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Positive transcription elongation factor (P-TEFb), which is composed of CDK9 and cyclin T1, plays an
important role in cellular and viral gene expression. Our lab has recently demonstrated that P-TEFb is
required for Tax transactivation of the viral long terminal repeat (LTR). P-TEFb is found in two major
complexes: the inactive form, which is associated with inhibitory subunits 7SK snRNA and HEXIM1, and
the active form, which is associated with, at least in part, Brd4. In this study, we analyzed the effect of Brd4
on human T-lymphotropic virus type 1 (HTLV-1) transcription. Overexpression of Brd4 repressed Tax
transactivation of the HTLV-1 LTR in a dose-dependent manner. In vitro binding studies suggest that Tax
and Brd4 compete for binding to P-TEFb through direct interaction with cyclin T1. Tax interacts with
cyclin T1 amino acids 426 to 533, which overlaps the region responsible for Brd4 binding. In vivo,
overexpression of Tax decreased the amount of 7SK snRNA associated with P-TEFb and stimulates serine
2 phosphorylation of the RNA polymerase II carboxyl-terminal domain, suggesting that Tax regulates the
functionality of P-TEFb. Our results suggest the possibility that Tax may compete and functionally
substitute for Brd4 in P-TEFb regulation.

Human T-lymphotropic virus type 1 (HTLV-1) is the caus-
ative agent of adult T-cell leukemia (ATL) (37, 50, 51), chronic
diseases such as HTLV-1-associated myelopathy/tropical spas-
tic paraparesis (HAM/TSP) (13, 32, 35), HTLV-1-associated
arthropathy (7, 22, 34, 45), uveitis (31), and Sjögren’s syn-
drome (44). The transactivator Tax protein, encoded by the pX
region of HTLV-1, is essential for viral replication, transfor-
mation, and gene regulation (2, 4, 10, 15, 21, 33, 42). Three
highly conserved 21-bp repeat elements located within the long
terminal repeat (LTR), Tax-responsive elements (TRE), are
critical for Tax-mediated viral transcriptional activation (5, 9,
40, 41, 50). Association of Tax with CREB on the HTLV-1
LTR (1, 43, 52) facilitates recruitment of cellular cofactors
CBP (14, 17, 23, 52), p300 (16, 52), and PCAF (19), thereby
mediating the activation of HTLV-1 gene expression. Tax also
regulates the binding of histone deacetylases, a repressor of
transactivation, from the HTLV-1-LTR promoter (25, 27).

P-TEFb is a protein kinase involved in RNA polymerase
(Pol) II elongation of many genes in mammalian cells (39).
P-TEFb is composed of catalytic subunit CDK9 and either
regulatory subunit cyclin T1, -T2, or -K (11, 36). The transcrip-
tional activity of P-TEFb depends on the CDK9 kinase activity,
which hyperphosphorylates the Ser 2 residue of the carboxyl-
terminal domain (CTD) of the largest subunit of RNA Pol II
(28, 53). P-TEFb also phosphorylates negative elongation fac-
tors DSIF and NELF, which cooperatively inhibit RNA Pol II

processivity, to stimulate the elongation of transcription (3, 12,
38, 39). In a previous study, our lab found that CDK9 was an
essential factor for transactivation of the HTLV-1 LTR by Tax
(54). Our results further suggested that P-TEFb was recruited
to the initiation complex of the HTLV-1 LTR promoter
through direct interaction with Tax.

In the cell, approximately one-half of the P-TEFb is seques-
tered in a high-molecular-weight (HMW) complex in associa-
tion with 7SK snRNA and HEXIM1 protein (26). The associ-
ation of 7SK snRNA and HEXIM1 with P-TEFb inhibits the
kinase activity of CDK9 and prevents P-TEFb from binding to
the transcription template (47–49). The P-TEFb low-molecu-
lar-weight (LMW) complex is associated with Brd4, at least in
part, and constitutes the active fraction of P-TEFb (18, 46).
Brd4 protein is a member of the BET protein family, with two
tandem bromodomains and an extra-terminal domain (8). The
BET members are mobile in the nucleus and are found asso-
ciated with acetylated chromatin (8). The bromodomains of
Brd4 recognize the acetylated histones H3 and H4 (20, 24, 29).
Brd4 recruits P-TEFb to the promoter, where it phosphoryl-
ates the RNA Pol II CTD to stimulate transcription elongation
(18).

In the present study, we investigated the role of Brd4 in
HTLV-1 Tax transactivation. Our studies demonstrate that
Brd4 overexpression inhibits Tax transactivation. Interestingly,
we found that Tax and Brd4 compete for binding to P-TEFb.
Tax interacts with cyclin T1 and competes Brd4 binding in vitro
and in vivo by interaction with cyclin T1 at an adjacent or
overlapping binding site for Brd4. Tax overexpression results in
a decrease in the level of 7SK snRNA associated with P-TEFb,
and an increase in Ser 2 CTD phosphorylation, suggesting that
Tax increases the functionality of P-TEFb in the cell.
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MATERIALS AND METHODS

Cell cultures. Molt4 and C81 cells were grown in RPMI (Quality Biological,
Inc.). HeLa and pA-18G-BHK-21 cells were cultured in Dulbecco modified
Eagle medium (Quality Biological, Inc.). The medium was supplemented with
10% fetal bovine serum, 2 mM glutamine (Quality Biological, Inc.), and peni-
cillin-streptomycin in an atmosphere of 5% CO2 chamber at 37°C.

Transfection and reporter assays. HeLa cells with a confluence of 80% were
transfected with Tax or Brd4, 200 ng of pGL3.HTLV-1 LTR-Luc (or pGL3-
.HIV-LTR-Luc), and 100 ng of the plasmid pRSV.LacZ using Fugene 6 (Roche).
The cells were incubated for 24 h, and extracts were prepared for luciferase
activity using the reporter assay system indicated by the manufacturer (Pro-
mega). The �-galactosidase activity was determined by using a GalactoLight
assay kit (Applied Biosystems) to adjust the transfection efficiency.

Nuclear fraction purification, coimmunoprecipitation, and immunoblotting.
Cells (2 � 107 cells) were collected and lysed in 1 ml of a cytoplasmic fraction
buffer containing 10 mM HEPES (pH 7.4), 10 mM KCl, 1.5 mM MgCl2, 0.2 mM
EDTA, 0.5 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride
(PMSF), and protease inhibitor mixture. After centrifugation, nuclear fractions
were obtained by extraction with 500 �l of a buffer containing 20 mM HEPES
(pH 7.4), 0.3 M KCl, 25% glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT,
1 mM PMSF, and protease inhibitors. The nuclear fraction (30 �g) was immu-
noblotted with specific antibodies against Tax, CDK9 (Santa Cruz), cyclin T1
(Santa Cruz), or Brd4 as described previously (18). For immunoprecipitation,
500 �g of the nuclear extracts in 1 ml of binding buffer (20 mM HEPES [pH 7.4],
0.15 M KCl, 20% glycerol, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM DTT, 1 mM
PMSF, and protease inhibitors) were incubated with 2 �g of CDK9 or Tax
antibodies for 4 h at 4°C, followed by incubation with protein G Dynabeads
(Invitrogen) for an additional 2 h. The beads were washed five times using lysis
buffer, mixed with 2� SDS sample buffer, denatured, and subjected to electro-
phoresis in a 4 to 20% Tris-glycine (Invitrogen) gel and Western blotting as
described above.

Adenovirus transduction and amplification. Adenovirus expressing Tax (Ad-
Tax) was kindly provided by M. Yoshida. Adenovirus encoding green fluores-
cence protein cDNA (Ad-GFP) was constructed using the Advator adenoviral
vector system (Qbiogen). The viruses were amplified, and titers were determined
using the PFU counting method in 293 cells. HeLa or pA-18G-BHK-21 cells with
80% confluence were transduced with viruses for 2 h at a multiplicity of infection
(MOI) of 100 in the absence of serum. The cells were then incubated for 12 or
24 h in medium containing 10% fetal bovine serum before harvest.

Total cell extract preparation. pA-18G-BHK-21 cells or HeLa cells (2 � 105

cells) were transduced with adenovirus expressing Tax or GFP for 2 h of an MOI
of 100. After 12 h, total cell extracts were prepared in 100 �l of total cell lysis
buffer containing 50 mM Tris (pH 7.4), 300 mM NaCl, 0.2 mM EDTA, 1 mM
DTT, and 0.5% NP-40. Portions (50 �g) of the whole-cell extracts were immu-
noblotted with antibodies specific for phosphor-Ser2 (H5), phosphor-Ser5 (H14)
of RNA Pol II CTD, RNA Pol II (8WG16), Tax, or actin (Sigma).

In vitro binding assay. Brd4 (100 ng) and P-TEFb (200 ng) proteins purified
from baculovirus-infected cells were incubated with or without His-tagged Tax
protein (200 or 400 ng) purified from Escherichia coli in 500 �l binding buffer (25
mM HEPES (pH 7.4), 1 mM DTT, 20 mM NaCl, 0.2 mM EDTA, 0.1% Triton
X-100, 20% glycerol, and protease inhibitor cocktail) at 4°C for 2 h. The mixtures
were immunoprecipitated with 2 �g of CDK9 antibody, and immunoblot analysis
was performed with Tax, CDK9, or Brd4 antibody. For binding assays, 600 ng of
glutathione S-transferase (GST)-CDK9, GST-cyclin T1, GST-cyclin T1 truncated
mutants, or GST alone was incubated with 400 ng of His-tagged Tax protein.
After incubation, GST complexes purified using glutathione beads were assayed
for binding.

RNA purification and detection of 7SK snRNA. Total RNA was purified using
TRIzol (Invitrogen) reagent from nuclear extracts of HeLa cells that were mock
transfected or transfected with Tax expression plasmid. To analyze the amount
of 7SK snRNA associated with the P-TEFb complex, the nuclear extracts were
immunoprecipitated with CDK9 antibody. RNA was extracted and reverse tran-
scribed with Superscript II reverse transcriptase (Invitrogen). Semiquantitative
PCR was performed by using the Taq DNA polymerase (Applied Biosystems)
with 25 cycles amplification reaction.

RESULTS

Brd4 inhibits HTLV-1 LTR transactivation by Tax. Previous
experiments have shown that P-TEFb is essential for Tax trans-
activation of the HTLV-1 LTR (54). Since Brd4 has been

reported to interact with P-TEFb and play a role in P-TEFb
activation (18), we were interested in examining the role of
Brd4 in HTLV-1 Tax transactivation. HeLa cells were trans-
fected with Tax or Brd4 along with the HTLV-1 LTR-lucifer-
ase reporter. As shown in Fig. 1A, the Tax protein showed
significant transactivation of the HTLV-1 LTR promoter (45-
to 90-fold increase). In contrast, Brd4 failed to activate tran-
scription from the HTLV-1 LTR (Fig. 1A, lanes 4 to 6). To
verify the expression of Tax or Brd4 in the transfected cells,
Western blot analysis was performed. The results presented in
Fig. 1A, bottom panel, demonstrate that Tax and Brd4 were
expressed in a dose-dependent manner.

In view of the inability of Brd4 to transactivate the HTLV-1
LTR, it was important to demonstrate that the protein was
active in the transfected cells. Brd4 has been shown to activate
the HIV-LTR promoter (18, 46). HeLa cells were cotrans-
fected with Brd4 and the HIV-LTR-luciferase reporter. The

FIG. 1. Brd4 inhibits Tax transactivation of HTLV-1 LTR.
(A) HeLa cells at a confluence of 80% were cotransfected with 200 ng
of HTLV-1 LTR-Luc, 100 ng of RSV-lacZ, Tax (10 or 20 ng), or Brd4
(100, 200, or 400 ng) using Fugene 6 transfection reagent (Roche). The
cells were incubated for 24 h, cell extracts were prepared, and the
luciferase activity was analyzed. Western blot analysis of Tax (Tab 172)
or Brd4 was performed to check protein expression. (B) HeLa cells
were transfected with 200 ng of HIV-LTR-Luc, 100 ng of RSV-lacZ,
and 0, 200, or 400 ng of Brd4. After 24 h, cell lysates were prepared and
assayed for luciferase activity. (C) HeLa cells were transfected with 200
ng of HTLV-1 LTR-Luc, 100 ng of RSV-lacZ and 0, 200, and 400 ng
of Brd4 (lanes 1 to 3) or 200 ng of HTLV-1 LTR-Luc, 100 ng of
RSV-lacZ, 10 ng of Tax and 0, 100, 200, or 400 ng of Brd4 (lanes 4 to
7). The cells were incubated for 24 h, cell extracts were prepared, and
the luciferase activity was analyzed. (A to C) To correct for transfec-
tion efficiency, all luciferase values were adjusted using RSV-LacZ.
Graphs represent the average luciferase activity from three indepen-
dent experiments with the standard deviation. The panel below the
graph shows Western blot analysis using Tax or Brd4 antibody.
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results of this experiment demonstrate that the transfected
Brd4 was active and stimulated HIV-LTR transcription
(Fig. 1B).

Next, we tested the effect of Brd4 on HTLV-1 LTR pro-
moter activation in the presence of Tax. HeLa cells were co-
transfected with Tax and increasing concentrations of Brd4.
Although Brd4 alone did not affect HTLV-1 basal transcrip-
tion, it inhibited Tax transactivation of HTLV-1 LTR in a
dose-dependent manner (Fig. 1C, lanes 5 to 7). In the absence
of Brd4, Tax induced the HTLV-1 LTR promoter by approx-
imately 20-fold (Fig. 1C, lane 4). In the presence of Brd4,
activation of HTLV-1 LTR promoter by Tax was inhibited by
approximately 70% (Fig. 1C, lane 7). Western blot analysis of
Tax and Brd4 expressed in the cotransfected cells demon-
strated that Brd4 expression did not effect Tax expression
(Fig. 1C, bottom panel, lanes 4 to 7). We did note, however,
that in the presence of Tax, the expression of Brd4 was
slightly increased (Fig. 1C, bottom panel, lanes 2 and 6 and
lanes 3 and 7).

Tax inhibits the interaction of Brd4 and CDK9. Given the
interaction of Brd4 and Tax with P-TEFb and the importance
of P-TEFb in HTLV-1 transcription, we were interested in
determining whether there was a competitive interaction of
Tax and Brd4 with P-TEFb. Brd4 and P-TEFb were purified
from baculovirus and His-tagged Tax protein was purified from
E. coli. Tax and Brd4 protein, either alone or in combination,
were incubated with P-TEFb. After incubation, complexes
were immunoprecipitated with anti-CDK9 and analyzed by
immunoblotting with Brd4, CDK9, cyclin T1, and Tax antibod-
ies. The results demonstrated that both Tax and Brd4 were
able to bind independently to P-TEFb (Fig. 2, lanes 4 and 7).
We next tested the ability of Tax and Brd4 to bind to P-TEFb
when added together. When Brd4 was incubated along with a
low concentration of Tax and P-TEFb, binding of both Brd4
and Tax to P-TEFb was observed (Fig. 2, lane 5). When the
concentration of Tax was increased in the binding reaction, an
increase in Tax binding and a decrease in Brd4 binding was
observed (Fig. 2, lane 6). These results suggest that Brd4 and
Tax bind competitively to P-TEFb.

Tax interacts with cyclin T1, but not CDK9 like Brd4. Be-
cause Tax could interfere with Brd4 binding to P-TEFb by
interaction with either Brd4 or CDK9/cyclin T1, we carried out
in vitro binding assays to examine whether Tax interacts with
Brd4. His-tagged Tax protein was incubated with baculovirus-
purified Brd4 protein. After incubation, the mixture was im-
munoprecipitated with Tax antibody, followed by Western blot
analysis with Brd4 antibody. The results of this experiment
demonstrate that Tax did not bind with Brd4 directly in vitro
(Fig. 3A). Next, we investigated whether Tax interacted with
CDK9 or cyclin T1. GST-CDK9, GST-cyclin T1, or control
GST protein purified from E. coli was incubated with His-Tax.
After immunoprecipitation with Tax antibody, the immune
complex was analyzed by Western blotting with CDK9, cyclin
T1, or Tax antibodies, respectively. Figure 3B shows that Tax
associates with cyclin T1 (lane 7, bottom panel) but not CDK9
(lane 7, middle panel).

Tax interacts with two domains of cyclin T1. We next per-
formed in vitro GST pull-down assays to identify the domain of
cyclin T1 involved in the interaction with Tax. Full-length cy-
clin T1 (GST cyclin T1) and three deletion mutants (GST
1-290, GST 255-533, and GST 535-726) were fused to GST
protein, expressed in E. coli, purified, and incubated with His-
tagged Tax protein. After purification of the GST-cyclin T1
complex with glutathione beads, Western blot analysis with
anti-Tax antibody was performed. The results presented in Fig.
4A demonstrate that full-length cyclin T1 and the central re-

FIG. 2. Tax inhibits the interaction of Brd4 and CDK9 in vitro. A
total of 200 ng of P-TEFb and 100 ng of Brd4 purified proteins were
incubated with 0, 200, or 400 ng of His-tagged Tax protein as indicated
above the figure. After incubation, the reaction mixtures were immu-
noprecipitated with CDK9 antibody, and immunoblot analysis was
performed with Tax, CDK9, cyclin T1, or Brd4 antibody to detect
protein-protein interaction.

FIG. 3. Tax interacts with cyclin T1. (A) His-tagged Tax (200 ng)
and Brd4 (200 ng) proteins were incubated in binding buffer, immu-
noprecipitated with Tax antibody, and then analyzed by Western blot
analysis with Brd4 and Tax antibodies. (B) Portions (600 ng) of GST,
GST-CDK9, or GST-cyclin T1 were incubated with 400 ng of His-Tax
protein in binding buffer. After incubation, the reaction mixtures were
immunoprecipitated by using Tax antibody, followed by Western blot
analysis with Tax, CDK9, or cyclin T1 antibody. The amounts of pu-
rified GST, GST-CDK9, or GST-cyclin T1 used for binding assay were
equivalent, as determined by Gel-code staining (*, nonspecific band
from overloading of lane 3).
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gion amino acids 255 to 533 interacted with Tax (lanes 2 and
4). In contrast, the GST control or GST 1-290 and GST 535-
726 failed to interact with Tax. To further define the domain
responsible for interacting with Tax, a series of GST fusion
proteins scanning the region from amino acids 255 to 533 were
constructed. As shown in Fig. 4B, lanes 2 and 5, Tax interacted
strongly with the GST 255-432 and the GST 426-533 domains
of cyclin T1. Whether Tax interacts with two independent sites,
one within amino acids 383 to 426 and the other between
amino acids 432 and 533, or whether Tax interacts with the
overlapping region between the fragments (amino acids 426 to
432) is not known.

Interestingly, Brd4 has been previously mapped to bind to
cyclin T1 domain amino acids 426 to 516 (18). To determine
whether Tax binding to the 426-533 domain of cyclin T1 inter-
feres with Brd4 binding, we performed in vitro competition
binding assays. Brd4 protein was incubated with GST-cyclin T1
426-533 protein in the absence or presence of Tax. The com-
plexes were pulled down with glutathione beads and analyzed

by immunoblotting with Brd4, Tax, or GST antibodies. The
results presented in Fig. 4C, lane 5, demonstrate that Brd4
binds to the GST-cyclin T1 426-533 protein. In the presence of
increasing amounts of Tax protein, the amount of Brd4 asso-
ciated with the 426-533 fragment of cyclin T1 was significantly
decreased (Fig. 4, lane 7). This result provides further support
that Tax and Brd4 bind competitively to cyclin T1.

Tax associates with P-TEFb and inhibits the interaction of
Brd4 and CDK9 in vivo. The results presented in Fig. 5A con-
firm that Tax interacts with the P-TEFb CDK9/cyclin T1 complex
in vivo. Nuclear extracts from Molt4 (control lymphocytic cells) or
C81 (HTLV-1-transformed Tax-expressing) cells were immuno-
precipitated with Tax antibody, followed by Western blot analysis
with CDK9 or cyclin T1 antibodies. As shown in Fig. 5A, CDK9
and cyclin T1 were coimmunoprecipitated with Tax in C81 cells.
In view of the fact that Tax does not interact directly with CDK9
in vitro (Fig. 3B), we interpret these results to indicate that Tax
interacts with P-TEFb through the cyclin T1 subunit. To prove the
binding between Tax with P-TEFb is specific, nuclear extracts

FIG. 4. Tax interacts with two domains of cyclin T1. (A and B) Portions (600 ng) of GST, GST-cyclin T1, or GST-cyclin T1 fragments were
incubated with 400 ng of purified His-Tax protein. After incubation the mixtures were subjected to GST pull-down with glutathione beads, and
Western blot analysis was performed using Tax antibody. (C) Portions (200 or 400 ng) of His-tagged Tax protein were incubated with 200 ng of
Brd4 and 200 ng of GST 426-533. GST-bound proteins were precipitated with glutathione beads, and immunoblot analysis was performed with
Brd4, Tax, or GST antibody to detect protein-protein interaction. Equivalent amounts of GST fusion proteins were added to the reactions as
determined by Gel-code staining.
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from C81 were immunoprecipitated with CDK7, CDK9, or Tax
antibodies and analyzed by Western blot analysis. As shown in
Fig. 5B, Tax associated with CDK9 and cyclin T1 (lanes 2 and 4)
but not CDK7 (lane 3).

In light of the in vitro competition results presented above,
we next investigated whether Tax can affect the interaction
between Brd4 and P-TEFb complex in vivo. HeLa cells were
transfected with Tax-expressing plasmid or control plasmid,
and nuclear lysates were prepared and immunoprecipitated
with CDK9 antibody. Western blot analysis with either Brd4 or
Tax antibodies was performed to compare the level of Brd4
bound to CDK9 in the presence or absence of Tax protein. The
data presented in Fig. 5C show that Brd4 is bound to P-TEFb
(CDK9) in the control cells (lane 3, middle panel). In the
presence of Tax, the amount of Brd4 associated with P-TEFb
was decreased (Fig. 5C, lane 4). In a parallel series of experi-

ments, Tax was overexpressed in HeLa cells by transduction
with an Ad-Tax virus. Similar to the results presented above,
the association of Brd4 with the P-TEFb complex was signifi-
cantly decreased in the presence of Tax (Fig. 5D, middle panel,
lanes 3 and 4). In another experiment, complexes were im-
munoprecipitated with Brd4, and then Western blot analysis
was performed with anti-CDK9. The results of this experi-
ment confirm that Tax expression decreases the amount of
Brd4 in the P-TEFb complex (Fig. 5E, compare lanes 1 and
4). These results are consistent with the in vitro competition
between Brd4 and Tax for binding with P-TEFb shown
above.

Tax stimulates functionality of P-TEFb. In view of the fact
that Tax competes for Brd4 binding to the P-TEFb complex, it
was of interest to examine the effect of Tax on P-TEFb activity.
Previous studies have demonstrated that overexpression of
Brd4 results in an increase in Pol II CTD phosphorylation at
Ser 2, the normal substrate of P-TEFb (18). To determine
whether Tax has similar properties to Brd4 in this regard,
pA-18G-BHK-21 cells were transduced with adenovirus ex-
pressing Tax or GFP. Total cell lysates were prepared to de-
termine the phosphorylation level of RNA Pol II CTD in the
presence or absence of Tax protein. As shown in Fig. 6A,
overexpression of Tax significantly increased Ser 2 phosphory-
lation level. The overall level of Pol II protein and CTD Ser 5
phosphorylation in the cell was not affected by Tax (Fig. 6A,
third panel). This effect was also investigated with HeLa cells
transduced with Ad-Tax or Ad-GFP. Consistent with the result
of Fig. 6A, Tax enhanced the Pol II CTD Ser 2 phosphoryla-
tion level without affecting CTD Ser 5 phosphorylation (Fig.
6B). These studies suggest that, similar to Brd4, Tax increases
the overall activity of P-TEFb in the cell, presumably by in-
creasing the amount of LMW active P-TEFb complexes.

If Tax increases the amount of active LMW P-TEFb com-
plex, one might expect a concomitant decrease in the level of
HMW P-TEFb complex. To examine whether the Tax could
affect the binding of 7SK snRNA to P-TEFb, HeLa cells were
transfected with a Tax expression plasmid. At 12 h posttrans-
fection, cell extracts were prepared and immunoprecipitated
with anti-CDK9 antibody. Total RNA was purified from the
immunoprecipitation, and cDNA was prepared by reverse
transcriptase. PCR amplification with primers specific for 7SK
snRNA was then performed. To check specific binding of 7SK
snRNA with P-TEFb, we used U1 snRNA as a negative con-
trol. The results presented in Fig. 6C demonstrate that Tax
decreases the amount of 7SK snRNA associated with the P-
TEFb complex by approximately 50% (Fig. 6C, upper panel).
In contrast, U1 snRNA was not detected in the P-TEFb com-
plex. The decrease in 7SK snRNA bound to P-TEFb was not
due to an overall decrease in 7SK snRNA levels since the
amount of input 7SK snRNA was equivalent in the control and
Tax-transfected cells (Fig. 6C, bottom panel). These results
suggest that Tax pushes CDK9/cyclin T1 from the inactive
HMW form toward active LMW form, thereby stimulating
P-TEFb activity. Based on the results of the competition as-
says, the LMW complex would be a mixture of Tax/CDK9/
cyclin T1 and Brd4/CDK9/cyclin T1, the ratio of which would
depend upon the level of Tax and Brd4 expression in the cells.

FIG. 5. Tax interacts with P-TEFb in vivo and inhibits the interaction
of Brd4 with P-TEFb. (A) Nuclear extracts from Molt4 or C81 cells were
immunoprecipitated with Tax antibody and then immunoblotted with
CDK9, cyclin T1, and Tax antibodies. (B) Nuclear extracts from C81 cells
were immunoprecipitated with control immunoglobulin G, CDK9,
CDK7, or Tax antibody and then immunoblotted with CDK9, cyclin T1,
Tax, or CDK7 antibody. (C) HeLa cells were transfected with either a
control or a Tax expression plasmid. At 24 h after transfection, nuclear
extracts were prepared and immunoprecipitated with CDK9 antibody.
Proteins present in the immunoprecipitates were analyzed by Western
blot analysis with Tax, Brd4, and CDK9 antibodies. (D) HeLa cells were
infected with Ad-GFP or Ad-Tax at an MOI of 100. At 24 h postinfection,
the interaction of Tax and Brd4 with CDK9 was assayed by immunopre-
cipitation with CDK9 antibody and Western blot analysis with Tax, Brd4,
and CDK9 antibodies. (E) Nuclear extracts from HeLa cells transfected
with control or Tax expression plasmid were immunoprecipitated with
control IgG, Brd4, or CDK9 antibody. Western blot analysis was then
performed with CDK9 antibody.
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DISCUSSION

Our lab previously reported that Tax recruited P-TEFb to
the HTLV-1 LTR promoter and that P-TEFb played a signif-
icant role in HTLV-1 Tax transactivation in vivo and in vitro.
Inhibition of CDK9 expression by siRNA treatment or immu-
nodepletion inhibited Tax transactivation (54). In the cell P-
TEFb is present in two states, an LMW active-form P-TEFb or
an HMW inactive form in which 7SK snRNA and HEXIM1
were found associated with P-TEFb complex. In HeLa cells,
the HMW complex constitutes about 50% of the P-TEFb un-
der normal growth state (18, 30, 46). Stress-inducing condi-
tions such as UV irradiation, actinomycin D, or DRB (5,6-
dicholoro-1-�-D-ribofuranosylbenzimidazole) treatment cause

a shift from the 7SK snRNA/HEXIM-1-containing HMW P-
TEFb complex to the LMW kinase-active complex (6, 47, 48).
A recent study by Jang et al. (18) suggested that the active
P-TEFb is associated with Brd4, a bromodomain motif-con-
taining protein, which binds acetylated histones. Consistent
with this interpretation, overexpression of Brd4 increased the
phosphorylation of RNA Pol II CTD and enhanced the trans-
activation of cellular and viral promoters (18). In addition,
siRNA treatment of Brd4 leads to decreased RNA Pol II
phosphorylation and transactivation. We have analyzed here
the interaction of Brd4 and Tax with P-TEFb.

Our results suggest that Brd4 inhibits Tax transactivation of
the HTLV-1 LTR promoter in a dose-dependent manner.
Consistent with these findings, in vitro or in vivo binding ex-
periments showed that Brd4 and Tax compete for interaction
with P-TEFb. Tax did not bind to Brd4 directly but interacts
with the cyclin T1 subunit of P-TEFb, similar to Brd4. Using
deletion mutants of cyclin T1, we found that Tax interacted
with a peptide of cyclin T1 containing amino acids 426 to 533,
overlapping the binding site for Brd4. Consistent with these
data, in vitro or in vivo binding competition assays showed that
Tax and Brd4 competed with each other for binding to the
P-TEFb. The inhibitory effect of Brd4 on HTLV-1 LTR Tax
transactivation likely was the result of this competitive inter-
action with P-TEFb.

In view of the ability of Tax to interact with P-TEFb and
compete with Brd4 binding, we next examined the amounts
of 7SK snRNA bound to P-TEFb in the absence or presence
of Tax. In the presence of overexpressed Tax, the level of
7SK snRNA was decreased. Thus, similar to Brd4, Tax
pushed the P-TEFb equilibrium toward the active LMW
complex. Consistent with this observation, we found that,
similar to the overexpression of CDK9, cyclin T1, or Brd4

FIG. 6. Tax stimulates activity of P-TEFb in vivo. pA-18G-BHK-21
cells (A) or HeLa cells (B) were infected at an MOI of 100 with
Ad-GFP or Ad-Tax. At 12 h postinfection, total cell extracts were
prepared and analyzed by Western blot analysis with antibodies spe-
cific for Pol II CTD phospho-Ser2 (H5), Pol II CTD phospho-Ser5
(H14), RNA Pol II (8WG16), Tax, or actin. (C) HeLa cells were
transfected with a total of 6 �g of plasmid DNA containing 0, 2, or 6
�g of Tax expression plasmid and 6, 4, or 0 �g of pcDNA3 plasmid. At
24 h posttransfection, nuclear extracts were prepared and immunopre-
cipitated with CDK9 antibody. Total RNAs from the immunoprecipi-
tates were isolated and used for quantitative reverse transcription-
PCR using primers specific for 7SK snRNA or U1 snRNA (upper
panel). Total nuclear lysates were used for RNA isolation, and quan-
titative reverse transcription-PCR for 7SK and U1 snRNA was per-
formed (bottom panel). CDK9 immunoprecipitates and nuclear ex-
tracts used for immunoprecipitation were also analyzed by Western
blot analysis with Tax and CDK9 antibodies.

FIG. 7. Model for competitive interaction of Tax and Brd4 with the
cellular P-TEFb complex. Our results demonstrate that Tax interacts
with P-TEFb through interaction with the cylin T1 subunit. The inter-
action of Tax with P-TEFb inhibits the interaction of Brd4, suggesting
that there may be two LMW “active” fractions of P-TEFb in HTLV-1
Tax-expressing cells. Overexpression of Tax causes a decrease in the
level of the HMW 7SK snRNA/HEXIM1/P-TEFb complex, with a
concomitant increase in P-TEFb activity, as measured by the level of
Pol II CTD phosphor-Ser2.
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(18, 54), Tax stimulated Ser 2 phosphorylation of CTD of
RNA Pol II without changing Ser 5 phosphorylation, denot-
ing an increase in the functionality of P-TEFb. Interestingly,
ChIP assays suggest that Brd4 is associated with the
HTLV-1 basal LTR promoter but is decreased in the pres-
ence of Tax (data not shown). In contrast, the amount of
CDK9 that associates with the HTLV-1 LTR was increased
in the presence of Tax. This result suggests that Tax facili-
tated the binding of the Tax/P-TEFb complex to the active
promoter instead of Brd4/P-TEFb, allowing a mechanism to
stimulate Tax-dependent transcription.

Our results suggest that Tax facilitates the release of P-
TEFb from the HMW inactive complex to an active LMW
P-TEFb complex composed of Tax/CDK9/cyclin T1. The
LMW Tax/P-TEFb complex is in competitive equilibrium with
the LMW P-TEFb complex composed of Brd4/CDK9/cyclin T1
(Fig. 7). The relative amounts of Brd4/P-TEFb and Tax/P-
TEFb in the cell likely depends upon the concentration of Tax
and Brd4 in the cell. Release of P-TEFb from the HMW
complex could be due to the direct action of Tax facilitating the
release of HEXIM1 and 7SK snRNA. Alternatively, Brd4 re-
leased from the LMW P-TEFb complex by Tax competition
could feed back and signal the release of HMW P-TEFb to the
active fraction. The appearance of Tax in the LMW active
fraction suggests that Tax may function, in part, like Brd4,
facilitating the interaction of P-TEFb with Tax-responsive pro-
moters. Other parallels between Tax and Brd4 activity with
P-TEFb have been observed. We have recently found that both
Tax and Brd4 regulate P-TEFb activity through a novel auto-
phosphorylation pathway that regulates CDK9 kinase activity
on the Pol II CTD. These findings suggest that Tax, at least in
part, mimics the activity of the cellular Brd4 transcriptional
factor to facilitate the transcription of Tax-regulated genes.
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