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Background: Positive transcription elongation factor b (P-TEFb) partitions between free (active) P-TEFb and inactive 7SK
small nuclear ribonucleoprotein (snRNP) in cells.
Results: Bimolecular fluorescence complementation (BiFC) detects interactions between active P-TEFb and its C-terminal
domain substrate in vivo.
Conclusion: BiFC follows the release of P-TEFb from 7SK snRNP in living cells.
Significance: This system is the first to monitor P-TEFb activation in living cells.

Regulation of transcription elongation by positive transcrip-
tion elongation factor b (P-TEFb) plays a central role in deter-
mining the state of cell activation, proliferation, and differen-
tiation. In cells, P-TEFb exists in active and inactive forms. Its
release from the inactive 7SK small nuclear ribonucleopro-
tein complex is a critical step for P-TEFb to activate tran-
scription elongation. However, no good method exists to ana-
lyze this P-TEFb equilibrium in living cells. Only inaccurate
and labor-intensive cell-free biochemical assays are currently
available. In this study, we present the first experimental sys-
tem to monitor P-TEFb activation in living cells. We created
a bimolecular fluorescence complementation assay to detect
interactions between P-TEFb and its substrate, the C-termi-
nal domain of RNA polymerase II. When cells were treated
with suberoylanilide hydroxamic acid, which releases P-
TEFb from the 7SK small nuclear ribonucleoprotein, they
turned green. Other known P-TEFb-releasing agents, includ-
ing histone deacetylase inhibitors, bromodomain and
extraterminal bromodomain inhibitors, and protein kinase C
agonists, also scored positive in this assay. Finally, we identi-
fied 5�-azacytidine as a new P-TEFb-releasing agent. This
release of P-TEFb correlated directly with activation of
human HIV and HEXIM1 transcription. Thus, our visualiza-
tion of P-TEFb activation by fluorescent complementation
assay could be used to find new P-TEFb-releasing agents,
compare different classes of agents, and assess their efficacy
singly and/or in combination.

By phosphorylating the C-terminal domain (CTD)2 of RNA
polymerase II (RNAPII) and other transcription elongation fac-

tors, the positive transcription elongation factor b (P-TEFb)
plays a critical role in eukaryotic transcription elongation (1, 2).
In cells, P-TEFb, composed of CDK9 (cyclin-dependent kinase
9) and cyclin T1 or T2, exists in two major forms (3). The cat-
alytically active P-TEFb (free P-TEFb) binds BRD4 (bromodo-
main-containing protein 4), subunits of the super elongation
complex, or other DNA- or RNA-bound activators (4 – 6). In
contrast, P-TEFb bound to the 7SK small nuclear ribonucleo-
protein (snRNP) is inactive. Other than P-TEFb, 7SK snRNP
also incorporates HEXIM1 (hexamethylene bisacetamide-in-
ducible protein 1) or HEXIM2, LaRP7 (La-related protein 7),
methyl phosphate-capping enzyme, and 7SK snRNA (7SK)
(7–9). In the 7SK snRNP, HEXIM proteins inhibit the kinase
activity of CDK9. Depending on the cell type, 50 –90% of
P-TEFb is found in the 7SK snRNP (3, 10). This P-TEFb equi-
librium determines the state of cell activation, proliferation,
and differentiation. Many stresses (such as UV light; heat;
inhibition of transcription by actinomycin D, 5,6-dichloro-
1-�-D-ribofuranosylbenzimidazole, or flavopiridol; histone
deacetylase (HDAC) inhibitors, including trichostatin and
suberoylanilide hydroxamic acid (SAHA); PKC agonists; and
bromodomain and extraterminal (BET) bromodomain inhibi-
tors) and specific intracellular signaling cascades release P-
TEFb from the 7SK snRNP (3, 10, 11). Once released from 7SK
snRNP, P-TEFb is recruited to the transcription machinery,
where P-TEFb phosphorylates 5,6-dichloro-1-�-D-ribofura-
nosylbenzimidazole sensitivity-inducing factor, negative elon-
gation factor, and the CTD of RNAPII, leading to transcription
elongation. The C-terminal histidine-rich domain of P-TEFb
interacts directly with the CTD to facilitate its phosphorylation,
which represents a mechanism by which DNA-bound activa-
tors, such as NF-�B and c-Myc, increase their target gene
expression (12, 13). Finally, the P-TEFb equilibrium also regu-
lates HIV transcription in cells. Indeed, all known HDAC inhib-
itors that activate HIV transcription also release P-TEFb from
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7SK snRNP (14). Thus, it is important to identify and analyze
compounds that release P-TEFb from the 7SK snRNP to
develop therapeutic agents for highly active anti-latency
therapy.

Because P-TEFb release affects cellular and viral transcrip-
tion, it is critical to measure this step accurately. To date, free
P-TEFb and 7SK snRNP can be separated only biochemically in
cell lysates. Methods include glycerol gradient centrifugation,
co-immunoprecipitation between 7SK snRNP subunits, gel fil-
tration, RNA immunoprecipitation between P-TEFb and 7SK,
and differential salt extractions (3, 15–19). These approaches
are labor-intensive and inaccurate. A real-time analysis of
P-TEFb release in living cells would contribute greatly to any
investigation relating to transcription and cell fate.

To develop such a cell-based assay to monitor this P-TEFb
release in living cells, we developed a bimolecular fluorescence
complementation (BiFC) assay using complementary frag-
ments of fluorescent proteins, such as an N-terminal region
(amino acids 1–154; termed YN) and a C-terminal region
(amino acids 155–238; termed YC) of YFP (20). Because
released and activated P-TEFb interacts with and phosphory-
lates its substrates, we employed P-TEFb and the CTD as fusion
partners of YC and YN, respectively (12, 18). Conventional bio-
chemical assays confirmed that the exogenously expressed chi-
meric P-TEFb proteins fused with YC (YC.P-TEFb) were incor-
porated into the 7SK snRNP and released upon stimulation.
When YC.P-TEFb was coexpressed with the CTD fused with
YN (YN.CTD) in unstimulated cells, weak BiFC signals were
detected. When these cells were treated with P-TEFb-releasing
stimuli, BiFC signals increased in a time-dependent manner,
which was monitored by time-lapse image capture on a fluo-
rescence microscope. Other known P-TEFb-releasing agents
(HDAC inhibitors, BET inhibitors, PKC agonists, etc.) all
scored positive in this assay, which we have named visualiza-
tion of P-TEFb activation by fluorescent complementation
(V-PAC). Importantly, using the same methodology, we iden-
tified 5-azacytidine (AzaC) as a potent P-TEFb-releasing agent.
This P-TEFb release activated HIV and HEXIM1 transcription.
We conclude that V-PAC is the first method capable of moni-
toring P-TEFb activation quantitatively in living cells. It can
measure the activity of known P-TEFb-releasing agents and be
used to screen for yet unknown P-TEFb activators. Therefore,
it may prove invaluable in the development therapeutic
approaches for diseases such as AIDS and cancer, in which the
activity of P-TEFb plays a major role.

EXPERIMENTAL PROCEDURES

Cell Lines, Antibodies, and Chemicals—HeLa, NH1, or
HEK293 cells were grown in DMEM containing 10% FCS at
37 °C with 5% CO2. Rabbit anti-c-Myc (ab9106) and anti-phos-
phorylated CTD (ab5095) antibodies were purchased from
Abcam. Rabbit anti-cyclin T1 (CycT1; sc-10750), anti-RNAPII
(N20, sc-899), and mouse anti-HEXIM1 (sc-81285) antibodies
were purchased from Santa Cruz Biotechnology. Rabbit anti-
GFP antibody (20R-GR011) was purchased from Fitzgerald.
SAHA (S1047) and tubastatin A (S2627) were purchased from
Selleck Chemicals, and hexamethylene bisacetamide (HMBA;
H4663) and AzaC (A2385) were purchased from Sigma. JQ1

was obtained from Dr. James Bradner (Dana-Farber Cancer
Institute) and via the Martin Delaney Collaboratory. ST80 was
a kind gift from Dr. Manfred Jung (University of Freiburg). To
make stock solutions, SAHA, tubastatin A, ST80, JQ1, phorbol
12-myristate 13-acetate, and bryostatin-1 were dissolved in
dimethyl sulfoxide, and HMBA was dissolved in H2O.

Plasmids—Sequences encoding amino acids 1–154 (YN)
and 155–238 (YC) of YFP were amplified and cloned in pEF-
Bos mammalian expression plasmids (pEF.YN, and pEF.YC,
respectively). The YN.CTD chimera was constructed by insert-
ing DNA fragments amplified from pGST.CTD (12) with a
linker sequence encoding a nuclear localization signal (NLS;
KRPAATKKAGQAKKKK) (21) from nucleoplasmin on its N
terminus into the BamHI and EcoRI sites of pEF.YN. The YC.P-
TEFb chimera was constructed by inserting DNA fragments
corresponding to P-TEFb (11, 22) into the BamHI and EcoRI
sites of pEF.YC. All proteins contained an anti-c-Myc antibody
epitope tag at the N termini, and their expression in cells was
confirmed by Western blotting using an anti-c-Myc antibody
(see Fig. 1).

Fluorescence Microscopic Analysis—HeLa or HEK293 cells
(1 � 106) growing in log phase on 6-well plates were transfected
with 0.2 �g of plasmid DNA encoding YC fusion proteins and 2
�g of plasmid DNA encoding YN fusion proteins, respectively,
using X-tremeGENE transfection reagent (Roche Applied Sci-
ence). Twenty-four hours after transfection, the cells were split
into 6 – 8 wells on 24-well plates and kept in 5% FCS for an
additional 24 – 48 h. The cells were then incubated with the
indicated compounds for varying times. Fluorescent signals
were detected by microscopic analysis using an Olympus IX70
bright-field fluorescence microscope. The fluorescent images
were analyzed using MetaMorph software, and YFP-positive
cells were manually counted and averaged from three randomly
chosen fields of each sample.

Time-lapse Microscopic Analysis—A time-dependent increase
in BiFC signals was monitored by time-lapse fluorescence
microscopic analysis. HEK293 cells expressing YC.P-TEFb and
YN.CTD were cultured on a collagen-coated 22-mm diameter
coverslip (BD Biosciences). The coverslip was placed in a sin-
gle-well sample chamber attached to a thermal controller
(Brooks Instrument) that maintained the cells at 37 °C on a
fluorescence microscope. The cells were stimulated with SAHA
at 5 �M, and fluorescent images were taken every 3 min. Images
were analyzed, and video clips were created using MetaMorph
software.

Glycerol Gradient—Glycerol gradients (10 –30%) were estab-
lished by pipetting 2 ml of each glycerol fraction (10, 15, 20, 25,
and 30% (v/v)) in buffer A (20 mM HEPES-KOH (pH 7.8), 0.2 M

KCl, 0.2 mM EDTA, and 0.5% Nonidet P-40) into centrifugation
tubes (Beckman 331372). Gradients were formed by standing
for 6 h at 4 °C. HEK293 cells (2 � 106) were transfected with
YC.P-TEFb plasmid DNA (2 �g) using Lipofectamine 2000
(Invitrogen). Forty-eight hours after transfection, the cells were
left untreated or were treated with 5 �M SAHA for 1 h and lysed
in 0.6 ml of buffer A for 30 min at 4 °C. Lysates were centrifuged
at 14,000 rpm for 10 min, and supernatants were loaded into
tubes with preformed glycerol gradients. Protein complexes
were then fractionated by centrifugation in a Beckman SW 40
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Ti rotor at 38,000 rpm for 21 h. Ten fractions (1 ml) were col-
lected, precipitated with trichloroacetic acid, and analyzed with
the indicated antibodies by Western blotting.

Co-immunoprecipitation—HEK293 cells (5 � 106) were
transfected with YC.P-TEFb plasmid DNA (2 �g) using Lipo-
fectamine 2000. Twenty-four hours after transfection, the cells
were left untreated or were treated with 5 �M SAHA for 1 h and
lysed on ice (10 min) in buffer A. The cell lysates were centri-
fuged at 14,000 rpm for 10 min at 4 °C, and the supernatants
were collected. Supernatants were then precleared with protein
A-Sepharose beads (Invitrogen) for 1 h at 4 °C. Precleared
lysates were incubated with 1 �g of the appropriate antibodies
overnight at 4 °C. The lysates were then centrifuged at 14,000
rpm for 5 min at 4 °C, and supernatants were incubated with
protein A-Sepharose beads for 1 h at 4 °C. Beads were washed
five times with 800 �l of buffer A, and immunoprecipitated
complexes were boiled in SDS sample buffer and analyzed by
Western blotting.

RESULTS

Hybrid YC.P-TEFb Proteins Are Incorporated into the 7SK
snRNP and Released by SAHA—Originally described by Kerp-
pola (20), BiFC is based on the formation of active fluorophore
by complementary fragments of a fluorescent protein. In this
assay, YN and YC are fused with proteins or protein fragments
to test their interactions. When YN and YC are brought to close
proximity via association between the fusion partners, they
form an active fluorophore, allowing protein-protein interac-
tions to be visualized in living cells (20). This process occurs

within a few minutes to 1 h (23). To detect active P-TEFb by
BiFC, we employed P-TEFb and the RNAPII CTD, which were
fused with YC and YN, respectively (Fig. 1A). Previously, we
demonstrated that the chimeric CDK9.CycT1 protein is folded
into a biologically functional P-TEFb complex (22, 24). P-TEFb
interacts with the CTD via its CycT1 subunit (12). Unfused YC
was used as the negative control (Fig. 1A). A c-Myc epitope tag
was added for detection. Because phosphorylation of the CTD
by P-TEFb occurs in the nucleus, a NLS from nucleoplasmin
was included in the hybrid YN.CTD protein (21). CycT1
already contains a strong NLS (25). Fig. 1A illustrates our plas-
mid constructions. These chimeric proteins were expressed in
HEK293 cells by transient transfection and detected by West-
ern blotting (Fig. 1B).

As expected, because the CTD can be phosphorylated in
cells, YN.CTD was found in two major bands detected by anti-
GFP and anti-phosphorylated CTD antibodies, corresponding
to the hyperphosphorylated (Fig. 1B, lane 2, upper band) and
hypophosphorylated (lower band) forms of the CTD. These
antibodies detect both forms of the CTD (26). Next, we exam-
ined whether YC.P-TEFb can be incorporated into the 7SK
snRNP. YC.P-TEFb was expressed in HEK293 cells by transient
transfection. Forty-eight hours after transfection, cells were left
untreated or were treated with SAHA at 5 �M for 1 h, and cell
lysates were subjected to glycerol gradient analysis. YC.P-TEFb
and the endogenous CycT1 protein were detected with anti-c-
Myc and anti-CycT1 antibodies, respectively. As shown in Fig.
1C, the ectopically expressed YC.P-TEFb protein was detected

FIGURE 1. YC.P-TEFb can be incorporated into the 7SK snRNP and released by SAHA. A, expressed proteins used in this study. Half-ovals represent the
N-terminal (amino acids 1–154; YN) and C-terminal (amino acids 155–238; YC) portions of YFP. YC alone was used as the negative control. Black circles represent
heptapeptide repeats (YSPTSPS) of the RNAPII CTD. The black rectangle represents the NLS from nucleoplasmin. m, c-Myc epitope tag. B, expression of
YC.P-TEFb and YN.CTD in HEK293 cells. The expression of these proteins was detected by Western blotting (WB) using anti-c-Myc, anti-GFP, and anti-phos-
phorylated CTD (�P-CTD) antibodies. CTDo and CTDa represent hyper- and hypophosphorylated forms of the CTD. The estimated sizes of expressed proteins
are indicated. C, YC.P-TEFb is incorporated into the 7SK snRNP and released upon SAHA stimulation. HEK293 cells expressing YC.P-TEFb were left untreated or
were treated with 5 �M SAHA for 1 h before cell lysis. Cell lysates were subjected to 10 –30% glycerol gradient centrifugation, and YC.P-TEFb and the
endogenous CycT1 (eCycT1) protein in each fraction (indicated by arrows) were detected by Western blotting using anti-c-Myc and anti-CycT1 antibodies,
respectively. D, after SAHA administration, the association between YC.P-TEFb and HEXIM1 is reduced, whereas it is increased between YC.P-TEFb and RNAPII.
HEK293 cells expressing YC.P-TEFb were left untreated (lanes 1, 3, 5, 7, and 8) or were treated with SAHA at 5 �M for 1 h before cell lysis (lanes 2, 4, and 6).
YC.P-TEFb (lanes 1 and 2) and endogenous RNAPII (lanes 5 and 6) were immunoprecipitated (IP) from cell lysates with anti-c-Myc and anti-RNAPII antibodies,
respectively. HEXIM1 (lanes 1 and 2) and YC.P-TEFb (lanes 5 and 6) associated with the immunoprecipitates were detected by Western blotting using anti-
HEXIM1 and anti-c-Myc antibodies, respectively. HEXIM1 (lanes 3 and 4) and YC.P-TEFb (lane 8) proteins in 5% of input lysate were also detected.
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in 7SK snRNP fractions (upper panels, lanes 8 –10), just like the
endogenous CycT1 protein (lower panels, lanes 8 –10). SAHA
treatment reduced the amounts of YC.P-TEFb and endogenous
CycT1 proteins in 7SK snRNP fractions and increased the levels
of free P-TEFb (Fig. 1C, lanes 4 – 6). To further confirm that
ectopically expressed YC.P-TEFb can be incorporated into the
7SK snRNP and released from it by P-TEFb-stimulating stim-
uli, interactions between YC.P-TEFb and the endogenous
HEXIM1 protein or RNAPII were examined by co-immuno-
precipitation (Fig. 1D). YC.P-TEFb was immunoprecipitated
by anti-c-Myc antibodies from untreated cells or cells stimu-
lated with 5 �M SAHA for 1 h. HEXIM1 associated with YC.P-
TEFb was detected with anti-HEXIM1 antibodies by Western
blotting. Similarly, RNAPII was immunoprecipitated with anti-
RNAPII antibodies, and the associated YC.P-TEFb was de-
tected with anti-c-Myc antibodies. Interactions between YC.P-
TEFb and the endogenous HEXIM1 protein were also
decreased when cells were treated with SAHA (Fig. 1D, com-
pare lanes 1 and 2), confirming our glycerol gradient data. Con-
comitantly, interactions between YC.P-TEFb and endogenous
RNAPII were increased by SAHA (Fig. 1D, compare lanes 5 and
6). Therefore, exogenous YC.P-TEFb and endogenous P-TEFb
proteins can be incorporated into the 7SK snRNP and released
by P-TEFb-releasing stimuli.

Establishment of BiFC Assays to Monitor P-TEFb Activation
in Cells—When cells are treated with P-TEFb-releasing agents,
P-TEFb dissociates rapidly from the 7SK snRNP, which liber-
ates its kinase activity (3, 27). Depending on the stimulus, this

process occurs within a few minutes to 1 h. As shown in Fig. 2A,
we created the BiFC assay to detect interactions between
released free P-TEFb and its natural substrate, the CTD. When
YC.P-TEFb was coexpressed with YN.CTD in HEK293 cells
under normal culture conditions, very few weakly YFP-positive
cells were detected (Fig. 2B). Surprisingly, when cells were stim-
ulated with known P-TEFb-releasing agents, such as HMBA
and SAHA (28, 29), the number of YFP-positive increased sig-
nificantly (Fig. 2B). Because the emission peak of YFP (527 nm)
is similar to that of GFP (509 nm), the BiFC-positive cells
appeared green (Fig. 2B). In sharp contrast, when cells were
treated with tubastatin A, a potent selective HDAC inhibitor
that has no effect on P-TEFb release (14), the number of YFP-
positive cells did not increase (Fig. 2B). In addition, YN.CTD
did not produce any fluorescence when coexpressed with YC as
the negative control (Fig. 2B), confirming the specificity of the
BiFC signal. Therefore, we employed YC.P-TEFb to monitor
P-TEFb activation by BiFC in cells. An observation of YFP-
positive cells at a higher magnification revealed that our fluo-
rescent signals accumulated in punctate nuclear structures in a
speckle pattern (Fig. 2C), which is consistent with previous
observations of P-TEFb nuclear localization (30, 31).

Time-lapse Analysis of P-TEFb Activation by V-PAC—A
time-dependent increase in BiFC signals was monitored by
time-lapse fluorescence microscopic analysis. HEK293 cells
expressing YC.P-TEFb and YN.CTD were treated with 5 �M

SAHA, and fluorescent images were taken every 3 min. As
shown in Fig. 3, the BiFC signals were detected by 30 min after

FIGURE 2. BiFC signal between YC. P-TEFb and YN.CTD increases upon P-TEFb release. A, schematic representation of monitoring P-TEFb activation by
BiFC. YC.P-TEFb incorporated into the 7SK snRNP is released upon treatment with a P-TEFb-releasing agent and binds to its substrate YN.CTD to form active YFP
via BiFC. MePCE, methyl phosphate-capping enzyme. B, BiFC signal between YC.P-TEFb and YN.CTD increases with known P-TEFb-releasing stimuli. Cells
expressing YC and YN.CTD (left panels) or YC.P-TEFb and YN.CTD (right panels) were left untreated or were treated with HMBA (10 mM), SAHA (5 �M), or
tubastatin A (TBSA; 5 �M) for 1 h. YFP-positive cells were detected under a fluorescence microscope. Bright-field images were also taken to show the shape of
the cells. C, a higher magnitude image of a YFP-positive cell indicated that the BiFC between YC.P-TEFb and YN.CTD occurs in nuclear speckles.
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the addition of SAHA and reached a peak at a time point
between 75 and 90 min. At later times, more intense and punc-
tate nuclear staining reflected the accumulation of active
P-TEFb in nuclear speckles (Fig. 2C) (30, 31). This finding is
consistent with our previous observations of P-TEFb release by
SAHA with a consideration of the time required for maturation
of the fluorophore (23). Similar results were obtained with
other P-TEFb-releasing agents, such as HMBA and JQ1 (data
not shown).

Other Known P-TEFb-releasing Stimuli Also Score Positive
in Our V-PAC Assays—Besides SAHA, JQ1, and HMBA,
P-TEFb release had been observed with other HDAC inhib-
itors, such as ST80, as well as PKC agonists, such as phorbol
12-myristate 13-acetate and bryostatin-1 (14, 32). We also
examined AzaC, which was previously thought to inhibit
only cytidine methylation during DNA replication (33).
However, many effects of AzaC had been observed prior to
cell division. Importantly, AzaC was thought to have no
effect on P-TEFb release.

Equivalent numbers of HEK293 cells expressing YC.P-TEFb
and YN.CTD from the same transfection were split into indi-
vidual wells, to which a different test compound was adminis-
tered. Cells were treated for 1 h, and YFP-positive cells were
counted manually and averaged from three randomly chosen
areas. At least 100 cells were counted in each area. Next, the
total number of YFP-positive cells from each treatment was
divided by the number of YFP-positive cells in untreated cells
and plotted as relative P-TEFb activation. Thus, given the con-
stant transfection efficiency in all samples, the ratio of positive
cells represents a rough estimate of the relative potency of each
compound. As shown in Fig. 4A (bars 2– 4 and 6 – 8), all known
P-TEFb-releasing agents examined scored positive in this assay.
Again, tubastatin A stimulation did not increase the number of
YFP-positive cells (Fig. 4A, bar 5). Interestingly, AzaC also
scored in this assay (Fig. 4A, bar 9). To further confirm that the
compounds scored in the V-PAC assay also stimulated P-TEFb
activity, the same set of the compounds was tested in a reporter
assay using NH1 cells, which are HeLa cells that stably express
the luciferase reporter gene under the control of the HIV long
terminal repeat. We demonstrated previously that compounds
that release P-TEFb also activate HIV transcription (14, 32). As
shown Fig. 4B, whereas compounds that scored in the V-PAC
assay (HMBA, SAHA, ST80, JQ1, PKC, bryostatin-1, and AcaZ)

also activated this reporter gene expression (Fig. 4B, bars 2– 4
and 6 – 8), tubastatin A failed to do so (bar 5). We concluded
that our V-PAC assay is a useful tool for measuring P-TEFb
activation in living cells.

FIGURE 3. Time course analysis of V-PAC. HEK293 cells expressing YC.P-TEFb and YN.CTD were treated with 5 �M SAHA. Time-dependent changes in BiFC
were monitored by fluorescence microscopy, and fluorescent images were taken every 3 min.

FIGURE 4. Other known P-TEFb-releasing stimuli all score in our V-PAC
assay. A, HEK293 cells expressing YC.P-TEFb and YN.CTD were left untreated
(bar 1) or were treated with the compounds indicated below the graph for 1 h.
YFP-positive cells were counted and averaged from three different areas.
After each treatment, the number of YFP-positive cells was divided by that in
untreated cells and plotted as relative P-TEFb activation. Classes of P-TEFb-
releasing agents are indicated above the graph. HDACis, HDAC inhibitors;
BETi, BET inhibitor; DMSO, dimethyl sulfoxide; TBSA, tubastatin A; PMA, phor-
bol 12-myristate 13-acetate; Bryo-1, bryostatin-1. Error bars represent differ-
ences between counts of YFP-positive cells from three randomly chosen
fields under the microscope. B, NH1 cells were left untreated or were treated
with the compounds indicated below the graph for 24 h, and reporter gene
expression was measured by luciferase assays. Results are presented as -fold
activation over levels obtained with untreated cells. Error bars represent S.E.
of experiments performed in triplicate.
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Confirmation of AzaC as a New P-TEFb-releasing Agent—
AzaC is an analog of cytidine, and it inhibits cell proliferation
via incorporation into DNA (33). It has also demonstrated that
AzaC activates HIV transcription potently in latently infected
cells (34 –36). Of note, we demonstrated previously that many
agents that activate HIV transcription in latently infected cells
also release P-TEFb from the 7SK snRNP (11, 14). Therefore, it
was not very surprising that AzaC also released P-TEFb from
the 7SK snRNP (Fig. 4A, bar 9), although the precise molecular
mechanism of P-TEFb release is currently unknown. The effect
of AzaC on P-TEFb release was further confirmed by conven-
tional glycerol gradient assays. HeLa cells were left untreated or
were treated with 10 �M AzaC for 1 h, and cell lysates were
subjected to glycerol gradient analysis. As shown Fig. 5 (A and
B), AzaC released P-TEFb from the 7SK snRNP. The effects of
AzaC on P-TEFb-dependent transcription were tested further
by reporter assays. Previously, we demonstrated that the
HEXIM1 promoter is most responsive to active free P-TEFb;
the P-TEFb-responsive region contains 104 nucleotides
upstream of the transcription start site (37). This HEXIM1 pro-
moter, HexP(104) was linked to the luciferase reporter gene and
introduced stably into HeLa cells to establish HeLa/HexP.Luc
cells. These HeLa/HexP.Luc cells were left untreated or were
treated with 10 �M AzaC for 24 h, and their luciferase activity
was measured. As shown Fig. 5C, AzaC stimulated luciferase
activity by 5-fold, which is similar to levels achieved by HMBA
(37). These results were consistent with AzaC-increased BiFC
signals in the V-PAC assay (Fig. 5D). We conclude that AzaC is
a new P-TEFb-releasing agent.

DISCUSSION

In this study, we established the first experimental system to
monitor P-TEFb activation in living cells. This assay (V-PAC)
employs BiFC between P-TEFb and its CTD substrate. First, by
using conventional cell-free assays, we demonstrated that
YC.P-TEFb was incorporated into the 7SK snRNP and released
upon cell stimulation. When YC.P-TEFb was coexpressed with
YN.CTD in cells under normal culture conditions, very few
YFP-positive cells were detected. In sharp contrast, when cells
were treated with SAHA, a potent P-TEFb-releasing agent, the
number of YFP-positive cells increased rapidly. Moreover,
other known P-TEFb-releasing agents all scored positively in
this assay. Finally, using this assay, we identified AzaC as a new
P-TEFb-releasing agent.

To establish BiFC assays between P-TEFb and CTD, we also
examined whether YC fused with each component (CDK9 or
CycT1) of P-TEFb produced BiFC signals with YN.CTD.
Indeed, both produced BiFC signals, but they were less efficient
than those observed with YC.P-TEFb and YN.CTD (data not
shown). Therefore, we employed YC.P-TEFb to monitor P-
TEFb activation in living cells. After careful titrations in differ-
ent cell lines, 1:5 to 1:10 ratios between plasmids encoding
YC.P-TEFb and YN.CTD gave the best stimulation-dependent
BiFC signals versus background fluorescence (data not shown).
One way to avoid such titrations in different cell lines would be
to establish cells stably expressing our chimeric YC.P-TEFb and
YN.CTD proteins, which is ongoing. Nevertheless, the tran-
sient expression of these proteins is sufficient to detect P-TEFb
activation upon cell stimulation. Another possible approach to

FIGURE 5. AzaC is a P-TEFb-releasing agent. A, P-TEFb release by glycerol gradient centrifugation. HeLa cells were left untreated (upper panel) or were treated
with 10 �M AzaC for 1 h (lower panel), and cell lysates were subjected to 10 –30% glycerol gradient centrifugation. CycT1 from each fraction was detected by
Western blotting using anti-CycT1 antibodies. B, band intensities of free (active) CycT1 (lanes 3– 6) and CycT1 in the 7SK snRNP (lanes 7–10) were quantified and
combined. Ratios between free CycT1 and CycT1 in 7SK snRNP were calculated and plotted. C, increased expression from the HEXIM1 promoter accompanies
P-TEFb release by AzaC. HeLa cells stably expressing the HexP(104)-Luc reporter gene were left untreated or were treated with 10 �M AzaC for 24 h, and reporter
gene expression was measured by luciferase assays. Results are presented as -fold activation over levels obtained with untreated cells. Error bars represent S.E.
of experiments performed in triplicate. D, V-PAC assay of AzaC-treated cells. HEK293 cells expressing YC.P-TEFb and YN.CTD were left untreated (upper panels)
or were treated with 10 �M AzaC for 1 h (lower panels). YFP-positive cells were detected by fluorescence microscopy (left panels). Bright-field images were also
taken (right panels).
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improve the system would be to use a more potent fluorescent
protein. For instance, the fluorescent signal can be potentiated
up to 1000-fold by introducing four point mutations into YFP,
which creates the Venus fluorescent protein, which has also
been used for BiFC assays (38). The one caveat with Venus is
that it often results in higher background fluorescence due to
nonspecific interactions (23). Nevertheless, Venus could
become useful for detecting P-TEFb activation in cells with
lower transfection efficiencies, such as T cells or other periph-
eral blood mononuclear cells.

Because interactions between kinases and their substrate are
considered to be transient and because kinases dissociate upon
phosphorylating their substrates, it is somewhat surprising that
a kinase (P-TEFb) and its substrate (CTD) produce such a
strong BiFC signal. Nevertheless, we demonstrated previously
that P-TEFb does form a stable complex with the CTD (12).
This finding could be due to the large number of substrate res-
idues, i.e. serines at position 2 in the CTD (39, 40). In addition,
once the BiFC fluorophore is formed, it stabilizes itself, result-
ing in a much slower dissociation rate (23). Therefore, once
YC.P-TEFb binds to YN.CTD, it produces sustainable BiFC
signals.

The release of P-TEFb from the 7SK snRNP is a necessary
step to activate HIV transcription from latently infected cells (5,
41, 42). Successful HDAC inhibitors, BET inhibitors, and PKC
agonists all accomplish this feat. Indeed, HDAC inhibitors that
fail to do so (e.g. tubastatin A) do not induce HIV transcription
(Fig. 4B) (14). BET inhibitors and PKC agonists release P-TEFb
as well (11, 15, 32). In this study, we added AzaC to the list of
known P-TEFb-releasing agents. These increased levels of free
P-TEFb represent the cellular response to different forms of
DNA and/or chromatin stress. Because their effects on DNA
and/or chromatin vary, they could also act synergistically to
activate HIV transcription from latently infected cells. Our
V-PAC assay is ideally suited to monitor single agents and com-
binations of compounds and measure their impact on P-TEFb
release in living cells.

Cellular transcriptional programs in which P-TEFb is a mas-
ter switch regulate cell growth, proliferation, and differentia-
tion. Components of the 7SK snRNP also play critical roles in
gene expression during stem cell differentiation and in cancer
(43– 49). Moreover, increased P-TEFb activity and the subse-
quent synthesis of its inhibitor HEXIM1 represent critical com-
mon steps for many anti-cancer and anti-inflammatory drugs
(27, 37, 50). Importantly, it is this reassembly of the 7SK snRNP
following the increased synthesis of HEXIM1 that causes pro-
liferating cells to differentiate and rapidly dividing cells to arrest
and undergo apoptosis. Thus, the V-PAC assay will reveal com-
pounds that can be used against inflammation and cancer and
for HIV reactivation. It could be adapted to high-throughput
screening systems to identify new P-TEFb-releasing agents.
Importantly, this system can be adapted to all cells, including
primary patients’ cells, which will also allow for the screening of
compounds that arrest, kill, and/or terminally differentiate
these cells. By using more potent fluorescent proteins such as
Venus, the V-PAC assay could also be introduced into model
animals to monitor P-TEFb release in specific tissues during
different developmental steps or disease stages. Moreover, the

V-PAC system could also be established in primary cells
derived from individual patients to measure the efficacy of var-
ious drugs in different patients, which would optimize person-
alized medicine.
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