
Bromodomain and Extra-terminal (BET) Bromodomain
Inhibition Activate Transcription via Transient Release of
Positive Transcription Elongation Factor b (P-TEFb) from 7SK
Small Nuclear Ribonucleoprotein*

Received for publication, August 15, 2012, and in revised form, September 1, 2012 Published, JBC Papers in Press, September 5, 2012, DOI 10.1074/jbc.M112.410746

Koen Bartholomeeusen1, Yanhui Xiang1, Koh Fujinaga1, and B. Matija Peterlin2

From the Departments of Medicine and Microbiology & Immunology, University of California,
San Francisco, California 94143-0703

Background: P-TEFb regulates transcription elongation, cell growth, and proliferation.
Results: BET bromodomain inhibition by JQ1 transiently releases free P-TEFb from the inactive 7SK snRNP, thus activating
HEXIM1 and HIV transcription.
Conclusion: JQ1 affects the P-TEFb equilibrium.
Significance: P-TEFb release from and reassembly into 7SK snRNP by JQ1 inhibits tumor cell growth and reactivates latent
HIV.

By phosphorylating elongation factors and the C-terminal
domain of RNA polymerase II, the positive transcription elon-
gation factor b (P-TEFb) is the critical kinase for transcription
elongation and co-transcriptional processing of eukaryotic
genes. It exists in inactive small nuclear ribonucleoprotein (7SK
snRNP) and active (free P-TEFb) complexes in cells. The
P-TEFb equilibrium determines the state of cellular activation,
proliferation, and differentiation. Free P-TEFb, which is
required for growth, can be recruited to RNA polymerase II via
transcription factors, BRD4, or the super elongation complex
(SEC). UV light, various signaling cascades, transcriptional
blockade, or compounds such as hexamethylene bisacetamide
(HMBA), suberoylanilide hydroxamic acid (SAHA), and other
histone deacetylase inhibitors lead to a rapid release of free
P-TEFb, followed by its reassembly into the 7SK snRNP. As a
consequence, transcription of HEXIM1, a critical 7SK snRNP
subunit, and HIV is induced. In this study, we found that a bro-
modomain and extra-terminal (BET) bromodomain inhibitor,
JQ1, which inhibits BRD4 by blocking its association with chro-
matin, also leads to the rapid release of free P-TEFb from the
7SK snRNP. Indeed, JQ1 transiently increased levels of free
P-TEFb and BRD4�P-TEFb and SEC�P-TEFb complexes in cells.
As a consequence, the levels of HEXIM1 andHIV proteins rose.
Importantly, the knockdown of ELL2, a subunit of the SEC,
blocked the ability of JQ1 to increaseHIV transcription. Finally,
the effects of JQ1 and HMBA or SAHA on the P-TEFb equilib-
rium were cooperative. We conclude that HMBA, SAHA, and
JQ1 affect transcription elongation by a similar and convergent
mechanism.

Eukaryotic transcription by RNA polymerase II (RNAPII)3
can be divided into distinct regulated steps, from initiation to
promoter clearance, pausing, and elongation (1–5). Although
in the past, the emphasis had been placed on the recruitment of
the transcription complex to promoters, regulation of gene
expression at subsequent steps of transcription has been recog-
nized to play an equally important role. Indeed, pausing of
RNAPII downstream of many eukaryotic promoters, whether
these genes are active or not, allows for rapid transcriptional
activation following environmental or developmental cues
(1–5). In this scenario, after promoter clearance, negative elon-
gation factors assemble on the elongating RNAPII, blocking its
movement. Recruitment of the positive transcription elonga-
tion factor b (P-TEFb) and the super elongation complex (SEC)
removes this block and promotes transcription elongation.
P-TEFb phosphorylates not only the negative elongation fac-
tors DSIF (5,6-dichloro-1-�-D-ribofuranosylbenzimidazole
sensitivity-inducing factor) and NELF (negative transcription
elongation factor), converting DSIF into an elongation factor,
but also the C-terminal domain of RNAPII, thereby regulating
co-transcriptional processes such as RNA splicing and poly-
adenylation (1–5).
The activity of P-TEFb, composed of cyclinT1 (CycT1) or T2

and CDK9 (cyclin-dependent kinase 9), is tightly regulated in
cells. Besides microRNA-dependent regulation of CycT1 pro-
tein expression in resting hematopoietic cells (6), in growing
cells, P-TEFb partitions between an active complex, alone or
associated in a mutually exclusive fashion with BRD4 (bro-
modomain-containing protein 4) or the SEC, and an inactive
complex with 7SK snRNA, HEXIM1/2 (hexamethylene bisac-
etamide-inducible protein 1/2), LARP7 (La-related protein 7),
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and MePCE(methylphosphate capping enzyme), which is
known as the 7SK small nuclear ribonucleoprotein (snRNP) (3,
7). As a central component of the 7SK snRNP, HEXIM1 binds
to and inhibits the kinase activity of P-TEFb (3, 7, 8). Active
P-TEFb can be recruited to its target genes via interaction with
various DNA-bound activators such as NF-�B, c-Myc, the class
II transactivator, and steroid hormone receptors, which other-
wise function poorly when levels of free P-TEFb are low (1, 3).
On the other hand, the HIV transcriptional transactivator Tat
can utilize P-TEFb directly from the 7SK snRNP (9, 10). BRD4
can also compete with HEXIM1 for binding to P-TEFb (11, 12),
and the BRD4�P-TEFb complex is important for the activation
of primary response genes (13, 14).
Previously, we studied the effects of hexamethylene bisacet-

amide (HMBA) and the histone deacetylase inhibitor suberoy-
lanilide hydroxamic acid (SAHA) on HIV transcription in
transformed and primary cells, with special emphasis on provi-
ral latency and reactivation (15–17). Both compounds released
P-TEFb from the 7SK snRNP and potently induced HIV gene
expression when the viral LTR was not occluded by transcrip-
tional interference (integration into active genes) (15–17). In
this study, the bromodomain and extra-terminal (BET) bro-
modomain inhibitor JQ1 (18, 19) did the same and acted coop-
erativelywithHMBAandSAHA. It also increased transcription
of HEXIM1 and its incorporation into the 7SK snRNP. More-
over, its effects on HIV transcription could be inhibited by
depletion of ELL2, a subunit of the SEC (20).

EXPERIMENTAL PROCEDURES

Cell Lines, Antibodies, and Plasmids—J�K cells and Jurkat
cells were grown in RPMI 1640 medium containing 100 IU/ml
penicillin, 100 �g/ml streptomycin, and 10% FBS at 37 °C with
5% CO2. HIV release in the supernatant was quantified by p24
capsid ELISA (PerkinElmer Life Sciences). Antibodies used
in this study for co-immunoprecipitations and Western blot-
ting were as follows: anti-HEXIM1 (ab25388), anti-BRD4
(ab75898), anti-AFF4 (ab57077), and anti-tubulin (ab6046)
from Abcam; anti-CDK9 (sc-484), anti-CycT1 (sc-10750), and
anti-RNAPII (sc-899) from Santa Cruz Biotechnology; and
anti-ELL2 from Bethyl Laboratories, Inc. Antibodies used in
ChIP assays were as follows: normal rabbit IgG (sc-2027), anti-
CDK9 (sc-484), and anti-RNAPII (sc-899) fromSantaCruzBio-
technology; anti-BRD4 (ab75898) from Abcam; and anti-ELL2
(21), whichwas a kind gift of Dr. ChristineMilcarek (University
of Pittsburgh). The anti-ELL2 shRNA-encoding plasmid
(pSuper-shELL2) was a kind gift of Dr. Qiang Zhou (University
of California, Berkeley). SAHA was purchased from Selleck
Chemicals and HMBA from Sigma, and stock solutions were
prepared in dimethyl sulfoxide (DMSO) and water, respec-
tively. JQ1 was a kind gift from Dr. James Bradner (Harvard
University), and stock solutions were prepared in DMSO.
Co-immunoprecipitation—Jurkat cells (5 � 106) were lysed

on ice (10 min) in buffer A (20 mM HEPES-KOH (pH 7.8), 0.2
mM EDTA, and 0.5% Nonidet P-40) containing medium salt
(100 mM KCl) for detection of CycT1/BRD4 and CycT1/SEC
interactions or high salt (300 mM KCl) for detection of CycT1/
HEXIM1 interaction. The cell lysates were centrifuged
(10,000 � g, 2 min, 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 incu-
bated with 3 �g of the appropriate antibodies (indicated) over-
night at 4 °C. The lysateswere then centrifuged at 10,000� g for
10 min at 4 °C, and supernatants were incubated with protein
A-Sepharose beads for 1 h at 4 °C. Beadswerewashed five times
with 800 �l of lysis buffer, and immunoprecipitated complexes
were boiled in SDS sample buffer and analyzed by Western
blotting.
RNA Immunoprecipitations—J�K cells (2 � 106) were

untreated or treated with 5 �M JQ1 for 0.5 or 2 h. Cells were
lysed in buffer A containing low salt (10 mM KCl) on ice for 10
min. Cell lysates were centrifuged at 5000 � g for 5 min at 4 °C,
and supernatants were collected. Supernatants were then pre-
cleared with protein A-Sepharose beads and divided into three
aliquots. Each aliquot was incubated with 1�g of normal rabbit
IgG, anti-HEXIM1, or anti-CDK9 antibody overnight at 4 °C
and then with 20 �l of protein A-Sepharose beads precoated
with BSA and yeast tRNA for an additional 2 h at 4 °C. Beads
were washed five times with medium-salt buffer A (100 mM

KCl). RNA was then extracted by TRIzol (Invitrogen) and ana-
lyzed by RT-quantitative PCR (RT-qPCR). Data were normal-
ized to input amounts of 7SK snRNA and calculated as percent
values relative to the amount obtained with untreated cells (set
to 100%).
Differential Salt Extraction—Differential salt extraction was

carried out to determine fractions of free P-TEFbor 7SK snRNP
according to Biglione et al. (22) with somemodifications. Jurkat
cells (5 � 105) were collected and washed twice with cold PBS.
Cells were lysed in 80 �l of low-salt buffer (10 mM KCl, 10 mM

MgCl2, 10mMHEPES-KOH (pH 7.5), 1 mM EDTA, 1mMDTT,
0.5%Nonidet P-40, and proteinase inhibitormixture) and incu-
bated on ice for 10min. Lysateswere then centrifuged at 5000�
g for 5 min, and supernatants were collected and designated as
7SK snRNP fractions. Pellets were washed once with 200 �l of
low-salt buffer and resuspended in 80�l of high-salt buffer (450
mM NaCl, 1.5 mM MgCl2, 20 mM HEPES (pH 7.5), 0.5 mM

EDTA, 1mMDTT, 0.5%Nonidet P-40, and proteinase inhibitor
mixture). Suspensions were mixed by vortexing briefly and
incubated on ice for 10 min. Lysates were then centrifuged at
10,000 � g for 5 min, and supernatants were collected and des-
ignated as free P-TEFb fractions.
Chromatin Immunoprecipitation—ChIPs were carried out

according toNelson et al. (23) with somemodifications. Briefly,
J�K cells (2 � 107) were treated with JQ1 (5 �M) or DMSO for
1 h. Cells were fixed with 1% formaldehyde in PBS for 15min at
room temperature. By adding 125mM glycine for 5min at room
temperature, cross-linking was stopped. Sonication of chroma-
tin was carried out using a SonicDismembrator 100 (Fisher) for
20 cycles of 15 s at setting 4, followed by 30 s on ice. Sheared
chromatin was precleared by 50 �l of protein G-Sepharose
beads for 1 h at 4 °C. 2 �g of specific antibodies were added to
the precleared lysate corresponding to 2 � 106 cells and incu-
bated at 4 °C overnight. Lysates were then centrifuged at
10,000 � g for 10 min. 90% of the supernatant was used for
further processing. 30 �l of protein G beads precoated with
BSA and salmon sperm DNA were added to each tube and
incubated at 4 °C for 1 h. The chromatin-protein-bead com-
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plexes were washed six times with ChIP buffer. The DNA was
purified with 10% Chelex beads (Bio-Rad). The DNA was used
as a template for qPCR.
Transient Transfection and Luciferase Assays—Jurkat cells

(2 � 107) growing in log phase were transfected with 10 �g of
plasmid DNA by electroporation using the Bio-Rad Gene
Pulser II system (270 V, 975 microfarads). After electropora-
tion, cells were allowed to sit in the cuvette for 15 min at room
temperature and then transferred to 5 ml of prewarmed RPMI
1640 medium with 10% FBS and kept in 5% CO2 at 37 °C for
48 h. Luciferase activity in the cell lysate was determined using
the luciferase assay system (Promega) according to the manu-
facturer’s instructions.
qPCR and RT-qPCR—Total cellular RNA was extracted by

TRIzol reagent according to themanufacturer’s instruction and
reverse-transcribed with random hexamers using SuperScript
III reverse transcriptase (Invitrogen). The cDNAwas quantified
using the StratageneMx3004P real-timePCR systemandSensi-
FASTSYBRGreen reagents (Bioline)with specific primers. The
primer sequences used in this study were as follows: for RNA
immunoprecipitation of human 7SK, GAGGGCGATCTGGC-
TGCGACAT (forward) and ACATGGAGCGGTGAGGGA-
GGAA (reverse); for HIV expression and ChIP, TGGTTAGA-
CCAGATCTGAGCCTGGGA (forward LTR), TAAGCAGT-
GGGTTCCCTAGTTAGCCA (reverse LTR), AGCAGGAAG-
ATGGCCAGTAA (forward coding), andAACAGGCGGCCT-
TAACTGTA (reverse coding); for HEXIM1 mRNA quanti-
fication, GACCTGGGAAGAGAAGAAAAAG (forward) and
GAGGAACTGCGTGGTGTTATAG (reverse).
Glycerol Gradients—Glycerol gradients (10–30%) were

established by pipetting 2 ml of each glycerol fraction (10, 15,
20, 25, and 30%, v/v) in medium-salt buffer A into centrifuga-
tion tubes (Beckman 331372). Gradients were formed by stand-
ing for 6 h at 4 °C. J�K cells (2 � 106) were untreated or treated
with 5 �M JQ1 for 1 h and lysed in 0.6 ml of medium-salt buffer
A for 30 min at 4 °C. Lysates were centrifuged at 5000 � g for 5
min, and supernatants were loaded into tubes with preformed
glycerol gradients. Protein complexes were then fractionated
by centrifugation in an SW40T1 rotor (Beckman) at 38,000 rpm
for 21 h. 10 fractions (1 ml) were collected, precipitated with
trichloroacetic acid, and analyzed with the indicated antibodies
by Western blotting.

RESULTS

JQ1 Activates HIV Transcription—To investigate the effects
of BET bromodomain inhibition on HIV transcription, we
administered JQ1 (19, 24) to Jurkat cells that contained one
integrated copy of the HIV provirus that lacks both NF-�B-
binding sites (J�K cells) (Fig. 1, A and B) (25). Thus, its tran-
scriptional activation is independent of NF-�B induction. As
shown in Fig. 1A and measured by p24 capsid release into the
medium, JQ1 activated HIV production by J�K cells. Titration
of the compound indicated that JQ1 elicited a maximum stim-
ulation at a concentration of 5�M (Fig. 1A, bar 4). Expression of
HIV mRNA after JQ1 treatment, as quantified by RT-qPCR,
further demonstrated that JQ1 stimulated HIV transcription
(Fig. 1B). Similar results were obtained with another BET bro-
modomain inhibitor, I-BET (26) (data not shown). These

results indicate that the BET bromodomain inhibition by JQ1
activates HIV transcription, which is reminiscent of other HIV
activators such as SAHA and HMBA (15–17).
JQ1 Transiently Releases P-TEFb from the 7SK snRNP—

Treatment of cells with SAHA or HMBA leads to a rapid but
transient release of free P-TEFb from the 7SK snRNP, followed
by increased expression of P-TEFb-dependent genes, including
HEXIM1 and the HIV LTR (16, 17, 27). Increased synthesis of
HEXIM1 then leads to the reassembly of the 7SK snRNP and
the subsequent growth arrest of treated cells (27). In contrast,
HIV transcription continues due to the synthesis of Tat, which
competes with HEXIM1 for the binding of P-TEFb to 7SK
snRNA and its recruitment to the HIV TAR (transactivation
response) element RNA stem-loop (9, 10). Thus, once Tat is
made, HIV replication is sustained despite the return of cells to
their resting state. To verify that JQ1 also affects this P-TEFb
equilibrium, we performed glycerol gradient centrifugation to
separate free P-TEFb and the 7SK snRNP in cell lysates under
medium-salt (100 mM KCl) conditions, which extract these
complexes but not BRD4 from its chromatin-bound state (22,
28). Minute amounts of BRD4 were extracted from chromatin
in untreated J�K cells with the medium-salt buffer (Fig. 2A,
upper left panel). In contrast, incubating J�K cells with JQ1 for
1 h resulted in a massive release of BRD4 from chromatin into
low-molecular mass fractions (Fig. 2A, lower left panel, lanes
2–5). At the same time, the levels of free P-TEFb, which was
released from the 7SK snRNP, also increased (Fig. 2A, right
panels). Quantitative analysis of the 7SK snRNP and free
P-TEFb by sequential extractions of the cells with low-salt (10
mM KCl) and high-salt (450 mM NaCl) buffers, respectively,
revealed that the levels of free P-TEFb increased after JQ1 treat-
ment, peaked between 30 min and 1 h, and decreased to basal
levels by 6 h of incubation (Fig. 2B, lanes 7–12), suggesting that
the 7SK snRNP had reassembled by 6 h after JQ1 treatment.
The time course of P-TEFb release and reassembly of the 7SK
snRNP by JQ1 was similar to that with HMBA and SAHA (16,
17). The release of P-TEFb from the 7SK snRNP was further
confirmed by RNA immunoprecipitations. Anti-HEXIM1 and
anti-CDK9 immunoprecipitations, followed by RT-qPCR
quantification of co-immunoprecipitated 7SK snRNA, indi-
cated that the association of 7SK snRNA with HEXIM1 or
CDK9 decreased after JQ1 treatment (Fig. 2C). We conclude

FIGURE 1. JQ1 activates HIV transcription. A, J�K cells were treated with
increasing concentrations of JQ1 as indicated for 24 h. The production of new
viral particles was determined by p24 capsid ELISA and is presented as -fold
increase over the DMSO control (bar 1). B, J�K cells were treated with JQ1 (5
�M) for the indicated times, and HIV-specific mRNA levels were determined
by RT-qPCR and normalized to actin mRNA. The results are presented as -fold
increase over the DMSO control (bar 1). Error bars represent S.E. of duplicate
(A) or triplicate (B) experiments.
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that JQ1 not only releases BRD4 from chromatin but also leads
to the release of P-TEFb from the 7SK snRNP.
JQ1 Induces HEXIM1 Gene Expression and Promotes 7SK

snRNP Reassembly—A known consequence of the release of
free P-TEFb from the 7SK snRNP is transcriptional activation
of HEXIM1, the inhibitory subunit of the 7SK snRNP, and the
subsequent incorporation of P-TEFb into the 7SK snRNP (27).
Indeed, previous microarray analyses revealed that HEXIM1
mRNA is increased greatly by JQ1 (19, 24). To confirm this
finding, we quantified HEXIM1 mRNA levels in Jurkat cells at
different time points after JQ1 treatment. As shown in Fig. 3A,
JQ1 activated greatly HEXIM1 gene expression. Additionally,
JQ1 increased transcription from a plasmid target carrying the
HEXIM1 promoter linked to the luciferase reporter gene (Fig.
3B, Hex.Luc). Concomitantly, JQ1 also increased the produc-
tion of the HEXIM1 protein (Fig. 3C). Co-immunoprecipita-
tions revealed increased association between the newly synthe-
sizedHEXIM1protein andCycT1 at 6 and 24 h (Fig. 3D), which
paralleled the time course of reassembly of the 7SK snRNP (Fig.
2B). These data indicate that like HMBA and SAHA, JQ1
increases the synthesis of the P-TEFb inhibitorHEXIM1,which
drives the reassembly of the 7SK snRNP.
Released P-TEFb Associates with the SEC—Free P-TEFb

increases transcription elongation of target genes via many dif-
ferent protein/protein interactions (1, 11, 18, 21, 27, 29–32).
Thus, we next examined the association of P-TEFb with other

knownprotein complexes after JQ1 treatment. As shown in Fig.
4A, we observed an increased association between BRD4 and
P-TEFb. This association peaked between 30 min and 2 h and
was diminished by 6 and 24 h, which paralleled the disruption
and reassembly of the 7SK snRNP (Fig. 4A, lanes 2–6; see also
Fig. 2B). Another complex in which P-TEFb resides as a tran-
scriptional activator is with the SEC (18, 27, 28, 33). Of several
different SECs, P-TEFb associates prominently with those that
contain AFF4 as the central scaffold (27). Following JQ1 treat-
ment, we observed increased association between P-TEFb and
AFF4, which also paralleled the time course of the disruption
and reassembly of the 7SK snRNP (Fig. 4B, lanes 6–10). Indeed,
BRD4 and AFF4 were found in distinct and separate complexes
with P-TEFb (29), which was confirmed by co-immunoprecipi-
tations that failed to detect any interaction between BRD4 and
AFF4 (Fig. 4C, lanes 6–10). Thus, JQ1 led to a transient release
of free P-TEFb and its concomitant increased association with
BRD4 and the SEC.
JQ1 Increases P-TEFb and SEC Levels at the HIV LTR—Be-

cause HIV transcription was increased by JQ1 in J�K cells, we
performed ChIPs with the HIV LTR and coding regions (Fig.
5A, upper panel). As shown in Fig. 5A (lower panels), whereas
the recruitment of RNAPII, CDK9, and the SEC (AFF4 and
ELL2) to the HIV LTR (bars 1–5) and coding regions (bars
6–10) was increased by JQ1, that of BRD4were decreased. This
finding is not surprising, as JQ1 removes BRD4 from chromatin
(Fig. 2A) (18, 24), and ELL2 andAFF4 can recruit P-TEFb to the
viral genome (27). Indeed, in a previous study, the exogenous
coexpression of AFF4 and ELL2 activated theHIV LTR by up to
100-fold (29). Thus, we examined if ELL2 is required for the

FIGURE 2. JQ1 directs the disruption and reassembly of the 7SK snRNP.
A, cell lysates of J�K cells treated with DMSO (upper panels) or JQ1 (5 �M for
1 h; lower panels) were subjected to 10 –30% glycerol gradient sedimentation.
BRD4 (left panels) and CDK9 (right panels) in each fraction were detected by
Western blotting. B, Jurkat cells were subjected to differential salt extraction
after JQ1 treatment (5 �M) for the indicated times. The levels of CDK9
extracted in low-salt (7SK snRNP; lanes 1– 6) and high-salt (free P-TEFb; lanes
7–12) buffers were determined by Western blotting (upper panel) and quan-
tified. The results are presented as relative distributions in the 7SK snRNP and
free P-TEFb fractions (lower panels). C, the association between 7SK snRNA
and HEXIM1 or CDK9 after JQ1 treatment (5 �M) for the indicated times was
determined by RNA immunoprecipitations (RNA-IP) with anti-HEXIM1 (�Hex;
left panel) and anti-CDK9 (right panel) antibodies, followed by RT-qPCR with
primers specific to 7SK snRNA. Data are presented relative to the DMSO con-
trol (bars 1 and 4). Error bars represent S.E. of triplicate experiments.

FIGURE 3. JQ1 increases HEXIM1 levels for reassembly of the 7SK snRNP.
A, Jurkat cells were treated with JQ1 (5 �M) for the indicated times. HEXIM1
(Hex) mRNA levels were determined by RT-qPCR and normalized to actin
mRNA. The results are presented as -fold increase over the DMSO control (bar
1). Error bars represent S.E. of triplicate experiments. B, Jurkat cells were trans-
fected with the HEXIM1 promoter-luciferase reporter gene plasmid (Hex.Luc)
for 24 h and treated with DMSO or JQ1 (5 �M) for an additional 24 h prior to
luciferase assays. Luciferase activity is presented as -fold activation over the
DMSO control (bar 1). The error bar represents S.E. of triplicate experiments.
C, the protein levels of HEXIM1, CycT1, and tubulin in Jurkat cells treated with
JQ1 (5 �M) for the indicated times were determined by Western blotting (WB).
Ratios between HEXIM1 and tubulin were calculated for each time point and
are presented as -fold increase over the DMSO control (lane 1). D, Jurkat cells
were treated with JQ1 (5 �M) for the indicated times, and cell lysates were
subjected to immunoprecipitations (IP) with anti-CycT1 antibody. The levels
of HEXIM1 and CycT1 proteins in the immunoprecipitations were determined
by Western blotting. Ratios of immunoprecipitated HEXIM1 to CycT1 were
calculated and are presented as -fold increase over the DMSO control (lane 1).
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effects of JQ1 on HIV transcription. To this end, we knocked
down ELL2 with specific shRNAs for 48 h in Jurkat cells. A
previously validated ELL2 shRNA plasmid effector was
co-transfected with the HIV-luciferase plasmid target for 48 h.
Subsequently, cells were treated with JQ1 or DMSO for 24 h,
and luciferase activity was determined (Fig. 5B, lower panels).
Indeed, JQ1 increased the luciferase activity by 4-fold (Fig. 5B,
upper panel, bar 2), which was abrogated when ELL2 was
knocked down (bar 4). Of note, this JQ1- and ELL2-dependent
activation of HIV transcription occurred in the absence of Tat.
We conclude and confirm that as with MLL fusion proteins
MED26 and the polymerase-associated factor complex (20, 31,
32), the SEC can recruit P-TEFb to transcription units, in this
case, to the HIV LTR.
JQ1, HMBA, and SAHA Have Comparable Effects on HIV

Transcription—This and previous studies suggested that
HMBA, SAHA, and JQ1 share a common mechanism of tran-
scriptional activation (16, 17, 34). To this end, we treated J�K
cells with HMBA or SAHA alone or in combination with JQ1
for 24 h and measured the production of HIV by p24 capsid
ELISA. Of note, JQ1 alone had lesser effects onHIV production
than SAHA (Fig. 6A, gray bars versus white bars) orHMBA (Fig.
6B, gray bars versus white bars) at optimal doses (15–17). How-
ever, when suboptimal doses of these compounds were used,

JQ1 acted cooperatively with SAHA (Fig. 6A, black bars) or
HMBA (Fig. 6B, black bars) to activate HIV gene expression. In
no instance did we find inhibition or multiplicative effects of
these compounds, indicating that they act by a similar mecha-
nism with respect to HIV transcription. Importantly, although
we observed respectable increases of new viral particles with
JQ1, we did not observe the reactivation of HIV in latently
infected primary cells or in those frompatients on optimal anti-
retroviral therapy, in which levels of P-TEFb are vanishingly
low (data not shown). This finding is in contrast to HMBA and
SAHA,which can reactivate latent viruses in these cells (16, 17).

DISCUSSION

In this study, we have described a mechanism of transcrip-
tional activation by the BET bromodomain inhibitor JQ1.
Indeed, JQ1 activated HIV and HEXIM1 transcription via the
transient release of free P-TEFb from the 7SK snRNP and its
concomitant recruitment to the HIV LTR and coding regions
by the SEC. Consequently, the increased synthesis of HEXIM1
led to the reassembly of the 7SK snRNP and thus the inactiva-
tion of P-TEFb. Importantly, HIV transcription was activated
by JQ1 and then transactivated by Tat, which can not only uti-
lize P-TEFb from its active and inactive complexes but also
compete with BRD4 for its binding (9, 10, 13).
We also found that HMBA, SAHA, and JQ1 share a common

mechanismof transcriptional activation (16, 17, 34). SAHAalso
affects histone acetylation, and JQ1 affects the “readout” of
these marks by BRD4. Interestingly, recent work demonstrated
that HMBA can also rapidly de- and reacetylate histones with a
concomitant transient release of BRD4 from chromatin. It was
proposed that BRD4�P-TEFb complexes can thus be found in at
least two different states, one chromatin-bound and the other
promoter-associated (28). However, how much P-TEFb is
bound to chromatin via BRD4 tethered to acetylated histones
versus BRD4 in the Mediator complex remains to be investi-
gated. Of note, BRD4 interacts best with the acetylated CycT1
protein, thus opening the possibility of a competition between
acetylated histones and P-TEFb for its binding (11). Neverthe-
less, all of these compounds, although structurally and func-
tionally distinct, seem to target P-TEFb. One simple unifying
hypothesis is that by modifying chromatin, they all stress cells,
whose survival depends on the rapid release of free P-TEFb
from the 7SK snRNP. This consideration applies to other epi-
genetic modifiers that affect transcription elongation.
Although the transcription of many P-TEFb-dependent

genes decreases during reassembly into the 7SK snRNP, HIV
transcription continues because Tat and TAR compete with
HEXIM1 and 7SK snRNA for binding to P-TEFb (9, 10). Our
results indicate that JQ1 activates HIV transcription from J�K
cells as well as other latently infected transformed cell lines
(data not shown). Although JQ1 alone did not reactivate HIV
from latently infected primary resting T cells because their lev-
els of P-TEFb are vanishingly low (6, 35), JQ1 could become a
candidate for combinatorial anti-latency therapy with SAHA
and/or other T cell-activating compounds. To this end, during
the preparation of this manuscript, Montano and colleagues
(36) reported that JQ1 could reactivate minimally latent HIV in

FIGURE 4. JQ1 increases the association between P-TEFb, BRD4, and AFF4
from the SEC. A, Jurkat cells were treated with JQ1 (5 �M) for the indicated
times (left panels) or for 30 min (right panels), and cell lysates were subjected
to immunoprecipitations (IP) with anti-CycT1 (left panels) and anti-BRD4 (right
panels) antibodies. The levels of the indicated proteins in the 5% input (right
panels) and immunoprecipitations (left panels) were determined by Western
blotting (WB). Ratios between immunoprecipitated BRD4 and CycT1 (left pan-
els, BRD4/CycT1; right panels, CycT1/BRD4) were calculated and are presented
as -fold increase over the DMSO control (lanes 1 and 6). B, Jurkat cells were
treated with JQ1 (5 �M) for the indicated times, and cell lysates were sub-
jected to immunoprecipitations with anti-CycT1 antibody. The levels of the
indicated proteins in the 5% input (lanes 1–5) and immunoprecipitations
(lanes 6 –10) were determined by Western blotting. Ratios of immunoprecipi-
tated AFF4 to CycT1 were calculated and are presented as -fold increase over
the DMSO control (lane 6). C, Jurkat cells were treated with JQ1 (5 �M) for the
indicated times, and cell lysates were subjected to immunoprecipitations
with anti-BRD4 antibody. The levels of the indicated proteins in the 5% input
(lanes 1–5) and immunoprecipitations (lanes 6 –10) were determined by West-
ern blotting.
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cells isolated from one of three HIV-infected patients on highly
active antiretroviral therapy, which supports this hypothesis.
BET bromodomain inhibitors such as JQ1 and I-BET are

being investigated as potent anticancer drugs (18, 19, 24, 37)
Attention has been focused onmultiplemyeloma, the growth of
which depends on increased expression of c-Myc. Indeed, JQ1
rapidly depletes c-Myc mRNA, which results in G1 cell cycle
arrest and apoptosis (24). Of note, the expression of the c-myc
gene and its transcriptional effects depend on P-TEFb, which is
inactivated by HEXIM1 (38). In this light, it is of interest that
HEXIM1 transcription is decreased by estrogen in breast can-
cer cells, and its exogenous expression inhibits their prolifera-
tion (39). Depleting LARP7, which is an essential component of
the 7SK snRNP, also increases their metastatic potential and

malignant transformation (27). Thus, the effects of JQ1 onmul-
tiple myeloma cells could also result from increased sequestra-
tion of free P-TEFb into the 7SK snRNP. The lack of response of
some c-Myc-dependent tumors to BET bromodomain inhibi-
tion could then result from a failed reassembly of the 7SK
snRNP because of mutations in its subunits or their inadequate
synthesis (37).
This study reveals an interesting new dimension to JQ1.

Although primarily thought of as an epigenetic modifier, it also
affects the P-TEFb equilibrium in growing cells. These effects
could be direct, as BRD4 can remove P-TEFb from the 7SK
snRNP (11, 13, 30), or indirect, via stress, as the structure of
chromatin changes upon the release of BRD4 (40). Cooperative
removal of BRD4 from chromatin and increased reassembly of

FIGURE 5. JQ1 increases AFF4 and ELL2 levels at the HIV LTR and coding regions, and inactivation of ELL2 blocks its effects on HIV transcription.
A, upper panel, schematic representation of the HIV promoter (LTR) and the Gag-Pol coding regions. Arrows indicate positions of primers for qPCR after ChIP.
Lower panels, J�K cells treated with DMSO (white bars) or JQ1 (5 �M; black bars) for 1 h were subjected to ChIP with the indicated antibodies. The qPCR signals
obtained with the LTR primers (bars 1-5) or the coding primers (bars 6 –10) were normalized to the input and are presented as -fold enrichment over the signals
obtained with the IgG control. Error bars represent S.E. of triplicate experiments. B, upper panel, Jurkat cells were co-transfected with the HIV LTR-luciferase
(HIV.Luc) plasmid target and scrambled (SCR; bars 1 and 2) and ELL2 (ELL2, bars 2 and 4) shRNA plasmids for 48 h prior to the addition of DMSO (bars 1 and 3) or
JQ1 (5 �M; bars 2 and 4). After an additional 24 h, luciferase activity was determined. Data are presented relative to the DMSO control. ELL2 knockdown was
confirmed by Western blotting (WB; middle panel) with tubulin as the loading control (lower panel). Error bars represent S.E. of triplicate experiments.

FIGURE 6. JQ1, SAHA, and HMBA have similar effects on HIV production. A and B, J�K cells were treated with the indicated concentrations of JQ1 (gray bars),
SAHA (A, white bars), HMBA (B, white bars), or combinations (black bars). After 24 h, the production of HIV was determined by p24 capsid ELISA and is presented
as -fold increase over the DMSO control. Error bars represent S.E. of triplicate experiments.
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the 7SK snRNP following the administration of JQ1 could act
synergistically to silence the transcription of c-Myc, which
results in growth arrest and apoptosis of multiple myeloma
cells. Synergistic effects of histone deacetylases and JQ1 could
also be exploited for better treatment of these conditions and
even for possible future interventions in HIV latency and
reactivation.
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