AIDS RESEARCH AND HUMAN RETROVIRUSES
Volume 31, Number 1, 2015

© Mary Ann Liebert, Inc.

DOI: 10.1089/aid.2013.0288

VIROLOGY

Short Communication
SAHA (Vorinostat) Induces CDK9 Thr-186 (T-Loop)
Phosphorylation in Resting CD4™ T Cells:
Implications for Reactivation of Latent HIV

Rajesh Ramakrishnan,” Hongbing Liu, and Andrew P. Rice

Abstract

The histone deacetylase inhibitor (HDACi) suberoylanilide hydroxyamic acid (SAHA), also known as vorinostat,
has recently been reported to activate latent HIV-1 in patients undergoing antiretroviral therapy. It is possible that
SAHA reactivation of latent viruses may involve effects on cellular transcription factors such as positive tran-
scription elongation factor b (P-TEFb), a protein kinase whose core is composed of CDK9 and Cyclin T1. P-TEFb
is recruited by the HIV-1 Tat protein to activate productive RNA polymerase II elongation of the integrated
provirus. We found that SAHA treatment of isolated resting CD4™ T cells induced CDK9 Thr-186 (T-loop)
phosphorylation in six of eight healthy donors and increased Cyclin T1 expression in one donor; Thr-186 phos-
phorylation is required for P-TEFb function. Disulfiram, another small molecule currently under evaluation in
clinical trials for reactivation of latent HIV-1, was also found capable of inducing CDK9 Thr-186 phosphorylation
and Cyclin T1 levels in resting CD4 " T cells from healthy donors. In a Jurkat CD4 ™ T cells HIV-1 latency system,
disulfiram reactivated the latent provirus and induced CDK9 Thr-186 phosphorylation. Our findings suggest that
small molecules capable of reactivating latent HIV-1 in resting CD4™ T cells may function in part by increasing

CDKO9 Thr-186 phosphorylation and perhaps Cyclin T1 expression, thereby up-regulating P-TEFb function.

IV-1 REPLICATION IS dependent upon efficient tran-

scription of the integrated provirus by RNA polymerase
II (RNAP II). Following transcription initiation from the
HIV-1 LTR, RNAP II pauses due to the action of two neg-
ative elongation factors, NELF and DSIF, which associate
with the RNAP II complex and inhibit elongation.' The HIV-
1 transactivator protein, Tat, recruits positive transcription
elongation factor b (P-TEFb), a cellular protein kinase
complex, to the TAR RNA element at the 5" end of the na-
scent viral transcript. The kinase subunit of P-TEFb is CDK9
and the regulatory subunit is either Cyclin T1 or Cyclin T2.
Tat binds directly to Cyclin T1? and therefore only targets
Cyclin T1-containing P-TEFb. P-TEFb stimulates processive
transcriptional elongation by phosphorylating the carboxyl
terminal domain (CTD) of RNAP II and specific protein
subunits of NELF and DSIF, thereby abrogating their inhi-
bition of elongation. In primary resting CD4™ T cells and
monocytes, P-TEFb function is down-regulated due to low
expression levels of Cyclin T1 and repression of CDK9 Thr-

186 (T-loop) phosphorylation, a critical posttranslational
modification required for kinase activity.*® In metabolically
active cells such as activated CD4" T cells, the P-TEFb
function is partially repressed by sequestering the kinase
complex in the 7SK snRNP, which is composed of 7SK
snRNA, HEXIM1/2, MEPCE, and LARP7.”® Additionally,
P-TEFb can be found in a multiprotein complex termed the
Super-Elongation Complex that is involved in stimulating
transcriptional elongation.®

Combinations of antiretroviral drugs can suppress active
viral replication but are ineffective against transcriptionally
latent proviruses that are a source of persistent HIV-1 in-
fection, especially in memory resting CD4™ T cells. There-
fore, a focus in the field is now on devising strategies to cure
HIV-1 infection by flushing out the latent provirus. One such
strategy has been termed ‘‘shock and kill.”” This involves
reactivating latent HIV-1 with small molecules and allowing
the host immune system and combination antiretroviral
therapy to eradicate the virus. Histone deacetylases (HDACs)
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are in part responsible for maintaining HIV-1 latency.”'' A
recent proof-of-concept study by Archin et al.'' provided
evidence that treating HIV-infected patients with the histone
deacetylase inhibitor (HDACi) suberoylanilide hydroxyamic
acid (SAHA) (vorinostat) increased viral RNA expression in
circulating resting CD4* T cells. The authors concluded
that inhibition of HDACs by SAHA was responsible for
the increase of viral transcription.'' Vorinostat is currently
being evaluated in additional clinical trials for the ability to
reactivate latent HIV-1 and reduce the latent reservoir in
HIV-infected individuals undergoing antiviral therapy.'>
Because P-TEFb is critical for Tat-mediated HIV-1 tran-
scription, we reasoned that SAHA treatment of resting CD4*
T cells was also likely to up-regulate P-TEFb. We isolated
resting CD4™ T cells from eight healthy blood donors and
treated them with 335nM SAHA, equivalent to a single
400 mg in vivo dose that activated latent HIV-1 in patients.'’
Under these conditions, resting CD4 ™ T cells populations are
95% pure as determined by flow cytometry.'® Cell lysates
were prepared as described earlier® at different times post-
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treatment and lysates were examined in immunoblots
(Fig. 1). In parallel, resting cells were treated with 5 pug/ml
phytohemagglutinin (PHA) as positive control as we have
shown PHA induces Cyclin T1 protein expression and CDK9
Thr-186 phosphorylation.®

In Donor 1-S, CDK9 Thr-186 phosphorylation was in-
duced 6-fold after 16 h of SAHA treatment and 11-fold at
24 h; this compared to 4- and 3-fold inductions by PHA at
these time points (Fig. 1A). In Donor 2-S, both SAHA and
PHA induced CDK®9 Thr-186 phosphorylation at 2 h. We also
examined CDK?7 T-loop phosphorylation in Donors 1-S and
2-S as CDK7 has been recently reported to phosphorylate the
CDK9 Thr-186."" A modest induction of CDK7 T-loop
phosphorylation by SAHA and PHA was observed in Donor
1-S (Fig. 1A). In Donors 3-S and 4-S, resting cells were
treated with 100 nM or 335 nM SAHA for 24 h. In Donor 3-S,
a dose-dependent induction of CDK9 Thr-186 phosphoryla-
tion was seen, while in Donor 4-S, the induction of CDK9
Thr-186 phosphorylation was similar for both concentrations
of SAHA (Fig. 1A). In Donors 5-S through 8-S, we treated
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FIG. 1.

resting CD4* T cells with 335nM SAHA for 24h. SAHA
treatment induced CDK9 Thr-186 phosphorylation in Donors
6-S and 7-S, but had little effect in Donors 5-S and 8-S (Fig.
1A). Interestingly, in Donor 6-S, SAHA induced Cyclin T1
protein expression 18-fold, while its effects were modest or
not apparent for the other seven donors examined (Fig. 1A).
We used flow cytometry to examine the effects of SAHA on
the T cell activation markers CD25 and CD69 and observed
no effect on either marker by SAHA (data not shown). We
also performed flow cytometry analysis of propidium iodide-
stained cells and observed no effects of SAHA on cellular
proliferations (data not shown). Thus, SAHA does not acti-
vate resting CD4 ™ T cells under our experimental conditions.
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Quantification of the immunoblots shown in Fig. 1 is
presented in Fig. 1B, using either Hsp70 or f-actin as a
normalization control. We performed a statistical analysis of
the P-TEFb expression levels in the immunoblots for the
eight donors. We found that the induction of CDK9 Thr-186
phosphorylation following SAHA treatment was statistically
significant. It should be noted that in the Archin study, ex vivo
SAHA treatment of isolated resting CD4™" T cells increased
viral RNA expression in eight of nine patients examined for
whom the basal level of HIV RNA was quantifiable.!' The
variation in effects of SAHA on CDK9 Thr-186 phosphory-
lation and Cyclin T1 expression in our analysis of eight
healthy blood donors reiterates the variability in patients’
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responses seen by Archin et al.'" Additionally, recent studies
have shown that a small molecule termed JQ1 has variability
in its ability to reactivate latent viruses in primary CD4* T
cells through its effects on P-TEFb and the bromodomain
proteins Brd2 and Brd4.'>'®

Disulfiram is an aldehyde dehydrogenase inhibitor that is
used to treat alcoholism and cocaine dependence.'®*® In a
study using a primary CD4 * T cell latency model, disulfiram
was re]ported to reactivate latent HIV-1 without activating T
cells.?! Disulfiram is currently being evaluated in clinical
trials for the ability to reactivate latent HIV-1 and reduce the
latent reservoir in HIV-infected individuals undergoing
antiviral therapy.'? As with SAHA, we suspected that the
induction of latent viruses in primary cells by disulfiram is
likely to involve an up-regulation of P-TEFb. We therefore
treated resting CD4* T cells with an increasing dose of di-
sulfiram for 24 h. In Donor 8-S, disulfiram did not induce
either CD69 or CD25 and had no stimulatory effect on cel-
lular proliferation as examined by propidium iodide staining
(data not shown). This result is in agreement with the findings
of Xing et al.?' that disulfiram does not induce T cell acti-
vation. In Donors 9-S and 10-S, we examined the effect of
0.5 uM disulfiram for 2 and 16h on P-TEFb expression
(Fig. 2A). In Donor 9-S, both PHA and disulfiram induced
CDKO9 Thr-186 phosphorylation at 2 h of treatment. In Donor
10-S, disulfiram treatment of resting CD4™" T cells induced
CDKO9 Thr-186 phosphorylation. In Donor 10-S, we also saw
an induction of Cyclin T1 by disulfiram, but this induction
was not seen in Donor 9-S.

We also investigated the effect of disulfiram on reactiva-
tion of latent provirus in the Jurkat 2D10 cell model system.**
Although 0.5 uM disulfiram did not reactivate latent virus,
5 uM disulfiram showed a significant reactivation of latent
provirus at 16 and 24 h posttreatment (Fig. 2B). An immu-
noblot analysis of a portion of the disulfiram-treated cells
showed an increase in CDK9 Thr-186 phosphorylation by

5 uM disulfiram, the concentration that reactivated latent
virus in this system (Fig. 2B).

In summary, we have shown that SAHA and disulfiram up-
regulated CDK9 Thr-186 phosphorylation in resting CD4* T
cells isolated from the majority of healthy donors examined.
Additionally, these compounds induced Cyclin T1 protein
levels in a minority of donors examined. This variability
in response to SAHA was also seen in the Archin study,' as
well as in the studies with JQ1.'® Thus, it is likely that genetic
and environmental factors play important roles in individual
responses to these small molecules. Based on the data pre-
sented here, we propose that small molecules that reactivate
latent HIV in resting CD4 " T cells are likely to function in
part through an up-regulation of P-TEFDb by increasing CDK9
Thr-186 phosphorylation and perhaps Cyclin T1 levels.
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