains two N-terminal bromodomains, which recognize acetylated histones, and the 
C-terminal protein–protein interaction domain. Using a genome-wide screen, we identify 
1450 genes whose transcription is regulated by Brd2. In addition, almost 290 genes change 
their alternative splicing pattern upon Brd2 depletion. Brd2 is specifically localized at pro-
moters of target genes, and our data show that Brd2 interaction with chromatin cannot be 
explained solely by histone acetylation. Using coimmunoprecipitation and live-cell imaging, 
we show that the C-terminal part is crucial for Brd2 association with chromatin. Live-cell mi-
croscopy also allows us to map the average binding time of Brd2 to chromatin and quantify 
the contributions of individual Brd2 domains to the interaction with chromatin. Finally, we 
show that bromodomains and the C-terminal domain are equally important for transcription 
and splicing regulation, which correlates with the role of these domains in Brd2 binding to 
chromatin.

INTRODUCTION
Small molecules that influence the epigenetic status of cells have 
attracted attention as potential anticancer therapeutic agents, and 
many of these compounds are in preclinical and clinical trials 
(Dawson and Kouzarides, 2012). Among the most promising targets 
of epigenetic drugs are bromodomain extra terminal (BET) proteins 

(Belkina and Denis, 2012; Prinjha et  al., 2012). The mammalian 
BET protein family includes ubiquitously expressed Brd2, Brd3, 
Brd4, and testis-specific BrdT. BET proteins contain two N-terminal 
bromodomains (BDs; BD1 and BD2) and the extra terminal (ET) 
protein interaction domain. Tandem BDs recognize acetylated 
lysines at histones, and this interaction likely recruits BET proteins 
to chromatin. A distinct feature of BET proteins is that their attach-
ment to chromatin persists during mitosis, which might help to re-
activate postmitotic transcription and suggests a role in epigenetic 
memory (Dey et al., 2003, 2009; Kanno et al., 2004; Zhao et al., 
2011; Garcia-Gutierrez et al., 2012). BDs can selectively distinguish 
specific acetylated lysines; for example, BD2 of Brd2 interacts pref-
erentially with H4K12ac or H4K5ac/K12ac, whereas BD1 of the 
same protein recognizes H4K5ac/K8ac (Huang et  al., 2007; 
Umehara et al., 2010; Filippakopoulos and Knapp, 2012). In addi-
tion, Brd2 BDs have much higher affinity to H4K5ac/K8ac/K12ac/
K16ac tetraacetylated peptides than to single acetylation marks 
(Filippakopoulos et al., 2012; LeRoy et al., 2012). In contrast to di-
verse BD targets, ET domains, which are highly conserved among 
individual BET proteins (>80% identity among Brd2, Brd3, and 
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Brd2 differentially expressed genes are connected with cell signal-
ing, communication, and differentiation, regulation of cell adhesion, 
or macromolecule modifications.

Brd2 was reported to influence cell cycle, particularly the expres-
sion of cyclin A, E, and D1 (Denis et al., 2000; Sinha et al., 2005; 
LeRoy et al., 2008). We confirmed that depletion of Brd2 diminished 
cyclin D1 expression: cyclin D1 mRNA level decreased by 70%. The 
expression of the cell cycle regulator p21 also decreased by 60% 
after Brd2 depletion. p21 transcription is partially controlled by the 
E2F1 transcription factor, which recognizes E2F1-binding sites in the 
p21 promoter (Hiyama et al., 1998). Brd2 interacts with E2F1 and 
activates several E2F1-dependent genes (Denis et al., 2000, 2006; 
Peng et  al., 2007). Thus Brd2 might affect p21 expression via its 
interaction with E2F1, and an elevated level of p21 could explain 
why Brd2 delays entry into S phase (Wang et al., 2010). In contrast 
to p21, p53 expression increased by ∼60% after Brd2 knockdown. In 
addition, Brd2 depletion down-regulated several proapoptotic pro-
teins: the Fas receptor, caspase 1, caspase 7, caspase 9, and APAF-1 
expression all decreased more than twofold in cells lacking Brd2. 
This result corroborated previous studies reporting an induction of 
apoptosis in cells overexpressing Brd2 (Zhou et  al., 2006; Wang 
et al., 2010) and suggested a role for Brd2 in the control of apopto-
sis. Of interest, some of the genes with the most significant changes 
in expression are linked to cancer development. Tetraspanin 8 
(TSPAN8), which was down-regulated more than ninefold in Brd2-
depleted cells, is expressed in various carcinomas and promotes 
formation of metastases (Zöller, 2009; Berthier-Vergnes et al., 2011). 
The small GTPase Rab27B (down-regulated 4.5-fold) is associated 
with the presence of metastasis in breast cancer (Hendrix et  al., 
2010). Moreover, after Brd2 knockdown, transcription of Brd4 de-
clined by almost 75%, whereas Brd3 expression increased by ∼40%, 
which suggests possible cross-regulation of BET proteins. In addi-
tion, the expression of histone genes was enhanced in cells lacking 
Brd2. Of interest, the BET protein inhibitor I-BET had a similar effect 
on histone gene transcription (Nicodeme et al., 2010). Brd2 knock-
down also modulated expression of genes directly involved in tran-
scription—for example, general transcription factor IIA (GTF2A1), 
the largest subunit of RNA polymerase I (POLR1A), the largest sub-
unit of RNA polymerase II (POLR2A), TAF2, and cyclin-dependent 
kinase 9.

Brd2 regulates alternative splicing
Depletion of Brd2 also affected alternative splicing of almost 290 
genes (Figure 1B and Supplemental Table S2). The genes that 
change alternative splicing after Brd2 depletion function mainly in 
regulation of signal transduction, cell communication, cell–substrate 
adhesion, or regulation of localization (Figure 1D and Supplemental 
Table S3). For example, we observed increased exon 7 and intron 8 
inclusion in IL17RC mRNA after Brd2 knockdown (IL17RC is a trans-
membrane receptor with several mRNA splicing variants, which 
modulate its binding to proinflammatory cytokines; Kuestner et al., 
2007) and intron retention in the mRNA of DUSP2 phosphatase, a 
gene connected with cancer chemoresistance (Lin et al., 2011). We 
verified an altered alternative splicing pattern of these and several 
other genes by reverse transcription (RT) PCR (Figure 1, E and F) and 
confirmed alternative splicing change detected by exon arrays for 
nine of 14 tested genes. To further test the role of Brd2 in splicing 
regulation, we analyzed alternative splicing of the same set of genes 
upon overexpression of Brd2-GFP (Supplemental Figure S1, C and 
D). Exogenous expression of Brd2-GFP doubled the level of Brd2 
protein (Supplemental Figure S1C). In four tested genes (SENP1, 
ICMT, DUSP2, and SORBS2) we observed opposite alternative 

Brd4), interact with the same proteins, for example, NSD3 methyl-
transferase or JMJD6 lysyl hydroxylase (Webby et  al., 2009; 
Rahman et al., 2011). BET proteins are found in multiple protein 
complexes; for example, Brd2 associates with RNA polymerase II 
and TATA box binding protein (TBP)–associated factors (TAFs), his-
tone acetylases (CBP/p300), histone deacetylases, and chromatin 
assembly and remodeling factors (Denis et al., 2006).

The BET proteins are transcription regulators, and the role of 
Brd3 and Brd4 in transcription is quite well established. Brd3 specifi-
cally binds the GATA1 transcription factor and enhances expression 
of GATA1-dependent genes (Gamsjaeger et  al., 2011; Lamonica 
et al., 2011). Brd4 stimulates transcription via recruitment of active 
P-TEFb and induces phosphorylation of the C-terminal domain of 
RNA polymerase II (Jang et al., 2005; Yang et al., 2005; Hargreaves 
et al., 2009; Devaiah et al., 2012). However, less is known about the 
transcription regulation by Brd2. Brd2 associates with E2F transcrip-
tion factors and helps to recruit TBP to promoters (Denis et al., 2006; 
Peng et al., 2007). In vitro, Brd2 enhances the passage of RNA poly-
merase II through acetylated chromatin within the gene body 
(LeRoy et al., 2008). The importance of Brd2 is underscored by sev-
eral experiments showing that Brd2 is an essential gene. Brd2−/− 
mice display defects in the development of the neural tube and 
abnormal brain structures and die during embryogenesis (Gyuris 
et al., 2009; Shang et al., 2009). Heterozygous Brd2+/− mice are via-
ble but have a low number of inhibitory neurons in brain and de-
velop spontaneous seizures (Velíšek et al., 2011). In addition, several 
studies link the BRD2 gene to epilepsy in humans (Pal et al., 2003; 
Cavalleri et al., 2007). Of interest, mice with lowered Brd2 expres-
sion are extremely obese but are protected from type 2 diabetes 
(Wang et al., 2010).

Why Brd2 depletion has such a pleiotropic effect or which genes 
it regulates is poorly understood. To gain further insight into Brd2 
function in vivo, we monitored changes in gene expression using 
Brd2-specific knockdown and genome-wide analysis. We mapped 
Brd2 position at target genes by chromatin immunoprecipitation 
and characterized its chromatin-binding properties by immunopre-
cipitation and live-cell microscopy. Finally, we determined Brd2 do-
mains important for chromatin binding and regulation of gene 
expression.

RESULTS
Brd2 depletion modifies expression of cell-signaling 
regulators
To identify genes that are regulated by Brd2, we depleted Brd2 from 
HeLa cells by small interfering RNA (siRNA). siRNA efficiency was 
tested in stable cell line expressing both endogenous Brd2 and 
Brd2–green fluorescent protein (GFP; Supplemental Figure S1A; 
this cell line was further used for chromatin immunoprecipitation 
experiments; see later discussion). Gene expression changes were 
monitored on a whole-genome level by Affymetrix exon arrays. Brd2 
knockdown affected the transcription of 1453 genes (Figure 1A and 
Supplemental Table S1). In Brd2-depleted cells 482 genes increased 
expression and 971 genes decreased expression, indicating that 
whereas Brd2 is preferentially a positive transcription regulator, it 
can also efficiently, either directly or indirectly, inhibit transcription of 
certain genes. Based on Gene Ontology (GO) analysis, Brd2 influ-
ences expression of genes that function in regulation of signal trans-
duction (one of the top GO terms, with p = 0.0033; see Figure 1C 
and Supplemental Table S3), more specifically, genes that are con-
nected with regulation of protein kinase activity (including the mito-
gen-activated protein kinase cascade) or response to growth factor 
stimulus. A majority of 24 Gene Ontology terms enriched among 
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splicing compare to Brd2 knockdown (Figure 
1, E and F). CASP7 had only one prominent 
splice variant in control cells (Figure 1E), and 
therefore we did not expect Brd2 overex-
pression to change the alternative splicing 
of this gene. Of interest, the majority of 
genes that changed alternative splicing pat-
terns after Brd2 knockdown also showed 
decreased expression (159 of 289 genes). 
In contrast, only seven genes with modified 
alternative splicing increased expression. 
This indicates that Brd2 preferentially influ-
ences the alternative splicing of those genes 
whose transcription it stimulates.

Recently it was shown that the first BD of 
BrdT preferentially alters expression of RNA-
splicing regulators (Berkovits et  al., 2012). 
Thus the effect of Brd2 on alternative splic-
ing could be indirect via modified levels of 
splicing factors. We checked the expression 
of 55 well-established alternative splicing 
regulators (Gabut et  al., 2008) after Brd2 
depletion in our microarray data. The ex-
pression of SR proteins (SRSF1, SRSF2, 
SRSF3, SRSF4, SRSF5, SRSF6, or SRSF7), 
main heterogeneous nuclear ribonucleopro-
teins, or neural polypyrimidine tract–binding 
proteins was not altered after Brd2 knock-
down. We identified five alternative splicing 
regulators whose expression was changed 
after Brd2 depletion—PTB, MBNL1/2, 
RNPS1, and QKI—and compared their tar-
gets with 289 genes regulated by Brd2. We 
did not find any overlap between RNPS1 
and Brd2 targets. There was only modest 
overlap of 30 genes between Brd2 targets 
and genes regulated by PTB, MBNL1/2, or 
QKI (Llorian et  al., 2010; Hall et  al., 2013; 
Han et al., 2013). However, the effect of QKI 
on alternative splicing was tested on differ-
ent cell lines than HeLa cells. We tested 
three genes (ADD1, SORBS2, and SRPK2) 
whose alternative splicing was regulated by 
PTB (Llorian et al., 2010) and analyzed their 
alternative splicing after Brd2 knockdown 
(Figure 1F). The cassette exon of ADD1 is 
regulated by both PTB (Llorian et al., 2010) 
and Brd2, which was confirmed by RT-PCR. 
SORBS2 is also regulated by both proteins, 
but Brd2 influences a different alternative 
segment than PTB (Llorian et al., 2010). Af-
ter Brd2 depletion, the Brd2-regulated al-
ternative segment was included, whereas 
the PTB-regulated alternative segment 
showed minimal change. Finally, we checked 
alternative splicing of SRPK2, which is a PTB 
target, but did not observe any alternative 
splicing changes after Brd2 depletion. These 
data suggest that PTB expression change 
(decrease by 25%) after Brd2 knockdown 
has only a small effect on alternative splic-
ing. In addition, based on Gene Ontology 

FIGURE 1:  Brd2 depletion modifies gene expression and alternative splicing. Brd2 was 
depleted in HeLa cells by siRNA, and gene expression and alternative splicing changes were 
monitored by Affymetrix exon arrays. (A) A total of 1458 genes (∼9% of all ∼16,000 genes) 
altered gene expression upon Brd2 knockdown. Two-thirds of these genes decreased 
expression (971 genes; 6% of all genes), and one-third increased expression (482 genes; 
3% of all genes) after Brd2 depletion. (B) We detected statistically significant changes 
(FDR = 0.005) in alternative splicing patterns of 289 genes in Brd2-depleted cells compared 
with cells treated with negative control siRNA. The majority of alternatively spliced genes 
(55%) also decreased expression after Brd2 knockdown. (C, D) GO analysis of genes whose 
expression (C) or alternative splicing (D) changed after Brd2 knockdown. (E) Alternative 
splicing of several genes identified as top hits by microarray was analyzed by RT-PCR. We 
verified exon inclusion in SENP1, CASP7, and IL17RC mRNA, intron retention in DUSP2, 
FMNL1, and SLCO4A1 mRNA, and exon skipping in ICMT mRNA after Brd2 knockdown. 
(F) Comparison of alternative splicing regulation between Brd2 and PTB. Alternative splicing 
of all three tested genes was regulated by PTB (Llorian et al., 2010). Brd2 and PTB regulate 
the same cassette exon in ADD1 but different segments in SORBS2 (alternative form 
regulated by PTB is marked by asterisk). SRPK2 alternative splicing is not affected by 
Brd2 knockdown. A graphic illustration of microarray data representing the same genomic 
loci as RT-PCR is shown next to the gels (nontreated cells, gray line; Brd2-depleted cells, 
black line).
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mutation of a conserved amino acid in BD1, BD2, or both (Figure 
4A). These mutations were previously shown to inhibit in vivo and 
in vitro Brd2 association with acetylated histone H4 (Kanno et al., 
2004; Ito et al., 2011). We verified that mutations in both BD1 and 
BD2 significantly reduced Brd2 binding to histones, and this effect 
was more pronounced when histone acetylation was elevated 
through inhibition of histone deacetylases by treatment with so-
dium butyrate (NaBu; Figure 4B). However, interaction of Brd2-
mut1+2 with histones was not completely abolished, and Brd2-
mut1+2 was still able to partially interact with acetylated histones 
(Figure 4B, middle). We also prepared Brd2 mutants that lacked 
the C-terminal part containing mB and ET domains (Figure 4A). 
The mB domain was recently shown to self-interact, and the ET 
domain binds various factors involved in gene expression (Rahman 
et  al., 2011; Garcia-Gutierrez et  al., 2012). The deletion of the 
whole C-terminal domain significantly reduced Brd2 interaction 
with chromatin (Figure 4B, right), indicating that in addition to 

analysis, we did not find any GO terms associated with RNA binding 
or processing that were enriched among Brd2 differentially ex-
pressed genes. Together these results strongly indicate that Brd2 
influences alternative splicing via a mechanism different from chang-
ing the expression of PTB or other splicing regulators.

If Brd2 affects alternative splicing directly, it should associate with 
alternatively spliced genes. Therefore we analyzed Brd2 distribution 
along alternatively spliced genes by chromatin immunoprecipitation 
(ChIP). For ChIP we used cells stably expressing Brd2-GFP from a 
bacterial artificial chromosome (BAC) that preserves the Brd2 en-
dogenous promoter, regulatory elements, and exon/intron struc-
tures. Western blot showed comparable amounts of endogenous 
Brd2 and Brd2-GFP expressed from BAC (Supplemental Figure S1A). 
We found that Brd2 is enriched at all alternatively spliced genes 
tested (DUSP2, IL17RC, SLCO4A1, SENP1), similar to the control 
gene cyclin D1, which is regulated by and associated with Brd2 
(LeRoy et al., 2008). In contrast, Brd2 did not accumulate at genes 
whose splicing was not affected by Brd2 depletion (KREMEN1, 
RFX2, SMEK2) or at the gene desert loci (region with no annotated 
gene and presumably no transcription; Figure 2). Brd2 was mainly 
localized at promoters and not downstream within alternatively 
spliced genes and the cyclin D1 gene.

Brd2 is important for passage of RNA polymerase II through 
acetylated chromatin in vitro. It was also shown that transcription 
rate modulates alternative splicing (Schor et  al., 2009; Hnilicova 
et al., 2011; Oesterreich et al., 2011), which could explain splicing 
changes induced by Brd2 knockdown. Therefore we tested whether 
the Brd2 protein affected RNA polymerase II transcription processiv-
ity in vivo at alternatively spliced genes. We depleted Brd2 by siRNA 
and measured RNA polymerase II processivity as a ratio of two pre-
mRNA sequences located around alternatively spliced exons or in-
trons (Hnilicova et al., 2011; Supplemental Figure S2). We observed 
no difference between cells with or without Brd2, suggesting that 
Brd2 did not control RNA polymerase II passage through chromatin 
of assayed genes, and alternative splicing changes observed after 
Brd2 depletion could not be directly connected with changes in 
transcription elongation rate. However, these data agree with the 
localization of Brd2 at the promoters and not downstream within 
alternatively spliced genes (Figure 2). To conclude, Brd2 at the pro-
moter is able to influence alternative splicing without affecting RNA 
polymerase II processivity downstream in the gene around the alter-
natively spliced elements.

BDs and the C-terminal domain are important 
for Brd2–chromatin interaction
Next we sought to determine how Brd2 navigates to target genes. 
Brd2 primarily binds acetylated histones. Therefore we examined 
the acetylation state of genes whose alternative splicing is regulated 
by Brd2 and focused on H4 acetylation of lysines 5, 8, 12, and 16, 
chromatin marks that are recognized by Brd2. As a positive control, 
we measured histone H4 acetylation on the cyclin D1 gene. On al-
ternatively spliced genes (DUSP2, IL17RC, SLCO4A1, SENP1) and 
cyclin D1 we observed increased levels of H4K5ac, H4K8ac, and 
H4K12ac compared with a gene desert region, indicating that Brd2 
could interact with these genes via acetylated histones (Figure 3). 
However, we noticed similar levels of H4K5/K8/K12/K16 acetylation 
at control genes (SMEK2, KREMEN1, RFX2, CACNA1G), which are 
not bound by Brd2 and showed no change in alternative splicing or 
expression after Brd2 depletion. Thus Brd2 targeting cannot be ex-
plained solely by different levels of histone H4 acetylation.

To get further insight into Brd2 association with chromatin, we 
prepared several GFP-tagged Brd2 constructs that contained a 

FIGURE 2:  Brd2 is localized at the promoters of alternatively spliced 
genes. (A) The position of primers in DUSP2, IL17RC, and SLCO4A1 
genes, which change the alternative splicing pattern after Brd2 
knockdown. Bold line, position of alternative introns (intron retention); 
gray boxes, alternative exons in these genes. (B) ChIP performed in 
HeLa cells stably expressing GFP-tagged Brd2 from BAC (the 
expression of GFP-tagged Brd2 is comparable to the expression of 
endogenous Brd2; see Supplemental Figure S1A) and highly specific 
anti-GFP antibody used for ChIP previously (Vermeulen et al., 2010). 
Brd2 occupancy was high at the promoter of cyclin D1 (positive 
control gene regulated by Brd2) and at promoters of DUSP2, SENP1, 
and SLCO4A1 genes, whose alternative splicing pattern is Brd2 
dependent. Brd2 was also at the promoter of IL17RC, which changed 
alternative splicing but showed only partially decreased expression 
after Brd2 knockdown. The level of Brd2 inside the gene body of 
cyclin D1, DUSP2, IL17RC, and SLCO4A1 was comparable to the gene 
desert region (dashed line), where no transcription occurs, and to 
CACNA1G, KREMEN1, RFX2, and SMEK2 genes, whose expression 
and alternative splicing are not affected by Brd2 depletion (negative 
control genes). IgM was used as a nonspecific control antibody. 
Average of at least three experiments with SEM. alt-in, alternative 
intron; ex, exon; in, intron; pro, promoter.
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and provided good estimates of the contribution of individual pro-
tein domains toward the total chromatin-binding capacity of Brd2. 
First, we used raster image correlation spectroscopy (RICS), which 
enables measurement of protein diffusion together with binding 
when binding is slower than diffusion but not exceeding 20 ms, the 
maximal detection limit of RICS (Brown et  al., 2008). To directly 
measure the interaction of Brd2 BDs with chromatin, we deleted 
the C-terminal part involved in the interactions with other chroma-
tin-binding proteins (Figure 5). To determine the effective diffusion 
of the BD-containing protein, we first expressed the construct con-
taining mutations in both BDs (BD-mut1+2). We monitored move-
ment of BD-mut1+2 by RICS and calculated the spatial autocorrela-
tion function (ACF), G I x y I x y I x yξ ψ ξ ψ, , , ,( )= ( ). + +( ) ( )

2
, 

where I(x, y) and I(x + ξ, y + ψ) are fluorescence intensities in the 
given pixels of images acquired as a movie with the laser scanning 
microscope (Digman et  al., 2005). The two-dimensional ACF ex-
tends along the horizontal and vertical axes. The horizontal cross 
section of the ACF, G(ξ, 0), reflects faster molecular dynamics, such 
as diffusion, and the vertical one, G(0, ψ), refers to slower molecular 
dynamics, and therefore its amplitude is elevated when binding oc-
curs. In nontreated cells, BD-mut1+2 did not exhibit any binding, 
and its movement in the nucleus perfectly fitted the pure-diffusion 
model (Eq. 1, Supplemental Materials and Methods), with a diffu-
sion coefficient of 3.17 μm2/s (Figure 5 and Table 1). We applied 
this fixed diffusion coefficient to fit the BD-wild type (wt) curves with 
a model accounting for both free diffusion and binding (Eq. 2, Sup-
plemental Materials and Methods). The fit provides binding time and 
the fractions (diffusing and bound) that contribute to the overall ACF 
and provide a good estimate of the ratio between bound and diffus-
ing proteins (Table 1). Note that binding time exceeding ∼20 ms 
cannot be resolved with RICS, yet the fraction holds as long as the 
binding time does not exceed several seconds. Our data suggest 
that 60% of BD-wt molecules were freely diffusing and only 40% 
were immobile with binding times >20 ms. See Eq. 3 in the Supple-
mental Materials and Methods for a more detailed description.

Next we treated cells with sodium butyrate, a potent inhibitor of 
human histone deacetylases (HDACs), to increase histone acetyla-
tion. First, we confirmed that sodium butyrate increased acetylation 
of those H4 lysines that are recognized by Brd2 (Supplemental 
Figure S3). Then we tested whether additional binding sites affected 
the movement of Brd2. Surprisingly, BD-mut1+2, which did not ex-
hibit binding in nontreated cells, interacted with overacetylated 
chromatin, as shown by the increased vertical fraction (Figure 5B). 
Fitting of RICS curves revealed that ∼30% of the mutant was bound 
to chromatin with interaction times >20 ms. Wild-type BDs associ-
ated strongly with overacetylated histones, and 84% were bound to 
chromatin with interaction times >20 ms. These data show that mu-
tations previously shown to abolish association of Brd2 with acety-
lated H4 (Kanno et al., 2004) do not completely prevent binding of 
BDs to acetylated chromatin but instead significantly reduced the 
BD binding potential. The conserved amino acids thus significantly 
increase affinity toward acetylated histones and/or stabilize the in-
teraction of BD with acetylated lysine.

The RICS results indicated that BDs associated with chromatin 
for >20 ms. We previously showed that longer interactions could be 
detected by fluorescence recovery after photobleaching (FRAP; 
Huranova et al., 2010). Here we first measured FRAP for BDs con-
taining constructs previously analyzed by RICS, BD-wt and BD-
mut1+2 (Figure 6, A and B). The FRAP curves were fitted with a so-
called “full model,” which considers both diffusion and binding of 
the modeled protein (Sprague et  al., 2004). BD-wt was properly 
fitted with the full model with binding time of ∼0.9 s, which was 

bromodomains, the C-terminal domain also directs Brd2 associa-
tion with chromatin.

Dynamics of in vivo Brd2 interaction with chromatin
To further characterize the role of individual domains for Brd2 
association with chromatin, we decided to use live-cell imaging. 
This allowed us to measure Brd2 interaction directly in living cells 

FIGURE 3:  Genes that change alternative splicing after Brd2 
depletion do not differ in the level of histone H4 acetylation. The level 
of histone H4 acetylated at lysines 5, 8, 12, and 16 was monitored by 
native chromatin immunoprecipitations and quantitative PCR at 
promoters and inside the genes. At DUSP2, IL17RC, SENP1, and 
SLCO4A1 we did not detect any increase of particular acetylated 
lysines in general or specifically around alternatively spliced elements 
(gray bars) compared with control genes CACNA1G, KREMEN1, 
RFX2, and SMEK2, whose expression/splicing is not affected by Brd2 
depletion or gene desert (an intergenic region on chromosome 10 
that is not transcribed). Cyclin D1 is a control gene whose 
transcription is positively regulated by Brd2. The negative control IgG 
signal tested at all gene loci was <0.5% of the input and is not shown. 
Average of at least three experiments with SEM. The dashed line 
indicates the signal at the gene desert. alt-in, alternative intron; ex, 
exon; in, intron; pro, promoter.
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nontreated control as indicated by higher 
SDs. The BD-wt protein was slowed ap-
proximately threefold upon HDAC inhibi-
tion, showing that BDs interact with acety-
lated chromatin (Figure 6A and Table 2). In 
contrast, BD-mut1+2 did not exhibit any 
changes in fluorescence recovery upon 
treatment, and, surprisingly, its recovery 
was slightly faster than in nontreated cells. 
The recovery curves of BD-mut1+2 were 
adequately fitted with the full model and 
showed a binding time of 250 ms, which is 
12.5-fold shorter than for BD-wt (Table 2). 
However, such a short binding time is close 
to the limit of FRAP and should be cautiously 
interpreted. A reasonable explanation for 
the FRAP and RICS results is that the con-
served residues mutated in BD1 and BD2 
are important for stabilization of the interac-
tion between BDs and acetylated lysines. 
RICS can detect even minimal changes in 
protein binding that occur on such a short 
time frame that FRAP cannot capture them 
because of its technical limitations. The two 
methods thus nicely complement each other 
and cover a large range of binding time that 
a single method could not accomplish.

Next we analyzed in vivo dynamics of 
full-length Brd2 carrying wt BDs (Brd2-wt) or 
mutated BD1 (Brd2-mut1), BD2 (Brd2-mut2), 
or both BD domains (Brd2-mut1+2). The 
Brd2-wt showed slower recovery than the 
construct lacking the C-terminal part (BD-wt; 
compare Figure 6, A and C, black lines; 
Table 2). This result showed that interactions 
mediated via the C-terminal domains were 
the major determinant of Brd2 movement in 
the nucleus of nontreated cells. The full-
length Brd2-wt protein significantly slowed 

upon cell treatment with sodium butyrate and was 4.5-fold slower 
than BD-wt. This finding demonstrated that the C-terminal part, ei-
ther directly or indirectly, enhanced interaction of BDs with acety-
lated histones.

The interaction time of Brd2-wt and the protein with mutations 
in both BDs (Brd2-mut1+2) showed no significant difference in non-
treated cells (Figure 6, C and D), supporting the model in which 
Brd2 mainly interacts with the nuclear environment via the C-termi-
nal domain. Next we inhibited HDACs and measured FRAP of indi-
vidual Brd2 constructs. The Brd2-mut1+2 mutant was not affected 
by histone acetylation level, again showing that mutations of critical 
amino acids in both BDs abolished the stable interaction of Brd2 
with acetylated histones. Mutations in either BD1 or BD2 did not 
prevent interaction with acetylated histones, as shown by the re-
duced recovery rate of Brd2-mut1 and Brd2-mut2 after sodium bu-
tyrate treatment. Recovery of both mutants was faster than the wild-
type protein, indicating that both domains were important for stable 
Brd2 association with acetylated chromatin. However, treatment 
with sodium butyrate revealed differences between BD1 and BD2. 
The binding time of the protein carrying a mutation in BD1 was al-
most five times shorter than recovery of the BD2 mutant, suggest-
ing that BD1 interaction with acetylated histones is stronger than 
that of BD2.

calculated as an inverse value of the koff constant (Table 2). We were 
not able to properly fit the recovery curve of BD-mut1+2 protein 
with the full model or the pure diffusion model (unpublished data). 
We have no explanation for this behavior. Next we treated cells with 
sodium butyrate to inhibit HDACs and increase histone acetylation 
and measured FRAP of BD-wt and BD-mut1+2. Individual cells were 
differently affected by the sodium butyrate treatment, and FRAP 
curves measured after treatment were more diverse than in the 

FIGURE 5:  Dynamic behavior of Brd2 bromodomains monitored by RICS. RICS analysis of cells 
transfected with BD‑mut1+2 before (A) and after (B) 3 h of incubation with 5 mM NaBu. 
Representative vertical (black) and horizontal (gray) cross sections of the correlation curves are 
shown with corresponding two-dimensional correlation functions shown as insets. Note the 
increase of the vertical cross section after sodium butyrate treatment, which indicates stronger 
interaction with chromatin.

Protein NaBu D (μm2/s)
Diffusing 
fraction

Binding 
time (ms)

BD-wt – 3.17 0.60 ± 0.17 >20

BD-wt + 3.17 0.16 ± 0.09 >20

BD-mut1+2 – 3.17 1.00 n.a.

BD-mut1+2 + 3.17 0.68 ± 0.07 >20

The RICS curves of BD-mut1+2 were fitted for pure diffusion and the diffusion 
coefficient, D, determined. The fraction of diffusing molecules and binding time 
were then determined for BD-wt and BD-mut1+2 after histone deacetylase 
inhibition by NaBu.

TABLE 1:  RICS analysis.

FIGURE 4:  Brd2 BD domains and C-terminal domain are both important for interaction with 
chromatin. (A) Schematic representation of Brd2 constructs used in this study. All constructs 
were tagged with GFP at the N-terminus. (B) Interaction of Brd2 bromodomains with histones. 
Brd2-wt, Brd2-mut1+2, BD-wt, and BD-mut1+2 were tagged with GFP and transiently 
expressed in HeLa cells. Cells were treated with NaBu for 3 h, Brd2 constructs precipitated with 
anti-GFP antibodies, and coprecipitated histones detected by anti-H3 antibody. Brd2 does not 
directly interact with H3; thus coprecipitation of H3 reflects attachment of Brd2 to 
nucleosomes.
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will be found at the same histones, creating 
multiacetylated peptides. The prolonged 
interaction time after NaBu treatment as 
measured by FRAP is thus consistent with 
in vitro data that showed stronger inter
action of Brd2 BDs with tetraacetylated 
peptides than with monoacetylated ones 
(Filippakopoulos et al., 2012; LeRoy et al., 
2012). In addition, BD1 and BD2 interact 
independently with acetylated histones, 
and BD1 binding is ∼4.5 times stronger 
than for BD2. In addition, microscopic data 
support our previous observations from 
coimmunoprecipitations and show that the 
C-terminal domain is important for proper 
association of Brd2 with chromatin.

Both Brd2 BDs and C-terminal domain 
are important for transcription and 
splicing regulation
To test the role of individual Brd2 domains in 
transcription and alternative splicing regula-
tion, we treated cells with siRNA designed 
against the sequence within the 3′ untrans-
lated region (UTR) of Brd2 (Supplemental 
Figure S1B). Depleted endogenous Brd2 
was replaced by ectopic expression of wild-
type Brd2-GFP, the mutant with both bro-
modomains mutated, Brd2-mut1+2-GFP, or 
the mutant lacking the C-terminal domain, 
BD-GFP. None of the tested constructs con-
tained the 3′UTR, and they were not tar-
geted by the siRNA used in this experiment 
(see Brd2 mRNA levels in Figure 7C). First 
we tested whether the full-length protein 
and the mutants were able to rescue changes 
in expression induced by Brd2 depletion. 
We tested three genes (YWAH, SETD7, and 
HOMER) whose expression increased upon 
Brd2 knockdown as detected by exon ar-
rays. In all cases, expression of Brd2-wt re-
duced expression of the genes with respect 
to cells transfected with GFP only (Figure 
7A). In addition, we observed partial rescue 
in cells transfected with Brd2-mut1+2 or BD-
wt, although the effect was smaller than in 
the case of the full-length protein.

Next we tested whether mutant expres-
sion was able to revert the change in the 
splicing pattern of SENP1 caused by reduc-

tion of endogenous Brd2. Cells were again treated with siRNA di-
rected against the coding sequence or 3′UTR and the splicing pat-
tern analyzed by RT followed by quantitative PCR (Figure 7B). Ex-
pression of Brd2-wt reduced alternative exon inclusion to the level 
observed in control cells. Expression of either Brd2-mut1+2 or BD-
wt partially reverted the splicing phenotype, but the rescue was 
weaker than in the case of the full-length protein. These data con-
firmed the specificity of Brd2 knockdown by siRNA (the changes 
could be rescued by Brd2-wt protein) for several genes identified by 
exon arrays. In addition, chromatin-binding affinity of individual Brd2 
mutants correlated with their ability to rescue gene expression or 
splicing phenotypes caused by the depletion of endogenous Brd2.

In summary, the RICS and FRAP analysis showed that under 
normal conditions, movement of Brd2 is mainly restricted by inter-
actions mediated via the C-terminal domain. In addition, the 
C-terminal part also supports association of BDs with acetylated 
histones. RICS analysis showed that only 40% of BDs are associ-
ated with chromatin under normal conditions, and inhibition of 
HDAC activity increases the bound fraction to 84%. FRAP mea-
surements revealed that the binding time of Brd2 BDs with chro-
matin is ∼900 ms. Interaction time is prolonged threefold (∼3.1 s) 
after treatment with the HDAC inhibitor. HDAC inhibition signifi-
cantly increases histone acetylation, including histone H4 lysines 5, 
8, 12, and 16. It is likely that at least some of these acetylation sites 

FIGURE 6:  Mutations in both bromodomains abolish stable interaction of Brd2 with acetylated 
histones. Dynamics of different Brd2 constructs was measured by FRAP before (black line) or 
after (gray line) histone hyperacetylation. (A) Truncated protein containing both bromodomains 
interacted with chromatin, but the interaction was abolished by single point mutations in each of 
the bromodomains (B). (C) The full-length protein associated strongly with acetylated chromatin, 
and this interaction was inhibited by mutation of both bromodomains (D). (E, F) Mutation of 
either bromodomain reduced binding affinity of Brd2 to acetylated chromatin. Faster recovery 
of Brd2-mut1 (E) than Brd2-mut2 (F) after sodium butyrate treatment indicates that BD1 
interacts more strongly with acetylated chromatin. FRAP curves represent mean ± SD of 
10–15 measurements of cells transiently transfected with indicated construct. Black curves, 
nontreated cells; gray curves, cells measured after 3 h of 5 mM NaBu treatment. Representative 
wide-field fluorescence images of transfected cells are shown as insets. Scale bar, 5 μm.
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associate with several proteins, including the main component of 
the nucleosome remodeling and deacetylase complex, CHD4; his-
tone-lysine N-methyltransferase, NSD3; and hydroxylase and his-
tone demethylase, JMJD6 (Rahman et al., 2011). Here we took an 
alternative approach and analyzed the dynamics of Brd2 interac-
tions within the cell environment by live-cell imaging. Our live-cell 
imaging data reveal that the C-terminus containing ET and mB do-
mains is the major factor determining Brd2 interactions in the cell 
nucleus. In addition, our FRAP data show that the C-terminus also 
enhances interaction of BDs with acetylated chromatin (Figure 6). 
The C-terminal domains can modulate interaction of BDs with acety-
lated histones either directly via intramolecular interactions or indi-
rectly by association with other proteins that interact with chromatin 
and synergize with Brd2-BDs. In addition, we found no difference in 
acetylation status between promoters that were or were not occu-
pied by Brd2 (Figures 2 and 3; e.g., compare histone acetylation 
and Brd2 localization at promoters of KREMEN1 and SLCO4A1). 
These data further support the model in which Brd2 is not targeted 
to chromatin solely via BD association with acetylated histones. 
However, when chromatin is artificially overacetylated, BDs binding 
to acetylated histones overcomes other interactions and becomes 
dominant. Together these data suggest that Brd2 is targeted to 
chromatin via cooperative action of BDs and the C-terminal 
domain.

Knockdown of Brd2 and unbiased genome-wide analysis of the 
transcriptome confirmed that Brd2 controls the expression of hun-
dreds of genes, mainly those involved in control of cell signaling. 
However, the most surprising finding was the change in alternative 
splicing of numerous genes after Brd2 knockdown. Recent findings 
show a close connection between histone modification and pre-
mRNA splicing (reviewed in Hnilicova and Stanek, 2011; Luco et al., 

2011; Braunschweig et  al., 2013; Gomez 
Acuna et al., 2013), but few chromatin-bind-
ing proteins, namely MRG15 and CHD1, 
were shown to influence splicing (Sims et al., 
2007; Luco et al., 2010). These proteins rec-
ognize H3K36met3 and H3K4met3, modifi-
cations shown to couple transcription and 
splicing (de Almeida et  al., 2011; Bieber-
stein et al., 2012). Histone acetylation is also 
tightly associated with expression, and we 
showed that histone H4 acetylation regu-
lates alternative splicing of several hundred 
genes (Hnilicova et al., 2011). In yeast, his-
tone acetyl transferase Gcn5 genetically in-
teracts with U2 small nuclear ribonucleic 
protein splicing proteins and is involved in 
cotranscriptional assembly of the spli-
ceosome (Gunderson and Johnson, 2009). 
However, a factor that would directly bridge 
histone acetylation and alternative splicing 
has not been identified.

Here we show that Brd2 modifies the 
outcome of alternative splicing. It was re-
ported that another BET protein, Brd4, stim-
ulates constitutive splicing of primary re-
sponse genes likely via modulating RNA 
polymerase II C-terminus phosphorylation 
(Hargreaves et  al., 2009). The molecular 
mechanism of Brd2-mediated splicing regu-
lation is unknown, but we found Brd2 at the 
promoters of genes it controls. The peak 

DISCUSSION
Numerous in vitro and in vivo studies have mapped interaction part-
ners of the Brd2 protein. The most significant partners that emerged 
from these analyses are acetylated histone H4, several transcription 
factors (e.g., E2F, TAFs, TBP), and chromatin-modifying and -remod-
eling complexes Brg1, HDACs, and HATs (Denis et al., 2000, 2006; 
Crowley et al., 2002). Recently the mB motif was shown to self-inter-
act (Garcia-Gutierrez et al., 2012) and the C-terminal ET domain to 

Protein NaBu koff (s−1) Binding time (s)

Brd2-wt – 0.62 ± 0.24 1.61 ± 0.62

Brd2-wt + 0.07 ± 0.09 14.29 ± 16.50

Brd2-mut1 – 1.22 ± 0.47 0.82 ± 0.32

Brd2-mut1 + 0.71 ± 0.72 1.41 ± 1.43

Brd2-mut2 – 1.42 ± 0.70 0.70 ± 0.35

Brd2-mut2 + 0.15 ± 0.26 6.67 ± 11.53

Brd2-mut1+2 – 0.77 ± 0.34 1.30 ± 0.58

Brd2-mut1+2 + 0.64 ± 0.27 1.56 ± 0.68

BD-wt – 1.07 ± 0.33 0.93 ± 0.29

BD-wt + 0.32 ± 0.26 3.13 ± 2.63

BD-mut1+2 – n.a. n.a.

BD-mut1+2 + 3.94 ± 2.40 0.25 ± 0.15

FRAP curves were fitted with the full model and unbinding constant, koff, 
determined. Binding time was calculated as a reverse value of koff.. From 10 to 
15 cells were measured for each construct. Average and SD are shown.

TABLE 2:  FRAP fitting.

FIGURE 7:  Brd2 BD domains and the C-terminal domain are important for transcription and 
splicing regulation. (A) Depletion of Brd2 resulted in up-regulation of YWAH, SETD7, and 
HOMER genes (normalized to β-actin, which did not change expression according to exon 
arrays). Expression of Brd2-wt rescued depletion of endogenous Brd2. Note also partial rescue 
in cells expressing the construct lacking the C-terminal domain (BD-wt) and the Brd2-mut1+2, 
which contained inactivating mutations in both BDs. (B) Treatment with siRNAs against 3′UTR 
(3′si) stimulated SENP1 alternative exon inclusion. The exon inclusion was reversed by 
expression of Brd2-wt-GFP (lacking the 3′UTR sequence) but not the empty GFP vector. 
Alternative exon was partially excluded also in cells expressing Brd2-mut1+2 or BD-wt. 
Averages of three experiments together with SEM. Significance was assayed by t test. 
*p ≤ 0.1, **p ≤ 0.05. (C) mRNA and protein levels of Brd2 after siRNA treatment and Brd2 
construct transfections. NC, negative control siRNA; 3′si, siRNA against Brd2-3′UTR targeting 
specifically endogenous Brd2.
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CA) according to manufacturer’s protocol. The cells were imaged 
20–24 h after transfection and an additional 3 h if treated with 5 mM 
sodium butyrate.

RICS was performed as described previously (Norris et al., 2011). 
Briefly, confocal images for the RICS experiments were acquired on 
the Olympus FluoView 1000 microscope (Olympus, Tokyo, Japan) 
equipped with a water immersion objective (60×, 1.2 numerical 
aperture [NA]). For excitation, a 470-nm diode laser in continuous 
wave mode was used. The laser intensity measured at the back 
aperture of the objective was 15 μW. For every RICS experiment, 
100 frames consisting of 256 × 256 pixels were collected. The scan-
ner speed along the fast scanning axis was 10 μs/pixel; that along 
the slow scanning axis was 3.68 ms/line. The scanner step corre-
sponding to 1 pixel was 50 nm. The correlation functions were cal-
culated with use of script created in Matlab by means of fast Fourier 
transform as described in Hebert et al. (2005). Before the correla-
tion, an average image was calculated from consecutive pairs of 
images, and the obtained images were pixel-by-pixel subtracted 
from the individual two images used for the calculation of the par-
ticular average image. For data evaluation, two mathematical mod-
els were used, a model considering free diffusing proteins in three 
dimensions (Norris et al., 2011) and a model considering binding 
(Digman and Gratton, 2009) (see the Supplemental Materials and 
Methods for detailed description of models used for RICS fitting). In 
cases in which the two ways of motion occurred simultaneously, a 
combination of the two models was applied.

FRAP
HeLa cells were prepared the same way as for RICS. FRAP experi-
ments were performed on the DeltaVision microscope system 
(Applied Precision, Issaquah, WA) equipped with an oil immersion 
objective (60×, 1.4 NA) and an environmental chamber with con-
trolled temperature (37°C) and CO2 level (5%). Photobleaching of a 
spot in the nucleoplasm was achieved with a 40-ms laser pulse at 
488 nm (100% of the laser power). Fluorescence recovery in a circu-
lar spot with a 2-μm radius was monitored in a series of 65 images in 
a 512 × 512–pixel format until reaching a plateau of recovery or for 
5 min. FRAP curves were double normalized to background and 
whole-cell fluorescence loss during acquisition. From 12 to 15 sepa-
rate FRAP measurements were performed for each experiment. Nor-
malized FRAP curves were fitted with full model equations according 
to Sprague et al. (2004) as described previously (Huranova et al., 
2010). To reduce the number of fit parameters, we used the diffusion 
constant determined by RICS and fitted only the parameters de-
scribing the rates of binding (kon*) and dissociation (koff). Because 
kon* also depends on the concentration of binding sites, which could 
not be easily determined in live cells, only koff values were used to 
describe the interaction between Brd2 proteins and chromatin.

Cell culture and treatments
HeLa and HeLa cells stably expressing GFP-tagged Brd2 from BAC 
were cultured in high-glucose DMEM supplemented with 10% fetal 
calf serum, penicillin, and streptomycin (Invitrogen, Carlsbad, CA) 
and treated with 5 mM sodium butyrate (Sigma-Aldrich, St. Louis, 
MO) for 3 or 6 h. Tagging of BAC and preparation of a stable cell 
line expressing GFP-tagged Brd2 from BAC was performed as pre-
viously described (Poser et al., 2008).

Antibodies
Mouse monoclonal antibodies anti-GFP (used for Western blotting) 
and anti-H4K16ac were from Santa Cruz Biotechnology (Santa Cruz, 
CA). The polyclonal antibodies specific for acetyl-histone H4, 

accumulation of Brd2 at promoters was shown genome wide (LeRoy 
et al., 2012). This correlates with the fact that a half of splicing targets 
also reduce expression after Brd2 knockdown (Figure 1B). It is likely 
that when Brd2 (mainly a positive regulator of transcription) is bound 
to the promoter it stimulates transcription and regulates alternative 
splicing at the same time. Therefore Brd2 depletion simultaneously 
reduces expression and changes splicing. This implies that Brd2 in-
fluences formation of the initiation complex at the promoter, thereby 
affecting downstream events like alternative splicing.

The role of promoters in alternative splicing has been shown us-
ing minigene reporters, and some transcription activators act on 
alternative splicing only when tethered to the promoter (Cramer 
et al., 1997; Monsalve et al., 2000; Auboeuf et al., 2002; Nogues 
et al., 2002; Robson-Dixon and Garcia-Blanco, 2004; reviewed in 
Kornblihtt, 2005). In addition, promoter-associated transcription ac-
tivators affect constitutive splicing and 3′-end processing (Rosonina 
et al., 2003). However, a molecular mechanism that couples pro-
moters and splicing is unknown, although some indications suggest 
a role for RNA polymerase II elongation rate and the phosphoryla-
tion status of its C-terminal domain (Kadener et al., 2002; Rosonina 
et al., 2003). Brd2 was shown to facilitate RNA polymerase II pas-
sage through acetylated chromatin in vitro (LeRoy et  al., 2008). 
However, our measurements of RNA polymerase II processivity in 
vivo did not reveal any significant changes upon Brd2 knockdown 
(Supplemental Figure S2). These data suggest that Brd2 acts via a 
mechanism different from control of the transcription rate of RNA 
polymerase II. Recently it was suggested that alternative exons 
contact promoters in the three-dimensional space of the cell nu-
cleus (Mercer et al., 2013). Proteins bound to promoters are thus in 
a close contact with alternative elements and can directly regulate 
their splicing. An alternative link of Brd2 to pre-mRNA splicing is its 
interaction with the lysyl-hydroxylase JMJD6, which modifies alter-
native splicing of several minigene reporters. JMJD6 acts on splic-
ing via hydroxylation of the general splicing factor U2AF65 (Webby 
et  al., 2009). Thus Brd2 might recruit JMJD6 to specific genes, 
where it could modify U2AF65 and regulate splicing outcome.

There is a large amount of evidence that the chromatin status, 
transcription, and splicing are closely coupled, yet there are only a 
few factors that would molecularly explain these cross-talks. Here 
we identified Brd2 as a bridging protein that interacts with chroma-
tin and affects both transcription and alternative splicing. Neurons 
are cells that are heavily regulated by alternative splicing; changes 
in alternative splicing of protein important for cell communication 
could explain the suggested link between Brd2 expression and epi-
lepsy in humans or neuronal phenotypes in the Brd2+/− mouse.

MATERIALS AND METHODS
DNA
Brd2-wt was obtained by cloning human Brd2 cDNA into the 
pEGFP-C1 vector using EcoRI/KpnI restriction sites. Brd2 mutant 
constructs were then prepared by site-directed mutagenesis of 
Brd2-wt. Tyrosine 113 or 386 or both were replaced by phenylala-
nines in Brd2-mut1, Brd2-mut2, and Brd2-mut1+2, respectively. 
Bromodomains (corresponding to amino acids 1–472) were isolated 
by PCR from Brd2-wt and Brd2-mut1+2 and cloned to pEGFP-C1 
using EcoRI/KpnI restriction sites, generating BD-wt and BD-mut1+2 
constructs, respectively.

RICS measurements
HeLa cells were plated on glass-bottomed Petri dishes. After 20–
24 h, cells were transfected with appropriate Brd2 construct using 
Lipofectamine LTX transfection reagent (Life Technologies, Carlsbad, 
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hyde/PBS for 15 min at room temperature, and the reaction was 
stopped by the addition of glycine (final concentration, 125 mM). 
Cells were scraped into RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% 
deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 8.0, 5 mM EDTA, 
0.5 mM phenylmethylsulfonyl fluoride, complete protease inhibitor 
cocktail [Calbiochem, Darmstadt, Germany], 50 mM NaF, and 
0.2 mM sodium orthovanadate) and sonicated to generate ∼500-nu-
cleotide chromatin fragments. The same total amount of protein 
(1 mg) was used for immunoprecipitation. Immunoprecipitation with 
12 μg of goat anti-GFP per reaction was performed at 4°C over-
night. Subsequently, the beads were rinsed twice with RIPA, four 
times with 100 mM Tris-HCl, pH 8.5, 500 mM LiCl, 1% Nonidet P-40, 
and 1% deoxycholic acid, twice again with RIPA, and twice with TE 
buffer (10 mM Tris-HCl, pH 8.1, and 1 mM EDTA). Protein–DNA 
complexes were eluted with 1% SDS for 10 min at 65°C, de-cross-
linked in the presence of 200 mM NaCl for 5 h at 65°C, and treated 
with 20 μg of proteinase K for 30 min at 45°C. DNA was recovered 
with the Qiagen PCR Purification Kit and amplified by quantitative 
real-time PCR on a LightCycler 480 System (Roche Applied Science). 
Data sets were normalized to ChIP input values.

Native ChIP assays
HeLa cells were scraped into PBS and resuspended in 0.3 M su-
crose, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 0.1 mM ethylene 
glycol tetraacetic acid (EGTA), 0,2% NP-40, 15 mM Tris-HCl, pH 
7.7, 0.5 mM dithiothreitol (DTT), complete protease inhibitor cock-
tail (Calbiochem), and 5 mM NaBu. Nuclei were released by pas-
sage through a 22-gauge needle and loaded on a sucrose gradi-
ent (1.2 M sucrose, 60 mM KCl, 15 mM NaCl, 5 mM MgCl2, 
0.1 mM EGTA, 15 mM Tris-HCl, pH 7.7, 0.5 mM DTT, protease in-
hibitors, and 5 mM NaBu) and centrifuged for 20 min at 2000 × g 
at 4°C. Pellets were resuspended in MNase digestion buffer 
(0.32 M sucrose, 1 mM CaCl2, 4 mM MgCl2, 15 mM Tris-HCl, 
pH 7.7, and protease inhibitors) and digestion performed for 6 min 
at 37°C (1 U MNase/30 μg chromatin). Reactions were stopped 
with EDTA (final concentration, 10 mM) and centrifuged. The su-
pernatant was taken and the pellet resuspended in 0.2 mM EDTA, 
1 mM Tris/HCl, pH 7.7, incubated for 1 h at 4°C, and centrifuged 
again, and both supernatants were mixed. Approximately100 μg 
chromatin was diluted in nChIP buffer (50 mM NaCl, 5 mM EDTA, 
50 mM Tris/HCl, pH 7.7) and incubated overnight at 4°C with ap-
propriate antibody (4 μg of anti-H4K16ac, 10 μg of nonspecific 
IgG, 6 μl of anti-H4K12ac, and 5 μl of anti-H4K5ac and anti-
H4K8ac). The beads were washed once with nChIP buffer, then 
twice in the same buffer with increasing salt concentration (75, 
125, 175 mM NaCl). Complexes were eluted with 1% SDS for 
15 min at room temperature and treated with 20 μg of proteinase 
K for 30 min at 45°C, and DNA was recovered with the Qiagen 
PCR Purification Kit and quantified by quantitative PCR; the signal 
was compared with the input.

Immunoprecipitation
HeLa or HeLa-GFP Brd2 cells were grown on 10-cm Petri dishes, 
washed three times with ice-cold PBS, scraped and pelleted at 
1000 × g for 5 min before being resuspended in NET-2 buffer 
(50 mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.05% Nonidet P-40) 
supplemented with a complete protease inhibitor cocktail 
(Calbiochem), and pulse sonicated on ice. Lysates were centri-
fuged at 13,000 rpm, and the supernatant was incubated with 
protein G–Sepharose beads (GE Healthcare, Pittsburgh, PA) coated 
with goat anti-GFP antibodies (raised against bacterially expressed 
full-length enhanced GFP and obtained from David Drechsel) 

H4K5ac, H4K8ac, H4K12ac, and H4ac were all purchased from 
Millipore (Billerica, MA). Rabbit anti–β-actin antibody was purchased 
from Abcam (Cambridge, UK). The anti-tubulin antibody was a gift 
from Pavel Draber (Institute of Molecular Genetics, Academy of Sci-
ences of the Czech Republic), and the goat anti-GFP antibody used 
for ChIP was from David Drechsel (Max Planck Institute of Molecular 
Cell Biology and Genetics). The rabbit anti-Brd2 antibody and non-
specific mouse immunoglobulin G (IgG) and IgM were purchased 
from Sigma-Aldrich.

Transfections
Preannealed siRNA duplexes (Ambion, Austin, TX) were transfected 
with Oligofectamine (Invitrogen) according to the manufacturer’s 
protocol, and cells were incubated for 48 h after transfection. In 
rescue experiments, cells were transfected with the plasmid 24 h 
after siRNA transfection and incubated for another 24 h. Plasmids 
were transiently transfected with Lipofectamine LTX & Plus Reagent 
(Invitrogen) according to the manufacturer’s protocol.

RNA isolation, RT PCR, and quantitative PCR
Total RNA was purified with TRIzol (Invitrogen), reverse transcribed 
using SuperScript III (Invitrogen), and cDNA amplified by Taq poly-
merase (MBI Fermentas, St. Leon-Rot, Germany). Primers used for 
RT-PCR and quantitative PCR are listed in the Supplemental Materials 
and Methods. Quantitative real-time PCR was performed using the 
LightCycler 480 System (Roche Applied Science, Indianapolis, IN). 
RNA polymerase II processivity was calculated from relative Ct val-
ues of primer pairs A (upstream) and B (downstream) according to 
pre-mRNA ratiodistal/proximal = 2(CtA – CtB).

Exon arrays
HeLa cells were treated with Brd2-siRNA for 48 h, and total RNA was 
isolated with TRIzol. For each sample, 1 μg of total RNA was pro-
cessed, amplified, and labeled according to the Affymetrix GeneChip 
Whole Transcript (WT) Sense Target Labeling Assay (P/N 701880 
Rev. 5) and subsequently hybridized to GeneChip Human Exon 1.0 
ST Array (Affymetrix, Santa Clara, CA) as described previously (Hnili-
cova et al., 2011). The data were analyzed with the Partek Genomics 
Suite 6.6 beta software (Partek Incorporated, St. Louis, MO) using 
the RMA (Robust Multi-Array) algorithm. Only probe sets that were 
present in the “core” meta-probe list (16,037 RefSeq genes and full-
length GenBank mRNAs) were used to identify alternative splicing 
events with Alt-splice analysis of variance. The list of genes under-
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