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Cholesterol plays an essential role in the life cycle of several enveloped viruses. Many of these viruses
manipulate host cholesterol metabolism to facilitate their replication. HIV-1 infection of CD4� T cells activates
the sterol regulatory element-binding protein 2 (SREBP2) transcriptional program, which includes genes
involved in cholesterol homeostasis. However, the role of SREBP2-dependent transcription in HIV-1 biology
has not been fully examined. Here, we identify TFII-I, a gene critical for HIV-1 transcription in activated T
cells, as a novel SREBP2 target gene. We found TFII-I expression increased after HIV-1 infection or activation
of human primary CD4� T cells. We show that inhibition of SREBP2 activity reduced TFII-I induction in
response to these stimuli. More importantly, small interfering RNA (siRNA)-mediated gene silencing of either
SREBP2 or TFII-I significantly reduced HIV-1 production in CD4� T cells. We also found that TFII-I
potentiates Tat-dependent viral gene expression, consistent with a role at the level of HIV-1 transcription.
Collectively, our results demonstrate for the first time that HIV-1 transcription in T cells is linked to
cholesterol homeostasis through control of TFII-I expression by SREBP2.

A number of studies indicate that cholesterol plays an im-
portant role in HIV-1 replication (31). The virus appears to
bud from cholesterol-rich membrane domains in the plasma
membrane, and cholesterol in the membrane of both virus and
target cells is required for fusion and entry (13, 22). The de-
pendence of HIV-1 on cholesterol is further substantiated by
the observation that HIV-1 Nef profoundly impacts the cho-
lesterol content of virus particles through effects on cellular
cholesterol homeostasis (30, 34). Among other actions medi-
ated by Nef, it inhibits cellular cholesterol efflux by down-
modulating ABCA1 (20).

Optimal replication of HIV-1 in primary T cells requires cell
activation (7). Both T cell activation and HIV-1 infection are
known to stimulate transcription of the full spectrum of genes
required for cholesterol biosynthesis (2, 30). Interestingly, an
oxysterol (25-hydroxycholesterol) known to suppress the in-
duction of the cholesterol biosynthetic pathway by blocking
the activation of sterol response element binding protein 2
(SREBP2), the master controller of cholesterol biosynthesis,
also inhibits HIV-1 replication (17, 23). Several studies have
shown that modulating the cholesterol content of cells through
inhibitors of synthesis or enhancement of efflux can profoundly
affect HIV-1 infection and replication (13, 18). Additionally,
del Real et al. found that lovastatin, a potent inhibitor of the
rate-limiting enzyme for cholesterol biosynthesis, 3-hydroxy-3-
methylglutaryl-coenzyme A reductase (HMG-CoAR), inhib-
ited HIV-1 infection at the level of virus entry (5). This effect

appeared to be related to inhibition of geranylgeranylation and
effects on Rho activation. Based on other studies, the effects
observed could also be attributed in part to the effect of
lovastatin on cellular cholesterol content and lipid rafts. In
the del Real study an unexpected observation was the find-
ing that while lovastatin reduced HIV-1 entry, HIV-1 LTR
transcription was increased. The latter observation sug-
gested that HIV-1 LTR transcription was potentially linked to
cholesterol homeostasis.

TFII-I is a multifunctional transcription factor that plays an
important role in transcription of HIV-1 genes in activated T
cells (14). Here we demonstrate for the first time that the
TFII-I gene contains functional sterol response elements and
that expression of the TFII-I protein is controlled by SREBP2.
Inhibition of SREBP2 activity by small interfering RNA
(siRNA) reduced expression of TFII-I and restricted HIV-1
replication. Furthermore, activation of T cells results in
increased expression of TFII-I that could be suppressed by
inhibiting activation of the SREBP2 pathway. Our results
demonstrate that HIV-1 transcription in T cells is linked to
cholesterol homeostasis through control of TFII-I expres-
sion by SREBP2.

MATERIALS AND METHODS

Cell culture. The 293T cell line was maintained in Dulbecco modified Eagle
medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (HyClone),
100 �g/ml streptomycin, and 100 U/ml penicillin. Jurkat cells, U1 cells, and
peripheral blood mononuclear cells (PBMC) were propagated in RPMI supple-
mented with 10% FBS (HyClone), 100 �g/ml streptomycin, and 100 U/ml pen-
icillin. PBMC were obtained by Ficoll-Paque (Amersham) density centrifugation
from several healthy blood donors (New York Blood Center). Total CD4� T and
naïve CD4� T cells were isolated from PBMC by negative selection using mag-
netic bead sorting (Miltenyi Biotec) and were cultured in RPMI supplemented
with 10% FCS (HyClone), 100 �g/ml streptomycin, and 100 U/ml penicillin.
CD4� T cells treated with phytohemagglutinin (PHA) were stimulated in the
presence of interleukin-2 (IL-2) (20 U/ml; Roche Applied Science).

* Corresponding author. Mailing address: Center for AIDS Health
Disparities Research, Meharry Medical College, 1005 Dr. DB Todd
Blvd., Nashville, TN 37208. Phone: (615) 327-5890. Fax: (615) 327-
6929. E-mail: jhildreth@mmc.edu.

§ Supplemental material for this article may be found at http://jvi
.asm.org/.

� Published ahead of print on 25 May 2011.

7699



Flow cytometry. Flow cytometry was performed by first fixing cells with phos-
phate-buffered saline (PBS) containing 2% paraformaldehyde and then permea-
bilizing cells with PBS buffer containing 1% BSA, 5% normal goat serum (NGS),
and 0.2% saponin, followed by staining with appropriate antibodies (Abs). Cell
viability was determined by using either aqua or far red Live/Dead fixable dead
cell stains (Invitrogen). Infection of CD4� T cells, activation status, and TFII-I
expression levels were determined by flow cytometry using fluorescein isothio-
cyanate (FITC)-conjugated anti-p24 (Coulter), FITC-conjugated anti-CD25 (BD
Biosciences), and anti-TFII-I monoclonal antibodies (MAbs) (Santa Cruz), re-
spectively. The primary MAbs were detected with Alexa Fluor 647-conjugated
goat anti-mouse polyclonal antibody. Virus production was measured by anti-
p24gag enzyme-linked immunosorbent assay (ELISA). Cells were stained with
polyclonal SREBP1 (Santa Cruz) and SREBP2 (Cayman Chemical) Abs and
detected with R-phycoerythrin-conjugated goat F(ab�)2 anti-rabbit IgG from
Invitrogen to determine SREBP expression levels. Compensation was performed
with single-stained cells. Data were collected on FACSCalibur or FACSAria (BD
Biosciences) instruments and analyzed with FACSDiva (BD Biosciences) or
Flowjo (Tree Star) software. For immunofluorescence staining, cells were fixed
with 2% paraformaldehyde in PBS and permeabilized with PBS containing 5%
NGS, 1% BSA, and 0.25% Triton X-100. Cells were than stained with indicated
primary and secondary Abs.

Transfections. Transient transfections were performed using Lipofectamine
2000 (Invitrogen). For overexpression of HA-SREBP2, 293T cells (5 � 106) were
seeded in 10-cm dishes, transfected at 50 to 80% confluence, and harvested 48 h
after transfection. The siRNAs were nucleofected into primary CD4� T cells
using an AMAXA Nucleofector apparatus (program U-14 or V-024; 3 �g of
siRNA per 1 � 107 cells).

Luciferase assays. 293T cells (2 � 104 cells/well) were seeded into 96-well
plates 16 to 18 h before transfection. Cells were transfected with 100 ng of
luciferase reporter plasmid, 10 ng of the control Renilla luciferase expression
plasmid pRL-CMV (Promega), and various amounts of SREBP1 or SREBP2
expression plasmids. Cells were then disrupted with passive lysis buffer (Pro-
mega), and luciferase activity was measured using a reporter assay kit (Promega)
36 h after transfection. Transfections were performed in triplicate, and results
were normalized to the Renilla luciferase signal. Each experiment was performed
at least three times.

Immunoblotting. Cells were washed with ice-cold PBS and then lysed on ice
for 30 min with buffer containing 150 mM NaCl, 1% NP-40, 0.5% deoxycholate,
0.1% SDS, 50 mM Tris-HCl (pH 7.5), and protease inhibitors (Roche). Protein
lysates were clarified by centrifugation at 15,200 � g at 4°C for 20 min. Protein
lysates were fractionated by SDS-PAGE, transferred to nitrocellulose, and de-
tected by immunoblotting with an anti-TFII-I MAb at a 1:1,000 dilution, anti-
SREBP2 MAb at a 2-�g/ml dilution, or anti-NF-�B MAb at 1:1,000. Immuno-
reactive proteins were detected using horseradish peroxidase-conjugated goat
anti-mouse or goat anti-rabbit IgG and an ECL assay (Amersham).

Nuclear extracts. Preparation of nuclear extract from 293T cells overexpress-
ing HA-SREBP2 (5a) was done as described by Dignam et al. Briefly, cells were
washed with ice-cold PBS, pelleted by centrifugation at 1,000 � g at 4°C for 10
min, resuspended in hypotonic buffer A (10 mM Tris [pH 8.0], 1.5 mM MgCl2,
1 mM KCl, and 0.5 mM dithiothreitol [DTT]), and incubated on ice for 10 min.
Cells were homogenized with 15 strokes of a tight-fitting Dounce homogenizer,
and nuclei were pelleted. Nuclear protein was extracted by adding NaCl to a final
concentration of 300 mM, and the cells were incubated on ice for an additional
30 min. Nuclear lysates were clarified by centrifugation at 25,000 � g for 30 min
at 4°C. Aliquots of nuclear lysates were stored at �80°C.

EMSAs. Assays were performed using biotin-labeled DNA obtained from
Invitrogen Inc. Oligonucleotides were annealed by heating to 95°C for 5 min and
slowly cooling to room temperature prior to use in electrophoretic mobility shift
assays (EMSAs). The LightShift chemiluminescent EMSA kit (Pierce, Rockford,
IL) was used for EMSAs. Briefly, 2 �g of nuclear extracts was incubated in
binding buffer containing 50 mM Tris (pH 8.0), 1 mM DTT, and 5 mg of
poly(dI-dC) along with 10 fmol of duplexed biotin-labeled probe in a total
volume of 20 �l. Competition assays were carried out by adding the indicated
molar excess of unlabeled duplexed probes immediately prior to the addition of
labeled probe. Supershift assays were performed by preincubating anti-HA poly-
clonal Ab (Abcam) with nuclear extracts in binding buffer on ice for 3 h prior to
the addition of duplexed oligonucleotides. The reaction mixtures were incubated
for 30 min at room temperature. DNA-protein complexes were resolved on 4%
polyacrylamide gel (37.5:1, acrylamide:bis) in 0.5� Tris-borate-EDTA buffer for
1 h at 100 V and 4°C. The complexes were transferred to nylon membranes
(Zetaprobe) at 380 mA for 30 min and detected according to the manufacturer’s
protocol.

Real-time PCR. RNA was extracted from CD4� T cells by using the total RNA
purification kit (NORGEN Biotek Corporation, Thorold, ON, Canada). Resid-
ual contaminating DNA was removed from RNA by using the Turbo DNA-free
kit (Ambion). In brief, 0.1 vol of 10� Turbo DNase buffer and 1 �l (2 U) of
Turbo DNase were added to 50 �l of RNA and incubated for 30 min at 37°C.
Then, 5 �l of DNase inactivation reagent was added to the reaction mixture
described above, mixed well, and incubated at room temperature for 2 min with
occasional mixing. After centrifugation at 10,000 � g for 1.5 min, the supernatant
was transferred to a fresh tube.

Real-time reverse transcription (RT)-PCR analysis. The RNA samples (500
ng each) were subjected to real-time PCR by using the qScript cDNA synthesis
kit (Quanta Biosciences) for a reverse transcription reaction and PCR using iQ
SYBR green Supermix (Bio-Rad). Reaction mixtures contained 200 nM primer
pairs and 2 to 4 �l of 6-fold-diluted cDNA in a final volume of 25 �l. After initial
incubation of 95°C for 10 min, 40-cycle amplifications were performed at 95°C
for 15 s and 60°C for 45 s. The primer pairs used were as follows: HIV-RNA,
5�-TGTGTGCCCGTCTGTTGTGT-3� and 5�-GAGTCCTGCGTCGAGAGA
GC-3�; GAPDH, 5�-GAAGGTGAAGGTCGGAGT-3� and 5�-GAAGATGGT
GATGGGATTTC-3�.

DNA constructs and siRNAs. The luciferase reporter plasmid for the low-
density lipoprotein receptor (LDLR) promoter was described previously (29).
Expression constructs pCMV5-HA-SREBP1 and pCMV5-HA-SREBP2 were
generously provided by J. Shyy (University of California, Riverside, CA). To
generate the luciferase reporter plasmid containing the TFII-I promoter up-
stream regulatory element sequence (pTFII-I-USE), the distal region (�1921 to
�1593) of the gene was amplified by PCR using human genomic DNA as a
template and cloned into the pGL3 promoter vector (Promega). The sequence of
reporter constructs was verified by DNA sequence analysis.

The pZsGreen1-DR-LTR reporter construct was generated by first subcloning
a 719-bp XhoI-HindIII LAI 3� long terminal repeat (LTR) fragment derived
from pBlue3�LTR-luc (AIDS Research and Reference Reagent Program) into
XhoI/HindIII-digested pBluescript KS(�). The LTR fragment was liberated
from this construct by digesting with XhoI and BamHI and subcloned into
XhoI/BamHI-digested pZsGreen1-DR (Clontech). The pCIS2-TFII-I expres-
sion construct was previously described and kindly provided by Sonye Danoff and
Stephen Desiderio, Johns Hopkins School of Medicine. The HIV-1 X4 envelope
expression construct was generously provided by Robert Siliciano, Johns Hop-
kins School of Medicine. The reagents pYF-JRCSF and pNL4-3�E-EGFP were
obtained through the AIDS Research and Reference Reagent Program.

The following siRNAs were obtained (Ambion identification number):
SREBP2 (s29), TFII-I (289315), and negative-control siRNA (nontargeting
siRNA).

Virus preparation and viral infection. Virus stocks were prepared by trans-
fecting 293T cells with HIV-1 plasmid DNA using Lipofectamine 2000 reagent
(Invitrogen). X4 HIV-1 envelope-pseudotyped virus was produced as previously
reported (35). Culture supernatants were collected 48 h after transfection, cen-
trifuged at 1,000 � g to remove cell debris, filtered through a 0.45-�m-pore-size
filter, and concentrated by ultracentrifugation at 100,000 � g through a cushion
of 20% sucrose in PBS. The pelleted virus was resuspended in RPMI with 10%
FBS, aliquoted, and stored at �80°C. The viral titer was measured by anti-p24gag

ELISA. Forty-eight hours after nucleofection with siRNA, CD4� T cells were
infected with virus (200 ng of p24 per 5 � 105 cells) by spinoculation (1,200 � g,
2 h), followed by a 2-h incubation at 37°C, and were washed three times to
remove input virus. Twenty-four hours after infection, cells were stimulated with
the indicated amount of plate-bound anti-CD3 and anti-CD28 (1 �g/ml) MAbs
(BD Biosciences) for 72 h to induce virus expression. Cells were treated with
25-hydroxycholesterol (Sigma, 0.5 �g/ml) to determine its effect on infected cells
as indicated.

RESULTS

TFII-I promoter contains a functional sterol response ele-
ment. To explore the possibility that TFII-I expression is linked
to cellular cholesterol homeostasis, we first examined potential
regulatory sequences in the upstream promoter region of the
TFII-I gene by utilizing the Database of Transcriptional Start
Sites (DBTSS) (http://dbtss.hgc.jp/). Sequence analysis of the
TFII-I promoter region revealed the presence of four putative
sterol regulatory elements (SRE) upstream from the transcrip-
tion start site (Table 1; see Fig. S1 in the supplemental mate-
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rial). Three putative SREs were located within a stretch of 330
bp upstream from the transcription start site (see Fig. S1). We
hypothesized that the presence of multiple SREs in the TFII-I
promoter would result in SREBP-dependent transcription of
TFII-I. To test this hypothesis, we first cloned the distal region
of the human TFII-I promoter, containing three putative SREs
upstream of a minimal simian virus 40 (SV40) promoter in the
PGL3-promoter vector. Next, we cotransfected 293T cells with
the reporter constructs, along with plasmids encoding consti-
tutively active forms of both SREBP1a and SREBP2. We
found that cotransfection of either SREBP1a or SREBP2 with
the reporter constructs containing the TFII-I promoter-de-
rived sequence induced transcription in a DNA concentration-
dependent manner (Fig. 1A). In comparison, the negative-
control PGL3 vector demonstrated minimal responsiveness to
SREBP overexpression (data not shown). This result indicated
that active SREBPs induced transcription through TFII-I-de-
rived SREs and indicated that at least one of the SRE motifs
was functional and capable of mediating SREBP-dependent
transcription.

SREBP2 binds to a TFII-I promoter SRE. Results of the
reporter assays suggest that SREBPs bind to SRE motifs
within the TFII-I promoter. To confirm this, we performed

EMSAs using biotinylated double-stranded oligonucleotide
probes containing SRE sequences from the TFII-I promoter or
the prototype SRE from the human LDLR promoter as a
positive control for SREBP binding (Fig. 1B and Table 1). For
DNA binding studies, we used nuclear extract purified from
293T cells overexpressing HA-tagged SREBP2. SREBP2 in the
nuclear extracts bound specifically to the labeled LDLR-SRE
probe as expected but also bound equally well to labeled
TFII-I SRE3 probe (Fig. 1B, lanes 2 and 3). Binding to the
SRE3 probe was specifically inhibited in a dose-dependent
manner by competition with unlabeled wild-type (WT) LDLR-
SRE probe (Fig. 1B, lanes 4 to 7) but not with a 100-fold molar
excess of unlabeled LDLR-SREm probe containing a mutation
that blocks SREBP binding (Fig. 1B, lane 8). The binding
specificity of HA-tagged SREBP2 and the identity of the
shifted species were confirmed by the supershift induced by
preincubation of nuclear extract with anti-HA polyclonal Ab
but not a control polyclonal Ab (Fig. 1B, lane 9 and 10). We
observed minimal or no SREBP2 binding to probes containing
only SRE1 or SRE2 (data not shown). These results strongly
support the notion that TFII-I is an SREBP2 target gene.

TFII-I expression is enhanced by CD4� T cell activation. T
cell activation increases de novo cholesterol biosynthesis and
cholesterol-dependent target gene transcription via SREBP2.
Our identification of TFII-I as an SREBP-dependent gene
allows us to predict that TFII-I expression should also be
upregulated by T cell activation. To address this prediction, we
stimulated purified CD4� T cells with plate-immobilized anti-
CD3 and soluble anti-CD28 Abs for 72 h and assessed the level
of TFII-I, SREBP2 and CD25 by 3-color flow cytometry (Fig.
2A). As with other SREBP2-dependent genes, TFII-I protein
expression was enhanced in activated T cells. T cell activation
resulted in nearly a 3-fold increase in the TFII-I mean fluo-

TABLE 1. Alignment of TFII-I promoter SRE sequences with the
prototypical SRE sequence derived from the LDLR promoter

SRE Sequencea

TFII-I SRE1.....................................................................CTGACCCCTC
TFII-I SRE2.....................................................................ACGACTCCAC
TFII-I SRE3.....................................................................ATCGCGCCAC
LDLR................................................................................ATCACCCCAC

a Conserved nucleotide residues are indicated in bold.

FIG. 1. TFII-I expression is regulated by SREBPs. (A) TFII-I-USE-Luc reporter was cotransfected into 293T cells with the indicated amount
of constitutively active SREBP-1 (pCMV5-HA-SREBP1) or SREBP2 (pCMV5-HA-SREBP2). Data represented are the mean results from
triplicate samples, and the error bars are standard deviations of the means. (B) Annealed biotinylated LDLR SRE probe (lane 2) or probes
containing TFII-I SRE3 were incubated without (lane 1) or with (lanes 3 to 10) nuclear extract isolated from 293T cells overexpressing an active
HA-tagged-SREBP2. Specificity of binding was confirmed by performing competition experiments. The indicated molar excess of an unlabeled
LDLR SRE probe was added immediately before adding biotinylated TFII-I SRE3 probe. The identity of the shifted species was determined by
preincubating nuclear extracts with control IgG (lane 9) or anti-HA polyclonal Ab (lane 10). Supershifted species are indicated by the arrow on
the right. The mobilities of the SREBP2 shifted species and free probe are also indicated.
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rescence intensity (MFI) when treated cells were compared to
controls (Fig. 2, top row). In titration experiments, the level of
enhancement of TFII-I expression was found to be dependent
on the concentration of anti-CD3/CD28 MAbs. SREBP2, itself
the product of a sterol-responsive gene, was also induced sig-
nificantly in anti-CD3/CD28-stimulated T cells. This is consis-
tent with an earlier report showing that cholesterol synthesis
and SREBP2-dependent transcription increase in activated T
cells (2). The activation status of the stimulated T cells was
confirmed by increased expression of CD25 after anti-CD3/
CD28 treatment.

Oxysterols can suppress SREBP2 target gene transcription
in response to T cell activation (2). Therefore, we assessed the
impact of treatment with 25-hydroxycholesterol (25-OHC) on
TFII-I induction by endogenous SREBP2 in anti-CD3/CD28-
activated CD4� T cells (Fig. 2, bottom row). We observed that
25-OHC abrogated induction of TFII-I in CD4� T cells but did
not inhibit activation as assessed by the induction of CD25�

expression (Fig. 2A). We performed Western blot analysis to
confirm that changes in TFII-I MFI in flow cytometry experi-
ments correlated with changes in levels of protein expression
and were not due to nonspecific effects of treatments on cells
that influence Ab binding. Consistent with flow cytometry,
Western blots showed that anti-CD3/CD28 stimulation en-
hances TFII-I expression (Fig. 2B, lane 3). As observed in
earlier experiments, inhibition of SREBP2 with 25-OHC sup-
presses induction of TFII-I and SREBP2 by T cell stimulation
(Fig. 2B, lane 4). There was no effect on NF-�B p65 subunit
protein expression in cells treated with 25-OHC (Fig. 2B).
These results indicate that TFII-I upregulation in activated T
cells is SREBP2 dependent.

Endogenous SREBPs regulate TFII-I expression. SREBP2
is the master regulator of cholesterol biosynthetic genes and
inhibition of SREBP2 activity in cells suppresses cholesterol
synthesis. Thus, a reduction in cellular cholesterol levels may
mediate transcriptional changes observed upon SREBP2 de-
pletion. In order to analyze SREBP2 function independent of
its effect on cholesterol biosynthesis, we performed siRNA-
mediated silencing of SREBP2 in U1 cells. Because they are
derived from the U937 cell line, devoid of 3-ketosteroid reduc-
tase activity, these cells are cholesterol auxotrophs and depend
on an exogenous cholesterol source for growth (3). Further,
U1 cells are easily transfected and so are also amenable to
genetic studies by siRNA-mediated silencing. To determine
whether endogenous SREBP2 controls TFII-I expression, U1
cells were transfected with siRNAs directed against SREBP2.
We assessed relative levels of expression of TFII-I in siRNA-
transfected cells by performing flow cytometry after intracellular
staining for TFII-I. As predicted, U1 cells transfected with
SREBP2-specific siRNA expressed lower levels of SREBP2 pro-
tein than mock-transfected or nonsilencing control siRNA-
transfected cells (Fig. 3). The specificity of siRNA-mediated
silencing of SREBP2 is confirmed by minimal changes in
TFII-I protein expression in mock-treated and control siRNA-
transfected cells (Fig. 3). Further, expression of NF-�B p65
subunit, another factor that can modulate HIV-1 transcription,
was not affected by SREBP2 siRNA. The viability of U1 cells
transfected with SREBP2 siRNA was indistinguishable from
that of mock- or control siRNA-transfected cells (data not
shown). These data showed that down-modulating SREBP2
expression resulted in decreased expression of TFII-I indepen-
dent of SREBP2’s role in cholesterol regulation.

FIG. 2. T cell activation induces TFII-I expression. (A) Primary CD4� T cells were left untreated (gray filled) or were stimulated with
plate-bound anti-CD3 (1 mg/ml [blue line] or 2.5 mg/ml [red line]) and soluble anti-CD28 in the presence (bottom) or absence (top) of 0.5 mg/ml
of 25-OHC for 72 h. Representative histograms of flow cytometry analysis indicate levels of endogenous SREBP2 and TFII-I. The activation status
of cells was confirmed by staining with anti-CD25. (B) Cells treated as described in the legend to panel A were lysed and analyzed for TFII-I and
SREBP2 expression by Western blot analysis. Normalized protein loading was confirmed by immunoblotting with an anti-NF-�B MAb.
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HIV-1 infection induces TFII-I expression in CD4� T cells.
Cholesterol synthesis and SREBP2-dependent genes are in-
duced upon HIV-1 infection of CD4� T cells (30). Thus, we
predicted that HIV-1 infection would induce TFII-I expres-
sion. To test this hypothesis, we first infected naïve primary
CD4� T cells with HIV-1 NL4-3 and then stimulated cells with
either PHA and IL-2 or anti-CD3 and anti-CD28 antibodies
for 3 days to induce HIV-1 expression before performing two-
color flow cytometry to assess intracellular Gag and TFII-I
protein levels. A recent study showed that these mitogens
activate signaling pathways that are responsible for inducing
HIV-1 transcription (4). We observed a nearly 2-fold increase
in TFII-I MFI in stimulated cells (TFII-I � PHA MFI, 647;
TFII-I � CD3/CD28 MFI, 638) compared to that in unstimu-
lated cells (TFII-I MFI � 360). A recent study showed that
these mitogens activate signaling pathways that are responsible
for inducing HIV-1 transcription (4). As predicted, TFII-I ex-
pression was further enhanced in gated HIV-infected cells

(TFII-I � PHA MFI, 1,063; TFII-I � CD3/CD28 MFI, 962)
compared to uninfected cells (Fig. 4). We examined the role of
SREBP2 in mediating the induction of TFII-I by using 25-
OHC to inhibit endogenous SREBP2 activity in HIV-1-in-
fected T cells. T cells were first pretreated with 25-OHC and
then infected with HIV-1 NL4-3 and cultured in medium con-
taining 25-OHC. As observed with T cell activation-dependent
increase in TFII-I expression, 25-OHC treatment of CD4� T
cells abrogated induction of TFII-I in HIV-1-infected cells
stimulated with PHA (TFII-I MFI, 1,063 versus 383) or anti-
CD3/CD28 (TFII-I MFI, 962 versus 602) (Fig. 4). Further,
25-OHC treatment inhibited HIV-1 infection in PHA-stimu-
lated cells by more than 87% and anti-CD3/CD28-stimulated
CD4� T cells by 91%, compared to results for untreated cells.
Interestingly, 25-OHC treatment also reduced HIV-1 gag lev-
els in infected PHA-stimulated (p24 MFI, 92.5 versus 30.1) and
CD3/CD28-stimulated (p24 MFI, 80.2 versus 47.9) cells. This
observation supports the notion that SREBP2-dependent tran-

FIG. 3. SREBPs modulate levels of TFII-I in vivo. Flow cytometric analysis of intracellular TFII-I levels in U1 cells 48 h after transfection with
indicated siRNAs. Staining with TFII-I MAb demonstrated that cells transfected with SREBP2 siRNA (red line) had lower levels of TFII-I than
those that were transfected with nonsilencing siRNA (blue line) or mock transfected (gray filled).
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FIG. 4. T cell activation and HIV-1 infection of CD4� T cells induce TFII-I expression. Flow cytometry analysis of intracellular Gag and TFII-I
expression in HIV-1 NL4-3-infected primary naïve CD4� T cells. Cells were first mock infected (top two rows) or infected with HIV-1 (bottom
two rows) and 24 h later were stimulated with PHA (5 �g/ml) and IL-2 (20U/ml) or plate-bound anti-CD3 (2.5 �g/ml) and anti-CD28 (2.5 �g/ml) for
72 h in the presence (second and fourth row) or absence (first and third row) of 0.5 �g/ml of 25-OHC. Infected cells were detected by staining with a
FITC-conjugated Ab against HIV-1 gag. TFII-I expression was assessed by indirect staining using an anti-TFII-I MAb and goat Alexa 647-conjugated
anti-mouse antibody. HIV-1-infected cells are represented by the gated populations, and the percentage of Gag-positive cells within each gate is indicated.
The MFI values of TFII-I for the total cell population (black) and gated infected cell populations (green) are indicated.
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scription plays a role in HIV-1 replication. These levels of
inhibition of HIV infection correlate well with the degree of
suppression of TFII-I expression. To confirm that 25-OHC
treatment of infected cells resulted in reduced HIV-1 replica-
tion, we measured HIV-1 RNA by performing real-time PCR
on total RNA isolated from HIV-1 NL4-3-infected CD4� T
cells that were first infected and then stimulated with anti-
CD3/CD28 Ab in the presence or absence of 25-OHC. As
shown in Fig. 5A, 25-OHC treatment reduced HIV-1 RNA in
the infected cultures by more than 80%. Since some oxysterols
have been demonstrated to disrupt lipid raft structures, which
are critical for viral fusion to target cells, 25-OHC could also
potentially inhibit this early step of HIV-1 replication (16). To
investigate this possibility, we pretreated anti-CD3/CD28-acti-
vated primary CD4� T cells with 25-OHC, prior to infecting
with HIV-1 X4 envelope-pseudotyped GFP reporter virus,
which is capable of only a single round of infection. As a
positive control for inhibition of infection, we used an anti-
CD4 antibody that blocks gp120 binding (11). After 2 days of
culture in the presence of inhibitors, we assessed relative levels
of infection by flow cytometry and observed near-complete
inhibition of infection with anti-CD4 Ab, but 25-OHC had no
effect on infection (percentage of cells expressing GFP) (Fig.
5B). However, we detected a nearly 50% reduction of LTR-
GFP expression (GFP MFI) in infected CD4� T cells in the
presence of 25-OHC (Fig. 5C). These results confirmed that
25-OHC inhibited replication at a postentry step of the viral
life cycle.

TFII-I potentiates Tat-dependent HIV-1 LTR transcription.
T cell activation increases SREBP2 activity, TFII-I expression
levels, and HIV-1 LTR transcription. To determine if increas-
ing the level of TFII-I is sufficient to enhance HIV-1 produc-
tion, we cotransfected an HIV-1 provirus construct with a
TFII-I expression vector into Jurkat T cells. Overexpression of
TFII-I increased virus production by more than 2.5-fold, as
assessed by p24 ELISA of cell culture supernatants (Fig. 6A).

TFII-I has been reported to bind and transactivate the
HIV-1 LTR (14). To confirm that TFII-I enhances HIV-1
replication at the level of transcription, resting primary CD4�

T cells were cotransfected with a TFII-I expression vector
and reporter construct containing the HIV-1 LTR driving
expression of enhanced green fluorescent protein (EGFP)
(Fig. 6B). As expected, TFII-I overexpression significantly
increased LTR promoter activity (	3-fold) in resting T
cells. This showed that TFII-I expression levels could influ-
ence early virus transcription in resting T cells (28, 33). Fur-
thermore, induction of TFII-I during T cell activation may
enhance HIV-1 expression (32). Tat is the only HIV-1 protein
directly involved in its own gene transcription and is essential
for efficient transcriptional elongation of viral transcripts (10).
To examine whether TFII-I can also influence Tat-activated
LTR transcription, we cotransfected suboptimal levels of Tat
(0.5 �g) with TFII-I expression vector and HIV-1 LTR GFP
reporter construct. Tat stimulated HIV-1 LTR expression
more than 12-fold, but when it was cotransfected with TFII-I,
transcription was increased by more than 22-fold, showing that
TFII-I potentiates Tat-dependent transcription. These results
indicate that TFII-I may play a role in the dramatic enhance-
ment of HIV-1 transcription mediated by Tat in activated T
cells.

SREBP2/TFII-I pathway is critical for HIV-1 replication in
primary CD4� T cells. To demonstrate that SREBP2 and
TFII-I are involved in HIV-1 replication in primary T cells, we
knocked down expression of SREBP2 and TFII-I in primary
CD4� T cells using siRNA-mediated silencing. After siRNA
transfection, CD4� T cells were first infected with HIV-1 and
then stimulated with anti-CD3/anti-CD28 Ab for 60 h to in-
duce virus replication. As seen in Fig. 7A and B, transfection
with siRNAs for SREBP2 and TFII-I resulted in a significant
reduction in the corresponding proteins compared to that for
mock- or control siRfNA-transfected cells, as assessed by flow
cytometry. Using a Live/Dead fixable dead cell stain kit

FIG. 5. Inhibition of SREBP-2 activity with 25-OHC suppresses HIV-1 transcription. (A) Cells were first infected with NL4-3 and 24 h later
were stimulated with plate-bound anti-CD3 Ab (2.5 mg/ml), anti-CD28 Ab (1.0 mg/ml), and 0.5 mg/ml of 25-OHC for 72 h, as indicated. Real-time
PCR analysis showing that treatment of HIV-1-infected primary T cells with 25-OHC reduces the level of HIV-1 transcripts. Expression of
GAPDH mRNA was used to normalize data. (B) Activated primary CD4� T cells were pretreated for 2 h with 0.5 mg/ml of 25-OHC or 1 mg/ml
anti-CD4 antibody before infection with HIV-1 GFP reporter virus. Levels of infection were assessed by flow cytometry after 48 h. (C) Cells were
treated as described in the legend to panel B, and the GFP MFI of the GFP� populations was determined by flow cytometry 72 h after infection
to calculate relative expression. Error bars are the standard deviations of the triplicate experiments. Statistically significant differences are denoted
by a single asterisk (*, P 
 0.05) and were calculated using Student’s t test.
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(Molecular Probes) for viability staining, we found that cells
transfected with SREBP2 and TFII-I siRNA had relative
cell viabilities of 98.1% and 98.6%, respectively, compared
to control siRNA-transfected cells (data not shown). We
found that SREBP2 and TFII-I siRNA-transfected cultures
had significantly reduced levels of HIV-1 infection, as de-
termined by intracellular p24 staining, compared to mock-
or control siRNA-transfected cultures (9.57 and 12.65%
compared to 19.29 and 35.78%, respectively) (Fig. 7C).

To correlate the flow cytometry data to HIV-1 production,
we assessed HIV-1 in the culture supernatants of siRNA-
treated cells by p24 ELISA (Fig. 7D). SREBP2 and TFII-I
siRNA-transfected cells showed up to a 42% and 49% reduc-
tion in virus production, respectively, compared to control
siRNA-transfected cells of three different donors. These re-
sults are consistent with the effect of 25-OHC inhibition of
SREBP2 activity on HIV-1 replication in CD4� T cells. The
data confirm that the SREBP2-TFII-I pathway is critical for
HIV-1 replication and that SREBP2 is the controlling factor
for induction of TFII-I-dependent virus replication.

DISCUSSION

TFII-I is a widely expressed transcription factor that plays an
important role in cellular calcium homeostasis and the tran-
scriptional regulation of genes involved in cell cycle progres-
sion, endoplasmic reticulum stress response, angiogenesis, and
embryonic development (9, 25). TFII-I is also an important
component of a transcription factor complex that regulates
LTR-driven transcription of HIV genes (26). The potential
importance of the SREBP2/TFII-I pathway in HIV transcrip-

tion is reflected by the fact that the binding site for TFII-I in
the HIV LTR is one of the most highly conserved regions in
the HIV genome (14). It is well established that HIV infection
results in the induction of the cholesterol biosynthetic pathway
via SREBP2-mediated activation of sterol response genes. Our
results reveal for the first time that TFII-I is a sterol response
gene controlled, at least in part, by SREBP2. Induction of
this pathway by HIV-1 also increases the production of this
critical transcription factor, thereby driving expression of
viral proteins.

HIV-infected individuals develop a series of metabolic dis-
orders, including lipodystrophy and dyslipidemia (12). Mi-
croarray and proteomic studies have revealed that HIV-1 in-
fection of CD4� T cells results in enhanced transcription and
production of gene products involved in cholesterol metabo-
lism and transport. These changes appear to result from HIV-1
activation of SREBP2, the master regulator of this cholesterol-
dependent transcription. The clinical implications of our find-
ings are highlighted by the recent observation that HIV RNA
levels in antiretroviral-naïve patients correlate with serum cho-
lesterol levels (6). Specifically, serum LDL cholesterol levels
were inversely correlated with viral loads. These data fit a
model in which HIV-1 transcription is modulated by LDL
cholesterol, since uptake of LDL cholesterol results in feed-
back inhibition of SREBP-dependent transcription and lower
levels of SREBP2-dependent proteins such as TFII-I. In agree-
ment with this, Negredo et al. found that HIV-infected patients
with low levels of PBMC-associated cholesterol had increased
viral loads when treated with a statin (atorvastatin) during
highly active antiretroviral therapy (HAART) interruption

FIG. 6. TFII-I potentiates Tat-dependent HIV-1 LTR transcription. (A) Jurkat T cells were nucleofected with 1.5 �g of control empty vector
(pCIS2) or TFII-I expression constructs along with 1.5 �g of provirus construct, pYK-JRCSF. Amounts of HIV-1 in supernatant were assessed by
p24 ELISA 36 h after nucleofection. Error bars are the standard deviations of results of the triplicate experiments. (B) Primary CD4� T cells were
transfected with HIV-LTR GFP reporter plasmid (1.5 �g) and expression plasmids for Tat (0.5 �g) and/or TFII-I (3 �g). Cells were harvested for
flow cytometry 16 h after transfection. The total amount of DNA in transfections was balanced by using empty vector. Values are means obtained
from triplicate experiments, as measured by flow cytometry in units of mean fluorescence intensity (MFI) of GFP� cells normalized to samples
transfected with HIV-LTR GFP and empty vector. Error bars are the standard deviations of results of the triplicate experiments. Statistically
significant differences are denoted by two (**, P 
 0.01) or three (***, P 
 0.001) asterisks and were calculated using Student’s t test. The
experiment shown is representative of experiments performed with cells obtained from three different donors.
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(21). Under conditions in which cholesterol levels are low and
cholesterol biosynthesis is blocked, SREBP2 will be activated,
resulting in enhanced expression of SREBP2-dependent pro-
teins, including TFII-I. This in turn would result in enhanced
HIV-1 transcription and HIV-1 replication. Hence, our obser-
vations provide a molecular explanation for the impact of cho-
lesterol status on HIV-1 replication in vivo.

We have shown that pharmacological or genetic inhibition

of SREBP2 inhibits both TFII-I expression and HIV-1 rep-
lication. We have also demonstrated that activation of the
SREBP2/TFII-I pathway provides a link between T cell acti-
vation and HIV-1 transcription. The SREBP2/TFII-I pathway
also provides a direct link between cellular cholesterol homeo-
stasis and HIV-1 transcription. Recently, Robinzon et al. re-
ported that measles virus infection of a neuronal cell line
inhibits cholesterol biosynthesis and transcription of genes that

FIG. 7. SREBP2-TFII-I pathway is essential for HIV-1 replication. (A and B) Histograms represent flow cytometry analysis of SREBP2
and TFII-I expression in primary CD4� T cells mock transfected (gray filled) or transfected with nonsilencing (dotted line), SREBP2 (black
thick line) (A), or TFII-I (black thick line) (B) siRNAs. Histogram plots indicate that cells transfected with TFII-I or SREBP2 siRNAs
express lower levels of TFII-I than those that were transfected with nonsilencing siRNA or mock transfected. (C) Cells from panels A and
B were analyzed by flow cytometry to assess levels of infection by staining with FITC-conjugated anti-gag Ab. The percentage of infected
cells and the MFI of FITC anti-gag are indicted for each gated population. (D) The HIV-1 produced by cells in panel C was measured by
p24 ELISA. Error bars are the standard deviations of results of triplicate experiments. Statistically significant differences are denoted by a
single asterisk (*, P 
 0.05) and were calculated using Student’s t test. The experiments shown were performed with cells obtained from three
different donors.
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are SREBP2 dependent (24). Interestingly, a prospective study
of HIV-infected pediatric patients demonstrated a significant
reduction of plasma HIV RNA during acute measles infection
(19). It would be of interest to determine if measles virus
infection modulates cholesterol metabolism of CD4� T
cells, since our finding that TFII-I expression is controlled
by SREBP2 suggests that coinfection with measles virus may
result in suppression of HIV-1 replication by inhibition of
TFII-I-dependent HIV-1 transcription.

The results of recent studies on the pathogenesis of AIDS
suggest that our findings may have important implications be-
yond HIV transcription. Sedaghat et al. have reported that
activated CD4� T cells from untreated HIV-positive individ-
uals have dysregulated transcriptional programs enriched in
type I interferon-responsive genes (27). The IRF-7 transcrip-
tion factor is essential for type I interferon-dependent tran-
scription (8), and a recent study has provided evidence that
TFII-I may control IRF-7 expression (1). Our data show that T
cell activation and HIV-1 infection induce high expression of
TFII-I. Thus, our findings and those of the previous studies
suggest that TFII-I may be involved in the aberrant interferon
response in activated HIV-1-infected CD4� T cells. Divergent
type I interferon signaling mediated via IRF-7 is thought to
distinguish pathogenic and nonpathogenic AIDS virus infec-
tions (15). It will be of interest to determine if TFII-I expres-
sion levels in activated CD4� T cells from HIV-1-infected
patients correlate with IRF-7 expression. Such a finding would
suggest that the SREBP/TFII-I pathway may play a role in
HIV-1 pathogenesis.

In this paper, we demonstrate for the first time that the
TFII-I gene contains a functional sterol response element and
is a sterol-responsive gene. We further demonstrate that ex-
pression of TFII-I, a factor critical in the regulation of HIV
transcription, is regulated by SREBP2, thereby linking HIV-1
transcription to cellular cholesterol homeostasis. Our results
have important implications for understanding HIV patho-
genesis and may be relevant to the wide person-to-person
variation seen in HIV-1 replication in vivo. Further insights
into the role of the SREBP2/TFII-I pathway in HIV repli-
cation may provide new therapeutic approaches for inhibit-
ing the virus.
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