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Integration of HIV-1 genome in CD4™" T cells produces latent
reservoirs with long half-life that impedes the eradication of the
infection. Control of viral replication is essential to reduce the size
of latent reservoirs, mainly during primary infection when HIV-1
infects CD4* T cells massively. The addition of immunosuppres-
sive agents to highly active antiretroviral therapy during primary
infection would suppress HIV-1 replication by limiting T cell acti-
vation, but these agents show potential risk for causing lymphopro-
liferative disorders. Selective inhibition of PKC®, crucial for T cell
function, would limit T cell activation and HIV-1 replication with-
out causing general immunosuppression due to PKCO being
mostly expressed in T cells. Accordingly, the effect of rottlerin, a
dose-dependent PKC@ inhibitor, on HIV-1 replication was ana-
lyzed in T cells. Rottlerin was able to reduce HIV-1 replication
more than 20-fold in MT-2 (IC,, = 5.2 um) and Jurkat (IC5, = 2.2
pM) cells and more than 4-fold in peripheral blood lymphocytes
(IC5 = 4.4 um). Selective inhibition of PKC6, but not PKCé or -¢,
was observed at <6.0 um, decreasing the phosphorylation at resi-
due Thr**® on the kinase catalytic domain activation loop and
avoiding PKC@ translocation to the lipid rafts. Consequently, the
main effector at the end of PKC6 pathway, NF-«B, was repressed.
Rottlerin also caused a significant inhibition of HIV-1 integration.
Recently, several specific PKC# inhibitors have been designed for
the treatment of autoimmune diseases. Using these inhibitors in
combination with highly active antiretroviral therapy during pri-
mary infection could be helpful to avoid massive viral infection and
replication from infected CD4™" T cells, reducing the reservoir size
at early stages of the infection.

The novel protein serine/threonine kinase C 6 (PKC6) iso-
form is selectively expressed in T lymphocytes but not B
lymphocytes, erythrocytes, polymorphonuclear neutrophils,
monocytes, or macrophages (1). Other PKC isotypes («, B, 6, €,
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£, and m) are also expressed in T cells, but PKC8 is essential for
T cell receptor/CD3-mediated activation events (2, 3). Among
novel PKCs, PKC# displays the highest amino acid similarity
with PKC§, not only in the catalytic or kinase core and the
diacylglycerol binding regulatory domain C1 but mainly in the
NH,-terminal V1 domain (2). However, V3 domain of PKC# is
unique and does not show significant similarity with any other
PKC isoforms, including PKCS8. As a result, PKC6 provides a
molecular basis for isotype selectivity and the non-redundant
activity of distinct PKC isoenzymes in T cells (4).

PKC0 kinase activity is regulated by phosphorylation of the
activation-loop residue Thr®®® on the catalytic domain during
T cell activation (5). Residue Thr®>® has been described as crit-
ical for PKC catalytic activity for regulating phosphorylation
of the hydrophobic motif and for enabling CD3-mediated
nuclear factor-«B (NF-kB) activation (6). PKC# also shows the
unique property of being translocated to the plasma membrane
lipid rafts during the immunological synapse between T cells
and antigen-presenting cells (7-9). Recruitment of PKC6 to the
immunological synapse induces the activation of intracellular
signaling pathways as the mitogen-activated protein kinase and
the NF-kB pathway (10), essential for the regulation of T cell
growth-promoting genes as IL-2 (interleukin-2) (3, 11). NF-«B
is also critical for the replication of the human immunodefi-
ciency virus type 1 (HIV-1) in human blood CD4™" T cells (12).
The main NF-«B inhibitor, IkBa, binds to the NF-kB nuclear
localization signal to keep it inactive in the cytoplasm in the
absence of activation. Upon T cell activation, IkBa is phosphor-
ylated by the I«kB kinase complex and degraded in the protea-
some (13), releasing the nuclear localization signal and allowing
NEF-kB translocation to the nucleus, where binds to cognate
sequences in inducible gene promoters (14), as the HIV-1 long
terminal promoter (LTR).

The main target for HIV-1 infection is the CD4™ T cell pop-
ulation, in particular memory CD4™" T cells that are generated
by antigen recognition (15). The viral genome can be perma-
nently integrated in the chromosomes of these cells, producing
latent reservoirs with long half-life. HIV-1-infected memory T
cells remain undetectable by the immune system and the highly
active antiretroviral therapy (HAART)* when they are in a rest-
ing state, but they are able to release new batches of virions after

“The abbreviations used are: HAART, highly active antiretroviral therapy;
CXCR4, chemokine (CXC motif) receptor 4; LUC, luciferase; NF-«B, nuclear
factor kB; PHA, phytohemagglutinin; PMA, 5-phorbol 12-myristate 13-ac-
etate; RLUs, relative luciferase/Renilla units; VSV, vesicular stomatitis virus;
PBL, peripheral blood lymphocytes.
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transitory activation during antigen recognition or inflamma-
tory processes (16—18). As a consequence, HIV-1-integrated
proviruses are the major cause for the impossibility of eradicat-
ing the infection despite HAART (19). In an attempt to elimi-
nate these viral reservoirs, PKCs have been appointed as spe-
cific targets for anti-latency drugs to reactivate and destroy viral
reservoirs (20). PKC activators as prostratin (21, 22), non-tu-
morigenic phorbol ester derivatives (23), and the jatrophane
diterpene SJ23B (24) induce potent reactivation of viral reser-
voirs through the activation of NF-«B and Sp1, but their suit-
ability as coadjuvant of HIV-1 treatment remains to be proved
in clinical trials. On the other hand, the opposite strategy may
also be considered to reduce the size of latent reservoirs from
the beginning of the infection. The use of PKC inhibitors has
been proposed to induce immunosuppression in transplanta-
tion and autoimmune diseases (3). Because HIV-1 causes a
massive infection of activated CD4 ™ T cells and contributes to
lymphocyte activation during primary infection (25-27), the
use of PKC inhibitors as adjuvant for HAART would decrease
the pool of activated CD4 ™ T cells, lessening the virus produc-
tion and diminishing the size of latent reservoirs from the
beginning of the infection. Because PKCO is selectively
expressed in T cells and is essential for T cell activation and
function, specifically targeting PKC will limit the immunosup-
pressive effect to the major targets for HIV-1 infection.

To test the hypothesis that specific inhibition of PKC6 will be
useful for reducing HIV-1 replication in T cells, we analyzed the
antiviral effect of rottlerin, a cell-permeable inhibitor of PKCs
that is highly specific of PKC6 when used at low concentration
(<6.0 uMm). Evidences that the selective inhibition of PKC# acti-
vation in T cells could be a useful target for designing pharma-
cological or genetic strategies for preventing HIV-1 replication
and spread are provided.

EXPERIMENTAL PROCEDURES

Cells—]Jurkat and M T2 cell lines were cultured in RPMI 1640
medium (BioWhittaker, Walkersville, MD) supplemented with
10% fetal calf serum (PAN Biotech GmbH, Aidenbach, Ger-
many), 2 mM L-glutamine, 100 pg/ml streptomycin, and 100
units/ml penicillin (Lonza, Basel, Switzerland) at 37 °C. Periph-
eral blood lymphocytes (PBLs) were isolated from blood of
healthy donors by centrifugation through a Ficoll-Hypaque
gradient (Lymphocyte separation medium, Lonza). Cells were
collected in supplemented RPMI 1640 medium and maintained
at 37 °C, 2 X 10° cells/ml. Phytohemagglutinin (PHA)-treated
T lymphocytes were obtained from PBLs cultured for 3 days in
the presence of 5 ug/ml PHA (Sigma) and 300 units/ml IL-2
(Chiron, Emeryville, CA). Resting PBLs were maintained in cul-
ture at 2 X 10° cells/ml in supplemented RPMI in the absence
of stimulus. Jurkat and MT2 cells stably transfected with
pGeneClip-iPKCH-C1 or pGeneClip-iPKC60-1 and pGeneClip-
iPKC#6-3 were cultured at 37 °C in supplemented RPMI 1640
medium with 2 ug/ml puromycin (Invitrogen).

Vectors—Vector pNL4.3 wild-type (wt) that contained the
HIV-1 complete genome and induced an infectious progeny
after transfection was kindly provided by Dr M.A. Martin (28).
Vector pNL4.3-Renilla was obtained by replacing the gene nef
of the HIV-1 proviral clone pNL4.3 with the Renilla luciferase
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gene, as previously described (29). LTR-LUC vector containing
the luciferase (LUC) reporter gene under the control of HIV-1
LTR U3+R region (LAI strain) was described previously (30).
3kB-LUC vector that contains a luciferase gene under the con-
trol of three kB consensus motifs of the immunoglobulin
k-chain promoter was described previously (31). Plasmid
pCMV-tat101 was previously described (31). DNA for vesicular
stomatitis virus (VSV) G glycoprotein was cloned in the
pcDNA3.1 plasmid (pcDNA-VSV) (32). GeneClip U1 Hairpin
Cloning System kit (Promega Biotech Iberica, Madrid, Spain),
containing the pGeneClip vector, was used to generate the
small hairpin RNA (shRNA) plasmids (pGeneClip-iPKC6-1
and pGeneClip-iPKCH-3) containing two different small
interference RNA (siRNA) sequences directed against mRNA
encoding for PKC6. Sequences used to generate pGeneClip-
iPKCO-1 vector were iPKCtl-s (5'-TCTCGATTGGCTT-
GTCCAACTTTAAGTTCTCTAAAGTTGGACAAGCCAA-
TCCT-3') and iPKCt1-as (5'-CTGCAGGATTGGCTTGTCC-
AACTTTAGAGAACTTAAAGTTGGACAAGCCAATC-3").
Sequences used to generate pGeneClip-iPKC6-3 vector were
iPKCt3-s (5'-TCTCGTAGAGAAGAGAGTTCTTTAAGTT-
CTCTAAAGAACTCTCTTCTCTACCT-3') and iPKCt3-as
(5'-CTGCAGGTAGAGAAGAGAGTTCTTTAGAGAACT-
TAAAGAACTCTCTTCTCTAC-3'). Scrambled sequences
used to generate pGeneClip-iPKC6-C1 vector were iPKCtC1-s
(3"-TCTCGGTTGCTTCCTGTATTAACAAGTTCTCTGT-
TAATACAGGAAGCAACCCT-5') and iPKCtCl1-as (3'-CTG-
CAGGGTTGCTTCCTGTATTAACAGAGAACTTGTTAA-
TACAGGAAGCAACC-5"). Each pair of primers was annealed
and cloned in linearized pGeneClip vector according to the
manufacturers’ instructions. pRL-TK Renilla or pSV-B-galac-
tosidase vector, used as controls of transfection efficiency, were
purchased from Promega. Plasmids were purified using Qiagen
Plasmid Maxi kit (Qiagen Iberia, Madrid, Spain) following the
manufacturer’s instructions.

Reagents and Antibodies—Rottlerin or mallotoxin is a cell-
permeable inhibitor of PKCH (IC,, = 1.25 um) (33) and PKCS
(IC, = 6.0 pum) that was purchased from Calbiochem. Rottlerin
also inhibits PKCa, -B, -7, -€, -1, and -& isoenzymes at high
concentration (>30 um). Bisindolylmaleimide I (G66850) is a
highly selective cell-permeable inhibitor of PKCe, -1, -B11, -,
-6, and -€e isoenzymes (K; = 10 nm), structurally similar to stau-
rosporine, supplied by Merck Chemicals (34). Bisindolylma-
leimide was used at 1.0 uM to ensure efficient inhibition of
PKCé without inhibition of protein kinase A (K; = 2.0 um) (35).
PHA was used at 5 pg/ml, and 5-phorbol 12-myristate 13-ace-
tate (PMA) (Sigma) was used at 25 ng/ml. Purified anti-human
CD3 (clone OKT3) and CD28 (clone CD28.2) were used for T
cell activation (eBiosciences, San Diego, CA). Polyclonal anti-
body against human PKC# (clone C-18) was purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). Polyclonal anti-
bodies against phospho-PKC6 (Thr**®), phospho-PKC$
(Thr®®®), and phospho-PKC{/A (Thr*!%4%%) were obtained
from Cell Signaling Technology (Danvers, MA). Antibodies
against p65/RelA (clone C-20), IkBa (clone C-21), phospho-
IkBa (Ser®) (clone 14D4), and full-length native HIV-1 p24
antigen (clone 491) were supplied by Santa Cruz Biotechnology.
Specific antibody against the B-isoform of actin was obtained

VOLUME 286+NUMBER 31-AUGUST 5, 2011



from Sigma. Secondary antibodies conjugated with horseradish
peroxidase were purchased from GE Healthcare. Antibodies
against CD4 and the chemokine (CXC motif) receptor 4
(CXCR4) conjugated with phycoerythrin were purchased from
BD Biosciences.

PKC Kinase Assays—PKC6 and PKC8 enzymatic activity was
assayed using an immunoprecipitation kinase assay described
previously (36) with minor modifications. Briefly, Jurkat cells
were incubated with rottlerin or bisindolylmaleimide for 18 h
and then collected and washed once with 1X PBS. The pellet
was resuspended in PKC lysis buffer (25 mm HEPES, pH 7.5, 20
mM f3-glycerophosphate, 0.1 mM sodium orthovanadate, 0.1%
Triton X-100,0.3 M NaCl, 1.5 mm MgCl,, 0.2 mMEDTA, 0.5 mm
dithiothreitol, 10 mm NaF, and 4 ug/ml each of aprotonin and
leupeptin). The lysates were incubated on ice for 30 min and
then centrifuged at 13,000 X g for 5 min. The supernatants were
collected as cytosolic fractions, and protein concentration was
determined by the method of Bradford (37). Cytosolic extracts
(250 -500 pg) were immunoprecipitated for 18 h at 4 °C using 2
pg of anti-PKC6 or anti-PKCd antibodies. The immunoprecipi-
tates were then incubated with goat anti-rabbit IgG (whole
molecule) antibody conjugated with agarose (Sigma) for 1 h at
4 °C while gently rotating. The agarose-bound antigen-anti-
body complexes were washed three times with 2 X kinase buffer
(40 mm Tris, pH 7.4, 20 mm MgCl,, 20 um ATP, and 2.5 mm
CaCl,) and resuspended in 20 ul of 2 X kinase buffer. The enzy-
matic reaction was started by adding 20 ul of reaction buffer
containing 3 ug of PKCe peptide substrate ERMRPRKRQGS-
VRRRYV, 50 pg/ml phosphatidylserine, 4.1 um diacylglycerol,
and 5 uCi of [y-**P]ATP at 3000 Ci/mM to the immunoprecipi-
tated samples, which were subsequently incubated for 10 min at
30 °C. The enzymatic reaction was stopped by spotting 20 ul of
the reaction mixture onto an individually precut strip of phos-
phocellulose P81 paper (Millipore Iberica, Madrid, Spain).
After air drying, the P81 strips were sequentially washed 3 times
for 10 min each in 1% phosphoric acid solution (Sigma) with
constant gentle stirring. A radioactive control was set up to
measure the total [y->?P]JATP counts introduced into the reac-
tion by spotting 5 ul of the [y->*P]ATP reaction buffer on a P81
strip. The control was dried for 2 min, and counts were read
without previous washing. As a negative control, one reaction
with the goat anti-rabbit IgG antibody conjugated with agarose
(Sigma) was performed without adding the primary antibody to
the cytosolic extracts. A complete reaction mixture lacking of
PKCe peptide substrate was used as the blank solution. Radio-
activity on each air-dried P81 paper was counted in a Beckman
LS 6000L scintillation counter (Beckman Instruments, Fuller-
ton, CA). The corrected cpm was determined by subtracting
the blank control value.

Transfection Assays—Stable transfection of Jurkat and MT2
cells with pGeneClip-iPKCH-C1 or with pGeneClip-iPKC6-1
and pGeneClip-iPKC6-3 vectors was performed by electropo-
ration with an Easyjet Plus Electroporator (Equibio, Middlesex,
UK). In brief, 5 X 10° cells were collected in 250 ul of RPMI
without supplement and mixed with 5 ug of plasmid DNA in an
electroporation cuvette with a 2-mm electrode gap (Equibio).
Cells were transfected by two pulses at 280 V, 150 microfarads,
and 330 ohms. After transfection, cells were incubated in sup-
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plemental RPMI at 37 °C for 18 h, and then puromycin was
added to the culture medium at 0.5 ug/ml/day until selection.
For transient transfections, 5-10 X 10° cells were resuspended
in 350 pl of RPMI without supplements and mixed with 5-10
pg of plasmid DNA in an electroporation cuvette with a 4-mm
electrode gap (Equibio). Jurkat cells were transfected by one
pulse at 280 V and 1500 microfarads, and resting PBLs were
transfected by 1 pulse at 320 V and 1500 microfarads. After
transfection, cells were incubated in supplemental RPMI for
18 hat 37 °C. Luciferase and Renilla activities were assayed with
the Luciferase Assay System (Promega), and (-galactosidase
activity was measured with the B-Galactosidase Enzyme Assay
System (Promega) according to manufacturer’s instructions.
Relative luciferase and Renilla units (RLUs) were measured in
supernatants with a Sirius luminometer (Berthold Detection
Systems, Oak Ridge, TN) after the addition of the appropriate
substrate; 3-galactosidase activity was measured at 420 nm in a
microplate reader Sunrise (Tecan Group Ltd., Ménnedorf,
Switzerland). RLUs were normalized by measuring both B-ga-
lactosidase activity and total protein concentration by the
method of Bradford (37) using a bovine serum albumin stand-
ard curve.

HIV-1 Infection—Infectious supernatants were obtained
from calcium phosphate transfection of 293T cells with plas-
mids pNL4.3-wt or pNL4.3-Renilla. VSV-pseudotyped AEnv-
NL4.3-Luc virus was obtained by co-transfection of full-length
HIV-1 DNA not expressing the HIV envelope (pNL4.3-Luc-
R_E ) (AIDS Research and Reference Reagent program,
NIAID, National Institutes of Health) and pcDNA-VSV, which
expresses G protein of vesicular stomatitis virus (38, 39). Classic
antiviral assays were performed by pretreating PBLs activated
with anti-CD3/CD28 or PHA/IL-2 for 3 days or MT-2 cells with
different concentrations of rottlerin for 30 min and infecting for
2 additional hours with HIV-1 NL4.3-wt strain or recombinant
HIV-1NL4.3-Renilla with gentle rotation at room temperature.
Cells were then centrifuged at 600 X g for 30 min at 25 °C. After
extensive washing with 1X PBS, rottlerin was added again and
left in culture for 2—7 days. Supernatants were collected, and
HIV-1 p24 antigen was measured by immunoblotting or using
an enzyme-like immunoassay (InnotestTM HIV Ag mAb;
Innogenetics, Barcelona, Spain). Cells were lysed for quantify-
ing Renilla or luciferase activity as described above.

Inhibitory concentrations 50 (IC,,) were determined by
incubating PBLs activated with anti-CD3/CD28 or PHA/IL-2
for 3 days or MT-2 cells in a 96-well microtiter plate in the
presence of 0.5 ng of p24/well of recombinant HIV-1 NL4.3-
Renilla as well as increasing concentrations of rottlerin. Pro-
duction of Renilla (RLUs), corresponding to HIV-1 replication,
was measured 48 h post-infection. IC, was calculated using
GraphPad Prism Software (sigmoidal dose-response formula).
Cell viability was evaluated in cells treated in parallel as
described below. Half-maximal cytotoxic concentrations 50
(CCy,) were calculated using GraphPad Prism Software (sig-
moidal dose-response formula).

Cell Viability and Proliferation—Cell viability was deter-
mined with the CellTiter-Glo® Luminescent Cell Viability
assay (Promega) following the manufacturer’s instructions.
Briefly, 1 X 10 cells were harvested by centrifugation, washed
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twice with 1X PBS, and resuspended in lysis buffer. After incu-
bation for 10 min at room temperature to stabilize luminescent
signal, cell lysates were deposited in an opaque-walled multi-
well plate and analyzed in an Orion Microplate Luminometer
with Simplicity software (Berthold Detection Systems, Oak
Ridge, TN). Cell viability was also determined by observing the
cells in bright-field with Leica DMI 4000B Inverted Microscope
(Leica Microsystems, Barcelona, Spain) or by staining with pro-
pidium iodide and analysis in a FACScalibur Flow Cytometer
(BD Biosciences) using CellQuest software.

Cell proliferation was measured with the CellTiter-96 Aque-
ous Non-radioactive Cell Proliferation assay (Promega) accord-
ing to the manufacture’s instructions. Briefly, 2 X 10* cells per
well were cultured in a 96-well microtiter plate in the absence of
any stimulus or with 5 ug/ml PHA for 72 h. Compound 3-(4,5-
dimethylthiazol-2-yl)-5(3-carboxymethoxyphenyl)-2-(4-sulfo-
phenyl)-2H-tetrazolium was mixed with phenazine methosul-
fate solution and then added to the culture medium.
Absorbance was measured at 490 nm after incubation for 3 h.
The proliferation rate for each cell type in response to PHA was
compared with their proliferation rate in the absence of
stimulus.

Immunoblotting Assays—Cytosolic, nuclear, and membrane
protein fractions were obtained as described previously (40,
41). Protein concentration was determined by the Bradford
method (37). Eighty micrograms of protein extracts from each
fraction were fractionated by SDS-PAGE and transferred onto
Hybond-ECL nitrocellulose paper (GE Healthcare). After
blocking and incubation with primary and secondary antibod-
ies, proteins were detected with SuperSignal West Pico/Femto
Chemiluminescent Substrate (Pierce). Images were acquired in
a Bio-Rad Geldoc 2000.

DNA Affinity Immunoblotting Assay—The DNA affinity
immunoblotting assay was performed as described previously
(6) with minor modifications (42). Briefly, 100 ug of nuclear
protein extracts from Jurkat cells were incubated at 4 °C for 30
min with 25 nM concentrations of a 5'-labeled biotin probe that
contains the double kB consensus motif located in the HIV-1
LTR promoter (5'-AGCTTACAAGGGACTTTCCGCTGGG-
GACTTTCCAGGGA-3’) or with a probe that contains the
estrogen receptor DNA element, a non-related NF-«B gene
(43). Biotin-probe/protein complexes were captured by incu-
bating with streptavidin-agarose resins (Pierce) at 4 °C for 30
min and then collected by centrifugation at 3000 X g for 10 min.
Protein complexes were fractionated by SDS-PAGE, and the
presence of p65/RelA protein bound to DNA probes was
detected by immunoblotting with a specific antibody. As inter-
nal control, 10 ug of protein were separated before adding each
probe and resolved by immunoblot using an antibody against
B-actin. Densitometry analysis was performed in a Gel Doc
2000 System (Bio-Rad) by using Quantity One software (Bio-
Rad). Gel bands were quantified, and background noise was
subtracted from the images. The relative ratio of the optical
density units corresponding to each sample was calculated
regarding to the internal control for each lane.

Analysis of Reverse Transcriptase Products—Reverse tran-
scriptase products were detected by semiquantitative PCR as
described previously (44) with modifications. Briefly, MT-2
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cells were infected with HIV-1 NL4.3-wt clone (10 ng of p24
antigen/million of cells) for 18 h by spinoculation, as indicated
above, and total DNA was extracted with QIAamp DNA Mini
kit (Qiagen). The reaction mixture contained 2.5 ul of buffer
10X with MgCl,, 100 um dNTPs, 0.4 um concentrations of each
primer pair, and 2.5 units of TagDNA polymerase (Roche
Pharma, Madrid, Spain) in a final volume of 25 ul. Five micro-
grams of DNA were added and amplified using a C1000 thermal
cycler (Bio-Rad) with the following conditions: an initial
10-min denaturation step at 95 °C and then 50 cycles consisting
of 94.°C for 30 s, 55 °C for 2 min, 72 °C for 1 min, and a final
extension cycle of 72 °C for 10 min. The following primers were
used to amplify a short retrotranscription product, yielding a
fragment of 138 bp: R/U5 (sense) 5'-GGCTAACTAGGGAAC-
CCACTGCTT-3'; R/U5 (antisense) 5'-GCTAGAGATTTTC-
CACACTGACTAA-3'. To amplify a long retrotranscription
product, primers R/U5 sense and LTR/gag (antisense) (5'-
CTCGCACCCATCTCTCTCCTTCTA-3") were used, yield-
ing a fragment of 306 bp. Amplification of a gene encoding for
the ribosomal protein S18 was used as an internal control for
data normalization by using the primers hRibS18 (sense,
5'-GCCATGTCTCTAGTGATCCCTGAA-3') and hRibS18
(antisense, 5'-TTCTTCTTGGACACACCCACGGT-3') yield-
ing a fragment of 458 bp. All amplified products were analyzed
by electrophoresis on 3% Seakem-agarose gel containing 5
mg/ml ethidium bromide in 0.5X Tris acetate buffer. The Big-
Dye Terminator Cycle Sequencing kit (Applied Biosystems,
Foster City, CA) was used for sequencing the amplified DNA
fragments according to manufacturer’s instructions by using an
ABI Prism 3700 DNA Analyzer (Applied Biosystems). Densi-
tometry analysis was performed as described above.

Analysis of Proviral DNA Integration—A semiquantitative
nested-Alu PCR assay was performed for analyzing HIV-1 pro-
viral integration as previously described (44) with modifica-
tions. Briefly, MT-2 cells were infected, and total DNA was
extracted as described above. The reaction mixtures contained
5 wl of buffer 10X with 2 mm MgCl,, 300 um dNTPs, 0.4 pum
concentrations of each primer pair, and 1.25 units of Tag DNA
polymerase (Roche Applied Science) in a final volume of 50 pl.
Five micrograms of DNA were added and amplified using a
C1000 thermal cycler (Bio-Rad) with the following conditions;
first PCR cycling conditions were 50 cycles of 94 °C for 45 s,
50 °Cfor 1.5 min, 68 °C for 4 min, and a final incubation of 68 °C
for 10 min. An aliquot of 6 ul of the first PCR was added to the
second PCR tube, with 50 ul as the final volume. Second PCR
cycling conditions were 50 cycles of 94 °C for 45 s, 53 °C for 1.5
min, 72 °C for 4 min, and a final incubation of 72 °C for 10 min.
The following primers were used for the first Alu-PCR: LA1
(sense), 5'-TGTGTGCCCGTCTGTTGTGT-3'; LA2 (Alu
sequence) (antisense), 5'-TGCTGGGATTACAGGCGTGAG-
3. The following primers were used for the second nested PCR,
yielding a fragment of 142 bp: NL1 (sense), 5'-GTGCCCGTC-
TGTTGTGTGACT-3’; NL2 (antisense), 5'-CCGAGTCCTG-
CGTCGAGAGA-3'. Five micrograms of DNA extracted from
8ES5 cells, which contain a single integrated copy of HIV-1 (45),
were used as control. Amplification of gene encoding for the
ribosomal protein S18 was used as the internal control for data
normalization. All amplified products were analyzed by elec-
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trophoresis and sequenced as described above. Densitometry
analysis was performed as described above.

Semiquantitative RT-PCR Assay—Total RNA from Jurkat
and MT?2 cells was isolated with RNeasy Mini kit (Qiagen)
according to manufacturer’s instructions. For semiquantitative
RT-PCR assay, specific primers for amplifying PKC6 gene were
PKCt-7s (5'-GCAATTTCGACAAAGAATT-3') and PKCt-
6as, (5'-AAATGTATGGTTGGAATTC-3'), yielding a frag-
ment of 1.103 bp. Primers for amplifying human B-actin gene
were B-actin-s (5'-TCACCCACACTGTGCCCATCTA-3')
and B-actin-as (5'-AGTTGAAGGTAGTTTCGTGGAT-3'),
yielding a fragment of 360 bp. RT-PCR assay was performed by
using Qiagen OneStep RT-PCR kit (Qiagen). Briefly, the reac-
tion mixture contained 10 ul of buffer 5X, 2 mm MgCl,, 0.1 mm
dNTPs, 0.4 uMm concentrations of each primer pair, and 1 ul of
Qiagen OneStep RT-PCR enzyme mix in a final volume of 50
pl. A total of 5 ug of RNA was added, and thermal cycling
conditions were as follows: an initial cycle of 48 °C for 45 min
and 95 °C for 10 min; 25 cycles of 95 °C for 30 s, 49 °C for 1.5
min, 68 °C for 2 min; a final extension cycle of 68 °C for 10 min.
Amplified products were analyzed and sequenced by electro-
phoresis as described above. Densitometry analysis was per-
formed as described.

RESULTS

Specific Inhibition of PKC6 by Rottlerin in T Cells—Rottlerin
is a dose-dependent, cell-permeable PKC6 inhibitor that has
been described as a potent immunosuppressive agent for the
development of novel therapies in T cell-mediated immune dis-
orders (33). As rottlerin specificity may be controlled by the
concentration in the culture medium, this compound has been
used as an inhibitor of either PKCd (46) or PKC6 (33). Then,
first we determined the concentration of rottlerin that was able
to inhibit selectively PKC6 but not PKC8in T cells in long term
culture. For this purpose, Jurkat cells were used as a model of T
cells after analyzing that both PKC6 phosphorylation at Thr®*®
and translocation to the plasma membrane lipid rafts were
PMA-inducible events in these cells (see supplemental Fig. 1).
To further evaluate the specificity of rottlerin for the inhibition
of PKC6 but not PKCS8, the phosphorylation of PKC8 at Thr*%°
was also analyzed. PKCS phosphorylation at Thr®?® increases in
association with PMA-dependent PKC$ activation along with
the PMA-dependent translocation of PKCS to the plasma
membrane (47). Accordingly, Thr>° phosphorylation has been
described as a regulated event that enhances PKCd activity (48).

Once we determined the suitability of Jurkat as a valid model
for the analysis of PKC6 activity, these cells were incubated with
PMA and rottlerin at increasing concentrations for 18 h. Rot-
tlerin inhibited the phosphorylation of PKC6 (Thr>*®) at 3.0 um
but not the phosphorylation of PKC§ (Thr>°®) or PKCZ/A
(Thr*'%%93), However, significant inhibition of both PKC8 and
PKC{Z/A phosphorylation was observed with rottlerin =6.0 um
(Fig. 1A4). Correlation between changes in the phosphorylation
at Thr*®® in PKC6 and Thr°*® in PKC8 and the kinase activity
due to the presence of rottlerin was determined by using a
radioactive enzymatic assay in the same conditions of culture
(Fig. 1B). The effect of rottlerin for preventing HIV-1 replica-
tion in long term culture as a specific PKC6 inhibitor was eval-
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uated in PBLs in comparison with the generic PKC inhibitor
bisindolylmaleimide (G66850) (49). PBLs from healthy donors
activated with anti-CD3/CD28 for 3 days were infected with
NL4.3-Renilla clone by spinoculation and then cultured for 5
days. Upon integration into host chromosomes, this recombi-
nant virus expresses the firefly luciferase Renilla, and conse-
quently, Renilla activity in infected cells correlates with the rate
of viral replication (29). 3.0 um rottlerin or 1.0 um bisindolyl-
maleimide were added to the culture medium only at the begin-
ning of the experiment. Measurement of Renilla in HIV-1-in-
fected T cells showed that the infection was less than 2-fold
inhibited by 1.0 um bisindolylmaleimide, whereas rottlerin
thwarted HIV-1 replication more than 4-fold (Fig. 1C). Analysis
by immunoblotting of the cytosolic proteins from HIV-1-in-
fected PBLs 5 days post-infection showed that there was no
significant production of p24 antigen in the presence of rot-
tlerin, whereas p24 was detected in cells that had been incu-
bated with 1.0 um bisindolylmaleimide (Fig. 1D). The absence
of PKCO phosphorylation at Thr**® induced by rottlerin corre-
lated with the absence of p24 antigen in these cells. Efficacy of
1.0 um bisindolylmaleimide for inhibiting phosphorylation of
PKC8 at Thr®® but not PKC6 at Thr>*® was determined by
immunoblotting of cytosolic protein extracts from Jurkat
treated with PMA for 18 h (Fig. 1E). Correlation between
changes in the phosphorylation at Thr®*® in PKC#and Thr**® in
PKCé and the kinase activity due to the presence of bisindolyl-
maleimide was determined by using a radioactive enzymatic
assay in the same conditions of culture. Phosphorylation of
PKC{/A was not significantly modified in these conditions.
PKCO Inhibitor Rottlerin Thwarted HIV-1 Replication in T
Cells—Selective inhibition of PKC6 occurred with rottlerin at
<6.0 um. Next, we analyzed the inhibitory activity of rottlerin
over HIV-1 replication with lower concentrations, and the IC,
was calculated with a range of concentrations. MT-2 cells were
pretreated with rottlerin for 30 min, then infected with NL4.3-
Renilla clone by spinoculation and cultured for 5 days. High
Renilla activity levels were detected after 5 days, but pretreat-
ment with increasing doses of rottlerin resulted in dose-depen-
dent inhibition of the Renilla activity, being as rottlerin at the
highest concentration tested (3.0 wm) was the most effective for
the inhibition of HIV-1 replication (Fig. 24). Lower concentra-
tions than 3.0 um were able to delay HIV-1 replication but did
not completely inhibit it. Then, we assayed the anti-HIV-1
activity of rottlerin in human PBLs from healthy donors that
were activated for 3 days with anti-CD3/CD28 before being
infected with the NL4.3-Renilla clone by spinoculation, proving
that pretreatment with rottlerin also caused a dose-dependent
inhibition of the Renilla activity associated to NL4.3-Renilla
clone replication (Fig. 2B). Correspondence of Renilla produc-
tion with p24 antigen synthesis was determined by quantifica-
tion of p24 in the infected cell supernatants 5 days post-
infection. Rottlerin ICg, values for the inhibition of HIV-1
replication were calculated by infecting MT-2 cells or activated
PBLs in a 96-well microtiter plate with the recombinant NL4.3-
Renilla. After an incubation of 48 h, IC;, was determined as 5.2
uMm for MT-2 cells and 4.4 um for PBLs by using GraphPad
Prism Software (Fig. 2C). Similar results were obtained in cells
that were previously infected and treated with rottlerin for 2 h
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FIGURE 1. Rottlerin at low concentration induced a selective inhibition of PKCO phosphorylation but not PKC3 or PKC{. A, Jurkat cells were incubated
with PMA and rottlerin (Rott) at increasing concentrations for 18 h. Cytosolic protein extracts were analyzed by immunoblotting using antibodies against PKC6
phosphorylated at Thr>*8, PKC& phosphorylated at Thr®%, and PKCZ/A phosphorylated at Thr#'4°3, B-Actin was used as the internal loading control. B, PKC6
and PKC3 kinase activities were quantified using an immunoprecipitation kinase assay in cytosolic protein extracts from Jurkat cells treated with different
concentration of rottlerin for 18 h. Inhibition of enzymatic activity of each PKC was analyzed, and IC5, was calculated using GraphPad Prism Software (sigmoidal
dose-response formula). C, PBLs from healthy donors activated with anti-CD3/CD28 for 3 days were infected with NL4.3-Renilla clone by spinoculation and then
incubated for 5 days in the presence of rottlerin 3.0 or 1.0 um bisindolylmaleimide. Production of Renilla (RLUs), corresponding to HIV-1 replication, was
measured at 2-5 days. The mean of RLUs corresponding to three independent experiments is represented as a bar diagram. Lines on the top of the bars
correspond to the S.D. D, cytosolic protein extracts from activated PBLs infected for 5 days were analyzed by immunoblotting using antibodies against
full-length native HIV-1 p24 antigen, PKCO phosphorylated at Thr>38, and B-actin as internal loading control. £, Jurkat cells were treated with 3.0 um rottlerin or
1.0 um bisindolylmaleimide (Bisindol.) for 30 min and then with PMA for an additional 30 min. Cytosolic protein extracts were analyzed by immunoblotting
using antibodies against PKCO phosphorylated at Thr>38, PKC§ phosphorylated at Thr°°>, and PKC{/A phosphorylated at Thr*'®4% and B-actin as internal
loading control. Gel bands from all the immunoblotting assays were quantified by densitometry. PKCO and PKC& kinase activities in the presence of bisindolyl-
maleimide were quantified using an immunoprecipitation kinase assay in cytosolic protein extracts from Jurkat cells treated with 1.0 um bisindolylmaleimide
for 18 h.

after infection, proving that pretreatment with rottlerin wasnot ~ PBLs, Jurkat, and MT-2 cells previously incubated with increas-
necessary to inhibit viral replication (data not shown). ing doses of rottlerin for 72 h, 100 um being the highest con-

Effects of Rottlerin on Cell Viability and Proliferation—The centration tested. Cell viability was measured by quantifying
effect of rottlerin on cellular toxicity was evaluated in resting the levels of ATP present in metabolically active cells. Rottlerin
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FIGURE 2. Inhibition of HIV-1 replication in T cells by rottlerin. A, MT-2 cells were infected with NL4.3-Renilla clone by spinoculation and then incubated for
5 days in the presence of increasing concentrations of rottlerin. Production of Renilla (RLUs), corresponding to HIV-1 replication, was measured at 3-5 days.
B, PBLs obtained from healthy donors were activated for 3 days with anti-CD3/CD28 and then infected with NL4.3-Renilla clone by spinoculation. Renilla was
measured at 3-5 days post-infection after incubation with increasing concentrations of rottlerin. Renilla production correlated with p24 antigen synthesis in
the infected cell supernatants 5 days post-infection. In all cases the mean of RLUs corresponding to three independent experiments is represented as bar
diagrams. Lines on the top of the bars correspond to S.D. C, PBLs obtained from healthy donors and activated for 3 days with anti-CD3/CD28 and MT-2 cells were
infected with NL4.3-Renilla clone in 96-well microtiter plates in the presence of increasing concentrations of rottlerin or DMSO as negative control. Production
of Renilla (RLUs), corresponding to HIV-1 replication, was measured 48 h post-infection. All measurements were done in triplicate, and the mean is represented
with S.D. Inhibition of viral replication was analyzed, and IC,, was calculated using GraphPad Prism Software (sigmoidal dose-response formula).

induced cytotoxicity at =15 um in PBLs and =10 uM in Jurkat
cells, but no significant cytotoxicity was observed in MT-2 cells
even at the highest concentration tested (Fig. 34). T cell prolif-
eration capacity in the presence of rottlerin was also evaluated
in PBLs incubated with PHA and rottlerin at different concen-
trations for 72 h. PHA-induced proliferation diminished as the
concentration of rottlerin increased in the culture medium,
keeping the proliferation of PHA-stimulated PBLs in the pres-

AUGUST 5,2011+VOLUME 286-NUMBER 31 ASEVB

ence of the highest concentration of rottlerin assayed (3.0 um)
at the same level of the resting cells (Fig. 3B). Similar results
were obtained with Jurkat cells (data not shown). Low cytotox-
ity during long term treatment with 3.0 um rottlerin was also
observed in NL4.3wt-infected MT-2 cells after 7 days of culture.
Analysis of p24 antigen synthesis by immunoblotting and
ELISA showed that the production of this viral protein was
severely limited in MT-2 cells treated with rottlerin (Fig. 3C).
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FIGURE 3. Analysis of cell viability and proliferation in the presence of rottlerin. A, resting PBLs and Jurkat and MT-2 cells were incubated with increasing
doses of rottlerin (Rott) for 72 h or DMSO as the negative control. Cell viability was measured by quantifying the levels of ATP present in metabolically active
cells, and half-maximal cytotoxic concentration 50 (CCs,) was calculated using GraphPad Prism Software (sigmoidal dose-response formula). All measurements
were done in triplicate, and the mean is represented with S.D. B, PBLs were treated with PHA or/and rottlerin at different concentrations for 72 h, and cell
proliferation capacity was assessed. The mean of data corresponding to three independent experiments is represented as a bar diagram. Lines on the top of the
bars correspond to S.D. C, MT-2 cells were infected with NL4.3wt clone and then incubated for 7 days with or without 3.0 um rottlerin. Synthesis of p24 antigen
was analyzed in cytosolic protein extracts by immunoblotting using B-actin as the internal loading control and in cell culture supernatants by ELISA. D, cell
viability was analyzed by microscopy in bright field to observe the formation of syncitia (white arrows) and measured by quantifying the levels of ATP in living
cells.

There was no significant cytopathic effect in these cells 7 days
post-infection. Furthermore, cell viability was more than 2-fold
increased in HIV-infected MT-2 cells treated with rottlerin,
likely because the infection did not progress in these cells and
they were protected by rottlerin from HIV-induced cytopath-
icity as syncytia (Fig. 3D).

Mechanism of Inhibition of HIV-1 Replication by Rottlerin—
We observed that rottlerin inhibited HIV-1 replication from
both NL4.3-Renilla or NL4.3wt clones in T cells. Progression of
viral infection with these clones requires the fusion of the viral
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membrane with CD4 and CXCR4 receptors, reverse transcrip-
tion of the viral genome, integration, and transcription steps to
induce Renilla activity. To determine whether rottlerin could
inhibit HIV-1 replication by hampering the viral entry, the
VSV-pseudotyped AEnv-NL4.3-Luc clone was used. The VSV
protein mediates cell entry through a receptor-independent
endocytic pathway (50). PBLs from healthy donors activated
with anti-CD3/CD28, Jurkat, and MT-2 cells were preincu-
bated for 30 min with rottlerin at different concentrations and
further infected with the VSV-pseudotyped AEnv-NL4.3-Luc
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FIGURE 4. Mechanism of inhibition of HIV-1 infection by rottlerin in T cells is independent of the viral entry. A, PBLs from healthy donors activated with
anti-CD3/CD28 for 3 days, Jurkat, and MT-2 cells were infected in 96-well microtiter plates with the VSV-pseudotyped AEnv-NL4.3-Luc clone for 48 h in the
presence of rottlerin at different concentrations. Inhibition of viral replication was quantified, and IC5, was estimated using GraphPad Prism Software (sigmoi-
dal dose-response formula). B, Jurkat, MT-2, and resting PBLs were treated with several concentrations of rottlerin for 48 h, and changes in the expression on
the cell surface of CD4 and CXCR4 were analyzed by flow cytometry. All measurements were done in triplicate, and the mean is represented with S.D. PE,

phycoerythrin.

clone for 48 h in a 96-well microtiter plate. As shown Fig. 44,
rottlerin inhibited the luciferase activity driven by this recom-
binant virus that enters the cell independently of CD4 and
CXCR4. There was no difference in the rottlerin-mediated
inhibition of viral replication whether the cells were pretreated
with this compound before being infected or after the infection
(data not shown). We also determined whether rottlerin was
able to induce endocytosis of CD4 and CXCR4. Jurkat, MT-2,
and PBLs were treated with several concentrations of rottlerin
for 48 h, and expression of CD4 and CXCR4 was analyzed by
flow cytometry on the cell surface. There was no modification

S
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of the expression of these receptors on the cell surface of Jurkat
and MT-2 in response to increasing concentrations of rottlerin,
although a decrease of 10% of CXCR4 expression was observed
in PBLs with rottlerin at the highest concentration tested (10
uM) (Fig. 4B). Overall, these results indicated that the inhibition
of HIV-1 replication by rottlerin was not due to interference in
viral entry. Consequently, rottlerin was also able to inhibit the
replication of the viral clones JR-Renilla (24) and BX08-Renilla
(51), both using CCR5 as co-receptor for entering the target cell
(data not shown). Rottlerin did not modify CCR5 expression on
the cell surface either.
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FIGURE 5. Effect of rottlerin on viral reverse transcription and proviral
integration. A and B, MT-2 cells infected with NL4.3wt by spinoculation were
incubated with or without rottlerin for 18 h. Total RNA and genomic DNA
were extracted. A semiquantitative RT-PCR assay was performed to amplify
HIV-1 strong stop (R/U5) and full-length (LTR/gag) reverse transcriptase tran-
scripts (A). Proviral integration was analyzed by a first-round Alu-PCR fol-
lowed by nested PCR with internal primers targeted at the LTR (B). Ribosomal
RNA 18 S was used as the housekeeping gene. Total RNA and genomic DNA
from 8E5 cells, which contain a single integrated copy of HIV-1, were used as
the positive control. Gel bands from immunoblotting assays were quantified
by densitometry.

To analyze the effect of rottlerin on the viral reverse tran-
scription, a semiquantitative RT-PCR assay was performed to
amplify HIV-1 strong stop (R/U5) and full-length (LTR/gag)
reverse transcriptase transcripts, which constitute early and
late transcripts, respectively. Rottlerin at the highest concentra-
tion assayed (3.0 uMm) did not modified the amount of R/U5 and
LTR/gag products obtained from MT-2 infected by spinocula-
tion with NL4.3wt clone for 18 h, suggesting that rottlerin did
not interfere with reverse transcription (Fig. 54). HIV-1 inte-
gration was analyzed in the presence of rottlerin through quan-
tification of proviral load in genomic DNA extracted from
MT-2 cells infected by spinoculation with NL4.3wt clone for
18 h. A first-round Alu-PCR followed by a nested PCR with
internal primers targeted at the LTR was performed. Ribosomal
RNA 18 S was used to normalize the amount of integrated pro-
virus. As a positive control, genomic DNA from 8E5 cells,
which contain a single integrated copy of HIV-1, was used (45).
As shown in Fig. 5B, HIV-1 proviral integration was signifi-
cantly thwarted by rottlerin at the highest concentration tested
(3.0 um).

Effect of Rottlerin on LTR-dependent Transcriptional Activity—
The inhibitory effect of rottlerin on HIV-1 replication was ana-
lyzed at transcriptional levels in Jurkat cells by transfecting the
plasmid LTR-LUC containing the complete HIV-1 LTR
sequence upstream of the luciferase reporter gene. Transfected
cells were treated with rottlerin for 30 min immediately after
transfection and then activated or not with PMA for 18 h. Rot-
tlerin induced a dose-dependent inhibition of HIV-1 LTR
transactivation in basal conditions and upon activation with
PMA (Fig. 6A). The upstream LTR promoter contains two
binding sites for NF-kB, which is a major effector at the end of
PKC6 pathway that can be activated with PMA. To further ana-
lyze whether the inhibition of HIV-1 replication and LTR-de-
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pendent transactivation mediated by rottlerin was related to
the inhibition of PKC6-dependent NF-«B activity, Jurkat cells
were transiently transfected with 3kB-LUC expression vector
and pretreated with rottlerin for 30 min immediately after
transfection, and then PMA was added to the culture medium.
Cells were collected after 18 h, and luciferase activity was mea-
sured. NF-kB-dependent luciferase expression diminished as
rottlerin concentration increased, and this effect was observed
with and without PMA (Fig. 6B). The inhibition of NF-«B activ-
ity mediated by rottlerin was further characterized, and we
observed that both phosphorylation of IkBa at Ser®* and IkB«
degradation were repressed by rottlerin (Fig. 6C). This com-
pound also induced 2-fold inhibition of both basal and PMA-
dependent NF-«B nuclear binding activity (Fig. 6D). The LTR
promoter also contains binding sites for the transcriptional fac-
tors NF-AT and Sp1, but rottlerin did not significantly decrease
the activity of these factors (data not shown). The effect of rot-
tlerin on Tat-induced LTR transactivation was also analyzed by
co-transfection of LTR-LUC vector and the HIV-1 Tat expres-
sion vector CMV-Tat. Measurement of luciferase activity in cell
lysates showed that rottlerin strongly inhibited Tat-mediated
HIV-1 transactivation (Fig. 6E).

To further support the role of rottlerin in the inhibition of
viral replication at the transcriptional level, Jurkat cells were
transfected with the pNL4.3-Renilla vector that only requires
the transcription step to express Renilla. Treatment of Jurkat
with rottlerin immediately after transfection produced a strong
dose-dependent inhibition of Renilla activity (Fig. 6F), with the
lowest IC;, observed for inhibiting HIV-1 replication (2.2 um).

Generation of Jurkat and MT-2 Cells with Stable Interference
of mRNA for PKCH—To prove that the inhibition of PKC6 was
the major factor involved in rottlerin-dependent repression of
HIV-1 replication, Jurkat and MT-2 cells with stable interfer-
ence for PKC6 were generated. For this purpose, Jurkat and
MT?2 cells were co-transfected with two shRNA plasmids
(pGeneClip-iPKC6-1 and pGeneClip-iPKC6-3) containing two
different siRNA sequences directed against mRNA encoding
for PKC6. Vector pGeneClip-iPKC6H-C1 containing a scram-
bled siRNA sequence was used as negative control. PKC6O
mRNA interference was analyzed by semiquantitative RT-PCR
assay using B-actin as housekeeping gene (Fig. 7A), and more
than 60—70% of stable RNA interference was observed in both
Jurkat and MT-2. Specificity of the amplification reaction was
determined by sequencing the amplified fragments. Synthesis
of PKC# protein was down-regulated in both Jurkat-iPKC6-1,3
and MT2-iPKC6-1,3 but not in the control cell lines Jurkat-
iPKCH-C1 and MT2-iPKCH-C1 (Fig. 7B). Cell viability of
Jurkat-iPKC#6-1,3 and MT2-iPKC#6-1,3 was not significantly
reduced regarding to control cells C1 (Fig. 7C), but more than
2-fold decrease in NF-«B activity was observed in these cells
(Fig. 7D). PHA-induced proliferation of Jurkat-iPKC6-1,3 was
not notably different from Jurkat-iPKC#-C1 (data not shown).
The ability of HIV-1 to infect and replicate in MT2-iPKC6-1,3
and MT2-iPKC6O-C1 cells was analyzed by infection with
NL4.3-Renilla clone. The effect of stable PKC# interference on
HIV-1 transcription was analyzed in Jurkat-iPKC6-1,3 and
Jurkat-iPKC6-C1 cells by direct transfection of pNL4.3-Renilla
vector. Cells were incubated for 3—4 days, and synthesis of
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FIGURE 6. Analysis of rottlerin-mediated modifications in LTR-dependent transcriptional activity. A and B, Jurkat cells were transfected with LTR-LUC (A)
or 3kB-LUC (B) expression vectors and treated with rottlerin or/and PMA immediately after transfection. After 18 h of incubation, Renilla activity was measured.
RLUs were normalized according to protein concentration in each lysate and to 3-galactosidase activity from pSV-B-galactosidase vector used as control of
transfection efficiency. -fold mean of RLUs corresponding to three independent experiments is represented as a bar diagram. Lines on the top of the bars
correspond to S.D. Numbers on the top of the bars correspond to -fold reduction regarding to the basal line. Cand D, cytosolic protein extracts from Jurkat cells
treated with rottlerin and/or PMA for 4 h were analyzed by immunoblotting using antibodies against total IkBa and IkBa phosphorylated at Ser*? (C). Nuclear
protein extracts from the same cells were analyzed by DNA affinityimmunoblotting assay using a specific probe containing two kB consensus sites labeled with
biotin. Protein-DNA complexes were captured with streptavidin-agarose resins and analyzed by immunoblotting with an antibody against p65/RelA. Non-
related estrogen receptor (ER) DNA element probe was used as control of specificity (D). B-Actin was used as internal loading control. Gel bands were quantified
by densitometry. ER, estrogen receptor. E, Jurkat cells were co-transfected with LTR-LUC and CMV-Tat expression vectors (2:1) and incubated 18 h with or
without rottlerin. Renilla activity was measured, and RLUs were normalized according to protein concentration and 3-galactosidase activity. F, Jurkat cells were
transfected with pNL4.3-Renilla vector and incubated for 5 days with increasing concentrations of rottlerin. IC5, was calculated using GraphPad Prism Software
(sigmoidal dose-response formula). All measurements were done in triplicate, and the mean is represented with S.D.

Renilla was measured in cell lysates. HIV-1 replication was Impairment of HIV-1 Infection in Human PBLs by Transient
4-fold reduced in MT2-iPKC6-1,3 and more than 3-fold Interference of mRNA Encoding for PKC6—]Jurkat and resting
reduced in Jurkat-iPKC#-1,3 in comparison with their control =~ PBLs were transiently co-transfected with pNL4.3-Renilla and
cells C1 (Fig. 7E). Measurement of Renilla correlated to p24  both plasmids pGeneClip-iPKC6-1 and pGeneClip-iPKC6-3 or
antigen production in both cases (Fig. 7F). with empty plasmid pGeneClip or pGeneClip-iPKC#-C1 as
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FIGURE 7. HIV-1 replication is hindered in Jurkat and MT-2 cells with stable interference of mRNA encoding for PKCO. A, shown is an analysis of stable
interference of MRNA for PKC6 in Jurkat-iPKC6-1,3 and MT-2-iPKC6-1,3 cell lines by semiquantitative RT-PCR assay using B-actin as the housekeeping gene in
comparison with control cell lines, Jurkat-iPKC6-C1, and MT-2-iPKC6-C1. Gel bands were quantified by densitometry. B, cytosolic expression of PKCH protein
was analyzed in Jurkat-iPKC6-1,3 and MT-2-iPKC6-1,3 cell lines by immunoblotting using an antibody against total PKC6. B-Actin was used as protein loading
control. C, cell viability in Jurkat-iPKC6-1,3 and MT-2-iPKC6-1,3 cell lines was analyzed by quantifying the levels of ATP in living cells. D, NF-«B activity in
Jurkat-iPKC6-1,3 and MT-2-iPKC#-1,3 cell lines was measured by transient transfection of 3kB-LUC expression vector in the absence of stimulation. £, MT-2-
iPKC6-1,3 and MT-2-iPKCH-C1 cell lines were infected with NL4.3-Renilla clone, and Jurkat-iPKC6-1,3 and Jurkat-iPKC6-C1 cell lines were transfected with
pNL4.3-Renilla proviral clone. Renilla activity was measured 2-4 days post-infection (p.i.). F, production of p24 antigen in culture supernatants from the former
experiment was measured by ELISA to determine the correlation with the synthesis of Renilla. In all cases, data corresponding to three independent experi-
ments are represented as bar diagrams. Lines on the top of the bars correspond to S.D., and numbers on the top of the bars correspond to the reduction-fold
relative to the basal line. p.t., post transfection.

ence of latent viral reservoirs. Accordingly, current therapeutic
regimens are not fully suppressive, and viral escape occurs at a

negative controls. Transfected Jurkat cells were incubated in
the absence of stimulus. Transfected PBLs were activated with

PHA and maintained for 3 days in culture. Measurement of
Renilla showed that HIV-1 replication was more than 2-fold
reduced in Jurkat cells (Fig. 84) and more than 6-fold reduced
in PBLs (Fig. 8B) due to PKC# interference. Efficiency of PKCH
mRNA interference was assessed by semiquantitative RT-PCR
assay with RNA obtained 3 days after transfection (Fig. 8C).
B-Actin was used as a housekeeping gene.

DISCUSSION

HIV-1 infection is characterized by a continuous viral repli-
cation that persists even in patients on HAART due to the exist-

27374 JOURNAL OF BIOLOGICAL CHEMISTRY

cellular and anatomical level. New strategies should be devel-
oped, intended not only for the elimination of transcriptionally
silent reservoirs but also for the complete annulment of viral
replication to avoid ongoing replication and continuous feed-
ing of reservoirs. During primary stages of HIV-1 infection,
there is a massive infection of activated memory CD4" T lym-
phocytes in the gut-associated lymphoid tissue (GALT) that
leads to a sustained HIV-1 replication (26). Accordingly, the
lower the pool of activated CD4 " T cells, the lower the levels of
virus production. Because HIV-1 infects both resting and acti-
vated CD4 " T lymphocytes but only replicates in activated cells

VOLUME 286+NUMBER 31-AUGUST 5, 2011



>

8000000
7000000 —]

6000000 —
5000000 —

4000000 —

x0.44
3000000 —

Fold RLUs Renilla

2000000 —
1000000 —

0 :
Jurkat pGeneClip iPKC6 iPKC6O 3 days p.t.
C1 1-3

B 30000

25000

20000
15000 —

10000

Fold RLUs Renilla

x0.16

; | [ ]

PBLs pGeneClip iPKC6 iPKC6 3 days p.t.
C1 1-3

5000 —

C Jurkat PBLs

1-3

C1 13 C1

PKCo
B-actin

1.0 (04 | 1.0 01
1.0 [ 1.0 [ 1.0 ] 1.0

FIGURE 8. HIV-1 replication is impaired in human PBLs with transient
interference of mMRNA encoding for PKC6. A and B, Jurkat cells (A) and rest-
ing PBLs from healthy donors (B) were transiently co-transfected with
pGeneClip-iPKCH-1, pGeneClip-iPKCH-3, and pNL4.3-Renilla vectors (2:2:1).
pGeneClip-iPKCH-C1 and pGeneClip vectors were used as negative controls.
Renilla was measured in cell lysates 3 days after transfection. RLUs were nor-
malized according to protein concentration in each lysate and to -galacto-
sidase activity from pSV-B-galactosidase vector used as control of transfec-
tion efficiency. Data corresponding to three independent experiments are
represented as bar diagrams. Lines on the top of the bars correspond to S.D.,
and numbers on the top of the bars correspond to the reduction fold regarding
to the basal line. C, efficiency of transient mRNA interference for PKC6 was
assessed in RNA extracted from Jurkat and PBLs from the former experiment
3 days after transfection by semiquantitative RT-PCR assay. B-Actin was used
as housekeeping gene. Gel bands from immunoblotting assays were quanti-
fied by densitometry. p.t., post-transfection.

(20), two potential strategies could be envisaged. First, the clin-
ical use of PKC activators as adjuvant for HAART, such as pros-
tratin (21, 22) and the jatrophane diterpene S]23B (24), has been
proposed for reducing the size of latent reservoirs. Second, the
use of PKC inhibitors could be considered as an alternative
adjuvant mechanism to decrease T cell activation and, there-
fore, to control viral replication. We observed that rottlerin, a
dose-dependent PKC# inhibitor, was able to inhibit HIV-1 rep-
lication in activated T cells. Rottlerin-mediated inhibition of
HIV-1 replication was mostly dependent on PKC# inhibition
but not on the closely related PKC8 or PKC{. Interestingly,
PKCH is selectively expressed in the main viral producers,
CD4™ T lymphocytes (5, 41), where this PKC is phosphorylated
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and translocated from the cytoplasm to the immunologic syn-
apse during T cell activation to initiate signaling pathways that
end in the main effector NF-«B (52). Rottlerin was able to
reduce the phosphorylation of PKC6 at Thr>*® and its translo-
cation to the lipid rafts on the plasma membrane, which are
events essential for the kinase activity. We proved that rot-
tlerin-mediated inhibition of HIV-1 replication was highly
related to the inhibition of PKC# activity, as the stable interfer-
ence of mRNA for PKC6 in human T cells produced that these
cells were highly refractory to HIV-1 infection. Although there
are murine cells from PKC6™ /™ mice previously described that
could be used for these experiments (53), we decided to gener-
ate human T cell lines with stable interference for PKCH mRNA
to get a better model for HIV-1 infection.

One major consequence of PKC6 inhibition by rottlerin was
the decrease of NF-kB activity, necessary for HIV-1 replication
in T cells (12). However, NF-«B activity was only partially
reduced and, although both NF-AT and Sp1 were also moder-
ately diminished, an alternative mechanism should trigger the
rottlerin-mediated inhibition of HIV-1 replication. Several
experiments proved that rottlerin was not an inhibitor of viral
entry, and consequently, this compound was able to inhibit the
infection of both CXCR4- and CCR5-dependent viral clones.
However, rottlerin caused a significant decrease in Tat-medi-
ated LTR transactivation and proviral integration, which would
explain the delay in viral replication. This last effect could be
related to the fact that this compound is a cytostatic agent that
induces a G,-S phase arrest of cell cycle (33), causing accumu-
lation of cells in G,-G, and delaying DNA replication and cell
growth (54). Consequently, PKC6-dependent T cell prolifera-
tion was also thwarted in PBLs treated with rottlerin. In fact,
PKC6O™ /™ murine T cells show a defective IL-2 production that
is associated with a stable state of anergy (53). This unrespon-
sive state could be reversed by exogenous IL-2 (55), but intrigu-
ingly, rottlerin-dependent inhibition of T cell proliferation
could not be overcome by the addition of IL-2 (33), proving that
rottlerin should modify other signaling pathways involved in T
cell growth. This anergy-like state would be responsible for the
inhibition of proviral integration and replication, as occur in
human resting T cells that may be infected by HIV-1, but viral
replication does not occur until T cell activation is produced
(25, 56).

As most cytostatic agents are also able to induce massive
apoptosis, one major concern was whether HIV-1 replication
was restrained in rottlerin-treated T cells because it reduced
cell viability. In fact, PKC6 displays opposing effects in T cell
apoptotic mechanisms, and their balance determines the final
fate of the cell. When rottlerin is used at =10 uM, it causes
unspecific blockade of several PKCs as well as the inhibition of
CD3/CD28 signaling pathway, which culminates in Fas-medi-
ated cell death (10, 57— 60). However, doses <6.0 uM proved to
be highly specific for PKC6 inhibition and kept the viability of
PBLs and Jurkat mostly at basal levels. Furthermore, MT-2 cells
were surprisingly resilient to rottlerin-induced apoptosis
(>100 um), probably due to the concomitant infection with
HTLV-1, which appears to suppress apoptosis as a mechanism
involved in the immortalization of the infected lymphocytes
(61, 62). In fact, although MT-2 cells are usually destroyed by
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cytopathic effect as HIV-1 infection progresses, rottlerin was
able to increase MT-2 viability because HIV-induced cyto-
pathic effect was not produced.

The use of cytostatic agents, such as cyclosporin A, hy-
droxyurea, mycophenolic acid, and its morpholinoethyl ester
derivate mycophenolate mophetil, has been proposed in
HAART regimens during HIV-1 primary infection and struc-
tured treatment interruption to further suppress HIV-1 repli-
cation by limiting T cell activation through the inhibition of
proliferation and differentiation (63). In this context, the use of
specific PKC6 inhibitors would be useful to avoid massive viral
replication from activated CD4™ T cells and to reduce the size
of reservoirs from the beginning of the infection. Because PKC6
is selectively expressed in T cells, targeting specifically PKC6
will limit the immunosuppressive effect to the main targets for
HIV-1 infection. Among the benefits of initiating HAART dur-
ing HIV-1 primary infection would be the successful suppres-
sion of virus replication and spreading, restoration of CD4" T
cell counts, and long term containment of plasma viral load (21,
64-71).

Rottlerin is a powerful, selective PKC# inhibitor in which
activity is very constant in long term culture, as its inhibitory
effect is sustained from the beginning of the infection. This
compound is only intended for research studies and not for
clinical assays, as it has a narrow therapeutic range. Accord-
ingly, with this study we did not try to evaluate the ability of
rottlerin to inhibit HIV-1 replication as a compound that could
be used as an effective inhibitor of this viral infection. Instead,
this compound was used to determine the importance of PKC6
in HIV-1 infection and replication and to evaluate the use of
this essential kinase as a potential target to inhibit HIV-1 repli-
cation in T cells. In this context, data obtained with rottlerin
were reinforced by using specific interference of mRNA for
PKC6, obtaining similar results as those achieved with rottlerin.
Besides, the inhibitory activity of rottlerin on HIV-1 infection
was also analyzed in PKC6 non-expressing cells. For this pur-
pose, the absence of expression of mRNA encoding for PKC6in
the human astrocytoma U87 cell line was assessed by RTPCR.
U87 cells that stably express the CD4 receptor (U87.CD4) and
the chemokine receptor CXCR4 (U87.CD4.CXCR4) were then
infected with the recombinant NL4.3-Renilla. It was observed
that rottlerin was not able to inhibit HIV-1 infection in these
cells at a concentration within the range of low cytotoxicity (see
Fig. 2 in supplemental data).

Several laboratories have developed molecules targeted as
selective inhibitors of PKC6 (72, 73). These PKC6 inhibitors are
designed for the treatment of inflammatory diseases as arthri-
tis, asthma, multiple sclerosis, and colitis (74). No specific
PKC# inhibitor has entered the clinic yet, although some 4-in-
dolylamino-5-phenyl-3-pyridinecarbonitrile analogs met the
necessary criteria for advancement into in vivo efficacy studies
(75). Most of these compounds were selective for PKCH over
PKC&é. There are also generic PKC inhibitors in clinical assays
as sotrastaurin/AEB071 (Novartis), an inhibitor of classical and
novel PKCs that is currently in phase II trials for preventing
renal transplant rejection and for the treatment of psoriasis
(76 —78). It would be interesting to analyze the efficacy of these
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new selective PKC6 inhibitors for preventing HIV-1 replication
in human T cells, comparing its effectivity with rottlerin.

In conclusion, the use of cytostatic drugs in combination
with HAART would maintain T lymphocytes quiescent and,
therefore, refractory to productive HIV-1 infection. This strat-
egy could be applied selectively in patients during HIV-1 pri-
mary infection that started HAART with high levels of CD4™ T
cells and plasma viral load to avoid high peaks of viral replica-
tion that would spread the infection and establish new reser-
voirs. Because of the potential risk of lymphoproliferative dis-
orders, such agents could not be likely used in long term
treatment. However, the restricted expression and essential
function of PKC6 in T cell activation suggest that cytostatic
agents able to selectively block PKC6 in T cells may be thera-
peutically useful to thwart integration and both Tat- and
NF-«kB-dependent replication of HIV-1 without causing a gen-
eral immunosuppression.

Acknowledgments— We greatly appreciate the secretarial assistance
of Olga Palao. We also thank Centro Nacional de Transfusiones from
Comunidad de Madrid, Spain, for providing the buffy coats.

REFERENCES

. Meller, N., Altman, A., and Isakov, N. (1998) Stem Cells 16,178 =192
. Baier, G, Telford, D., Giampa, L., Coggeshall, K. M., Baier-Bitterlich, G.,
Isakov, N., and Altman, A. (1993) /. Biol. Chem. 268, 4997-5004

. Isakov, N, and Altman, A. (2002) Annu. Rev. Immunol. 20, 761794

. Altman, A., Isakov, N., and Baier, G. (2000) /mmunol. Today 21, 567-573

. Baier, G. (2003) Immunol. Rev. 192, 64-79

. Liu, Y., Graham, C., Li, A., Fisher, R.]., and Shaw, S. (2002) Biochem. J. 361,

255-265
. Newton, A. C. (2009) /. Lipid Res. 50, S266 -S271
. Gallegos, L. L., and Newton, A. C. (2008) /UBMB Life 60, 782—789
9. Grakoui, A., Bromley, S. K., Sumen, C., Davis, M. M., Shaw, A. S., Allen,

P. M., and Dustin, M. L. (1999) Science 285, 221-227

10. Coudronniere, N., Villalba, M., Englund, N., and Altman, A. (2000) Proc.
Natl. Acad. Sci. U.S.A. 97, 33943399

11. Dustin, M. L., and Chan, A. C. (2000) Cell 103, 283-294

12. Alcami, J., Lain de Lera, T., Folgueira, L., Pedraza, M. A,, Jacqué, ]. M.,
Bachelerie, F., Noriega, A. R., Hay, R. T., Harrich, D., and Gaynor, R. B.
(1995) EMBO J. 14, 1552—-1560

13. Chen, Z., Hagler, J., Palombella, V. ]J., Melandri, F., Scherer, D., Ballard, D.,
and Maniatis, T. (1995) Genes Dev. 9, 1586 —-1597

14. May, M. ], and Ghosh, S. (1998) Immunol. Today 19, 80— 88

15. Chomont, N., El-Far, M., Ancuta, P., Trautmann, L., Procopio, F. A., Yass-
ine-Diab, B., Boucher, G., Boulassel, M. R., Ghattas, G., Brenchley, ]. M.,
Schacker, T. W., Hill, B. J., Douek, D. C., Routy, J. P., Haddad, E. K., and
Sékaly, R. P. (2009) Nat. Med. 15, 893—-900

16. Chun, T. W, Carruth, L., Finzi, D., Shen, X., DiGiuseppe, J. A., Taylor, H.,
Hermankova, M., Chadwick, K., Margolick, J., Quinn, T. C., Kuo, Y. H,,
Brookmeyer, R., Zeiger, M. A., Barditch-Crovo, P., and Siliciano, R. F.
(1997) Nature 387, 183—-188

17. Finzi, D., Hermankova, M., Pierson, T., Carruth, L. M., Buck, C., Chaisson,
R.E., Quinn, T. C., Chadwick, K., Margolick, ]., Brookmeyer, R., Gallant, J.,
Markowitz, M., Ho, D. D., Richman, D. D., and Siliciano, R. F. (1997)
Science 278, 1295-1300

18. Wong, J. K., Hezareh, M., Giinthard, H. F., Havlir, D. V., Ignacio, C. C,,
Spina, C. A., and Richman, D. D. (1997) Science 278, 1291-1295

19. Walensky, R. P., Paltiel, A. D., Losina, E., Mercincavage, L. M., Schackman,
B.R, Sax, P. E,, Weinstein, M. C., and Freedberg, K. A. (2006) /. Infect. Dis.
194, 11-19

20. Coiras, M., Lépez-Huertas, M. R,, Pérez-Olmeda, M., and Alcami, J. (2009)

Nat. Rev. Microbiol. 7,798 —812

N =

N U W

[celaN

VOLUME 286+NUMBER 31-AUGUST 5, 2011


http://www.jbc.org/cgi/content/full/M110.210443/DC1

21.
22.

23.

24.

25.

26.

27.

28.
29.
30.

31.

32.

33.
34.
35.
36.

37.
38.

39.
40.
41.
42.
43.

44

45.

46.
47.
48.

49.

50.

AUGUST 5,2011+VOLUME 286+NUMBER 31

Rullas, J., Bermejo, M., Garcia-Pérez, J., Beltdn, M., Gonzélez, N., Hezareh,
M., Brown, S.J., and Alcami, J. (2004) Antivir. Ther. 9, 545—-554
Wender, P. A., Kee, ]. M., and Warrington, J. M. (2008) Science 320,
649 — 652

Mirquez, N., Calzado, M. A., Sdnchez-Dufthues, G., Pérez, M., Minassi,
A., Pagani, A., Appendino, G., Diaz, L., Munoz-Ferndndez, M. A., and
Muiioz, E. (2008) Biochem. Pharmacol. 75, 1370-1380

Bedoya, L. M., Mdrquez, N., Martinez, N., Gutiérrez-Eisman, S., Alvarez,
A., Calzado, M. A, Rojas, ]. M., Appendino, G., Mufioz, E., and Alcami, J.
(2009) Biochem. Pharmacol. 77, 965-978

Zack, J. A., Arrigo, S.]., Weitsman, S. R., Go, A. S, Haislip, A., and Chen,
1. S. (1990) Cell 61, 213-222

Mehandru, S., Poles, M. A., Tenner-Racz, K., Horowitz, A., Hurley, A,
Hogan, C., Boden, D., Racz, P., and Markowitz, M. (2004) /. Exp. Med. 200,
761-770

Brenchley, J. M., Schacker, T. W., Ruff, L. E., Price, D. A, Taylor, J. H,,
Beilman, G. J., Nguyen, P. L., Khoruts, A., Larson, M., Haase, A. T., and
Douek, D. C. (2004) J. Exp. Med. 200, 749 —759

Adachi, A., Gendelman, H. E., Koenig, S., Folks, T., Willey, R., Rabson, A.,
and Martin, M. A. (1986) /. Virol. 59, 284291

Garcia-Perez, J., Sanchez-Palomino, S., Perez-Olmeda, M., Fernandez, B.,
and Alcami, J. (2007) J. Med. Virol. 79, 127-137

Bachelerie, F., Alcami, J., Arenzana-Seisdedos, F., and Virelizier, ]. L.
(1991) Nature 350, 709712

Arenzana-Seisdedos, F., Fernandez, B., Dominguez, I, Jacqué, J. M,
Thomas, D., Diaz-Meco, M. T., Moscat, J., and Virelizier, J. L. (1993)
J. Virol. 67, 6596 — 6604

Oberlin, E., Amara, A., Bachelerie, F., Bessia, C., Virelizier, J. L., Arenzana-
Seisdedos, F., Schwartz, O., Heard, J. M., Clark-Lewis, L, Legler, D. F,,
Loetscher, M., Baggiolini, M., and Moser, B. (1996) Nature 382, 833—835
Springael, C., Thomas, S., Rahmouni, S., Vandamme, A., Goldman, M.,
Willems, F., and Vosters, O. (2007) Biochem. Pharmacol. 73, 515-525
Gekeler, V., Boer, R., Uberall, F., Ise, W., Schubert, C., Utz, ., Hofmann, J.,
Sanders, K. H., Schichtele, C., Klemm, K., and Grunicke, H. (1996) Br. J.
Cancer 74, 897-905

Villalba, M. (1998) Neuroreport 9, 1713-1717

Zhang, D., Anantharam, V., Kanthasamy, A., and Kanthasamy, A. G.
(2007) J. Pharmacol. Exp. Ther. 322, 913-922

Bradford, M. M. (1976) Anal. Biochem. 72, 248 —254

He,]., Choe, S., Walker, R., Di Marzio, P., Morgan, D. O., and Landau, N. R.
(1995) J. Virol. 69, 6705-6711

Connor, R. L, Chen, B. K, Choe, S., and Landau, N. R. (1995) Virology 206,
935-944

Lain de Lera, T., Folgueira, L., Martin, A. G., Dargemont, C., Pedraza,
M. A., Bermejo, M., Bonay, P., Fresno, M., and Alcami, J. (1999) Oncogene
18, 1581-1588

Meller, N, Elitzur, Y., and Isakov, N. (1999) Cell Immunol. 193, 185-193
Lépez-Huertas, M. R, Callejas, S., Abia, D., Mateos, E., Dopazo, A., Al-
camli, J., and Coiras, M. (2010) Nucleic Acids Res. 38, 3287—3307
Klein-Hitpass, L., Schorpp, M., Wagner, U., and Ryffel, G. U. (1986) Cell
46, 1053-1061

Sancho, R, Médrquez, N., Gémez-Gonzalo, M., Calzado, M. A., Bettoni, G.,
Coiras, M. T., Alcami, ]., Lépez-Cabrera, M., Appendino, G., and Munoz,
E. (2004) /. Biol. Chem. 279, 37349 37359

Folks, T. M., Powell, D., Lightfoote, M., Koenig, S., Fauci, A. S., Benn, S.,
Rabson, A., Daugherty, D., Gendelman, H. E., and Hoggan, M. D. (1986) /.
Exp. Med. 164, 280-290

Solomou, E. E,, Juang, Y. T., and Tsokos, G. C. (2001) J. Immunol. 166,
5665—5674

Rybin, V. O,, Sabri, A., Short, J., Braz, J. C., Molkentin, J. D., and Steinberg,
S. F. (2003) J. Biol. Chem. 278, 14555—14564

Le Good, J. A., Ziegler, W. H., Parekh, D. B., Alessi, D. R., Cohen, P., and
Parker, P. J. (1998) Science 281, 2042—2045

Toullec, D., Pianetti, P., Coste, H., Bellevergue, P., Grand-Perret, T., Aja-
kane, M., Baudet, V., Boissin, P., Boursier, E., and Loriolle, F. (1991) /. Biol.
Chem. 266, 15771-15781

Matlin, K. S., Reggio, H., Helenius, A., and Simons, K. (1982) J. Mol. Biol.
156, 609 - 631

51.

52.

53.

54.

55.

56.
57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.
74.
75.

76.

Role of PKCO in HIV-1 Replication

Garcia-Perez, J., Rueda, P., Staropoli, I., Kellenberger, E., Alcami, J.,
Arenzana-Seisdedos, F., and Lagane, B. (2011) J. Biol. Chem. 286,
4978 —-4990

Ichimura, H., and Levy, J. A. (1995) Virology 211, 554 —560

Sun, Z., Arendt, C. W., Ellmeier, W., Schaeffer, E. M., Sunshine, M. J.,
Gandhi, L., Annes, J., Petrzilka, D., Kupfer, A., Schwartzberg, P. L., and
Littman, D. R. (2000) Nature 404, 402—407

Parmer, T. G., Ward, M. D., and Hait, W. N. (1997) Cell Growth Differ. 8,
327-334

Powell, ]. D., Ragheb, J. A., Kitagawa-Sakakida, S., and Schwartz, R. H.
(1998) Immunol. Rev. 165, 287—-300

Williams, S. A., and Greene, W. C. (2007) Cytokine 39, 6374

Deszo, E. L., Brake, D. K, Cengel, K. A,, Kelley, K. W., and Freund, G. G.
(2001) /. Biol. Chem. 276, 10212-10217

Gschwendt, M., Miiller, H. J., Kielbassa, K., Zang, R., Kittstein, W., Rincke,
G., and Marks, F. (1994) Biochem. Biophys. Res. Commun. 199, 93—-98
Majumder, P. K, Pandey, P., Sun, X., Cheng, K., Datta, R., Saxena, S.,
Kharbanda, S., and Kufe, D. (2000) /. Biol. Chem. 275, 2179321796
Ringshausen, I, Oelsner, M., Weick, K., Bogner, C., Peschel, C., and
Decker, T. (2006) Leukemia 20, 514 -520

Matteucci, C., Balestrieri, E., Macchi, B., and Mastino, A. (2004) J. Med.
Virol. 74, 473—483

Okamoto, K., Fujisawa, ., Reth, M., and Yonehara, S. (2006) Genes Cells
11,177-191

Emmel, E. A, Verweij, C. L., Durand, D. B, Higgins, K. M., Lacy, E., and
Crabtree, G. R. (1989) Science 246, 1617-1620

Berrey, M. M., Schacker, T., Collier, A. C., Shea, T., Brodie, S. J., Mayers,
D., Coombs, R., Krieger, J., Chun, T. W., Fauci, A., Self, S. G., and Corey, L.
(2001) J. Infect. Dis. 183, 1466 —1475

Hoen, B., Dumon, B., Harzic, M., Venet, A., Dubeaux, B., Lascoux, C.,
Bourezane, Y., Ragnaud, J. M., Bicart-See, A., Raffi, F., Beauvais, L., Fleury,
H., and Séréni, D. (1999) /. Infect. Dis. 180, 1342—-1346

Oxenius, A., Price, D. A., Easterbrook, P. J., O’Callaghan, C. A., Kelleher,
A.D., Whelan,]. A, Sontag, G., Sewell, A. K., and Phillips, R. E. (2000) Proc.
Natl. Acad. Sci. U.S.A. 97, 3382—-3387

Pantaleo, G., Cohen, O.]., Schacker, T., Vaccarezza, M., Graziosi, C., Riz-
zardi, G. P., Kahn, J., Fox, C. H.,, Schnittman, S. M., Schwartz, D. H., Corey,
L., and Fauci, A. S. (1998) Nat. Med. 4, 341-345

Pantaleo, G., Demarest, J. F., Schacker, T., Vaccarezza, M., Cohen, O. J.,
Daucher, M., Graziosi, C., Schnittman, S. S., Quinn, T. C., Shaw, G. M.,
Perrin, L., Tambussi, G., Lazzarin, A., Sekaly, R. P., Soudeyns, H., Corey, L.,
and Fauci, A. S. (1997) Proc. Natl. Acad. Sci. U.S.A. 94, 254258
Pantaleo, G., Soudeyns, H., Demarest, J. F., Vaccarezza, M., Graziosi, C.,
Paolucci, S., Daucher, M. B, Cohen, O.]., Denis, F., Biddison, W. E., Sekaly,
R. P, and Fauci, A. S. (1997) Eur. J. Immunol. 27, 31663173

Rosenberg, E. S., Billingsley, J. M., Caliendo, A. M., Boswell, S. L., Sax, P. E.,
Kalams, S. A., and Walker, B. D. (1997) Science 278, 1447-1450
Schacker, T., Collier, A. C., Hughes, ], Shea, T., and Corey, L. (1996) Ann.
Intern. Med. 125, 257-264

Cywin, C. L, Dahmann, G., Prokopowicz, A. S., 3rd, Young, E. R, Magolda,
R. L, Cardozo, M. G., Cogan, D. A,, Disalvo, D., Ginn, J. D., Kashem, M. A,,
Wolak, J. P., Homon, C. A, Farrell, T. M., Grbic, H., Hu, H,, Kaplita, P. V., Liu,
L. H,, Spero, D. M., Jeanfavre, D. D., O’Shea, K. M., White, D. M., Woska, J. R.,
Jr., and Brown, M. L. (2007) Bioorg. Med. Chem. Lett. 17, 225230
Boschelli, D. H. (2009) Curr. Top. Med. Chem. 9, 640 — 654

Baier, G., and Wagner, . (2009) Curr. Opin. Cell Biol. 21, 262-267
Boschelli, D. H., Subrath, J., Niu, C., Wu, B., Wang, Y., Lee, ], Brennan, A.,
Ho, M., Deng, B., Yang, X., Xu, X., Leung, L., Wang, J., Atherton, J., and
Chaudhary, D. (2010) Bioorg. Med. Chem. Lett. 20, 1965—1968

Evenou, J. P., Wagner, J., Zenke, G., Brinkmann, V., Wagner, K., Kovarik, J.,
Welzenbach, K. A., Weitz-Schmidt, G., Guntermann, C., Towbin, H., Cot-
tens, S., Kaminski, S., Letschka, T., Lutz-Nicoladoni, C., Gruber, T., Her-
mann-Kleiter, N., Thuille, N., and Baier, G. (2009) J. Pharmacol. Exp. Ther.
330, 792-801

. Manicassamy, S. (2009) Curr. Opin. Investig Drugs 10, 1225-1235
78.

Matz, M., Weber, U., Mashreghi, M. F., Lorkowski, C., Ladhoff, ]., Kramer,
S., Neumayer, H. H., and Budde, K. (2010) Nephrol. Dial. Transplant. 25,
2159-2167

JOURNAL OF BIOLOGICAL CHEMISTRY 27377



