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The bromodomain protein BRD4 
links cell cycle and transcription, 

bookmarking active genes during mitosis 
and serving as a scaffold for transcription 
factors. Our recent discovery that BRD4 
is a RNA Polymerase II CTD kinase 
identifies a novel transcriptional func-
tion. Here we discuss our model in the 
context of current knowledge.

Introduction

The ubiquitously expressed BRD4, one of 
five mammalian bromodomain proteins, 
was first found associated with mitotic 
chromosomes and implicated in cell cycle 
control.1 BRD4 is now recognized as a 
critical mediator of normal and disease 
functions through its interactions with 
both cellular and viral factors.2 BRD4 
plays a role in inflammatory diseases by 
binding NFkB and influencing immuno-
logical responses to infection.3 Regulation 
of HIV latency and transcription depend 
on the interaction between BRD4 and the 
transcription elongation factor, PTEFb.2,4 
Similarly, HPV latency is regulated by a 
complex of BRD4 and the immediate 
early viral protein, E2, which represses 
transcription of the viral late proteins 
E6/E7.2 Importantly, BRD4 is associated 
with breast cancer survival and metas-
tasis, acute myeloid leukemia, Burkitt’s 
lymphoma and colon cancer.5-8 A BRD4 
translocation fusion product, BRD4-
NUT, is responsible for aggressive mid-
line carcinomas.9 BRD4 is also critical in 
development: germline deletion of BRD4 
results in early embryonic lethality.10

Despite its documented role in disease, 
an understanding of BRD4’s molecular 
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functions is emerging only now. Indeed, 
the nature of BRD4 function differs 
throughout cell cycle. During mitosis, 
BRD4 remains bound to chromatin, 
identifying it as a bookmark for actively 
transcribed genes.1 During interphase 
BRD4 interacts with various cellular and 
viral transcription factors,2 which has led 
to the perspective that BRD4 is a pas-
sive scaffold for active factors in cellular 
functions. Challenging this notion, our 
recent discovery that BRD4 is a novel 
atypical kinase that phosphorylates Ser2 
of the RNA Polymerase II (RNAP II) 
C-terminal domain (CTD) identifies 
BRD4 as an active transcription fac-
tor.11 Here, we review recent advances 
emphasizing BRD4’s novel kinase activ-
ity and present our working model that 
BRD4 links cell cycle and transcriptional 
regulation.

BRD4 Structure and its Functional 
Implications

BRD4 belongs to the bromodomain 
and extra-terminal domain (BET) fam-
ily of proteins that contain two tandem 
bromodomains (BD1 and BD2) and an 
extra-terminal domain (ET).1 The bro-
modomains bind acetylated histones and 
a wide range of non-histone proteins. The 
ET domain is thought to be a regulatory 
domain whose function is unclear. The 
mammalian members of the BET family, 
BRD2, BRD3, BRD4 and BRDT, exhibit 
similar domain organizations. BRD4 
also shares strong structural similarity to 
the yeast BET proteins Bdf1 and Bdf2, 
kinases that are yeast homologs of TAF1, 
the kinase component of mammalian 
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from chromatin as part of the protective 
mechanism during mitotic arrest.22 This 
release is mediated through the JNK path-
way and is correlated with the recovery of 
cells from drug-induced mitotic arrest. 
JNK inhibitors blocked BRD4 release and 
mitotic progression while JNK2-/- embry-
onic fibroblasts were defective in BRD4 
release and cell growth after nocodozole 
treatment.22 A recent study also proposed 
a model for the transition of BRD4 from 
chromatin targeting to transcriptional 
regulation through a signal induced path-
way possibly involving HDACs.23 Thus, 
BRD4 is a mitotic bookmark that plays a 
key role in maintaining epigenetic mem-
ory and chromatin structure, another 
mechanism by which it links cell cycle 
progression and gene expression.

BRD4 is a Transcription Factor

In addition to its role as a mitotic book-
mark, BRD4 is a critical regulator of 
transcription. Productive transcription 
depends on the phosphorylation of the 
C-terminal domain of RNAP II CTD, 
which consists of consecutive repeats of the 
heptad Y

1
S

2
P

3
T

4
S

5
P

6
S

7
. Phosphorylation 

of the CTD residues Serine 5 (Ser5) and 
Ser2 is necessary for the recruitment of 
RNA capping and splicing factors, respec-
tively.24 The order, pattern and temporal 
separation of these phosphorylation events 
ensure an orderly transition from initiation 
to productive transcription elongation.25,26 
CTD Ser5 residues are phosphorylated 
primarily by the CDK7 kinase component 
of TFIIH, while subsequent Ser2 phos-
phorylations release RNAP II from an 
early elongation block and are necessary 
during productive elongation.24 During 
elongation, Ser2 is phosphorylated by 
PTEFb, which depends on BRD4 for its 
nuclear localization and activation of its 
CDK9 kinase subunit.18,27

BRD4 recruits PTEFb to the transcrip-
tion pre-initiation complex18 and initially 
travels with it in the transcription com-
plex.4 Importantly, we have shown that 
BRD4 is also a kinase that phosphorylates 
the CTD Ser2 specifically both in vitro 
and in vivo.11 Although PTEFb was origi-
nally implicated as the predominant CTD 
Ser2 kinase for both release from an elon-
gation block and productive elongation,27 

unknown functions were also identified 
by this study.

Each of BRD4’s structural domains 
is involved in this multiplicity of inter-
actions. Whereas binding to acetylated 
histones is mediated by its N-terminal 
bromodomains, BRD4’s interactions 
with key transcriptional regulators such 
as PTEFb, NFκb and HPV E2 occur 
through its C-terminal domain.1-3,18 A pro-
teomic analysis using isolated domains/
sections of BRD4 as bait identified several 
other epigenetic and transcriptional regu-
lators interacting with specific domains 
on BRD4.19 Protein complexes interacting 
specifically with the BRD4 ET domain 
included those containing NSD3 (a his-
tone methyl transferase), JMJD6 (a his-
tone demethylase and splicing associated 
hydroxylase) and GLTSCR1 (unknown 
function). Importantly, depletion of 
NSD3, JMJD6 or GLTSCR1 resulted in 
the repression of BRD4-target genes, both 
viral and cellular.19 Together, these stud-
ies reinforce the conclusion that BRD4 
plays a vital role as a scaffolding protein in 
physically linking chromatin remodeling 
and transcriptional regulation.

BRD4 is a Mitotic Bookmark

A mitotic bookmark identifies actively 
transcribed genes during mitosis by 
remaining associated chromatin when 
all other factors dissociate. The presence 
of a bookmark accelerates reinitiation of 
transcription after mitosis from active 
regions, many of which contain cell cycle 
genes, thus regulating cell cycle progres-
sion. In particular, in a model system with 
an MS2-YFP RNA reporter construct and 
fluorescently tagged BRD4, it was shown 
that BRD4 remains associated with 
H4K5ac histones on chromatin during 
mitosis, leading to rapid de-compaction of 
the surrounding chromatin and to tran-
scription post-mitotically.14 BRD4 also 
marks the start sites of many M/G1 genes, 
accelerates expression of G1 genes and pro-
motes cell cycle progression to S phase.13,20 
BRD4 further regulates cell cycle progres-
sion through its transcriptional regulation 
of Aurora B kinase expression, essential 
for chromosome segregation and cytoki-
nesis.21 In response to anti-mitotic agents, 
such as nocodozole, BRD4 is released 

TFIID. There are two BRD4 isoforms. 
The predominant long isoform is respon-
sible for almost all the biological functions 
attributed to BRD4. The function of the 
rare short form, also known as HUNK1, 
is unknown.2 The structures of the BRD4 
BD1 and BD2 bromodomains have been 
solved and consist of 4 α-helices and 2 
loops linking these α-helices. The BD1 
domain primarily binds H3-K14ac, while 
the BD2 domain binds to H4-K5ac and 
H4-K16ac.12 It is these interactions that 
allow BRD4 to be retained on the chro-
matin during mitosis in a range of cell 
types. The solved ET domain structure 
consists of 3 α-helices and a loop.2

Interestingly, there may be multiple 
functionally distinct pools of BRD4: One 
pool remains associated with chromatin 
during mitosis, functioning as a mitotic 
bookmark responsible for accelerating 
post mitotic gene activation.13 Another 
BRD4 pool recruits PTEFb to sites of 
active transcription during interphase.14 A 
third pool of BRD4 is recruited by tran-
scriptional Mediator complexes indepen-
dent of PTEFb.2

BRD4 is a Protein Scaffold

BRD4 is a scaffold that recruits numerous 
proteins to chromatin in general and tran-
scription sites in particular. In addition 
to the interactions noted above, BRD4 
binds to the Kaposi’s sarcoma herpes 
virus latency associated nuclear antigen 
1 (LANA-1), recruiting it to chromatin 
thereby releasing a G1 cell cycle arrest.15 
It also binds to and regulates the enzy-
matic activity of SIPA1, a GTPase activat-
ing protein that functions as a metastasis 
modifier.5 During myocyte differentia-
tion, the interaction of BRD4 with myo-
genin induces chromatin remodeling and 
expression of muscle genes.16 Beyond these 
examples, BRD4 interacts broadly: A sys-
tematic large scale proteomic analysis of 
BRD4 interactions identified a variety of 
protein complexes that include the PAF 
(polymerase associated factor) complex, 
SEC (super elongation complex) and the 
Spliceosome assembly complex that play 
key roles in transcription.17 A large num-
ber of proteins, including those involved 
in heat shock responses and chroma-
tin remodeling, as well as others with 
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PTEFb complexes to sites of transcrip-
tion through transient dimerization with 
the BRD4.30 BRD4/PTEFb complexes 
are also recruited to active transcription 
sites during interphase.14 The interac-
tions between PTEFb and BRD4 results 
in their mutual phosphorylation, the net 
effect of which is to activate the BRD4 
kinase while conditionally repressing 
PTEFb kinase.29 In addition to its role in 
recruiting and regulating PTEFb, BRD4 
also has a critical role in transcription 
through its own CTD kinase activity, 
which is regulated by TFIIH. In addition, 
BRD4 recruits other transcription factors 
(e.g., NFkB and HPV E2) to sites of active 
transcription through its interaction with 
the Mediator.2

This aggregation of interactions results 
in a cascade of phosphorylations that 
serve to prevent premature transcription 
initiation: Mediator-associated CDK8 
phosphorylation of TFIIH/cyclin H has 
been reported to repress its CTD kinase 
activity.31 TFIIH phosphorylation of 
BRD4 represses its CTD kinase activ-
ity. BRD4 phosphorylation of PTEFb/
CDK9 initially represses its activity by 
phosphorylating its inactivating site. 
When PIC assembly is completed, tran-
scription initiates, possibly involving the 
release of each inhibited kinase by phos-
phatases that remain to be identified. 
After transcription initiates, CDK7 CTD 
kinase activity is released from inhibition 
by Mediator/CDK8, allowing it to phos-
phorylate the CTD Ser5/7.31 Importantly, 
TFIIH/CDK7 also phosphorylates the 
BRD4 complexed with PTEFb, thereby 
repressing BRD4 CTD kinase activity. 
This ensures that the first CTD phos-
phorylation is that of Ser5/7 by CDK7. 
Where TFIIH is left behind by the tran-
scriptional complex between + 14 nt and 
+36 nt, BRD4 kinase activity would be 
regained, allowing it to phosphorylate the 
Ser2 sites of CTD pre-phosphorylated at 
Ser5, a preferred substrate for BRD4 but 
not PTEFb. BRD4 is released from the 
PIC around +36 nt. At this point, PTEFb/
CDK9 CTD kinase activity is restored 
by PP2A phosphatase, which specifically 
dephosphorylates the inactivating mark 
placed by BRD4, leaving only the acti-
vating phosphorylation mark.4 As noted 
earlier, although PTEFb is a Ser2 CTD 

of nascent transcripts and coordination 
of transcription with other nuclear pro-
cesses.24 Studies from our lab have begun 
to address the mechanisms that regulate 
the order and timing of those phosphory-
lations. We have recently identified a com-
plex network of functional interactions 
among the CTD kinases that directly and 
indirectly govern their activities. Namely, 
TFIIH phosphorylates and inhibits the 
kinase activity of BRD4. BRD4 in turn 
phosphorylates PTEFb at two indepen-
dent sites, one of which activates while the 
other inactivates the CDK9 CTD kinase 
activity. Conversely, BRD4 is phosphory-
lated and activated by PTEFb. BRD4, like 
TFIIH and PTEFb, also directly phos-
phorylates and modulates TAF7, a general 
transcription factor that regulates all three 
CTD kinases. These cross-phosphory-
lations have the potential to profoundly 
affect overall CTD phosphorylation and 
suggest a complex mechanism of modu-
lating CTD phosphorylation during tran-
scription initiation and early elongation.29 
Together, these findings confirm that 
beyond its role in mitotic bookmarking, 
BRD4 functions as an essential transcrip-
tion factor.

Model for BRD4 Function

The multiplicity of BRD4 functions—
as a mitotic bookmark, a scaffold that 
recruits transcription factors to promoters 
and a CTD kinase that regulates RNAP II 
CTD phosphorylation—suggest a model 
in which BRD4 regulates transcription, 
coordinating it with cell cycle, as summa-
rized in Figure 1. Briefly, during mitosis 
BRD4 is bound to the condensed chro-
matin, marking immediate-early post-
mitotic (M/G1) genes. At late anaphase, 
a portion of the bound BRD4 is released 
to recruit dephosphorylated, inactive 
PTEFb from the HEXIM complex in 
the cytoplasm.18,20 Although the JNK 
pathway is conditionally implicated,22 the 
general factors responsible for the release 
of a subset of BRD4 remains to be deter-
mined, as does the mechanism by which 
condensed chromatin is de-compacted 
by the remaining BRD4 bound to it.14 
The chromatin-bound BRD4 bookmark 
may serve as an anchor together with 
acetylated histones, recruiting BRD4/

we have proposed that BRD4 is the major 
RNAP II CTD Ser2 during transcription 
initiation and the transition to elongation, 
whereas PTEFb functions primarily dur-
ing elongation.11 The evidence in support 
of this model is as follows. In somatic cells, 
overexpression of either wild type BRD4 
or a mutant that does not bind PTEFb/
CDK9 results in increased Ser2 phosphor-
ylation. Furthermore, stem cell lines have 
negligible levels of PTEFb. Nevertheless, 
CTD Ser2 is phosphorylated to normal 
levels, indicating that PTEFb is not the 
primary Ser2 kinase. Instead, CTD Ser2 
phosphorylation depends on BRD4.11

Based on our demonstration that BRD4 
is a CTD Ser2 kinase, we propose a new 
model of transcription initiation in which 
the initial phosphorylation of the RNAP 
II CTD Ser2 is mediated by BRD4 during 
the transition from transcription initiation 
to elongation, and only subsequently by 
PTEFb during elongation. A number of 
additional lines of evidence support this 
view: i) BRD4 is part of the transcrip-
tion pre-initiation complex and remains 
associated with the RNAP II transcrip-
tion complex until productive elongation 
begins between +14 to +36 nt;4 ii) BRD4 
and PTEFb have distinct CTD substrate 
specificities. BRD4 directly phosphory-
lates Ser2 while PTEFb only phosphory-
lates Ser2 if Ser5 has not been previously 
phosphorylated, indicating that they play 
different roles during transcription. CTD 
Ser7, and not Ser5, phosphorylation by 
TFIIH primes the CTD for recognition 
by PTEFb;11,28 iii) BRD4 phosphorylation 
of CTD Ser2 is markedly enhanced by 
prior TFIIH phosphorylation at Ser5, sug-
gesting that BRD4 functions immediately 
after TFIIH.11 Taken together, these find-
ings argue that BRD4 is the initial CTD 
Ser2 kinase in the early steps of transcrip-
tion until its release at the start of produc-
tive elongation. The functional role of 
BRD4 in vivo as the primary CTD Ser2 
kinase was confirmed by our finding that 
preventing BRD4 from being recruited to 
the transcription site, or its siRNA knock-
down, reduces Ser2 phosphorylation and 
nascent RNA levels whereas knockdown 
of PTEFb/CDK9 had only a minimal 
effect.11

Phosphorylations of RNAP II CTD 
are critical for the regulated maturation 
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