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The Role of Vpr in HIV-1 Pathogenesis
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Abstract: The HIV-1 vpr gene is conserved among the human (HIV-1, HIV-2) and simian immunodeficiency
viruses (SIV). HIV-1 vpr encodes a 96-amino acid, 14 kDa protein (Vpr). Research from a number of laboratories
in the last decade has shown that Vpr performs multiple functions, including the induction of cell cycle arrest
in the G, phase, transactivation of the viral promoter, nuclear import of preintegration complexes, and
induction of apoptosis in the infected cell. More recent studies have attempted to elucidate the cellular targets
that Vpr utilizes in order to perform the above functions. This review presents the latest findings about the
pathogenic events triggered by Vpr, the cellular pathways involved, and the molecular and cellular
consequences of the action of Vpr in the context of HIV-1 infection.
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INTRODUCTION

HIV-1 encodes four open reading frames that are
dispensable for in vitro replication, hence their classification
as “accessory genes”. One of these open reading frames was
named “R” for “regulatory” (hence, viral protein R, or Vpr)
after it was observed that truncation of the open reading
frame would lead to a virus that replicated with slower
kinetics than the wild-type counterpart [46,72,111].

The mRNA encoding HIV-1 Vpr is expressed as a late
transcript during the course of infection [91]. The Vpr
protein can be found in the nucleus of the infected cell, and
also in association with the viral capsid via an interaction
with Gag p6 (reviewed in [101]). In vitro, Vpr exists as an
oligomer and its N terminus is necessary for oligomerization
[115]. The precise contribution of Vpr to HIV-1
pathogenesis in vivo is difficult to determine, but the recent
discoveries of Vpr mutations in long-term nonprogressor
individuals (LTNPs) [66,96] have underscored the
importance of Vpr in the viral life cycle in vivo.

Four functions have been ascribed to Vpr using in vitro
systems. These are transactivation of the long terminal repeat
(LTR) and certain heterologous promoters, nuclear import of
preintegration complexes (PIC), induction of cell cycle arrest
in Gy, and induction of apoptosis in infected cells. This
review will address our current understanding of cellular
pathways and mechanisms used by Vpr to accomplish these
functions.

Vpr is structurally and functionally conserved in five of
the primate lentiviral lineages, including HIV-1/SIVcpz,
HIV-2/SIVmac/SIVsm, SIVagm, SIVsyk, and SIVmnd
[100]. Vpr has also been identified in SIV isolated from
other primates, such as the red-capped mangabey, and the
mona and mustached monkeys [9,11,29,99], although the
function of these vpr genes has not been determined
experimentally. Interestingly, the HIV-2/SIVmac/SIVsm
group encodes a gene termed vpx, which shares significant
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sequence identity with HIV-1 vpr. Tristem et al. proposed
that vpx arose as a result of homologous recombination
between SIVagm, and an ancestor of HIV-2 [100].

EFFECTS OF VPR ON GENE EXPRESSION

The first function ascribed to Vpr was a moderate
transactivation effect on the viral promoter, the LTR
[23,72,89] (Fig.(1)). The transactivation effect exerted by
Vpr is relatively modest in comparison with that of more
classical viral transactivators such as HIV-1 fat or human T-
cell leukemia virus tax [86]. However, two observations
underscore the importance of Vpr-induced transactivation.
First, the ability of Vpr to transactivate the LTR is
conserved among HIV-1, HIV-2, STVmac and SIVagm [76].
Second, experiments examining the transactivation effects of
both Vpr and Tat together indicated that they are synergistic
[56,89].

In addition to its role in transactivating the viral LTR,
Vpr has also been shown to modulate the transcription of
several cellular genes including survivin, and the tumor
suppressor p21"a/1[21,59,60,118]. The potential roles of
survivin and p21"41 in cell survival and cell cycle arrest,
respectively, will be discussed in the corresponding sections
below.

Induction of G, arrest correlates with the ability of Vpr
to upregulate transcription of the HIV-1 LTR (Fig. (2)). Goh
et al. found that transcription of the HIV-1 LTR is
upregulated 4-fold under conditions of G, arrest [42]. In
addition, the loss of Vpr and the resulting decrease in
transcriptional activity can be compensated for by inducing
G, arrest by other means [42]. Furthermore, both caffeine
treatment and siRNA-mediated knockdown of ATR abrogate
both Vpr-induced G, arrest and transactivation of the LTR
[87,117].

One model to explain the transcriptional effects of Vpr
involves Vpr-mediated activation of the glucocorticoid
receptor (GR) pathway, via a direct interaction between Vpr
and the GR complex [83] (Fig. (2)). Glucocorticoids are
known to play roles in controlling inflammation, and
maintaining stress- and resting-related homeostasis [15,22].
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Fig. (1). Early and late functions of Vpr. In the early stage of an infection, Vpr, which exists in the virion in association with the viral
capsid (hexagon) via an interaction with Gag p6, guides the pre-integration complex to the nucleus of an infected cell; this function
is important in non-dividing cells, such as macrophages. Once integration has occurred, de novo-expressed Vpr induces cell cycle
arrest in G, and consequent transactivation of the viral LTR; this function has been primarily characterized in dividing cells.

Interestingly, glucocorticoids also induce immuno-
suppressive signals, which has led to the speculation that the
GR pathway may play a role in the immune deficiency
observed in AIDS patients [59,83].

The GR, once bound to its glucocorticoid ligand,
associates with steroid receptor coactivators (SRCs), such as
the p300/CREB-binding protein (p300/CBP). The GR/SRC
complex upregulates the expression of target genes via
interactions between the GR complex and glucocorticoid
responsive elements (GREs) within the promoter region of
the target genes. GREs have been found within the HIV-1
LTR [40,57,75]. In addition, Refaeli ef al. demonstrated
that treatment of HIV-1 infected cells with mifepristone, an
inhibitor of GR function, resulted in a 70% decrease in virus
production [83]. Furthermore, the authors found that the
defect in replication of viruses with mutations in vpr, could
be compensated for by the addition of glucocorticosteroids
in trans [83]. Vpr has been shown to upregulate transcription
of cellular GRE-containing promoters in vitro [59,60,83,93],
although it is currently unclear what role cellular GR-
responsive genes may play in Vpr-induced G arrest, and/or
apoptosis.

It has been proposed that Vpr promotes transcription via
the GR pathway by acting as an SRC [59,83,93]. One

common feature among SRCs is the presence of the
signature motif, LXXLL, which mediates SRC binding to
the activation domain (AF-2) of the GR. Vpr possesses an
LQQLL motif at amino acids 64-68 which, when mutated at
multiple sites, renders Vpr defective in coactivation assays
[93]. Furthermore, mutations within this motif abolished the
ability of Vpr to bind the GR [93].

Recently, p300/CBP, has been implicated in regulation
of HIV-1 transcription by Vpr [32,60]. In addition to its role
in associating with the GR, p300/CBP also increases the
DNA-binding affinity of nuclear factor-kappa B [36], a
transcription factor implicated in regulation of the HIV-1
LTR [71]. Felzien et al. demonstrated that expression of Vpr
led to activation of p300/CBP and a consequent increase in
transcription of the HIV-1 LTR [32]. Kino et al. reported
that Vpr, in addition to binding the GR, also binds
p300/CBP [60]. The authors demonstrated that Vpr acts
synergistically with overexpressed p300/CBP to drive
transcription of HIV-1 LTR-luciferase reporter constructs,
and increase viral replication in vitro [60].

Another protein, with a potential role in HIV-1
transcription, shown to interact with Vpr is the cellular
transcription factor Spl [3,90,106]. The HIV-1 LTR
contains three Spl binding motifs that function as positive
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Fig. (2). Mecanism(s) underlying the late functions of Vpr. Various groups have suggested a variety of cellular pathways as being
responsible for Vpr-induced cell cycle arrest, apoptosis, and transactivation of the viral LTR. Appropriate references are provided in

the text.

regulatory elements. Wang et al. reported that Vpr interacts
with Spl at the LTR Spl binding sites and cooperates with
Spl in promoting LTR activity [106]. In addition, Sawaya
et al. found that overexpression of vpr in cells with no
endogenous Spl did not result in an upreguation of LTR
activity, whereas overexpression of vpr in Spl-expressing
cells resulted in significant activation of the LTR [90].

In light of observations that Vpr-induced G, arrest
correlates with transactivation of the HIV-1 LTR
[42,87,117], it will be important to establish the
relationship between G, arrest and other proposed
mechanisms by which transcription of the LTR is
upregulated. Currently, the potential role of G, arrest in
promoting Spl activity is not known. In an attempt to
examine the potential connection between G, arrest and
p300/CBP activity, several studies have yielded conflicting
results. Sherman et al. demonstrated that GR activation and
induction of G, arrest were independent functions of Vpr,
based on observations that Vpr mutants unable to induce G,
arrest retained their ability to activate the GR pathway [93].
In addition, Kino et al. reported that Vpr mediates
transactivation of the HIV-1 LTR by directly binding
p300/CBP, which is independent of G, arrest [60]. In
contrast, Felzien et al. observed that Vpr-induced p300/CBP
activation and upregulation of the HIV-1 LTR were
consequences of Gy arrest [32].

NUCLEAR IMPORT OF PIC

The nuclear envelope is an insurmountable barrier to
many retroviruses, which therefore require breakdown of the
nuclear membrane during mitosis to gain access to the
chromatin. One distinguishing feature of lentiviruses is their

ability to induce active transport of PICs through the nuclear
pore complex, thereby allowing these viruses to enter the
nucleus and integrate into the genomes of non-dividing cells
(reviewed in [17]) (Fig. (1)).

Three HIV-1 genes have been implicated in the infection
of non-dividing cells: matrix [17], integrase [38], and Vpr
[49], all of which contain nuclear localization signals. In
addition, a cis-acting element within the pol gene termed the
central DNA flap has been implicated in the nuclear import
of proviral DNA [4,114]. Although Vpr is not required for
in vitro viral replication in cell lines and activated peripheral
blood lymphocytes (PBLs) [7,8,26,46,72], Vpr is required
for efficient infection of non-dividing cells such as
macrophages [49]. Specifically, capsid-associated Vpr plays
a critical role in nuclear import of PICs
[23,24,26,62,95,105] (Fig. (1)). In contrast with matrix and
integrase, which both contain canonical NLSs, Vpr contains
two unique NLSs that do not depend on RanGTP,
transportin, or karyopherins for import into the nucleus
[54,92]. Fouchier et al. demonstrated that Vpr interacts
specifically with nucleoporin FG repeat regions [35]. This
observation suggested a model in which Vpr interacts
directly with the nuclear pore in order to facilitate nuclear
import of PICs. Although the role of Vpr as a mediator of
nuclear import in macrophages is undisputed, the precise
mechanism by which Vpr induces nuclear transport of the
PIC is still subject of debate.

CELL CYCLE DISRUPTION BY HIV-1 VPR

In 1995, several groups reported that Vpr is a cytostatic
protein that specifically arrests cells in the G, phase of the
cell cycle [48,55,82,85] (Fig. (2)). G, arrest is a general
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response to DNA damage, in which the cell is given an
opportunity to repair existing DNA damage prior to
undergoing mitosis. Lack of effective DNA repair typically
leads to self-destruction of the cell by apoptosis [73]. In the
context of Vpr expression, cells arrested in G, ultimately
undergo apoptosis [20,94,97,108,117]. Therefore, it is
tempting to model studies on the mechanism of Vpr-induced
G, arrest and apoptosis on existing knowledge about
genotoxic insults in mammalian cells.

At first glance, it may seem counterintuitive that
induction of cell cycle arrest and apoptosis would be
advantageous to a retrovirus. The reasons for this idea are
two-fold. First, under conditions of G, arrest, cellular
protein translation is significantly down-regulated [14,81].
Second, induction of apoptosis would impede the budding
of progeny virions through cellular membranes. Although
the previous notions are correct, a model for HIV-1 infection
of activated lymphocytes is emerging in which the virus
establishes itself in the host cell, produces progeny virions
in a burst during the G, phase of the cell cycle [42], and
then actively induces apoptosis as a late event [117]. Recent
findings suggest that cell cycle arrest in G, may actually
serve the virus in at least two ways. First, the viral LTR is
highly active in G, [42,52,117]. Therefore, G, arrest allows
for more efficient viral replication via upregulation of viral
transcription. Second, G, arrest may result in down-
regulation of cap-dependent translation to favor protein
translation from internal ribosome entry sites (IRESs),
perhaps including a putative viral IRES [16]. Brasey et al.
recently described the presence of an IRES element in the 5’
leader of HIV-1 DNA [16]. The authors demonstrated that
the HIV-1 IRES showed peak translation activity when cells
were arrested in G.

Three protein kinases Dbelonging to the
phosphatidylinositol-3 kinase (PI3K) family are thought to
be the major sensors of DNA damage in mammalian cells:
the Ataxia Telangiectasia-mutated protein (ATM), the DNA-
dependent protein kinase (DNA-PK), and the ATM- and
Rad3-related protein (ATR) [12]. ATM and DNA-PK are
primarily involved in sensing double-strand breaks while
ATR is thought to play a key role in sensing stalled
replication forks [27,28,116].

Bartz et al. investigated whether Vpr activated the well
known sensors of DNA damage, pS3 and ATM [10]. They
found that Vpr-induced cell cycle arrest was independent of
both p53 and ATM, and concluded that the mechanism of
Vpr-induced arrest differed from canonical DNA damage
response pathways known at the time [10]. Over the
following years, the discovery of novel DNA damage
sensors and a better understanding of the complex DNA
damage signaling mechanisms has revealed new pathways in
which Vpr may be acting to induce cell cycle arrest and
apoptosis.

Our laboratory recently described ATR as being required
for HIV-1 Vpr-induced Gj arrest [87] (Fig. (2)). Using small
interfering RNAs (siRNA) specific for ATR, or a dominant-
negative ATR construct, Roshal and collaborators were able
to effectively downregulate the levels of ATR protein and its
function [87]. Under these conditions, Vpr-induced G, arrest
was dramatically relieved and transactivation of the LTR was
eliminated [87].

Andersen and Planelles

In response to stress signals, ATR can directly control
eight known targets via serine/threonine phosphorylation
[1,64,112,113]. These targets include the checkpoint kinase-
1 (Chk1); Rad17; the breast cancer susceptibility protein 1
(BRCAL); the polo-like kinase-1 (PLK1); the histone 2A
variant X (H2AX); the transcription factor, E2F; the tumor
suppressor, p53; and the p53-binding protein-1 (53BP1).
ATR targets, when activated, initiate signaling cascades that
may result in three global effects: cell cycle blockade,
recruitment of DNA repair and transcription factors, and
induction of apoptosis (reviewed in [12]). Recently, we have
examined the potential participation of three of the above
ATR targets in the effects of Vpr [119]. Our studies
addressed whether Rad17, a cell cycle regulator that forms a
complex with ATR [121], was required for Vpr-induced G,
arrest. We found that, as was previously shown for
genotoxic agents like hydroxyurea [121], Rad17 elimination
impaired activation of the G, checkpoint [119].

Activated ATR can also phosphorylate targets that are
not required for activation of the G, checkpoint. One of
these substrates is the histone 2A variant X (H2AX). H2AX
can be found randomly distributed throughout chromatin,
comprising approximately 10% of the total nucleosomal
H2A [77]. H2AX has a highly conserved serine residue at
position 139 that is absent in H2A, and can be
phosphorylated by ATR and/or ATM [18,84,107].
Phosphorylated H2AX (y-H2AX) is thought to amplify the
DNA damage signal by enhancing and stabilizing
recruitment of DNA damage sensor proteins such as ATR,
ATM, Rad17, and the Rad9-Rad1-Husl complex, and DNA
repair proteins such as BRCA1, Nbsl, Mrell and Rad50 to
sites of DNA damage [37]. We recently showed that H2AX
is phosphorylated in the presence of Vpr, as evidenced by
the formation of immunoreactive nuclear foci [119].

Activation of ATR often results in phosphorylation of
another one of its targets: the breast cancer related protein-1
(BRCAT1). BRCAI is important for both checkpoint
activation and DNA repair. BRCA1 co-localizes with DNA
repair factors such as Rad51, PCNA, and Mrel1-Rad50-
Nbsl1 [37]. It has been proposed that BRCAT1 represents an
essential link that coordinates cell cycle arrest with genomic
repair and apoptosis (reviewed in [65]). Phosphorylation
BRCALI co-localizes to sites of DNA damage with y-H2AX
in the context of gentoxic insults. Activated BRCAL1 also
regulates the transcription of cellular genes such as Gadd45
(reviewed in [63]). We have recently shown that Vpr induces
the formation of BRCAI nuclear foci [119]. These findings
suggest that Vpr-induced signaling through ATR may have
cellular consequences other than G, arrest, such as initiation
of DNA damage-like apoptotic signaling cascades (Andersen
and Planelles, manuscript submitted), and/or recruitment of
DNA repair complexes.

Much work lies ahead before we can achieve a thorough
understanding of the mechanism by which Vpr triggers the
ATR signaling pathway. Several possibilities could explain
the activation of ATR by Vpr. First, Vpr may directly bind
chromatin, mimicking DNA damage. Second, Vpr may
activate ATR by a direct interaction with ATR or an ATR-
associated protein. Third, Vpr may interfere with nuclear
membrane-associated proteins thereby compromising nuclear
membrane integrity and causing replication stress [30].
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Other compelling models have been proposed to explain
Vpr-induced G, arrest. Mahalingam et al, through yeast two-
hybrid screening with Vpr as bait, found an interaction
between Vpr and hVIP/MOV34, a member of the MOV34
protein family [67]. The MOV34 protein family includes
members of the eukaryotic translation initiation factor 3
complex (elF3), and several transcription factors that regulate
cellular functions including cell division and cell fate
determination [5,67,103]. Mahalingam et a/. found that cells
transfected with hVIP/MOV34 antisense RNA arrested in G,
[67]. This finding suggests that hVIP/MOV34 may be a
positive regulator of the Gj-to-M transition [67]. The
authors inferred that Vpr could be preventing G, to M
transition by interacting with, and inhibiting the function of
hVIP/MOV34 [67]. While the precise connection between
hVIP/MOV34 and cell cycle regulatory pathways is still
unclear, the interaction between Vpr and hVIP/MOV34
remains an interesting model to explain Vpr-induced cell
cycle arrest.

Withers-Ward et al. and Gragerov et al., using yeast two-
hybrid screening, independently identified an interaction
between Vpr and the human homologue of the yeast repair
protein Rad23 (HHR23A) [43,110]. Co-transfection of
HHR23A with Vpr resulted in a moderate but significant
reduction in G, arrest [43,110]. This observation suggested
that HHR23A, like hVIP/MOV34, may be a positive
regulator of cell cycle progression. These data imply a model
in which the interaction between Vpr and HHR23A
somehow overcomes the effect of HHR23A and results in G,
arrest. However, in contrast to previous findings, Mansky et
al. reported that Vpr mutants unable to bind HHR23A still
retained their G, arrest function [68]. In addition, Vpr from
other primate lentiviruses, capable of inducing G, arrest, did
not bind HHR23A in vitro [68].

The cyclin-dependent kinase inhibitor, p21Wafl was
previously shown to be transcriptionally upregulated in a
p53-dependent fashion, in the context of vpr expression [21].
This observation led the authors to formulate the hypothesis
that p21Wafl may mediate Vpr-induced G, arrest, although
this hypothesis was not tested [21]. A recent report
demonstrates that transactivation of the p2/"4/1 promoter by
Vpr requires the presence of Spl binding sites and is p53-
dependent [3]. Ectopic expression of Vpr also induces
vigorous transactivation of the p21"4/! promoter in bone
marrow-derived CD34+ cells (Adam Tripp and Gerold
Feuer, State U. of NY at Syracuse, personal
communication). We recently reported that p21Wafl_/.
mouse embryonic fibroblasts are able to activate the Gy
checkpoint when transfected with Vpr [119]. This
observation suggests that p21Wafl does not play a major
role in mediating the G, arrest induced by Vpr in mouse
cells, although our experiments cannot exclude that p21Wafl
may have a minor contribution. Future experiments should
address the potential alternative roles of p21Wafl
upregulation by Vpr, including its ability to modulate
apoptosis in certain settings (reviewed in [39]).

Goh et al. recently identified Cdc25C as an in vivo Vpr
binding partner [41]. Cdc25C is a phosphatase that, when
inactivated by Chkl in response to DNA damage, fails to
cleave an inhibitory phosphate at Tyr-15 of the Cdc2 kinase.
Failure to dephosphorylate Cdc2 at Tyr-15 renders Cdc2
inactive and therefore unable to induce cell cycle progression
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beyond G,. Goh et al. found that binding of Vpr to Cdc25C
mapped near the catalytic domain of Cdc25C and inhibited
Cdc25C phosphatase activity. The authors also observed that
RNAi knockdown of Cdc25C abrogated Vpr-induced Gp
arrest (Fig. (2)). Of note, siRNA knockdown of either
Cdc25C [41] or ATR [87] effectively abrogated Vpr-induced
G, arrest. It is not known how binding of Vpr to Cdc25C
could activate or involve ATR, considering that Cdc25C is
thought to be downstream of ATR. Thus, whether both of
the above observations are linked is unclear. It is possible
that Vpr may be acting at two levels to inhibit G, to M
transition, by binding Cdc25C and simultaneously
activating the upstream steps of the ATR pathway.

De Noronha et al. observed, by time-lapse fluorescence
microscopy, Vpr-induced disruptions in the nuclear envelope
of Vpr-expressing cells (Fig. (2)). These disruptions were
manifested as transient blebs protruding from the nuclear
membrane into the cytoplasm. Importantly, Vpr mutants
unable to induce Gj arrest, failed to disrupt nuclear structure
[30]. In addition, the authors did not observe similar
alterations in nuclear structure in cells arrested in Gy
following treatment with the DNA-damaging agent,
mitomycin C. This observation suggests that disruption of
nuclear structure is unique to Vpr and may be the bridge
linking Vpr to activation of the G, checkpoint. It is
conceivable that disruptions in the nuclear envelope could
lead to replication stress, thereby activating ATR and the G,
checkpoint (Fig. (2)). Therefore, it will be interesting to
examine whether Vpr is interacting with nuclear structural
proteins directly or whether disruption of nuclear structure is
a result of Vpr-induced G, arrest.

INDUCTION OF APOPTOSIS

The precise mechanism by which CD4+ T cells are lost
over the course of an HIV-1 infection is poorly understood
[47,88]. Several studies on HIV-1 induced cell death
reported disparate observations. Finko et al. and Muro-
Cacho ef al., examining lymph nodes of HIV-1 infected
patients, reported that cell death was predominantly
occurring in uninfected “bystander” cells [33,69]. In contrast,
Ho et al. and Wei et al. reported that HIV-1 replication leads
to death of infected cells in vivo [50,109]. Several
mechanisms have been proposed to explain the loss of
CD4+ T cells in HIV-1-infected patients, including direct
killing by HIV-1 replication, CD8+ T cell-mediated killing
of infected CD4+ lymphocytes, and apoptosis of uninfected
“bystander” cells. In addition, the HIV-1 proteins Tat, Rev,
Vpu, Nef and Vpr have been implicated in the apoptosis of
infected cells and bystander cells (reviewed in [88]).
Considering that these mechanisms are not mutually
exclusive, it is likely that any or all of them contribute to
CDA4+ T cell depletion over the course of HIV-1 infection.

Vpr has been reported to induce apoptosis following G,
arrest in numerous cell types including primary T-cells, T-
cell lines, and various other human transformed cell lines
[6,79,80,94,97]. The mechanism by which Vpr induces
apoptosis is not completely understood. In general,
apoptosis can be triggered by extracellular signaling via
death receptors (DRs) such as CD95 (Fas), by stress signals
such as DNA damage, or, in the context of virus-infected
cells, by CTL-mediated killing via release of cytotoxic



48 Current HIV Research, 2005, Vol. 3, No. 1

granules. The DR pathway is triggered by binding of the
cognate ligand on the cell surface. Once engaged, the
DR/ligand complex signals through intracellular adaptor
proteins, which bind and activate caspase 8. Active caspase 8
triggers cleavage of Bid and activation of caspase 3,
ultimately leading to apoptosis (reviewed in [102]).

Both the death receptors and DNA damage typically
signal apoptosis via the mitochondria. In response to stress,
a subfamily of proapoptotic Bcl-2-related proteins, namely
Bid, Bim, Noxa and others, activate the Bax subfamily of
Bcl-2 proteins [44]. Members of the Bax subfamily, which
are normally loosely associated with the mitochondrial
membrane or in the cytosol, oligomerize and become firmly
established in the mitochondrial membrane, triggering the
release of cytochrome C into the cytosol. Apaf-1 then binds
to the released cytochrome C and this binding triggers the
oligomerization of Apaf-1 and subsequent activation of
caspase 9 (reviewed in [44]).

Muthumani et al. reported that Vpr-expressing cells
underwent apoptosis via the mitochondrial pathway,
characterized by cytochrome C release, and caspase 9
activation [70]. Interestingly, the authors did not observe
activation of caspase 8, nor expression of Fas or its ligand in
response to Vpr. This observation suggests that Vpr does
not activate death receptor pathways and may induce
apoptosis either through a stress-related pathway or via a
direct interaction with the mitochondria.

Veira et al., and Jacotot ef al. have observed that, in a
cell-free system, Vpr protein interacts with the
intermembrane face of the adenine nucleotide transporter
(ANT), within the mitochondrial membrane-associated
permeability transition pore complex (PTPC), to cause ion
permeability and swelling of fractionated mitochondria (Fig.
(2)). In vitro binding of Vpr to ANT resulted in the release
of cytochrome C [53,104]. These observations support a
model in which Vpr induces mitochondrial depolarization
directly rather than activating upstream stress signals. In
contrast, Zhu et al. demonstrated that treatment of Vpr-
infected cells with caffeine, an inhibitor of the DNA damage
signaling proteins ATM and ATR, significantly reduced
Vpr-induced apoptosis [117]. This observation indicates that
Vpr first induces pro-apoptotic stress signals upstream of the
mitochondria. In light of our recent data demonstrating a
critical role for ATR in Vpr-induced G, arrest, we sought to
examine whether RNAi-mediated knockdown of ATR could
abrogate Vpr-induced apoptosis as it does G, arrest. We
found that abrogation of Vpr-induced G, arrest with ATR-
specific RNAI resulted in a dramatic decrease in apoptosis
(Andersen and Planelles, manuscript submitted). These data
are consistent with a model in which Vpr causes or mimics
irreparable DNA damage and as a result, Vpr expressing cells
arrest in Gy, and ultimately die by apoptosis.

The manner in which Vpr-induced cell cycle arrest and
apoptosis may be linked remains a mystery. One possible
link may be the ATR target, BRCA1 (Fig. (2)). Harkin et
al. demonstrated that overexpressed BRCAI
transcriptionally upregulates Gadd45, which leads to JNK-
dependent apoptosis [45]. Another potential link between G,
arrest and apoptosis involves cellular translation from IRES
elements active during G arrest. Holcik ef al. suggested that
following a potentially deadly insult, such as DNA damage,

Andersen and Planelles

IRES-dependent translation is upregulated, resulting in
upregulation of both pro- and anti-apoptotic IRES-regulated
genes such as Bagl, Apaf-1, XIAP, and cMyc (reviewed in
[51]). In this model, cell fate is ultimately determined by the
balance between pro- and anti-apoptotic proteins. Therefore,
shortly after DNA damage, the cell may undergo a transient
decision period, during which IRES-regulated pro- and anti-
apoptotic proteins begin to accumulate. If the cell does not
repair the damage within this decision period, pro-apoptotic
proteins will tip the scale in favor of cell death.

IN VIVO VPR MUTATIONS: EFFECTS ON G,
ARREST AND APOPTOSIS

Resistance to disease progression in LTNPs can be due
to host factors such as innate host polymorphisms in HIV-1
receptors [25,120], or mutations within virus-encoded genes
such as nef [13,31,58,61]. The Vpr mutation Q3R was
identified in viruses isolated from an LTNP patient who
demonstrated high levels of viremia, yet did not show
significant loss of CD4+ lymphocytes [96]. Later, another
Vpr mutation, R77Q, was found in 80% of virus isolates
from a cohort of LTNPs [66]. The R77Q mutation was also
present in a cohort of progressor patients, although with a
lower frequency (33%) [66]. Interestingly, both the R77Q
and Q3R mutants induce G arrest, but induce apoptosis less
efficiently, in comparison with wild type Vpr [66,96].

Jacotot et al. found that the minimal segment of Vpr
able to bind ANT spans amino acids 72-83 [53]. This
suggests that the decrease in apoptosis observed with Vpr
R77Q may be a result of the inability of this Vpr mutant to
effectively bind ANT and induce mitochondrial
depolarization. The observation that knockdown of ATR or
caffeine treatment reduce Vpr-induced apoptosis [87,117]
points toward a model in which Vpr-induced apoptosis is
directly related to induction of G, arrest. However, the
observation that the R77Q and Q3R Vpr mutants induce
wild-type levels of G, arrest but lower levels of apoptosis
seems to support a model in which both effects are
independent.

VPR IS CONSERVED THROUGH THE EVOLUTION
OF PRIMATE LENTIVIRUSES

The sequence conservation of Vpr throughout the
diversity of primate lentiviruses correlates with its functional
conservation. The functions associated with HIV-1 Vpr have
segregated in the HIV-2/SIVmac/SIVsm lineage. Both HIV-
2 and SIVmac Vpr induce G, arrest but do not function to
promote nuclear import of PICs [34,78]. In contrast, Vpx
retains the ability to transport PICs to the nucleus but does
not induce G, arrest [34,78].

In addition to the functions associated with HIV-1 Vpr,
HIV-2 Vpx has evolved a novel function, namely binding to
the MHC class II invariant chain (Ii) [74]. The cell surface
presentation of exogenously-derived peptides by MHC class
IT molecules on the surfaces of antigen-presenting cells
depends on the association between Ii and MHC class 11
within the ER and Golgi. Pancio et al. reported that cells
stably expressing Vpx showed a marked decrease in Ii levels
[74], which could, presumably, lead to a malfunction in
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MHC class II antigen presentation. The authors proposed
that the interaction between Vpx and Ii promoted enhanced Ii
degradation.

SIVagm Vpr and HIV-1 Vpr share 31% amino acid
identity and are functionally conserved in virion
encapsidation, cell cycle arrest, and transactivation of the
LTR [2,19,76,78,98,117]. However, interesting differences
in the activities of these proteins have been observed.
SIVagm Vpr mutants are unable to replicate in non-dividing
cells, whereas HIV-1 Vpr mutants are able to replicate at low
levels [19]. In contrast to HIV-1 vpr, the transactivation
effect exerted by SIVagm Vpr is partly independent of its
ability to induce Gy arrest [117]. In addition, induction of
apoptosis by SIVagm Vpr appears to be independent of G,
arrest [117], which is in sharp contrast to the
interdependence of G, arrest and apoptosis observed in the
context of HIV-1 Vpr [117] (Andersen and Planelles,
manuscript submitted).

CONCLUSION

HIV-1 Vpr has emerged as a critical pathogenic
determinant of HIV-1, and it contributes to viral replication
using multiple mechanisms. First, capsid-associated Vpr
guides PICs to the nucleus to facilitate the infection of non-
dividing cells. Second, Vpr induces G, arrest to promote
transcription from the viral LTR. In addition, Vpr-mediated
activation of p300/CBP and GR pathways may influence
transcription of cellular genes and activate transcription from
the viral LTR. Third, induction of G, arrest by Vpr may
upregulate protein translation from an IRES element within
the HIV-1 5’ leader, thereby promoting viral replication at
the level of translation. In addition, induction of apoptosis
by Vpr may play a role in depletion of CD4+ lymphocytes
in vivo. In support of this idea, the discovery of Vpr
mutations in LTNPs that render Vpr less cytotoxic in vitro,
underscore a role for Vpr in CD4+ T cell depletion in HIV-
I-infected patients. Detailed information regarding the
pathways used by Vpr to induce cell cycle arrest, upregulate
viral transcription, and induce apoptosis, may lead to novel
anti-HIV-1 therapies based on blocking these functions.

ACKNOWLEDGEMENTS

We Thank Dr. Gerold Feuer and Adam Tripp for
excellent discussions. This work was supported by National
Institutes of Health Research Grants AI49057 and A1054188
to V.P.

REFERENCES

[1] Abraham RT. (2001). Genes and Development. 15: 2177-2196.

[2] Accola MA, Bukovsky AA, Jones MS, Gottlinger HG. (1999).
Journal of Virology 73: 9992-9999

[3] Amini S, Saunders M, Kelley K, Khalili K, Sawaya BE. (2004).
Journal of Biological Chemistry (Epub ahead of print).

[4] Ao Z, Yao X, Cohen EA. (2004). Journal of Virology. 78: 3170-
3177.

[5] Asano K, Vornlocher HP, Richter-Cook NJ, Merrick WC,
Hinnebusch AG, Hershey JW. (1997). Journal of Biological
Chemistry. 272: 27042-27052.

[6] Ayyavoo V, Mahboubi A, Mahalingam S, Ramalingam R,
Kudchodkar S, Williams WV, Green DR, Weiner DB. (1997).
Nature Medicine. 3: 1117-1123.

(7]
(8]
(9]
[10]

(11]

[12]
[13]
[14]
[15]

[16]

[17]

[18]
[19]
[20]
(21]
[22]
(23]

[24]

[25]

[26]
[27]
(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Current HIV Research, 2005, Vol. 3, No. 1 49

Balliet JW, Kolson DL, Eiger G, Kim FM, McGann KA,
Srinivasan A, Collman R. (1994). Virology. 200: 623-631.

Balotta C, Lusso P, Crowley R, Gallo RC, Franchini G. (1993).
Journal of Virology. 67: 4409-4414.

Barlow KL, Ajao AO, Clewley JP. (2003). Journal of Virology.
77: 6879-6888.

Bartz SR, Rogel ME, Emerman M. (1996). Journal of Virology.
70: 2324-2331.

Beer BE, Foley BT, Kuiken CL, Tooze Z, Goeken RM, Brown
CR, Hu J, St Claire M, Korber BT, Hirsch VM. (2001). Journal of
Virology. 75: 12014-12027.

Bernstein C, Bernstein H, Payne CM, Garewal H. (2002).
Mutation Research. 511: 145-178.

Blumberg BM, Epstein LG, Saito Y, Chen D, Sharer LR, Anand R.
(1992). Journal of Virology. 66: 5256-5264.

Bonneau AM, Sonenberg N. (1987). Journal of Biological
Chemistry. 262: 11134-11139.

Boumpas DT, Chrousos GP, Wilder RL, Cupps TR, Balow JE.
(1993). Annals of Internal Medicine. 119: 1198-1208.

Brasey A, Lopez-Lastra M, Ohlmann T, Beerens N, Berkhout B,
Darlix JL, Sonenberg N. (2003). Journal of Virology. 77: 3939-
3949.

Bukrinsky MI, Haggerty S, Dempsey MP, Sharova N, Adzhubel
A, Spitz L, Lewis P, Goldfarb D, Emerman M, Stevenson M.
(1993). Nature. 365: 666-669.

Burma S, Chen BP, Murphy M, Kurimasa A, Chen DJ. (2001).
Journal of Biological Chemistry. 276: 42462-42467.

Campbell BJ, Hirsch VM. (1997). Journal of Virology. 71: 5593-
5602.

Chang L, Chen C, Urlacher V, Lee T. (2000). Journal of
Biomedical Science. 7: 322-333.

Chowdhury IH, Wang XF, Landau NR, Robb ML, Polonis VR,
Birx DL, Kim JH. (2003). Virology. 305: 371-377.

Chrousos GP. (1995). New England Journal of Medicine. 332:
1351-1362.

Cohen EA, Dehni G, Sodroski JG, Haseltine WA. (1990). Journal
of Virology. 64: 3097-3099.

Cohen EA, Terwilliger EF, Jalinoos Y, Proulx J, Sodroski JG,
Haseltine WA. (1990). Journal of Acquired Immune Deficiency
Syndrome. 3: 11-18.

Cohen OJ, Vaccarezza M, Lam GK, Baird BF, Wildt K, Murphy
PM, Zimmerman PA, Nutman TB, Fox CH, Hoover S,
Adelsberger J, Baseler M, Arthos J, Davey RT, Jr., Dewar RL,
Metcalf J, Schwartzentruber DJ, Orenstein JM, Buchbinder S,
Saah AJ, Detels R, Phair J, Rinaldo C, Margolick JB, Pantaleo G,
Fauci AS. (1997). Journal of Clinical Investigation. 100: 1581-
1589.

Connor RI, Chen BK, Choe S, Landau NR. (1995). Virology. 206:
935-944.

Cortez D, Guntuku S, Qin J, Elledge SJ. (2001). Science. 294:
1713-1716.

Cortez D, Wang Y, Qin J, Elledge SJ. (1999). Science. 286: 1162-
1166.

Courgnaud V, Abela B, Pourrut X, Mpoudi-Ngole E, Loul S,
Delaporte E, Peeters M. (2003). Journal of Virology. 77: 12523-
12534.

de Noronha CM, Sherman MP, Lin HW, Cavrois MV, Moir RD,
Goldman RD, Greene WC. (2001). Science. 294: 1105-1108.
Deacon NJ, Tsykin A, Solomon A, Smith K, Ludford-Menting M,
Hooker DJ, McPhee DA, Greenway AL, Ellett A, Chatfield C,
Lawson VA, Crowe S, Maerz A, Sonza S, Learmont J, Sullivan
JS, Cunningham A, Dwyer D, Dowton D, Mills J. (1995). Science.
270: 988-991.

Felzien LK, Woffendin C, Hottiger MO, Subbramanian RA,
Cohen EA, Nabel GJ. (1998). Proceedings of the National
Academy of Science. 95: 5281-5286.

Finkel TH, Tudor-Williams G, Banda NK, Cotton MF, Curiel T,
Monks C, Baba TW, Ruprecht RM, Kupfer A. (1995). Nature
Medicine. 1: 129-134.

Fletcher TM, Brichacek B, Sharova N, Newman MA, Stivahtis G,
Sharp PM, Emerman M, Hahn BH, Stevenson M. (1996). EMBO
Journal. 15: 6155-6165.

Fouchier RA, Meyer BE, Simon JH, Fischer U, Albright AV,
Gonzalez-Scarano F, Malim MH. (1998). Journal of Virology. 72:
6004-6013.



50 Current HIV Research, 2005, Vol. 3, No. 1

[36]

(371

[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]

[47]
[48]

[49]

[50]
[51]
[52]

[53]

[54]
[55]
[56]
(571
[58]

[59]

[60]

[61]
[62]
[63]
[64]

[65]
[66]

[67]

Furia B, Deng L, Wu K, Baylor S, Kehn K, Li H, Donnelly R,
Coleman T, Kashanchi F. (2002). Journal of Biological Chemistry.
277: 4973-4980.

Furuta T, Takemura H, Liao ZY, Aune GJ, Redon C, Sedelnikova
OA, Pilch DR, Rogakou EP, Celeste A, Chen HT, Nussenzweig A,
Aladjem MI, Bonner WM, Pommier Y. (2003). Journal of
Biological Chemistry. 278: 20303-20312.

Gallay P, Hope T, Chin D, Trono D. (1997). Proceedings of the
National Academy of Science, USA. 94: 9825-9830.

Gartel AL, Tyner AL. (2002). Molecular Cancer Therapy. 1:
639-649.

Ghosh D. (1992). Journal of Virology. 66: 586-590.

Goh WC, Manel N, Emerman M. (2004). Virology. 318: 337-349.
Goh WC, Rogel ME, Kinsey CM, Michael SF, Fultz PN, Nowak
MA, Hahn BH, Emerman M. (1998). Nature Medicine. 4: 65-71.
Gragerov A, Kino T, Ilyina-Gragerova G, Chrousos GP, Pavlakis
GN. (1998). Virology. 245: 323-330.

Green DR. (2000). Cell. 102: 1-4.

Harkin DP, Bean JM, Miklos D, Song YH, Truong VB, Englert C,
Christians FC, Ellisen LW, Maheswaran S, Oliner JD, Haber DA.
(1999). Cell. 97: 575-586.

Hattori N, Michaels F, Fargnoli K, Marcon L, Gallo RC, Franchini
G. (1990). Proceedings of the National Academy of Science,
USA. 87: 8080-8084.

Hazenberg MD, Hamann D, Schuitemaker H, Miedema F.
(2000). Nature Immunology. 1: 285-289.

He J, Choe S, Walker R, Di Marzio P, Morgan DO, Landau NR.
(1995). Journal of Virology. 69: 6705-6711.

Heinzinger NK, Bukinsky MI, Haggerty SA, Ragland AM,
Kewalramani V, Lee MA, Gendelman HE, Ratner L, Stevenson
M, Emerman M. (1994). Proceedings of the National Academy of
Science, USA. 91: 7311-7315.

Ho DD, Neumann AU, Perelson AS, Chen W, Leonard JM,
Markowitz M. (1995). Nature. 373: 123-126.

Holcik M, Sonenberg N, Korneluk RG. (2000). Trends in
Genetics. 16: 469-473.

Hrimech M, Yao XJ, Bachand F, Rougeau N, Cohen EA. (1999).
Journal of Virology. 73: 4101-4109.

Jacotot E, Ravagnan L, Loeffler M, Ferri KF, Vieira HL,
Zamzami N, Costantini P, Druillennec S, Hoebeke J, Briand JP,
Irinopoulou T, Daugas E, Susin SA, Cointe D, Xie ZH, Reed JC,
Roques BP, Kroemer G. (2000). Journal of Experimental
Medicine. 191: 33-46.

Jenkins Y, McEntee M, Weis K, Greene WC. (1998). Journal of
Cell Biology. 143: 875-885.

Jowett JB, Planelles V, Poon B, Shah NP, Chen ML, Chen IS.
(1995). Journal of Virology. 69: 6304-6313.

Kashanchi F, Agbottah ET, Pise-Masison CA, Mahieux R, Duvall
J, Kumar A, Brady JN. (2000). Journal of Virology. 74: 652-660.
Katsanakis CD, Sekeris CE, Spandidos DA. (1991). Anticancer
research. 11: 381-383.

Kestler HW, Ringler DJ, Panicaly DL, Sehgal PK, Daniel MD,
Desrosiers RC. (1991). Cell. 65: 651-662.

Kino T, Gragerov A, Kopp JB, Stauber RH, Pavlakis GN,
Chrousos GP. (1999). Journal of Experimental Medicine. 189: 51-
62.

Kino T, Gragerov A, Slobodskaya O, Tsopanomichalou M,
Chrousos GP, Pavlakis GN. (2002). Journal of Virology. 76: 9724-
9734.

Kirchhoff F, Greenough TC, Brettler DB, Sullivan JL, Desrosiers
RC. (1995). New England Journal of Medicine. 332: 228-232.

Lai D, Singh SP, Cartas M, Murali R, Kalyanaraman VS,
Srinivasan A. (2000). FEBS Letters. 469: 191-195.

Lane TF. (2004). Cancer Biology and Therapy (Epub ahead of
print)

Liu Q, Guntuku S, Cui XS, Matsuoka S, Cortez D, Tamai K, Luo
G, Carattini-Rivera S, DeMayo F, Bradley A, Donehower LA,
Elledge SJ. (2000). Genes and Development. 14: 1448-1459.

Lou Z, Chen J. (2003). Frontiers in Bioscience. 8: s718-721.

Lum JJ, Cohen OJ, Nie Z, Weaver JG, Gomez TS, Yao XJ, Lynch
D, Pilon AA, Hawley N, Kim JE, Chen Z, Montpetit M, Sanchez-
Dardon J, Cohen EA, Badley AD. (2003). Journal of Clinical
Investigation. 111: 1547-1554.

Mabhalingam S, Ayyavoo V, Patel M, Kieber-Emmons T, Kao GD,
Muschel RJ, Weiner DB. (1998). Proceedings of the National
Academy of Science, USA. 95: 3419-3424.

[68]

[69]
[70]
[71]
[72]
(73]
[74]
[75]
[76]
(771
(78]
[79]
[80]
[81]
[82]
[83]
[84]
[85]
[86]
[87]

[88]
[89]

[90]
[91]
[92]
[93]

[94]

[95]

[96]

[97]
(98]

[99]

[101]

[102]

[103]

Andersen and Planelles

Mansky LM, Preveral S, Le Rouzic E, Bernard LC, Selig L,
Depienne C, Benarous R, Benichou S. (2001). Virology. 282: 176-
185.

Muro-Cacho CA, Pantaleo G, Fauci AS. (1995). Journal of
Immunology. 154: 5555-5566.

Muthumani K, Hwang DS, Desai BM, Zhang D, Dayes N, Green
DR, Weiner DB. (2002). Journal of Biological Chemistry. 277:
37820-37831.

Nabel G, Baltimore D. (1987). Nature. 326: 711-713.

Ogawa K, Shibata R, Kiyomasu T, Higuchi I, Kishida Y, Ishimoto
A, Adachi A. (1989). Journal of Virology. 63: 4110-4114.

Orren DK, Petersen LN, Bohr VA. (1997). Molecular Biology of
the Cell. 8: 1129-1142.

Pancio HA, Vander Heyden N, Kosuri K, Cresswell P, Ratner L.
(2000). Journal of Virology. 74: 6168-6172.

Paxton W, Connor RI, Landau NR. (1993). Journal of Virology.
67: 7229-7237.

Philippon V, Matsuda Z, Essex M. (1999). Journal of Human
Virology. 2: 167-174.

Pilch DR, Sedelnikova OA, Redon C, Celeste A, Nussenzweig A,
Bonner WM. (2003). Biochemistry and Cell Biology. 81: 123-129.
Planelles V, Jowett JBM, Li QX, Xie Y, Hahn B, Chen ISY.
(1996). Journal of Virology. 70: 2516-2524.

Poon B, Grovit-Ferbas K, Stewart SA, Chen ISY. (1998). Science.
281: 266-269.

Poon B, Jowett JB, Stewart SA, Armstrong RW, Rishton GM, Chen
IS. (1997). Journal of Virology. 71: 3961-3971.

Pyronnet S, Dostie J, Sonenberg N. (2001). Genes and
Development. 15: 2083-2093.

Re F, Braaten D, Franke EK, Luban J. (1995). Journal of
Virology. 69: 6859-6864.

Refaeli Y, Levy DN, Weiner DB. (1995). Proceedings of the
National Academy of Science, USA. 92: 3621-3625.

Rogakou EP, Pilch DR, Orr AH, Ivanova VS, Bonner WM.
(1998). Journal of Biological Chemistry. 273: 5858-5868.

Rogel ME, Wu LI, Emerman M. (1995). Journal of Virology. 69:
882-888.

Rosenblatt JD, Miles S, Gasson JC, Prager D. (1995). Current
Topics in Microbiology and Immunology. 193: 25-49.

Roshal M, Kim B, Zhu Y, Nghiem P, Planelles V. (2003). Journal
of Biological Chemistry. 278: 25879-25886.

Roshal M, Zhu Y, Planelles V. (2001). Apoptosis. 6: 103-116.
Sawaya BE, Khalili K, Gordon J, Taube R, Amini S. (2000).
Journal of Biological Chemistry. 275: 35209-35214.

Sawaya BE, Khalili K, Mercer WE, Denisova L, Amini S. (1998).
Journal of Biological Chemistry. 273: 20052-20057.

Schwartz S, Felber BK, Pavlakis GN. (1991). Virology. 183: 677-
686.

Sherman MP, de Noronha CM, Heusch MI, Greene S, Greene
WC. (2001). Journal of Virology. 75: 1522-1532.

Sherman MP, de Noronha CM, Pearce D, Greene WC. (2000).
Journal of Virology. 74: 8159-8165.

Shostak LD, Ludlow J, Fisk J, Pursell S, Rimel BJ, Nguyen D,
Rosenblatt JD, Planelles V. (1999). Experimental Cell Research.
251: 156-165.

Singh SP, Lai D, Cartas M, Serio D, Murali R, Kalyanaraman VS,
Srinivasan A. (2000). Virology. 268: 364-371.

Somasundaran M, Sharkey M, Brichacek B, Luzuriaga K,
Emerman M, Sullivan JL, Stevenson M. (2002). Proceedings of
the National Academy of Science, USA. 99: 9503-9508.

Stewart SA, Poon B, Jowett JB, Chen IS. (1997). Journal of
Virology. 71: 5579-5592.

Stivahtis GL, Soares MA, Vodicka MA, Hahn BH, Emerman M.
(1997). Journal of Virology. 71: 4331-4338.

Takemura T, Hayami M. (2004). Frontiers in Bioscience. 9: 513-
520.

Tristem M, Purvis A, Quicke DL. (1998). Virology. 240: 232-237.
Tungaturthi PK, Sawaya BE, Singh SP, Tomkowicz B, Ayyavoo
V, Khalili K, Collman RG, Amini S, Srinivasan A. (2003).
Biomedical Pharmacotherapy. 57: 20-24.

van Gurp M, Festjens N, van Loo G, Saelens X, Vandenabeele P.
(2003). Biochemical and Biophysical Research Communications.
304: 487-497.

Verlhac MH, Chen RH, Hanachi P, Hershey JW, Derynck R.
(1997). EMBO Journal. 16: 6812-6822.



The Role of Vpr in HIV-1 Pathogenesis

[104]

[105]
[106]
[107]
[108]

[109]

[110]

[111]

[112]

Vieira HL, Haouzi D, El Hamel C, Jacotot E, Belzacq AS,
Brenner C, Kroemer G. (2000). Cell Death and Differentiation. 7:
1146-1154.

Vodicka MA, Koepp DM, Silver PA, Emerman M. (1998). Genes
and Development. 12: 175-185.

Wang L, Mukherjee S, Jia F, Narayan O, Zhao LJ. (1995).
Journal of Biological Chemistry. 270: 25564-25569.

Ward IM, Chen J. (2001). Journal of Biological Chemistry. 276:
47759-47762.

Watanabe N, Yamaguchi T, Akimoto Y, Rattner JB, Hirano H,
Nakauchi H. (2000). Experimental Cell Research. 258: 261-269.
Wei X, Ghosh SK, Taylor ME, Johnson VA, Emini EA, Deutsch
P, Lifson JD, Bonhoeffer S, Nowak MA, Hahn BH, Saag MS,
Shaw GM. (1995). Nature. 373: 117-122.

Withers-Ward ES, Jowett JB, Stewart SA, Xie YM, Garfinkel A,
Shibagaki Y, Chow SA, Shah N, Hanaoka F, Sawitz DG,
Armstrong RW, Souza LM, Chen IS. (1997). Journal of Virology.
71: 9732-9742.

Wong-Staal F, Chanda PK, Ghrayeb J. (1987). AIDS Research
and Human Retroviruses. 3: 33-39.

Yang J, Xu ZP, Huang Y, Hamrick HE, Duerksen-Hughes PJ, Yu
YN. (2004). World Journal of Gastroenterology. 10: 155-160.

Received: 09 June, 2004

Accepted: 24 August, 2004

[113]
[114]

[115]

—
—_—
—_—
=)
=

[118]

[119]

[120]

[121]

Current HIV Research, 2005, Vol. 3, No. 1 51

Yang J, Yu Y, Hamrick HE, Duerksen-Hughes PJ. (2003).
Carcinogenesis. 24: 1571-1580.

Zennou V, Petit C, Guetard D, Nerhbass U, Montagnier L,
Charneau P. (2000). Cell. 101: 173-185.

Zhao LJ, Wang L, Mukherjee S, Narayan O. (1994). Journal of
Biological Chemistry. 269: 32131-32137.

Zhou BB, Elledge SJ. (2000). Nature. 408: 433-439.

Zhu Y, Gelbard HA, Roshal M, Pursell S, Jamieson BD, Planelles
V. (2001). Journal of Virology. 75: 3791-3801.

Zhu'Y, Roshal M, Li F, Blackett J, Planelles V. (2003). Apoptosis.
8: 71-79.

Zimmerman ES, Chen J, Andersen JL, Ardon O, DeHart JL,
Blackett J, Choudhary S, Camerini D, Nghiem P, Planelles V.
(2004). Molecular and Cellular Biology. 24: 9286-9294.
Zimmerman PA, Buckler-White A, Alkhatib G, Spalding T,
Kubofcik J, Combadiere C, Weissman D, Cohen O, Rubbert A,
Lam G, Vaccarezza M, Kennedy PE, Kumaraswami V, Giorgi
JV, Detels R, Hunter J, Chopek M, Berger EA, Fauci AS, Nutman
TB, Murphy PM. (1997). Molecular Medicine. 3: 23-36.

Zou L, Cortez D, Elledge SJ. (2002). Genes and Development.
16: 198-208.



