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infection in individual cells, we designed a system to examine
the effect of HIV-1 early after infection. To distinguish infected from uninfected cells, we used a novel cell surface
marker to tag HIV-1-infected cells (47). We demonstrate that
individual cells infected with HIV-1 are impaired in their ability to progress through the cell cycle. More specifically, HIV-1
infection results in arrest of the target cell in the second gap
(G2) phase or early in mitosis (M). Furthermore, we demonstrate that the virally encoded vpr gene product is both necessary and sufficient for the observed cell cycle perturbation.
From these results, we propose an alternative model for HIV1-induced immunodeficiency.

Human immunodeficiency virus type 1 (HIV-1), the etiological agent of AIDS, can infect and ultimately incapacitate the
immune system. The immunopathogenesis associated with
HIV-1 infection has been closely related to the functional
abnormalities and quantitative depletion of CD4 T lymphocytes, the primary target of the virus (11). Both virological and
immunological mechanisms have been proposed to account for
this immune dysfunction (10, 43, 52, 53). Early studies focused
on cytopathogenesis by direct killing of target cells following
infection. Among the virally mediated mechanisms investigated were toxicity as a result of accumulation of unintegrated
viral DNA following reverse transcription (51), lethal membrane permeability changes resulting from virus particles budding at the surface of the infected cell (11), and terminal
differentiation causing a shortened life span of the CD4 T
lymphocyte (66). Another possible cause of cell death was
noted in in vitro studies in which HIV-1-infected cells fused
with neighboring cells by a viral envelope/receptor-mediated
interaction to form multinucleated cells (syncytia) that die
within 48 h (29, 30, 56). The emergence of the syncytiuminducing strains coincided with the decline in CD4 cell number
and loss of immune function, but the cause and effect have yet
to be established (5, 62). Furthermore, evidence of syncytium
formation has not been found in vivo; therefore, its role in
immunopathogenesis remains unclear (53). A type of programmed cell death known as apoptosis has also been proposed as a cause of cell death, which occurs through inappropriate receptor signaling (2, 4). Fresh peripheral blood
lymphocytes (PBL) from HIV-1-infected patients had a
greater propensity to undergo apoptosis following stimulation
in vitro than those from healthy individuals (15, 32). HIV-1
infection in vitro has also been observed to induce apoptosis in
certain T-cell lines (14, 25, 61), although this type of death was
linked to envelope/receptor-mediated cell fusion.
In an effort to learn more about the consequences of HIV-1

MATERIALS AND METHODS
Cells. SupT1 cells (human CD41 T cells), derived from a non-Hodgkin’s
lymphoma (AIDS Research and Reference Reagent Program, National Institutes of Health), were passaged in RPMI 1640 medium supplemented with 10%
fetal calf serum (FCS; Gemini, Calabasas, Calif.), penicillin (100 U/ml), streptomycin (100 mg/ml), and 2 mM glutamine (Irvine Scientific, Santa Ana, Calif.).
MT-2 cells, a human T-cell lymphotrophic virus type 1 (HTLV-1)-transformed
T-cell line (AIDS Research and Reference Reagent Program), were propagated
in Iscove’s medium (Gibco-BRL) supplemented with 10% FCS and antibiotics,
as described above. HeLa (human epithelial), COS, CV-1 (African green monkey kidney), and NIH 3T3 (murine embryonic) cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) with 10% calf serum (Gemini).
PBL were obtained from normal donors by venipuncture, isolated by centrifugation over Ficoll-Hypaque (Pharmacia, Sweden), and depleted of macrophages by adherence to plastic for 4 h. The lymphocytes were then cultured in the
presence of phytohemagglutinin (PHA; 5 mg/ml; Sigma Chemical Co., St. Louis,
Mo.) for 3 days prior to infection. The culture was enriched for the CD41
population by negative selection panning (64) with anti-CD8 (OKT8) and antiCD11b (OKM1) antibodies. These antibodies were prepared from hybridoma
cell lines obtained from the American Type Culture Collection (OKT8 and
OKM1). Levels of CD4 cells were determined pre- and postpanning by staining
with anti-CD4 antibodies (Becton Dickinson, San Jose, Calif.) conjugated to
fluorescein isothiocyanate (FITC), and flow cytometry was carried out as described below. Following infection, these cells were cultured in RPMI supplemented with 10% FCS and 30 U of recombinant interleukin 2 (Amgen, Thousand Oaks, Calif.) per ml with antibiotics.
Virus and infections. Viral stocks of HIV-1NL4-3 and NL-Thy were generated
by electroporation of MT-2 cells. Briefly, 5 3 106 cells were collected at mid-log
phase, pelleted at 300 3 g, and resuspended in electroporation medium (RPMI
with 20% FCS). Plasmid pNL4-3 (1) or pNL-Thy (10 mg) (see below) was added,
incubated on ice for 5 min, electroporated at 960 mF and 300 V, incubated on ice
for a further 5 min, and finally resuspended in 20 ml of growth medium. At 6 to
8 days posttransfection, culture supernatant was harvested and assayed for in-
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Human immunodeficiency virus type 1 (HIV-1) infection causes profound immunological defects in afflicted
patients. Various mechanisms have been proposed to account for the immune dysfunction in AIDS ultimately
leading to loss of CD41 T cells, including HIV-1 envelope-mediated syncytium formation, apoptosis, and
cytokine modulation. Here we present results which suggest a novel hypothesis for T-cell dysfunction. We show,
using HIV-1 bearing a novel cell surface reporter gene, that infected cells are unable to progress normally
through the cell cycle and became arrested in the G2 1 M phase. Furthermore, we identify the HIV-1 vpr gene
product as being both necessary and sufficient for eliciting this cell cycle arrest. Cell cycle arrest induced by
Vpr correlates with an increase in the hyperphosphorylated (inactive) form of the cyclin-dependent serine/
threonine kinase CDC2, consistent with an arrest of cells at the boundary of G2 and M.
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FIG. 1. Infection of SupT1 cells with HIV-1NL4-3 causes cell cycle perturbation. DNA content of nuclei from mock-infected and HIV-1NL4-3-infected SupT1
cells (6.9 mg of p24; day 4 postinfection) stained with propidium iodide and
analyzed by flow cytometry. The histogram indicates relative proportions of cells
in G1, S, and G2 1 M phases of the cell cycle by relative fluorescence intensity
of the stained nuclei (x axis).

displayed on a four-decade log scale. Orange PI fluorescence was collected after
a 585/42-nm band pass filter and displayed similarly. Electronic compensation
was used among the fluorescence channels to remove residual spectral overlap.
A minimum of 5,000 events were collected for each sample. Data analysis was
performed with Lysis II software (Becton Dickinson). Since dead cells cannot
exclude PI, they were removed from the calculation of percent Thy 1.21 cells by
gating on the low angle (forward scatter) versus orange fluorescence intensity.
The method of double staining for surface antigen and DNA content of cells
was adapted from the technique of Schmid et al. (50). Briefly, 106 cells were
harvested and stained as described above for Thy 1.2 surface antigen. After
washing, the cells were fixed in PBS with 0.3% paraformaldehyde for 1 h on ice
and permeabilized in 0.2% Tween 20 (Bio-Rad) in PBS on ice for 15 min, and the
DNA was finally stained in FACS buffer containing propidium iodide (10 mg/ml)
and RNase A (11.25 Kunitz units) for 30 min at 48C. At least 5,000 events were
collected, as described above, except that orange PI fluorescence was displayed
on a linear scale.
Data analysis and acquisition were performed with both Lysis II and Cellfit
software (Becton Dickinson). Samples were gated to exclude debris and clumps,
and electronic compensation was used to remove residual spectral overlap. Gates
for distinction between Thy 1.22 and Thy 1.21 cells were set based on control
stained populations to channel 15 to 20 of FITC relative fluorescence intensity.
The mathematical model SOBR (sum of broadened rectangles) was used to
calculate the proportions of cells in the G1, S, and G2 1 M phases of the cell cycle
by using Cellfit. These values were in agreement with those obtained with Lysis
II software when the S-phase events were divided equally between the G1 and G2
1 M phases, based on peak channels of fluorescence intensity. For simplicity, the
G1 and G2 1 M values and calculated G1/G2 1 M ratios from Lysis II have been
provided.
Cell lysis and protein analysis. HeLa cells were lysed at 48C in lysis buffer
(Hanks’ balanced salt solution with 1% Nonidet P-40, 50 mM b-glycerophosphate, 10 mM NaF, 1% aprotinin, 1 mM sodium orthovanadate, and 1 mg of
leupeptin per ml), and protein concentrations were estimated by the Bio-Rad
protein assay according to the manufacturer’s protocol. Equivalent amounts of
protein per sample were subjected to electrophoresis on sodium dodecyl sulfate–
15% polyacrylamide gels (SDS–15% PAGE), and Western blotting (immunoblotting) was performed with a monoclonal antibody specific for CDC2 kinase
(CDC2 p34 [17]; Santa Cruz Biotechnology) and developed with the enhanced
chemiluminescence assay (Amersham).

RESULTS
HIV-1 infection of SupT1 cells causes cell cycle perturbation. We analyzed cell cycle kinetics in initial experiments with
HIV-1NL4-3 used to infect SupT1 cells at relatively high multiplicities of infection (MOIs). Analysis by hypotonic propidium iodide staining (35) and flow cytometry indicated an
abnormal cell cycle profile, with a greater number of cells
containing a 4n amount of DNA (G2 1 M) than in mockinfected cultures (Fig. 1). However, precise quantitative analysis was complicated by the presence of uninfected cells in the
culture. To examine more precisely the properties of infected
cells, it was necessary to distinguish infected from uninfected
cells in the population in a manner that would still allow cell
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fectious virus titer by limiting dilution assay and for HIV-1 core antigen (p24) by
enzyme-linked immunosorbent assay (ELISA; Coulter, Hialeah, Fla.). Cultures
of MT-2 cells were also mock transfected with sterile TE buffer, and supernatant
was harvested at the same time for use in mock infections. Viral stocks were
stored at 2708C until use. Target cells (5 3 106) were infected by suspension in
viral stock and 10 mg of Polybrene (Sigma) per ml at 378C for 1 h, with gentle
agitation. Cells were washed and resuspended at 5 3 105/ml in growth medium.
Mock-infected cultures were generated as above except that the inoculum was
derived from mock-transfected MT-2 cells, as described above.
The Vpr-X mutant virus was based on NL-Thy except that plasmid pNL-Thy
was digested with EcoRI (nucleotide position 132 of the vpr open reading frame),
blunt-ended by filling in with the DNA polymerase I Klenow fragment, and
religated according to standard procedures (49). The resulting insertion/frameshift replaced the carboxy-terminal 33 residues of the 96-amino-acid Vpr protein
with the sequence NSATTAVYPFQNWVST (shown in single-letter amino acid
code). Viral stocks were prepared as for NL-Thy.
Inhibitors of viral replication were added to culture media where stated in the
text as follows: soluble CD4 (sCD4) was used at 10 mg/ml, azidothymidine (AZT)
was used at 5 mM, and the protease inhibitor A77003 (kind gift of Andrew
Kaplan, UCLA) was used at 3 mM. sCD4 and A77003 were added at 3 h postinfection, while AZT was added at 12 h to allow completion of reverse transcription.
Plasmids. The construction of pNL-Thy has been described in detail elsewhere
(HIV-Thy-1) (47). Briefly, the nef open reading frame of pNL4-3 (1) was deleted
from the XhoI to KpnI sites (nucleotide positions 8888 and 9006, respectively)
and replaced with the coding sequence for the murine thymocyte surface antigen
Thy 1.2 (13). This surface antigen was selected for its small size (600 bp), its
efficient surface expression, and the availability of specific antibodies suitable for
detection by flow cytometry (no cross-reactivity with the human counterpart).
The expression plasmids were constructed to contain the thy1.2 (13) and the
vpr (derived from HIV-1NL4-3) open reading frames, both driven by tandem
cytomegalovirus (CMV) immediate-early promoter transcription units. Briefly,
an SpeI-XhoI fragment of pCDM8 (Invitrogen, San Diego, Calif.) containing the
CMV immediate-early promoter was transferred to the SpeI and XhoI sites of
pNL-Thy (47) to create plasmid NLCMVThy. A PstI digest of NLCMVThy
yielded a fragment containing the CMV promoter, the thy1.2 open reading
frame, and the HIV-1NL4-3 39 long terminal repeat (LTR) sequences, which was
transferred into Bluescript II KS Plus (Stratagene, La Jolla, Calif.) cut with PstI
to create the intermediate plasmid BSCMVThy. A ScaI-SacI fragment that
contained the vpr open reading frame was recovered from the digest of pNL4-3
(1). This was first cloned into the SmaI and SacI sites of plasmid pGEM 7Zf(2)
(Promega, Madison, Wis.) to create plasmid pGEMVpr. The vpr open reading
frame (pGEMVpr cut with XhoI and NsiI) was then subcloned into pCDM8
digested with XhoI and PstI to give plasmid CDM8Vpr.
To create the dual expression plasmid BSVprThy and the control plasmid
BSThy, an NruI-BamHI fragment of either CDM8Vpr or pCDM8 containing the
CMV promoter and simian virus 40 transcription termination sequences with or
without the vpr open reading frame was cloned into the BSCMVThy intermediate plasmid cut with NotI (blunt-ended by filling in with Klenow) and BamHI.
The plasmid containing the mutant vpr (BSVprXThy) was constructed by digestion of the plasmid with EcoRI and filling in. The vectors used in some of the
experiments shown in Fig. 4 and 5 contained an untranslated intron of the CMV
immediate-early promoter (derived from pCMV-Thy-1 [47]) that was found to
increase expression efficiency in some cell types (data not shown). The dual
expression vector carrying the human cdc2 gene (BSCDC2Thy) was constructed
from pOB231 (kindly provided by Paul Nurse) (27), digested with EcoRI, and
blunt-ended with Klenow and BamHI. This cdc2-containing fragment was cloned
into the EcoRV and BamHI sites of Bluescript II KS Plus to create BSCDC2. A
ClaI-NotI fragment of BSCDC2 was then cloned into the dual expression vector
(carrying CMV introns, as described above) in place of vpr. The single vpr
expression vector BSVpr was created from BSVprThy; the Thy 1.2 expression
cassette was deleted by MunI digestion and religation. All cloning steps described
followed standard procedures described elsewhere (49).
Plasmid DNA was prepared for transfection by purification on an anionexchange resin (Qiagen, Chatsworth, Calif.), in accordance with the manufacturer’s protocol. Plasmid DNA (10 mg) was added to 5 3 106 cells in electroporation medium. The electroporation conditions for SupT1 cells were as described
for MT-2 cells. For COS and HeLa cells, the electroporation parameters were
250 V at 960 mF. Culture medium was replaced at 24 h posttransfection. Cells
were harvested at 48 h posttransfection and stained for expression of Thy 1.2 and
DNA content.
Flow cytometry. Detection of cells bearing the surface marker Thy 1.2 was
done as follows. Cells (106) were harvested and stained in 100 ml of Thy 1.2
FITC-conjugated monoclonal antibody (Caltag) diluted 1:200 in fluorescenceactivated cell sorting (FACS) buffer (phosphate-buffered saline [PBS] with 2%
FCS and 0.01% sodium azide) and incubated for 20 min on ice. An additional
sample of cells was stained with the isotype antibody immunoglobulin G2b
(IgG2b)-FITC (Caltag) to control for nonspecific background antibody binding.
The cells were then washed and resuspended in FACS buffer containing propidium iodide (PI) (1 mg/ml) and acquired on a FACScan flow cytometer (Becton Dickinson) equipped with a 15-mW air-cooled 488-nm argon ion laser.
Green FITC fluorescence was collected after a 530/30-nm band pass filter and
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cycle characterization by flow cytometry. The use of HIV-1specific surface markers such as gp160 has been technically
problematic, so we chose to use instead a replication-competent HIV-1NL4-3 vector (47) bearing the gene for the murine
thymocyte surface antigen, thy1.2 (13). Other marker genes
have been inserted into the HIV-1 nef gene to generate HIV-1
vectors effective in monitoring HIV-1 infection in vitro, so we
substituted thy1.2 for a part of nef.
We first demonstrated that thy1.2 expression alone did not
alter cell cycle profiles by transfection of the thy1.2 vector
under the control of the CMV immediate-early promoter. The
resulting cell cycle profile of the transfected Thy 1.21 subpopulation was identical to that of the Thy 1.22 subpopulation and
mock-transfected cells (data not shown; also see Fig. 4). The
kinetics of cell cycle perturbation were determined by a time

course experiment with SupT1 cells as the viral targets. After
infection (MOI, '0.05), cells were harvested from both mockand NL-Thy-infected cultures. A portion was stained for Thy
1.2 expression combined with a fluorescent dye to allow exclusion of dead cells, and another was doubly stained for Thy 1.2
and DNA content. On day 1 postinfection, 4% of the cells were
positive for the Thy 1.2 marker; this population increased over
the subsequent days to 6, 15, and 52%. Mock-infected cultures
were similarly stained and found to be negative for the Thy 1.2
antigen (Fig. 2). HIV-1 core antigen (p24) levels increased
over time and correlated with Thy 1.2 expression (data not
shown).
Cell cycle analysis of the cultures at day 1 postinfection
showed that the G1/G2 1 M ratio was 2.3 for the Thy 1.22
subpopulation and remained at a similar ratio for the duration
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FIG. 2. Thy 1.21 SupT1 cells in an NL-Thy-infected culture accumulate in the G2 1 M phase of the cell cycle over time. SupT1 cells (5 3 106) were infected with
NL-Thy (1.8 mg of p24). Aliquots were taken at indicated days and analyzed for cell cycle profile. (A) Mock-infected SupT1 cells were harvested at 24-h intervals
postinfection, doubly stained for Thy 1.2 antigen and DNA content, and analyzed by flow cytometry. Fluorescence intensity of the propidium iodide DNA stain is plotted
on the y axis, and Thy 1.2-FITC fluorescence intensity is plotted on the x axis. Arrows indicate G1 and G2 peaks. Percentages of cells in the G1 and G2 1 M phases
and calculated G1/G2 1 M ratios are shown to the right of the dot plots. (B) NL-Thy-infected culture analyzed as for panel A. Percentages of cells in G1 and G2 1
M for both Thy 1.22 and Thy 1.21 subpopulations and calculated G1/G2 1 M ratios are shown to the right of the dot plots.
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of the experiment (Fig. 2). Similar ratios were observed in the
mock-infected culture. However, a different pattern was observed for the Thy 1.21 subpopulation. Initially, the G1/G2 1
M ratio was 1.3 on day 1 postinfection and then decreased to
approximately 0.5 on the following days. This indicated an
accumulation of cells in G2 1 M relative to those in G1. It was
noteworthy on day 4 postinfection that although the majority
of the culture was infected and cell cycle perturbation was
evident, the noninfected subpopulation exhibited a normal cell
cycle profile. This indicated that the uninfected cells, despite
being in the same culture, were not adversely affected by the
presence of the HIV-1-infected cells.
HIV-1 infection causes G2 1 M arrest in SupT1 cells. The
observed inversion of the G1/G2 1 M ratio could be explained
either by the arrest and accumulation of HIV-1-infected cells
in the G2 1 M phase of the cell cycle or by the death and loss
of infected cells from the G1 compartment. If the former were
true, the initial number of HIV-1-infected cells in G2 1 M

should stay the same or increase. However, if the increase in
the proportion of G2 1 M cells were due to the death of cells
in G1, the total number of cells in G2 1 M should decrease as
cells progress to G1 and are deleted from the population. In
the above experiment, these two possibilities cannot be distinguished, since the spread of HIV-1 infection through the culture can replenish the HIV-1-infected cell numbers in the G1
and G2 1 M phases. To clarify the mechanism of the apparent
G2 1 M accumulation, an experiment similar to that described
above was performed, with the modification that the subsequent spread of virus within the culture was inhibited by the
addition of three well-characterized HIV-1 antagonists that act
at different points in the viral life cycle: AZT, which blocks
reverse transcription (33); a protease inhibitor, A77003, that
prevents maturation of the virion (19, 21); and sCD4, which
binds to virion-associated gp120 and prevents the virion from
adhering to the cell surface CD4 receptor (8, 12, 18, 40, 55, 63).
The addition of sCD4 also inhibits the formation of envelope/
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TABLE 1. NL-Thy-infected SupT1 cells arrest in G2 1 Ma
1

3

Thy 1.2 cells (10 )
Total

G1

G2 1 M

Ratio, G1/G2
1M

130
350
450
460

88
55
41
55

45
291
410
402

2.0
0.19
0.10
0.13

Day

1
2
3
4

a
SupT1 cells (5 3 106) were infected with NL-Thy (5 mg of p24), grown in the
presence of sCD4, AZT, and a protease inhibitor, and analyzed by flow cytometry at indicated intervals for Thy 1.2 expression and DNA content. The actual
cell numbers (percent Thy 1.21 times the number of cells in culture) are shown
for the G1 and G2 1 M populations, together with the calculated G1/G2 1 M
ratios.

TABLE 2. NL-Thy and Vpr-X infection of SupT1 cells:
cell cycle analysis
% of cells
Cell and day
G1

Mock infected
1
2
3
4
5
NL-Thy infected
Thy 1.22
1
2
3
4
5
Thy 1.21
1
2
3
4
5
Vpr-X infected
Thy 1.22
1
2
3
4
5
Thy 1.21
1
2
3
4
5

G2

Ratio, G1/G2
1M

56
71
69
70
69

38
29
31
30
31

1.5
2.4
2.2
2.3
2.2

57
71
71
62
42

38
28
26
19
35

1.5
2.5
2.7
3.3
1.2

0.77
1.1
1.7
2.8
14

0.94
0.46
0.47
0.75
0.68

37
34
32
25
33

1.7
1.9
2.0
2.8
1.7

0.72
0.51
0.80
2.1
9.5
62
64
65
71
56
0.54
1.0
1.9
2.9
6.2

0.50
0.70
1.1
1.5
4.2

1.1
1.4
1.7
1.9
1.5
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receptor-mediated syncytia by binding to gp120 expressed on
the surface of infected cells (18).
For this experiment, the absolute number of infected cells
was calculated by multiplying the total cell number in the
culture by the percentage of Thy 1.21 cells. At day 2 postinfection, the number of HIV-1-infected cells was approximately
4 3 105 and remained constant over days 3 and 4 postinfection
(Table 1), although the total cell number (infected plus uninfected) increased fourfold. In the absence of inhibition, the
infected cell population increased 10-fold over the same period
(data not shown). The mock-infected culture was found to
exhibit a cell cycle profile and growth kinetics similar to those
in other experiments, demonstrating that the presence of the
antagonists did not affect the growth characteristics of the cells.
Likewise, analysis of the Thy 1.22 subpopulation of the infected culture showed G1/G2 1 M ratios similar to that of the
mock-infected culture. However, the ratio for the Thy 1.21
subpopulation decreased from 2.0 on day 1 postinfection to
approximately 0.15 from days 2 to 4 of the time course. The
observations that a constant number of HIV-1-infected cells
persisted in the culture over a period of 3 days and that an
increasing proportion of those cells were found to be in G2 1
M over time argue strongly in favor of arrest of these cells in
the G2 1 M phase of the cell cycle. As expected for the use of
sCD4 in this experiment, no syncytia were observed, indicating
that cytopathic effects due to Env-mediated syncytia do not
play a role in the G2 1 M arrest.
HIV-1 infection causes G2 1 M arrest in stimulated PBL.
We next tested whether HIV-1 could induce G2 1 M arrest in
primary rather than transformed T cells. This experiment was
carried out with CD41 cells enriched from PHA- and interleukin-2-stimulated PBL as targets. The proportion of Thy
1.21 cells increased from 2.9% on day 1 to 12% on day 4
postinfection, and the HIV-1 p24 antigen levels present in the
culture supernatant also increased (Fig. 3). For PBL, the calculated proportion of cells seen by flow cytometry in the G1
peak also includes quiescent cells in G0. Cell cycle analysis
revealed that the G0 1 G1/G2 1 M ratio of both the mockinfected culture and the Thy 1.22 subpopulation of the NLThy-infected culture remained similar throughout the time
course. The ratio was observed to increase over the time period, most likely because of a relative increase in the number of
T cells arresting in G1 or reentering a quiescent G0 state
following initial activation by PHA. The Thy 1.21 subpopulation showed an inverted G0 1 G1/G2 1 M ratio of 0.51 to 0.73,
consistent with the data presented for infection of SupT1
cells.
Determination of viral proteins necessary for G2 1 M arrest. We determined whether the G2 1 M arrest could be
attributed to specific HIV-1 genes. Since the NL-Thy virus

contained a deletion in the nef gene, we were able to rule out
the role of nef in G2 1 M arrest. We next tested a vpr insertion/
frameshift mutant of the NL-Thy virus that produced a protein
lacking the carboxy-terminal 33 residues of the 96-amino-acid
protein. The vpr mutant virus, termed Vpr-X, was used to
infect a culture of SupT1 cells in parallel with NL-Thy and at
an equivalent MOI (approximately 0.01). Aliquots of cells were
harvested from mock-, NL-Thy-, and Vpr-X-infected cultures
at 24-h intervals and assayed for Thy 1.2 expression and DNA
content. As expected, the Thy 1.22 subpopulations of both the
NL-Thy- and Vpr-X-infected cultures had ratios similar to that
of the mock-infected culture throughout the experiment (Tables 2 and 3). Cell cycle arrest occurred in the Thy 1.21 subpopulation of the NL-Thy-infected culture, consistent with earlier experiments. However, the cells infected with the Vpr-X
virus showed reduced cell cycle perturbation. Thus, mutation
of the vpr gene impaired the ability of the virus to elicit G2 1
M arrest.
HIV-1 Vpr is sufficient to cause G2 1 M arrest. We demonstrated above that the vpr gene product contributes to induction of cell cycle arrest following infection of lymphoid cells
by HIV-1. We next determined whether the vpr gene product
was sufficient to elicit arrest in the absence of all other HIV-1
proteins. To address this question, we developed a transienttransfection and expression system to produce Vpr in target
cells and examine their cell cycle profile. To allow differential
analysis of transfected and nontransfected cells in the same
population, a dual expression vector (called BSVprThy) was
constructed; it contains the vpr and thy1.2 open reading frames,
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TABLE 3. NL-Thy and Vpr-X infection of SupT1 cells:
culture kineticsa
% Thy 1.21

p24 (ng/ml)

Day

1
2
3
4
5

NL-Thy

Vpr-X

NL-Thy

Vpr-X

1.0
1.4
2.5
5.7
26

1.0
1.4
2.2
3.7
12

1.0
8.0
50
460
2,540

0.6
3.0
26
320
1,290

a
SupT1 cells (5 3 106) were infected with NL-Thy and Vpr-X viruses (1 mg of
p24) and analyzed at the indicated intervals. Infected cultures were analyzed for
expression of Thy 1.2 antigen and HIV-1 p24 core antigen in the culture medium.

each under the control of a separate CMV immediate-early
promoter (Fig. 4). As a control, an otherwise identical expression plasmid lacking the vpr open reading frame was also
constructed (BSThy). The control vector had no effect on cell
cycle profiles. Furthermore, a dual expression vector containing the same mutant vpr open reading frame as that present in
the Vpr-X virus did not cause cell cycle perturbation (Fig. 4,
experiments 2 and 3). The Thy 1.21 subpopulation of the
Vpr-containing BSVprThy-transfected culture showed an inverted ratio of 0.67, consistent with that seen in virus-infected
cells, and the Thy 1.22 subpopulation was normal. We therefore conclude that expression of the HIV-1 vpr gene product
alone is sufficient to cause G2 1 M arrest. Cell cycle arrest was
also observed in COS, CV-1 (African green monkey kidney),
and HeLa cells (human cervical carcinoma), but not in NIH
3T3 (murine embryonic) cells (data not shown).
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FIG. 3. NL-Thy infection of CD41 primary T lymphocytes causes cell cycle accumulation in the G2 1 M phase. PHA-stimulated primary CD41 T lymphocytes (6
3 106) were mock infected or infected with NL-Thy (1.8 mg of p24) and analyzed at 24-h intervals. (A) Analysis of infected cultures for expression of Thy 1.2 antigen
and HIV-1 p24 core antigen in the culture medium. (B) Cell cycle analysis of the NL-Thy- and mock-infected cultures by double staining for Thy 1.2 antigen and DNA
content. Percentages of cells in G1 and G2 1 M and G1/G2 1 M ratios for Thy 1.22 and Thy 1.21 subpopulations are shown. (C) Dot plot analysis of mock- and
NL-Thy-infected cultures at 4 days postinfection. DNA content is plotted on the y axis, and Thy 1.2 antigen expression is plotted on the x axis.
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Alteration of CDC2 kinase. One of the key regulatory factors
involved in progression of cells from the G2 phase into M is the
serine/threonine kinase CDC2. It has previously been demonstrated that dephosphorylation of this kinase at two critical
residues, Thr-14 and Tyr-15, is necessary for activation of
CDC2 kinase (23, 57, 58) and subsequent phosphorylation
events mediated by CDC2 that lead to progression into mitosis.
Chemical agents that block DNA synthesis or that induce
DNA damage can arrest cells in G2 through activation of
pathways that lead to an accumulation of hyperphosphorylated
CDC2 kinase (34, 41). The hyperphosphorylated form of
CDC2 kinase has previously been shown to be distinguishable
from other forms by decreased mobility on gels (9, 37). Therefore, we tested by SDS-PAGE whether cells arrested by Vpr
show evidence of alterations in the phosphorylation state of
CDC2 kinase. Two different Vpr-expressing constructs, BSVpr
and BSVprThy, showed increased levels of the hyperphosphorylated form of CDC2 relative to a control transfection with a
vector expressing the cdc2 gene (Fig. 5A). In a second experiment, we used nocodazole and nitrogen mustard (HN2) as
controls for different forms of CDC2. Nocodazole is an inhibitor of mitotic spindle formation and arrests cells in mitosis,
when the majority of the CDC2 is in an active nonhyperphosphorylated form (20, 37, 41). Consistent with previously published reports, nocodazole-treated cells contained little or no
hyperphosphorylated CDC2 (Fig. 5B, Noc). Nitrogen mustard,
in contrast, induces DNA damage, which delays cells in G2,
resulting in greater levels of hyperphosphorylated CDC2 (41).

As expected, nitrogen mustard-treated cells showed greater
levels of the hyperphosphorylated form of CDC2 (Fig. 5B,
HN2). Cells transfected with Vpr-expressing constructs showed
increased levels of the hyperphosphorylated form of CDC2
kinase, whereas those transfected with Vpr-X-containing vectors did not (Fig. 5B, BSVprThy and BSVprXThy). Thus, these
results are consistent with the known properties of CDC2
kinase in cells blocked at the G2/M transition and provide
further support for our conclusion that Vpr acts to block cells
in the G2 1 M phase of the cell cycle.
DISCUSSION
Here we report that HIV-1 infection of CD4 T lymphocytes
and T lymphoblastoid cell lines causes cell cycle perturbation,
resulting in an apparent accumulation of cells in the second
gap (G2) or mitosis (M) phase of the cell cycle in an asynchronously dividing population of cells. With a marked retrovirus
vector and by inhibiting the spread of the virus through the
culture, it was apparent that cells infected with HIV-1 were
unable to transit normally from the G2 phase through mitosis
to complete the cell cycle, thus demonstrating G2 1 M arrest
as opposed to G2 1 M accumulation due to death of infected
cells in G1. Cell cycle arrest in the G2 1 M phase occurred in
the absence of syncytium formation or other visible cytopathic
effect. The cause of cell cycle arrest was attributed to the
HIV-1 vpr gene product. Mutant viruses lacking the full-length
vpr open reading frame failed to inhibit cell cycle progression.
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FIG. 4. HIV-1 Vpr protein causes G2 1 M arrest in various cell types. In experiment 1, SupT1 (5 3 106), HeLa (107), and COS (107) cells were transfected with
BSVprThy (10 mg), a plasmid that expresses both the Thy 1.2 antigen and the HIV-1 Vpr protein, and a control plasmid (10 mg), BSThy, that expresses Thy 1.2 alone.
Cells were harvested at 48 h posttransfection and doubly stained for Thy 1.2 expression and DNA content. In two additional experiments (2 and 3), HeLa and CV-1
cells were transfected with BSVprThy (10 mg) and another plasmid carrying a mutated vpr open reading frame, BSVprXThy (10 mg), and analyzed as for experiment
1. These plasmids also contained an untranslated CMV intron, as described in Materials and Methods. Transfection efficiencies monitored by Thy 1.2 expression were
as follows: experiment 1, SupT1 cells, 3%; HeLa cells, 45%; and COS cells, 19%; experiment 2, HeLa cells, 50%; and experiment 3, CV-1 cells, 10%. (Top) Schematic
structure of plasmids. The bold arrow indicates the CMV immediate-early promoter, the hatched bar indicates the position of thy1.2, and the long and short shaded
bars indicate the vpr and vpr-X genes, respectively. (Bottom) The ratios of cells in G1 to cells in G2 1 M for the Thy 1.22 and Thy 1.21 populations are given. ND,
not done.
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Transient transfection of vpr expression constructs in cells revealed that expression of Vpr alone was sufficient to elicit cell
cycle arrest. Cell cycle arrest correlates with an increase in the
level of hyperphosphorylated CDC2, indicating an arrest of
cells at the G2/M boundary. The inhibition of cellular proliferation in a number of cell types, including primary T cells,
suggests a novel mechanism for HIV-1-induced immune dysfunction.
Recent studies in our laboratory (46) and others (48) have
identified a role for HIV-1 Vpr in preventing the establishment
of chronic viral infection of the host cell. Those results suggested that Vpr altered the growth properties of HIV-1-infected cells in a population by either causing the death of cells
or arresting cell proliferation. Rogel et al. (48) further demonstrated that the cell cycle profiles of cells transfected with
Vpr were altered, leading to a greater proportion of cells in the
G2 or M phase. However, those studies did not distinguish
between cytolytic and cytostatic mechanisms. The data presented here are concordant with these findings and expand on
them by directly demonstrating that cell cycle arrest occurs in
HIV-1-infected T cells. We also established that the cell cycle
arrest of infected cells occurs in the G2 or M phase of the cell
cycle.
Vpr is known to be incorporated into the virion via a direct
interaction with the HIV-1 Gag protein (6, 22, 26, 45, 65). Its
presence in the virion particle facilitates nuclear localization of
viral nucleic acids following entry in nondividing monocytederived macrophages and mimosine growth-arrested lymphoid

cell lines (17). In support of the latter hypothesis, Vpr was
found to be required for efficient replication of HIV in human
macrophages but not PBL or an immortalized T-cell line (3,
16).
Transfection of Vpr has been observed to promote differentiation and growth inhibition of a human rhabdomyosarcoma cell line previously used to study terminal differentiation
and tumorigenesis of muscle cells (28). Although the cause and
effect of growth arrest versus differentiation was not established, the observed inhibition of growth is consistent with our
data showing G2 1 M arrest in multiple cell types. These
include COS, CV-1, HeLa, and SupT1 cells; however, G2 1 M
arrest was not observed in the murine cell line NIH 3T3. Other
experiments show similar arrest in MT-2 and HUT 78 cell lines
(20a).
Vpr has also been described as a weak transcriptional activator and can increase both the viral replication rate and cytopathic effect of HIV-1 in vitro (7, 42). We noted that there
was an approximately threefold increase in surface levels of
Thy 1.2 antigen on infected cells in G2 1 M compared with
that on those in G1 (Fig. 2) and that cultures infected with virus
capable of producing Vpr yielded higher levels of p24 core
antigen (Table 3). It is possible that Vpr exerts a trans-activating effect in the G2 1 M phase of the cell cycle. Alternatively,
the G2 1 M phase of the cell cycle may be more conducive to
the function of certain promoters, including the HIV-1 LTR.
Vpr is likely to act upon one or more of the steps necessary
for transition through mitosis into G1. One critical event that
drives mammalian cells from G2 into mitosis is the activation of
the maturation-promoting factor, whose components include
CDC2 kinase and cyclin B. The CDC2 kinase is highly regulated, requiring dephosphorylation by CDC25 for its activation. Antagonizing this reaction is the Wee 1 kinase, which
phosphorylates CDC2 and thus inhibits the transition into mitosis (36, 38, 39, 57). Additional control elements may regulate
these enzymes; for example, the Nim 1 kinase has been shown
to inhibit the Wee 1 homolog in fission yeast (44), although a
mammalian counterpart has not yet been described. Our results show an increase in the inactive hyperphosphorylated
form of the CDC2 kinase. This suggests that the Vpr protein
acts to antagonize the activation of CDC2 kinase either directly
or indirectly through modulation of its regulatory cascades. By
analogy with other factors, such as DNA-damaging agents that
are known to block the progression of cells from G2 to M
through inhibition of the activation of CDC2 kinase (41), detection of increased levels of hyperphosphorylated CDC2 kinase in our experiments suggests but does not prove that the
cell cycle arrest is more likely in late G2 phase than in mitosis.
We consider a number of possibilities for the role that G2 1
M arrest plays in HIV-1 replication. First, an activated T cell
can differentiate into a G0-phase memory cell, having passed
through mitosis (59, 60). Such a cell would exhibit minimal
metabolic and transcriptional activity and, as such, be unable
to efficiently produce viral proteins. An activated T cell harboring HIV-1 and arrested in the G2 1 M phase of the cell
cycle would be prevented from continuing the cell cycle and
potentially reentering G0. Thus, by prolonging the time that a
host cell spends in the activated state, the virus may maximize
the output of progeny virus. Second, in addition to reentering
G0, an activated T cell can undergo apoptosis; G2 1 M arrest
may prevent this. A recent report indicated that activation of
the CDC2 kinase was required for certain cell types to undergo
apoptosis (54). Our results indicated that HIV-1 Vpr could
prevent or delay the host cell from initiating apoptosis through
inhibition of this kinase. It has been suggested, however, that
HIV-1 can kill cells by apoptosis (14, 25, 61). These hypotheses
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FIG. 5. HIV-1 Vpr protein induces increased levels of the hyperphosphorylated form of CDC2 kinase. HeLa cells were lysed at 48 h posttransfection and
analyzed by Western blotting with a CDC2-specific monoclonal antibody. The
hyperphosphorylated form of CDC2 kinase is detected as a more slowly migrating form of CDC2 (9, 37, 41). (A) HeLa cells (107) were transfected, as described
in Materials and Methods, with BSCDC2Thy, a plasmid that expresses both
human CDC2 and the Thy 1.2 antigen, or with expression plasmids that express
Vpr alone (BSVpr) or both Vpr and Thy 1.2 antigen (BSVprThy). In this
experiment, the expression vectors for Vpr also contained a nonapeptide epitope
derived from the influenza virus hemagglutination protein at the amino terminus
of Vpr, which does not affect the ability of Vpr to cause G2 1 M arrest in HeLa
cells (data not shown). Ten micrograms of total protein was loaded per lane. (B)
HeLa cells (107) were transfected with BSVprThy or BSVprXThy, as described
in the legend to Fig. 4. Transfection efficiencies monitored by Thy 1.2 expression
were 40% for BSVprThy and 53% for BSVprXThy. G1/G2 1 M ratios for
BSVprThy-transfected cells were 2.2 for the Thy 1.22 population and 0.5 for the
Thy 1.21 population; for BSVprXThy-transfected cells, they were 1.5 and 2.3 for
the Thy 1.22 and Thy 1.21 populations, respectively. Nocodazole (Noc)-treated
HeLa cells were incubated with 0.5 mg of nocodazole per ml in the medium for
12 h before harvesting. HeLa cells were treated with nitrogen mustard (HN2) at
0.5 mM for 30 min, resuspended in medium without HN2, and analyzed 12 h
later. The G1/G2 1 M ratios for untreated and nocodazole-, and HN2-treated
cells were 2.9, 0.02, and 1.0, respectively. Five micrograms of total protein was
loaded per lane.
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may not necessarily be incompatible. HIV-1-infected immortalized SupT1 cells were observed in our experiments to remain in the G2 1 M state for at least 3 days, approximately
three times longer than the natural duration of the typical
mammalian cell cycle. The subsequent fate of these cells is
unknown, and it is possible that they eventually die by apoptosis. Third, as indicated above, we have observed that NLThy-infected cells in G2 1 M express threefold more Thy 1.2
surface antigen than those in G1. This suggests that cells in G2
1 M may be more efficient in producing proteins under the
control of the HIV-1 LTR. The observation that Vpr can act as
a weak transcriptional activator (7) may be related to this
phenomenon, although the mechanism is not clear. Cell cycledependent protein production has been well documented for
the cyclins, a class of proteins that regulate various events in
cell cycle progression (38). HIV-1 LTR promoter responsiveness to cell cycle phase has not been reported; however, it is
possible that the availability of transcription factors known to
interact with the promoter fluctuates during cell replication.
For example, it has been reported that the cell surface replacement rate of CD4 is highest during late DNA synthesis phase
(S) and in G2 (31). Fourth, another advantage of inhibition of
T-cell proliferation for HIV-1 is in directly limiting the extent
and breadth of the immune response directed against it (see
below).
The implications of Vpr-induced G2 1 M arrest on the
immunopathogenesis of AIDS are potentially significant. In
the lymphoid organs, a successful immune response depends
on activation by antigen and subsequent clonal expansion and
migration of antigen-specific T cells into the circulation. We
propose here a novel mechanism for immune dysfunction, in
which an activated T-cell population could be infected with
HIV-1 and, as a consequence, be unable to proliferate further,
thus aborting clonal expansion. Limiting this critical phase of
the cellular immune response would likely result in additional
disruption of downstream events dependent on the clonal expansion of the CD4 T-lymphocyte subpopulation. Such events
may include T-cell helper activity via release of cytokines,
stimulation and modulation of the humoral immune response,
differentiation resulting in the generation of memory cells, and
CD41 cytotoxic T-cell activity.
The targeting of the Vpr protein or its mode of action may
offer a new avenue for therapeutic intervention in the pathogenesis of AIDS. Notably, in an animal model system, mutation of the vpr open reading frame from the related retrovirus
simian immunodeficiency virus (SIV) dramatically reduced virus load and persistence in macaques compared with wild-type
SIV (24). Monkeys in which the vpr mutation did not revert
showed no signs of disease development during the observation period. Therapy directed against Vpr function may offer a
novel twofold approach for ameliorating disease progression.
In the first instance, blocking Vpr action would likely reduce
the efficiency of viral replication. However, as with other virally
targeted drugs, the development of resistance is cause for concern. Second, blocking Vpr-mediated cell cycle arrest would
allow proliferation of infected cells and would therefore be
likely to augment the immune response. A putative therapeutic
operating by this latter mechanism would be particularly attractive, as it could circumvent the problem of virally acquired
drug resistance by acting on cellular components to overcome
the block to cell cycle progression.
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