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Positive transcription elongation factor b (P-TEFb) plays an important role in stimulating RNA polymerase
II elongation for viral and cellular gene expression. P-TEFb is found in cells in either an active, low-molecular-
weight (LMW) form or an inactive, high-molecular-weight (HMW) form. We report here that human T-
lymphotropic virus type 1 (HTLV-1) Tax interacts with the cyclin T1 subunit of P-TEFb, forming a distinct
Tax/P-TEFb LMW complex. We demonstrate that Tax can play a role in regulating the amount of HMW
complex present in the cell by decreasing the binding of 7SK snRNP/HEXIM1 to P-TEFb. This is seen both in
vitro using purified Tax protein and ir vivo in cells transduced with Tax expression constructs. Further, we find
that a peptide of cyclin T1 spanning the Tax binding domain inhibits the ability of Tax to disrupt HMW
P-TEFb complexes. These results suggest that the direct interaction of Tax with cyclin T1 can dissociate
P-TEFb from the P-TEFb/7SK snRNP/HEXIM1 complex for activation of the viral long terminal repeat (LTR).
We also show that Tax competes with Brd4 for P-TEFb binding. Chromatin immunoprecipitation (ChIP)
assays demonstrated that Brd4 and P-TEFb are associated with the basal HTLV-1 LTR, while Tax and P-TEFb
are associated with the activated template. Furthermore, the knockdown of Brd4 by small interfering RNA
(siRNA) activates the HTLV-1 LTR promoter, which results in an increase in viral expression and production.
Our studies have identified Tax as a regulator of P-TEFb that is capable of affecting the balance between its

association with the large inactive complex and the small active complex.

Human T-lymphotropic virus type 1 (HTLV-1) is the etio-
logical agent of adult T-cell leukemia (ATL) (29, 58) and the
chronic inflammatory disease HTLV-1-associated myelopathy/
tropical spastic paraparesis (HAM/TSP) (18, 19, 24, 30, 35).
HTLV-1 encodes a 40-kDa protein, Tax, which is critical for
viral replication, transformation, and gene regulation (3, 4, §,
32). Numerous experiments have shown that Tax associates
with CREB (1, 16, 44, 57, 59) and recruits CBP (25, 45, 53),
p300 (14, 17, 40), and PCAF (21) to the Tax-responsive ele-
ment (TRE) within the HTLV-1 long terminal repeat (LTR)
for transcriptional activation. Recently, we demonstrated that
P-TEFbD is an essential transcription factor for transactivation
of the HTLV-1 LTR by Tax (10, 60).

Functionally, P-TEFb, which is composed of CDK9 and
cyclin T1, T2, or K, is essential for transcription of most major
histocompatibility complex (MHC) class II protein-coding
genes and plays an important role in transcriptional elongation
(13, 37). Productive transcription elongation requires hyper-
phosphorylation at the Ser 2 site of the RNA polymerase 11
(pol II) C-terminal domain (CTD) by the CDK9 subunit of
P-TEFb (34, 39). This phosphorylation is important for cou-
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pling of pre-mRNA synthesis with splicing and polyadenylation
(2,7,9, 11, 27). P-TEFb also phosphorylates negative elonga-
tion factors DSIF and NELF, which cooperatively block RNA
pol II processivity, to stimulate the transcription elongation
(38, 41, 46, 47, 50, 51, 61). Glycerol gradient sedimentation
and size exclusion chromatography have demonstrated that
P-TEFb is found primarily in two distinct complexes within the
cell (20, 33). The kinase-active P-TEFb is associated with the
low-molecular-weight (LMW) complex (20, 54). A larger high-
molecular-weight (HMW) complex is composed of P-TEFb
associated with 7SK snRNP and HEXIM1 (31, 33). In cells, the
ratio between the active and inactive forms of P-TEFb is tightly
regulated (20, 38, 54). Inhibition of transcription or stress-
inducing conditions such as treatment with actinomycin D,
5,6-dichloro-1-B-p-ribofuranosylbenzimidazole (DRB), or UV
irradiation result in the disruption of 7SK snRNP/HEXIM1-
bound HMW P-TEFb complex and increase the LMW Brd4/
P-TEFb complex, resulting in an increase of mRNA and pro-
tein synthesis (33, 55, 56).

In a previous report, we have demonstrated that the
HTLV-1 Tax protein binds to cyclin T1 and can compete with
Brd4 for P-TEFb binding (10). Here, we present evidence that
the Tax/P-TEFb complex sediments in the LMW fractions in a
complex, which is distinct from the LMW Brd4/P-TEFb com-
plex. Interestingly, when Tax was expressed in cells, we ob-
served a decrease in HMW P-TEFb complexes and an increase
in LMW P-TEFb. The increase of P-TEFb in the LMW com-
plex did not coincide with an increase in Brd4 levels in the
LMW complex. We also show that Tax can decrease the inter-
action of 7SK snRNP and HEXIM1 with P-TEFb in the HMW
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complex. Dissociation of 7SK snRNP/HEXIMI involves the
direct interaction of Tax with cyclin T1, since a cyclin T1
peptide (amino acids [aa] 383 to 426) containing the Tax bind-
ing site inhibits the dissociation. Chromatin immunoprecipita-
tion (ChIP) analysis of the HTLV-1 LTR demonstrates that
Brd4 is associated with the inactive basal promoter, but upon
Tax expression, Brd4 is dissociated from the transcription com-
plex. Dissociation of Brd4 corresponds with Tax-activated
transcription. Furthermore, the knockdown of Brd4 results in
HTLV-1 promoter activation and viral production. These stud-
ies are the first to demonstrate that P-TEFb exists in HTLV-
1-transformed cells in distinct complexes that are regulated by
Tax expression. Our studies not only provide information on
HTLV-1 transcription regulation but provide insight into
mechanisms of P-TEFb regulation in eukaryotic cells.

MATERIALS AND METHODS

Cell culture and adenovirus transduction. C8166 cells (Tax-expressing
HTLV-1 transformed cells) were cultured in RPMI medium with 10% fetal
bovine serum, 2 mM glutamine, and penicillin-streptomycin (Quality Biological
Inc.). HeLa and pA-18G-BHK-21 cells were maintained in Dulbecco modified
Eagle medium (DMEM) with 10% fetal bovine serum, 2 mM glutamine, and
penicillin-streptomycin (Quality Biological Inc.). Transduction of adenovirus
expressing green fluorescent protein (AdGFP) or Tax (AdTax) into the HeLa or
pA-18G-BHK-21 cells was performed as described previously (10). Briefly, cells
at 80% confluence were incubated with virus at a multiplicity of infection (MOI)
of 100 (HeLa cells) or 200 (BHK-21 cells) infectious units/cell for 2 h in the
absence of serum. The cells were incubated for 12 or 24 h in DMEM supple-
mented with 10% serum.

Nuclear fraction purification and glycerol gradient sedimentation. Cells (2 X
107) were harvested for lysis with 1 ml of a cytoplasmic fraction preparation
buffer containing 10 mM HEPES (pH 7.4), 10 mM KCI, 1.5 mM MgCl,, 0.2 mM
EDTA, 0.5 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride
(PMSF), and a protease inhibitor mixture (Roche). Following centrifugation at
12,000 rpm, the pellet extracted with 500 wl of a nuclear extraction buffer
containing 20 mM HEPES (pH 7.4), 420 mM NaCl, 25% glycerol, 1.5 mM
MgCl,, 0.2 mM EDTA, 0.5 mM DTT, 1 mM PMSF, and protease inhibitors.
Following extraction, the buffer was adjusted to a final concentration of 150 mM
NaCl. Four hundred or 500 pg of nuclear extracts was fractionated on a 10 to
40% glycerol gradient by ultracentrifugation in an SW41 Ti rotor (Beckman) at
35,000 rpm for 24 h. Twenty-four fractions (500 .l each) were collected and
immunoblotted with specific antibodies against Tax, cyclin T1 (Santa Cruz),
CDKO9 (Santa Cruz), or Brd4 (kindly provided by K. Ozata, NCI).

Coimmunoprecipitation and reverse transcription-PCR (RT-PCR). Nuclear
extracts were fractionated by glycerol gradient sedimentation, followed by im-
munoprecipitation. Fractions containing the low-molecular-weight P-TEFb com-
plex were pooled and immunoprecipitated with CDKO9, cyclin T1, Tax, or Brd4
antibody for 4 h at 4°C. High-molecular-weight complex fractions were immu-
noprecipitated with CDK9 (Santa Cruz) antibody. Magnetic protein G (Invitro-
gen) was added to the mixture and incubated for an additional 2 h. The beads
were washed five times using buffer containing 20 mM HEPES (pH 7.4), 150 mM
NaCl, 10% glycerol, 1.5 mM MgCl,, 0.2 mM EDTA, 0.5 mM DTT, and 1 mM
PMSF, and subjected to Western blotting as described above. To detect 7SK
snRNA bound to CDK9 in the HMW complex, the HMW complex fraction
immunoprecipitated with CDK9 was used for isolation of total RNA, followed by
cDNA synthesis. PCR was performed with 25 to 30 cycles using the Tag DNA
polymerase (Applied Biosystems).

In vitro competition assay. Glycerol fractions containing HMW P-TEFb com-
plexes obtained from HeLa or BHK-21 nuclear extracts transduced with AAGFP
were incubated with 0.5 pg of purified His-Tax, baculovirus-purified Brd4, or
bovine serum albumin (BSA) in 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, protease
inhibitor cocktail [Roche], and RNase inhibitor [Promega]). Six hours later,
CDKO9 antibody was added and incubated for 4 h. The CDK9 immunocomplex
was precipitated with magnetic protein G, and 7SK snRNA was detected by
RT-PCR as described above. For peptide competitive inhibition, a 5-fold molar
excess of cyclin T1 peptide (aa 383 to 426, PSAKVSLKEYRAKHAEELAAQK
ROLENMEANVKSQYAYAAQNLL) or control peptide (AYAAQNLLSHHD
SHSSVILKM; the nuclear localization signal is in bold) was incubated with
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His-Tax protein in binding buffer for 30 min before being mixed with HMW
complex fractions. Six hours later, the reaction mixtures were subjected to im-
munoprecipitation with CDK9 antibody followed by real-time RT-qPCR (Strat-
agene Mx3000P system).

ChIP assay. The ChIP assay was carried out using 10 pg of antibody to CDK9,
Brd4, or RNA pol II (8WG16) (Covance) or CREB, CBP, or p300 (Santa Cruz)
as described previously (60). BHK-21-HTLV-1 LTR-lacZ cells (5 X 10°) were
transduced with AJGFP or AdTax for 2 h at an MOI of 200. After 12 h of
incubation, cells were cross-linked and sheared by sonication to get 200- to
800-bp DNA fragments. The chromatin extracts were precleared with salmon
sperm DNA and magnetic protein G beads. The supernatants were diluted
10-fold with ChIP dilution buffer, and the antibodies were added and incubated
overnight at 4°C. The immune complexes were collected by the addition of
magnetic protein G beads and washed stepwise. The DNA was purified by
proteinase K (Sigma) treatment, phenol extraction, and ethanol precipitation.
PCR was performed using primers specific for the HTLV-1 LTR (nucleotides
—160 to —139 [5'-CCACAGGCGGGAGGCGGCAGAA-3'] and nucleotides
=102 to =79 [5'-TCATAAGCTCAGACCTCCGGGAAG-3']) or LacZ-coding
region (nucleotides —1010 to 1026 [5'-AAAATGGTCTGCTGCTG-3'] and nu-
cleotides —1243 to —1227 [5'-TGGCTTCATCCACCACA-3']).

siRNA transfection, reporter assay, and HTLV p19 Gag quantification assay.
For the reporter assay, C8166 cells were seeded in 24-well plates at 2 X 10°
cells/well, and small interfering RNAs (siRNAs) (150 nM) were transfected using
HyperFect transfection reagent (Qiagen) as described by the manufacturer.
Forty-eight hours later, the reporter plasmid pGL3.HTLV-1-LTR-Luc (0.5 pg)
was transfected using TransFast (Promega). The plasmid pRSV.LacZ (0.5 ng)
was used to monitor transfection efficiency. After 24 h of incubation, cells were
harvested for luciferase and beta-galactosidase activities. Cell lysates were ex-
amined for protein expression levels using Western blotting with anti-Brd4,
-RNA pol II, -CDKO9, or -Tax antibody. 293T cells were transfected with siRNA
(150 nM) and 0.4 pg of pACH-WT, an HTLV-1 molecular clone kindly provided
by L. Ratner (Washington University), using 6 wl HiPerFect transfection reagent
as described by the manufacturer (Qiagen, Valencia, CA). Seventy-two hours
later, cell supernatant was collected and HTLV p19 Gag levels quantitated using
an enzyme-linked immunosorbent assay (ELISA) (ZeptoMetrix Corporation,
Buffalo, NY) according to the manufacturer’s protocol.

RESULTS

Tax and Brd4 are present in active LMW P-TEFb complex.
While P-TEFb has been shown to exist in a HMW inactive
complex containing 7SK snRNP and HEXIM1 and in an LMW
active complex containing Brd4 (20, 54), the distribution of
P-TEFb in HTLV-1-transformed cells is not known. To char-
acterize the Tax/P-TEFb complex in transformed cells, we first
performed glycerol gradient sedimentation analysis on nuclear
extracts from the HTLV-1-transformed C8166 cell line. Fol-
lowing centrifugation, gradient fractions were analyzed by
Western blot analysis with CDK9, cyclin T1, Brd4, and Tax
antibodies. Similar to the case for uninfected cells, the results
of Western blot analysis for CDK9 and cyclin T1 were consis-
tent with the presence of both a HMW complex (fractions 13
to 17) and a LMW complex (fractions 7 to 11) in the HTLV-
1-transformed cells (Fig. 1A). Western blot analysis also
showed that both Tax and Brd4 sediment in overlapping frac-
tions with CDK9 in LMW complex regions of the glycerol
gradient. Similar sedimentation profiles were observed when
extracts from HeLa cells infected with a Tax-expressing ade-
novirus were examined (Fig. 1B). Although the apparent level
of Brd4 remains unchanged in AdTax- versus AdGFP-trans-
duced cells, CDKO9 levels shift from the HMW to the LMW
complex when Tax is expressed. This is clearly seen when
corresponding fractions from Tax-positive versus Tax-negative
extracts are run side by side (Fig. 1C). Together these results
suggest that Tax alters the distribution of P-TEFb in vivo and
binds to P-TEFb, forming LMW complexes.
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FIG. 1. Tax and Brd4 are present in the LMW complex. (A) Nuclear extracts from C8166 cells were fractionated on a 10% to 40% glycerol
gradient by ultracentrifugation. After 24 h, 24 fractions were collected and analyzed by Western blot analysis with CDK9, Brd4, or Tax antibody.
I indicates 1/50 of the extract used on the gradient. (B) HeLa cells (80% confluent) were transduced with adenovirus expressing GFP (AdGFP)
or Tax (AdTax) at an MOI of 100. Nuclear extracts were prepared at 24 h posttransduction and analyzed by glycerol gradient sedimentation and
Western blot analysis as described above. (C) Glycerol gradient fractions for adenovirus-transduced HeLa cells AAGFP (—Tax) or AdTax (+Tax)
were separated on 4 to 20% Tris-glycine gels and Western blot analysis performed for CDK9 (top panel). Corresponding gradient fractions,
indicated above the panels, from LMW (middle) and HMW (bottom) fractions of this gradient were separated on 4 to 20% Tris-glycine gels and
Western blot analysis performed for CDK9 or Tax.
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FIG. 2. Tax forms a distinct Tax/P-TEFb complex. Low-molecular-
weight (LMW) P-TEFb complex fractions (fractions 7 to 11) of C8166
nuclear extracts were immunoprecipitated with control antibody (lanes
1, 3, and 5), Tax (A) (lane 2), Brd4 (B) (lane 4), or CDK9 (C) (lane 6)
antibody and analyzed by Western blotting with CDK9 (upper panels),
Brd4 (middle panels), or Tax (lower panels) antibody. Input lanes
represent 1/20 of the extract used for immunoprecipitation.

Tax interacts with P-TEFb and forms complexes distinct
from those for Brd4. The results from glycerol gradient sedi-
mentation demonstrate that Tax and Brd4 sediment in over-
lapping fractions with the LMW P-TEFb complex. Therefore,
we determined whether Tax and Brd4 are in distinct LMW
P-TEFb complexes. The LMW pool fractions from C8166 cells
were immunoprecipitated with Tax, CDK9, or Brd4 antibody,
followed by Western blot analysis with anti-Tax, -CDK9, and
-Brd4 antibodies to determine the composition of the com-
plexes (Fig. 2). As expected, when the LMW P-TEFb fraction
was immunoprecipitated with CDK9 antibody, both Tax and
Brd4 coimmunoprecipitated (Fig. 2C, lane 5 versus lane 6). In
contrast, when the LMW fractions were immunoprecipitated
with antibody to Tax (Fig. 2A, lane 2, top panel versus middle
panel), only CDKO9 and not Brd4 (bottom panel) was detected.
Likewise, when antibody to Brd4 was used to isolate complexes
from the LMW fractions, only CDK9 was detected (Fig. 2B,
lane 4, top panel versus bottom panel). These results are con-
sistent with the presence of two distinct LMW P-TEFb com-
plexes in the HTLV-1-transformed cells, one composed of
Tax/P-TEFb and the other composed of Brd4/P-TEFb.

These results were further confirmed using the LMW frac-
tion purified from HeLa nuclear extracts transduced with ei-
ther AAGFP or AdTax. The results presented in Fig. 3A and B
demonstrate that Tax is present in the anti-CDK9 or anti-
cyclin T1 immunoprecipitates, consistent with the association
of Tax with P-TEFb (Fig. 3A and B, lanes 6). In cells trans-
duced with the control GFP virus, no Tax was detected in
either CDK9 or cyclin T1 immunoprecipitates (Fig. 3A and B,
lanes 5). In addition, the LMW P-TEFb pool was immunopre-
cipitated with anti-Tax antibody and then analyzed by Western
blotting with anti-CDK9 antibody. The results presented in
Fig. 3C demonstrate that CDK9 was detected in the Tax im-
munoprecipitates.

To determine whether the level of Tax expression affects the
formation of the Tax-P-TEFb complex, HeLa cells were trans-
duced with AdTax virus at an MOI of 20 or 100 and incubated
for 24 h. Nuclear extracts were fractionated on glycerol gradi-
ents, and the LMW P-TEFb complexes were immunoprecipi-
tated with CDK9 antibody. The results shown in Fig. 3D dem-
onstrate that as expression of Tax is increased, the interaction
between Tax and P-TEFb quantitatively increases (Fig. 3D,
lanes 4 to 6), suggesting that the level of Tax/P-TEFb in the cell
is proportional to the amount of Tax expression. This is the
first demonstration that Tax is associated with the LMW active
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FIG. 3. P-TEFb/Tax complex. (A to C) LMW P-TEFb complex
fractions from nuclear extracts of HeLa cells transduced with AAGFP
(—) or AdTax (+) were immunoprecipitated with control IgG anti-
body or antibody to CDK9 (A), cyclin T1 (B), or Tax (C). (D) LMW
P-TEFb complex fractions of HeLa cells transduced with AAGFP at an
MOI of 100 (—) or with AdTax at an MOI of 20 (+) or 100 (++) were
immunoprecipitated with anti-CDK9 antibody and immunoblotted
with CDK9 (upper panel) or Tax (lower panel) antibody.

P-TEFb fraction and may be immunoprecipitated with anti-
body to either the cyclin T1 or CDK9 subunit of P-TEFb.
Moreover, it appears that the amount of Tax/P-TEFb complex
in the cell is controlled, in part, by the overall level of Tax
expression.

Tax decreases the HMW P-TEFb complex through inhibi-
tion of binding of 7SK snRNP/HEXIM1 to P-TEFb. We have
previously shown that Tax expression decreases the amount of
7SK snRNA associated with P-TEFb in vivo, suggesting that
Tax may function to regulate the HMW P-TEFb complex (10).
We next investigated whether Tax could directly affect the
stability of the HMW complex and dissociate the 7SK snRNP
and HEXIMI1 inhibitory subunits. The HMW P-TEFb frac-
tions were isolated from HeLa (Fig. 4A) or BHK-21 (Fig. 4B)
cells. The HMW fraction was then incubated with purified Tax,
Brd4, or control BSA protein. Although equivalent amounts of
CDKO9 were immunoprecipitated from all reactions, Tax incu-
bation with the HMW fraction resulted in a 50 to 60% de-
crease in the level of 7SK snRNA bound to P-TEFb (Fig. 4A
[compare lane 1 and lane 2] and B [compare lane 2 and lane 3).
A similar decrease was seen when Brd4 protein, which is
known to decrease 7SK snRNP binding to P-TEFb (20), was
used (Fig. 4A [lane 3] and B [lane 4]). Quantification of the
reduction in 7SK snRNP binding to P-TEFb is shown graphi-
cally (Fig. 4A and B, right panels). This suggests that Tax, like
Brd4, can dissociate P-TEFb from the 7SK snRNP and
HEXIMI complex.

We have previously demonstrated that Tax interacts with
two independent sites of cyclin T1, one within amino acids 383
to 426 and the other between amino acids 432 and 533 (10). If
the direct interaction of Tax with cyclin T1 is responsible for
the dissociation of 7SK snRNP and HEXIM1 from the HMW
complex, one would predict that a peptide covering the Tax
binding domain would inhibit the dissociation. Since Brd4
binding to cyclin T was mapped to amino acids 432 to 533, we
choose the peptide spanning amino acids 383 to 426, the sec-
ond Tax binding region of cyclin T. Tax and the HMW P-TEFb
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FIG. 4. Tax destabilizes the HMW P-TEFb complex through inhi-
bition of the binding of 7SK snRNP/HEXIM1 with CDKO. (A and B)
One microgram of purified His-Tax, Brd4, or BSA was incubated with
the HMW P-TEFb complex fractions isolated from HeLa (A) or
BHK-21 (B) cells. The reaction mixtures were then immunoprecipi-
tated (IP) with CDK9 antibody and subjected to RT-PCR for 7SK
snRNA detection (upper panel). The level of CDK9 immunoprecipi-
tated was assessed by immunoblotting with anti-CDK9 antibody (lower
panel). Quantitation of 7SK RNA and CDKO9 levels was done using
FluorChem (Alpha Innotech). The values for 7SK RNA were adjusted
for CDK9 levels and the BSA control set to 1. The values were graphed
as fold difference. Standard deviations from at least three independent
experiments are shown. (C) Purified Tax protein was preincubated
with a 5-fold molar excess of a cyclin T1 competing or control peptide.
The reaction mixtures were then incubated with purified HMW P-
TEFb complex from HeLa nuclear extracts. The incubation mixtures
were immunoprecipitated with anti-CDK9 antibody. Half of the
CDK9-immunoprecipitated complex was analyzed for CDK9 levels by
immunoblotting. The other half was subjected to RNA purification
and cDNA synthesis. The cDNA was used for real-time PCR (Strat-
agene Mx3000p) with 7SK snRNA-specific primers. the value for the
HMW fraction alone was set to 1 (100% binding to CDKO9). The
relative percent binding for three independent experiments is shown.
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fractions were incubated in the absence or presence of a 5-fold
excess of control or competitor peptide spanning amino acids
383 to 426 of cyclin T1. Following incubation, the reaction
mixtures were immunoprecipitated with anti-CDK9 antibody
and analyzed for 7SK snRNA (Fig. 4C). Western blot analysis
showed that similar levels of CDK9 were precipitated from
each reaction mixture. Consistent with the results presented
above, Tax decreased the amount of 7SK snRNA associated
with P-TEFb by approximately 90% (Fig. 4C, compare lane 1
and lane 2). Control peptide had little effect on 7SK RNA
levels in either the absence or presence of Tax (Fig. 4C, com-
pare lanes 1 and 5 and lanes 2 and 3, respectively). In contrast,
in the presence of the peptide spanning aa 383 to 426, disso-
ciation of 7SK snRNA by Tax was decreased from 90% disso-
ciation to only 40% dissociation (Fig. 4C). These results sug-
gest that Tax interaction with cyclin T1 is important for the
dissociation of P-TEFb from the 7SK snRNP and HEXIM1
complex.

Interaction of Brd4/P-TEFb and Tax/P-TEFb with the
HTLV-1 LTR. To investigate the role of Brd4 and Tax inter-
action with P-TEFb in HTLV-1 transcription, we performed
ChIP assays using BHK-21-HTLV-1 LTR-lacZ cells, which
have a single integrated copy of the HTLV-1 LTR promoter
linked to the beta-galactosidase gene. The cells were trans-
duced with either AdTax or control AAGFP virus for 0 to 24 h,
harvested, and analyzed for Tax expression and reporter gene
activity. As shown in Fig. 5A, Tax expression was detected as
early as 12 h postinfection and increased slightly at 24 h.
Concomitant with the expression of Tax, we observed a 50- to
60-fold increase in the level of HTLV-1 LTR activity (Fig. 5B).
Based on the results of these studies, BHK-21-HTLV-1 LTR-
lacZ cells were transduced with AAGFP or AdTax for 12 h and
then fixed with 1% formaldehyde for ChIP analysis. Equivalent
amounts of cross-linked chromatin were then immunoprecipi-
tated with control IgG (Fig. 5C, lanes 3 and 4) or anti-Brd4
(Fig. 5C, lanes 5 and 6) and -CDKO9 (Fig. 5C, lanes 7 and 8)
antibody and subjected to semiquantitative RT-PCR amplifi-
cation with specific primers for the LTR-promoter or the
LacZ-coding region. In the absence of Tax expression, we
found that Brd4 and CDK9 were bound to the basal promoter
(Fig. 5C, top panel, lanes 5 and 7). Interestingly, when Tax was
expressed in the cell, the level of Brd4 bound to the promoter
region decreased significantly (Fig. 5C, top panel, compare
lanes 5 and 6), suggesting that part of Tax transactivation
involves dissociation of the Brd4/P-TEFb complex in favor of
the Tax/P-TEFb complex. Consistent with the decrease in Brd4
at the promoter, Brd4 association in the coding region of the
gene was also decreased when Tax was present (Fig. 5C, bot-
tom panel, compare lanes 5 and 6). In parallel with the in-
crease in HTLV-1 LTR transcription activity, we observed a
significant increase in binding of CDK9 to the Tax-transacti-
vated template (Fig. SC, compare lanes 7 and 8). The levels of
CREB, CBP, p300, and RNA pol II bound to the HTLV-1
LTR increased approximately 2- to 3-fold in the presence of
Tax (data not shown). Together these results suggest that the
basal HTLV-1 promoter is occupied by a transcription complex
including Brd4/P-TEFb. In the presence of Tax, Brd4 is disso-
ciated from the promoter and transcription factors CREB,
CBP, Tax/P-TEFb, and pol II are recruited to the LTR to form
the Tax-transactivated transcription complex.
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FIG. 5. ChIP analysis of the integrated HTLV-1 promoter in the
absence and presence of Tax. (A and B) BHK-21-HTLV-1 LTR-lacZ
cells, which contain a single integrated copy of the HTLV-1 LTR
promoter linked with beta-galactosidase gene (lacZ), were transduced
with AdGFP or AdTax. Cell lysates were prepared at 0, 6, 12, and 24 h
posttransduction and analyzed by Western blot with anti-Tax antibody
to check the level of expression in the cell. Beta-galactosidase activity
was also measured to determine promoter activity. (C) BHK-21-
HTLV-1 LTR-lacZ cells were transduced with AAGFP (—) or AdTax
(+) at an MOI of 200 and subjected to ChIP assays at 12 h posttrans-
duction. Antibodies specific for Brd4 and CDK9 were used for immu-
noprecipitation. PCR was used to analyze immunoprecipitated DNA
using primers specific for the HTLV-1 LTR (upper panel) or LacZ-
coding region (lower panel). Quantitation of PCR band intensity was
done using FluorChem (Alpha Innotech). The values were determined
from input set to 1.

Knockdown of Brd4 enhances Tax transactivation of the
viral LTR and viral production. We reasoned that if Brd4/P-
TEFb complexes have low LTR activity, then knockdown of
Brd4 protein in HTLV-1 transformed cells should increase the
viral LTR promoter activity. To test this, C8166 cells were
transfected with control or Brd4 siRNA. Western blot analysis
showed that when cells were transfected with sSiRNA to Brd4,
the level of Brd4 protein decreased significantly (approxi-
mately 90%) compared to that in cells transfected with control
siRNA (Fig. 6A). Brd4 siRNA was specific for Brd4 knock-
down, since no significant decreases in expression of Tax,
CDKO, or RNA pol IT were found compared to that with the
siRNA control (Fig. 6A). If Brd4 competes with Tax for P-
TEFb, then reducing Brd4 protein should increase the Tax/P-
TEFb complexes and thus increase promoter activity. Indeed,
when viral promoter activity is measured using an HTLV-1

J. VIROL.

LTR reporter construct in transfection experiments, we ob-
serve a 3-fold increase in LTR activity in cells cotransfected
with siRNA specific for Brd4 compared to control siRNA (Fig.
6B). Although we see a 90% reduction in Brd4 protein, we
propose that only a modest increase in promoter activity is
observed because active Tax/P-TEFb complexes already exist
in these cells.

Next, we investigated whether Brd4 levels affect virus pro-
duction. To address this, we used a molecular clone of HTLV-1
(ACH-WT). When ACH-WT is transfected into cells, viral
proteins are expressed and mature virus released into the su-
pernatant. 293T cells were transfected with ACH-WT and ei-
ther control siRNA or siRNA to Brd4. As shown in Fig. 6C,
virus production increased with time. A clear difference in
virus production between siRNA control and Brd4 siRNA
cultures can be seen at day 3 and day 4 (Fig. 6C). Western blot
analysis confirmed that cells cotransfected with Brd4 siRNA
had a 35% reduction in Brd4 protein levels and no change in
CDKO protein levels (Fig. 6D, bottom panel). HTLV-1 p19
(Gag) ELISA results from culture supernatants show that re-
duced Brd4 expression enhances HTLV-1 virus production
(1.6- to 2-fold) (Fig. 6C and D, top panel). Together with the
ChIP data, these results suggest that Brd4 has low transacti-
vation function on the LTR and acts as a negative regulator of
HTLV-1 transcription, competing with Tax for P-TEFb. Al-
though basal LTR activity is very low, siRNA to Brd4 does
increase basal activity 4-fold (data not shown), suggesting that
Brd4 may be a repressor. However, more studies are required
to determine if Brd4 is indeed an active repressor or is insuf-
ficient to activate the LTR alone.

DISCUSSION

Studies have shown that P-TEFb is found in two major
complexes in the cell, an active, low-molecular-weight (LMW)
complex and an inactive, high-molecular-weight (HMW) com-
plex. However, these studies were not performed with HTLV-
1-transformed cells. Our studies are the first to demonstrate
that P-TEFD is also found in two major forms, an HMW
complex and an LMW complex, in Tax-expressing cells. This
profile was found when nuclear extracts were made using de-
tergent with either high or low salt concentrations. Further,
our studies demonstrate that Tax deregulates the P-TEFb
pathway in two ways. One mechanism involves competition
with Brd4. Tax interacts with the cyclin T1 subunit of P-TEFb,
competing or blocking Brd4 binding, and forms a Tax/P-TEFb
complex. Because overexpression of Brd4 decreases HTLV-1
LTR transcription activity, the transition to the Tax/P-TEFb
complex likely plays an important role in transcription activa-
tion. The results presented in this paper demonstrate that the
Tax/P-TEFb cosediments with the LMW P-TEFb complex.
Whether other proteins in addition to Tax and P-TEFb are
present in the complex is under investigation.

We have utilized ChIP assays to analyze the composition of
HTLV-1 LTR transcription complexes in the presence and
absence of Tax. Our results demonstrate that Brd4 is bound to
the inactive LTR basal promoter, presumably as a part of the
Brd4/P-TEFb complex. In addition, lower levels of CREB,
CBP, p300, and RNA pol II are found on the basal promoter.
To date our report is the first demonstrating that Brd4 is
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FIG. 6. Brd4 knockdown increases viral promoter activity and virus
production. C8166 cells were transfected with 150 nM control or Brd4
siRNA using HiPerFect transfection reagent. Forty-eight hours later,
the cells were transfected with the reporters HTLV-1-LTR-Luc (0.5
pg) plasmid and RSV-LacZ (0.5 wg) plasmid. Cell lysates were pre-
pared 24 h later. (A) Cell lysates were analyzed by immunoblotting
using antibody to Brd4, RNA pol II, CDKOY, or Tax. (B) Luciferase
activity from the HTLV-1-LTR reporter plasmid was measured, and
values were adjusted for transfection efficiency using beta-galactosi-
dase activity. The values were graphed as relative luciferase activity
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present on a promoter in an inactive form and does not con-
tribute positively to transcription. We interpret these findings
to suggest that while a transcription complex is formed on the
basal promoter, the composition and/or architecture of the
complex is not conducive to transcription. Indeed, Easley and
colleagues (12) have also recently reported the requirement
for chromatin-remodeling factors in the activation of the latent
HTLV-1 LTR. Using conventional chromatography, they
found association of Tax with the chromatin remodeling fac-
tors BRG1 and SWI/SNF. They went on to show that in latent
cells, this association occurs on the HTLV-1 LTR upon TNF-«a
stimulation and contributes to viral gene expression. Unfortu-
nately, Easley et al. did not examine the level of Brd4 on the
latent versus the activated LTR. Our results show that in the
presence of Tax, binding of the Brd4 to the HTLV-1 promoter
decreases. Concomitant with the decrease in Brd4 binding, we
see an increase in the level of CDKY binding, suggesting an
influx of the Tax/P-TEFb complex. Consistent with numerous
studies on Tax transactivation which have demonstrated that
Tax increases the amount and stability of CREB, CBP, p300,
and RNA pol II binding, we also observed an increase in the
levels of these factors binding to the promoter (15, 26). Inter-
estingly, the modest changes we find in transcription factor
binding lead to a 60-fold activation of transcription. It appears,
therefore, that the formation of the Tax/P-TEFb complex may
play an important role in the ability of Tax to activate the viral
promoter in a specific manner. It will be of interest to deter-
mine if the Tax/P-TEFb complex also plays a role in the acti-
vation of Tax-responsive cellular promoters.

In addition to recruiting P-TEFb to activate the viral LTR,
a second way in which Tax regulates P-TEFb is to destabilize
the HMW 7SK snRNP/HEXIM1/P-TEFb complex, leading to
the dissociation of the inhibitory 7SK snRNP and HEXIM1
subunits. This effect of Tax has been observed in vivo and in
vitro with purified Tax protein. The latter results suggest that
Tax directly dissociates the HMW complex. The ability of Tax
to dissociate the HMW complex does not appear to be through
direct interaction with HEXIMI, as in vitro binding assays
failed to detect an interaction between the proteins (data not
shown). Work by several groups has recently demonstrated
that LARP7 and MEPCE proteins are important components
of the 7SK snRNP complex, regulating its stability and in turn
P-TEFb function (23, 28, 49). Thus, it will be important to
determine if Tax utilizes LARP7 and/or MEPCE to alter the
regulation of P-TEFb in the cell.

It is interesting to compare the activities of the viral tran-
scription activators HTLV-1 Tax and HIV-1 Tat in P-TEFb

and represent the mean activity from at least three independent ex-
periments. (C) 293T cells were cotransfected with control or Brd4
siRNA and ACH-WT (HTLV-1 molecular clone) plasmid using
HyperFect. Culture supernatants were harvested at 2, 3, and 4 days
after transfection and p19 Gag antigen measured by ELISA. Values
are given in pg/ml and are the average from three independent trans-
fections. (D) 293T cells were cotransfected with control or Brd4
siRNA and ACH-WT (HTLV-1 molecular clone) plasmid using
HyperFect. After 72 h, the cells were harvested for Western blot
analysis of Brd4 or CDK9 and the supernatants used for quantitation
of HTLV-1 p19 levels (pg/ml) using an ELISA.
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regulation. Sedore et al. (42) have reported that Tat expression
decreases the amount of HMW P-TEFb complex in the cell.
Tat competed with HEXIM1 for binding to 7SK RNA, blocked
the formation of the P-TEFb/HEXIM1/7SK snRNP complex,
and caused a release of P-TEFb from the P-TEFb/HEXIM1/
7SK snRNP complex. In a separate study, Barboric et al. (6)
reported that Tat could dissociate, and prevent the formation
of, the P-TEFb/HEXIM1/7SK snRNP complex. This activity
was dependent upon the interaction between Tat and cyclin
T1. The dissociation of the HMW P-TEFb complex by Tax
described in this paper is through binding of Tax to cyclin T1.
Thus, the binding sites for Tat and Tax on cyclin T1 are dis-
tinct.

As noted above, in cells the ratio between the active and
inactive forms of P-TEFb is tightly regulated (20, 38, 54).
Inhibition of transcription or stress-inducing conditions such as
treatment with actinomycin D, DRB, or UV irradiation result
in the disruption of 7SK snRNP/HEXIM1-bound HMW P-
TEFb complex and an increase in the LMW P-TEFb fraction,
resulting in an increase of mMRNA and protein synthesis (33, 55,
56). The exact mechanism by which the HMW complex is
disrupted in the cell is unknown. We have shown that Tax
interacts with the cyclin T1 subunit of P-TEFb. Our data sug-
gest that dissociation of 7SK snRNP and HEXIM1 is the result
of Tax interaction with cyclin T1. Indeed, a cyclin T1 peptide
spanning the Tax binding site inhibits Tax dissociation of the
HMW complex. It is possible that the interaction of Tax with
cyclin T1 causes a conformational change in the complex, lead-
ing to disruption of the interaction of 7SK snRNP and
HEXIMI1. We have also observed that Brd4, which interacts
with a domain of cyclin T1 that overlaps or is in close proximity
to the Tax binding domain, is also able to dissociate binding of
HEXIMI1 and 7SK snRNP to P-TEFb. What regulates the
redistribution of P-TEFD is unclear. Our results suggest that
Tax competes with 7SK snRNP/HEXIM1 and Brd4 for
P-TEFb binding. The Tax/P-TEFb complex is more efficient at
transcriptional activation on the viral LTR than the Brd4/P-
TEFb complex and thus converts basal to activated transcrip-
tion. This model is supported by work showing that Myc, RelA,
and AIRE depend on P-TEFb for activated transcription (5,
22, 36). Our studies with Tax and Brd4 provide key insight into
the regulation of P-TEFbD in the cell. It would be of interest to
identify other cellular proteins which interact with this domain
of cyclin T1 to determine if cellular proteins utilize a similar
mechanism for regulating P-TEFb activity.
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