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The Bromodomain Protein Brd4 Is a Positive
Regulatory Component of P-TEFb and Stimulates
RNA Polymerase II-Dependent Transcription
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ski, 2003).and Keiko Ozato1,*
Brd4 (formerly MCAP) is a ubiquitously expressed1Laboratory of Molecular Growth Regulation

nuclear protein of 200 kDa (Dey et al., 2000) that plays2Laboratory of Molecular Genetics
a role in the regulation of cell growth (Maruyama et al.,National Institute of Child Health
2002; Farina et al., 2004). Consistent with a role in celland Human Development
growth, Brd4−/− mice are embryonic lethal (HouzelsteinNational Institutes of Health
et al., 2002). By photobleaching assays, we showedBethesda, Maryland 20892
that Brd4 and Brd2, another BET member, are mobile3Virus Tumor Biology Section
in the nucleus and transiently associate with acetylatedBasic Research Laboratory
chromatin, as has been reported for other nonhistoneNational Cancer Institute
nuclear proteins (Dey et al., 2003). Interaction of Brd4National Institutes of Health
with acetylated chromatin is due to its affinity for acet-Bethesda, Maryland 20892
ylated histones H4 and H3, as has been shown for Brd2
(Kanno et al., 2004). Another salient feature of the BET
proteins is that they remain bound to chromatin during

Summary mitosis, unlike other bromodomain proteins that are re-
leased from chromatin at that stage, suggesting their

Brd4 is a mammalian bromodomain protein that binds role in the transmission of memory across cell division
to acetylated chromatin. Proteomic analysis revealed (Dey et al., 2000, 2003; Kanno et al., 2004).
that Brd4 interacts with cyclinT1 and Cdk9 that con- Based on the documented role for other BET proteins
stitutes core positive transcription elongation factor in transcription (Ladurner et al., 2003; Matangkasombut
b (P-TEFb). Brd4 interacted with P-TEFb in the living and Buratowski, 2003; Denis et al., 2000; Kanno et al.,
nucleus through its bromodomain. About half of P-TEFb 2004), Brd4 may also participate in transcription. Sup-
was bound to the inhibitory subunit and functionally porting this view, the human transcriptional mediator
inactive. Brd4 interacted with P-TEFb that was free complex is reported to contain Brd4 or a Brd4-like pro-
of the inhibitory subunit. An increase in Brd4 ex- tein (Jiang et al., 1998). However, the role of Brd4 in
pression led to increased P-TEFb-dependent phos- transcription has not been reported so far. Transcription
phorylation of RNA polymerase II (RNAPII) CTD and initiation is a complex step that is coupled to elonga-
stimulation of transcription from promoters in vivo. tion and mRNA processing (Proudfoot et al., 2002; Sims
Conversely, a reduction in Brd4 expression by siRNA et al., 2004). Phosphorylation of serine 5 (Ser5) of the
reduced CTD phosphorylation and transcription, re- C-terminal domain (CTD) of the largest subunit of
vealing that Brd4 is a positive regulatory component RNAPII by TFIIH signals the transition from initiation to
of P-TEFb. In chromatin immunoprecipitation (ChIP) elongation/promoter clearance. In addition, the P-TEFb
assays, the recruitment of P-TEFb to a promoter was is recruited to phosphorylate serine 2 (Ser2) of the CTD
dependent on Brd4 and was enhanced by an increase and releases promoter from negative elongation factors
in chromatin acetylation. Together, P-TEFb alternately (Price, 2000; Zhou et al., 2000). P-TEFb is a heterodimer
interacts with Brd4 and the inhibitory subunit to main- composed of cyclinT1, T2 or K, and cyclin-dependent

kinase 9 (Cdk9) (Fu et al., 1999; Peng et al., 1998). Evi-tain functional equilibrium in the cell.
dence based on inhibitor experiments indicates that
P-TEFb is involved in most of RNAPII-dependent tran-Introduction
scription (Chao and Price, 2001). Consistent with this
view, cyclinT1/Cdk9 are shown to localize to transcrip-Many nuclear proteins that interact with chromatin con-
tionally active sites in the nucleus/chromosomes, al-tain bromodomains. Among them are proteins of the
though not all of them are associated with highly phos-conserved BET family that carry two tandem bromodo-
phorylated RNAPII (Herrmann and Mancini, 2001; Lis etmains and an ET domain. Mammalian Brd4 studied al., 2000). P-TEFb binds to HIV Tat, a viral transactiva-

here belongs to the BET family (Dey et al., 2000; Jean- tor, and facilitates viral transcription and replication
mougin et al., 1997). Previous in vitro studies showed (Wei et al., 1998; Zhou et al., 2000). P-TEFb is also re-
that bromodomains recognize acetylated histones and cruited to cellular promoters by interacting with a vari-
act as a module capable of deciphering acetylated his- ety of transcription factors (Barboric et al., 2001; Kana-
tone codes (Dhalluin et al., 1999; Jacobson et al., 2000; zawa et al., 2003; Simone et al., 2002). Nevertheless,
Strahl and Allis, 2000). Studies of yeast and mammalian the mechanism regulating the recruitment of P-TEFb to
BET family proteins indicate that they recognize acet- a wide range of cellular promoter remains incom-
ylated chromatin in vivo and regulate transcription and pletely understood.
cell growth (Crowley et al., 2002; Denis et al., 2000; Dey w50% of total P-TEFb in the cells is reversibly bound

to the inhibitory subunit composed of 7SK small
nuclear RNA (7SK snRNA) and MAQ1/HEXIM1 and ren-*Correspondence: ozatok@nih.gov
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dered kinase inactive (Nguyen et al., 2001; Yang et Endogenous Brd4 Interacts with P-TEFb
To further substantiate the specificity of Brd4-P-TEFbal., 2001; Chen et al., 2004; Michels et al., 2003; Yik et

al., 2003). Upon dissociation of the inhibitory subunit, interaction, additional immunoblots were performed
(Figure 2A). Besides cyclinT1, cyclinT2a/b, another Cdk9P-TEFb regains kinase activity and the ability to stimu-

late transcription. It is of importance to gain further un- partner, was present in the Brd4 complex, but other
Cdks and cyclins were not. In Figure 2B, we testedderstanding of the other pool of P-TEFb that is tran-

scriptionally active and free of the inhibitory subunit. whether other bromodomain proteins beside Brd4 in-
teract with P-TEFb and found that among Brd4, Brd2,We show that Brd4 is bound to P-TEFb without the

inhibitory subunit, and it positively regulates the activity PCAF, and the N-terminal region of TAFII250 (TAF-
II250N; Kanno et al., 2004), only Brd4 coprecipitatedof P-TEFb in transcription. Both Brd4 and P-TEFb were

recruited to the integrated HIV promoter in vivo, and cyclinT1 and Cdk9. To ascertain whether endogenous
Brd4 interacts with P-TEFb, coimmunoprecipitationtheir recruitment was enhanced by increased chromatin

acetylation. Collectively, our data provide convincing (CoIP) analysis was carried out with NEs from untrans-
duced HeLa cells. In Figure 2C, anti-Brd4 antibody co-evidence that Brd4 acts as a positive regulatory com-

ponent of P-TEFb. precipitated cyclinT1 and Cdk9, but preimmune sera
did not. Reciprocally, anti-Cdk9 and anti-cyclinT1 anti-
bodies both coprecipitated endogenous Brd4, whereas
control IgG did not (Figure 2D).Results

To assess relative amounts of cyclinT1/Cdk9 bound
to Brd4, immuno-depletion experiments were per-Purification of the Brd4 Complex

In this study, the tandem affinity purification method formed (Figure 2E). HeLa NEs were passed through
anti-Brd4 antibody beads three times, which largely re-(Ogryzko et al., 1998) was employed to identify proteins

associated with Brd4. A murine Brd4 cDNA tagged with moved Brd4 from the extracts; in contrast, passage
through preimmune IgG beads did not remove Brd4.HA and FLAG at the N- and C terminus, respectively,

(h-Brd4-f) was cloned in a retroviral vector and stably Brd4 depletion led to partial removal of the heterodimer,
in that w50% of cyclinT1/Cdk9 remained in Brd4-expressed in HeLaS3 cells. Nuclear extracts (NEs) from

these cells were subjected to two-step immuno-affinity depleted extracts, suggesting that about half of total
cyclinT1/Cdk9 in the extracts interacted with Brd4.chromatography, and the immunopurified Brd4 com-

plexes were separated on SDS gels. The identity of
these bands was determined by MALDI-TOF and liquid Domain Analysis
chromatography tandem mass spectrometry (LC-MS/ To assess the domain in cyclinT1 required for interac-
MS) (Figure 1A). Two major bands of 85 kDa and 37 tion with Brd4, GST-cyclinT1 and deletion constructs
kDa copurified with h-Brd-f were identified as human were tested for their binding to 35S-labeled Brd4 (Fig-
cyclinT1 and Cdk9, respectively (Figure 1B and Table ures 3A and 3B). Full-length cyclinT1 and the deletion
S1 available in the Supplemental Data with this article containing the central region (255–534) interacted with
online). These bands were not found in control precipi- Brd4, whereas the N-terminal region (1–290) and C-ter-
tates with FLAG-HA alone (control lanes in Figure 1B). minal region (535–726) of cyclinT1 did not. GST-Cdk9
CyclinT1 is a component of P-TEFb associated with or GST itself did not interact with Brd4. Additional
Cdk9 (Peng et al., 1998; Price, 2000). Immunoblotting truncations found the central region (426–516) to be im-
confirmed that Cdk9 and cyclinT1 were present in the portant for interaction with Brd4 (Figures 3A and 3B).
Brd4 complex (Figure 1B, lanes 5–8). Supporting these data, deletion of the central region

Although less abundant than cyclinT1 and Cdk9, abolished Brd4 binding. This region is similar in cyclinT1
several components of the TRAP-Mediator complex, and cyclinT2a/b (Peng et al., 1998) and is adjacent to the
TRAP230, TRAP170, TRAP100, and TRAP80 (Fondell et histidine-rich domain important for binding to RNAPII
al., 1996), were also found in h-Brd4-f precipitates, the CTD (Taube et al., 2002). A Brd4 deletion, !C-term, that
results consistent with the previous report (Jiang et al., retained both bromodomains showed the same binding
1998) (Figure 1B). Immunoblot analysis confirmed the activity as wild-type (wt) Brd4.
presence of TRAP230, TRAP100, and TRAP80 in the To determine domains of Brd4 that interact with
immunoprecipitates. Also revealed in immunoblotting cyclinT1, wt Brd4 and its deletions were tested for bind-
was the presence of TRAP220 in the complexes, al- ing with GST-cyclinT1 (Figures 3C and 3D). Whereas wt
though this component was not conclusively verified Brd4 and !C-term bound to cyclinT1, !BDI&II lacking
by mass spectrometry (data not shown). both bromodomains did not. !BDI and !BDII, each

In Figure 1C, the h-Brd4-f complex prepared from lacking a single bromodomain, showed reduced bind-
NEs without dialysis also contained Cdk9 and cyclinT1, ing, indicating that cyclinT1 interacts with Brd4 through
indicating that the interaction of Brd4 with P-TEFb is either bromodomain. In Figures 3E and 3F, domain
not due to an artificial dialysis product. We also exam- requirement was tested in vivo by CoIP. Brd4 and other
ined whether Brd4-P-TEFb interaction is detectable in deletions except for !BDI&II coprecipitated cyclinT1
total cell extracts (TCEs), which were prepared as pre- and Cdk9, exhibiting the same domain requirement as
viously reported (Nguyen et al., 2001). Brd4 and cyclinT1/ that in vitro (Figure 3E). The binding of single bromodo-
Cdk9 were coprecipitated from TCEs (Figure 1D). How- main deletions to cyclinT1 to show a similar strength
ever, the cytoplasmic fraction contained little Brd4- with that of wt Brd4 in vivo suggests a slight difference
P-TEFb complexes relative to the nuclear fraction (data in binding affinity in vivo and in vitro. Consistent with
not shown). These results strongly indicate that Brd4 data in Figure 3B, cyclinT1 lacking the central region

failed to coprecipitate Brd4 (Figure 3F).associates with P-TEFb in the nucleus.
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Figure 1. Brd4 Interacts with CyclinT1/Cdk9

(A) Two-step purification scheme to identify
Brd4-associated proteins.
(B) Immunopurified h-Brd4-f complexes were
fractionated on SDS-PAGE. Bands were ana-
lyzed by mass spectrometry and immunoblot-
ting. Lanes 1 and 2, colloidal-blue staining.
The positions of h-Brd4-f, P-TEFb subunits,
and components of TRAP complex are
marked by filled arrows and open arrows, re-
spectively. Molecular size markers are shown
on the right. Lanes 3–8, the complexes were
immunoblotted with indicated antibodies.
(C) HeLaS3 NEs without dialysis were tested
for coprecipitation of Brd4 and P-TEFb as
in (B).
(D) TCEs with h-Brd4-f or control (FLAG-HA
alone) were tested for coprecipitation. The
precipitates were analyzed by immunoblot-
ting with antibodies shown on the left. Ab-
breviations: TCE, input for total cell extracts
and IP, FLAG immunoprecipitates.

Brd4 Interacts with CyclinT1/Cdk9 in Living Cells were tested as controls. Cells were transfected with the
different YN and YC pairs and pEBFP, the latter used toCyclinT1 and Cdk9 distribute throughout the nonnucle-

olar space in the nucleus, forming speckle-like foci identify transfected cells (Figure 4B). No YFP comple-
mentation was seen upon cotransfection of YN plus(Herrmann and Mancini, 2001). Brd4 also distributes as

fine speckles in the nucleus except for the nucleoli (Dey Brd4-YC, or YN-cyclinT1 plus YC. However, upon co-
transfection of YN-cyclinT1 plus Brd4-YC, intense YFPet al., 2000). To examine colocalization of Brd4 and

cyclinT1, immunostaining was performed for endoge- signals were detected that distributed throughout the
nucleus (but not nucleoli). Some cells displayed rela-nous Brd4 in NIH3T3 cells expressing GFP-cyclinT1.

In Figure 4A, both proteins distributed throughout the tively uniform YFP signals over the nucleus, whereas
other cells showed speckle-like signals. To test domainnucleus, but not in nucleoli. Similar to endogenous

cyclinT1, GFP-cyclinT1 showed speckle-like structures requirements, BiFC experiments were performed with
Brd4 deletions fused to YC (Figure 4B). Whereas theand colocalized with Brd4 in various areas in the nu-

cleus. CyclinT1 exhibits limited colocalization with deletion lacking both bromodomains (!BDI&II) failed to
complement YN-cyclinT1, other deletions (!BDI, !BDII,RNAPII (Herrmann and Mancini, 2001; Lis et al., 2000).

Staining of phosphorylated RNAPII revealed speckles and !C-term) all showed efficient complementation,
displaying the same domain requirements as in Figureof various sizes in the nucleus, but not the nucleoli. The

superimposition of three images produced scattered 3. Immunoblot assay confirmed that Brd4 and the mu-
tants were expressed at equivalent levels (Figure 4C).merged signals in many areas, indicating colocalization

of the three proteins. The efficiency of complementation was high in these
experiments, because 65%–80% of BFP-positive cellsTo verify that Brd4 interacts with cyclinT1/Cdk9 in liv-

ing cells, we utilized the bimolecular fluorescence com- showed YFP signals. These data demonstrate that Brd4
interacts with cyclinT1 in living nucleus through eitherplementation (BiFC) method (Hu et al., 2002), one of

few methods that permit visualization of protein-protein bromodomain.
interactions in living cells. This method also reveals the
intracellular site of interaction of the proteins. CyclinT1 Brd4 Interacts with CyclinT1/Cdk9

without 7SK snRNAwas fused to the N-terminal fragment of YFP (YN),
whereas Brd4 was fused to the C-terminal fragment of About half of cyclinT1/Cdk9 in the cell is bound to the

inhibitory subunit containing 7SK snRNA (Nguyen et al.,YFP (YC). YN and YC alone, without fused proteins,
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Figure 2. Endogenous Brd4 Interacts with
CyclinT1 and Cdk9

(A) HeLaS3 NEs and immunoprecipitates
purified as in Figure 1A were analyzed by im-
munoblotting with additional antibodies.
(B) NEs from HeLa cells transiently trans-
fected with GFP constructs were precipi-
tated by anti-GFP antibody, and input NEs
(left, NE) or precipitates (right, IP) were ana-
lyzed by immunoblotting with antibodies
shown on the left.
(C) HeLa NEs were precipitated with preim-
mune or anti-Brd4 antibody, shown on the
top (IP), and precipitates were immunoblot-
ted with antibodies, shown on the left.
(D) HeLa NEs were precipitated with the anti-
bodies, shown at the top (IP), and precipi-
tates were immunoblotted with antibodies,
shown on the left.
(E) HeLa NEs were passed through preim-
mune or anti-Brd4 antibody beads three
times, and supernatants were immunoblot-
ted with antibodies, shown on the left.

2001; Yang et al., 2001). Data in Figure 2E suggested tated by anti-Cdk9 or anti-cyclinT1 antibodies contained
7SK snRNA and Brd4 (see quantification in the bottomthe possibility that Brd4 interacts with P-TEFb that is

either with or without 7SK snRNA, but not both. To test panel). Similarly, the Brd4-cyclinT1-Cdk9 complexes did
not contain MAQ1/HEXIM1 (data not shown, see thethis possibility, glycerol gradient centrifugation analysis

was performed with NEs containing h-Brd4-f. In Figure accompanying paper by Yang et al., 2005). Essentially
the same results were observed for endogenous Brd45A, cyclinT1/Cdk9 was partitioned into two major frac-

tions. Complex I (fractions 9–13) contained cyclinT1/ complexes (data not shown).
To study whether Brd4 regulates the amount of P-TEFbCdk9 and Brd4, but not 7SK snRNA. Whereas, complex

II (fractions 17–19) contained cyclinT1/Cdk9 and 7SK bound to the inhibitory subunit, we analyzed NIH3T3
cells expressing small interfering RNA (siRNA) for Brd4.snRNA, but not Brd4, supporting the interaction of Brd4

with cyclinT1/Cdk9 without the inhibitory subunit. A Retroviral introduction of Brd4-siRNA reduced Brd4
protein levels to less than 10% without changing themodest amount of cdk9 was detected in fractions 5–7,

consistent with the presence of free Cdk9 known to be expression of cyclinT1, Cdk9, and 7SK snRNA, indicat-
ing specific downregulation of Brd4 by siRNA (Figurepresent in the cells. The Brd4-P-TEFb complex sedi-

mented between 460 kDa (TFIIH) and 120 kDa (CAK), 5C). As expected, control-siRNA did not alter expres-
sion of Brd4 or other proteins tested (Figure 5C). Thewhereas the P-TEFb containing 7SK snRNA sedimented

along with Rpb1 at w650 kDa. In keeping with these levels of 7SK snRNA bound to P-TEFb in Brd4-siRNA
cells were higher (w2-fold) than those in control-siRNAdata, glycerol gradient centrifugation analysis per-

formed with purified Brd4-immune complexes showed and parental NIH3T3 cells, indicating that a reduction
in Brd4 expression increases binding of P-TEFb to thecosedimentation of cyclinT1/Cdk9 and Brd4 at around

340 kDa that did not have 7SK snRNA (Figure S1A). inhibitory subunit. We also examined whether Brd4 can
interfere with the binding of 7SK snRNA to cyclinT1/Cdk9Additionally, Brd4 immuno-depleted materials when an-

alyzed in glycerol centrifugation analysis showed little in vitro. Immune complexes precipitated by anti-Cdk9
antibody from HeLa NEs (containing both Brd4 and 7SKcyclinT1 and Cdk9 in complex I fractions in that they

were found mostly in complex II (Figure S1B), further snRNA) were incubated with recombinant wt or mutant
Brd4, and the amount of free 7SK snRNA in superna-supporting the interaction of Brd4 with active P-TEFb.
tants was quantified (Figure 5D). Incubation with Brd4These results were corroborated by CoIP experiments
and !C-term led to a 3-fold increase in free, unboundin Figure 5B, where Brd4-immune complexes precipitated
7SK snRNA. In contrast, !BDI&II, the deletion that didby anti-FLAG antibody contained no detectable 7SK

snRNA, whereas the cyclinT1-Cdk9 complexes precipi- not bind to P-TEFb, did not change the level of unbound



Interaction of Brd4 with CyclinT1/Cdk9
527

Figure 3. Domain Requirement

(A) Diagram of cyclinT1 deletions. Brd4 binding data are summarized on the right.
(B) GST-fusions were incubated with radiolabeled wt or !C-term Brd4, and bound materials were detected by autoradiography (top). Coomas-
sie blue staining of GST-cyclinT1 proteins is shown at the bottom.
(C) Diagram of Brd4 deletions. CyclinT1 binding data are summarized on the right.
(D) Wt and Brd4 deletions tagged with 6xHis and FLAG and purified using baculoviral system were incubated with GST or GST-cyclinT1
beads, and bound materials were immunoblotted with anti-FLAG antibody (top). Coomassie blue staining of GST proteins is shown at
the bottom.
(E) HeLa NEs containing FLAG, FLAG-tagged Brd4, or deletions were precipitated with anti-FLAG antibody and immunoblotted with indicated
antibodies at left.
(F) HeLa NEs with FLAG alone, FLAG-tagged wt cyclinT1, or !(426–516) were precipitated by anti-FLAG antibody and immunoblotted with
indicated antibodies at the left.

Brd4 Enhances RNAPII CTD Phosphorylation7SK snRNA. Further analysis by glycerol gradient centrif-
and Transcription by Interacting with P-TEFbugation showed that the endogenous Brd4 comigrated
We tested whether Brd4 expression affects phosphory-with P-TEFb in complex I from control-siRNA cells (Figure
lation of Ser2 in RNAPII CTD, known to be mediated by5E). Complex I was reduced in Brd4-siRNA cells, whereas
P-TEFb. In Figure 6A, ectopic Brd4 expression in-P-TEFb levels in complex II were increased. These results
creased Ser2 CTD phosphorylation without affectingindicate that P-TEFb binds alternately to Brd4 and the
Ser5 CTD phosphorylation. Expression of both Cdk9inhibitory subunit. The accompanying paper by Yang et
and cyclinT1 also increased Ser2 phosphorylation with-al. (2005) presents additional evidence for mutually exclu-
out changing Ser5 phosphorylation. Ser2 phosphoryla-sive interaction of P-TEFb with Brd4 and the inhibitory

subunit in vivo. tion was increased the most when Brd4, Cdk9, and
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Figure 4. Interaction of Brd4 and CyclinT1 in Living Cells

(A) NIH3T3 cells transfected with GFP-cyclinT1 were stained with antibodies for Brd4 and phospho-RNAPII (Ser2) and viewed on a confocal
microscope. All three proteins localized to nonnucleolar space in the nucleus with varied speckle-like structures. The triple merge image
indicates patchy colocalization of the three proteins.
(B) HeLa cells were transfected with indicated combinations of YN and YC constructs along with pEBFP. BiFC signals were viewed as above.
Blue images on upper panels indicate BFP run as transfection control. Intense YFP signals in the nucleus represent BiFC.
(C) Expression of Brd4-YC and YN-cyclinT1 was detected by immunoprecipitation and immunoblot with anti-GFP antibody.

cyclinT1 were ectopically expressed. The levels of terminal repeat (LTR) promoter and cellular promoters,
including c-Myc and c-Jun (Figure 6C). Transfection ofRNAPII remained unaltered after transfection of these

vectors. To further investigate the role of Brd4 in Ser2 Brd4 increased activity of these reporters in a dose-
dependent manner with the greatest increase observedCTD phosphorylation, we examined cells expressing

Brd4-siRNA. In line with data in Figure 5C, Brd4-siRNA with the HIV-1 LTR reporter, indicating that the Brd4
positively regulates transcription from these promoters.reduced Brd4 expression to w10% without affecting

RNAPII, cyclinT1, and Cdk9 expression (Figure 6B, Supporting the specificity of Brd4 action, a mutant HIV-1
reporter with an altered TATA sequence gave a back-lanes 1 and 4). In these cells, Ser2 phosphorylation was

substantially reduced, whereas Ser5 phosphorylation ground luciferase activity, that was not increased by Brd4
expression (Figure 6C, Inset). Immunoblot analysis con-was unaffected. We then transfected Brd4 into Brd4-

siRNA cells and tested for Ser2 phosphorylation (Figure firmed that Brd4 transfection increased Brd4 protein
expression without altering cyclinT1/Cdk9 expression6B, lanes 2 and 3 versus lanes 5 and 6). As expected,

Brd4 transfection led to an increase in Brd4 levels in (Figure 6C). Promoter activity was also tested after co-
transfection of both factors (Figure 6D); whereas trans-control-siRNA cells while leading to a meager increase

in Brd4-siRNA cells, presumably due to siRNA inhibi- fection of Brd4 or cyclinT1 alone moderately increased
promoter activity, transfection of both gave a greatertion of Brd4 expression. Transfection of Brd4 resulted

in an increase in Ser2 phosphorylation in control-siRNA increase. Reporter assays were next performed with
Brd4 deletions. In Figure 6E, full-length Brd4, !BDI, andcells but only a small increase in Brd4-siRNA cells.

Again, Brd4 transfection did not alter RNAPII, cyclinT1, !BDII, all of which interact with P-TEFb, enhanced pro-
moter activity, although the latter was less efficient thanand Cdk9 expression nor did it change Ser5 phosphor-

ylation. These results indicate that Brd4 exerts a posi- the former two. In contrast, !BDI&II, unable to interact
with cyclinT1/Cdk9, failed to enhance promoter activity.tive effect on Ser2 CTD phosphorylation by increasing

functionality of P-TEFb. These results support the view that Brd4 stimulates
transcription by interacting with functionally activeP-TEFb stimulates the activity of cellular and HIV-1

promoters (Barboric et al., 2001; Kanazawa et al., 2003; P-TEFb. It is of note that the !C-term deletion did not
significantly enhance promoter activity, although it in-Wei et al., 1998). To assess the role of Brd4 in transcrip-

tion, we performed a reporter assay with the HIV-1 long teracted with cyclinT1/Cdk9, suggesting a role for this
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Figure 5. Brd4 Interacts with 7SK snRNA-Free CyclinT1/Cdk9

(A) NEs (0.5 mg) from HeLaS3 cells expressing h-Brd4-f were separated on a glycerol gradient centrifugation into 21 fractions and were
analyzed by immunoblot or RT-PCR for indicated proteins/RNA, shown on the left. Estimated molecular weights of protein complexes were
shown on the right.
(B) HeLa NEs containing h-Brd4-f were precipitated with antibodies, shown at the top, and analyzed by semiquantitative RT-PCR, real-time
RT-PCR (bottom) and immunoblot, with antibodies shown on the left.
(C) Extracts from parental NIH3T3 or cells expressing control or Brd4-siRNA were precipitated with anti-Cdk9 antibody and analyzed as in
(A) except by using primers for mouse 7SK snRNA.
(D) CyclinT1-Cdk9 complexes precipitated from HeLa NEs (400 "l) were incubated with w1 "g of purified recombinant wt or mutant Brd4 or
BSA (as control) for 1 hr at 4°C. 7SK snRNA in supernatants was detected by semiquantitative and real-time RT-PCR.
Results indicate the average of three independent experiments ± SD in (B)–(D).
(E) NIH3T3 NEs (0.3 mg) with control or Brd4-siRNA were analyzed by glycerol gradient centrifugation as in (A), and immunoblot for indicated
proteins, shown on the left.
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Figure 6. Brd4 Stimulates RNAPII CTD Phos-
phorylation and Enhances Promoter Activity

(A) Total extracts from HeLa cells transfected
with indicated vectors (top) were immunoblot-
ted with antibodies specific for phospho-Ser2
(H5) or phospho-Ser5 (H14) of RNAPII CTD.
Immunoblots with additional antibodies were
run as controls for transfection and loading.
(B) NIH3T3 cells expressing Brd4-siRNA or
control-siRNA were transfected with increas-
ing amounts of Brd4 vector, and total ex-
tracts were immunoblotted as in (A).
(C) HeLa cells were cotransfected with 20 ng
of indicated luciferase reporter and 0.1 "g or
0.4 "g of pFLAG-CMV2-Brd4 vector for 24
hr. In all reporter assays, the amount of
transfected DNA was kept constant by add-
ing appropriate empty vectors. Shown at the
bottom are immunoblot detection of Brd4,
cyclinT1, Cdk9, and α-tubulin as controls for
transfection and loading.
(D) HeLa cells were cotransfected with 20 ng
of HIV-1 LTR reporter, 0.1 "g of pFLAG-
CMV2-Brd4, and 0.4 "g of pcDNA3-cyclinT1
vectors. Luciferase assay and immunoblots
were performed as in (C).
(E) HeLa cells were transfected with the HIV-1
LTR reporter and 0.1 or 0.25 ng of wt Brd4
or deletion vectors.
(F) Parental NIH3T3 cells or cells expressing
control-siRNA or Brd4-siRNA were trans-
fected with the HIV-1 LTR reporter and 0.5
"g of Brd4 vector.
Luciferase activities are expressed as rela-
tive units obtained from the average of three
assays ± SD in (C)–(F).

domain in transcription (Figures 3D and 3E). To investi- Brd4 Is Recruited to the HIV Promoter
and Affects P-TEFb Recruitment In Vivogate whether a reduction in Brd4 negatively affects pro-

moter activity, HIV reporter assays were performed with To study whether Brd4 is recruited to a promoter in vivo
and plays a role in P-TEFb recruitment, ChIP assaysBrd4-siRNA cells (Figure 6F). Whereas promoter activity

in control-siRNA cells was comparable to that of paren- were performed for a stably integrated HIV-1 LTR repor-
ter. NIH3T3 cells with an integrated HIV reporter weretal cells, reporter activity was significantly reduced in

Brd4-siRNA cells. In control-siRNA and parental cells, transduced with control-siRNA or Brd4-siRNA to pro-
duce cells with a normal or reduced Brd4 expression.Brd4 transfection increased promoter activity substan-

tially, but it affected only modestly in Brd4-siRNA cells, Recruitment of Brd4 and Cdk9 was tested by real-time
PCR with five primers corresponding to different re-in agreement with data in Figure 6B.
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Figure 7. Brd4 Enhances the Recruitment of
P-TEFb to the Integrated HIV-1 LTR Reporter

(A) Diagram of the HIV-1 LTR reporter stably
integrated into NIH3T3 cells and the position
of the primers tested for ChIP analysis.
(B) NIH3T3 cells with the integrated HIV-1 LTR
reporter were transduced with control or Brd4-
siRNA and selected by puromycin (2 "g/ml) for
4 days. HIV-1 LTR reporter activity and Brd4
expression were tested by luciferase assay
and immunoblotting. Luciferase activities are
expressed as relative units obtained from the
average of three assays ± SD.
(C) Brd4 and Cdk9 bind to the integrated
HIV-LTR sequence in vivo. NIH3T3 with con-
trol or Brd4-siRNA were subjected to ChIP
assay by using anti-Cdk9 and anti-Brd4 anti-
bodies shown on the top. Results indicate the
average of two independent assays ± SD.
(D) NIH3T3 cells with the integrated HIV-1
LTR reporter were transduced as shown in
(B). After treatment with TSA for 6 hr, HIV-1
LTR reporter activity was tested by lucifer-
ase assay. Luciferase activities are ex-
pressed as relative units obtained from the
average of three assays ± SD.
(E) P-TEFb binding is regulated by Brd4 and
acetylation of chromatin. NIH3T3 cells with
control or Brd4-siRNA were treated with TSA
(200 ng/ml) for 4 hr and subjected to ChIP
assay by using anti-Cdk9, anti-Brd4, and
anti-tetra acetyl-histone H4 antibodies shown
on the top. Real-time RT-PCR was per-
formed with a primer set (LTR-Luc139). Re-
sults indicate the average of two indepen-
dent assays ± SD.
(F) A model for Brd4-P-TEFb interaction. Core
P-TEFb (cyclinT1 and Cdk9) occurs in associ-
ation with either Brd4 or the inhibitory subunit,
representing the positive or negative regula-
tory component, respectively. P-TEFb activ-
ity is maintained at equilibrium by reversible
exchange of the two subunits. By binding to
acetylated chromatin, Brd4 facilitates the re-
cruitment of P-TEFb to promoters and en-
hances their transcription. Interaction of
Brd4 with the Mediator complex also in-
creases P-TEFb recruitment.

gions of the reporter gene (Figure 7A). As expected, P-TEFb to the HIV reporter, ChIP analysis was per-
formed with Cdk9 antibody (Figure 7C). In control-luciferase reporter activity was significantly lower in

Brd4-siRNA cells than control-siRNA cells (Figure 7B). siRNA cells, significant binding of Cdk9 was noted
along the entire reporter gene, indicating that P-TEFbWe first confirmed that two antibodies specific for Brd4

precipitated reporter fragments with all five primers, bound to both the promoter and coding regions of the
reporter. Binding of Cdk9 was higher at the coding re-whereas preimmune sera did not, indicating that Brd4

is recruited to the integrated HIV-1 sequence (Figure gion than at the promoter (compare −317 and 602). Co-
inciding with reduced Brd4 binding, recruitment ofS2B). As shown in Figure 7C, the amount of Brd4 bound

to the promoter region (tested with the primer −317,139 Cdk9 was substantially lower in Brd4-siRNA cells than
control-siRNA cells, seen with all five primers, indicat-and 602) was consistently greater than that bound to

the downstream coding region (tested with primers 974 ing that Brd4 regulates recruitment of P-TEFb to the
reporter. ChIP experiments were also performed withand 1517). In contrast, binding of Brd4 to the reporter

was markedly diminished in Brd4-siRNA cells as de- HeLa cells with a stably integrated HIV reporter, which
also showed binding of Brd4 and Cdk9 to the reportertected by all five primers. To test the recruitment of
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gene (Figure S2). These results indicate that Brd4 binds with P-TEFb. Similarly, only cyclinT1/T2, but not other
cyclins tested here, interacted with Brd4, indicating ato the HIV reporter and facilitates the recruitment of
highly selective interaction of the two proteins.P-TEFb to the reporter.

BiFC analysis demonstrated that the Brd4-P-TEFbGiven that Brd4 is a chromatin binding protein prefer-
complex resides in nonnucleolar regions of the nucleusentially interacting with acetylated histones, it was of
in living cells. These results were in agreement with ourimportance to assess whether increased chromatin
CoIP data where Brd4-P-TEFb complexes were foundacetylation affects recruitment of Brd4 and of P-TEFb
mostly in the nuclear fraction, not in the cytoplasmicto the HIV reporter. To this end, we examined the effect
fraction. In line with these results, both cyclinT1/Cdk9of trichostatin A (TSA), a histone deacetylase inhibitor.
and Brd4 have been independently shown to localizeIn our previous study, TSA globally increased histone
to the nucleus except nucleoli (Herrmann and Mancini,acetylation and binding of Brd4 to chromatin (Dey et
2001; Dey et al., 2000). We noted that Brd4 andal., 2003). In Figure 7D, TSA treatment for 6 hr en-
cyclinT1/Cdk9 interact during the entire interphase.hanced the activity of integrated HIV reporter in control
However, this interaction must be temporarily disruptedcells, but not in Brd4-siRNA cells. In accordance, ChIP
during mitosis, because Cdk9 and cyclinT1 are dis-assays in Figure 7E showed that TSA treatment en-
persed from mitotic chromosomes (Herrmann andhanced binding of Brd4 to the HIV reporter in control-
Mancini, 2001), whereas Brd4 remains associated withsiRNA cells but only meagerly in Brd4-siRNA cells. The
them (Dey et al., 2003).levels of Brd4 and P-TEFb were unaffected during

Activities of cellular and HIV promoters were elevated4 hr TSA treatment (data not shown, Dey et al., 2003).
when Brd4 expression was elevated. Conversely, pro-Coinciding with enhanced Brd4 recruitment, TSA sig-
moter activities were reduced when Brd4 expressionnificantly enhanced P-TEFb recruitment to the HIV re-
was downregulated by Brd4-siRNA. Correlating withporter in control-siRNA cells but only modestly in
changes in promoter activity, Ser2 CTD phosphoryla-Brd4-siRNA cells (middle). Moreover, TSA treatment en-
tion was enhanced by Brd4 overexpression and re-hanced histone H4 acetylation in the reporter region
duced by Brd4 underexpression. This correlation indi-both in control- and Brd4-siRNA cells (right), indicating
cates that Brd4 expression levels are an importantthe importance of Brd4 binding for P-TEFb recruitment.
determinant of the functionality of P-TEFb. In accor-Together, these results indicate that the recruitment of
dance, ChIP assays found that Brd4 and Cdk9 wereP-TEFb to the promoter is closely linked to binding of
both bound to the integrated HIV reporter and that Brd4Brd4 to acetylated chromatin.
underexpression reduced Cdk9 recruitment. Based on
these results, it seems reasonable to surmise that theDiscussion
recruitment of P-TEFb to a transcriptionally active gene
is dependent on Brd4. Previous studies showed thatDespite recent elucidation of the inhibitory subunit of
P-TEFb is recruited to various promoters by specificP-TEFb, the property of the other half of P-TEFb, the
activators (Barboric et al., 2001; Kanazawa et al., 2003).functionally active counterpart, has remained elusive.
Thus, Brd4 may act in cooperation with other activatorsWe found that there are two separable cyclinT1-Cdk9
to recruit P-TEFb for some promoters. Nevertheless,complexes in the cell, one bound to Brd4 and the other the general notion that not all activators recruit P-TEFb

to the inhibitory subunit, indicating that Brd4 represents suggests the broad importance of Brd4 in the recruit-
a component of the other P-TEFb complex. Brd4 in- ment of P-TEFb. It has been shown that P-TEFb binds
teracted with P-TEFb through an internal region of to the CTD of RNAPII through a small histidine-rich
cyclinT1. In our functional studies, an increase in Brd4 tract in cyclinT1 (Taube et al., 2002). The interaction of
protein expression increased phosphorylation of RNAPII P-TEFb with Brd4 would not prevent it binding to the
CTD by P-TEFb, stimulating transcription from multiple CTD, because Brd4 binds to P-TEFb through the region
promoters. Conversely, an siRNA-based decrease in Brd4 outside of this tract. Because P-TEFb is thought to be
expression decreased CTD phosphorylation and led to broadly involved in transcription of many RNAPII-
decreased transcription. The finding that a reduction dependent genes (Chao and Price, 2001; Lis et al.,
in Brd4 expression increased P-TEFb binding to 7SK 2000), Brd4 might affect transcription of many, if not
snRNA indicates that Brd4 and the inhibitory subunit most, P-TEFb-regulated genes.
bind to P-TEFb in a mutually exclusive manner. Our Brd4 is highly mobile and transiently binds to acet-
data suggest a model where P-TEFb reversibly switches ylated core histones rich in transcriptionally active re-
its partner between Brd4 and the inhibitory subunit, gions of chromatin (Dey et al., 2003). Through a dy-
thereby maintaining a dynamic equilibrium of its posi- namic mode of interaction, Brd4 may bring P-TEFb
tive and negative activities (Figure 7F). In line with this near transcriptionally active promoters in acetylated
model, Yang et al. (2005) show that several stress- chromatin, thereby facilitating its interaction with RNAPII
inducing agents alter the equilibrium of the two com- and the subsequent functions in elongation (Figure 7F).
plexes. In support of this idea, an increase in chromatin acety-

Given that Brd4 is expressed in most embryonic and lation led to an increase in P-TEFb recruitment to the
adult tissues (Dey et al., 2000; Houzelstein et al., 2002) HIV reporter, which was dependent on Brd4. It is of note
and Cdk9 and cyclinTs are likewise ubiquitous (Peng et that some Brd4 also interacts with components of the
al., 1998), the occurrence of the Brd4-P-TEFb complex Mediator (Figure 1B). Thus, recruitment of P-TEFb to
is likely to be very broad, exerting a function of general the promoter region and subsequent transcription may
importance. Interestingly, Brd2, another BET family pro- be further reinforced by additional interaction of Brd4

with the Mediator. In light of our ChIP results indicatingtein with similar structural composition, did not interact
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anti-mouse IgM; Molecular Probes) for 1 hr. Cells were analyzedthat Brd4 and P-TEFb apparently bind to the promoter
by an inverted Leica SP2 confocal microscope. BiFC analysis wasand the coding region of the reporter, it is possible that
performed as described (Hu et al., 2002; Kanno et al., 2004). Brd4P-TEFb interacts with Brd4 not only at the promoter
cDNA were cloned into pYC containing the C-terminal half of YFP

region during preinitiation complex assembly but also (aa 155–238), and cyclinT1 was cloned into pYN containing the
along the coding region during the elongation step. N-terminal half of YFP (aa 1–154). Cells were cotransfected with

indicated plasmids along with pEBFP vector. After 20 hr incubation,Such extensive Brd4-P-TEFb interactions may help to
cells were allowed to stand at 30°C for 1 hr, and YFP and BFPstabilize the interaction of P-TEFb with RNAPII and fa-
signals were viewed as above.cilitating their functions.

In summary, this paper identifies Brd4 as a positive
Glycerol Gradient Ultracentrifugationregulatory component of P-TEFb. The accompanying
NEs (0.5 mg) from HeLaS3 and NIH3T3 cells or the Brd4-P-TEFbpaper by Yang et al. (2005) extends our findings by de- complex immunopurified from h-Brd4-f NE (5 mg) were fractionated

scribing how the inhibitory subunit and Brd4 balance on a 4 ml 10%–40% glycerol gradient by centrifugation in an SW
the positive and negative activities of P-TEFb. 60Ti rotor (Beckmann) at 45,000 rpm for 20 hr. 20 fractions (0.2 ml)

were collected and analyzed by immunoblotting. For the analysis
of the immunopurified Brd4-P-TEFb complex, Ctf18 immunopreci-Experimental Procedures
pitates were run in parallel to independently assess the size of the
complex. Each fraction was tested for 7SK snRNA by semiquantita-Purification of the Brd4 Complex
tive RT-PCR.Full-length mouse Brd4 cDNA (Dey et al., 2000) tagged with HA and

FLAG was cloned into a retroviral vector, pOZ, and transduced into
HeLaS3 cells as described (Ogryzko et al., 1998). w1 × 1010 cells Detection of 7SK snRNA
resuspended in buffer A (10 mM HEPES, [pH 7.9], 10 mM KCl, 1.5 RNA purified from NEs, immunoprecipitates, or glycerol gradient
mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 1 mM PMSF, and protease fractions were reverse transcribed with Superscript II RTase (Stra-
inhibitor cocktail) were disrupted by using Dounce homogenizer tagene). Semiquantitative PCR was performed by using the Taq
and centrifuged to collect nuclear pellets. NE was extracted in DNA polymerase (Promega) with 25–30 cycles of amplification. For
buffer C (20 mM HEPES, [pH 7.9], 0.3 M KCl, 1.5 mM MgCl2, 25% real-time PCR, the SYBR Green kit (Applied Biosystems) was used
glycerol, 0.2 mM EDTA, 0.5 mM DTT, 1 mM PMSF, and protease to monitor amplification of sample cDNA in the ABI Prism 7000
inhibitor cocktail) at 4°C for 30 min, followed by dialysis against Sequence Detection System.
buffer D (20 mM HEPES, [pH 7.9], 20% glycerol, 150 mM KCl, 0.2
mM EDTA, 0.5 mM DTT, and 1 mM PMSF). NE was precipitated on

Reporter Assays and Brd4-siRNA Cellsanti-FLAG M2 agarose, and bound proteins were eluted with FLAG
Luciferase reporters were constructed in pGL3 (Promega). Thepeptides (0.1 mg/ml; Sigma). The eluates were further precipitated
HIV-1 LTR luciferase was a gift from A. DeVico. 1 × 105 cells seededon anti-HA agarose (Sigma). Bound proteins were eluted with HA
in 24-well plates were transfected with indicated expression vec-peptides, separated on 10% SDS-PAGE, and stained with colloidal
tors and luciferase reporters by using Fugene 6 (Roche). Total lucif-blue. Mass spectrometry was performed through the W.M. Keck
erase activities were measured by using a luciferase reporter assayFoundation Biotechnology Resource Laboratory. Data analysis was
system (Promega). Brd4-siRNA was expressed in NIH3T3 cells byperformed with the ProFound software.
using the pSUPER RNAi system (Brummelkamp et al., 2002). Brd4-
siRNA oligomers that effectively reduced Brd4 expression were

Immunoprecipitation and Immunoblotting screened prior to experiments (siRNA sequences are in the Table
Full-length or truncated Brd4 cDNAs (Maruyama et al., 2002) were S2). Cells were infected with viral supernatants from BOSC23 pack-
cloned into pFLAG-CMV2 (Sigma), pEGFP-C1 (Clontech). Human aging cells transfected with pSUPERretro vector for Brd4- or con-
cyclinT1 and Cdk9 cDNAs cloned by RT-PCR were inserted into trol-siRNA for 2 days followed by puromycin selection (2 "g/ml) for
pcDNA3, pFLAG-CMV2. NE (400 "g) from cells transfected with 4 days. Brd4 expression levels were monitored by immunoblot prior
indicated vectors was incubated with indicated antibodies for 12 to experiments.
hr at 4°C and precipitated with protein G Sepharose beads (Amer-
sham). Bound materials were eluted by FLAG peptides or in sample

ChIP Assaysbuffer, separated on 10% SDS-PAGE, and immunoblotted with the
NIH3T3 clones were isolated after stable transfection with pGL3/standard procedures. Antibodies to cyclinT1, cyclinT2a/b, or Cdk9
HIV-LTR-luciferase and two weeks of puromycin selection. Sevenwere from Santa Cruz. Antibodies to RNAPII and GFP were from
clones were pooled and transduced with control or Brd4-siRNA asCovance and Roche, respectively. Horseradish peroxidase-conju-
above. ChIP assays were performed by using anti-Cdk9 antibody,gated second antibodies were from Amersham and Jackson Immu-
anti-Brd4 antibodies, and anti-tetra acetyl H4 antibody (Upstate)noResearch. Rabbit anti-Brd4 antibodies were described (Dey et
with ChIP reagents provided by Upstate according to its recom-al., 2000).
mended protocol. Briefly, 1 × 106 cells were crosslinked with 1%
paraformaldehyde and sheared by sonication. 1 ml of 10-fold di-In Vitro Binding Assay
luted reactions were incubated with antibodies (2 "l antiserum orFull-length and truncated cyclinT1 and Cdk9 were cloned into
1 "g IgG) and immunoprecipitated by protein A agarose containingpGEX4T and GST fusion proteins purified as described (Kanazawa
salmon sperm DNA. Precipitated materials were extensivelyet al., 2003). Fusion proteins (1 "g) bound onto glutathione beads
washed with wash buffers, decrosslinked, and subjected to real-were incubated with 35S-labeled Brd4 for 4 hr at 4°C, and bound
time PCR by using indicated primers.materials were detected by autoradiography. The purified recombi-

nant Brd4 proteins from baculoviral system were incubated with
GST-cyclinT1 bound to glutathione beads, and bound materials

Supplemental Datawere immunoblotted with anti-Brd4 antibody.
Supplemental Data include two figures and two tables and are
available with this article online at http://www.molecule.org/cgi/Immunostaining and BiFC
content/19/4/523/DC1/.Cells grown on coverslips were transfected with GFP-cyclin T1 for

24 hr and fixed in 4% paraformaldehyde in PBS and permeabilized
in 0.1% Triton X-100. Cells were blocked and incubated with pri- Acknowledgments
mary antibodies for 1 hr at room temperature, except for staining
of phospho-RNAPII, for which cells were incubated for 16 hr at We thank E. Anderson for some mass-spectrometry analyses, T.

Kerpola for advice on BiFC, and I. Dawid and C. Kayne for critically4°C. Cells were then reacted with secondary antibodies (Alexa 680-
conjugated donkey anti-rabbit IgG or Alexa594-conjugated goat reading the manuscript.
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