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HIV Transcription Is Independent of Mediator Kinases
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Abstract

While the roles in HIV transcription of many cyclin-dependent kinases (CDKs) have been well defined, little is
known about the impact of mediator kinases (MDKs), CDK8 and CDK19, in this process. Mediator complexes
containing CDK8 or CDK19 repress or activate the expression of selected genes. The aim of this study was to
investigate the role of MDKs in HIV transcription. siRNA knockdown of both MDKs had no effect on HIV
transcription. This result was confirmed using two MDK inhibitors, Cortistatin A (CA) and Senexin A (SnxA).
Furthermore, neither CA nor SnxA inhibited viral reactivation in Jurkat cell models of HIV latency. Taken
together, these results indicate that MDKs are not required for HIV transcription.
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Introduction

HIV transcription requires initiation, elongation,
and termination machineries, which are also neces-

sary for the expression of host cellular genes. Transcription
factors (TFs) such as nuclear factor-kappaB (NF-jB), cyclin-
dependent kinase-7 (CDK7), positive transcription elonga-
tion factor-b (P-TEFb), CDK11, and RNA polymerase II
(RNAPII) are all indispensable for efficient HIV transcrip-
tion.1 The expression of these TFs is abundant in activated
CD4+ T cells, but remarkably low when cells become qui-
escent, as is the case in resting memory T cells.2,3 The ab-
sence of these important TFs promotes and maintains HIV
latency.1 In spite of the efficacy of current antiretroviral
regimens in suppressing HIV replication, latently infected
cells persist and prevent the eradication of infected cells or
HIV cure.

The role of CDKs in transcription elongation in HIV
transcription has been well established.1 RNAPII has been
found at the HIV long-terminal repeat (LTR) in the absence of
Tat. It exists in a paused transcription complex with negative
elongation (NELF) and DRB sensitivity-inducing factors
(DSIF). Following the expression of Tat, HIV transcription
elongation ensues.4 Tat promotes the recruitment of P-TEFb to
RNAPII, leading to the phosphorylation of NELF, DSIF, and
RNAPII by the CDK9 subunit of P-TEFb, resulting in pro-
ductive elongation. In addition to CDK9, CDK2,5 7,4,6 11,7

and 138 are important to HIV initiation, elongation, and ter-
mination.9 However, little is known about the role of CDK8
and its paralogue CDK19, the mediator kinases (MDKs), in
HIV transcription.

Mediator (MD) complexes are large multiprotein tran-
scription complexes that form at promoters.10,11 MD com-
plexes are required for pre-initiation complex (PIC) assembly,
enhancer to promoter gene looping, and coordination of sig-
nals between TFs and RNAPII. Three MD complex proteins
were identified in a meta-analysis of nine genome-wide
screens that identified host factors that interact with HIV.12 In
fact, these MD proteins were among only a few host factors
that were identified in three of the nine independent screens.
While some MD complexes contain CDKs, their role in
transcription elongation is unknown. The binding of MD
containing CDK8 (CDK8-module) to RNAPII is independent
of and precludes the binding of other MD complexes to
RNAPII.13–15 While the CDK8-module was first thought to be
a repressive complex, emerging evidence indicates that it can
act to repress and/or activate gene expression. Recent evidence
implicates the CDK8-module in the function of tumor necrosis
factor-alpha-activated NF-jB and hypoxia-induced RNAPII
elongation of HIF1A-responsive genes.16,17 CDK19 is a
paralogue of CDK8, which can form its own MD complex. It is
unclear if the CDK8- and CDK19-modules are functionally
redundant; however, only CDK8 knockout is embryonically
lethal.18 The inhibition of both MDKs results in global
downregulation of genes associated with TFs, transcription,
and chromatin regulators.

The inhibition of MDKs, through the use of highly specific
chemical inhibitors, has been suggested for use in cancer
therapies.19 Cortistatin A (CA) is a steroid alkaloid derived
from the marine sponge Corticum simplex. CA is a highly
specific inhibitor of Rho-associated protein kinase (ROCK),
CDK8, and CDK19, which induces the expression of super
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enhancer associated genes, including several TFs.15,20,21 The
antiproliferative effect of CA was first described in human
umbilical vein endothelial cell (HUVEC) lines.20 Differential
sensitivity to the antiproliferative effects of CA is observed
between long-lived cell lines. Notably, erythroleukemic cell
lines are insensitive to the antiproliferative effects of CA.21

Unfortunately, the synthesis of CA is labor-intensive and
cost-prohibitive for large-scale therapeutic use. An analog of
CA, didehydro-CA (dCA), was synthesized to overcome the
production limits of CA.22 dCA blocks HIV through the
binding of Tat,23 and this suppression is independent of its
ability to inhibit MDKs.24 A second, commercially available
MDK inhibitor is Senexin A (SnxA).16,19 SnxA was discov-
ered in a drug screen of small-molecule compounds that
inhibit cytomegalovirus (CMV)-green fluorescent protein
(GFP) through the induction of the CDK inhibitor p21.19 In
contrast to CA, SnxA has no effect on ROCK.19,20 Both CA
and SnxA inhibit the ATP binding site and block CDK8 and
CDK19 activities.

The aim of this study was to investigate the role of MDKs
in HIV transcription. We made use of siRNA knockdowns
and specific chemical inhibitors, CA and SnxA, to inhibit
MDK expression and activity. We utilized several ap-
proaches to assess the requirement of MDKs in HIV tran-
scription: transient co-transfection of a minimal HIV LTR
luciferase (LTR-Luc) reporter, transient transfection of the
full-length HIV provirus that makes its own Tat, NH1 cells
that stably express HIV LTR, and Jurkat cell models that can
be activated to re-express latent HIV. In all the systems tes-
ted, MDKs were dispensable for HIV transcription.

Results

Knockdowns of CDK8 and CDK19 do not inhibit
HIV transcription

CDK8 and 19 are paralogues and found in separate MDK
complexes; therefore, siRNAs against CDK8 and CDK19
were used together for the knockdown of MDKs. CDK9 is
essential for HIV transcription, and was used as a positive
control. HeLa cells expressing the CD4 T cell receptor
(HeLa-CD4) were transfected with siCDK8 and siCDK19,
siCDK9, or a scrambled negative control (siSCR). Cells were
then transfected with either empty vector negative control or
NL4.3-luciferase (NL4.3-Luc), which produces its own Tat
to activate efficient HIV transcription. Lysates were har-
vested 24 h post NL4.3-Luc transfection (48 h post knock-
down) and luciferase activity was measured. We observed a
37-fold induction of luciferase activity in cells transfected
with NL4.3-Luc (lane 2 in Fig. 1A). Knockdown of CDK9
resulted in a 73% decrease in luciferase activity (lanes 2 and 3
in Fig. 1A), consistent with its requirement for efficient
elongation. Luciferase activity was not affected by knock-
downs of CDK8 and CDK19 (lanes 2 and 4 in Fig. 1A), in-
dicating that MDKs are not critical for HIV transcription.
Efficiency of these knockdowns was confirmed by western
blotting (Fig. 1B).

Chemical inhibition of MDKs does not inhibit
HIV transcription

Two chemical inhibitors, CA and SnxA, were used to
observe the effects of chemical inhibition of MDK activity on

HIV transcription. Both inhibitors bind the ATP pocket and
block CDK8 and CDK19 activation.

HeLa-CD4 were transiently transfected with LTR-Luc,
which expresses the HIV promoter driving luciferase gene
expression. Unlike NL4.3-Luc, LTR-Luc does not make its
own Tat and requires co-transfection with a plasmid ex-
pressing Tat to activate HIV LTR. Cells were given in-
creasing concentrations of CA at the same time as the
transfection, and luciferase activity was measured 48 h later.
In the absence of Tat, luciferase activity was not detected
(lane 1 in Fig. 2A). Tat induced an 88-fold increase in lu-
ciferase activity (lane 2 in Fig. 2A). CA did not significantly
inhibit Tat-induced LTR activation at any concentration
tested (lanes 3–7 in Fig. 2A). Even very high concentrations
of CA failed to significantly inhibit Tat transactivation (lanes
5–7 in Fig. 2A). Additionally, we tested whether CA was able

FIG. 1. Knockdowns of MDKs do not inhibit HIV tran-
scription. HeLa-CD4 cells were transfected with siRNAs
against CDK9, CDK8, and CDK19, or scrambled non-
specific control (SCR). Twenty-four hours post knockdown,
cells were transfected with NL4.3 Luc. At 24 h post NL4.3-
Luc transfection (48 h post knockdown), lysates were har-
vested and examined for luciferase activity or Western
blotting. (A) Luciferase activity is presented as a fold
change in luciferase activity over untreated control cells (set
to 1). (B) Whole-cell lysates were run on 10% SDS-PAGE
and blotted with anti-CDK9, anti-CDK8, anti-CDK19 anti-
bodies, with b-actin serving as loading control. Samples
from cells treated with scrambled and CDK8/19 siRNAs
were run on the same gel. Triplicate stimulations were
performed. Error bars represent standard errors of the mean
(**p < .01). CDK, cyclin-dependent kinase; MDK, mediator
kinase.
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to inhibit HIV integrated into chromatin using the HeLa-
based NH1 cells, which stably express the luciferase gene
driven by HIV LTR. In the absence of Tat, luciferase activity
was not detected (lane 1 in Fig. 2B). Tat induced a 37-fold
increase in luciferase activity (lane 2 in Fig. 2B), and in-
creasing concentrations of CA did not significantly inhibit
this induction (lanes 3–5 in Fig. 2B). We did not observe a
greater inhibition with increasing concentrations of CA
(lanes 3–5 in Fig. 2B). Taken together, we conclude that Tat-
induced activation of HIV LTR is not inhibited by CA in
either transient transfection or stable expression systems.

To confirm these results, we repeated the above experi-
ment using a second inhibitor of MDKs, SnxA. In cells co-
transfected with LTR-Luc and Tat, Tat induced a 16-fold
increase in luciferase activity (lane 2 in Fig. 2C). Increasing
concentrations of SnxA had no effect on this luciferase ac-
tivity induced by Tat (lanes 3–5 in Fig. 2C).

While the inhibition of MDKs with chemical inhibitors did
not ablate HIV transcription, we did observe a consistent
minor decrease in luciferase activity in all three systems
tested. HIV transcription is highly dependent on Tat, and its
decreased levels may account for a minor reduction of lu-
ciferase activity in cells treated with chemical inhibitors.
Indeed, SnxA-treated cells had 40% less Tat expression (lane
3 in Fig. 2D). This decrease was observed with chemical
inhibitor treatment (Fig. 2) but not following siRNA knock-

down of MDKs (Fig. 1), indicating that a decrease in Tat
expression and a subsequent minor decrease in luciferase
expression is a side effect of the inhibitors.

To ensure that these chemical inhibitors inhibited the ki-
nase activity of MDKs, a known target of MDK, interferon-
gamma (IFNc)-induced STAT1 phosphorylation was exam-
ined.15 A single concentration of CA was tested due to lim-
iting supplies of the inhibitor. Treatment with inhibitors alone
did not affect STAT1 phosphorylation (lane 2 in Fig. 3A and
lanes 2–4 in 3B). The addition of IFNc potently induced
phosphorylation of STAT1 (lane 3 in Fig. 3A and lane 5 in
Fig. 3B). Importantly, treatment with CA decreased this in-
duced STAT1 phosphorylation (lane 4 in Fig. 3A). Treatment
with SnxA also inhibited IFNc-induced STAT1 phosphory-
lation in a dose-dependent manner (lanes 6–8 in Fig. 3B). The
addition of 5 nM SnxA induced a 64% decrease in this
phosphorylation (lane 8 in Fig. 3B). Since CA and SnxA
efficiently blocked STAT1 phosphorylation, this finding
confirms that these inhibitors potently inhibited MDK func-
tion in spite of having no effect on HIV transcription.

Chemical inhibition of MDKs does not inhibit
HIV reactivation

Although MDKs are not required for HIV transcription, the
inhibition of MDKs could prevent reactivation of latent HIV.

FIG. 2. Chemical inhibition of MDKs
does not inhibit HIV transcription.
(A) HeLa-CD4 cells were co-transfected
with LTR-Luc and Tat for 48 h. CA was
added at the indicated concentrations.
Luciferase activity was measured 48 h
post transfection, and is presented as a
fold change in luciferase activity over
untreated control cells (set to 1). (B) NH1
cells, stably expressing LTR-Luc, were
transfected with Tat – CA for 48 h. Luci-
ferase activity was measured 48 h post
transfection. (C) HeLa-CD4 cells were co-
transfected with LTR-Luc and Tat for 48 h.
SnxA was added at indicated concentra-
tions. Luciferase activity was measured
48 h post transfection. (D) Whole-cell ly-
sates of SnxA-treated HeLa-CD4 cells
were separated on 15% SDS PAGE. The
membrane was probed with anti-myc and
anti-b-actin antibodies. Densitometry was
calculated and normalized to b-actin. Re-
sults are representative of two independent
experiments. Triplicate stimulations were
performed for all experiments. Error bars
represent standard errors of the mean. CA,
Cortistatin A; LTR-Luc, long-terminal re-
peat luciferase; SnxA, Senexin A.
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This would make MDK inhibitors an attractive candidate for
‘‘block and lock’’ therapies, in which HIV is theoretically
suppressed to a point where daily antiretroviral therapy is no
longer necessary.

2D10 and J-Lat 8.4 cells are Jurkat T cells that stably
express GFP from HIV LTR. Both cell lines are used as
models for HIV latency and viruses can be reactivated by a
potent protein kinase C agonist, such as phorbol myristate
acetate (PMA). In J-Lat 8.4 cells treated with CA, it alone did
not induce GFP expression (lane 2 in Fig. 4A). Stimulation
with PMA resulted in a fourfold increase in GFP (lane 3 in
Fig. 4A). Treatment with CA did not decrease this activation
by PMA (lane 4 in Fig. 4A). However, PMA treatment alone
did reduce the viability of these cells by 40% (lane 3 in
Fig. 4B). CA alone did not affect the viability (lane 2 in
Fig. 3B), nor did it increase the toxicity of PMA treatment of
J-Lat 8.4 cells (lane 4 in Fig. 4B).

As observed in previous experiments, CA and SnxA
treatments yielded similar results. In 2D10 cells treated with
SnxA, it alone did not induce the expression of GFP (lane 2 in
Fig. 4AC). Stimulation with PMA resulted in a 44-fold in-
crease in GFP expression (lane 3 in Fig. 4C). Because J-Lat
8.4 cells are transcriptionally interfered25 and less reactivate
in response to PMA, GFP expression in 2D10 cells was
10-fold higher than in J-Lat 8.4 cells (lane 3 in Fig. 4A). The
addition of SnxA did not significantly inhibit reactivation by

PMA (lane 4 in Fig. 4C). PMA treatment alone reduced the
viability of these cells by 40% (lane 3 in Fig. 4D). SnxA alone
did not affect the viability of 2D10 cells (lane 2 in Fig. 4D),
nor did it increase the toxicity of PMA treatment (lane 4 in
Fig. 4D). Taken together, we conclude that in addition to
having no effect on HIV transcription, the inhibition of
MDKs is also unable to inhibit the reactivation of latent HIV.

Discussion

In this study we determined that MDKs are not necessary
for HIV transcription. Since transformed cells express ade-
quate levels of TFs necessary for HIV, they were found to be
optimal systems to study the effects of MDK deletion and
inhibition. Indeed, knockdowns of CDK8 and CDK19 did not
affect HIV gene expression. This result was confirmed using
two chemical inhibitors of MDKs. Furthermore, chemical
inhibition of MDKs did not prevent the reactivation of latent
HIV. Taken together, these results indicate that MDKs are not
required for HIV transcription.

The role of MDKs in HIV transcription has, in part, been
explored previously. While Ruiz et al. determined that the
knockdown of MD proteins associated with the CDK8-
module did not affect HIV transcription,26 this study did not
address CDK8 expression or activity directly. Our study fully
assessed the role of MDKs through a direct knockdown of

FIG. 3. Chemical inhibition of MDKs
decreases STAT1 phosphorylation. HeLa-
CD4 cells were pretreated with (A) 10 nM
CA for 1 h or (B) indicated concentrations of
SnxA, then stimulated with IFNc (10 ng/mL)
for 1 h. Whole-cell lysates were run on 10%
SDS-PAGE and blotted with anti-phospho-
STAT1 and anti-STAT1 antibodies with b-
actin serving as loading control. Representative
blots of triplicate stimulations are presented.
IFNc, interferon-gamma.
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CK8 and CK19, as well as treatment with two highly specific
MDK inhibitors. During the preparation of this article,
Mediouni et al. published similar observations that the
knockdown of CDK8 and CDK19 did not affect viral mRNA
production nor the viability of HeLa-CD4.24 Our findings
confirm and expand on these results through the use of two
chemical inhibitors of MDKs. Both chemical inhibitors of
MDKs, CA and SnxA, potently inhibited MDK function, but
had no effect on HIV transcription. The efficacy of these
inhibitors was confirmed by a known target of CDK8,15

IFNc-induced STAT3 phosphorylation (Fig. 3). Furthermore,
we determined that the inhibition of MDKs also had no effect
on the reactivation of latent HIV. Taken together, our results
using siRNA knockdown, chemical inhibitors, and cell line
models of HIV latency provide definitive evidence that
MDKs are not required for HIV transcription.

A slight inhibition of HIV transcription was observed in
cell line models treated with CA and SnxA, but not in siRNA
knockdown cells (Fig. 2). Concurrently, we also observed
reduced levels of Tat following treatment with these inhibi-
tors (Fig. 2D). In this system, Tat was expressed from a
separate plasmid and a different promoter. When full-length
HIV, which produces its own Tat, was used, we observed no
decrease in HIV transcription (Fig. 1). Since Tat is required to
recruit P-TEFb to HIV LTR, leading to the release of paused
RNAPII and productive elongation,4 and direct knockdowns
of MDKs had no effect on HIV gene expression, we conclude
that HIV transcription is independent of MDKs. Therefore,

the inhibitors may reduce HIV Tat expression from a dif-
ferent promoter.

It was previously reported that an analog of CA, dCA,
potently inhibited HIV transcription and reactivation of latent
HIV, resulting in prolonged suppression of viral gene ex-
pression.23,27,28 dCA binds the basic domain of Tat, which in
turn prevents the recruitment of P-TEFb to HIV LTR.23 Al-
though CA and dCA are chemical analogs, the loss of two
hydrogens and the addition of a double bond on dCA could
contribute to this specific effect of dCA on HIV Tat.23 Fur-
thermore, it has been reported that dCA does not inhibit
CDK8 or CDK19,23 suggesting that this chemical may be-
have very differently in regard to binding and inhibiting
MDKs and Tat. While we were unable to obtain dCA, our
results using CA were confirmed with a second MDK in-
hibitor and siRNA knockdowns of CDK8 and CDK19. To-
gether, these data led us to the conclusion that the inhibition
of MDKs does not affect HIV transcription.

There is great interest in the role CDKs in HIV transcrip-
tion and latency, which may provide potential therapeutic
targets.29 While CDK8 and 19 do not play a significant role,
our study completes the picture of known CDKs in the reg-
ulation of HIV transcription. The contributions of CDKs 2, 7,
9, 11, and 13 to HIV transcription have been well de-
scribed.1,9 A subset of CDKs is required for transcription
initiation, including phosphorylation of Tat by CDK25 and
phosphorylation of the serine 5 residue on RNAPII by
CDK7.4,6 CDK9 is necessary for transcription elongation

FIG. 4. Chemical inhibition of
MDKs does not inhibit HIV re-
activation. (A) J-Lat 8.4 cells were
stimulated with PMA (12 nM) – CA
(200 nM) for 24 h. GFP expression of
viable cells was measured by flow
cytometry. (B) Percent viability was
estimated using the percentage of
live lymphocytes in 10,000 total cells
analyzed. Untreated control cell via-
bility was set at 100% viability.
(C) 2D10 cells were stimulated with
PMA (12 nM) – SnxA (5 nM) for
24 h. GFP expression of viable cells
was measured by flow cytometry.
(D) Percent viability was estimated
using the percentage of live lym-
phocytes in 10,000 total cells ana-
lyzed. Untreated control cell viability
was set at 100% viability. Triplicate
stimulations were performed. Error
bars represent standard errors of
the mean. GFP, green fluorescent
protein; PMA, phorbol myristate
acetate.
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through phosphorylation of NELF, DSIF, and the serine 2
residue on RNAPII.30,31 CDK11 mediates 3¢-end processing
of HIV RNA and proper termination of HIV transcription.7

CDK13 is important for HIV RNA splicing.8 Therapeutic
agents that target CDK9 have been of interest as HIV latency
reversing agents.29 It is feasible that the expression or activity
of other CDKs could be manipulated to activate HIV tran-
scription in latently infected cells or inhibited to induce a
deeper suppressive state, such as the proposed block-and-
lock strategies. As new mechanistic studies emerge that
elucidate the function of MDKs,16,17 it was important to
determine if they play any role in HIV transcription.1 In this
case, however, MDKs that are important for the regulation of
some host genes are dispensable for HIV gene expression.
Thus, compounds that target MDKs can be excluded as po-
tential HIV therapeutic targets.

Materials and Methods

Cell lines and reagents

HeLa-CD4 cells (NIH AIDS Reagents) are HeLa expres-
sing surface human CD4 protein. NH1 (obtained from
Dr. Qiang Zhou at the University of California, Berkley) are
HeLa stably expressing HIV LTR luciferase reporter that
does not produce its own Tat.32 2D10 cells (obtained from
Dr. Jonathan Karn at Case Western Reserve University) are a
Jurkat-based HIV latency cell line model that contains at-
tenuated Tat and d2EGFP in the place of Nef.33 J-Lat 8.4
(obtained from Dr. Eric Verdin at the Buck Institute for Re-
search on Aging) are a Jurkat-based HIV latency cell line
model that contains full-length HIV expressing GFP in the
place of Nef and a frameshift mutation in Env.34 HeLa-CD4,
NH1, and 293T cells (American Tissue Culture Collection)
were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) (Corning Cellgro). 2D10 were cultured in Roswell
Park Memorial Institute (RPMI) (Corning Cellgro). Media
was supplemented with 10% fetal calf serum (FCS) (Gibco),
1% Pen/Strep, and cells were grown at 37�C and 5% CO2.

MDK inhibitors

MDK inhibitors, CA (obtained from Dr. Matthew Shair at
Harvard University) and SnxA (Tocris Bioscience), were
added at the time of transfection.

MDK inhibitor functional assay

To assess the ability of CA and SnxA to inhibit MDK
function, HeLa-CD4 cells were pretreated for 1 h with CA
(10 nM) or SnXA (0.5, 1, and 5 nM). Cells were then stim-
ulated for 1 h with 10 ng/mL recombinant human IFNc
(PHC4031; Thermo-Fisher). Cells were harvested and
whole-cell lysates isolated in Lamelli buffer (Bio-Rad) in the
presence of proteinase inhibitor cocktail (Thermo-Fisher).

siRNA knockdowns

One day before transfection, 1 · 105 HeLa-CD4 cells were
seeded in 24-well plates to ensure a confluency of 70%–80%
on the day of transfection. On the day of transfection, siRNA
mix containing 10 lM siRNA and Lipofectamine RNAiMAX
reagent (Thermo-Fisher) was prepared in Opti-MEM� I
Medium (Gibco). After incubation for 24 h at 37�C, plasmid

transfection of NL4.3-Luc was performed as described
above. siRNAs used in this study were: control siRNA-A (sc-
37007; SCBT), human CDK9 siRNA (sc-29268; SCBT),
human cdk19 siRNA (sc-72844; SCBT), and human cdk8
siRNA (6438S; Cell Signaling).

Transfection of cell lines and luciferase assay

The day before transfection, 1 · 105 HeLa-CD4 or NH1
cells were seeded in 24-well plates to ensure a confluency of
70%–80% on the day of transfection. Transfections were
performed with Lipofectamine 2000 mix (Thermo-Fisher)
prepared in Opti-MEM I Medium (Gibco) using a plasmid
mix containing 25 ng LTR-Luc/NL4.3-Luc and 25 ng myc-
Tat or a pLINK empty vector. Forty-eight hours post trans-
fection, the medium was removed and cells were washed with
PBS. Cells were harvested in 1 · Passive Lysis buffer (Pro-
mega), and luciferase activity was measured with the lucif-
erase assay system (Promega) on an EG&G Berthold
Microplate luminometer. Experiments were performed in
triplicates.

For measuring Tat protein expression, cell number was
scaled up to 107 HeLa-CD4 in 10 cm2 plates.

Western blot analysis of protein expression

Whole-cell lysates were generated using Lamelli buffer
(Bio-Rad) in the presence of proteinase inhibitor cocktail
(Thermo-Fisher). Lysates were run on 10% (Figs. 1 and 3) or
15% (Fig. 2) SDS-PAGE and transferred onto a nitrocellulose
membrane. Membranes were blocked in 5% non-fat milk
(NFM) for at least 1 h and blotted overnight with rabbit anti-
human CDK9 (ab6544; abcam), rabbit anti-human CDK8
(ab15155; abcam), rabbit anti-human CDK19 (HPA007053;
Sigma Aldrich), mouse anti-myc (ab32; abcam), rabbit anti-
human p-STAT1 (8826S; Cell Signaling), rabbit anti-human
STAT1 (14994S; Cell Signaling), rabbit anti-human b-actin
(ab8227; abcam) in 5% NFM. Membranes were washed
3 · in TBS with 0.05% Tween-20, and then blotted for 1 h
with horseradish peroxidase (HRP) anti-rabbit/mouse IgG in
5% NFM. After washing 3 · with TBS with 0.05% Tween-
20, the membranes were treated with ECL Plus chemilumi-
nescence reagent (GE Healthcare) for 5 min and imaged us-
ing Odyssey Fc imaging system and Image Studio software
(LI-COR). Re-probed membranes were stripped with New-
Blot Stripping Buffer (LI-COR) and then washed 3 · with
PBS.

Densitometry was obtained using Image Studio software
(LI-COR). Relative expression was calculated first normal-
izing total STAT1 to b-actin, then normalizing p-STAT1 to
the normalized STAT1 expression. Untreated conditions
were set to 1.

Flow cytometry analysis

Cells were harvested 24 h post reactivation and washed in
cold PBS, and 0.5 · 106 cells were allotted to each tube. Cells
were fixed in 2% paraformaldehyde and analyzed using the
BD Biosciences FACScaliber and CellQuest Pro software at
the UCSF Parnassus Flow Cytometry Core. Cells were gated
on the live lymphocyte gate using the forward and side scatter
plot, and the percentage of live lymphocytes in 10,000 col-
lected total cells was used as an estimate for cell viability.
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Statistical analysis

Statistical analysis was performed using Student’s t test,
two-tailed distribution, and assuming equal variances.
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