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Eukaryotic cells have evolved a complex mechanism for sensing DNA damage during genome replication.
Activation of this pathway prevents entry into mitosis to allow for either DNA repair or, in the event of
irreparable damage, commitment to apoptosis. Under conditions of replication stress, the damage signal is
initiated by the ataxia-telangiectasia-mutated and Rad3-related kinase ATR. We recently demonstrated that
the human immunodeficiency virus type 1 (HIV-1) gene product viral protein R (Vpr) arrests infected cells in
the G2 phase via the activation of ATR. In the present study, we show that the activation of ATR by Vpr is
analogous to activation by certain genotoxic agents, both mechanistically and in its downstream consequences.
Specifically, we show a requirement for Rad17 and Hus1 to induce G2 arrest as well as Vpr-induced phos-
phorylation of histone 2A variant X (H2AX) and formation of nuclear foci containing H2AX and breast cancer
susceptibility protein 1. These results demonstrate that G2 arrest mediated by the HIV-1 gene product Vpr
utilizes the cellular signaling pathway whose physiological function is to recognize replication stress. These
findings should contribute to a greater understanding of how HIV-1 manipulates the CD4�-lymphocyte cell
cycle and apoptosis induction in the progressive CD4�-lymphocyte depletion characteristic of HIV-1
pathogenesis.

Human immunodeficiency virus type 1 (HIV-1) has four
genes, vif, vpr, vpu, and nef, termed accessory genes, that are
dispensable for viral replication in vitro (14). Many important
functions related to HIV-1 pathogenesis have been ascribed to
these accessory genes. Specifically, Vpr has been implicated in
long terminal repeat transactivation, nuclear import of the
preintegration complex, induction of G2 cell cycle arrest, and
apoptosis. Recent studies identifying single amino acid
changes in Vpr in a cohort of HIV-1-infected long-term non-
progressors substantiated the role of Vpr in HIV-1 pathogen-
esis in vivo (29, 43). Vpr induces G2 arrest and apoptosis in
infected CD4� lymphocytes (18, 21, 35, 38). G2 arrest by Vpr
is effected in HeLa cells through activation of the ATR-depen-
dent DNA damage checkpoint pathway (40). These data sup-
port previous work demonstrating the inhibition of cyclin B1-
p34cdc2 complexes by Vpr (18) and establish the identity of the
upstream regulators of Cdc2. ATR-dependent activation of
Chk1 kinase leads to the inhibition of Cdc25C phosphatase,
which is normally required to dephosphorylate and activate
Cdc2 (40).

The signaling pathway downstream of ATR activation was
recently characterized in detail (reviewed in references 1 and

33). Because Vpr activates the ATR-specific checkpoint, we
wished to examine whether other molecules in the ATR path-
way are required. In addition to initiating G2 arrest signaling
through Chk1, activated ATR also phosphorylates cellular pro-
teins in separate branches of the DNA damage response (Ta-
ble 1). In light of the fact that ATR is known to have at least
eight known cellular targets for phosphorylation (1, 51), we
hypothesized that additional pathways controlled by ATR are
affected by its activation by Vpr. Therefore, in this work, we
analyzed the activation status of other known ATR targets.

Rad17 is a replication factor C-related protein that, in a
complex with Rfc2, Rfc3, Rfc4, and Rfc5, loads the heterotri-
meric sliding clamp consisting of Rad9, Rad1, and Hus1 (9-1-1
complex) at sites of DNA damage (54). ATR, Rad17, and the
9-1-1 complex colocalize and activate one another to signal G2

checkpoint activation (54). Rad17 and the 9-1-1 complex are
necessary for downstream signaling of G2 arrest through ATR
activation (54). In the present study, we investigated the po-
tential requirement for Rad17 and Hus1 in Vpr-induced G2

arrest.
Activated ATR can also phosphorylate proteins other than

those required for G2 arrest (Table 1). One of these substrates
is histone 2A variant X (H2AX). H2AX is deposited randomly
throughout chromatin, comprising approximately 10% of total
nucleosomal histone H2A (34). H2AX has a highly conserved
serine residue at position 139 that is phosphorylated by ATR
and/or ATM in response to DNA damage (10, 37, 46). It is
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estimated that hundreds to thousands of H2AX molecules are
phosphorylated per double-stranded break (37). ATM-depen-
dent H2AX phosphorylation occurs in response to double-
stranded DNA breaks (10, 46, 47). In contrast, ATR phosphor-
ylates H2AX under circumstances of replication stress, such as
stalled replication forks (9). In the presence of DNA damage
or replication stress, H2AX molecules that are located in the
vicinity of the DNA lesion become phosphorylated in a highly
specific localized manner (34). Thus, immunofluorescence
staining for phosphorylated H2AX (also referred to as
�-H2AX) following DNA damage produces a staining pattern
of distinct nuclear foci (34). �-H2AX is thought to amplify the
DNA damage signal by enhancing and stabilizing the recruit-
ment of DNA damage sensor proteins, such as ATR, ATM,
Rad17, and the 9-1-1 complex, and DNA repair proteins, such
as breast cancer susceptibility protein 1 (BRCA1), Nbs1,
Mre11, and Rad50, to sites of DNA damage (15). This action
may effectively “mark” the site of DNA damage, maintaining
checkpoint signaling at the damaged region until DNA repair
is completed.

Another substrate of activated ATR is BRCA1. BRCA1 is
important for both checkpoint activation and DNA repair.
BRCA1 colocalizes with DNA repair factors, such as Rad51,
PCNA, and Mre11-Rad50-Nbs1 (15). It has been proposed
that BRCA1 may represent an essential link in coordinating
cell cycle arrest with genomic repair efforts (reviewed in ref-
erence 27) and with the induction of apoptosis.

In the present study, we show that both Rad17 and Hus1 are
required for Vpr-mediated G2 arrest. In addition, HIV-1 Vpr
expression leads to the formation of intense �-H2AX and
BRCA1 nuclear foci, characteristic markers of DNA damage.
These results confirm and extend previous observations sug-
gesting a role of Vpr in activating the ATR-dependent G2

checkpoint and may help to explain other aspects of HIV-1
pathogenesis, such as the induction of apoptosis.

MATERIALS AND METHODS

Cell culture. Exponentially growing HeLa cells were cultured in Dulbecco
minimal essential medium (Invitrogen, Carlsbad, Calif.) supplemented with 10%
fetal bovine serum (FBS) and 1% penicillin–streptomycin–L-glutamate (PSG)
(Invitrogen). Hus1�/� p21�/� and Hus1�/� p21�/� mouse embryonic fibroblasts
were cultured on glycerin-coated plates with RPMI medium (Invitrogen) sup-
plemented with 10% FBS, 1% PSG, and 10 mM nonessential amino acids
(Invitrogen). Primary human thymic cultures were prepared as previously de-
scribed (44).

RNA interference. SmartPool small interfering RNA (siRNA) duplexes (Dhar-
macon, Lafayette, Colo.) were transfected at a concentration of 100 nM into
approximately 3 � 105 exponentially dividing HeLa cells in serum-free OPTI-
MEM (Invitrogen) by using 5 �l of Lipofectamine 2000 (Invitrogen).

Immunofluorescence staining. HeLa cells were harvested 48 h posttransduc-
tion by trypsinization. Single-cell suspensions of minced thymic tissue were pre-
pared for immunostaining 20 h after HIV-1NL4-3 infection. Cells were fixed with
2% paraformaldehyde in phosphate-buffered saline (PBS) for 35 min at 4°C and
then washed three times for 5 min each time in PBS. All subsequent steps were
carried out at room temperature. Samples were blocked and permeabilized for
20 min in blocking buffer (3% bovine serum albumin [BSA], 0.2% Triton X-100,
and 0.01% skim milk in PBS). Primary antibody (rabbit anti-�-H2AX [48] or
rabbit anti-BRCA1 [Bethyl Laboratories, Montgomery, Tex.]) was diluted 1:400
in incubation buffer (1% BSA and 0.02% Triton X-100 in PBS) and incubated
with cells for 45 min. Cells were washed with PBS, after which secondary anti-
body (goat anti-rabbit immunoglobulin G [IgG]–AlexaFluor568 conjugate [Cell
Signaling, Eugene, Oreg.]) diluted 1:500 in incubation buffer was applied for 35
min. Cells were washed with PBS as before and mounted on glass slides by using
FluorSave reagent (CalBiochem, San Diego, Calif.). Cells were visualized for
�-H2AX or BRCA1 immunostaining and green fluorescent protein (GFP) ex-
pression by scanning fluorescence confocal microscopy (FluoView FV300; Olym-
pus, Melville, N.Y.).

Cell cycle analysis. At 48 h after infection, cells were detached by trypsiniza-
tion, washed with fluorescence-activated cell sorting (FACS) buffer (2% FBS and
0.02% sodium azide in PBS), fixed with 2% paraformaldehyde in PBS, and
permeabilized with 0.01% Triton X-100 in PBS for 15 min. Cells were washed
again with FACS buffer, incubated in DNA staining buffer (10 �g of propidium
iodide/ml and 11.25 kU of RNase A/ml in FACS buffer) for 15 min, and analyzed
by FACScan flow cytometry for GFP expression or DNA content (Beckton
Dickinson, Franklin Lakes, N.J.). In experiments involving transduction with
lentivirus vectors, only experiments with 90% transduction efficiency or higher
were analyzed. Cell cycle profiles were modeled by using ModFit software (Ver-
ity Software, Topsham, Maine).

Lentivirus vectors. Lentivirus vectors were produced by transient transfection
of HEK293T cells. For defective lentivirus vector production, plasmids pHR-
GFP and pHR-Vpr were cotransfected with pCMV�R8.2�Vpr (4) and
pHCMV-VSVG (3) by calcium phosphate-mediated transfection (53). Virus
supernatants were collected at 48, 72, and 96 h posttransfection. Harvested
supernatants were cleared by centrifugation at 2,000 rpm (828 � g). Cleared
supernatants were concentrated by ultracentrifugation at 25,000 rpm (115,889 �
g) for 1.5 h at 4°C. Concentrated virus was allowed to resuspend overnight at 4°C,
and the suspension was frozen at �80°C for storage. Vector titers were measured
by infection of HeLa cells as described below, followed by flow cytometric
analysis of cells that were positive for the reporter molecule, GFP. Vector titers
were calculated with the equation [(F � C0)/V] � D, where F is the frequency of
GFP-positive cells found by flow cytometry, C0 is the total number of target cells
at the time of infection, V is the volume of inoculum, and D is the virus dilution
factor. The virus dilution factor used for titrations was 10. The total number of
target cells at the time of infection was 106. Infections were performed at a
multiplicity of infection (MOI) of 2.5 with 10 �g of Polybrene/ml for 3 h.
Infections of siRNA-treated cells were performed 48 h after siRNA transfection.

HIV-1 infection. HIV-1NL4-3 stocks were prepared as previously described
(20). Virus was diluted in Iscove’s medium supplemented with 2% FBS and used
to infect primary thymocytes at an MOI of 1.0.

Drug treatment. Cells were incubated with 10 mM hydroxyurea (HU) for 2 h
before immunostaining was done.

Western blotting. Cells were detached at the time of cell cycle analysis and
lysed in Laemmli sodium dodecyl sulfate (SDS) sample buffer (60 mM Tris-HCl,
10% glycerol, 2% SDS, 0.1% bromophenol blue, and 14.4 mM 2-mercaptoetha-
nol in double-distilled H2O) at a concentration of 5 � 105 cells/100 �l of buffer.
Lysates were boiled for 5 min prior to being loaded on SDS–10% polyacrylamide
gels for electrophoretic separation. Proteins were transferred to polyvinylidene
difluoride membranes by a semidry transfer method (Bio-Rad, Hercules, Calif.)
and then blocked for 45 min at room temperature in blocking solution (5% skim
milk and 0.1% Tween 20 in PBS). Rabbit primary antibodies against Rad17
(Santa Cruz Biotechnology, Santa Cruz, Calif.), actin (Santa Cruz), ATM (Novus
Biologicals, Littleton, Colo.), or ATR (32) were applied for 90 min at room
temperature. Blots were washed three times in TPBS (0.1% Tween 20 in PBS)
for 10 min each time at room temperature. Secondary horseradish peroxidase-
conjugated goat anti-rabbit IgG antibodies were applied for 45 min at room
temperature. Blots were washed again three times in TPBS before protein
detection with enhanced chemiluminescence reagent (Amersham).

TABLE 1. Phosphorylation targets of ATR and reported roles in
activation of the G2 checkpoint

ATR target (reference) Status in the presence of Vpr
(reference or source)a

Chk1 (25)...............................................P, A (40)
Rad17 (54).............................................N (this work)
H2AX (9, 10, 37, 46) ...........................P, F (this work)
BRCA1 (45) ..........................................F (this work), P (Andersen and

Planelles, submitted)
Plk1 (13) ................................................?
p53 (24)..................................................D (41)
53BP1 (46, 48) ......................................?
E2F (11, 36) ..........................................?

a P, phosphorylated; A, activated; N, necessary for G2 checkpoint activation; F,
focus formation; ?, unknown; D, dispensable for G2 checkpoint activation.
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RESULTS

Rad17 is necessary for Vpr-mediated G2 arrest. In an effort
to examine the role of Rad17 in Vpr-mediated G2 arrest, we
used RNA interference to reduce endogenous Rad17 levels.
We transfected siRNA duplex oligonucleotides targeted at
Rad17 mRNA (54) and used, in parallel, siRNA with a non-
specific target sequence and mock transfection as controls. In
these experiments, endogenous Rad17 protein levels were re-
duced by approximately 85% relative to those of mock-trans-
fected or nonspecific siRNA-transfected cells (Fig. 1A). Fol-
lowing transfection, cells were transduced with lentivirus
vectors expressing either Vpr and GFP cDNAs separated by an
internal ribosome entry site (pHR-Vpr) or GFP alone (pHR-
GFP) (40). At 48 h after transduction, cells were analyzed by
flow cytometry for infection efficiency and DNA content, as
reported by GFP expression and propidium iodide staining,
respectively. We then analyzed the cell cycle distributions of
the various experimental cell populations after electronic gat-
ing of GFP-positive (transduced) and GFP-negative (untrans-
duced) cells. Infection with pHR-GFP did not affect the cell
cycle profile of any of the transfected populations. Infection
with pHR-Vpr induced a marked accumulation of cells in G2

phase, as expected (Fig. 1B). When cells were pretreated by
transfection with a Rad17-specific siRNA (but not with non-
specific siRNA), Vpr-induced accumulation in G2 was dramat-
ically relieved (Fig. 1B). Therefore, Rad17 is required for ac-
tivation of the G2 checkpoint by Vpr.

Hus1 is necessary for Vpr-mediated G2 arrest. Our finding
that Rad17 is necessary for Vpr-induced G2 arrest prompted
us to examine another constituent of the ATR signaling path-
way, Hus1. To examine the role of Hus1 in Vpr-induced G2

arrest, we used Hus1�/� p21�/� mouse embryonic fibroblasts
(49). Both Hus1�/� p21�/� cells and Hus1�/� p21�/� cells
exhibited normal cell cycle distributions when mock infected or
infected with pHR-GFP (Fig. 2). Hus1�/� p21�/� cells, how-
ever, failed to arrest in G2 after infection with pHR-Vpr,

whereas their Hus1�/� counterparts exhibited robust G2 arrest
(Fig. 2). These experiments illustrate a requirement for Hus1
in Vpr-induced G2 arrest.

Taken together, the above observations indicate that HIV-1
Vpr activates the G2 checkpoint in a manner that is indistin-
guishable, mechanistically, from that of certain genotoxic
agents (specifically, HU) that cause replication inhibition. Be-
cause recognition of DNA damage via ATR can lead to dra-
matic cellular changes other than checkpoint activation, we
undertook studies to investigate the consequences of ATR
activation. We first focused on �-H2AX and BRCA1 because
they have been reported to recruit DNA repair factors and
induce apoptosis.

Vpr expression induces �-H2AX and BRCA1 focus forma-
tion. Based on previous findings about ATR (9, 45), we hy-
pothesized that Vpr, through ATR activation, would induce
�-H2AX and BRCA1 focus formation. To test the previous
hypothesis, we infected HeLa cells with pHR-Vpr or pHR-
GFP and, 48 h later, immunostained cells with �-H2AX- or
BRCA1-specific antibodies. As a positive control, we treated
nontransduced cells for 1 h with 10 mM hydroxyurea (HU) 10
min prior to immunostaining (46). Samples then were visual-
ized by fluorescence scanning confocal microscopy (Fig. 3A
and B). Cells with multiple (10 or more), intense nuclear foci
were visually counted. These quantitations are presented in
Fig. 3C. We found that approximately 93 or 69% of Vpr-
expressing cells exhibited �-H2AX or BRCA1 focal staining,
respectively, whereas only 9 or 16% of pHR-GFP-infected cells
exhibited any �-H2AX or BRCA1 foci, respectively. Less than
8% of mock-infected cells exhibited �-H2AX or BRCA1 foci.
Approximately 94 or 65% of HU-treated cells exhibited
�-H2AX or BRCA1 foci, respectively. We conclude that Vpr
expression leads to �-H2AX and BRCA1 focus formation. The
phosphorylation status of BRCA1 was not formally proven by
the above experiments, because recognition by the BRCA1-
specific antibody was not dependent on BRCA1 phosphoryla-

FIG. 1. Rad17 inhibition by RNA interference relieves Vpr-mediated G2 arrest. (A) Immunoblot of total Rad17 (upper panel) or actin (lower
panel). Cells were mock transfected (lane 1), transfected with nonspecific siRNA (lane 2), or transfected with Rad17-specific siRNA (lane 3).
(B) Cell cycle analysis of HeLa cells transfected as indicated and infected with lentivirus vector pHR-Vpr or pHR-GFP. Cell cycle distributions
were analyzed 48 h after infection. Left peaks represent diploid cells in G1. Right peaks represent tetraploid cells in G2/M.
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tion. However, in a separate study, J. L. Andersen and V.
Planelles (submitted for publication) showed the specific phos-
phorylation of BRCA1 at Ser1423 in the presence of Vpr.

HIV-1 infection induces �-H2AX foci in primary CD4� thy-
mocytes. In previous work, it was established that the G2 arrest
effect of Vpr is identical in many human cell lines tested and in
primary lymphocytes (21, 41, 53). Therefore, HeLa cells, al-
though not a target for HIV-1, constitute adequate cells in
which to study the mechanism of G2 arrest by Vpr. Nonethe-
less, we wished to confirm our observations with primary
human CD4� cells infected with full-length HIV-1. Primary
human CD4� thymocytes were infected with full-length HIV-
1NL4-3 (2) or mock infected. At 20 h after infection, cells were
immunostained for �-H2AX (Fig. 3D). HIV-1NL4-3 infection
caused a staining pattern of distinct �-H2AX nuclear foci that
was not observed in mock-infected cells. These data indicate
that full-length HIV-1 induces �-H2AX focus formation in
primary CD4� cells.

ATR, but not ATM, is necessary for Vpr-induced G2 arrest.
ATR is primarily responsible for G2 checkpoint activation via
Chk1 phosphorylation (25). However, it has been shown that
ATM, which acts primarily on Chk2, can play a minor, more
transient role in Chk1 phosphorylation (1). Although Bartz
and colleagues demonstrated that ATM�/� cells were able to
arrest in G2 in response to Vpr (8), a partial role for ATM
would be formally possible. Specifically, two observations
prompted us to reexamine the role of ATM. First, suppression
of ATR or Chk1 by RNA interference is typically unable to
completely relieve Vpr-induced G2 arrest (40). It is possible
that residual ATR and/or Chk1 levels were responsible for the
partial accumulation of cells in G2. Alternatively, the low level
of G2 arrest in the context of ATR- and/or Chk1-specific inhi-
bition could have been attributable to ATM. The second find-
ing that prompted us to reexamine the role of ATM was that
caffeine, an inhibitor of both ATR and ATM, was able to
completely relieve Vpr-induced G2 arrest (40, 53).

To test the potential contribution of ATM activity to Vpr-

induced G2 arrest, we transfected siRNA directed at ATR and
ATM in combination or separately and then performed infec-
tions as described above. As expected, pretreatment with
ATR-specific siRNA produced a marked, although incom-
plete, alleviation of G2 arrest by Vpr (Fig. 4). Pretreatment
with ATM-specific siRNA, which reduced ATM protein levels
by 85% relative to those in mock-treated cells (Fig. 4A), pro-
duced no change in cell cycle arrest by Vpr compared with the
results seen in cells transfected with nonspecific siRNA or no
siRNA (Fig. 4B). In addition, simultaneous suppression of
ATR and ATM did not produce any additional relief of G2

arrest (data not shown). Therefore, our results corroborate
and extend previous observations that indicate that ATM is
dispensable for Vpr-induced G2 checkpoint activation (8).

DISCUSSION

Our studies have shown that Vpr activates ATR and its
downstream signaling events in a manner thus far indistin-
guishable from that of activation by bona fide DNA damage
(Fig. 5 shows a schematic diagram). Previously, various means
of genetic analysis, including RNA interference, knockout cell
lines, and dominant-negative constructs, were used to support
this hypothesis (40). The present study extends these observa-
tions by providing important mechanistic details and illustrat-
ing the downstream signaling consequences.

Rad17 and Hus1 are required for signaling when ATR-
dependent G2 arrest is induced in response to genotoxic stress.
Upon recognition of genotoxic stress, Rad17 is phosphorylated
and is the first target of ATR (54) (Fig. 5). This phosphoryla-
tion requires the participation of Hus1 (and the larger complex
of which Hus1 is a part, 9-1-1) (54). Only after Rad17 is
phosphorylated can ATR modify its next target, Chk1. By
downregulating endogenous Rad17 protein levels via RNA
interference, we have demonstrated that Rad17 function is
also required for Vpr-induced G2 arrest. Additionally, we have
shown that Hus1-deficient cells are refractory to the effects of

FIG. 2. Hus1 is required for Vpr-mediated G2 arrest. Hus1�/� p21�/� or Hus1�/� p21�/� mouse embryonic fibroblasts were infected with
lentivirus vector pHR-Vpr or pHR-GFP. Cell cycle distributions were analyzed at 48 h after infection.
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FIG. 3. Vpr induces �-H2AX and BRCA1 focus formation. (A and B) HeLa cells were transduced with lentivirus vector pHR-Vpr or
pHR-GFP, mock transduced, or treated with 10 mM HU for 2 h. At 48 h after transduction, cells were stained with �-H2AX- or BRCA1-specific
antibodies and visualized for �-H2AX (red) (A) or BRCA1 (red) (B) and GFP (green) localization by confocal microscopy. (C) �-H2AX- and
BRCA1-positive and -negative cells were visually counted. Results represent averages for three fields with approximately 50 cells per field.
(D) Human primary thymocytes were infected with HIV-1NL4-3 (bottom panel) or mock infected (top panel) and, at 20 h postinfection, fixed and
stained for �-H2AX.
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Vpr on the cell cycle. We conclude that Rad17 and Hus1 are
necessary components of the G2 checkpoint in response to Vpr
expression.

Interestingly, Hus1 is known to be dispensable for ATR-
mediated H2AX phosphorylation (46). Based on these find-
ings, Ward and Chen (46) suggested that ATR activation may
lead to two types of downstream events, which are Hus1 de-
pendent and Hus1 independent. Hus1-dependent conse-
quences of ATR activation (such as Chk1 phosphorylation)
may specifically induce cell cycle arrest, while downstream
events independent of Hus1 (such as H2AX phosphorylation)
may recruit members of the DNA repair machinery, such as
BRCA1, Nbs1, and Rad50 (15, 46).

The cyclin-dependent kinase inhibitor p21Waf1 was previ-
ously shown to be transcriptionally upregulated in a p53-de-
pendent fashion in the context of Vpr expression (12). This
observation led the authors to formulate the hypothesis that
p21Waf1 may mediate Vpr-induced G2 arrest, although this
hypothesis was not tested (12). Here we report that p21Waf1�/�

mouse embryonic fibroblasts are able to activate the G2 check-
point when transfected with Vpr (Fig. 2). This observation
suggests that p21Waf1 does not play a major role in mediating
G2 arrest by Vpr, although our experiments cannot exclude the
possibility that p21 may make a minor contribution.

We have shown that Vpr induces �-H2AX and BRCA1
focus formation. Therefore, all four targets of ATR that we
have tested (out of a total of eight described in the literature to
date) (Table 1) play an active role in the response to Vpr
expression. Because we can observe a very specific histone
modification and directed recruitment of a known DNA repair
protein in response to Vpr, we infer that Vpr-induced ATR
stimulation occurs at distinct sites throughout chromatin.
Whether this specificity is due to DNA sequence, chromatin
modifications, or replication- and expression-dependent DNA
and chromatin dynamics has yet to be determined. These find-

FIG. 4. ATM is not necessary for Vpr-mediated G2 arrest. (A) Immunoblot of total ATM (upper panel), ATR (middle panel), or actin (lower
panel). Cells were mock transfected (lane 1) or transfected with nonspecific siRNA (lane 2), ATM-specific siRNA (lane 3), or ATR-specific siRNA
(lane 4). (B) Cell cycle analysis of HeLa cells transfected as indicated and infected with lentivirus vector pHR-Vpr or pHR-GFP. Cell cycle
distributions were analyzed at 48 h after infection. Left peaks represent diploid cells in G1. Right peaks represent tetraploid cells in G2/M.

FIG. 5. Schematic representation of the ATR pathway. ATR has
eight known targets; only the ones with potential relevance to HIV-1
Vpr are represented. Question marks denote functional relationships
that are expected but not confirmed. The asterisk denotes the inhibi-
tion of Cdc25C reported by Goh et al. (17).
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ings also suggest that Vpr-induced signaling through ATR may
have cellular effects other than G2 arrest, such as recruitment
of DNA repair proteins and/or initiation of apoptotic signaling
cascades (Andersen and Planelles, submitted).

We have also demonstrated that primary human CD4� thy-
mocytes, an in vivo target for HIV-1 (22, 23), display �-H2AX
foci when infected with full-length HIV-1. This observation
suggests that our findings with HeLa cells can be extended to
primary CD4� cells, one of the target cell types of HIV-1.
More importantly, our findings indicate that the host cell DNA
damage response is activated in the context of an HIV-1 in-
fection. Further corroboration of our findings in natural tar-
gets of HIV-1 (such as primary CD4� lymphocytes and mac-
rophages) will be needed in the near future. These experiments
will be challenging, since human primary cells that are defec-
tive for genes in the ATR pathway are rare or nonexistent. An
additional challenge will be to use RNA interference technol-
ogy with primary cells in order to test the necessity of various
mediators for activation of the G2 checkpoint by Vpr. Al-
though transfection of primary cells with RNA duplexes is
inefficient (data not shown), construction of lentivirus vectors
expressing short hairpin RNAs (5, 6) should offer a viable
alternative.

Future experiments will investigate the potential roles of
additional ATR targets in the context of Vpr expression. The
polo-like kinase (Plk1) has been described as a positive regu-
lator of the G2/M transition. This effect is thought to be me-
diated by Plk1 kinase activity directed at cyclin B1 (13). Plk1
phosphorylation promotes nuclear accumulation of the cyclin
B1-Cdc2 heterodimer, ultimately allowing progression into M
phase (26). In instances of DNA damage, Plk1 kinase activity
is inhibited to prevent advance into mitosis (Fig. 5) (42). It has
been demonstrated that this inhibition is dependent on the
kinase activity of ATR (13). Thus, inactivation of Cdc25C by
Chk1 may not be the sole contributor to inducing G2 arrest,
and concerted action by Plk1 may also be required. Future
experiments will be aimed at finding the relative contributions
of Cdc25C and Plk1 to Vpr-mediated G2 arrest.

The p53-binding protein, 53BP1, rapidly associates with nu-
clear foci containing �-H2AX, ATR, and BRCA1 in response
to genotoxic stress (7, 46). This organization into foci occurs in
an ATR-dependent manner in response to replication stress
(46, 48). If Vpr directly causes DNA lesions, stalls replication
forks to cause double-stranded breaks, or somehow mimics
DNA damage through DNA, chromatin, or protein-protein
interactions, then one would expect 53BP1 to be activated by
ATR.

The transcriptional activator E2F1 is another target of ATR.
E2F1 is essential for promoting the G1/S transition and DNA
replication. E2F1 is also involved in several stress response
pathways, including apoptosis and DNA repair (reviewed in
references 11 and 36). For example, E2F1 is implicated in
p53-dependent apoptosis in response to DNA damage (19, 39).
It has also been shown that E2F1 recruits the DNA repair
proteins Nbs1 and Mre11 to origins of replication (30). Given
these findings, it is possible that ATR-dependent E2F1 phos-
phorylation plays a role in the cellular response to Vpr.

The tumor suppressor p53 can be a target for ATR as well
as for ATM, leading to the induction of cell cycle arrest and
apoptosis in response to environmental insults, including DNA

damage (reviewed in reference 24). Shostak et al. previously
examined the role of p53 in mediating the effects of Vpr and
found that p53 is dispensable for both checkpoint activation
and apoptosis induction (41). However, it is possible that the
activation of p53 by ATR may allow Vpr to modulate certain
aspects of infected cells via the transcriptional effects of p53.
For example, p53 is known to transcriptionally activate the
p53-dependent ribonucleotide reductase, p53R2, thrombo-
spondin-1, and aldehyde dehydrogenase-4, enzymes which par-
ticipate in diverse processes, such as DNA repair, inhibition of
angiogenesis, and the response to oxidative stress, respectively
(for a review, see reference 31). Therefore, studies to further
examine the role of p53 in Vpr-expressing cells will be com-
pelling.

The precise mechanism of ATR activation in the context of
HIV-1 Vpr remains unclear (Fig. 5). ATR activation is thought
to be specific for DNA damage manifested as single-stranded
DNA through either processed double-stranded breaks or
stalled replication forks due to either replicational pausing or
single-stranded breaks; in contrast, the ATM response is
thought to be predominantly responsible for the immediate
signaling of unprocessed double-stranded DNA breaks (1, 33).
This pathway specificity suggests that Vpr activates the DNA
damage-induced G2 checkpoint in a manner that resembles or
causes the accumulation of single-stranded DNA. Therefore,
there are several possible mechanisms by which Vpr may ac-
tivate ATR. One possibility is that Vpr directly causes DNA
lesions through intrinsic nuclease activity. This possibility
seems unlikely, as Vpr shares no sequence homology or known
structural motifs with any known nucleases. Another plausible
explanation is that Vpr inappropriately recruits ATR or other
DNA damage-sensing proteins to undamaged DNA through
DNA-protein and protein-protein interactions, as discussed
below. Alternatively, Vpr could interact with proteins or DNA
in a manner that causes DNA damage. One possible mode of
indirectly inducing DNA damage would be the recruitment of
an endonuclease which would enzymatically induce single-
stranded or double-stranded DNA breaks which, once pro-
cessed into single-stranded DNA, would activate ATR.

Vpr may also interact with DNA or proteins present at sites
of DNA replication in a manner that inhibits replication fork
progression. It has been proposed that abnormally long, rep-
lication protein A-bound single-stranded DNA at stalled rep-
lication forks allows for ATR recruitment via an ATR-inter-
acting protein (55). Additionally, if halted forks are not
stabilized and resolved, then their eventual collapse can acti-
vate DNA damage sensors (1, 33). However, if this were a
highly potent, nonspecific effect of Vpr, then one would expect
a global inhibition of replication manifested as early S-phase
arrest, instead of the conspicuous G2 arrest. Vpr could directly
interact with DNA in a fashion that causes or resembles dam-
aged DNA or stalled replication forks. It has been shown that
the C-terminal alpha helix of Vpr binds DNA in vitro and that
Vpr is detected in chromatin and nuclear matrix fractions in
vivo (28, 52).

An alternative model suggests that Vpr may directly interact
with ATR or other components of the checkpoint signaling
pathway independent of DNA or chromatin localization. We
have performed coprecipitation experiments for ATR and Vpr
using conventional methods and have been unable to demon-
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strate any binding between these proteins (data not shown). In
future experiments, we will use cross-linking agents to stabilize
a potentially weak interaction or perhaps a complex one with
multiple proteins bridging ATR and Vpr.

A recent study indicated that Vpr interacts directly with
Cdc25C and inhibits Cdc25C phosphatase activity (17). Inhi-
bition of Cdc25C then prevents activation of the cyclin B1-
p34cdc2 complex. Although this finding does not explain why
ATR, Rad17, Hus1, and Chk1 are required for Vpr-induced
G2 arrest (Fig. 5), it is plausible that Vpr induces G2 arrest in
a redundant manner, both by signaling DNA damage and by
inhibiting downstream mediators of cell cycle progression,
such as Cdc25C (17). It is also formally possible that Cdc25C
inhibition has an unforeseen effect on the activation or expres-
sion of upstream proteins in the ATR signaling cascade.
Therefore, further experiments will be needed in order to
better explain the above seemingly conflicting observations.

The cytopathic effects of HIV-1 infection are thought to be
multiple and related to the expression of several viral genes.
Our studies so far have focused on the particular roles that Vpr
plays, and we have performed these studies with lentivirus
vectors that direct the expression of Vpr and a reporter gene.
This approach has allowed us to dissociate deleterious effects
of Vpr from those of other viral genes and to molecularly
dissect the cellular pathways involved. In this context, we find
Vpr to exert potent antiproliferative and proapoptotic effects.
It is now compelling to investigate whether and how the effects
that we report here occur in the context of infection with
full-length, primary isolates of HIV-1. Specific questions that
will need to be addressed are as follows. (i) Does the presence
of other viral accessory genes in HIV-1 have an effect on the
functions of Vpr? For example, nef was reported to be anti-
apoptotic (16, 50) and might counterbalance the effect of Vpr.
(ii) What would be the result of downregulating Rad17 or
BRCA1 in the context of HIV-1 infection? Since Rad17 is
important for checkpoint activation and BRCA1 is potentially
proapoptotic (Fig. 5), blocking the functions of these proteins
might alleviate or eliminate HIV-1 Vpr-induced cytopathicity.
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