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Caveolin 1 (Cav-1), the scaffold protein of a specific membrane lipid raft called caveolae, has been reported
to suppress HIV-1 replication. However, the mechanism by which Cav-1 inhibits HIV replication remains
unclear. In this study, we investigated the mechanism by which Cav-1 inhibits HIV replication at the level of
gene expression. Our results show that Cav-1 represses viral gene expression and that this suppression
involves the NF-kB pathway. We used several approaches in different cell types, including primary CD4* T
cells and macrophages, to demonstrate the role of nuclear factor kB (NF-kB) in Cav-1-mediated inhibition of
viral expression. A mutational analysis of the cis-acting element shows that the two NF-kB sites in the U3
region of the long terminal repeat (LTR) are critical for Cav-1-mediated inhibition of viral expression. In the
presence of Cav-1, phosphorylation of IKKf, IKKe, IkBa, and NF-kB p65 is dramatically reduced, while viral
gene expression is suppressed. In addition, translocation of NF-kB p65 to the nucleus decreases substantially
in the presence of Cav-1. Furthermore, significant inhibition of NF-kB activation and binding to target DNA
are evident in the presence of Cav-1. These results establish evidence that Cav-1 inhibits HIV replication by
transcriptional repression of viral gene expression and contributes to HIV’s persistent infection of

macrophages.

Caveolae are flask-shaped small invaginations, 50 to 100 nm
in diameter, on the plasma membrane that are highly enriched
in cholesterol, phospholipids, and sphingolipids and are abun-
dant in various cell types (43, 46, 54, 55, 61). These organelles
provide scaffolding for compartmented cellular processes and
participate in multiple cellular functions, including endocyto-
sis, transcytosis, cholesterol transport, suppression of cell
transformation, and signal transduction (15, 16, 29, 32, 33, 42,
46, 47, 53, 60). The caveolae structure is composed of proteins
known as caveolins (Cav), and three types (Cav-1, Cav-2, and
Cav-3) have been identified (27, 42). Cav-1 is the major coat
protein responsible for caveolae assembly (14, 28) and is highly
expressed in quiescent or terminally differentiated cells, includ-
ing dendritic cells and monocyte/macrophages (17, 19, 36, 43,
46, 51, 54,55, 61). The Cav-1 protein is generally believed to be
absent from lymphocytes. This protein can positively or nega-
tively regulate signaling by interacting directly or indirectly
with caveolae-resident proteins (6, 7, 18, 36, 46, 50, 60).

The caveolin scaffolding domain (CSD), residues 82 to 101
in Cav-1, is essential for both caveolin oligomerization and the
interaction of caveolins with other proteins (11). Interactions
with other proteins through the CSD help provide coordinated
and efficient signal transduction (51, 60). The CSD serves as a
receptor for binding proteins containing sequence motif ¢X¢
XXXXp, pXXXXeXXep, or ¢XeXXXXeXXe (¢ represent-
ing any aromatic amino acid and X any other amino acid) (11).
By using the CSD domain as a receptor, a conserved Cav-1
binding motif, WNNMTWMOQW, is identified in the ectodo-
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main (the C-terminal heptad repeat region) of human immu-
nodeficiency virus type 1 (HIV-1) transmembrane envelope
glycoprotein gp41 (21, 23). This motif in the HIV Env has been
shown to interact specifically with the CSD domain of Cav-1.
Our group revealed the interaction of cellular Cav-1 and HIV
Env (via gp41) within the lipid rafts and further demonstrated
that Cav-1 modulates Env-induced bystander apoptosis
through the interaction with gp41, as well as fusion mediated
by HIV Env (58). We have also shown that HIV infection in
primary human monocyte-derived macrophages (MDMs) re-
sults in a dramatic upregulation of Cav-1 expression mediated
by HIV Tat (31). The overexpression of Cav-1 significantly
inhibits HIV replication (31, 34), implicating Cav-1 as playing
a role in HIV’s persistent infection of macrophages. However,
the mechanism by which Cav-1 inhibits HIV replication re-
mains to be determined.

HIV-1 virus replication is tightly regulated at the transcrip-
tional level through the long terminal repeat (LTR), with spe-
cific interaction of cellular transcription factors binding to a
variety of cis-acting DNA sequences within the LTR (12).
HIV-1 LTR is comprised of the U3, R, and U5 regions. The
U3 region contains an upstream regulatory element, which
includes an enhancer with two binding sites for the nuclear
factor kB (NF-kB) and nuclear factor of activated T cells
(NFAT) proteins and the core promoter, composed of a
TATA box and three binding sites for the specificity protein 1
(Spl) (26). Several mechanisms are proposed for the restric-
tion of HIV replication in monocytes/macrophages. These in-
clude either a lack of host transcriptional activators, the pres-
ence of host transcriptional repressors, dysfunctional Tat, the
modulation of the chromatin environment, or downregulation
of HIV transcripts by host microRNAs (5, 30). NF-«B sites
located at nucleotide positions —81 to —91 and —95 to —104
relative to the transcriptional start site are one of the main
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regulators of the HIV-1 LTR in all cell types (2, 37, 41, 52).
NF-«kB is composed of homo- or heterodimers of Rel family
proteins, including p65 (RelA), p50, c-Rel, RelB, and p52 (25).
All of the proteins contain an N-terminal Rel homology do-
main, which functions in DNA binding, dimerization, and in-
teraction with the inhibitory IkB proteins. p65 (RelA), RelB,
and c-Rel contain a transactivation domain in the C terminus
(25, 37).

The classical NF-kB complex (p50/p65) is sequestered in the
cytoplasm by interaction with the inhibitory IkB proteins, in-
cluding IkBa, IkBp, IkBe, and IkBry, of which IkBa is the best
characterized. Upon a variety of stimuli and cell activation,
IkBa is phosphorylated at the N-terminal residues S32 and S36
by the IkB kinases (IKKs), resulting in ubiquitination and
subsequent degradation. This then leads to the release of the
p50/p65 complex and allows it to translocate to the nucleus,
where it can bind to the promoter and activate gene expression
(25). Several studies have shown that NF-«B plays pivotal roles
in transcriptional regulation of the HIV LTR, with implica-
tions for viral latency, reactivation, and persistent infection (2,
37, 41, 52). One study demonstrated that IkBa in T cells
regulated NF-kB shuttling between the nucleus and cytosol,
contributing to the lower activation levels of HIV-1 LTR and
viral latency (9). NF-kB is involved in the stimulation of HIV-1
replication in monocytes by lipopolysaccharide (LPS), inter-
leukin-6 (IL-6), and tumor necrosis factor alpha (TNF-a) (39,
48, 49). The deletion or introduction of site-specific mutations
in the NF-kB sites diminished LTR activity, leading to reduced
infectious-virus replication (2). An HIV-infected promonocytic
cell line (U937) has an enhanced IkBa degradation due to IKK
activation (3). These findings suggest that cellular factors that
can negatively affect the NF-kB pathway can result in reduced
virus replication and contribute to persistent/chronic macro-
phage infection. The observations that Cav-1 is upregulated by
Tat in HIV-infected cells and that overexpression of Cav-1
inhibits virus production suggest a potential Cav-1-mediated
repression of viral gene expression. In this report, we establish
for the first time the mechanism of Cav-1-mediated inhibition
of HIV replication and provide evidence that Cav-1 inhibits
HIV replication through transcriptional repression of viral
gene expression by modulating the NF-«B pathway.

MATERIALS AND METHODS

Plasmids and reagents. The HIV proviral constructs pNL4-3 and pNL4-3.
LucR™E™ were kindly provided by the NIH AIDS Research and Reagent
Program (1, 20). An expression plasmid for vesicular stomatitis virus (VSV)
envelope G protein (pCI-VSV) was kindly provided by Garry Nolan of Stanford
University. A green fluorescent protein (GFP)-expressing plasmid, pCMV-GFP,
was constructed by cloning the cytomegalovirus (CMV) promoter into the Agel
and Sspl sites of pEGFP.luc (Invitrogen, Carlsbad, CA). Similarly, a plasmid
expressing GFP under the control of the HIV LTR, pLTR-GFP, was generated
by first performing PCR amplification of HIV-1 LTR sequences from pNL4-3
provirus and then cloning them into the Clal and Agel restriction enzyme sites
of pEGFP.luc. The plasmid pTatz, expressing HIV-1 Tat, was constructed by
inserting the HIV-1 Tat coding sequence downstream from a CMV promoter
(45). The Cav-1-expressing plasmid (pCZ-Cav-1) was also generated by placing
the Cav-1 coding sequence downstream from a CMV promoter (58). pCZ-vector
is a control construct without the Cav-1 coding sequence. The LTR-GFP muta-
tion plasmids with mutations in the NF-kB sites, NF-kBM1 (mutation in only one
NF-«B site) and NF-kBM2 (mutation in both NF-«B sites), the NFATS site
(NFAT5M), and the Spl sites (Sp1M) were generated using a site-directed
mutagenesis kit according to the manufacturer’s protocol (Stratagene). Briefly,
the mutations were generated by PCR amplification using pLTR-GFP as the
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template and the following pairs of primers: for the Spl mutation, 5'-CTTTCCAG
GGATTTGTGGCCTGTTCGGGACTGGTTAGTGGCGAGCC-3" and 5'-GGC
TCGCCACTAACCAGTCCCGAACAGGCCACAAATCCCTGGAAAG-3'; for
the NFATS mutation, 5'-TCCGCTGGGGACTTTTTAGGGAGGTGTGGCCTG
GG-3' and 5'-CCCAGGCCACACCTCCCTAAAAAGTCCCCAGCGGA-3'; for
NF-«B mutation 1, 5'-GAGCTTTCTACAACTCACTTTCCGCTGGG-3' and 5'-
CCCAGCGGAAAGTGAGTTGTAGAAAGCTC-3'; and for NF-kB mutation 2,
NF-«B mutation 1 for the PCR template and primers 5'-CTCACTTTCCGCTGC
TCACTTTCCAGGGAGG-3' and 5'-CCTCCCTGGAAAGTGAGCAGCGGAA
AGTGAG-3'. The PCR products were digested with the restriction enzyme Dpnl to
destroy template plasmids and were then transformed into DHS« competent cells.
Introductions of the mutations were confirmed by sequence analysis. The plasmid
pGLA.32[luc2P/NF-kB-RE/Hygro], with the luciferase coding sequence under the
control of a minimal promoter containing five NF-kB sites, was purchased from
Promega. The NF-kB competitive inhibitor peptide SN50 and the mutant control
SN50M were purchased from Sigma-Aldrich.

Cell cultures. Human embryonic kidney (HEK) 293T cells were obtained from
the American Type Culture Collection (Manassas, VA) and cultivated in Dul-
becco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 2 mM L-glutamine, and 100 wg/ml penicillin-streptomycin. Periph-
eral blood mononuclear cells (PBMCs) were isolated using a Ficoll gradient
(Sigma-Aldrich). CD4™" T cells were then isolated from the PBMCs by using a
negative cell sorting method (Stem Cell Technologies). The cells were discarded
if the purity was below 95% as determined by flow cytometry analysis. CD4" T
cells were maintained in RPMI 1640 containing 10% FBS, 1 M HEPES, 2 mM
sodium pyruvate, 0.0075% sodium bicarbonate, and 2 mM L-glutamine. The cells
were stimulated with 10 U/ml IL-2 and 2 pg/ml phytohemagglutinin (PHA)
(Sigma-Aldrich) for 1 week. Monocytes were isolated by negative selection using
a StemSep human monocyte enrichment kit according to the manufacturer’s
protocol (Stemcell Technologies). The monocyte preparations contained 98%
CD14* cells as determined by flow cytometry. For differentiation of monocytes
into macrophages, 1 X 10° monocytes were seeded into Biocoat poly-p-lysine
plates (BD Bioscience) and cultured in DMEM supplemented with 10% heat-
inactivated human serum, 50 pwg/ml gentamicin, 10 pg/ml ciprofloxacin, and 1,000
U/ml macrophage colony-stimulating factor (M-CSF) (Sigma-Aldrich) for 7
days, with half of the culture medium being replaced with fresh medium every 2
days. HeLa-Tat-III/LTR/d1IEGFP and HeLa-Tat-III/CMV/d1IEGFP cells (44)
are derived from the HeLa-TatIII cell line stably expressing GFP under the
control of the HIV LTR or CMV promoter. These cell lines were obtained from
the NIH AIDS Research and Reference Reagent Program and maintained in
DMEM supplemented with 10% FBS, 1 mg/ml G418 (Sigma-Aldrich), and 100
pg/ml penicillin-streptomycin.

Transfection, virus production, and infection. Transfections of 293T cells were
carried out in T75 cell culture flasks by the calcium phosphate method. Seeded
cells were transfected with 10 pg of pNL4-3.Luc.R"E~ and 10 pg of pCI-VSV.
Pseudotyped viral supernatants were harvested 3 days posttransfection and were
clarified by centrifugation at 5,000 rpm for 20 min and then by filtering through
a 0.45-um-pore-size filter. Virus production was measured by a p24 enzyme-
linked immunosorbent assay (ELISA) method. Adenovirus particles (Ad) for
expressing Cav-1 (Ad-Cav-1), LacZ (Ad-LacZ), and GFP (Ad-GFP) were pur-
chased from Vector Biolabs (Philadelphia, PA). Primary CD4™" cells or mono-
cyte-derived macrophages (MDMs) were cultured in 12-well plates at a density
of 1 X 10° cells per well and were infected at a multiplicity of infection (MOT)
of 50 with Ad-Cav-1 or Ad-GFP for 4 h at 37°C in serum-free medium. The cells
were then washed and incubated in serum-containing medium for 36 h and
infected with a concentration of 20 ng p24 per 1 X 10° cells of VSV-G Env-
pseudotyped HIV-1x1 43 10er g for 4 h at 37°C. These coinfected cells were
washed and incubated for an additional 24 h prior to harvest for luciferase assay
and immunoblot analysis. HeLa-Tat-III/LTR/d1EGFP and HeLa-Tat-III/CMV/
d1EGFP cells were seeded in 6-well culture plates at a concentration of 2 X 10°
cells per well and infected with 2 X 107 PFU of Ad-Cav-1 or Ad-LacZ. All other
transfections were performed using Fugene 6 according to the protocol described
by the manufacturer (Roche, Indianapolis, IN).

Luciferase assay and flow cytometry analysis. HIV promoter-driven gene
expression was quantified using either a luciferase or a GFP reporter. HEK 293T
cells were seeded at a density of 2 X 10° cells per well and transfected with
pNL4-3.Luc.R"E™~ and different concentrations of pCZ-Cav-1 or pCZ-vector.
The cells were also transfected with pRL-TK (renilla luciferase expression plas-
mid; Promega) to monitor transfection efficiency. Luciferase activity was deter-
mined from cell lysates with a dual luciferase assay system as described by the
manufacturer (Promega, Madison, WI). Primary CD4* T cells and MDMs were
infected with VSV-G-pseudotyped virus, and cell lysates were used to measure
luciferase activity. GFP expression was determined by flow cytometry and measur-



Vor. 85, 2011

CAVEOLIN 1 INHIBITS HIV GENE EXPRESSION 5485

A. _i» P <0.01 B. P<0.01
2 120
g'® = P<0.01
2 80 < 100 -
8 z
o 90 2 80 -
2 40 .<6
.g o 60 -
§ 20 3
g o 2 40
s
pNL4-3.Luc.RE: - + + E 20 - l
Basic Luc : + - - 0 ‘ ‘
pCZ-cav-1: = S + pNL4-3.Luc.RE (ug): 1.5 15 15 1.5
Cav-1 -_— pCZ-cav-1 (ug) : 0 0.5 1.0 15
B-actin
o — pCZ-vector (ug): 1.5 1.0 0.5 0
Cav-1 T e— —
C. P=0.01
900 S
goo | ®Vector P<o01 Boctin NP W — —
OCav-1 ) '
L 700 -
£ 600 -
g 500 -
2 400 *
2 i .
3 300 *
S 200
100 -
0 —
6 hr 24 hr 48 hr 72hr
5§ v & v 57 B %
N N N N N N N N
g2 8288 88
Cav-1 — i e

EEHN e o v

FIG. 1. Cav-1 modulates HIV-1 gene expression. (A) Inhibition of luciferase expression encoded in NL4-3.Luc. R"E™ by Cav-1. HEK 293T cells were
cotransfected with pRL-TK (10 ng), pNLA-3.Luc.R"E™ (1.0 pg), or basic luciferase plasmid (1.0 pg) with no promoter and pCZ-Cav-1 (1.5 ng) or pCZ
vector (1.5 pg). The cells were harvested 48 h posttransfection and subjected to a dual luciferase assay. The levels of luciferase are expressed relative to
the levels in cells transfected with pCZ vector (100%). (B) Cav-1 dose-dependent inhibition of viral gene expression. A constant amount of pNLA4-
3.Luc.R"E™ was cotransfected with various concentrations of pCZ-Cav-1 into HEK 293T cells. Luciferase assay was performed 48 h posttransfection.
(C) Time-dependent inhibition of gene expression by Cav-1. HEK 293T cells were cotransfected with pNL4-3.Luc.R"E™ and pCZ-Cav-1 or pCZ vector.
Cells were harvested at 6, 24, 48, and 72 h posttransfection and subjected to luciferase assay. Results are shown as means = SD of three determinations.
The cells were also harvested and subjected to Western blot analysis for levels of Cav-1 and B-actin.

ing mean fluorescence intensity. The experiments were performed in triplicates, and
the results are reported as normalized means * standard deviations (SD).

Immunoblot analysis. Total cellular proteins were extracted in lysis buffer (50
mM Tris, pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.1% [vol/vol] Triton X-100, 10
mM NaF, 1 mM phenylmethylsulfonyl fluoride [PMSF], and 1 mM vanadate),
with protein concentration being determined by the Lowry method (Bio-Rad
protein assay). Extracted protein was separated by 10 to 15% SDS-PAGE gel
electrophoresis and transferred onto a nitrocellulose membrane (Roche). The
membrane was blocked with Tris-buffered saline-Tween 20 containing 5% non-
fat milk and then incubated with antibodies specific to Cav-1 (Santa Cruz Bio-
technology), B-actin (Sigma-Aldrich), Tat (kindly provided by the NIH AIDS
Research and Reference Reagent Program), poly(ADP)-ribose polymerase
(PARP; Cell Signaling Technology), or NF-kB pathway proteins (total and
phosphorylated IKKB, IKKa, IkBa, and p65; Cell Signaling Technology) over-
night at 4°C. The membrane was then incubated with horseradish peroxidase
(HRP)-linked anti-mouse or anti-rabbit IgG (Cell Signaling Technology) or
anti-human IgG (Abcam, Inc.) for 1 h at room temperature.

Nucleus and cytosol fractionation. The nucleus and cytosol fractionations
were performed as previously described (57). Briefly, cultured cells were washed
with cold phosphate-buffered saline (PBS) twice and harvested in 10 mM
HEPES-KOH, 1.5 mM MgCl,, 10 mM KClI, 0.5 mM PMSF (pH 7.9) buffer while
at 4°C. The cells were further Dounce homogenized, incubated on ice for 15 min,
and centrifuged at 14,000 rpm for 10 min at 4°C. The supernatant collected was
the cytosolic fraction. The pellet was further lysed in 20 mM HEPES-KOH, 1.5
mM MgCl,, 25% glycerol, 420 mM NaCl, 0.2 mM EDTA, 0.5 mM dithiothreitol

(DTT), 0.5 mM PMSF (pH 7.9) buffer for 30 min and centrifuged at 14,000 rpm
for 20 min at 4°C. The second supernatant obtained was the nuclear fraction.

NF-kB p65 activity assay. p65 NF-«kB transcriptional activity was analyzed
using the ELISA-based kit TransAM according to the manufacturer’s protocol
(Active Motif North America, Carlsbad, CA), using nuclear protein harvested as
described above. Briefly, 10 pg of nuclear extract was diluted with complete lysis
buffer provided by the manufacturer in a total volume of 20 pl and mixed with
30 pl of complete binding buffer in a 96-well plate coated with p65 binding-
oligonucleotides. The binding assay was performed at room temperature with
rocking at 100 rpm for 1 h. After washes, a 1:1,000 dilution of the primary
antibody against NF-kB was added and incubated for another hour, which was
followed by the addition of 1:1,000-diluted HRP-conjugated secondary antibody.

Statistical analysis. The differences in the luciferase activities, mean fluores-
cence intensities, or p65 activities were compared using an unpaired Student’s ¢
test. All analyses were performed with SPSS 12.0.1 for Windows and were
considered significant at a P value of <0.05.

RESULTS

Cav-1 inhibits gene expression under the control of the HIV
LTR. We and others have previously reported that Cav-1 in-
hibits HIV replication (31, 34). In order to determine the
mechanisms of Cav-1-mediated reduction of HIV replication,
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FIG. 2. Cav-1 modulates gene expression under the control of the HIV-1 LTR in the presence and absence of Tat. (A) GFP under the control of
CMYV promoter (pCMV-GFP) or the HIV LTR (pLTR-GFP) was cotransfected with pCZ-Cav-1 or pCZ-vector in the presence or absence of Tat
(pTatZ) into HEK 293T cells. The cells were washed with PBS twice and subjected to flow cytometry to detect GFP fluorescence intensity. Results are
shown as means * SD of three determinations. (B) The cells were also harvested and subjected to Western blot analysis to determine the expression levels

of Cav-1, Tat, and B-actin.

we evaluated the expression of luciferase under the control of
the HIV LTR using a provirus that is defective for Env and has
the coding sequence of luciferase placed in the Nef region
(pNL4-3.Luc.R"E™). HEK 293T cells were cotransfected with
pNL4-3.Luc.R"E™ and the Cav-1 expression plasmid (pCZ-
Cav-1) or the vector devoid of Cav-1 (pCZ-vector). The level
of protein production driven by the HIV LTR was then mea-
sured by the luciferase activity. There is no endogenous Cav-1
expression in the 293T cell line. In the presence of Cav-1
expression, the luciferase activity was reduced significantly
(about 20-fold with cotransfection of 1.5 pg pCZ-Cav-1 and 1.0

pg pNL4-3.Luc.R"E ) compared to the luciferase activity in
cells that received pCZ-vector (Fig. 1A). The transfection of
different concentrations of pCZ-Cav-1 along with a constant
amount of pNL4-3.Luc.R™E™ resulted in reductions of lucif-
erase activity in a dose-dependent manner, reaching 4-fold at a
ratio of 1:1 of pCZ-Cav-1 to pNL4-3.Luc.R"E~ (Fig. 1B).
Time course experiments were performed by harvesting sam-
ples at 24, 48, and 72 h posttransfection. Inhibition occurred
48 h after transfection and peaked at 72 h (Fig. 1C).

In an effort to quell the argument that other viral factors
could be involved in the reduction of the luciferase activity, we
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FIG. 3. Activity of Cav-1 on gene expression in a stable cell line expressing GFP under the control of the HIV LTR. (A and B) Stable HeLa
cell lines expressing GFP under the control of the HIV LTR (HeLa-TatIII/LTR/d1EGFP) or CMV promoter (HeLa-TatIII/CMV/d1EGFP) were
infected with adenovirus vector containing Cav-1 (Ad-Cav-1) or LacZ (Ad-LacZ). Infected cells were harvested at days 2 and 3 postinfection and
subjected to flow cytometry analysis for GFP fluorescence intensity. Experiments were performed independently three times, and results are
expressed as means *= SD. (C) The level of adenovirus vector-delivered Cav-1 expression was determined by Western blot analysis. EGFP,

enhanced green fluorescent protein.
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FIG. 4. NF-kB cis-acting elements are essential for the modulation of Cav-1 on HIV-1 LTR activation. (A) Sequence illustrating each mutation
introduced in the NF-kB, NFATS, and Spl1 sites of the HIV LTR. (B) Wild-type LTR-GFP or each of the LTR mutant constructs placed upstream
from the GFP-coding sequence were transfected into HEK 293T cells with pCZ-Cav-1 or pCZ-vector along with pTatZ. GFP expression was
monitored by using flow cytometry and measuring fluorescence intensity. The levels of fluorescence intensity with mutations in the LTR are
expressed relative to the levels in the cells transfected with the wild-type LTR-GFP (100%). (C) The cells were also harvested and subjected to
Western blot analysis to determine the expression levels of Cav-1 and Tat. (D) Activity of Cav-1 on gene expression under the control of a
heterologous promoter (pGL4.32[luc2P/NF-kB-RE/Hygro]) containing five NF-«kB cis-acting elements. pGL4.32[luc2P/NF-kB-RE/Hygro] was
cotransfected with pCZ-Cav-1 or pCZ vector into HEK 293T cells. Cells were harvested at days 1, 2, and 3 and assayed for luciferase activity. All

results are expressed as means * SD of three determinations.

directly evaluated the effect of Cav-1 expression on the HIV-1
LTR promoter activity. A GFP construct under the control of
the HIV LTR (pLTR-GFP) or CMV promoter (pCMV-GFP)
was cotransfected with pCZ-Cav-1 into 293T cells in the pres-
ence or absence of Tat, and GFP expression was measured by
mean fluorescence intensity using flow cytometry. As shown in
Fig. 2, Cav-1 specifically inhibited LTR-driven GFP expres-
sion, whereas Cav-1 had no effect on GFP expression under the
control of the CMV promoter. Interestingly, the significant
inhibition of LTR-driven GFP expression by Cav-1 occurs in
both the presence and absence of Tat, indicating a target re-
gion for Cav-1-mediated transcriptional repression in the U3
region of the HIV LTR. To further confirm our findings, we
tested the influence of Cav-1 on the HIV LTR in HeLa cells
stably expressing GFP under the control of the HIV LTR
(HeLa-Tat-III/LTR/d1EGFP) or CMV promoter (HeLa-Tat-
III/CMV/d1EGFP). These HeLa cell lines also stably express
Tat. Cav-1 was introduced into these cells by infection with
adenovirus vector containing the Cav-1 expression cassette
(Ad-Cav-1). As shown in Fig. 3, the introduction of Cav-1 via
an adenovirus vector infection triggered the suppression of
LTR-driven GFP expression, as detected by the shift of the
fluorescence emission peak at days 2 and 3. GFP expression
under the control of the CMV promoter remained the same
whether cells were infected with Ad-Cav-1 or not. Infection of
HeLa-Tat-III/LTR/d1EGFP or HeLa-Tat-III/CMV/d1EGFP

with Ad-LacZ had no effect on GFP expression. These results
establish with no ambiguity that Cav-1 represses LTR-driven
gene expression, and the finding that gene expression is inhib-
ited with or without Tat suggests the presence of a target
region for Cav-1-mediated transcriptional repression in the U3
region of the HIV LTR.

NF-kB sites are necessary for the inhibitory effect of Cav-1
on the HIV-1 LTR. In order to map the target(s) for the Cav-1
suppression of HIV LTR-driven gene expression, we con-
structed LTR promoter cassettes with site-specific mutations in
the NF-kB, Sp1, and NFATS cis-acting elements located within
the U3 region of the LTR (Fig. 4A). Each of these altered
LTRs was placed upstream from the coding sequence of GFP
to monitor gene expression. Plasmids containing the mutant
forms of the LTR, as well as the wild-type LTR, were cotrans-
fected with a Tat-expressing construct (pTatZ) and pCZ-Cav-1
or pCZ-vector into 293T cells. The level of gene expression was
measured by the mean fluorescence intensity and compared to
that of the wild-type LTR. In cells that received pCZ-vector,
there was only minimal decrease in GFP expression with con-
structs containing a mutation in one of the NF-«B sites (NF-
kBM1), indicating that one NF-kB is sufficient for efficient
gene expression (Fig. 4B). Constructs with mutations in
NFATS, the two NF-kBs, or the Sp1 sites showed reductions in
GFP expression by 5.2-, 1.6-, or 8.7-fold, respectively, com-
pared to that of the wild-type LTR (Fig. 4B). In the presence
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FIG. 5. Cav-1 modulates HIV-1 LTR-driven transcription through NF-kB. (A) HEK 293T cells were cotransfected with pRL-TK, pNL4-
3.Luc.R E", and pCZ-Cav-1 or pCZ vector in the presence of SN50M or SN50 (50 ng/ml). The cells were harvested 48 h posttransfection and
subjected to a dual luciferase assay. The levels of luciferase activity are expressed relative to the levels in cells transfected with pCZ-vector in the
presence of SN50M. (B and C) HeLa-TatIII/LTR/d1EGFP cells were infected with Ad-Cav-1 or Ad-LacZ in the presence of SN50 or SN50M (50
ng/ml). The cells were harvested 2 days later and subjected to flow cytometry analysis for dIEGFP fluorescence intensity. (D) The expression levels
of Cav-1 delivered using adenovirus vector infection were determined by Western blot analysis. All results are expressed as means + SD of three

independent experiments, and P values are shown.

of Cav-1, the level of GFP expression was inhibited by 75%,
70%, or 27% with the LTR mutations in the single NF-«B,
NFATS, and the Spl sites, respectively, compared to the ex-
pression in cells receiving pCZ-vector (Fig. 4B). The ability of
Cav-1 to suppress LTR-driven GFP expression, however, was
blocked when both NF-«B sites were mutated (Fig. 4B), indi-
cating that Cav-1 repression of LTR-controlled gene expres-
sion is mediated by the NF-kB cis-acting elements. In addition,
we tested the activity of Cav-1 on a heterologous minimal
promoter containing 5 NF-«B sites (pGL4.32[luc2P/NF-«B-
RE/Hygro]) by cotransfection along with pCZ-Cav-1 or pCZ-
vector and measurement of luciferase activity. As shown in Fig.
4D, luciferase expression was suppressed by 75%, 69%, and
66% at days 1, 2, and 3, respectively, in the presence of Cav-1
compared to the expression in cells transfected with pCZ-
vector. To further confirm the NF-kB-mediated Cav-1 sup-
pression of gene expression, we tested gene expression under
the control of the HIV LTR in the presence of a peptide
(SN50) which blocks the nuclear importation of the p50/p65
complex. The addition of SN50 blocked the activity of Cav-1 in
suppressing LTR-driven expression both in transiently express-
ing cells, as demonstrated by measuring luciferase activity (Fig.
5A), and in the stable GFP-expressing HeLa-Tat-III/LTR/
d1EGFP cell line (Fig. 5B, C, and D). The control peptide,
SN50M, did not affect the ability of Cav-1 to inhibit LTR-
dependent gene expression. These results taken together
clearly establish NF-kB’s requirement for Cav-1’s ability to
suppress HIV gene expression.

Cav-1 modulates the NF-kB signal pathways. The phos-
phorylation of IKKs (IKKB and IKKa), IkBa, and p65 and the
translocation of p65 into the nucleus are important for NF-

kB-mediated transcriptional activation (25, 37). Therefore, to
demonstrate whether Cav-1 modulates the NF-kB pathway in
order to transcriptionally inhibit HIV replication, we examined
the level of phosphorylation of proteins (IKKB, IKKa, IkBa,
and p65) involved in the NF-kB pathway. HEK 293T cells were
transfected with pNL4-3.Luc.R"E~ along with pCZ-Cav-1 or
pCZ-vector, and samples were analyzed by Western blotting
using specific antibodies. As shown in Fig. 6A, phosphorylation
of IKKB and IKKa was significantly reduced in cells trans-
fected with pCZ-Cav-1 compared to that in cells treated with
pCZ-vector, suggesting that Cav-1 inhibited IKKa and IKKB
activation. The decrease in IKKa and IKK@ phosphorylation
means a reduction in the activation/phosphorylation of IkBa,
which thus inhibits IKK-mediated phosphorylation-induced
proteosomal degradation of the IkB. This subsequently affects
the translocation of the active NF-kB transcription factor sub-
units to the nucleus and the following induction of target gene
expression. To confirm such a notion, we examined whether
Cav-1 had an effect on the phosphorylation of IkBa and p65.
As we predicted, Cav-1 significantly reduced the phosphoryla-
tion of both IkBa and p65 (Fig. 6A). Furthermore, the trans-
location of p65 from the cytoplasm to the nucleus was signif-
icantly decreased in the presence of Cav-1 (Fig. 6B). This
reduction in p65 translocation would suggest that with less p65
in the nucleus, there should, therefore, be less activated p65
complex for binding to target DNA, thus lowering gene ex-
pression. To investigate whether there is a decreased amount
of p65 binding to target DNA, an ELISA-based NF-«B acti-
vation assay was performed. A marked reduction of NF-kB p65
DNA binding activity was observed in cells receiving Cav-1
compared to the activity in cells receiving vector only (Fig. 6C).
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FIG. 6. Cav-1 modulates the NF-kB signal pathway. (A) Phosphorylation proteins of the NF-kB pathway inhibited by Cav-1. HEK 293T cells
were cotransfected with pNL4-3.Luc.R"E™ and pCZ-Cav-1 or pCZ vector. The cells were harvested at 16 h posttransfection and subjected to
Western blot analysis to determine the levels of phosphorylated and total IKKB, IKK«, IkBa, and p65. (B) Translocation of p65 from the cytoplasm
to the nucleus decreased in the presence of Cav-1. Cells treated as described for panel A were harvested at 16 h posttransfection and subjected
to cytosol and nucleus fractionation. Western blot analysis was used to determine the levels of p65 in cytosolic and nuclear fractions. 3-Actin and
poly(ADP)-ribose polymerase (PARP) were used as loading controls for cytosolic and nuclear fractions, respectively. (C) NF-kB p65 binding to
specific target DNA inhibited by the presence of Cav-1. Nuclear protein was harvested from the cells cotransfected with pNL4-3.Luc.R"E™ and
pCZ-Cav-1 or pCZ-vector and subjected to NF-kB p65 DNA binding activity assay using an ELISA-based kit. The levels of p65 binding to target
DNA in the presence of Cav-1 are expressed relative to the levels of pCZ-vector. Results shown are means * SD of three independent experiments.

The specificity of p65 binding activity was confirmed by a
competition experiment with excess amounts of oligonucleo-
tides containing the wild-type NF-kB binding site (Fig. 6C).
These results, therefore, establish that Cav-1 modulates the
NF-kB pathway to inhibit HIV replication at the viral gene
transcription stage.

NF-kB-mediated transcriptional inhibition of HIV gene ex-
pression in human primary monocyte-derived macrophages
and CD4™ T cells. To demonstrate the physiological relevance
of our results, we used primary MDMs and CD4" T cells to
show inhibition of HIV gene expression through the NF-«B
pathway. Monitoring the level of viral gene expression in pri-
mary CD4™ T cells and MDMs was performed by infecting the
cells with NL4-3.Luc.R™"E ™ pseudotyped with VSV-G Env and
expressing the luciferase gene in one round of replication.
Cav-1 was delivered in these cells by infection with an adeno-
virus vector containing a Cav-1 expression cassette (Ad-Cav-1).
Western blot analysis shows no Cav-1 expression in primary
CD4™" T cells infected with adenovirus vector containing GFP
(Ad-GFP) (Fig. 7A and B), confirming previous findings that
human T cells do not express Cav-1. T cells transduced with
Ad-Cav-1 and infected with pseudotyped NL4-3.Luc R E™
significantly inhibited luciferase expression, by 74% compared
to expression in T cells transduced with Ad-GFP (Fig. 7C).
Phosphorylation of the NF-kB p65 was markedly decreased in
CD4™" T cells transduced with Ad-Cav-1 compared to that in
cells receiving Ad-GFP (Fig. 7D). Similar to the results in 293T
cells, treatment of the primary CD4" T cells with SN50 re-

sulted in blocking of the inhibition of HIV gene expression by
Cav-1 due to SN50’s hindrance of the nuclear localization of
NF-kB, whereas SN50M had no influence on Cav-1’s ability to
inhibit luciferase expression (Fig. 7E). An assay for NF-kB p65
DNA binding activity through an ELISA-based kit showed a
71% reduction in p65 activation and DNA binding in cells that
received Ad-Cav-1 compared to the activity in cells transduced
with Ad-GFP, confirming that Cav-1 modulates HIV-1 tran-
scription through NF-kB in primary CD4" T cells.

Since macrophages express endogenous Cav-1, we tested
transcriptional inhibition of viral gene expression using two
approaches. First, we introduced exogenous Cav-1 into MDMs
using Ad-Cav-1 in a manner similar to that described for the
CD4™ T cells and determined the level of viral gene expression
in one round of replication by measuring luciferase activity. As
expected, Western blot analysis of MDMs transduced with
Ad-GFP revealed endogenous Cav-1 expression, with in-
creased amounts of Cav-1 in MDMs treated with Ad-Cav-1
(Fig. 8B). The luciferase activity in cells transduced with Ad-
Cav-1 and infected with pseudotyped NL4-3.Luc.R"E™ virus
showed a reduction of 3-fold compared to the activity in
MDMs transduced with Ad-GFP (Fig. 8C). In a second ap-
proach, the endogenous Cav-1 expression was knocked down
by small interfering RNA (siRNA) treatment in MDMs in-
fected with the pseudotyped HIV (Fig. 8D), and luciferase
activity was measured to determine the level of viral gene
expression. As shown in Fig. 8E, the luciferase expression
increased dramatically (3-fold) in MDMs treated with siRNA
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FIG. 7. Cav-1 modulates HIV gene expression in primary CD4" T lymphocytes. (A and B) Primary CD4" T lymphocytes were isolated from
human peripheral blood. Cells were dually infected with VSV-G-pseudotyped NL4-3.Luc.R"E™ and adenovirus vector expressing GFP (Ad-GFP)
or Cav-1 (Ad-Cav-1). The expression levels of GFP and Cav-1 are shown. (C) The levels of viral gene expression in the presence and absence of
Cav-1 were measured by luciferase activity and determined relative to the levels in cells transduced with Ad-GFP. (D) p65 phosphorylation in the
presence or absence of Cav-1 was evaluated by Western blot analysis. (E) The effect of Cav-1 on viral gene expression was measured in the presence
of peptide SN50, an inhibitor of NF-kB cytoplasm-to-nucleus translocation, or the mutant SNSOM. (F) Viral gene expression was measured by
luciferase activity in one round of replication. NF-kB binding to target DNA in the presence and absence of Cav-1 was determined using an
ELISA-based kit. All experiments were performed in triplicates, and results shown are means = SD with P values.

compared to the activity in cells receiving control siRNA, sug-
gesting a role for Cav-1 in repressing viral gene expression and
subsequently inhibiting viral replication in macrophages.

Macrophages have different transcription factor profiles
than lymphocytes, and therefore, we tested whether the inhi-
bition of HIV gene expression by Cav-1 involves the NF-kB
pathway. MDMs were transfected with wild-type pLTR-GFP
or LTR with mutants (NF-kBM2, MFAT5M, or Sp1M) along
with a Tat-encoding plasmid (pTatZ) and pCZ-Cav-1. As
shown in Fig. 8F to H, Cav-1 was still able to significantly
inhibit LTR-driven GFP expression in cells transfected with
NFAT5M and Sp1M. Only mutation of the two NF-«B sites
abolished the influence of Cav-1 on HIV-1 LTR-driven GFP
expression, establishing that Cav-1 repression of HIV gene
expression in macrophages also involves the modulation of the
NF-kB pathway.

DISCUSSION

Cav-1 has been shown to inhibit HIV replication in 293T and
U87 cells, as well as showing enhanced expression of Cav-1 in
HIV-infected macrophages (31, 34). These observations, along
with the lack of Cav-1 in CD4" T cells and the capability of
macrophages to express this protein, supports the hypothesis in
which Cav-1 contributes to HIV’s persistent infection of mac-
rophages. Previously, we reported that Cav-1 binding to HIV
Env gp4l blocks hemifusion and subsequently inhibits by-
stander apoptosis (58). Based on this indirect information, we
proposed a potential mechanism for Cav-1’s ability to inhibit
HIV replication that involves this association of Cav-1 and

envelope. In the same study, we demonstrated that a Cav-1
peptide containing the scaffold domain for interacting with
other proteins, including Env gp41, showed inhibition of virus
replication. However, there is no clear and direct evidence as
to whether the Cav-1 binding to the HIV Env influences viral
replication. In the current study, all the experiments were
performed in the absence of envelope to exclude the potential
confounding factor of Cav-1 and gp41’s association in virus
replication. In this study, we have investigated the mechanism
by which Cav-1 inhibits HIV replication at the level of gene
expression. We have established for the first time that Cav-1
represses viral gene expression and that this suppression in-
volves the NF-kB pathway. Inhibition of viral gene expression
is evident in all of the cell types we examined, including pri-
mary CD4" T cells and macrophages, as shown by luciferase
expression under the control of the HIV LTR in a provirus
context. Our results reveal that increasing amounts of Cav-1
inhibit viral gene expression in macrophages. The endogenous
Cav-1 expression knockdown experiment using specific sSiRNA
in primary macrophages, with its resulting upregulation of viral
gene expression, establishes with no ambiguity that Cav-1 reg-
ulates HIV replication in macrophages.

Unrelated to HIV, the modulation of NF-kB transcriptional
activation by Cav-1 has been reported by several groups in
different cell types and physiological experimental approaches,
yielding conflicting results. In endothelial cells, the loss of
Cav-1 results in decreased activation of NF-«kB in response to
lipopolysaccharide challenge (38) and linoleic acid treatment
(62). The knockdown of Cav-1 using siRNA in human endo-
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FIG. 8. Cav-1 modulates HIV-1 gene expression in physiologically relevant primary monocyte-derived macrophages (MDMs). (A and B)
MDMs were isolated from human peripheral blood. Cells were dually infected with VSV-G-pseudotyped NL4-3.Luc.R"E~ and Ad-Cav-1 or
Ad-GFP. The expression levels of GFP and Cav-1 are shown. (C) The level of viral gene expression in the presence of overexpressed or endogenous
Cav-1 was measured by luciferase activity in one round of replication and determined relative to the levels in cells transduced with Ad-GFP. (D) To
determine the physiological relevance of the inhibition of HIV gene expression by Cav-1, MDMs infected with VSV-G-pseudotyped NL4-
3.Luc.R"E™ were transfected with specific siRNA that targets Cav-1 or control (CTL) siRNA using Fugene 6. (E) The level of viral gene
expression in one round of replication was measured by luciferase activity under the viral LTR promoter. (F, G, and H) In separate experiments,
MDMs were transfected with pLTR-GFP or NF-kBM2 (F), NFAT5M (G), or Sp1M (H) along with pCZ-Cav-1 or pCZ-vector to examine the role
of NF-kB in Cav-1-mediated inhibition of HIV gene expression in macrophages. The cells were harvested 48 h posttransfection and subjected to
flow cytometry to measure GFP fluorescence intensity. All experiments were performed in triplicates, and results shown are means = SD with P

values. CTL, control.

thelium-derived EA.hy926 cells had no effect on NF-kB acti-
vation by TNF (13). In a monocrotaline-induced pulmonary
hypertension model, decreased Cav-1 in rat lung tissue is ac-
companied by inhibited IkBa expression and increased NF-«B
activation (22). The overexpression of Cav-1 is reported to
suppress NF-«kB activation in murine macrophages (57). In
three human cancer cell lines, upregulation of Cav-1 was ob-
served together with downregulation of NF-«B after treatment
with growth hormone-releasing hormone (GHRH) antagonist
MIA-602 (4). These conflicting results may have to do with the
use of different stimuli and the experimental approaches taken
subsequently, influencing Cav-1’s relationship with factors
prior to NF-kB activation. Our results with HIV infection
convincingly show that Cav-1 significantly reduces viral gene
expression by inhibiting NF-kB activation. The reduction in
phosphorylation of IKKa and IKKR that we observe in the
presence of Cav-1 suggests that the influence of Cav-1 on
NF-«kB is upstream from the IKK activation step. IKKa and
IKKB are part of a larger multiprotein complex, upstream
from the activation of NF-kB, whose activation leads to the
phosphorylation of IkB and its release from the NF-kB com-
plex (25, 37). The reduction of the subsequent steps of NF-«B

activity, such as the decrease we saw in IkBa and p65 phos-
phorylation, inhibition of the translocation of the NF-kB com-
plex, and binding to cis-acting elements, are therefore related
to Cav-1’s action upstream of the IKK activation steps. There
are several upstream activators and regulators of IKK (25), and
defining the upstream element that Cav-1 associates with in
affecting the NF-kB pathway will be critical for complete un-
derstanding of Cav-1-mediated inhibition of HIV replication.

One of the major hurdles in AIDS therapy is the difficulty in
eradicating cellular reservoirs of persistent and latent HIV
infections (8). HIV-1 latency and persistent infection is tightly
regulated by viral and host factors that control the silencing
and initiation of viral transcription (30, 35). Additionally,
AIDS disease progression correlates closely with HIV virus
replication in infected patients, which is also linked to the
regulation of viral genome transcription (10). Among a variety
of host transcriptional factor binding sites, the regulatory re-
gion between nucleotides —104 and —80 of the HIV LTR,
which harbors two consensus NF-«kB binding sites, is the most
conserved and extensively characterized (41). The sequences
of the kB sites and the 4-nucleotide spacer are highly con-
served on most isolates of HIV (24, 56), which suggests that
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NF-«kB is a key factor in HIV transcription. The deletion or
site-directed mutation of these NF-kB sites diminishes HIV-1
LTR transcription (41). Physical interactions of NF-«kB and the
HIV-1 LTR have also been demonstrated, both in vitro and in
vivo (40, 59). Our finding that Cav-1 inhibits HIV gene expres-
sion mediated by the NF-«B pathway suggests that Cav-1 can
be one of the key cellular regulators of HIV replication in
macrophages. Cav-1’s upregulation during HIV infection,
which is mediated by Tat (31), only strengthens the notion that
Cav-1 plays a key role in establishing the persistent infection of
macrophages in a feedback loop by the repression of viral gene
expression. Several restriction factors that impede HIV repli-
cation in macrophages have been described (reviewed in ref-
erences 5 and 30). HIV replication can be restricted at differ-
ent steps of the virus life cycle. These include restrictions at the
early preintegration, the transcriptional, and the late posttran-
scriptional stages of virus replication. Cav-1 is, therefore, a new
addition to the growing number of factors which contribute to
the restriction of HIV replication in macrophages in order for
the virus to establish a chronic infection and form a viral
reservoir.
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