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Retroviral DNA synthesized prior to integration, termed unintegrated viral DNA, is classically believed to be
transcriptionally inert and to serve only as a precursor to the transcriptionally active integrated proviral DNA
form. However, it has recently been found to be expressed under some circumstances during human immu-
nodeficiency virus type 1 (HIV-1) replication and may play a significant role in HIV-1 pathogenesis. HIV-1 Vpr
is a virion-associated accessory protein that is critical for HIV-1 replication in nondividing cells and induces
cell cycle arrest and apoptosis. We find that Vpr, either expressed de novo or released from virions following
viral entry, is essential for unintegrated viral DNA expression. HIV-1 mutants defective for integration in either
the integrase catalytic domain or the cis-acting att sites can express unintegrated viral DNA at levels similar
to that of wild-type HIV-1, but only in the presence of Vpr. In the absence of Vpr, the expression of unintegrated
viral DNA decreases 10- to 20-fold. Vpr does not affect the efficiency of integration from integrase-defective
HIV-1. Vpr-mediated enhancement of expression from integrase-defective HIV-1 requires that the viral DNA
be generated in cells through infection and is mediated via a template that declines over time. Vpr activation
of expression does not require exclusive nuclear localization of Vpr nor does it correlate with Vpr-mediated cell
cycle arrest. These results attribute a new function to HIV-1 Vpr and implicate Vpr as a critical component in

expression from unintegrated HIV-1 DNA.

Human immunodeficiency virus type 1 (HIV-1) Vpr is a
14-kDa basic molecule that plays an important role in HIV-1
replication and pathogenesis. Vpr is highly conserved among
primate lentiviruses, including HIV-1, HIV-2, and simian im-
munodeficiency virus (SIV). Deletion of vpr alone or vpr and a
homologous SIV gene, vpx, can ameliorate disease progression
in SIV-infected macaques (24, 29, 33). A retrospective study
has shown that in nonhuman primates and a laboratory worker
initially infected with vpr strains, reversion resulting in a func-
tional vpr gene occurs over the course of infection (25). Thus,
there appears to be a positive selection for Vpr function in
vivo.

Vpr is expressed from infected cells and is present in signif-
icant quantities in virions (13, 58). Vpr facilitates HIV-1 infec-
tion of nondividing cells, such as macrophages, by assisting in
transport of preintegration complexes (PICs) into the nucleus
(14, 28, 43). Vpr causes nuclear envelope herniations, thus
possibly allowing the PICs to bypass the size restrictions of the
nuclear pore complexes (15).

In addition to its role in nuclear transport and establishment
of viral infection in macrophages, Vpr also contributes to
HIV-1 replication in dividing cells. In transient transfection
experiments, Vpr possesses weak transcriptional activity, no
more than severalfold in magnitude, and transactivates the
HIV-1 long terminal repeat (LTR) and other heterologous
promoters (13). Vpr transactivation of HIV-1 is mediated
through cis-acting elements within the viral LTR, including
NF-kB, Spl, and GRE enhancer sequences, and Vpr binds to
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Spl, TF-IIB, and cyclin T1 in vitro (2, 47, 53, 54). Both de
novo-expressed and virion-associated Vpr proteins induce cell
cycle arrest of mammalian cells at the G,/M phase (27, 31, 44,
45). The Vpr-induced G, arrest is characterized by inactivation
of the Cdc2 kinase and requires the activity of protein phos-
phatases PP2A and Cdc25 (4, 17, 42, 44). Induction of G,
arrest by Vpr may also contribute to increased HIV-1 expres-
sion. The HIV-1 LTR is more transcriptionally active in the G,
phase, resulting in a threefold enhancement of viral replication
(25).

During retroviral infection, the RNA genome is reverse
transcribed into DNA intermediates which, after transport to
the nucleus, are integrated into the host chromosome. Several
forms of retroviral DNA have been identified in infected cells
(12). Retroviral DNA synthesized in the cytoplasm is linear,
while after nuclear transport, linear and closed circular DNA
forms are found within the nucleus. For all retroviruses, the
nuclear linear DNA molecule is the primary direct precursor to
the integrated provirus. In contrast, the one- and two-LTR
circular forms are generally incompetent for integration and
are believed to be the dead-end products of reverse transcrip-
tion formed by homologous recombination and self-ligation,
respectively. For HIV-1, integration is usually required for the
production of infectious virus and efficient viral gene expres-
sion (36, 46). Classically, the unintegrated viral DNA is
thought to serve only as an intermediate for formation of the
provirus or integrated form of viral DNA and does not express
viral proteins. Nevertheless, recent studies with HIV-1 indicate
that in some instances, infection of quiescent T cells and CD4™
cell lines with integrase-defective viruses can produce a self-
limiting infection, allowing detection of multiple viral tran-
scripts and proteins (9, 38, 56). Thus, unintegrated HIV-1
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DNA can be transcriptionally active. During the asymptomatic
phase of HIV-1 infection and in patients on highly active an-
tiretroviral therapy, the prevalent form of HIV-1 found is the
unintegrated circular DNA form (6, 11, 48). Thus, expression
from unintegrated HIV-1 DNA and the ensuing viral products
may contribute to ongoing viral replication.

In this study, we show that HIV-1 Vpr significantly upregu-
lates expression from unintegrated DNA. In the presence of
Vpr, either de novo or virion associated, there is a 10- to
20-fold increase in gene expression from HIV-1 that is defec-
tive for integration. The Vpr-enhanced expression from inte-
grase-defective HIV-1 is mediated via a template that declines
over time and requires a functional HIV-1 LTR. The effect of
Vpr on unintegrated DNA is not dependent on Vpr’s karyo-
philic properties or on the induction of G, arrest. Therefore,
Vpr specifically transactivates unintegrated HIV-1 DNA and
may contribute to expression from unintegrated HIV-1 DNA.

MATERIALS AND METHODS

DNA constructs. The nucleotide position numbers used to describe vector
construction start at the 5" end of HIVyy 4.5 (1). NLlucABgl VprX, NLIucABgl
VprX D64E, and NLIucABgl VprX U3-US del10 were derived by inserting the
truncated vpr gene from NLthyABglVprX (41) into HIV-Iyp4apee env(—),
NLIlucABgl D64E, and NLIucABgl U3&US dell0 (35, 36). The integrase-defec-
tive packaging plasmid pCMVARS.2DVpr D64E was constructed by inserting
the pol gene from the Bcll (nucleotide [nt] 2430) to Sall (nt 5786) sites from
NLIucABgID64E into pPCMVARS.2Dvpr (50). The lentiviral vectors pHR'CMV-
EGFP and pHR'CMV-Vpr have been previously described (3, 50). Mutant vpr
from BSVprE25K and BSVprR80A (23) was cloned into pHR'CMV-Vpr, pro-
ducing pHR'CMV-VprE25K and pHR'CMV-Vpr80A, respectively. The lentivi-
ral vectors NLIucDA, pCS-CMV-luc, and pCS-Rh-MLV-luc were derived from
DAEGFP (3), CSC-G, and CS-Rh-MLV-E (32), respectively, by substituting
luciferase in place of eukaryotic green fluorescent protein (EGFP).

Virus production. Vesicular stomatitis virus G protein (VSV-G) pseudotyped
viruses were produced by calcium phosphate-mediated transfection of 293T cells
as described previously (41). Cells (2 X 107) were transfected with 5 pg of
pHCMVG and 12.5 pg of full-length HIV plasmids or, for the production of
lentiviral vectors, 5 pg of pHCMVG, 12.5 pg of packaging plasmid, and 12.5 pg
of the appropriate lentiviral vector. Virus stocks of a strain with a functional
integrase (IN"), a strain with a mutation of the integrase protein (D64E), a
strain with a functional integrase and a truncated vpr gene (VprX IN™), a strain
with the D64E mutation and a truncated vpr gene (VprX D64E), and a strain
with a deletion of the retroviral attachment sites and a truncated vpr gene (VprX
att) were generated using NLIucABgl, NLlucABgl D64E, NLIucABgl VprX,
NLIucABgl VprX D64E, and NLIucABgl VprX U3-US dell0, respectively. Len-
tiviruses HR-EGFP, HR-Vpr, HR-E25K, and HR-R80A were produced using
pCMVDRS8.2DVpr and pHR'CMV-EGFP, pHR'CMV-Vpr, pHR'CMV-E25K,
or pHR'CMV-R80A, respectively. The integration-defective lentiviral vectors
were produced using pCMVARS.2DVpr D64E and NLIucDA, CS-CMV-luc, or
pCS-Rh-MLV-luc. Vpr was incorporated into HIV-1 luciferase-expressing viri-
ons using NLIucABgl VprX or NLIucABgl VprX D64E and BSXCVpr. Virions
devoid of viral RNA were produced by cotransfection of pHCMVG and
pCMVARS.2 or pCMVARS.2DVpr, resulting in viruses with the phenotypes
RNA™ Vpr™ and RNA™ Vpr™, respectively.

Culture supernatants were collected and concentrated as previously described
(41). The multiplicity of infection (MOI) was determined by infecting 2 X 10*
HelLa cells with the HR-EGFP vector and analyzing them by flow cytometry at
day 2 postinfection for EGFP positivity. Using 20 and 200 ng of VSV-G
pseudotyped virus p24 antigen resulted in MOIs of 0.1 and 1.0, respectively.

Cell culture. 293T cells and HeLa cells were maintained in Dulbecco’s mod-
ified Eagle medium with 10% calf serum. CEMx174 cells were maintained in
RPMI with 10% fetal calf serum. Cells were infected with VSV-G pseudotyped
viruses for 4 h at 37°C in the presence of 10 pg of Polybrene per ml. Luciferase-
expressing viruses were infected at low multiplicities (25 ng of p24 antigen per 2
% 10* cells), and HR-EGFP, HR-Vpr, and HR-Vpr mutant vectors were infected
at high multiplicities (200 ng of p24 antigen). HeLa cells were transfected using
Lipofectin Plus (Invitrogen) according to the manufacturer’s instructions.

Cell synchronization of HeLa cells by thymidine blocking was initiated by
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incubating cells in the presence of 2 mM thymidine for 15 h. Cells were washed
with phosphate-buffered saline, and fresh medium without thymidine was added.
Cells were infected at 7 h post-thymidine release, when by flow cytometric
analysis cells were estimated to be at the S/G, border. After infection, cells were
washed with phosphate-buffered saline, and either medium alone or medium
with thymidine was added. Cells either were harvested at 40 h postinfection and
analyzed for cell cycle or EGFP expression by flow cytometry or were lysed in 50
to 100 wl of 1X passive lysis buffer (Promega) and analyzed for luciferase activity.

Luciferase activity was measured using a Monolight 2010 luminometer and
normalized to relative luciferase units (RLU) per microgram after protein levels
were determined using the Bradford assay. Each sample was analyzed in dupli-
cate or triplicate, and the average deviation was calculated. The background
luciferase detection level was 0.3 X 10> RLU/pg.

Infected cells were analyzed by flow cytometry for EGFP percentages and cell
cycle content by resuspending cells in fluorescence-activated cell sorting buffer or
hypotonic propidium iodide (PT) buffer, respectively. All stained cells were an-
alyzed on a FACScan II (Becton Dickinson) apparatus by the CELL QUEST
software package.

Western blot analysis. Concentrated virus stocks (10 ng of p24) were lysed,
and Western blot analysis was performed as previously described (41).

Southern blot analysis. HeLa cells were infected with VprX IN™ or VprX
D64E and RNA™ Vpr* or RNA™ Vpr~ virus so that the viral DNA detected by
Southern blot analysis was derived only from the VprX IN* or VprX D64E virus.
At 40 h postinfection, cells were harvested and DNA was purified by use of the
Qiagen blood and cell culture DNA mini kit according to the manufacturer’s
instructions. The percentages of total, linear, and circular HIV DNA were
analyzed as previously described (59). The relative intensities of bands corre-
sponding to total viral DNA, linear DNA, and one- and two-LTR circular DNA
were analyzed on a Molecular Dynamics Phosphorimager.

RESULTS

Vpr increases expression from integration-defective HIV-1.
The level of expression, if any, from unintegrated viral DNA
has been controversial, although recent studies indicate that
unintegrated HIV-1 DNA is capable of viral gene expression
(38, 56). We confirmed those observations by measuring ex-
pression from integration-defective HIV-1 using VSV-G
pseudotyped HIV-1 expressing luciferase in place of Nef dur-
ing a single-round infection of HeLa cells. The ability of HIV-1
to integrate was abolished by a point mutation of D64 to E in
the core catalytic domain of the integrase protein which results
in a 3- to 4-log decrease in viral infectivity and, depending on
the experimental system, an 8- to 300-fold decrease in gene
expression (34, 36, 52, 55). We also observed a 28-fold de-
crease in viral expression from the D64E virus relative to
HIV-1 containing a functional integrase (IN™) (Fig. 1A). Nev-
ertheless, the levels of luciferase expression from the D64E
mutant virus were still significant, consistent with the recent
reports of expression from unintegrated HIV-1. Luciferase
activity from the D64E mutant virus was abolished in the
presence of zidovudine (data not shown); therefore, viral ex-
pression was not due to pseudo-transduction of cells by
VSV-G.

We next determined the viral factors that were involved in
mediating gene expression from unintegrated HIV-1. Since
HIV-1 Vpr is an immediate-early protein that has pleiotropic
effects prior to integration, we tested the effect that deletion of
vpr would have on expression from integrase-defective HIV-1.
In the context of the D64E mutation, truncation of vpr (VprX
D64E) caused a further decrease in luciferase expression rel-
ative to a vpr-containing HIV-1 (D64E) (8 X 10 versus 5 X 10°
RLU, respectively) (Fig. 1A). In contrast, deletion of vpr had
little effect on expression from integrase-competent viruses.
Therefore, the presence of an intact vpr gene within the viral
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FIG. 1. Vprincreases expression from integration-defective HIV-1.
(A) HeLa cells (2 X 10* cells) were infected with virus stocks (25 ng of
p24 antigen) of NLlucABgl (IN'), NLIucABgID64E (D64E),
NLIucABglVprX (VprX IN™), or NLIucABglVprXD64E (VprX
D64E). (B and C) HeLa cells (2 X 10*) were coinfected with 25 ng of
p24 antigen from virus VprX IN*, VprX D64E, or VprX att and 200
ng of p24 antigen from vector HR-EGFP or HR-Vpr. Luciferase
activity was analyzed at day 2 postinfection and is expressed as RLU
per microgram of total protein. The dashed line indicates the back-
ground luciferase activity from an equivalent number of uninfected
HeLa cells.

genome contributes to efficient viral expression from integrase-
defective HIV.

We confirmed that Vpr mediates the enhanced expression
from the D64E relative to the VprX D64E mutant virus by
supplying Vpr to infected cells via trans-complementation. Us-
ing HIV-1 viruses containing truncated vpr and a functional or
inactive integrase (VprX IN™ and VprX D64E, respectively),
exogenous Vpr was provided by coinfection with a lentiviral
vector expressing Vpr (HR-Vpr). As observed above, VprX
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D64E mutant virus expression was low and unchanged by coin-
fection with a lentiviral vector devoid of Vpr and expressing
EGFP (HR-EGFP); thus, we could discount any potential ef-
fect of the wild-type integrase brought in by the lentiviral
vector virions. The addition of Vpr to integrase-defective
HIV-1 by coinfection with HR-Vpr vector led to a 14-fold
increase in luciferase expression over that of the VprX D64E
mutant virus alone (Fig. 1B). It is noteworthy that in some
experiments such as the one described here, the level of ex-
pression from the VprX D64E mutant virus in the presence of
Vpr approaches the level of expression from the VprX IN™
virus (1.5 X 10° versus 2.8 X 10° RLU, respectively). Coinfec-
tion with the HR-EGFP or HR-Vpr vector had no effect on
expression from integration-competent VprX IN™ virus. Sim-
ilar results were seen upon infection with lower MOIs of VprX
IN* virus, resulting in 10* RLU. Coinfection with HR-Vpr
vector still did not increase expression from integration-com-
petent HIV-1 (data not shown), excluding saturation of the
luciferase assay. Thus, provision of Vpr in trans to cells in-
fected with integrase-defective HIV-1 can rescue viral expres-
sion.

We also examined the effect of Vpr on HIV-1 rendered
integration incompetent by deletion of the retroviral attach-
ment (att) sites. In addition to integrase, retroviral integration
requires specific sequences in the U3 region of the viral LTRs,
termed att sites (12). The att sites serve as cis-acting recogni-
tion sequences for integrase and are crucial for the end joining
and strand transfer processes. Deletion of the atf sites (VprX
att ) resulted in a substantial decrease in HIV-1 gene expres-
sion, similar to the effect of the integrase catalytic mutant (Fig.
1C). Provision of Vpr in frans by coinfection with HR-Vpr
vector resulted in a 17-fold increase in luciferase activity over
that from the VprX att™ virus alone. Vpr is therefore capable
of increasing expression from HIV-1 rendered defective for
integration by either inactivation of the integrase active site or
deletion of the retroviral attachment sites.

Vpr does not affect integration of integrase-defective HIV-1.
Our results are consistent with an effect of Vpr on enhancing
expression of unintegrated HIV-1 DNA. However, it is for-
mally a possibility that Vpr could be enhancing the low level of
residual illegitimate integration by the catalytically inactive
VprX D64E integrase mutant, resulting in increased viral ex-
pression from greater levels of integrated proviruses. Cells
were infected with VprX IN™ or VprX D64E virus, and the
level of integration in the presence or absence of Vpr was
measured by Southern blot analysis (Fig. 2). Using selective
restriction enzymes and probes, the relative integration effi-
ciency can be calculated by subtracting the relative amounts of
linear HIV-1 DNA and one- and two-LTR circles from the
total amount of viral DNA (59). By day 2 postinfection and in
the absence of Vpr, 60% of the viral DNA from the VprX IN™
virus had been integrated, compared to 18% of the DNA from
the VprX D64E mutant virus. In agreement with previous
reports (7, 18), the majority of the DNA from the VprX D64E
mutant virus is in the form of one- and two-LTR circles. In the
presence of Vpr, there is a decrease in the amount of inte-
grated DNA in both VprX IN™ and VprX D64E virus infec-
tions to 33 and 4%, respectively, despite an 18-fold increase in
expression from VprX D64E virus induced by Vpr. Therefore,
we conclude that Vpr is not mediating increased expression by
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FIG. 2. Vpr does not increase integration from integrase-defective
HIV-1. HeLa cells (5 X 10°) were coinfected with 800 ng of p24
antigen from virus VprX IN" or VprX D64E and 2.5 p.g of p24 antigen
from virus with the phenotype RNA™ Vpr~ or RNA™ Vpr" (mock or
Vpr, respectively). At day 2 postinfection, cells were harvested and
subjected to luciferase analysis (A) or Southern blot analysis (B). The
amount of integrated proviral DNA was calculated by subtracting the
signals of unintegrated linear and circular viral DNA from the total
amount of viral DNA.

affecting the efficiency of integration from VprX D64E mutant
virus.

Effect of Vpr on unintegrated DNA requires HIV-1 infection.
Previous studies have assessed the transactivation activity of
Vpr by cotransfection of HIV-1 LTR-reporter constructs and
Vpr expression constructs. The effect previously observed is
generally small, only severalfold in magnitude. In our hands,
we have consistently observed a 15- to 20-fold increase of
HIV-1 expression with Vpr, and this effect occurs with inte-
gration-defective but not integration-competent HIV-1. We
next investigated whether the method of delivery of viral DNA
template affects the observed Vpr-mediated upregulation of
expression from VprX D64E mutant virus. We compared the
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effect of Vpr on the VprX D64E mutant virus during DNA
transfection with that during viral infection. Cells were either
transfected with HIV-1 DNA or infected with virus and then
were infected with HR-Vpr vector. When the viral DNA tem-
plate was introduced by transient transfection (Fig. 3A), there
was no observable effect of Vpr on expression from either
VprX IN™ or VprX D64E virus. Similar results were observed
when smaller amounts of DNA were used for transfection
(data not shown), excluding saturation of the assay. In contrast,
there was a 39-fold increase in the presence of Vpr when the
viral template was provided by infection with VprX D64E
virus. Thus, the effect of Vpr on VprX D64E virus expression
is more dramatic during a viral infection, indicating that Vpr is
specifically acting on the unintegrated DNA intermediates
present in PICs and not on integrated DNA or transfected
DNA.

Vpr stimulates expression from an unintegrated viral tem-
plate. We have shown that the increased Vpr-mediated expres-
sion from unintegrated HIV-1 DNA is not due to an effect of
Vpr on the integration process. We next investigated whether
Vpr may be specifically transactivating an unintegrated DNA
template. In contrast to integrated provirus DNA which is
stable and propagated during cell division, the levels of HIV-1
unintegrated one- and two-LTR episomal circles in dividing
cells decline over time, with an estimated half-life of 24 to 48 h
(8, 39, 40, 48). The loss of unintegrated HIV-1 DNA has been
attributed to either decay due to instability of the episomal
circles or dilution during cell division. We thus predicted that
if Vpr is affecting expression from unintegrated DNA, the
effect of Vpr should be muted if cells are infected with Vpr
several days post-HIV-1 infection due to the progressive de-
cline in the amount of the unintegrated DNA products over
time. To test our prediction, at various times post-VprX D64E
virus infection, cells were infected with the lentiviral vector
expressing Vpr (Fig. 3B). When cells were simultaneously in-
fected with HR-Vpr vector and VprX D64E virus, there was a
17-fold increase in luciferase activity. In contrast, when Vpr
was introduced into VprX D64E virus-infected cells at 24 or
48 h post-HIV-1 infection, we observed a 4- and 1.5-fold in-
crease, respectively. Therefore, the ability of Vpr to increase
expression requires that Vpr be present soon after VprX D64E
virus infection. When Vpr is delivered to cells 24 to 48 h
post-VprX D64E virus infection, there is a minimal effect on
expression. This result lends support to the theory that Vpr
preferentially transactivates an HIV-1 template that is not sta-
bly integrated and thus declines over time, namely uninte-
grated DNA.

Virion-associated Vpr increases integrase-defective HIV-1
expression. In the experiment shown in Fig. 1B, we observed
an increase in viral gene expression when Vpr was provided in
trans by de novo expression of Vpr from a lentiviral vector. In
addition to being expressed from infected cells, Vpr is also
incorporated into HIV-1 virions and virion-associated Vpr can
mediate cell cycle arrest, apoptosis, and transactivation of
transfected HIV-1 LTR reporter constructs (30, 41, 50). We
next investigated whether Vpr incorporated into virions, in the
absence of de novo Vpr expression, is sufficient to mediate
upregulation of gene expression from integration-defective
HIV-1. Vpr was introduced into the same virions as the tem-
plate genome by cotransfecting a Vpr expression construct
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FIG. 3. Vpr-induced expression from integrase-defective HIV-1 requires a viral template that forms only during a viral infection and declines
over time. (A) HeLa cells (5 X 10%) were transfected (0.05 wg of DNA) with NLIucABglVprX or NLIucABglVprXD64E or were infected (50 ng
of p24 antigen) with VprX IN* or VprX D64E virus, followed by infection with 250 ng of p24 antigen from HR-EGFP or HR-Vpr vector.
Luciferase activity was analyzed at 2 days posttransfection or -infection. (B) HeLa cells were infected with VprX D64E virus (250 ng of p24 antigen
per 2 X 10° cells), and 5 X 10* cells were either coinfected (Vpr d0-2), infected 24 h later (Vpr d1-3), or infected 48 h later (Vpr d2-4) with vector
HR-Vpr (500 ng of p24 antigen), as shown schematically. Luciferase activity was analyzed 2 days post-HR-Vpr vector infection and is expressed
as the fold induction relative to luciferase activity from cells that were coinfected with VprX D64E and HR-EGFP viruses.

during virus production of VprX IN" or VprX D64E virus.
This resulted in packaging of Vpr within virions that are inca-
pable of de novo synthesis of Vpr (Fig. 4A). Infection of HeLa
cells with integrase-defective virions that contain Vpr but do
not express Vpr in the genome [VprX D64E (Vpr)] resulted in
an 83-fold increase in luciferase expression compared to infec-
tion with integrase-defective virions that do not contain Vpr
(VprX D64E) (Fig. 4B).

It has been suggested that the level of transient gene expres-
sion from unintegrated DNA may be dependent on target cells
and/or the indicator assay (38). Similar to the results in HeLa
cells, infection of a T-cell line, CEMx174 cells, with VprX
D64E (Vpr) virus also resulted in a substantial increase (53-
fold) relative to non-virion Vpr-containing VprX D64E virus

(Fig. 4C). We also saw a Vpr-mediated increase of gene ex-
pression from an integrase-defective HIV-1 expressing the
mouse thyl.2 gene as measured by an increase in both the
percentage of Thy1.2 positivity and fluorescence intensity (data
not shown). We therefore conclude that Vpr in virions intro-
duced during early events in infection can enhance expression
of unintegrated HIV-1 DNA.

We next examined whether Vpr protein alone, in the ab-
sence of a viral genome, could induce expression from inte-
grase-defective HIV-1. We have previously used Vpr packaged
into “genome-less” virions as a model delivery system for Vpr
protein (50). Infection with virions devoid of HIV-1 RNA but
containing Vpr can induce cell cycle arrest and apoptosis as
efficiently as de novo-expressed Vpr. Delivery of Vpr protein
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FIG. 4. Virion-associated Vpr is sufficient to induce expression from VprX D64E virus. (A) Western blot analysis for the presence of virion Vpr
within wild-type or integrase-defective HIV-1 virions defective for de novo Vpr synthesis [VprX IN" (Vpr) or VprX D64E (Vpr)]. The arrow
indicates the protein band corresponding to Vpr. (B and C) HeLa cells (B) or CEMx174 cells (C) were infected with 25 ng of p24 antigen from
wild-type or integrase-defective HIV-1 lacking (VprX IN* and VprX D64E) or containing [VprX IN" (Vpr) and VprX D64E (Vpr)] Vpr within
the virions. (D) HeLa cells were coinfected with VprX IN™ or VprX D64E virus and virions lacking a viral genome and lacking or containing Vpr
(RNA™ Vpr~ or RNA™ Vpr"), respectively. For panels B, C, and D, luciferase activity was analyzed at 2 days postinfection.

by genome-less virions resulted in increased luciferase activity
from integration-defective HIV-1 (Fig. 4D, compare coinfec-
tion of VprX D64E and RNA™ Vpr™ virus with coinfection of
VprX D64E and RNA™ Vpr~ virus). Again, there was no
effect of Vpr on integration-competent VprX IN™ virus. Thus,
Vpr protein delivered by virions lacking a viral genome is
sufficient to increase expression from unintegrated HIV-1
DNA.

Vpr-mediated expression from integrase-defective HIV-1

does not require exclusive nuclear localization of Vpr. Vpris a
nucleophilic protein that is localized primarily at the perinu-
clear membrane. The ability of Vpr to localize to the nucleus
is critical for HIV-1 infection of nondividing cells by partici-
pating, in conjunction with matrix and integrase, in nuclear
translocation of PICs. However, nuclear localization of Vpr
appears to be dispensable for its transcriptional activity since
Vpr mutants that localized primarily in the cytoplasm were still
capable of transactivating HIV-1 LTR expression constructs
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FIG. 5. Induction of expression from VprX D64E virus does not require exclusive Vpr nuclear localization or G, arrest. (A) HeLa cells (2 X
10*) were coinfected with VprX IN" or VprX D64E virus and HR-Vpr, HR-R80A, or HR-E25K vector. Luciferase activity was analyzed at 2 days
postinfection. (B) Cells were coinfected with VprX D64E and HR-Vpr viruses, and cultures were maintained in medium or medium with thymidine
(Vpr and Vpr plus thymidine, respectively). Luciferase activity is expressed as the fold induction relative to cells that were infected with VprX
D64E and HR-EGFP viruses. In medium alone, cells infected with VprX D64E and HR-EGFP viruses had 62 and 37% of the cells in the G, and
G,/M phases, respectively, and a luciferase activity of 8.5 X 10> RLU/pg. In medium with thymidine, infection with VprX D64E and HR-EGFP
viruses resulted in 94 and 6% of the cells being in the G, and G,/M phases, respectively, and a luciferase activity of 2.7 X 10° RLU/ug.

(22). We explored whether the increased expression from in-
tegrase-defective HIV-1 by Vpr required wild-type subcellular
localization of Vpr by utilizing two well-characterized mutants
of Vpr with differing phenotypes in regards to their subcellular
distribution. The E25K mutant consists of a point mutation
within the first a-helical domain of Vpr that prevents exclusive
localization to the nucleus and is found predominantly in the
cytoplasm. The R80A mutant consists of a point mutation in
the basic amino acid-rich C-terminal domain that localizes to
the nucleus in a pattern similar to that for wild-type Vpr (23).
Cells were coinfected with VprX D64E virus and lentiviral
vectors expressing either wild-type Vpr or Vpr with mutation

E25K or R80A (Fig. SA). Despite the primarily cytoplasmic
localization of the E25K mutant, coinfection with HR-E25K
vector increased VprX DO64E virus expression to the same
extent as wild-type Vpr. The R80A mutant had a nuclear
staining pattern similar to that of wild-type Vpr yet had no
effect on luciferase activity from VprX D64E virus. Therefore,
the ability of Vpr to mediate increased expression from inte-
grase-defective HIV-1 does not require Vpr to be exclusively
localized to the nucleus.

Increased expression from VprX D64E virus does not re-
quire G, arrest by Vpr. We next determined whether the effect
of Vpr on integrase-defective HIV-1 was dependent on the
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induction of G, arrest. Earlier reports concluded that cell cycle
arrest and transcriptional activation by Vpr were linked be-
cause mutational loss of G, arrest also resulted in loss of
transcriptional upregulation of the HIV-1 LTR (22, 57). We
have shown that the R80A mutant, which is defective for cell
cycle arrest, was also unable to increase VprX D64E virus
expression. This suggests that Vpr-induced G, arrest may be
important for the induction of expression from integrase-de-
fective HIV-1. To further define the necessity of Vpr-induced
arrest for integration-defective HIV-1 transactivation, we pre-
vented the Vpr-induced G, arrest by using experimental con-
ditions that maintain cells in the G, phase. Thymidine, which
affects synthesis of deoxynucleoside triphosphates and results
in decreased intracellular nucleoside pools, was used to syn-
chronize cells in the G,/S phase. Cells were subsequently coin-
fected with VprX D64E virus and lentiviral vectors expressing
EGFP or Vpr, after which either medium alone or medium
containing thymidine was added. At 40 h postinfection, cells
were analyzed for EGFP expression, cell cycle profile, and
luciferase expression. The presence of thymidine did not
overtly affect viral expression, as similar levels of EGFP-posi-
tive cells were detected in the presence or absence of thymi-
dine (57 and 55%, respectively) (data not shown). However,
thymidine did affect the ability of Vpr to arrest cells in G,. In
medium alone, infection with Vpr resulted in cell cycle arrest
with 80% of the cells in the G, phase (Fig. 5B). In contrast,
when Vpr-infected cells were maintained in thymidine-con-
taining medium, only 7% of the cells were in the G,/M phase,
with the majority of cells (85%) being in the G,/S phase.
Therefore, the addition of thymidine in the medium prevented
cells from becoming arrested in G, by Vpr. Despite the ab-
sence of G, arrest in Vpr-infected cells maintained in thymi-
dine, there was a comparable increase of expression from
VprX D64E virus relative to Vpr-arrested cells in the absence
of thymidine (11- versus 14-fold, respectively). Thus, Vpr-me-
diated G, arrest is not required for induction of VprX D64E
virus expression.

Vpr-induced transactivation of unintegrated HIV-1 DNA re-
quires a functional HIV LTR. In addition to the HIV-1 LTR,
Vpr has been reported to be capable of transactivating various
other viral and cellular promoters in transfection assays (13).
We next examined whether the ability of Vpr to increase un-
integrated DNA expression is specific for the HIV-1 LTR by
comparing expression from the HIV-1 LTR with expression
directed by either the CMV promoter or a murine leukemia
virus LTR (Rh-MLV) (32). Lentiviral vector virions were pro-
duced that were integration incompetent by using a packaging
plasmid that expresses catalytically inactive integrase. The
CMV or Rh-MLV promoter directing luciferase expression
was introduced as an internal promoter in self-inactivating
lentiviral vectors with deletions in the HIV-1 LTRs that abolish
HIV-1 LTR-driven transcription (Fig. 6A). Similar to the effect
on full-length VprX D64E virus, Vpr also increased expression
(29-fold) of an integration-defective HIV-1-based vector in
which luciferase was transcribed from the HIV-1 LTR. A
smaller increase was observed in the presence of Vpr when
luciferase expression was under the control of the CMV or
RH-MLV promoter (10- and 5-fold, respectively). We con-
clude that Vpr mediates increased expression from uninte-
grated DNA through transactivation of the HIV-1 LTR.
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FIG. 6. Vpr requires an intact HIV-1 LTR to induce expression
from integration-defective HIV-1. (A) Schematic diagram of lentiviral
vectors expressing luciferase under the control of various promoters.
For the CMV- and Rh-MLV-driven luciferase lentivirus vectors, there
is a 133-bp deletion in the U3 region of the HIV-1 LTR from —145 to
—8, encompassing the TATA start site. (B) HeLa cells (2 X 10*) were
infected with integrase-defective lentiviral vectors expressing luciferase
under the control of the HIV-1 LTR, the CMV promoter, or the
Rh-MLV LTR as indicated (25 ng of p24 antigen) and were coinfected
with either HR-EGFP or HR-Vpr vector (200 ng of p24 antigen). The
fold induction was calculated as the level of luciferase activity (mean *+
standard deviation of three independent experiments) in the HR-Vpr
vector-infected cultures relative to the HR-EGFP vector-infected cells.

DISCUSSION

We present evidence demonstrating a significant enhance-
ment of gene expression from integrase-defective HIV-1 that is
mediated by Vpr. While Vpr has been previously shown to be
a mild transactivator of the HIV-1 LTR, the effect of Vpr on
HIV-1 expression is much more prominent when HIV-1 is
unable to integrate due to either loss of the viral integrase
activity or deletion of the viral DNA attachment sites. Vpr,
either expressed de novo from a lentiviral vector or packaged
into virions, can increase expression from integrase-defective
HIV-1 in both HeLa cells and the T-cell line CEMx174. The
15- to 18-fold increase in expression induced by Vpr was seen
only with integrase-defective HIV-1 as a template and required
that the viral DNA be generated in cells through infection.

Mechanism of Vpr-induced upregulation. We explored sev-
eral possible mechanisms by which Vpr activates expression
from integrase-defective HIV-1. It was conceivable that Vpr
may be indirectly affecting the integration process mediated by
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the HIV-1 integrase, resulting in increased illegitimate inte-
gration. However, when the integration efficiency of integrase-
defective virus was examined in the presence of Vpr, no in-
crease in integrated viral DNA was detected. Therefore, the
Vpr-induced increase in expression from integrase-defective
HIV-1 is not due to increased levels of integration.

Another possibility is that Vpr has an effect on the half-life
of the unintegrated viral DNA species that are preferentially
generated during infection with integrase-defective HIV-1.
Unintegrated HIV-1 DNA in dividing cells has an estimated
half-life of 1 to 2 days, due to either molecular decay or dilu-
tion of the episomal circles by cell division (8, 40, 48). The
effect of Vpr appears to be mediated via a DNA template that
is lost over time, as we observed a decrease in Vpr-induced
expression when Vpr was supplied several days post-HIV-1
infection. The decrease in Vpr-mediated expression over time
may be due to stability of the viral DNA itself or to changes in
unintegrated DNA-associated proteins. Upon examination of
the levels of the one- and two-LTR circles, we found that,
similar to cells infected with non-Vpr-containing virus, cells
coinfected with integrase-defective HIV-1 and Vpr also
showed a progressive loss of the circular forms of HIV-1 over
time (data not shown). Thus, it is unlikely that Vpr is effecting
increased expression by increasing the levels of the uninte-
grated viral DNA intermediates.

Another possibility we considered was whether Vpr was
increasing expression by facilitating nuclear import of inte-
grase-defective HIV-1. Vpr is critical in the infection of non-
dividing cells but not of dividing cells, and all cells used for this
study (except those for Fig. 5B) were exponentially dividing
cells in which Vpr has no effect on nuclear import. In addition,
our results suggest that the ability of Vpr to exclusively localize
to the nucleus is not critical for Vpr-mediated transactivation
of HIV-1 unintegrated DNA. The Vpr mutant E25K that lo-
calized primarily to the cytoplasm was still capable of enhanced
expression from integrase-defective HIV-1, whereas the RS0A
mutant that retained its karyophilic property was unable to
induce expression. Another argument against Vpr-enhanced
nuclear import as an explanation for the increased expression
from integrase-defective HIV-1 comes from the analysis of the
integrated and unintegrated forms of HIV-1 DNA generated
after infection (Fig. 2). Since one- and two-LTR circles arise
only after the viral DNA is transported to the nucleus, one
would expect increased levels of DNA circles in the presence
of Vpr if Vpr was affecting nuclear import. Southern blot
analysis revealed no notable increase in the levels of one- and
two-LTR circles from integrase-defective HIV-1 in the pres-
ence of Vpr. Finally, infection with the lentiviral vectors with
different promoters controlling luciferase is dependent on the
same HIV-1 nuclear import pathway. If Vpr was facilitating
nuclear import of unintegrated DNA, one would expect to see
a similar fold enhancement from each vector in the presence of
Vpr. Rather we observe differences that are dependent on the
context of the promoters regulating luciferase expression.
Therefore, we propose that the increase of expression by Vpr
is the result of transcriptional activation of the HIV-1 LTR in
the context of unintegrated viral DNA.

Vpr and transcription. This effect of Vpr on integrase-de-
fective HIV-1 expression is distinct from prior transactivation
studies using HIV-1 LTR expression constructs introduced
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into cells by transient transfection. In those instances, Vpr
weakly increased reporter gene levels only a few fold. Similarly,
the effect of Vpr on HIV-1 replication utilized integration-
competent virus, and the increase in viral replication was also
only a few fold. In contrast, we observe the substantial Vpr-
mediated increase in expression only with integration-incom-
petent viral DNA generated during an active infection process.
The specific effect of Vpr on the viral DNA template generated
during infection may be explained by the structural differences
of retroviral unintegrated DNA generated during an infection
compared to both naked DNA introduced into cells by trans-
fection as well as HIV-1 DNA integrated into the chromo-
some. After virus entry and reverse transcription, the DNA
present in HIV-1 PICs exists as a high-molecular-weight nu-
cleoprotein complex that consists of the viral DNA substrate
and various viral and host proteins (5, 19, 20, 37). Protein-
DNA footprinting revealed different patterns between plasmid
DNA and DNA contained within PICs and even between the
integration-competent and circular forms of HIV-1 DNA in
PICs (5, 10, 37). These differences in DNA configuration and
protein association may permit Vpr to differentially access and
transcribe unintegrated DNA from HIV-1 PICs more effi-
ciently than plasmid or integrated DNA.

In addition to its transcriptional activity, Vpr is also capable
of inducing G, cell cycle arrest. Previous mutational studies of
Vpr suggested a functional link between Vpr-mediated G,
arrest and transactivation, as the loss of one function also
resulted in loss of the other. One prevailing theory of the way
that Vpr effects increased viral production is through the cre-
ation of a cellular environment in which the HIV-1 LTR is
more transcriptionally active. In support of an indirect role for
Vpr-mediated arrest, elutriation to obtain a pure population of
cells in G, also resulted in a threefold increase in HIV-1 LTR
expression (26). A Cdc2 transdominant protein that arrests
cells in G, also increased HIV-1 LTR-driven expression to
levels similar to that seen with Vpr (25). Vpr-induced G,
arrest, which results in dephosphorylation and inactivation of
the Cdc2 kinase, may be modulating the transcriptional coac-
tivator p300, which is involved in NF-kB and cyclin/Cdc2 in-
teraction (21). Thus, the G, arrest induced by Vpr may be
indirectly affecting the basal transcriptional machinery through
the availability and/or activity of cellular transcription factors
that act upon the HIV-1 LTR. However, there is evidence that
Vpr may have a more direct effect on transcription by specif-
ically interacting with cellular transcription factors. Studies
have reported an in vitro association between Vpr and tran-
scription factors including Spl, TFIIB, and cyclin T1 (2, 47,
54). Vpr was also capable of up-regulating HIV-1 viral tran-
scription in macrophages (16, 51), which are refractive to G,
arrest. Our results show that Vpr induction of expression from
integrase-defective HIV-1 also does not appear to rely on cell
cycle arrest. Vpr is still capable of increasing HIV-1-mediated
luciferase activity when cells are prevented from undergoing
Vpr-mediated G, arrest by thymidine arrest in G,/S. We there-
fore propose that the increased expression from unintegrated
DNA is not an indirect effect due to the cells being in G, but
rather a direct effect of Vpr on enhancing transcription of the
HIV-1 DNA.
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Potential consequence of Vpr-mediated expression of unin-
tegrated HIV-1 DNA. Expression from integration-defective
HIV-1, as determined by Gag p24 production, has been pre-
viously described (6, 9, 38, 49, 56). Recently, in primary qui-
escent CD4™" T cells, nef mRNA and Nef protein were evident
upon infection with integrase-defective HIV-1 (56). fat tran-
scripts, but not Tat protein, were also detected. Transactiva-
tion of the integrated HIV-1 LTR-B-galactosidase in Magi
cells upon infection with integrase-defective HIV-1 has been
attributed to Tat expressed from unintegrated DNA (18, 55).
Yet it is unclear how the unintegrated DNA template would
have been capable of expressing Tat. Initiation of transcription
from unintegrated DNA would require an immediate-early
protein that is expressed prior to integration and most likely
contained within the virion. Tat has yet to be detected within
HIV-1 virions. In contrast, Vpr is found in significant quanti-
ties within HIV-1 virions and we have shown that virion-asso-
ciated Vpr protein alone can induce expression from uninte-
grated HIV-1. We propose that virion-incorporated Vpr
transactivates HIV-1 DNA prior to integration and potentiates
expression of other viral proteins, including Tat. Transcription
of tat and nef in the absence of a productive infection can lead
to increased T-cell activation and viral replication in vitro (56).
In the case of integration-competent virus, this would create a
cascade effect whereby Tat synthesized prior to integration
would be available to immediately activate transcription of the
newly integrated provirus, thus increasing the levels of infec-
tious virus. The immediate-early function of Vpr to mediate
transcription from unintegrated HIV-1 may also contribute to
the ongoing viral replication in vivo at sites of HIV-1 infection
where high levels of unintegrated circular HIV-1 intermediates
are detected.
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