
This article was downloaded by: [University of California, San Francisco]
On: 03 September 2015, At: 17:20
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: 5 Howick Place,
London, SW1P 1WG

Cell Cycle
Publication details, including instructions for authors and subscription information:
http://www.tandfonline.com/loi/kccy20

BET bromodomain-targeting compounds reactivate HIV
from latency via a Tat-independent mechanism
Daniela Boehmab, Vincenzo Calvaneseab, Roy D. Dara, Sifei Xingc, Sebastian Schroederab,
Laura Martinsd, Katherine Aullae, Pao-Chen Liab, Vicente Planellesd, James E. Bradnerf, Ming-
Ming Zhoug, Robert F. Silicianoc, Leor Weinbergerae, Eric Verdinab & Melanie Ottab

a Gladstone Institute of Virology and Immunology; San Francisco, CA USA
b Department of Medicine; University of California, San Francisco; San Francisco, CA USA
c Department of Pharmacology; Johns Hopkins University School of Medicine; Baltimore, MD
USA
d Division of Microbiology and Immunology; Department of Pathology; University of Utah;
Salt Lake City, UT USA
e Department of Biochemistry and Biophysics; University of California, San Francisco; San
Francisco, CA USA
f Department of Medicine; Harvard Medical School; Boston, MA USA
g Department of Structural and Chemical Biology; Mount Sinai School of Medicine; New York,
NY USA
Published online: 01 Feb 2012.

To cite this article: Daniela Boehm, Vincenzo Calvanese, Roy D. Dar, Sifei Xing, Sebastian Schroeder, Laura Martins, Katherine
Aull, Pao-Chen Li, Vicente Planelles, James E. Bradner, Ming-Ming Zhou, Robert F. Siliciano, Leor Weinberger, Eric Verdin &
Melanie Ott (2013) BET bromodomain-targeting compounds reactivate HIV from latency via a Tat-independent mechanism,
Cell Cycle, 12:3, 452-462, DOI: 10.4161/cc.23309

To link to this article:  http://dx.doi.org/10.4161/cc.23309

PLEASE SCROLL DOWN FOR ARTICLE

Taylor & Francis makes every effort to ensure the accuracy of all the information (the “Content”) contained
in the publications on our platform. However, Taylor & Francis, our agents, and our licensors make no
representations or warranties whatsoever as to the accuracy, completeness, or suitability for any purpose of the
Content. Any opinions and views expressed in this publication are the opinions and views of the authors, and
are not the views of or endorsed by Taylor & Francis. The accuracy of the Content should not be relied upon and
should be independently verified with primary sources of information. Taylor and Francis shall not be liable for
any losses, actions, claims, proceedings, demands, costs, expenses, damages, and other liabilities whatsoever
or howsoever caused arising directly or indirectly in connection with, in relation to or arising out of the use of
the Content.

This article may be used for research, teaching, and private study purposes. Any substantial or systematic
reproduction, redistribution, reselling, loan, sub-licensing, systematic supply, or distribution in any
form to anyone is expressly forbidden. Terms & Conditions of access and use can be found at http://
www.tandfonline.com/page/terms-and-conditions

http://www.tandfonline.com/loi/kccy20
http://www.tandfonline.com/action/showCitFormats?doi=10.4161/cc.23309
http://dx.doi.org/10.4161/cc.23309
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


©
20

13
 L

an
de

s 
B

io
sc

ie
nc

e.
 D

o 
no

t d
is

tri
bu

te
.

Cell Cycle 12:3, 452–462; February 1, 2013; © 2013 Landes Bioscience

 RepoRt

452 Cell Cycle Volume 12 Issue 3

*Correspondence to: Melanie Ott; Email: mott@gladstone.ucsf.edu
Submitted: 10/25/12; Revised: 12/14/12; Accepted: 12/17/12
http://dx.doi.org/10.4161/cc.23309

Introduction

The main obstacle to eradicating HIV from patients is post-
integration latency.1 Antiretroviral treatments target only actively 
replicating virus, while latent infections that have low or no 
transcriptional activity remain untreated.2 A combination of 
antiretroviral treatments with latency-purging strategies may 
accelerate the depletion of latent reservoirs and lead to a cure.3 
Current strategies to reactivate HIV from latency include use of 
prostratin, a non-tumor-promoting phorbol ester,4 disulfiram5 
and histone deacetylase (HDAC) inhibitors, such as suberoyl-
anilidehydroxamic acid (i.e., SAHA or Vorinostat).6-9 As the 

the therapeutic potential of pharmacologic inhibition of bromodomain and extraterminal (Bet) proteins has recently 
emerged in hematological malignancies and chronic inflammation. We find that Bet inhibitor compounds (JQ1, I-Bet, 
I-Bet151 and MS417) reactivate HIV from latency. this is evident in polyclonal Jurkat cell populations containing latent 
infectious HIV, as well as in a primary t-cell model of HIV latency. Importantly, we show that this activation is dependent 
on the positive transcription elongation factor p-teFb but independent from the viral tat protein, arguing against the 
possibility that removal of the Bet protein BRD4, which functions as a cellular competitor for tat, serves as a primary 
mechanism for Bet inhibitor action. Instead, we find that the related Bet protein, BRD2, enforces HIV latency in the 
absence of tat, pointing to a new target for Bet inhibitor treatment in HIV infection. In shRNA-mediated knockdown 
experiments, knockdown of BRD2 activates HIV transcription to the same extent as JQ1 treatment, while a lesser 
effect is observed with BRD4. In single-cell time-lapse fluorescence microscopy, quantitative analyses across ~2,000 
viral integration sites confirm the tat-independent effect of JQ1 and point to positive effects of JQ1 on transcription 
elongation, while delaying re-initiation of the polymerase complex at the viral promoter. Collectively, our results identify 
BRD2 as a new tat-independent suppressor of HIV transcription in latently infected cells and underscore the therapeutic 
potential of Bet inhibitors in the reversal of HIV latency.
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mechanisms of HIV latency are diverse, effective reactivation 
may require combinatorial strategies.10

Recently, the therapeutic potential of pharmacologic inhibi-
tion of members of the bromodomain and extraterminal (BET) 
family of human bromodomain proteins has been described.11-13 
The BET protein family is a well-conserved class of transcrip-
tional regulators that are distinguished by the presence of tandem 
bromodomains, conserved domains that recognize and bind ace-
tyl-lysine residues, and a so-called extraterminal (ET) domain.14 
The best-studied BET family member is BRD4, which contains a 
third functional domain, termed the positive transcription elon-
gation factor b (P-TEFb)-interacting domain (PID), that binds 
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existing repertoire of latency-purging compounds and to develop 
an efficient “anti-latency” cocktail.

Results

JQ1 activates HIV transcription in a Tat-independent manner. 
As BRD4 competes with Tat for P-TEFb binding,27 we specu-
lated that treatment with BET inhibitors may activate Tat tran-
scriptional activity and reactivate HIV from latency. To test this 
hypothesis, we treated a polyclonal population of Jurkat T cells 
containing latent HIV (clone R7/E-/GFP)44 with increasing 
amounts of JQ1. This viral clone contains a frame shift mutation 
in the viral Env gene to prevent viral spread and expresses GFP in 
the Nef open reading frame, which allows separation of actively 
infected GFP+ from GFP- cells by cell sorting.44 GFP- cells, which 
are mostly uninfected but contain a small fraction of latently 
infected cells with silenced HIV transcription, were treated with 
JQ1. Activation of transcription was measured by flow cytometry 
of GFP. JQ1, but not the stereoisomer control (R)-JQ1, reacti-
vated HIV-1 in a dose-dependent manner (Fig. 1A). Stimulation 
of cells with JQ1 produced up to 5-fold more GFP-expressing 
cells than control-treated cells. Similar results were obtained 
with another viral clone (NL4-3/E-/GFP-IRES-nef), which also 
expresses GFP in the Nef position and also has Nef expressed 
under the control of an IRES element45 (Fig. 1B).

Next, we tested JQ1 reactivation in combination with HDAC 
inhibitor suberoylanilidehydroxamic acid (SAHA), the protein 
kinase C (PKC) activator prostratin or the proinflammatory 
cytokine TNFα. We observed enhanced activation when JQ1 
was added with prostratin, while no additive or synergistic effects 
were observed with SAHA (Fig. 1A and B). Co-treatment with 
TNFα led to a very modest enhancement of the JQ1 effect in this 
system (Fig. 1A and B).

To determine if BET inhibition specifically activates Tat-
dependent transcription, we utilized a J-Lat cell line harboring 
a latent lentiviral construct expressing Tat with GFP from the 
HIV LTR (clone A2; LTR-Tat-IRES-GFP).44 Treatment with 
JQ1, but not inactive (R)-JQ1, activated HIV transcription in a 
dose-dependent manner, as measured by flow cytometry of GFP 
(Fig. 2A). Stimulation with JQ1 yielded up to 9-fold more GFP-
expressing cells than control-treated cells, and a 22-fold increase 
was observed when cells were co-treated with JQ1 and low doses 
of TNFα (Fig. 2A). However, this effect was not specific for Tat: 
we observed the same effect in A72 cells containing a latent LTR-
GFP construct lacking Tat.44 Here, an up to 22-fold increase in 
GFP+ cells resulted from JQ1 treatment alone, and a 45-fold 
increase resulted when TNFα was added with JQ1 (Fig. 2B). We 
also treated both cell lines with prostratin and SAHA (Fig. S1). 
As observed with the polyclonal cell populations, adding pros-
tratin to JQ1 enhanced the JQ1 effect, while only a very modest 
increase was observed with SAHA, indicating that SAHA and 
JQ1 target a similar cellular pathway. Collectively, these results 
establish the effectiveness of JQ1 to reverse HIV latency in a Tat-
independent manner.

Activating potential of known BET inhibitors in cell lines 
and a primary T-cell model of HIV latency. The activating 

the HIV cofactor P-TEFb.15,16 The recently reported specific BET 
bromodomain inhibitors (JQ1, I-BET) identified these proteins, 
most notably BRD4, as functionally relevant to the pathogenesis 
of hematological malignancies, chronic inflammation and pos-
sibly viral infections.11-13

The HIV promoter after integration into host chromatin is 
uniquely dependent on the activity of P-TEFb.17 In its active 
form, P-TEFb comprises cyclin T1 and the serine/threonine 
kinase CDK9,18 which phosphorylates the negative transcrip-
tion elongation factors NELF19 and DSIF20,21 and the C-terminal 
domain (CTD) of the cellular RNA polymerase II complex,22 
a process that greatly enhances elongation of HIV transcripts. 
P-TEFb is recruited to the HIV promoter by the viral transacti-
vator Tat, which cooperatively interacts with the cyclin T1 and 
CDK9 components of P-TEFb and an RNA stem loop struc-
ture called TAR that forms spontaneously at the 5' ends of HIV 
transcripts.17,23 In the absence of Tat, P-TEFb interacts with the 
BET-containing protein BRD4 and is recruited to the HIV LTR 
via interactions of the BRD4 bromodomains and acetylated his-
tones.15,16 BRD4 and recently described MLL-fusion partners 
are part of active P-TEFb complexes,24 while inactive P-TEFb 
is stored in cells in complex with 7SK snRNA and the P-TEFb 
inhibitor Hexim1.25,26 Notably, the interaction of Tat or BRD4 
with P-TEFb is mutually exclusive, as the PID in BRD4 inter-
acts with the same region in P-TEFb as Tat.27 Interestingly, the 
BRD4 locus was previously identified as a hotspot of integration 
for latent HIV in cell lines, indicating that manipulating BRD4 
expression or function may cause or reverse latency.27,28

Tat and P-TEFb are the subjects of acetylation29-32 and engage 
in bromodomain-dependent interactions. Tat acetylated at lysine 
50 interacts with the bromodomain of the histone acetyltrans-
ferase PCAF/KAT2B, a process that terminates the interac-
tion of Tat with P-TEFb and TAR RNA and recruits the Tat/
PCAF complex to the elongating polymerase complex at the 
HIV LTR.33-36 In addition, cyclin T1 is acetylated at four dis-
tinct lysine residues in its predicted coil-coil domain, and three 
of these lysines (K380, K386, K390) interact with the second 
bromodomain of BRD4, generating a second modification-spe-
cific interaction domain besides the PID.37 While this acetyla-
tion-dependent interaction is relevant for P-TEFb function at 
the HIV LTR and on cellular genes, it is not required for Tat 
activity, supporting the model that Tat recruits P-TEFb in the 
absence of BRD4 potentially directly from inactive P-TEFb stor-
age complexes.

Here, we show that BET inhibitors JQ1,12 I-BET,11 I-BET15113 
and MS41738 effectively reactivate HIV from latency in cultured 
cells and primary T-cell models of latency. While this is expected 
given the restrictive function of BRD4 on Tat transcriptional 
activity, we show that this process is independent from Tat and 
occurs with the same efficiency in cells lacking Tat. Furthermore, 
our data identify another BET protein, BRD2 as a new Tat-
independent suppressor of HIV transcription in latent cells. Our 
results, together with recently published reports from colleagues 
showing reactivation of HIV from latency after treatment with 
JQ1,39-43 indicate that targeting bromodomain interactions at the 
HIV promoter may be a promising strategy to complement the 
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latently infected cells. Interestingly, the nonpolarized T helper cell 
model of HIV latency is also resistant to reactivation by SAHA,50 
underlining that BET inhibitors and SAHA may target common 
mechanistic pathways.

Involvement of P-TEFb in the JQ1 effect on HIV latency. 
To biophysically characterize the Tat-independent JQ1 effect on 
the HIV LTR, single-cell time-lapse fluorescence microscopy was 
performed on ~2,000 Jurkat cells, where each cell carried a dif-
ferent integration site of the LTR promoter driving a destabilized 
GFP reporter (Fig. 5A). Mean fluorescence intensity (MFI) and 
the magnitude of intensity fluctuations (i.e., the “noise”) were 
quantified51 for sub-clusters of polyclonal cells in response to JQ1 
treatment (Fig. 5). The data was analyzed using an established 
two-state model of episodic transcription,52-54 in which the LTR 
switches between a transcriptional OFF state, where RNA poly-
merase II is stalled, and a transcriptional ON state, where elon-
gation occurs and multiple mRNA transcripts are produced at 
a rate = T (Fig. 5B). In this model, promoter switching occurs 
with rates k

on
 and k

off
, which generates pulses or bursts of tran-

scription.51,54 Previous measurements show that the LTR typically 
exhibits k

off
 >  > k

on
, such that large bursts in expression are punc-

tuated by long dwell times in the OFF state.
To determine how JQ1 influences these biophysical param-

eters (k
off

, k
on

, T ), we examined changes in LTR MFI and noise 

effect was not unique to JQ1 but was also observed with I-Bet15113 
and MS417,38 two recently reported small-molecule bromodomain 
inhibitors with similar binding affinities to BET proteins (Fig. 3A 
and B). Both compounds effectively activated HIV from latency 
in A2 and A72 cell lines, underscoring the notion that the BET 
inhibitor effect on HIV latency is independent of Tat. We also 
tested these compounds in a primary T-cell model of latency.46-48 
In this model, Bcl-2-transduced CD4+ T cells were infected in a 
single-round infection with HIV clone NL4-3-Δnef-Δpol-EGFP46 
to generate robust latent infection in vitro (Fig. 4A). To reactivate 
latent HIV-1, cells were treated with the indicated compounds or 
a combination of αCD3 and αCD28 antibodies as a control for 
maximal activation. JQ1 reactivated latent HIV-1 at ~14% of the 
rate achieved by co-stimulation with αCD3 and αCD28 antibod-
ies (Fig. 4A). The same activation was observed in cells activated 
with I-Bet, I-Bet151 and MS417, supporting the model that BET 
inhibition has the potential to reverse latency in primary T cells. 
However, when we analyzed a second primary T-cell model of 
latency using ex vivo differentiated nonpolarized CD4+ T cells,49 
we were unable to significantly reverse latency with any of the BET 
inhibitor compounds, with only a minor activatory effect observed 
with the highest doses of JQ1 and MS417 (Fig. 4B). Notably, 
current primary T-cell models of latency are diverse, and it is 
unknown which one faithfully reproduces the in vivo situation of 

Figure 1. JQ1 activates latent HIV. HIV clones R7/e-/GFp and NL4–3/e-/GFp-IReS-nef were derived from pR7-GFp and pNLeNG1-eGFp by mutating 
the Env gene by inserting an early stop codon in the NdeI site. Viral stocks were produced and VSV-G-pseudotyped in 293t cells and titered for p24. 
Jurkat cells were spininfected with 25 ng of p24 per 106 cells, and GFp- cells were collected in two rounds of cell sorting 5 and 15 d after infection. the 
expanded population of GFp– cells, composed of uninfected and latently infected cells, were seeded in 96-well plates and treated with the indicated 
concentration of drugs in duplicates. the percentage of GFp+ cells was detected after 24 h at the MACSQuant VYB FACS analyzer. Data are expressed 
as the mean percentage of GFp+ cells, subtracting the average percentage of spontaneous GFp-reactivation in the untreated samples. (A) Jurkat cells 
containing latent R7/e-/GFp virus were treated with JQ1 or (R)-JQ1 in combination with prostratin (0.5 μM), SAHA (2.5 μM), tNFα (1 ng/μl) or control at 
the indicated concentrations for 18 h, followed by flow cytometry analysis. Alone or in combination with prostratin or tNFα, the Bet inhibitor JQ1, but 
not the stereoisomer control (R)-JQ1, reactivated HIV-1 in a dose-dependent manner. Similar results were seen in Jurkat cells containing latent  
NL4-3/e-/GFp-IReS-nef (B). Results represent average of two independent experiments.
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Importantly, cyclin T1 knockdown also decreased the ability 
of the cells to respond to JQ1 treatment. Only half as many 
cells responded with GFP expression when JQ1 was added than 
in control cells (Fig. 6A). Similar results were observed with 
two independent cyclin T1-targeting shRNAs, confirming 
that P-TEFb is involved in the reactivating effect of JQ1 in the 
absence of Tat.

BRD2 suppresses HIV transcription in the absence of 
Tat. To test the functional relevance of BET proteins in HIV 
latency, we performed lentiviral shRNA knockdown studies of 
endogenous BRD2 and BRD4 proteins in A72 cells lacking Tat. 
BRD2 is a close relative of BRD4, but lacks a C-terminal PID 
domain. However, in the nuclear complexosome identified by 
Malovannaya et al., BRD2 was found to co-immunoprecipitate 
with CDK9/cyclin T1 or cyclin T2.55 BRD2 binds JQ1 and 
other BET inhibitors, albeit with lower binding affinities than 
BRD4.12 Knockdown of BRD2 resulted in a robust activation 
of the HIV LTR, and this effect was only slightly enhanced in 
response to JQ1 (2-fold as compared with 3.3-fold activation in 
control cells) (Fig. 6B). BRD4 knockdown also resulted in spon-
taneous activation of the HIV LTR, albeit to a lesser extent than 
BRD2 (2.4-fold vs. 5.4-fold), and the response to JQ1 was not 
affected (Fig. 6B). No significant additive or synergistic effects 
were observed when both factors were knocked down together, 
indicating that the two factors work in the same biological path-
way (Fig. 6B). Similar results were obtained when different sets 
of shRNAs against BRD2 and BRD4 were used (Fig. S2). These 

(measured by the coefficient of variation, CV, which is defined 
as the standard deviation over the mean), compared with the 
untreated LTR (Fig. 5C and D). By qualifying MFI and CV in 
time-lapse trajectories, changes in both burst frequency (k

on
) and 

burst size or the number of mRNA produced per activity pulse 
(T/k

off
) can be determined.

The results show that across thousands of integration sites, 
JQ1 treatment increases LTR noise without a significant shift in 
MFI (Fig. 5E). It is important to note that the lack of change 
in MFI change is only relative to cells already expressing high 
levels of GFP. Quantitative analysis of the increase in variabil-
ity shows a JQ1-specific enhancement in transcription burst 
size (T/k

off
) that occurs in parallel with an increase in the aver-

age dwell time in the OFF state (1/k
on

) (Fig. 5F). On average, 
these JQ1-induced changes are equivalent to ~50 min delays in 
transcriptional initiation coupled to a concomitant increase of 
~15 mRNAs per pulse of transcriptional activity. These results 
indicate that JQ1 enhances transcription elongation from the 
LTR, in the absence of Tat, while delaying re-initiation of the 
polymerase complex.

As transcription elongation at the HIV promoter uniquely 
depends on P-TEFb, we determined if the JQ1 effect in latent 
cells requires intact P-TEFb. We introduced short hairpin 
RNAs (shRNAs) directed against cyclin T1, an important 
component of P-TEFb, into A72 cells with lentiviral vectors. 
Knockdown of cyclin T1 yielded lower basal levels in GFP+ cells 
than control cells expressing non-targeting shRNAs (Fig. 6A). 

Figure 2. the JQ1 effect is tat-independent. two latent J-Lat cell lines A2 (containing a LtR-tat-IReS-GFp construct) or A72 (containing a LtR-GFp 
construct) were treated with JQ1 or (R)-JQ1 in combination with tNFα or control at the indicated concentrations for 18 h, followed by flow cytometry 
analysis. (A) In A2 cells JQ1, but not the control (R)-JQ1, reactivated HIV-1 in a dose-dependent manner. Similar results were seen in the tat-deficient 
A72 Jurkat cell line (B). Data represent average (± SD) of three independent experiments.
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Hexim1-containing cellular complexes, a process that tran-
siently promotes assembly of P-TEFb with MLL fusion partners 
in the so-called superelongation complex SEC.41 Most recently, 
Li et al. and Zhu et al. identified BRD4 as a negative regulator of 
HIV-1 replication.42,43 Li et al. showed that JQ1 activates latent 
HIV in J-Lat A2 cells but, unlike us, found that this effect is 
Tat-dependent in Jurkat 1G5 and HeLa-based NH1 and NH2 
cells.42 Zhu et al. report modest stimulation of an HIV-LTR 
reporter by JQ1 in the absence of Tat, but JQ1 in combination 
with Tat resulted in more cells reactivating latent viruses and 
with greater magnitude.43

We partially confirm and extend these studies by showing 
that the BET inhibitor effect is not confined to clonal cell lines, 
but is also observed in polyclonal Jurkat cells infected with 
latent HIV proviruses. Similar to Banerjee et al.39 and Zhu et 
al.,43 we also found activating effects of JQ1 in a primary T-cell 
model of latency, underscoring the therapeutic potential of JQ1 
in primary T cells. However, a latency-purging effect of BET 
inhibitors was not observed in non-polarized primary T cells as 
surrogates for central memory T cells, a major latency reservoir 
in patients.50 As it is unclear whether any model faithfully repre-
sents the in vivo situation of latently infected cells, further stud-
ies are needed to evaluate the clinical potential of BET inhibitors 

results identify BRD2 as a new factor involved in HIV transcrip-
tion in latent cells.

Discussion

In this study, we demonstrate that JQ1 and other recently pub-
lished bromodomain inhibitors partially reverse HIV latency. 
While this manuscript was in preparation, similar results were 
published by Banerjee et al., Bartholomeeusen et al., Li et al. 
and Zhu et al.39,41-43 Banerjee et al. show that JQ1 reactivates 
latent HIV in Ach2 and U1 cell lines, two clonal cell lines car-
rying HIV proviruses defective in the Tat/TAR axis of HIV 
transcription56-58 and in J-Lat clone 10.6. This clone carries full-
length replication-competent HIV without inactivating muta-
tions.44 They also show that JQ1 activates HIV-1 infection in 
acutely infected primary CD4+ T cells and observe an expres-
sion profile of upregulated chromatin modification genes and 
genes associated with HIV transcription, including cyclin T1, 
CDK9 and MLL fusion partners, all part of active P-TEFb 
complexes, in cells treated with JQ1. Bartholomeeusen et al. 
demonstrate the JQ1 effect in JΔK cells, a Jurkat clonal cell 
line carrying HIV that lacks both NFκB binding sites.58 They 
further show that JQ1 treatment releases P-TEFb from inactive 

Figure 3. Reactivation of latent HIV with other bromodomain-targeting compounds. J-Lat cell lines A2 (A) and A72 (B) were treated with JQ1 or two 
other bromodomain-targeting compounds, I-Bet151 and MS417, at the indicated concentrations for 18 h and analyzed by flow cytometry. As indi-
cated, in both A2 and A72 cells, stimulation with all three compounds increased GFp expression. Data represent average (± SD) of three independent 
experiments.
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the reactivation of HIV in JΔK cells was noted in the study of 
Bartholomeeusen et al.41

In contrast to Li et al.,42 we find robust effects of BET inhibi-
tors on HIV gene expression in the absence of Tat. Our hypoth-
esis at the onset of these studies was that BET inhibitors remove 
the restrictive function of BRD4 from Tat. However, when we 
tested the A72 cell line, it became rapidly clear that this cannot 
be the only mode of JQ1 function in HIV latency. We observe 

in primary T cells. However, a careful comparison of the two 
cell models used in our studies may yield important mechanis-
tic insights into the mechanism of action of BET inhibitors in 
the future. Notably, non-polarized cells are not reactivated in 
response to SAHA, which shows mild or no synergy with JQ1 
in our system. This observation indicates that JQ1, like SAHA, 
may target a pathway in HIV reactivation that is not active in 
non-polarized cells. A cooperative action of JQ1 and SAHA in 

Figure 4. effect of bromodomain-targeting compounds in primary t-cell models of HIV latency. (A) Detection of latently infected cells in sorted GFp-
negative Bcl-2-transduced cells. the sorted GFp-Bcl-2-transduced resting CD4+ t cells were treated with stimuli for 24–72 h at 37 °C. Cells treated with 
2.5 μg/ml αCD3 and 1 μg/ml αCD28 antibodies were used as positive controls. Reactivation of latent HIV-1 was determined by quantifying % GFp+ 
cells with a MACSQuant flow cytometer (Milteny Biotech GmbH). Results are expressed as percentage of reactivation in response to αCD3 plus αCD28 
activation and represent the average of two independent donors. (B) effect of bromodomain-targeting compounds in latently infected primary non-
polarized t helper cells. Latently infected t cells were generated using healthy, uninfected CD4+ t cells (DoNoR 144) that were ex vivo differentiated 
into nonpolarized t cells and infected with DHIV-GFp, X4 virus as previously described.49,50 Reactivation was monitored by analysis of GFp by flow cy-
tometry 96 h after compound addition. Beads coated with αCD3/αCD28 antibodies were used as positive controls. All compounds were also tested in 
non-infected cells to distinguish between HIV-1 reactivation and compound fluorescence. Similar results were observed in two independent donors.
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studies in cells harboring actively transcribing LTR-GFP lenti-
viral vectors. Treatment of these cells with JQ1 induced marked 
changes in noise amplitudes of GFP expression, consistent with 
an increase in transcription burst length induced by JQ1 in 

strong Tat-independent effects on HIV gene expression in latent 
cell lines lacking Tat (A72), but also in Jurkat cell lines harboring 
non-latent HIV LTR driving luciferase expression (IG5) (data 
not shown). These findings are supported by our biophysical 

Figure 5. JQ1 enhances transcription burst size. (A and B) Depiction of the experimental model with polyclonal LtR-GFp-containing Jurkat cells. 
(C and D) Cells treated with JQ1 can change the mean expression level of GFp (hypothesis 1), the variability (or coefficient of variation, CV, defined as the 
standard deviation over the mean; hypothesis 2) or both, compared with the untreated basal expression state. (E) Genome-wide signatures of JQ1 expo-
sure by time-lapse microscopy. over 2,000 cells were accounted for and imaged for durations of 12–18 h. JQ1 displays a similar abundance range with el-
evated noise magnitude compared with the untreated cell population. (F) Histogram/bar representation of the quantified shifts in burst size (or number 
of mRNA per pulse, T/koff) and the average dwell time in the oFF state (of 1/kon) with and without JQ1 treatment. JQ1 increases burst size and 1/kon.
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(Fig. 7). Future studies will address whether BRD2 exerts sup-
pressive functions directly by associating with the HIV LTR or 
indirectly by affecting gene expression of transcriptional repres-
sors or co-repressor. The fact that BRD2 itself binds HDACs sup-
ports a model where BRD2, by recruiting repressor complexes to 
the latent HIV LTR, could directly suppress HIV transcription. 
On the other side, the finding by Banerjee et al. that JQ1 treat-
ment reprograms expression of chromatin modification genes39 
supports a model in which JQ1 activates HIV transcription by 
reversing a BRD2-mediated suppressive gene expression profile. 
Future studies will address this issue and the question whether 
BRD2 regulates HIV transcription via P-TEFb.

Materials and Methods

Materials. HEK293T and Jurkat cells were obtained from the 
American Type Culture Collection. J-Lat (clones A2 and A72) 
cell lines were described.44 HEK293T cells were cultured in 
DMEM supplemented with 10% FBS, 1% L-glutamine and 1% 
penicillin-streptomycin (Life Technologies). Jurkat and J-Lat 

the absence of Tat. Why we observe a concomitant decrease in 
transcription initiation rates in response to JQ1 in this model is 
unclear at this point but will be further investigated in the future.

Our study, for the first time, establishes a role of BRD2 in 
HIV latency (Fig. 7). Previously, BRD2 was shown to bind to 
acetylated lysine residues of histone H4, where it recruits tran-
scription factors and regulates transcription.59-61 BRD2 couples 
histone acetylation to transcription61,62 by providing a scaffold 
on chromatin to recruit E2F transcription factors,60,63 a lysine-
specific demethylase,64 TBP,63 HDACs,59 histone H4-specific 
acetyltransferase (HAT)62 and proteins involved in chromatin 
remodeling.65-67 Given that chromatin-remodeling components 
and HDACs are crucial in the maintenance and reversal of HIV 
latency, we hypothesize that BRD2 recruits histone modification 
enzymes, transcriptional activator complexes and chromatin-
remodeling factors to the HIV LTR promoter, thereby activating 
transcription.68

While this may explain how BRD2 could turn into an acti-
vator and enhance HIV transcription in response to JQ1, it is 
unclear how it acts as an inhibitory factor without the drug 

Figure 6. the JQ1 effect in A72 cells is dependent on p-teFb and BRD2. (A) A72 cells were infected with virus containing shRNA constructs targeting 
cyclin t1 or a non-targeting control. Knockdown of cyclin t1 protein levels are shown by immunoblotting with cyclin t1 or the control α-tubulin anti-
body. At 4 d after infection, cells were treated with JQ1 or DMSo at the indicated concentrations for 18 h and analyzed by flow cytometry. As indicated, 
knockdown of cyclin t1 resulted in a decrease in GFp expression under basal condition and in JQ1-treated cells. Average (± SD) of three experiments is 
shown. (B) A72 cells were infected with virus containing shRNA constructs targeting BRD2, BRD4 or a non-targeting control. At 4 d after infection, cells 
were treated with JQ1 or DMSo at the indicated concentrations for 18 h and examined by flow cytometry. As indicated, knockdown of BRD2 and BRD4 
resulted in an increase in GFp expression. JQ1 treatment enhanced this effect. Results represent average (± SD) of three experiments. Knockdown of 
BRD2 and BRD4 protein levels were confirmed by immunoblotting with BRD2 and BRD4 antibodies or the control α-tubulin.
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Single-cell analysis of JQ1-treated cells. Lentiviral vectors 
expressing the LTR-GFP cassette in the absence of Tat were 
described70 and used to infect 5 × 105 Jurkat cells at a multiplicity 
of infection < 0.1, resulting in 25,000–50,000 infected cells each 
presumably with a unique integration site. Cells were then sorted 
by FACS to isolate green fluorescent protein-labeled (GFP+) cells 
and fluorescently imaged on glass-bottom dishes in RPMI 1640 
with 10% fetal calf serum and 1% penicillin-streptomycin and 
1μM JQ1 at t = 0 h for the treated population. The imaging took 
place in humidified conditions at 37°C and 5% CO

2
 for 12–24 h 

with a 40× (1.2 NA) oil-immersion objective on a Zeiss Observer 
Z1 microscope equipped with an automated linear-encoded X-Y 
stage, as described.71,72 Image processing and cell tracking were 
performed in Matlab™ with an in-house algorithm,51,72 and a 
single 12-h experiment could generate up to 1,000 single-cell tra-
jectories for analysis.

For each trajectory, noise autocorrelation [Φ(t)] and magni-
tude (CV2) were calculated using an established noise-processing 
algorithm.51,72,73 A published theory53,74 of the two-state transcrip-
tional bursting model yields analytical expressions for the auto-
correlation of the noise, Φ(τ), and noise magnitude. Derivations 
and calculated burst size and frequency have been reported.51,54 
Exogenous JQ1 addition can change either mean fluorescence, 
variability of expression (defined by the coefficient of variation, 
CV) or both. Modeling of two-state transcription enables the 
differentiation between modulations in transcriptional initiation 
(Dk

on
) or in the burst size (DT/k

off
).
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cells were cultured in RPMI supplemented with 10% FBS, 
1% L-glutamine and 1% penicillin-streptomycin. TNFα 
(Sigma-Aldrich) was used at concentrations of 0.25 or 1 
ng/ml. Human αCD3 and αCD28 (BD Biosciences) were 
used at concentrations of 3 and 1 μg/ml, respectively. 
Prostratin (Sigma) was used at a suboptimal concentra-
tion of 0.5 μM, and SAHA (NCI Chemical Carcinogen 
Repository, Midwest Research Institute) was used at 
2.5 μM.

Primary T-cell model of HIV latency in  
Bcl2-transduced T cells. Primary CD4+ T cells from 
healthy donors were isolated to generate HIV-1 latent 
infection in vitro as described.47 In brief, primary CD4+ T 
cells were co-stimulated with αCD3 and αCD28 antibod-
ies and then transduced with a Bcl-2-expressing lentiviral 
vector to allow long-term culture. After 3 wk of culture 
in absence of supplemental cytokines, Bcl-2-transduced 
primary CD4+ T cells return to a quiescent state.47 Bcl-2-
transduced cells were then co-stimulated and infected with 
NL4-3-Δ6-drEGFP virus. The infected cells were cul-
tured for several weeks without supplemental cytokines to allow 
establishment of latency in surviving cells.47 Flow cytometric cell 
sorting was used to remove residual GFP+ cells. This approach 
produces cultures, in which 1–3% of the cells are latently infected, 
with the remaining cells (> 97%) being uninfected.46,47 After cell 
sorting, the purified GFP- Bcl-2-transduced resting CD4+ T cells, 
including latently infected cells, were plated at 5 × 104 cells/well, 
in 200 μL of RPMI 1640 + 10% FBS in U-bottomed 96-well 
plates and treated with the indicated compounds for 24–72 h at 
37°C. Cells treated with 2.5 μg/ml αCD3 plus 1 μg/ml αCD28 
antibodies were used as positive controls. At the indicated times, 
the fraction of GFP+CD4+ T cells was measured by FACS.

ShRNA-mediated knockdown experiments and flow cytom-
etry analysis. ShRNA-expressing lentiviral vectors were pur-
chased from Open Biosystems. The plasmids TRCN0000006308 
and TRCN0000006310 were used to deplete BRD2; plasmids 
TRCN0000021424 and TRCN0000021428 were used to deplete 
BRD4; and plasmids TRCN0000013673 and TRCN0000013675 
were used to deplete cyclin T1. The pLKO.1 vector containing 
scramble shRNA was used as control. Pseudotyped viral stocks 
were produced in 2 × 106 HEK293T cells by the calcium phos-
phate method by co-transfection 10 μg of shRNA-expressing len-
tiviral vectors, together with 6.5 μg of the lentiviral packaging 
construct pCMVdelta R8.9169 and 3.5 μg of VSV-G glycoprotein-
expressing vector,69 and titered for p24 content. J-Lat A72 cells 
(containing a LTR-GFP construct) were spininfected with virus 
(1 ng of p24 per 106 cells) containing shRNAs against BRD2, 
BRD4, cyclin T1 or non-targeting control shRNAs and were 
selected with puromycin (2 μg/ml; Sigma). After 4 d of selec-
tion, cells were treated with the indicated concentration of drugs. 
The percentage of GFP+ cells was determined after 18 h using 
a MACSQuant VYB FACS analyzer (Miltenyi Biotech GmbH). 
Cell viability was monitored by forward and side scatter analysis. 
Analysis was conducted on 3 × 10,000 live cells per condition, and 
all experiments were independently repeated at least three times. 
Data were analyzed using FlowJo 9.4 (Tree Star).

Figure 7. Model: Bet proteins restrict HIV transcription in the absence of tat. 
JQ1 removes the inhibiting function of BRD2 and BRD4 proteins from latent 
HIV, a process that may allow both factors to turn into activators of HIV tran-
scription in conjunction with p-teFb. See text for details.
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