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CDK9/cyclin T1, a key enzyme in HIV-1 transcription, is
negatively regulated by 7SK RNA and the HEXIM1 protein.
Dephosphorylation of CDK9 on Thr'#¢ by protein phosphatase
1 (PP1) in stress-induced cells or by protein phosphatase M1A
in normally growing cells activates CDK9. Our previous stud-
ies showed that HIV-1 Tat protein binds to PP1 through the
Tat Q**VCF?® sequence, which is similar to the PP1-binding
RVXF motif and that this interaction facilitates HIV-1 tran-
scription. In the present study, we analyzed the effect of ex-
pression of the central domain of nuclear inhibitor of PP1
(cdNIPP1) in an engineered cell line and also when cdNIPP1
was expressed as part of HIV-1 pNL4-3 in place of nef. Stable
expression of cdNIPP1 increased CDK9 phosphorylation on
Thr'®® and the association of CDK9 with 7SK RNA. The stable
expression of cdNIPP1 disrupted the interaction of Tat and
PP1 and inhibited HIV-1 transcription. Expression of cdNIPP1
as a part of the HIV-1 genome inhibited HIV-1 replication.
Our study provides a proof-of-concept for the future develop-
ment of PP1-targeting compounds as inhibitors of HIV-1
replication.

Cyclin-dependent kinase-9 (CDK9)?/cyclin T1 is a protein
kinase that phosphorylates the C-terminal domain of the larg-
est subunit of RNA polymerase II during transcription elon-
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gation (1). CDK9/cyclin T1 is part of positive transcription
elongation complex (P-TEFb) and present in the cells within
large and small complexes. The large complex contains 7SK
RNA (2, 3) and the hexamethylene bisacetamide-induced pro-
tein (HEXIM1) (4, 5). The activity of CDKO9 in the large com-
plex is inhibited by the interaction with 7SK RNA and
HEXIM1 (2-5). In stress-induced cells, CDK9/cyclin T1 dis-
sociates from the 7SK RNA and HEXIM1 protein and then
binds to the bromodomain protein 4 (Brd4) (6, 7), a member
of bromodomain-containing extraterminal domain protein
family that interact with acetylated histones. CDK9/cyclin T1
bound to Brd4 forms the transcriptionally active P-TEFb (7).
Brd4 recruits P-TEFb to the promoters of cellular genes that
are expressed at the end of mitosis (8). HIV-1 Tat protein can
also recruit P-TEFb by binding directly to CDK9/cyclin T1
and targeting it to HIV-1 TAR RNA (7). Hence, Tat induces
HIV-1 transcription by recruiting CDK9/cyclin T1 (9-11)
and histone acetyltransferases to the HIV-1 promoter (7, 12—
14). The HIV-1 Tat prevents the formation of the large com-
plex and promotes the dissociation of CDK9/cyclin T1 from
7SK RNA/HEXIM1 complex (15). The mechanism of this
Tat-mediated dissociation of CDK9/cyclin T1 and 7SK RNA/
HEXIMI1 involves the dephosphorylation of CDK9 on Thr!'®¢
(16, 17). Protein phosphatase 1 (PP1) dephosphorylates
Thr'®¢ of CDK9 in vitro, and the dephosphorylated CDK9/
cyclin T1 does not associate with 7SK RNA (16). In stress-
induced cells, PP1a dephosphorylates Thr'®® of CDK9 and in
cooperation with protein phosphatase 2B (PP2B) disrupts the
interaction between CDK9/cyclin T1 and 7SK RNA/HEXIM1
(18). In normally growing cells, protein phosphatase M1A
(PPM1A) dephosphorylates CDK9 on Thr'®® (19).

Our previous studies showed that PP1 stimulates Tat-de-
pendent HIV-1 transcription in vitro (20) and in cultured cells
(21). PP1 holoenzymes consist of a constant catalytic subunit
(PP1e, PP1PB/8, or PP17y) and a variable regulatory subunit
that determines the localization, activity, and substrate speci-
ficity of the phosphatase (22, 23). One of the major nuclear
regulators of PP1 is NIPP1 (nuclear inhibitor of PP1), which
inhibits the dephosphorylation of a wide range of PP1 sub-
strates (22, 23). Tat-mediated HIV-1 transcription is blocked
by the expression of NIPP1, and the inhibition is reversed by
the co-expression of PP17y (21). Tat contains a PP1-binding
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motif and potentially functions as a PP1 regulatory subunit
(24). Mutation of residues in the PP1-binding motif (V36A
and F38A) prevents Tat from inducing HIV-1 transcription
and the translocation of PP1 to the nucleus (24). We showed
that in cultured cells, PP1, but not PP2A, likely dephosphory-
lates CDKO9 and contributes to the regulation of activated
HIV-1 transcription (25).

In the present paper, we analyzed the effect of the expres-
sion of cdNIPP1, an inhibitory 82-residue PP1-binding frag-
ment of the central domain of NIPP1 (cdNIPP1), on the
CDK9 phosphorylation and activity and HIV-1 transcription.
We further analyzed the effect of cdNIPP1 expression on
HIV-1 replication in a physiologically relevant manner by ex-
pressing cdNIPP1 as part of the HIV-1 genome in place of nef.
Our results indicate that the expression of PP1 inhibitor sup-
presses HIV-1 replication.

EXPERIMENTAL PROCEDURES

Materials—293T cells were purchased from American
Type Cultue Collection (Manassas, VA). The 84-31 line is a
subclone of 293 cells that stably expresses E4 of Ad and that
supports growth of adeno-associated virus (26). The catalytic
subunit of PP1 (PP1C) was purified from rabbit skeletal mus-
cle as previously described (27). WT Tat was expressed in
Escherichia coli from pGEM2 Tat vector obtained from the
NIH AIDS Research and Reference Reagent Program and pu-
rified on an Aquapore RP-300 column (Applied Biosystems)
by reverse-phase chromatography as we described previously
(28). Rabbit polyclonal antibodies to CDK9, rabbit polyclonal
antibodies to cyclin T1, and rabbit polyclonal antibodies to
enhanced green fluorescent protein (EGFP) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-Tat
rabbit polyclonal antibodies were received from AIDS Re-
search and Reference Reagents Program (National Institutes
of Health). Anti-a-tubulin and anti-FLAG monoclonal anti-
bodies were purchased from Sigma. Rabbit anti-PP1+y anti-
bodies were from Calbiochem. Anti-CDK9 phospho-Thr'®¢,
anti-Brd4, and anti-HEXIM1 polyclonal antibodies were kind
gifts from Dr. Qiang Zhou (University of California, Berkeley).
Monoclonal antibodies specific to the unphosphorylated form
of the C-terminal domain (8WG16) or C-terminal domain
phosphorylated on serine 2 (H5) were purchased from BabCo
(Richmond, CA). Rabbit polyclonal anti-NIPP1 antibodies
were described in Ref. 29.

293T-cdNIPPI Cells—293T cells stably expressing the cen-
tral domain of NIPP1 (amino acids 143—-224) were generated
by transfection of NIPP1-(143-224)-EGFP and limiting dilu-
tion cloning. Genomic DNA was isolated from parental 293T
cells and three different clones that were stably transformed
with NIPP1-(143-224)-EGFP. About 500 ng of these genomic
DNAs were used as a template in a PCR with the sense primer
(5"-ATGGGTGGAGAGGATGATGAACTC-3'), correspond-
ing to nucleotides 436 — 459 of bovine NIPP1 cDNA (acces-
sion number Z50748) and the antisense primer (5'-CGTCG-
CCGTCCAGCTCGACCAG-3'), corresponding to the inverse
complement of nucleotides 724 —745 of pEGFP-N1 vector
(Clontech). The amplified PCR products were subcloned in
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the pGEM-T Easy vector (Promega) and sequenced by T7 and
SP6 primer.

Plasmids—The expression vectors for EGFP-fused central
domain of NIPP1, NIPP1-(143-224), or NIPP1-(143-224)
V201A/F203A (RATA mutant) were described previously
(30). NIPP1 mutated within its RVXF motif has low binding
affinity for PP1 (30). 7SK expression vector was a gift from Dr.
Shona Murphy (Oxford University, UK). FLAG-CDK9 expres-
sion vectors were kind gifts from Dr. Qiang Zhou. Expression
vectors for PP1y-EGFP and for PP1y-D64N-EGEFP are de-
scribed (31).

RT-PCR to Detect 7SK RNA—RNA was isolated from com-
plexes that co-immunoprecipitated with anti-CDK9 antibod-
ies using TRIzol reagent according the Invitrogen protocol.
RNA was reverse-transcribed using a SuperScript II kit (In-
vitrogen) with the 7SK reverse primer. The following primer
sequences were used: forward, 3'-GGATGTGAGGCGATCT-
GGCTG-5' and reverse, 3'-TAAAGAAAGGCAGACTGC-
CAC-5'. These primers were used in a PCR that followed the
RT reaction. In semiquantitative PCR, products were resolved
on 2% agarose gel and photographed. In real time PCR, PCRs
were run with Syber Green on a MioQ PCR machine and
quantified using cdNIPP1 expression vector as control for the
determination of copy number.

Fractionation of Cellular Lysates on Glycerol Gradient—
293T and 293T-cdNIPP1 cells were grown in 100-mm plates
and then lysed with 0.5 ml of whole cell lysis buffer (50 mm
Tris-HCI, pH 7.5, 0.5 M NaCl, 1% Nonidet P-40, 0.1% SDS)
supplemented with protease inhibitors mixture (Sigma). Cell
lysates were clarified by centrifugation for 30 min at 10,000 X
gand loaded on top of a 10-30% glycerol (9-ml) gradient.
Glycerol gradient buffer contained 20 mm HEPES-KOH, pH
7.9, 150 mm KCI, 200 um EDTA. The gradient was spun in
SW 41Ti rotor (Beckman) at 38,000 rpm for 18 h. Fractions
(0.5 ml) were collected through a needle inserted into the bot-
tom of the tube and analyzed by immunoblotting using the
indicated antibodies. The x-ray films with the immunoblots
for NIPP1 and CDK9 phosphorylated on Thr'®® were scanned
and quantified using OptiQuant software from Packard Cy-
clone PhosphorImager (Perkin-Elmer). The pixels were ad-
justed to have the same total amount for the 293T and the
cdNIPP1 extracts, and the normalized results were graphed.

Effect of cdNIPP1-derived Peptides on HIV-1 Transcription
in CEM-GEP Cell Activated by Recombinant Tat—CEM cells
containing integrated HIV-1 LTR EGFP (CEM-GFP obtained
from the NIH AIDS Research and Reference Reagent Pro-
gram) were cultured in RPMI 1640 medium containing 10%
fetal bovine serum (FBS), 1% glutamine, 1% antibiotic solution
(penicillin and streptomycin), and 500 pug/ml G418. CEM-
GFP cells were treated in a 96-well plate with purified recom-
binant Tat added at 0.8 ug/300,000 cells per well in the
presence of 100 um chloroquine and, where indicated supple-
mented with 50 um KNSRVTFSED or KNSRATASED pep-
tides. After an 18-h incubation, the cells were precipitated by
centrifugation and lysed for 20 min at room temperature in 50
wl of lysis buffer, containing 20 mm HEPES at pH 7.9, 0.1%
Nonidet P-40, and 5 mm EDTA and transferred into 150 ul of
PBS. The fluorescence was measured with 480-nm excitation
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and 510-nm emission on a Luminescence Spectrometer
LS50B (Perkin-Elmer Life Sciences) equipped with a robotic
96-well scanner.

Quantitative RT-PCR to Analyze NIPP1 Expression—RT
was performed using the Superscript™ RT-PCR kit (Invitro-
gen). Random hexamers were used for RT-PCR. Primers
for PCR were designed for B-actin (forward, GCGG-
GAAATCGTGCGTGCGTGACATT; reverse, GATGGAGT-
TGAAGGTAGTTTCGTG) and NIPP1 (forward, AGAAT-
TCAACACTGCCACA; reverse, CACCCGCTTC
TTCTTGACTG). Real-time PCR was performed with SYBR
Green Super Mix (Bio-Rad) at 95 °C for 15 s, annealing at
55 °C for 30 s, and extension at 72 °C for 45 s for 45 cycles on
a MyiQ real time PCR detection system (Bio-Rad). The ob-
tained Ct numbers were converted to the cDNA copy num-
bers using as a calibration, amplification of NIPP1-expressing
plasmid, and primers for NIPP1.

Cloning cdNIPP1 into pNL4-3—We used a 398-6 shuttle
vector which was created by subcloning of BamHI-Ncol frag-
ment from pNL4-3 containing nef sequence into a pUC vector
and introducing CTCGAGTCTAGAGCGGCCGCTTCGA
linker with Xhol, Xbal, and Notl sites into the Xhol site of the
nef sequence. Then 398-6 shuttle vector was digested with
BamHI and Ncol. The 2-kb fragment containing the linker
was subcloned back into the Nco-BamH1 sites of pNL4-3 vec-
tor. The insert into the nef gene leads to the deletion of the
first 36 amino acids of nef, which are critical for its function
(32). The pNL4-3 398 vector was used as positive control in
the infection experiment. To subclone cdNIPP1, pNL4-3 398
vector was digested with Xhol and Notl restriction enzymes,
and the backbone was used to subclone the NIPP1-EGFP
fragment that was obtained by digestion with Xhol and NotI
from the WT and mutant NIPP1-(143-224)-EGFP expression
vector. Correct cloning was verified by sequencing. Nuclear
EGEFP expression was verified by fluorescence in transfected
293 cells, and cdNIPP1 expression was verified by Western
blotting using anti-NIPP1 antibodies.

Lactate Dehydrogenase (LDH) Cytotoxicity Assay—LDH
release, used as an indicator of cell membrane damage, was
measured in the culture medium using an LDH assay kit
(LDH Cytotoxicity Assay kit; BioVision, Mountain View, CA).
Briefly, the medium was collected and mixed with 100 ul of
reaction mixture provided by the manufacturer and incubated
for 30 min at room temperature protected from light. High
control was generated by treating cells with 1% Triton X-100
for 2 h prior to the beginning of the assay. The colorimetric
change was measured with a microtiter reader (Labsystem
Multiskan) at 450 nm.

Analysis of HIV-1 Replication—HIV-1 viruses were pre-
pared by transfecting HeLa cells with genomic pNL4-3,
pNL4-3 398, pNL4-3-cdNIPP1-EGEP, and pNL4-3-
cdNIPP1mut-EGFP and collecting media at 72 h after trans-
fection. Viral RT activity was determined and adjusted in the
collected media. RT was measured in 10 ul incubated in a
96-well plate with RT reaction mixture containing 1 X RT
buffer (50 mm Tris-HCI, 1 mm DTT, 5 mm MgCl,, 20 mm
KCl), 0.1% Triton X-100, 10~ units poly(A), 10~ 2 units
poly(dT), and [?PH]TTP. The mixture was incubated overnight
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at 37 °C, and 5 pl of the reaction mix was spotted on a DEAE
Filtermat paper, washed four times with 5% Na,HPO, and
three times with water, and then dried completely. RT activity
was measured in a Betaplate counter (PerkinElmer Life Sci-
ences). MT4 cells were grown to 70% confluence, inoculated
with pNL4-3 viruses, and medium was collected at the indi-
cated time points. The RT activity was determined as de-
scribed above.

RESULTS

Expression of cdNIPP1 Redistributes Cellular Endogenous
NIPPI and Increases CDK9 Phosphorylation and Its Associa-
tion with 7SK RNA—We analyzed the effect of the expression
of a PP1 inhibitor in an engineered cell line that stably ex-
pressed the central, inhibitory domain of NIPP1 (residues
143-224) fused to EGFP (Fig. 14, lane 2). By Western blotting
analyses, the expression of CDK9 or PP1+y was not affected in
these cells (Fig. 14, lanes I and 2). Next, the distribution of
NIPP1 and CDK9 phosphorylated on Thr'®¢ between small
and large molecular weight complexes was analyzed in whole
cell extracts prepared from 293T or 293T-cdNIPP1 cells after
fractionation on glycerol gradients (Fig. 1B). In 293T-
cdNIPP1 cells, cdNIPP1-EGFP expression was detected, and
the WT NIPP1 was shifted toward the lower molecular weight
complexes, compared with 293T cells (Fig. 1B, NIPPI panels).
Quantification of the band densities of NIPP1 immunoblots
after adjusting the pixels to equalize the total amount of
NIPP1 confirmed this observation (Fig. 1B). By comparison,
there was no difference in the distribution of CDK9 (Fig. 1B,
CDKO9 panel, quantification not shown) and a slight difference
in PP1 distribution (Fig. 1B, PP1 panel). The amount of CDK9
phosphorylated on Thr'®® was increased in the higher molec-
ular weight fractions (fractions 7-10) of 293T-cdNIPP1 cells
(Fig. 1B, CDK9-T186P panel). These results suggest that en-
dogenous NIPP1 is redistributed in 293T-cdNIPP1 cells to-
ward the smaller molecule fractions and that CDK9 phos-
phorylated on Thr'®® is present in higher molecular weight
fractions. There were no changes in the distribution of
HEXIM], cyclin T1, or Brd4 in 293T-cdNIPP1 cells versus
293T cells (data not shown).

Because the phosphorylation of CDK9 on Thr'®® promotes
the association of CDK9/cyclin T1 with 7SK RNA (16, 17), we
analyzed whether the increased CDK9 phosphorylation af-
fected the association of CDK9 with 7SK RNA. Analysis by
quantitative real time PCR showed an increase in the amount
of 7SK RNA that precipitated with CDK9 from 293T-
cdNIPP1 cells compared with 293T cells (Fig. 1C). These re-
sults were replicated in a semiquantitative RT-PCR, which
showed 7SK RNA co-precipitating with CDK9 from 293T-
cdNIPP1 cell lysate (Fig. 1D, lane 8) in contrast to a little co-
precipitation of 7SK RNA with CDK9 from 293T cells (Fig.
1D, lane 4). Pretreatment of the CDK9/7SK complex immu-
noprecipitated from 293T-cdNIPP1 cells with purified PP1c
removed 7SK RNA (Fig. 1D, compare lanes 8 and 9), suggest-
ing that association of 7SK RNA with CDK9 is phosphoryla-
tion-dependent and sensitive to dephosphorylation by PP1.
Taken together, these results indicate that CDK9 is addition-
ally phosphorylated on Thr'®® in 293T-cdNIPP1 cells and that
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FIGURE 1. Effect of cdNIPP1 expression on NIPP1 distribution, CDK9 phosphorylation, and association with 7SK RNA. A, analysis of 293T-cdNIPP1
cells is shown. Western blot analysis of 293T and 293T-cdNIPP1 cells with antibodies for EGFP (to check for the expression of cdNIPP1-EGFP), CDK9, PP1v,

and a-tubulin is shown. B, expression of cdNIPP1 changes NIPP1 distribution and increases CDK9 phosphorylation on Thr

86, Whole cell extracts were pre-

pared from 293T and 293T-cdNIPP1 cells and separated on glycerol gradients by ultracentrifugation. The gradients were fractionated and analyzed by
Western blotting for NIPP1, PP1, CDK9, and CDK9 phosphorylated on Thr'®¢, The NIPP1 and CDK9 phosphorylated on Thr'®® immunoblots were scanned

and quantified using Phosphorlmager OptiQuant software. The pixels were adjusted to have the same total amount for the 293T and the cdNIPP1 extracts,
and the normalized results are graphed (lower panels). C, expression of cdNIPP1 increases the association of CDK9 with 7SK RNA. RNA was isolated from ma-
terial that co-precipitated with CDK9 from 239T or 293T-cdNIPP1 whole cell lysates. The RNA was reverse transcribed and analyzed by real time PCR. Results
are presented as numbers of copies of 7SK RNA. D, PP1 removes CDK9-associated 7SK RNA. RNA was isolated from material that co-immunoprecipitated
with CDK9 from 239T or 293T-cdNIPP1 cells, reverse-transcribed, and analyzed by semiquantitative PCR (26 cycles) using 7SK-specific primers. Lane 1, con-
trol using 7SK expression vector. Lane 2, control that was not reverse-transcribed. Lanes 3 and 7 are inputs. Lanes 4 and 8, 7SK RNA associated with CDK9 in
293T or 293T-cdNIPP1 whole cell lysates. Lanes 5 and 9, immunoprecipitated CDK9 was treated with purified rabbit muscular PP1C prior to the RNA extrac-

tion. Lanes 6 and 10, controls in which the immunoprecipitations were carried out with nonspecific rabbit I9G.

phosphorylated CDK9 is associated with 7SK RNA in high
molecular weight fractions.

Interaction of Tat with PP1 Is Altered in 293T-cdNIPPI1
Cells—To investigate the interaction of Tat with PP1, FLAG-
tagged Tat was expressed in 293T and 293T-cdNIPP1 cells
and then immunoprecipitated from cellular extracts with
anti-FLAG antibodies (Fig. 24). The amount of FLAG-Tat
expressed in 293T-cdNIPP1 cells was less than in 293T, and
less Tat protein was immunoprecipitated from mutant cell
line whole cell lysate (Fig. 24, compare lanes 3 and 4). The
amount of CDK9 co-precipitated with Tat was slightly re-
duced in 293T-cdNIPP1 cells (Fig. 24, lanes 3 and 4). In con-
trast, the amount of PP1 co-precipitated with Tat was re-
duced substantially in 293T-cdNIP1 cells (Fig. 24, lanes 3 and
4), even comparing with a reduced amount of Tat precipitated
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from the mutated cell line. Thus, the expression of cdNIPP1
reduced the amount of PP1 available to bind Tat.

HIV-1 Transcription Is Inhibited in 293T-cdNIPPI Cells—
To investigate the effect of the stable expression of cdNIPP1
on HIV-1 transcription, 293T and 293T-cdNIPP1 cells were
transiently transfected with HIV-1 LTR-Lac Z expression vec-
tor alone or in combination with Tat (Fig. 2B), and the 3-ga-
lactosidase results were normalized to the amount of plasmid
DNA in the cells, which was determined by real time PCR.
Tat-induced HIV-1 transcription was reduced significantly in
293T-cdNIPP1 cells compared with parental 293T cells (Fig.
2B, lane 2). Basal HIV-1 transcription from a mutant HIV-1
LTR with a deletion of the TAR RNA sequence (HIV-1
LTRATAR) was also reduced in 293T-cdNIPP1 (Fig. 2B, lane
3). Although the CMV-LacZ transcription was also reduced,
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induced HIV-1 transcription. 293T cells were transfected with HIV-1 LTR-LacZ and Tat expression vectors and with WT cdNIPP1 (lanes 1 and 3) or mutant cd-
NIPP1 (lanes 2 and 4) expression vectors and with PP11+y expression vector (lanes 3 and 4). At 48 h after transfection, the cells were lysed and analyzed for
B-galactosidase activity. E, expression of mutant NIPP1 does not affect HIV-1 transcription. 84-31 cells and 84-31 cells stably expressing mutant NIPP1 were
transfected with HIV-1 LTR-LacZ without (lane 1) or with co-transfection of Tat-expressing plasmid (lane 2); or HIV-1 LTRATAR (lane 3). At 24 h the cells were
lysed and analyzed for B-galactosidase activity.

the effect on HIV-1 promoter was much stronger (factor PP1vy) decreased the transcription (Fig. 2C, lanes 3-5 and
4.-10 compared with factor 2 for CMV promoter, Fig. 2C) lanes 6 —8), suggesting the involvement of PP1. Co-expression
and exceeded the effect on CMV promoter. Overexpression of PP1vy reduced the inhibitory effect of the cdNIPP1 expres-
of PP1y increased HIV-1 transcription in 293T cells over sion on Tat-induced HIV-1 transcription (Fig. 2D). Stable

cdNIPP1 cells, and overexpression of PP1y-D64N-EGFP (DN expression of mutant NIPP1 that does not bind PP1 in 84-31
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cells did not have an effect on basal or Tat-induced HIV-1
transcription (Fig. 2E). To rule out the possibility that expres-
sion of cdNIPP1 causes general cellular toxicity, we analyzed
the effect of cdNIPP1 expression on the release of LDH,
which is an indicator of cell membrane damage. Measure-
ment of LDH in the medium of 239T cells transfected with
EGFP alone was similar to the LDH levels released from cells
transfected with EGFP-fused WT or mutant NIPP1, cdNIPP1
or WT or DN PP1vy (supplemental Fig. S1A). The effect of
chemically synthesized KNSRVTESED peptide derived from
the central domain of NIPP1 was analyzed in CEM-GFP T
cells containing integrated HIV-1 LTR-EGFP reported which
was activated by the addition of purified Tat protein to the
culture medium (33). Addition of purified peptides
KNSRVTESED had small inhibitory and KNSRATASED,
slightly stimulatory effect on LTR-driven EGFP expression
(supplemental Fig. S1B), confirming the results obtained
above with stable expression of cdNIPP1.

Analysis by real time PCR showed no difference in the ex-
pression of endogenous NIPP1 in the WT and mutant
cdNIPP1-expressing cells (supplemental Fig. S1C), suggesting
that the expression of NIPP1 was not altered. Taken together,
these results indicate that the expression of cdNIPP1 inhib-
ited HIV-1 transcription and that this inhibition was not due
to generalized cellular toxicity of the PP1 inhibitor.

HIV-1 Replication Is Inhibited When cdNIPPI Is Expressed
as Part of the Viral Genome—To determine directly the effect
of cdNIPP1 on HIV-1 viral replication in a more physiologi-
cally relevant system, we subcloned the cdNIPP1-EGEFP se-
quence in place of nefinto the pNL4-3 vector (Fig. 34). The
expression of cdNIPP1-expressing molecular clones was veri-
fied by the nuclear fluorescence of cdNIPP1-EGFP in 293T
cells transfected with pNL4-3 cdNIPP1 WT and mutant and
compared with the expression of EGPF-AD8 molecular clone
(34) (Fig. 3B). The recombinant HIV-1 viruses were created
by transfecting HeLa cells with pNL4-3 cdNIPP1 (WT or mu-
tant) and collecting culture supernatants at 48 h after trans-
fection. The viruses were equalized for RT activities and used
to infect cultured MT4 cells. As positive controls, we used
WT pNL4-3 virus and also pNL4-3 398 virus that contained
inactivating insert in the nef gene that deletes 36 N-terminal
amino acids of nef critical for the nef function (32) (see “Ex-
perimental Procedures”). The expression of NIPP1 in the in-
fected MT4 cells was monitored by Western blotting (not
shown). The RT activity was analyzed over the course of 13
days to determine the kinetics of viral replication (Fig. 3C).
Compared with the WT pNL4-3, the viruses with the nefin-
serts showed delayed replication kinetics, likely due to the
impairment of the nef function. Expression of cdNIPP1 in the
context of an HIV-1 genome significantly inhibited viral repli-
cation compared with the expression of a control mutant
cdNIPP1 in the same genome (Fig. 3B) or expression of WT
pNL4-3 or pNL4-3 398 virus with the inactivating insert in
the nef gene. These results verified that productive HIV-1 rep-
lication is inhibited when cdNIPP1 is expressed during the
course of the viral infection in T cells.

FEBRUARY 4, 2011 +VOLUME 286-NUMBER 5

cdNIPP1 Expression Inhibits HIV-1

tat nef
A i

pol vpr - rev env

LTR gag LTR

|
vif  tat vpu rev

cdNIPPI1-EGFP

pNL4-3-
cdNIPP1

pNL4-3-
cdNIPP1 mut

B Ad8-GFP

C 350000 o pNL4-3

300000 P A pNL4-3 398
£ 250000 N = pNL4-3 cdNIPP1
8 200000 / "’} —@— pNL4-3 cdNIPP1 mut
~ / A
£ 150000 / A N

100000 ) A8 Ii

50000 / % by §

0 | 2 - .

0 2 4 6 8 10 12 14
Days Post Infection

FIGURE 3. Expression of cdNIPP1 inhibits HIV-1 replication. A, cloning
strategy. Diagram of the HIV-1 genome indicates the insertion of cdNIPP1-
EGFP into nef. B, expression of cdNIPP1. EGFP-fused WT cdNIPP1 and
mutant RATA cdNIPP1 were expressed in 293T cells transfected with recom-
binant pNL4-3 constructs or Ad8-GFP expression vector as control. C, repli-
cation of recombinant pNL4-3 cdNIPP1. Replication kinetics of WT pNL4-3
and control pNL4-3 398 and recombinant pNL4-3 expressing cdNIPP1 and
mutant RATA cdNIPP1 in MT4 cells determined by RT measurement in cell
media are shown. No new cells were added into the infected cultures.

DISCUSSION

Here, we show that expression of a relatively short, 82 resi-
dues PP1-binding peptide, derived from NIPP1 redistributed
cellular PP1, modified CDK9 phosphorylation and association
with 7SK RNA, and inhibited HIV-1 replication. Although the
PP1 targets relevant to HIV-1 transcription are still not con-
clusively understood, one possibility is that PP1 dephosphory-
lates CDK9 (25). Thr'®® of CDK9 can be dephosphorylated by
PPl in vivo (18). Our data are in agreement with this previ-
ous work because we documented an increased phosphoryla-
tion of CDK9 Thr'®® and increased association of CDK9 with
7SK RNA when PP1 inhibitor was overexpressed. We previ-
ously hypothesized that during HIV-1 infection, the viral Tat
protein serves as a PP1-targeting subunit. Here, we found that
the expression of cdNIPP1 disrupts the association of Tat
with PP1; this disruption could be a mechanism for inhibiting
HIV-1 transcription, similar to the previously reported HIV-1
inhibitory effect of Tat mutations that prevented binding of
Tat to PP1 (24). Accordingly, we observed the inhibition of
HIV-1 transcription by a short peptide containing the RVTF
sequence, although the effect was relatively small likely due to
the problem with cell permeability and inefficient delivery.

Another possible biological target for PP1 dephosphory-
lation in HIV-1 transcription could be the transcription factor
Sp1 because it is known to associate with PP1 at many cellular
promoters (35). Sp1 is required by HIV-1 for basal transcrip-
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tion (36) and can target cyclin T1 to the LTR in the absence of
Tat or TAR RNA (37). An increase in Sp1 phosphorylation
induced by Tat and DNA-PK can enhance HIV-1 transcrip-
tion (38). RNA polymerase II could be a third PP1 substrate;
we have previously shown that the C-terminal domain of
RNA polymerase II is indeed dephosphorylated by PP1 (39).
Our recent study showed that NIPP1 can serve as an RNA
polymerase II-targeting subunit of PP1 (40), and thus altered
RNA polymerase II dephosphorylation could also be consid-
ered as a potential inhibitory mechanism. Interestingly, the
results presented here indicate that despite the expression of
cdNIPP1, cells remained viable even though the association of
CDK9 with 7SK RNA was increased. Also, a transient expres-
sion of cdNIPP1 was not toxic. Thus, our observations indi-
cate a future possibility for the design of the HIV-1 inhibitory
compounds that affect the interaction of Tat with PP1.

Here, we utilized an RVXF-binding peptide (i.e. cdNIPP1)
to disrupt the interaction of PP1 with a subset of cellular reg-
ulatory subunits and inhibit HIV-1. Recently, a combined ap-
proach of in silico screening and a multistep biochemical vali-
dation procedure identified many novel PP1 interactors that
contained novel PP1 binding motifs, “SILK” and “MyPhoNE”
(41). Thus, small molecule compounds that disrupt either of
these PP1-binding motifs or an RVXF motif might deregulate
subsets of cellular PP1 holoenzymes and selectively target
viral or cellular pathways. Taken together, previous studies
and our findings here indicate that PP1 is involved in HIV-1
transcription. Efficient inhibition of HIV-1 transcription and
replication through the redistribution of PP1 indicate that
PP1 can be a future target for antiviral therapeutics.
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