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Human and simian immunodeficiency virus (HIV and SIV, respectively) infections are characterized by
gradual depletion of CD4� T cells. The underlying mechanisms of CD4� T-cell depletion and HIV and SIV
persistence are not fully determined. The Nef protein is expressed early in infection and is necessary for
pathogenesis. Nef can cause T-cell activation and downmodulates cell surface signaling molecules. However,
the effect of Nef on the cell cycle has not been well characterized. To determine the role of Nef in the cell cycle,
we investigated whether the SIV Nef protein can modulate cell proliferation and apoptosis in CD4� Jurkat T
cells. We developed a CD4� Jurkat T-cell line that stably expresses SIV Nef under the control of an inducible
promoter. Alterations in cell proliferation were determined by flow cytometry using stable intracytoplasmic
fluorescent dye 5- and 6-carboxyfluorescein diacetate succinimidyl ester and bromodeoxyuridine incorporation.
Apoptotic cell death was measured by annexin V and propidium iodide staining. Our results demonstrated that
SIV Nef inhibited Fas-induced apoptosis in these cells and that the mechanism involved upregulation of the
Bcl-2 protein. SIV Nef suppressed CD4� T-cell proliferation by inhibiting the progression of cells into S phase
of the cell cycle. Suppression involved an upregulation of cyclin-dependent kinase inhibitors p21 and p27 and
the downregulation of cyclin D1 and cyclin A. In summary, inhibition of apoptosis by Nef can lead to persistence
of infected cells and can support viral replication. In addition, a Nef-mediated delay in cell cycle progression
may contribute to CD4� T-cell anergy/depletion seen in HIV and SIV disease.

Human immunodeficiency virus (HIV) infection in humans
and simian immunodeficiency virus (SIV) infection in rhesus
macaques are characterized by a progressive depletion of
CD4� T cells in peripheral blood and lymphoid organs (13).
Several mechanisms to account for the virus-induced CD4
T-cell loss, including cytolysis of infected cells and induction of
apoptosis in uninfected bystander cells, have been proposed
(15). It has been suggested that abnormalities in differentiation
and proliferation of precursor CD4� T cells during T-cell de-
velopment and disruption in the activation and proliferation of
naive CD4 T cells in primary lymphoid organs during viral
infection may contribute to CD4 T-cell loss (12, 14, 36). Viral
gene products, such as Env, Nef, Tat, Vpr, and Vpu, have been
shown to modulate CD4 T-cell proliferation and/or apoptosis
(50).

Nef, a 25- to 27-kDa multifunctional accessory protein of
HIV and SIV, has been shown to play a key role in HIV and
SIV pathogenesis (47, 59). While Nef is not required for viral
replication in tissue culture, it is necessary for the development
of high viral loads and disease progression in rhesus macaques
(29). Rhesus macaques infected with SIV harboring nef mu-
tants with deletions do not develop high viral loads and main-
tain stable CD4� T-cell counts (9). Similarly, HIV-infected
long-term nonprogressor individuals, who remain asymptom-
atic for more than 10 years, maintain low viral loads and stable
CD4 T-cell counts. In some of these individuals, evaluation of

the viral genomes has identified deletions in the nef gene.
Taken together, these studies suggest that Nef may be involved
in CD4 T-cell loss associated with HIV pathogenesis in hu-
mans (9, 30). Consistent with these observations, transgenic
mice expressing HIV Nef have been shown to develop an
AIDS-like disease characterized by depletion of CD4 T cells,
alterations in CD4 T-cell activation, and defects in precursor
CD4 T-cell differentiation and proliferation in lymphoid or-
gans (20, 56).

Nef can have multiple independent effects on T cells in vitro
(23, 46, 47): Nef downregulates the surface expression of CD4
(16, 35, 49), CD28 (58), and major histocompatibility complex
class I (53) molecules from the cell surface, increases viral
infectivity (7), and modulates signal transduction pathways in
T cells (3, 38, 56). It is speculated that the ability of Nef to
mediate CD4 T-cell depletion probably results directly from
the interaction of Nef with CD4 activation and signaling mol-
ecules. SIV Nef directly interacts with the � subunit of CD3
and downregulates expression of the CD3–T-cell receptor
(TCR) complex from the cell surface, thus disrupting TCR-
initiated signaling in CD4 T cells. Additional effects of Nef on
CD4 T-cell signaling involve modulation of calcium levels (56)
and interaction with serine and tyrosine kinases, protein kinase
C, and the Src family kinase p56lck signaling pathways (2, 19,
32, 51, 57). In spite of attempts to elucidate the molecular
mechanisms of these interactions, few studies have examined
the physiological consequences of these Nef interactions for
CD4� T cells.

Recent studies have demonstrated that HIV and SIV Nef
proteins induce apoptotic cell death in T cells through Nef-
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mediated upregulation of Fas ligand on the surfaces of infected
cells. This induction of apoptosis involves direct association
between the Nef protein and the ITAM motif of the CD3 �
subunit (62). In a contradictory report, Nef expression was
shown to inhibit apoptosis by inhibiting activation of caspases
8 and 3 (63). In addition, Geleziunas et al. (17) reported that
HIV Nef inhibits ASK-1 activation, thus blocking both Fas-
and tumor necrosis factor alpha-induced apoptosis in HIV-
infected and Nef-transfected cells. In light of these conflicting
reports, we opted to examine the effects of SIV Nef on cell
proliferation, apoptosis, and expression of cell cycle-related
genes in CD4� T cells by using the Jurkat T-cell line. Previous
studies using retrovirus vectors to stably express Nef proteins
in transfected or transduced T cells provided variable and
sometimes contradictory results, which may be attributed to
various possibilities (31). The Nef-expressing cells had differ-
ent levels of Nef expression, leading to differing cytotoxic ef-
fects of Nef. Constant expression of the Nef protein could lead
to the selection of particular cell phenotypes resistant to Nef
cytotoxicity. This is evidenced by the emergence of mutations
that inhibited the expression of the full-length Nef protein (3).
Some of these problems can be overcome by developing an
inducible Nef-expressing stable CD4� T-cell line, thus provid-
ing a consistent and reliable system for studying the effects of
Nef on CD4� T-cell proliferation and apoptosis immediately
following Nef expression.

Proliferation through the cell cycle is regulated by the cyclins
and their catalytic subunits, the cyclin-dependent kinases
(CDK). Cyclin A associates with CDK-2 and Cdc2 and is im-
portant for S-phase progression as well as for the G2-M tran-
sition (41, 42). Cyclin D, with its catalytic partners CDK-4 and
CDK-6, and cyclin E, with its catalytic partner CDK2, can both
phosphorylate the retinoblastoma (Rb) protein (22, 24, 28). Rb
phosphorylation results in the release of bound transcription
factor E2F1-3 from the E2F-Rb complex, thus promoting tran-
scription of genes encoding proteins required for DNA repli-
cation (40). Other members of the Rb family, p107 and p130,
bind to E2F4. The p130-E2F complexes are mainly found in
quiescent or differentiated cells, while p107-E2F complexes are
most commonly found in proliferating cells during S phase (8,
11, 43, 44). Cyclin A, along with its catalytic partner CDK-2 or
cdc2, is essential for DNA replication and thus for S-phase
progression. The activity of cyclins and CDK is negatively reg-
ulated by CDK inhibitors (CKIs) (37, 54). There are two main
classes of CKIs. The INK4 family, which includes inhibitor p16,
specifically inhibits cdk4 and cdk6, while the CIP/KIP family,
which includes inhibitors p21 and p27, inhibits a wide range of
cyclins and CDKs (55). The effects of Nef on cyclins and the
cell cycle are not known.

In the present study, we have developed a CD4� Jurkat
T-cell line that stably expresses the CD8 Nef protein under the
control of an inducible promoter. We used this cell line to
study the effects of Nef on cell proliferation and apoptosis. Our
results demonstrated that Nef could cause a delay in cell cycle
progression by modulating cell cycle regulation genes. The
Nef-associated inhibition of cell proliferation could be a con-
tributing mechanism to the viral persistence and T-cell deple-
tion seen in HIV and SIV infection.

MATERIALS AND METHODS

Cell culture. Jurkat E6-1 T cells, and CEMx174 cells were obtained from the
AIDS Research and Reference Reagent Program (National Institutes of Health,
Bethesda, Md.). Cells were maintained in RPMI 1640 supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, and 100 U of penicillin-streptomycin/ml
(GIBCO-BRL, Rockville, Md.).

Plasmids. Plasmid pCMV/CD8-Nef, carrying the coding sequence for the
extracellular and transmembrane domains of the human CD8 � chain fused to
the SIVmac239 nef gene, was a generous gift from Earl Sawai and has previously
been described (52). The use of the CD8-Nef construct facilitated the detection
of Nef-expressing cells by anti-CD8 antibodies. The CD8-Nef chimera has been
used by other investigators and was shown to have effects on T cells similar to
those of constructs expressing wild-type Nef (3, 61).

Inducible-expression plasmid pIND/CD8-Nef was generated by cloning the
coding sequence for the CD8-Nef chimera into ecdysone-inducible mammalian
expression vector pIND (Invitrogen, Carlsbad, Calif.) containing a neomycin
selection marker. Expression is under the control of Drosophila melanogaster
minimal heat shock promoter and the ecdysone and glucocorticoid response
element (E/GRE) hybrid promoter. Briefly, the CD8-Nef-coding fragment from
pCMV/CD8-Nef was excised with HindIII and XbaI and cloned into the HindIII-
XbaI sites of the pIND vector. Plasmid pVgRxR (Invitrogen) encodes the RxR
and VgEcR ecdysone receptor subunits and contains a Zeocin selection marker.

Transfection and establishment of a Nef-inducible stable cell line. Jurkat E6-1
T cells were transfected with 20 �g of linearized pIND-CD8-Nef plasmid by
electroporation of 5 � 106 cells in 0.5 ml of growth medium without serum at 250
V and 975 �F using a Gene Pulser (Bio-Rad, Hercules, Calif.) and grown
overnight. Transfected cells were plated in 96-well plates in growth media con-
taining G-418 (1,000 �g/ml; GIBCO-BRL) for 14 days. The resulting stable
clones were selected by limiting dilution and maintained in the growth media
containing 250 �g of G-418/ml. Cells from stable clones were expanded and
transfected by electroporation with linearized pVgRxR using conditions similar
to those described for pIND-CD8-Nef transfection. Cells were grown overnight
and plated in 96-well plates followed by dual selection in the presence of 250 �g
of G418/ml and 200 �g of Zeocin/ml for 14 days. Double-transfected clones and
clones resistant to both G-418 and Zeocin were amplified and tested for the
expression of Nef following induction with ponasterone A, a synthetic analog of
ecdysone. The anti-SIV Nef clone 17.2 antibody (AIDS Research and Reagents
Repository Program) was used to detect Nef by Western blotting. Ecdysone-
inducible Nef-expressing clone B5 was maintained in RPMI 1640 supplemented
with 10% fetal calf serum, 100 U of penicillin-streptomycin/ml, 250 �g of G-418/
ml, and 100 �g of Zeocin/ml. Expression of Nef was induced by addition of 10
�M ponasterone A to the cells, and cells were incubated for 12 h.

Detection of Nef protein. To determine the amount of Nef in transfected cells,
Western blot analysis was performed using ECL-plus (Amersham Pharmacia
Biotech Piscataway, N.J.) and STORM imaging analysis systems. Briefly, 106

cells were lysed in NP-40 lysis buffer, followed by protein concentration deter-
mination with a bicinchoninic acid microassay (Bio-Rad, Hercules, Calif.). Pro-
teins were separated by sodium dodecyl sulfate–12% polyacrylamide gel electro-
phoresis (SDS–12% PAGE) and blotted onto nitrocellulose membranes
(Schleicher & Schuell, Keene, N.H.). Membranes were probed with anti-SIV Nef
monoclonal antibody 17.2 (AIDS Research and Reference Reagent Program).
ImageQuant, version 3.0 (Molecular Dynamics, Sunnyvale, Calif.), software was
used to quantitate protein levels.

Induction and analysis of apoptosis. To determine whether Nef induced or
inhibited apoptosis in Nef-expressing cells, 2 � 106 cells were incubated at 37°C
for 12 h in growth media containing 2.5 �g of an anti-Fas monoclonal antibody
(clone DX2; BD PharMingen, San Diego, Calif.)/ml and 2.5 �g of protein G
(Sigma, St. Louis, Mo.)/ml. Cells were washed and analyzed for apoptosis by
annexin V-fluorescein isothiocyanate (FITC) and propidium iodide staining us-
ing flow cytometry (BD PharMingen).

CFSE tracking assay. To determine the effect of Nef on cell proliferation,
Jurkat cells, uninduced and induced B5 cells, were labeled with 5- and 6-car-
boxyfluorescein diacetate succinimidyl ester (CFSE; Molecular Probes Inc., Eu-
gene, Oreg.) as previously described (33). Briefly, cells were washed once in
phosphate-buffered saline (PBS) and resuspended at 106 cells/ml in PBS con-
taining 0.1% bovine serum albumin (BSA). CFSE was added to a final concen-
tration of 10 �M, and cells were incubated for 10 min at room temperature. Cells
were subsequently washed with PBS-BSA solution, suspended in RPMI 1640
medium, and cultured at 37°C for 5 days in a humidified 5% CO2 incubator.
Labeled cells were harvested, washed, and analyzed by FACScan (Becton Dick-
inson, San Jose, Calif.) using CellQuest software (Becton Dickinson) and FlowJo
software (Tree Star Inc., San Carlos, Calif.). Cell division was calculated based
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on the sequential halving of fluorescence intensity in daughter cells. CFSE peaks
were individually gated, and the proportion of cells in each round of cell division
was calculated as previously described (21). Briefly, to calculate CFSE intensity
for different divisions, the geometric mean fluorescence intensity (MFI) of un-
labeled cells (autofluorescence) was subtracted from the MFI of CFSE-labeled
cells to give the MFI of cells after zero to five divisions. The FlowJo software was
also used to calculate the MFI boundaries in order to define M0 (parental), M1

(one division), M2, M3, M4, M5, and M6 cells.
Measurement of BrdU incorporation and DNA content. Cells were seeded at

106 cells/ml in T-25 flasks, cultured for 1 to 5 days, and incubated with 10 �M
bromodeoxyuridine (BrdU; Sigma) for the final 1 h of the culture period. Cells
were then harvested, washed twice in PBS-BSA solution, fixed, and permeabil-
ized with a BrdU Flow kit (BD PharMingen) according to manufacturer’s in-
structions. DNA of fixed and permeabilized cells was digested by incubating
them with 10 U of DNase I (Boehringer GmbH, Mannheim, Germany)/ml for
2 h at 37°C. Finally the BrdU-treated cells were intracellularly stained with an
anti-BrdU-FITC antibody and 7-aminoactinomycin D (7-AAD) and analyzed by
flow cytometry.

Immunoblot analysis. Cells were lysed in radioimmunoprecipitation buffer (50
mM Tris-HCl [pH 7.4], 0.1% NP-40, 0.25% sodium deoxycholate, 150 mM NaCl,
1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 1 �g of leupeptin/ml, 1 mM
Na3VO4, 1 mM NaF), and equal amounts of protein were separated by SDS–
PAGE, transferred onto nitrocellulose membranes (Schleicher & Schuell), and
blocked with 5% nonfat dry milk in PBS–0.1% Tween prior to the addition of
specific antibodies. The following antibodies were used: cyclin E antibody (gen-
erous gift from G. Lozano); antibodies to cyclin A, cyclin D1, cyclin D2, cyclin D3,
p21, p27, p107, p130, E2F1, E2F4, Bcl-2, Bax, Cdk2, and actin (Santa Cruz
Biotechnology, Santa Cruz, Calif.); and Rb and hyperphosphorylated Rb mono-
clonal antibodies (BD PharMingen). After membranes were washed, immuno-
detection was accomplished by incubating them with a horseradish peroxidase-
conjugated antibody against mouse immunoglobulin G (IgG) or rabbit IgG
(1:10,000) followed by enhanced chemiluminescence (Amersham Pharmacia
Biotech) in accordance with the manufacturer’s recommendations. For control,
membranes were stripped in 100 mM 2-mercaptoethanol–62.5 mM Tris-HCl (pH
6.8)–2% SDS for 30 min at 55°C and reblotted with actin monoclonal antibodies.

In vitro kinase assays. In vitro kinase assays were performed as previously
described (10). Briefly, cells were lysed in NP-40 lysis buffer and the extracts were
precleared and incubated with specific antibodies. The antibody-protein com-
plexes were isolated on protein A/G beads, washed, and resuspended in kinase
buffer (1 mg of histone/ml, 1 mM ATP, 1 �Ci of 32P/�l, 20 mM HEPES [pH 7.0],
80 mM glycerolphosphate, 20 mM EGTA, 50 mM MgCl2, 5 mM MnCl2, 1 mM di-
thiothreitol, 2.5 mM phenylmethylsulfonyl fluoride, 10 �M cyclic AMP [cAMP]
protein kinase inhibitor). The kinase reaction was terminated by addition of gel
loading buffer, and the proteins were separated by SDS–10% PAGE. The gel was
fixed, dried, and autoradiographed.

RESULTS

Ecdysone-inducible expression of CD8-Nef is dose depen-
dent. Stable high-level expression of the SIV Nef protein has
been difficult to achieve partly due to the ability of Nef to
modulate apoptosis and cellular proliferation of Nef-express-
ing cells. Loss of Nef expression, selection of truncated Nef
proteins, and relative differences in Nef protein concentrations
may be responsible for the conflicting results on the effects of
Nef on cell proliferation and apoptosis (3, 31, 60). To over-
come these difficulties, we used ecdysone-inducible expression
vector pIND and subcloned a CD8-Nef chimera coding se-
quence downstream of the E/GRE and the Drosophila minimal
heat shock protein promoters (Fig. 1A). This plasmid was used
in conjunction with regulatory plasmid pVgRxR encoding ec-
dysone receptor subunits. The ecdysone receptor subunits are
constitutively expressed from pVgRxR. In the absence of the
inducer, RxR and VgEcR do not interact with the E/GRE, and
thus only basal expression from the minimal promoter occurs.
Induction with ponasterone A results in the association of the
receptor subunits and activation of the enhancer elements,
leading to the enhanced expression of CD8-Nef. Jurkat cells

were cotransfected with pIND-CD8-Nef and pVgRxR plas-
mids. Stable clones, both G-418 and Zeocin resistant, were
selected and screened for Nef expression as described in Ma-
terials and Methods. Several dually resistant clones expressing
different levels of Nef were identified. There was a low basal
level of Nef expression in the absence of ponasterone A and
fivefold-higher Nef expression following induction with ponas-
terone A. We selected clone B5, which showed a fivefold in-
crease in Nef expression upon induction but which has a min-
imal basal expression in uninduced cells. Using 2.5 to 20 �M
ponasterone A for Nef induction, we observed an increase in
Nef expression with increasing concentration of ponasterone
A; expression peaked at 10 �M but declined at 15 and 20 �M
ponasterone A (Fig. 1C). We used clone B5 and 10 �M pon-
asterone A for Nef induction in all the experiments presented
in this report. Nef expression in both induced and uninduced
B5 cells was considerably lower than that seen in SIVmac251-
infected T cells of the CEMx174 cell line (data not shown).

SIV Nef inhibits Fas-induced apoptosis in Nef-expressing
Jurkat cells. We sought to determine whether Nef activated or
inhibited Fas-induced apoptosis in Jurkat T cells. Cells were
incubated for 12 h with an anti-Fas antibody cross-linked with

FIG. 1. Inducible stable expression of CD8-Nef in Jurkat cells.
(A) Schematic diagram of the pIND-CD8-Nef construct. The coding
sequence for the CD8-Nef chimera was cloned into the pIND vector
downstream of the coding sequence for the hybrid E/GRE and mini-
mal Hsp promoters. (B) Schematic diagram of the pVgRxR regulatory
plasmid. This plasmid encodes Drosopila ecdysone hormone receptor
subunits RxR and EcR under the control of Rous sarcoma virus (RSV)
and cytomegalovirus (CMV) promoters, respectively. (C) Generation
of the B5 stable cell line. Jurkat cells were stably transfected with
pIND-CD8-Nef and pVgRxR plasmids. Clones resistant to both G-418
and Zeocin were screened for Nef expression by immunoblotting using
an anti-Nef antibody. Clone B5 was selected and showed a fivefold
increase in Nef expression following induction. There was a basal level
of Nef expression in the absence of ponasterone A. (D) Induction of
CD8-Nef expression is dependent on ponasterone A concentrations.
B5 cells were treated with increasing concentrations of ponasterone A.
Cell lysates containing equal amounts of proteins were immunoblotted
with an anti-Nef antibody. Nef expression peaked at 10 �M ponaster-
one A but declined at 15 and 20 �M ponasterone A.
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protein G. Apoptosis was analyzed by annexin V-FITC and
propidium iodide staining. Apoptotic cells were detected by
flow cytometry (FACScan; Becton Dickinson). As shown in
Fig. 2, we observed a high percentage of apoptotic cells in
control Jurkat cells (60%) and B5 uninduced (55%) cells, com-
pared to that in B5 induced cells (18%), following the induc-
tion of apoptosis. The threefold decrease in the percentage of
apoptotic cells indicated that Nef expression led to inhibition
of Fas-induced apoptosis in Jurkat cells. This finding is in

agreement with two recent reports (17, 63) that Nef inhibited
Fas-mediated apoptosis.

SIV Nef suppresses cell proliferation in Jurkat T cells. We
examined the effect of Nef expression on cellular proliferation
by a CFSE tracking assay. CFSE is a membrane-permeable
fluorescent dye containing two acetate moieties and a succin-
imidyl ester functional group. In the native form, CSFE is
nonfluorescent. However, after diffusion into the cell, endog-
enous esterases remove the acetate groups, rendering the mol-
ecule highly fluorescent and unable to diffuse out of the cell. In
addition, CFSE forms protein-dye adducts, with low turnover
of cytoskeletal proteins, which are responsible for the long-
lasting staining afforded by CFSE. When a cell undergoes one
cycle of cell division, the stain is halved in each of the daughter
cells. This decrease in fluorescence can be detected by flow
cytometry. This assay also allows the visualization of 8 to 10
discrete cycles of cell division and permits estimation of pro-
genitor cell numbers, defined as the number of cells giving rise
to the proliferating population. CFSE-labeled Jurkat cells and
B5 uninduced and induced cells were placed in culture for 5
days and then were examined for CFSE intensity by flow cy-
tometry (Fig. 3). The CFSE profiles indicated a 2-log-unit
reduction in CFSE intensity from 103 to 101 in Jurkat and
uninduced B5 cells. In contrast, the B5 induced cells were
brightly stained, with a very small reduction (0.5 log unit) in
CFSE intensity compared to Jurkat and B5 uninduced cells
(Fig. 3A). These data indicated that cell division and cellular
proliferation occurred in Jurkat and uninduced B5 cells. On
the other hand, the small reduction in CFSE intensity observed
in induced B5 cells indicated that cell division and cellular
proliferation were constrained in Nef-expressing B5 induced
cells. Further analysis of CFSE intensity profiles using Flowjo
software indicated that Nef expression profoundly affected the
distribution of cells within the cell cycle. The histogram pre-
sentation of the data in Fig. 3B shows the CFSE intensity of

FIG. 2. Analysis of Fas-induced apoptosis. Jurkat and B5 unin-
duced and induced cells were treated for 6 h with anti-human Fas
antibody DX2 (2 �g/ml), and protein G (2 �g/ml) to induce apoptosis.
Cells were stained with annexin V-FITC and propidium iodide and
analyzed by flow cytometry. The results are averages of three indepen-
dent experiments.

FIG. 3. Analysis of the effects of Nef on cell proliferation. Jurkat, B5 uninduced, and B5 induced cells were labeled with CFSE and cultured
for 5 days. Cells were harvested, and fluorescence intensity and cell counts were analyzed by flow cytometry. Proliferation and cell division were
characterized by sequential reduction in CFSE fluorescence intensity, generating a series of shifted equally spaced peaks on a logarithmic scale.
(A) Comparison of CFSE intensity profiles of freshly labeled Jurkat cells (left) and cells after 5 days of culture (right). (B) Histograms showing
different discrete cycles of cell division. Shown are cell division cycles of Jurkat and B5 uninduced cells (top) and B5 induced cells (bottom) after
5 days of culture.
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cells after 5 days of culture compared to that of freshly labeled
cells at day 0 and the different cell divisions. We recorded eight
discrete generations of cell division. For each assay, there were
various proportions of proliferating cells in each division cycle.
In Jurkat and uninduced B5 cultures, the proportion in each
division cycle diminished from M7 to M0, with the highest
proportion of cells having undergone seven cell division cycles.
In induced B5 cells, the profile was reversed: a higher propor-
tion of cells were at M0, and only a small proportion of cells
had undergone cell division. Thus cell division was suppressed
in the Nef-expressing induced B5 cell line.

SIV Nef slows the progression of cells into S phase of the cell
cycle. Since cell proliferation and cell division were suppressed
or inhibited in Nef-expressing cells, we sought to identify the
stage of cell cycle arrest in these cells. We determined the cell
cycle profiles by measuring DNA synthesis in S phase (BrdU
labeling) and DNA content (7-AAD labeling). Using this ap-
proach, we were able to identify and discriminate the propor-
tion of cells at sub-G0/G1, G0/G1, S, and G2 plus M phases of
the cell cycle (Fig. 4A). As shown in Fig. 4B, percentages of the
Jurkat cells in the different stages of the cell cycle were as
follows: sub-G0/G1, 6.5%; G0/G1, 38.1%; S, 26.8%; G2 plus M,
7.21%. However, in the B5 induced cell line, the proportions
were different: sub-G0/G1, 8.23%; G0/G1, 55.4%; S, 15.2%; G2

plus M, 5.51%. Thus, the percentage of cells in G0/G1 phase in
Nef-expressing cells increased to 55.4%, a 1.5-fold increase,
while the proportion of cells in S phase decreased to 15.2%, a
2-fold decrease, compared to Jurkat and uninduced B5 cells.
We did not observe any significant change in the proportion of
cells in other phases, such as sub-G0/G1 and G2 plus M, in
either Jurkat or Nef-expressing cells. These data suggested that

a block or delay in the progression of cells into the S phase may
be involved in the suppression of cell proliferation observed in
the Nef-expressing B5 cells.

The level of Bcl-2 protein is upregulated in Nef-expressing
cells. Since the early apoptotic changes are regulated by the
Bcl-2 protein family, we used immunoblot analysis to deter-
mine whether the effects of Nef expression on cell apoptosis
could be associated with changes in the levels of antiapoptotic
(Bcl-2) and proapoptotic (Bax) proteins. We found a threefold
upregulation in the Bcl-2 protein level in induced B5 cells (Fig.
5). The levels of Bcl-XL, another member of the Bcl-2 family,
did not change (data not shown). The level of Bax protein
expression decreased threefold upon induction of Nef (Fig. 5).
Thus, Nef-mediated inhibition of apoptosis in Jurkat cells is
associated with deregulation of the expression of pro- and
antiapoptotic proteins.

The levels of cyclin D1 and cyclin A but not of CDK-2, -4, or
-6 are downregulated during Nef-mediated suppression of
G1/S phase transition. We sought to determine which of the
cyclins were involved in Nef-mediated suppression of cell cycle
progression of CD4� T cells. In T cells, cyclin D1 is rapidly
upregulated after entry into the G1, cyclin E is synthesized at
late G1, and cyclin A is expressed during S phase. Levels of
cyclin D1 were decreased 7-fold, while levels of cyclin A were
decreased 10-fold, in the Nef-expressing cells. There was no
change in cyclin D2 (data not shown), cyclin D3 (data not
shown), and cyclin E expression levels (Fig. 6A). These data
suggested that downregulation of cyclins D and A may be
involved in the slow progression of cells into S phase. Immu-
noblot analysis of CDK-4, CDK-6, and CDK-2 showed no
changes in their levels in Jurkat and B5 uninduced and induced

FIG. 4. BrdU incorporation and DNA content analysis. Cells were cultured with 10 �M BrdU for the final 1 h of the culture. Cell-incorporated
BrdU (measured with FITC-conjugated anti-BrdU antibody) and total DNA content (measured with 7-AAD) were analyzed by flow cytometry.
The proportions of cells at sub-G0/G1, G0/G1, S, and G2 plus M phases of the cell cycle were identified. (A) Dot plots showing percentages of cells
in different phases of the cell cycle for Jurkat, B5 uninduced, and B5 induced cells. The data are representative of four independent experiments.
(B) Bar graph showing the percentages of cells at various phases of the cell cycle.
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cells (data not shown). It is likely that Nef-mediated suppres-
sion of G1/S phase progression did not involve changes in CDK
levels.

Expression of CKIs is upregulated in Nef-expressing Jurkat
T cells. To determine whether CKIs p21 and p27 were involved
in the regulation of the G1/S phase transition in Jurkat and B5
uninduced and induced cells, we determined levels of these
CKIs in Jurkat and uninduced and induced B5 cells by immu-
noblot analysis (Fig. 6B). Western blot analysis demonstrated
that p21 and p27 were detected in both Jurkat and B5 cells and
that the levels of these proteins in induced B5 cells were in-
creased. There was a 5-fold increase in p21 levels and a 20-fold
increase in p27 levels in B5 induced cells compared to levels in
Jurkat T cells (Fig. 6B). There was a modest increase in the
levels of these proteins in the uninduced B5 cells, indicating
that the basal level of Nef was sufficient to cause this change.

Our results strongly suggested that an upregulation of the
CKIs may be involved in the Nef-mediated suppression of cell
cycle progression.

p130 levels are elevated in Nef-expressing Jurkat cells. CKIs
p21 and p27 inhibit the phosphorylation of cyclin/CDK sub-
strates including the tumor suppressor Rb. Since these CKIs
were upregulated in Nef-expressing cells, we examined the
status of Rb family members by Western blot analysis. Rb
migrated as two species, a hyperphosphorylated species of ap-
proximately 117 kDa and a hypophosphorylated form (pRb) of
approximately 110 kDa, in Jurkat cells. In Jurkat cells, both
forms were present. Surprisingly, in B5 induced cells, the hy-
pophosphorylated Rb was two- to threefold less abundant but
there was no change in overall levels of Rb (Fig. 6C). The
decrease in hypophosphorylated Rb was observed in several
independent experiments. We also examined p107 and p130
levels. The p130 protein is expressed at high levels during
quiescence, while p107 is associated with proliferation (8, 43,
44). We found a fivefold increase in the levels of p130 and a
twofold decrease in the levels of p107 between control and
uninduced cells, suggesting that these proteins are highly sen-
sitive to the presence of Nef (Fig. 6C). We observed no dif-
ference in levels of the transcription factor E2F1, which inter-
acts with pRb, but a slight twofold decrease in levels of E2F4,
the protein that interacts with p107 and p130 (Fig. 6C).

DISCUSSION

Our studies demonstrate that induction of SIV Nef expres-
sion in stably transfected Jurkat T cells inhibited Fas-induced
apoptosis and suppressed cell proliferation. These results sug-
gest that SIV Nef has a role to play in inducing CD4� T-cell
anergy. The Bcl-2 family members modulate the cellular apo-
ptotic response. Antiapoptotic proteins such as Bcl-2 and Bcl-
XL inhibit apoptosis, while proapoptotic proteins such as Bax
promote this process. Overexpression of Bcl-2 has been shown
to result in inhibition of anti-Fas- and tumor necrosis factor
alpha-mediated apoptosis in T cells (27). We found that the

FIG. 5. Bcl-2 and Bax levels in Jurkat and B5 transfected Nef-
expressing cells. Exponentially growing Jurkat, B5 uninduced, and B5
induced cells were subjected to Western blot analysis using 20 �g of
protein for each cell line. Samples were analyzed on a SDS–10%
PAGE gel and blotted to the membrane. Equal loading of the samples
was determined by reblotting with actin antibodies.

FIG. 6. Expression of cell cycle regulatory proteins in Jurkat and Nef-expressing cells. (A) Analysis of cyclin expression. Exponentially growing
Jurkat, B5 uninduced, and B5 induced cells were subjected to Western blot analysis using 20 �g of protein for each cell line. The cyclin D1, cyclin
A, and cyclin E proteins were detected by Western blot analysis. Membranes were reblotted with actin antibodies to ensure equal loading of the
samples. (B) Analysis of CKI expression. Cells were subjected to Western blot analysis using 20 �g of protein for each cell line. Samples were
analyzed on an SDS–12 (p21) or 10% (p27) PAGE gel. (C) Analysis of Rb family and E2F expression. Cells were subjected to Western blot analysis
using 40 �g of protein. Samples were analyzed on an SDS–8 (Rb, hyperphosphorylated Rb, p130, and p107) or 10% (E2F1 and E2F4) PAGE gel.
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expression of SIV Nef resulted in a threefold increase in the
Bcl-2 protein. A decline in Bax expression was seen, but Bcl-XL

levels were unchanged. Previous studies have reported that
Nef inhibits caspase 3 and 8 activation (63), events that would
be affected by Bcl-2. The increase in Bcl-2 is consistent with the
decrease in the apoptotic response in SIV Nef-expressing cells
and suggests that inhibition of Fas-mediated apoptosis may
depend on the elevation of this antiapoptotic protein. The
ability of Nef to mediate the upregulation of Bcl-2 and thus to
inhibit apoptosis may have profound implications in primary as
well as chronic viral infections by facilitating survival of in-
fected cells and viral persistence. Nef is expressed early in the
life cycle of HIV and accumulates in the cytoplasm of infected
cells. The ability of Nef to inhibit apoptosis could enable the
virus to complete the replication cycle in infected cells and
could promote the persistence of the virally infected cells.
Another regulatory protein of HIV, Vpr, has been shown to
prevent the proliferation of infected cells by inhibiting the
progression of cells through the G2/M checkpoint, which in
turn supports increased virus production (18). Thus, the virus
seems to modulate the different stages of the cell cycle of T
cells through its regulatory proteins for increased virus pro-
duction and persistence of infected cells.

We have also demonstrated that SIV Nef suppresses cell
proliferation by slowing the progression of cells through the
cell cycle. The retardation of cells in the G1 stage is accompa-
nied by a downregulation of cyclins D and A as well as cyclin
A-dependent kinase activity (data not shown). However, the
levels of cyclin E remained constant. While CDK activity is
regulated by interaction with the cyclin regulatory subunit, it is
also regulated by interaction with CKIs. Induction of SIV Nef
expression resulted in an increase of CKIs p27 and p21. Our
analysis of CDK-2 activity upon SIV Nef induction revealed
only a slight decrease (data not shown). Moreover, a significant
decrease in cyclin A and D levels as well as a significant in-
duction of CKIs was observed. Since the levels of cyclin E are
not altered on SIV Nef induction, we postulate that the ma-
jority of CDK-2 activity is cyclin E dependent. It is also possi-
ble that SIV Nef mediates alterations of other proteins, such as
phosphatases, that are instrumental in the activation of CDK
activity and that these modifications may counteract the effect
of CDK inhibitors and permit the CDK-2 to remain active.
However, flow-cytometric analysis demonstrated that the com-
bined dysregulation of cyclins and CKIs resulted in G1 growth
arrest. Since cyclin D levels were decreased, we analyzed cyclin
D substrate Rb as well as Rb-related proteins p107 and p130.
Hyperphosphorylation of the Rb protein results in the release
of the E2F transcription factors and subsequent expression of
growth-promoting genes. Rb relative p130 is associated with
quiescence and growth arrest, while p107 is most abundant
during S phase. Expression of basal levels of Nef led to signif-
icantly increased p130 levels and a decrease in p107 levels.
However, while the level of Rb was unchanged, there was an
increase in phosphorylated Rb, a change that is usually asso-
ciated with proliferation. This suggests that the levels of Nef
present in uninduced cells were sufficient to change the expres-
sion pattern of these proteins, but these changes did not ap-
pear to be the cause of the retardation of the cell cycle pro-
gression observed on Nef induction. This also suggests that,
while cyclin D levels decreased on the Nef induction, the ob-

served reduction in S phase was not due to a decreased cyclin
D-dependent kinase activity. These results also argue that a
deregulation of the Rb/E2F pathway is not the primary cause
for the retardation of proliferation. We observed a 10-fold de-
crease in cyclin A, a cyclin that is essential for S phase. Cyclin
A interacts with CDK-2 in early S phase and with cdc2 in late
S phase and phosphorylates multiple substrates including pro-
teins that are required for DNA replication. We propose that
a 10-fold decline in cyclin A levels along with an increase of
CKIs p21 and p27 would inhibit cyclin A activity and DNA
replication.

The molecular mechanisms governing Nef-induced suppres-
sion of cell proliferation and apoptosis may involve multiple
molecular interactions. SIV Nef may interact with multiple
signaling pathways, and distinct pathways may govern the com-
bined effect of an inhibition of apoptosis and proliferation.
Several lines of evidence implicate SIV Nef in the modulation
of signaling pathways of T cells such as those associated with
PAK and protein kinase C (32, 57), activation of NFAT1 (34),
and modulation of calcium signaling (3, 56). These pathways
are also involved in the regulation of cyclin D abundance and
turnover in proliferating T cells. The mechanism, biological
consequences, and role of these effects remain speculative. We
speculate that SIV Nef may be involved in the modulation of
proliferation and apoptosis through the same signaling path-
ways.

Nef may be involved in the induction of anergy through
several mechanisms. Nef has been shown to disrupt normal
TCR-initiated signaling by interfering with the CD3-TCR com-
plex (26). SIV Nef interacts directly with the � chain of CD3
and downregulates TCR-CD3 from the cell surface (4, 25, 58).
Nef downmodulates CD28, a major costimulatory molecule
that mediates effective T-cell activation (56). Lack of CD28
ligation during T-cell activation results in the induction of
anergy (1, 5, 6). Since both the � chain and CD28 are involved
in the pathways involved in the induction of anergy, it is most
likely that the ability of Nef to induce anergy is mediated
through Nef functions that involve these cellular molecules.

In our study, SIV Nef-expressing cells showed molecular and
biochemical characteristics identical to those observed in an-
ergized T-cell clones. The T cells undergo anergy when the
TCR is engaged by an antigen in the absence of a costimula-
tory signal, usually provided by the CD28-B7 interaction or
interleukin-2. Anergized T cells remain viable but are incapa-
ble of proliferating in response to stimulation. Specifically,
anergy is characterized by lack of activation of lck, ZAP-70,
Ras, ERK, JNK, AP-1, and NFAT (1, 39, 45, 48). Anergizing
stimuli appear to activate protein tyrosine kinase Fyn and
increase intracellular levels of calcium and cAMP. The cAMP
upregulation provides a link between the induction of anergy
and cell cycle regulatory mechanisms. Elevated levels of cAMP
induce an upregulation of CKI p27, which in turn sequesters
cyclin D1–CDK-4 and cyclin E–CDK-2 complexes and thus
inhibits progression of T cells through the G1/S phase check-
point control of the cell cycle. In addition, costimulation
through the CD28 pathway can prevent p27 accumulation by
promoting p27 downregulation by protein ubiquitination and
degradation.

In conclusion, our results showed that Nef may suppress
proliferation of CD4� T cells through the modulation of cell
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cycle-associated gene expression. A potential model for the
mechanism of Nef-induced cell cycle arrest has been devel-
oped (Fig. 7). Nef can increase Bcl-2 expression and inhibit
Fas-mediated apoptosis, which can result in persistence of Nef-
expressing cells. The decrease in cyclins D and A and the
increase in CKIs p21 and p27 can lead to a cell cycle arrest at
G1 stage. This may contribute to T-cell anergy. Thus, Nef can
play an important role in the persistence of virally infected
cells as well as in CD4� T-cell depletion.
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