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Human Immunodeficiency Virus Type 1 Vpr Modulates Cellular
Expression of UNG2 via a Negative Transcriptional Effect�
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It was recently reported that human immunodeficiency virus type 1 (HIV-1) Vpr induced the proteasomal
degradation of the nuclear UNG2 enzyme for efficient virus replication. We confirm here that HIV-1 infection
and Vpr expression reduce the level of endogenous UNG2, but this effect is not reverted by treatment with the
proteasome inhibitor MG132. Moreover, this reduction is not mediated by Vpr binding to UNG2 and is
independent of the Vpr-induced G2 arrest. Finally, we show that Vpr influences the UNG2 promoter without
affecting UNG1 gene expression. These data indicate that the Vpr-induced decrease of UNG2 level is mainly
related to a transcriptional effect.

Among the auxiliary proteins of human immunodeficiency
virus type 1 (HIV-1), Vpr is a highly conserved regulatory
protein of 96 residues (14 kDa). The structure of Vpr has been
determined and consists of a hydrophobic central core domain
with three well-defined �-helices surrounded by flexible N- and
C-terminal domains (16). In contrast to other HIV-1 auxiliary
proteins, Vpr is specifically incorporated into virions (17, 24),
in accordance with its requirement in the early phases of viral
replication (29, 30). Vpr contributes both to reverse transcrip-
tion of the viral RNA (3, 15) and to nuclear transport of the
proviral DNA (2, 5). In addition, Vpr displays other activities,
including an arrest of the cell cycle at the G2/M transition,
the induction of apoptosis, and transcriptional effects on the
HIV-1 long terminal repeat, as well as host cell genes (1, 13).

These Vpr functions have been linked to interactions with
cellular partners, including the nuclear form of uracil DNA
glycosylase (UNG2), an enzyme that removes uracil formed
either by misincorporation of dUMP during replication or by
deamination of cytosine (12). UNG is a key component of
DNA repair mechanisms either in the nucleus or in the mito-
chondria through involvement of specific isoforms (UNG2 and
UNG1, respectively) (18). Although the determinants involved
in the interaction between Vpr and UNG2 have been delin-
eated (23), controversial models regarding the role of UNG2
during HIV-1 replication have been proposed (11, 15, 20, 22).
Although several reports initially indicated that Vpr-mediated
incorporation of UNG2 into HIV-1 virions was required to
modulate the virus mutation rate and for efficient virus repli-
cation (3, 15), recent reports suggest that UNG2 encapsidation
has a detrimental effect on virus replication (22). The later
model proposes that Vpr induces the proteasomal degradation
of UNG2 in virus-producing cells. Since these studies were
performed with overexpressed UNG2, we reexamined the in-

fluence of HIV-1 infection and Vpr expression on the level of
endogenous UNG2.

HIV-1 infection reduces the level of endogenous UNG2 pro-
tein. The level of the endogenous UNG2 protein was first
analyzed in HeLa-CD4 cells infected with the HIV-1NL43
strain. Cell lysates were prepared at the indicated times postin-
fection and proteins were analyzed by Western blotting (WB)
using anti-UNG polyclonal antibody (ab23926; Abcam) di-
rected against both UNG1 and UNG2 isoforms or with anti-
p24 (provided from the NIH AIDS Research and Reference
Reagent Program) directed against the viral capsid. Before
infection, UNG proteins were easily detected in cell extracts,
and we could distinguish two bands of 37 and 31 kDa corre-
sponding to UNG2 and UNG1, respectively (Fig. 1A, mock),
whereas a progressive decrease in the amount of UNG2 was
observed from 24 h postinfection (Fig. 1A and B, left panel). In
contrast, the amount of UNG1 was not significantly different
from that detected in uninfected cells, even by 3 days postin-
fection. In the same time, the amount of p24 protein increased
as a result of de novo virion synthesis (Fig. 1A). The fact that
we observed a sharp decrease in the level of UNG2 protein
after infection, whereas the actin and UNG1 levels remained
unchanged (Fig. 1A), argues for a specific effect of HIV-1 in
decreasing the UNG2 level in infected cells.

Next, we explored whether the decrease of UNG2 level ob-
served during HIV-1 infection was related to Vpr expression.
Cells were infected with either wild-type or �Vpr HIV-1NL4-3,
and cell lysates were analyzed (Fig. 1A). As demonstrated in Fig.
1B, the UNG2 signal disappeared upon infection with wild-type
HIV-1, whereas a slight decrease of UNG2 was observed in HIV-
1�Vpr-infected cells. The same Vpr-dependent results were ob-
tained by immunofluorescence analysis of UNG2 performed on
either HeLa-CD4 or HPB-ALL T cells infected with wild-type or
�Vpr HIV-1, and using anti-UNG PU59 antibody (6) (Fig. 2).
Together, these results demonstrate that the level of the endog-
enous nuclear UNG2 protein is markedly reduced in a Vpr-
dependent manner in HIV-1-infected cells.

Vpr is sufficient to induce reduction of UNG2 protein. To
further document the role of Vpr in these observations, the
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level of UNG2 was analyzed in HeLa cells expressing increas-
ing amount of Vpr fused to the hemagglutinin (HA) epitope
(10). As controls, we used HA-tagged Nef expressed in the
same plasmid or empty vector (mock). The levels of Vpr ex-

pression in transfected cells was similar to what we detected
from the WB analysis of HeLa-CD4 infected cells using anti-
Vpr antibody to detect both HA-Vpr and native Vpr in trans-
fected and infected cells, respectively (data not shown). In cells

FIG. 1. Downregulation of the UNG2 protein in HIV-1-infected cells and in Vpr-expressing cells. (A) Immunoblot analysis of UNG proteins
in HIV-1-infected cells. HeLa-CD4 cells were infected with VSVG-pseudotyped wild type or �Vpr HIV-1NL43, and protein extracts were analyzed
before (mock) or after infection (24, 48, and 72 h) by WB using anti-UNG1 and -UNG2 polyclonal antibody PU59 (upper panels), anti-p24 (middle
panels), and anti-actin antibodies (lower panels). (B) The intensity of UNG2 and UNG1 bands was quantified by densitometry using NIH Images
software from the panels shown in panel A. UNG1 and UNG2 levels were normalized to those of actin. The values represent the percentage of
the UNG2 (u) and UNG1 (f) signal intensity in wild type (left part)- or �vpr (right part)-infected cells relative to mock cells (100%) and
correspond to the mean of three independent experiments. (C) Immunoblot analysis of UNG proteins in Vpr-expressing cells. HeLa cells were
transfected with vectors for expression of HA-tagged forms of Vpr (0.5 or 1 �g of plasmid) or Nef (0.25 �g); mock, control cells transfected with
the empty plasmid (1 �g). At 24 h after transfection, protein extracts (50 �g) were analyzed by WB using anti-UNG (PU59, upper panels), anti-HA
(middle panel), and anti-actin (lower panel) antibodies. The immunoblot for analysis of UNG1 and UNG2 expression was exposed for 30 s (upper
panel) or 3 min (lower panel). (D) The intensity of UNG2 and UNG1 bands was quantified by densitometry using NIH Images software from the
panels shown in panel C. UNG1 and UNG2 levels were normalized to those of actin. The values represent the percentage of the UNG2 (u) and
UNG1 (f) signal intensity in Nef- and Vpr-expressing cells relative to mock-transfected cells (100%) and are representative of three independent
experiments. WT, wild type.
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expressing HA-Vpr, a reduced level of UNG2 was observed
compared to mock-transfected or Nef-HA-expressing cells
(Fig. 1C and D). This effect was specific to UNG2, since Vpr
did not affect the level of UNG1. These results demonstrate
that Vpr expression is sufficient to reduce the level of endog-
enous UNG2 in the absence of other viral proteins.

Because the transfection efficiency obtained for biochemical
analysis did not exceed 50%, we also performed immunofluo-
rescence analysis to focus on Vpr-expressing cells. HeLa cells
were transfected with HA-Vpr or HA-IN expression vectors,
fixed and permeabilized 24 h later before staining with anti-
UNG (PU59) and anti-HA antibodies. As opposed to UNG1,
which is constitutively expressed, the level of UNG2 is differ-
entially regulated during the cell cycle (8, 25). Thus, the level
of UNG2 is highest in late G1/S, whereas it is degraded in late
S/G2 (6). Accordingly, the cytoplasmic mitochondrial UNG1
staining was constant in all cells, whereas the nuclear UNG2
signal had different intensity levels (Fig. 2A). In agreement
with the biochemical approach, nuclear UNG2 staining with
PU59 anti-UNG antibody disappeared in most of the Vpr-
expressing cells; the same result was obtained using two other
anti-UNG polyclonal antibodies directed against both UNG1
and UNG2 (PU1A) or specific of UNG2 (PU1sub) (data not
shown). The number of UNG2-defective cells among the
Vpr-transfected cells was quantified (Fig. 3B). In basal con-
ditions (mock), ca. 40 to 50% of the cells were defective for
UNG2, and this proportion remained unchanged in cells
expressing HA-IN used as a negative control (28) (Fig. 3B
and data not shown). In contrast, a large majority (95%) of
Vpr-expressing cells were devoid of nuclear UNG2 expression.
In Vpr-expressing cells, the UNG2/UNG1 staining ratio did
not exceed 0.1, whereas this ratio remained between 0.4 and
0.5 in mock or HA-IN-expressing cells (Fig. 3B, right panel).
Together, these results show that Vpr expression is sufficient
for reduction of the endogenous UNG2.

Reduction of UNG2 is not related to Vpr binding or Vpr ma-
nipulation of the cell cycle. Since extensive studies have lead to a
number of different biological functions associated with Vpr (1,
13), we investigated further the involvement of Vpr by analyzing
the relationship between some of its biological properties and the
reduction of the UNG2 level. Therefore, we used distinct Vpr
mutants targeting different functions of HIV-1 Vpr.

First, we focused on the requirement of direct interaction
between Vpr and UNG2. Since the tryptophan residue in po-
sition 54, located between the second and third helix of Vpr, is
critical for interaction with UNG2 (23), the VprW54R mutant
was used to challenge whether Vpr binding to UNG2 was
required for reduction of UNG2 level. HeLa cells expressing
either wild-type or W54R HA-Vpr proteins were analyzed by
immunofluorescence. As illustrated in Fig. 3A, most of the
cells expressing wild-type or W54R Vpr proteins displayed a
strong decrease in nuclear UNG2 signal, and quantification
showed that more than 95% of cells expressing the W54R
mutant were defective for UNG2 expression (Fig. 3C). Sur-
prisingly, this result indicates that the reduction of UNG2
protein is not related to Vpr binding to UNG2.

Since the turnover of UNG2 is finely regulated during the
cell cycle (6, 8, 25), we then focused on a potential indirect
regulation of UNG2 expression in Vpr-expressing cells, which
could rely on the cytostatic property of Vpr. To test this hy-
pothesis, two Vpr mutants (R90K and Q65R) deficient for G2

arrest were analyzed (4, 10, 14, 23, 26). While mutations in the
C-terminal region of Vpr, such as R90K, is known to abrogate
Vpr-mediated G2-arrest (10, 23), it was recently shown that the
Q65R substitution led to a mutant that failed to bind the
DCAF1 subunit of the Cul4a/DDB1 E3 ubiquitin ligase and
resulted in an inactive protein (4, 14, 26). As illustrated in Fig.
3A and C, VprR90K and VprQ65R both affected intracellular
levels of UNG2 to the same extent as the wild-type protein.
Since it was reported that fusion of green fluorescent protein

FIG. 2. Immunofluorescence analysis of UNG2 downregulation in HIV-1-infected cells. HeLa-CD4 (A) or HPB-ALL T (B) cells were infected
with wild type (middle panels) or �vpr (lower panels) HIV-1NL43 and were then analyzed 48 h after infection by immunofluorescence. Cells were
fixed, permeabilized, and subsequently stained with anti-UNG (PU59), anti-p24 antibodies and DAPI (4�,6�-diamidino-2-phenylindole). Cells were
analyzed by epifluorescence microscopy, and images were acquired by using a charge-coupled device camera. WT, wild type.
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(GFP) to the N- or C-terminal end of Vpr result in fusion
proteins that failed to induced G2 arrest (1), we also examined
expression of UNG2 in cells expressing GFP-Vpr or Vpr-GFP.
We found that UNG2 staining decreased in the nuclei of both
GFP-Vpr- and Vpr-GFP-expressing cells (data not shown).
Finally, two additional Vpr mutants (H33L and H71R), which
fail to bind UNG2 and are deficient for G2 arrest (23), were
also analyzed (Fig. 3A and C). Again, both mutants similarly
affected nuclear UNG2 staining to the same extent as the
wild-type protein. Together, these results strongly indicate that
the reduction of UNG2 observed in Vpr-expressing cells is
independent of the manipulation of the cell cycle by Vpr. In
contrast to results reported by others (21), they also indicate
that interaction of Vpr with the Cul4A/DDB1 E3 ligase is not
required for reduction of endogenous UNG2.

Vpr-induced reduction of endogenous UNG2 is not related
to proteasomal degradation. Because it was suggested that Vpr
binding to UNG2 was able to trigger the proteasomal degradation

of UNG2 (22), we further evaluated the influence of proteasome
inhibitor treatment on the level of UNG2 in Vpr-expressing cells.
At 24 h after transfection, cells were treated for 6 h with a 20 �M
concentration of MG132 proteasome inhibitor (Fig. 4A). A sim-
ilar decrease of UNG2 staining was observed by immunofluores-
cence in Vpr-expressing cells with or without MG132 treatment.
Quantification indicated that 90 and 96% of the Vpr-expressing
cells were defective for UNG2 in MG132-treated and untreated
cells, respectively (Fig. 4C). Similarly, MG132 treatment did not
restore the reduced UNG2 signal detected by WB in Vpr-express-
ing cells (Fig. 4B and D). As an internal control of MG132
treatment (7), endogenous �-catenin was stabilized in MG132-
treated cells. Interestingly, we detected that MG132 treatment
was associated with a higher HA-Vpr signal; this confirms that the
level of Vpr is modulated by the cellular degradation machinery
(14). Together, these results indicate that the mechanisms that
regulate the endogenous UNG2 level in Vpr-expressing cells do
not depend on activation of the proteasome.

FIG. 3. Downregulation of the UNG2 protein is independent of Vpr binding and Vpr-induced G2 arrest. (A) Immunofluorescence analysis of
UNG1/2 expression in Vpr-expressing cells. At 24 h after transfection with vectors encoding wild-type, mutated HA-Vpr proteins or with the empty
plasmid (mock), cells were analyzed by immunofluorescence as indicated in Fig. 2 with anti-HA (upper panels) and anti-UNG (PU59) (middle panels)
antibodies. (B) Quantification of cell number defective for UNG2 expression among the transfected cell population. The number of cells with a reduced
nuclear UNG2 staining was quantified over 100 cells expressing HA-Vpr, HA-IN, or the empty plasmid (mock). On the left side, the results are expressed
as the percentage of cells showing defective nuclear UNG2 staining among the transfected cell population. Values are the means of three independent
experiments. On the right side, ratio of UNG2/UNG1 expression quantified from transfected cells. Number of transfected cells expressing a nuclear
UNG2 staining was divided by number of cells expressing a cytoplasmic UNG1 signal. Values are the means of three independent experiments. (C) The
number of cells with a reduced nuclear UNG2 staining was quantified over 100 cells expressing wild-type or mutated HA-Vpr proteins. The results are
expressed as indicated in panel B. Values are the means of three independent experiments. WT, wild type.
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FIG. 4. Downregulation of the UNG2 protein is independent of the proteasome degradation. (A) Immunofluorescence analysis of UNG2
expression in Vpr-expressing cells treated with the MG132 proteasome inhibitor. At 24 h after transfection with vectors for expression of wild-type
HA-Vpr or with the empty plasmid (mock), the cells were treated (lower panels) or not (upper panels) for 6 h with 20 �M MG132 and then
analyzed by immunofluorescence as described in Fig. 3. (B) Immunoblot analysis of UNG2 expression in Vpr-expressing cells treated with MG132.
Cells were transfected as described in Fig. 1C with vectors encoding HA-tagged forms of Vpr (0.5 or 1 �g of plasmid DNA) or Nef (0.25 �g); mock,
control cells transfected with the empty plasmid (1 �g). Protein extracts were then analyzed by WB with anti-UNG (PU59), anti-HA for expression
of the HA-tagged Vpr and Nef proteins, anti-�-catenin as a control of proteasome inhibition, and anti-�-tubulin antibodies. (C) The number of
cells with a reduced nuclear UNG2 staining was quantified over 100 cells expressing HA-Vpr and treated (u) or not (f) with MG132. The results
are expressed as indicated in Fig. 3B. Values are the means of three independent experiments. (D) The intensity of UNG2 and UNG1 bands was
quantified by densitometry using NIH Images software from the panels shown in panel B. UNG1 and UNG2 levels were normalized to those of
�-tubulin. The values represent the percentage of the UNG2 (u) and UNG1 (f) signal intensity in Nef- and Vpr-expressing cells relative to
mock-transfected cells (100%), and are representative of three independent experiments.
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Vpr-induced reduction of UNG2 is related to a transcrip-
tional regulation. Our analyses suggested that Vpr affected the
level of UNG2 without apparent effect on the UNG1 mito-
chondrial isoform. Both proteins are encoded by the same
gene but are generated by the use of different promoters (Fig.
5A) and alternative splicing (8, 18). While the PA promoter is
used for generation of UNG2, PB is responsible of UNG1
expression. Since it was reported that Vpr is able to regulate
the transcription of host cell genes through binding to tran-
scription factors (9, 27), we decided to explore whether Vpr
might rather act at the transcriptional level to regulate UNG2
expression. HeLa cells were thus transfected with reporter
constructs in which expression of firefly luciferase was driven
by either PA [PA(UNG2)-Luc] or PB [PB(UNG1)-Luc] pro-
moters in combination with the pRL-TK vector encoding Re-
nilla luciferase and the HA-Vpr-expressing vector (19). Pro-

moter activity was determined 48 h after transfection as a ratio
between firefly and Renilla luciferase measurement in cell ex-
tracts. Using the PA(UNG2)-Luc construct, a dose-dependent
decrease in the luciferase activity was detected in Vpr-express-
ing cells (Fig. 5B). In contrast, similar experiments performed
with the PB(UNG1)-Luc construct did not show significant
modification in the Luciferase activity ratio. In addition, we
checked that Vpr expression also decreased the level of UNG2
using HeLa cells stably expressing the UNG2-GFP fusion un-
der the control of the PA UNG2 promoter (Fig. 5C). As ex-
pected, all of the Vpr mutants described above, deficient for
UNG2 binding, G2 arrest, or both, efficiently decreased the
level of UNG2-GFP expression when expressed in this cell line
(Fig. 5C and D). These results suggest that UNG2 is specifi-
cally downregulated by the Vpr protein at the transcriptional
level.

FIG. 5. Impact of Vpr on UNG1 and UNG2 promoters. (A) Schematic representation of the structural organization of the promoter region
of the human ung gene according to Nilsen et al. (18). The PA promoter is used for expression of the nuclear UNG2 isoform, whereas the PB
promoter is used for expression of the mitochondrial UNG1 isoform. (B) UNG1 and UNG2 promoter activity upon Vpr expression. All promoter
constructs were as already described (8, 18). HeLa cells were thus cotransfected with reporter constructs in which expression of firefly luciferase
was driven by either PA [PA(UNG2)-Luc] or PB [PB(UNG1)-Luc] promoters in combination with the pRL-TK vector encoding Renilla luciferase
and increasing amounts (50 and 100 ng) of the HA-Vpr-expressing vector. At 48 h after transfection, cells were lysed and luciferase activity was
measured, using a dual luciferase assay kit (Promega) in a luminometer (Berthold Instruments). The promoter activity was then determined as a
ratio between firefly and Renilla luciferase measurement in cell extracts. (C) HeLa cells stably expressing the UNG2-GFP fusion under the control
of the PA UNG2 promoter were transfected with vectors for expression of wild-type or mutated HA-Vpr proteins. After 24 h, the cells were fixed,
permeabilized, and subsequently stained with anti-HA (lower panels). Cells were then analyzed by epifluorescence microscopy as described in Fig.
3A. (D) The number of cells with a reduced UNG2-GFP signal was quantified over 100 cells expressing wild-type or mutated HA-Vpr, or HA-IN;
the results are expressed as the percentage of transfected cells showing defective UNG2 staining. Values are the means of three independent
experiments. WT, wild type.
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By monitoring the level of endogenous UNG2, we confirm
that the expression of Vpr significantly reduced the level of
UNG2 found in HIV-1-infected cells. Surprisingly, this effect
was reverted neither by treatment with proteasome inhibitors,
nor by the well-characterized VprW54R variant that fails to in-
teract with UNG2 (23). In contrast to published reports, these
results indicate that the Vpr-mediated regulation of UNG2 level
is not related to the targeting of UNG2 to proteasomal deg-
radation through direct interaction with Vpr (22). These dif-
ferences are likely related to the experimental systems used in
previous studies in which analyses were performed in trans-
fected cells overexpressing exogenous UNG2 protein under
cytomegalovirus promoters. Interestingly, our data also indi-
cate that the downregulation of UNG2 is independent of the
Vpr-mediated G2 arrest, since it was observed in cells express-
ing G2 arrest-deficient mutants, including the VprQ65R mu-
tant that is deficient for interaction with the DCAF1 subunit of
the Cul4a/DDB1 E3 ligase. These results argue against a major
role of the proteasome machinery in the Vpr-induced UNG2
downregulation. Although we cannot exclude that proteasomal
degradation is involved in the Vpr-induced downregulation of
UNG2, our data using Vpr mutants deficient for binding
to UNG2, for G2 arrest activity, or both (H33L and H71R)
strongly suggest that the reduction of UNG2 observed in Vpr-
expressing cells is not related to Vpr binding or Vpr manipu-
lation of the cell cycle. Finally, we provided evidence that Vpr
negatively regulates the PA(UNG2) promoter, suggesting that
the decrease of the UNG2 protein level is rather due to a
transcriptional effect of Vpr on UNG2 expression. Interest-
ingly, the PA and PB promoters are regulated by distinct spe-
cific positive and negative transcription factors, and further
analyses should help to understand how Vpr specifically acts
on PA(UNG2).

Since we and others have proposed that UNG2 was required
to modulate the virus mutation rate and for efficient virus
replication in macrophages (3, 15), our present observations
suggest that UNG2 may participate in the virus life cycle via
two distinct Vpr-mediated mechanisms: while the first mecha-
nism is related to Vpr binding and leads to the incorporation of
UNG2 into virions for contributing to the fidelity of the
reverse transcription upon infection, the second mechanism
is independent of Vpr binding but is related to a negative
transcriptional effect on UNG2 expression in virus produc-
ing cells. Additional studies are thus required for elucida-
tion of the respective role of these apparent contradictory
effects and to understand the real contribution of the func-
tional and physical interactions between Vpr and UNG2
during HIV-1 infection.
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Paris-Descartes, the French National Agency for AIDS Research
(ANRS), Sidaction (S.B.), the National Programme for Research in
Functional Genomics in Norway (FUGE) in the Research Council of
Norway (G.S.), and the Norwegian Cancer Society (P.A.A.). C.L. is a
recipient fellowship of ANRS.

REFERENCES

1. Andersen, J. L., E. Le Rouzic, and V. Planelles. 2008. HIV-1 Vpr: mecha-
nisms of G2 arrest and apoptosis. Exp. Mol. Pathol. 85:2–10.

2. Bukrinsky, M. I., and O. K. Haffar. 1999. HIV-1 nuclear import: in search of
a leader. Front. Biosci. 4:D772–D781.

3. Chen, R., E. Le Rouzic, J. A. Kearney, L. M. Mansky, and S. Benichou. 2004.
Vpr-mediated incorporation of UNG2 into HIV-1 particles is required to

modulate the virus mutation rate and for replication in macrophages. J. Biol.
Chem. 279:28419–28425.

4. DeHart, J. L., E. S. Zimmerman, O. Ardon, C. M. Monteiro-Filho, E. R.
Arganaraz, and V. Planelles. 2007. HIV-1 Vpr activates the G2 checkpoint
through manipulation of the ubiquitin proteasome system. Virol. J. 4:57.

5. Fouchier, R. A., and M. H. Malim. 1999. Nuclear import of human immu-
nodeficiency virus type-1 preintegration complexes. Adv. Virus Res. 52:275–
299.

6. Hagen, L., B. Kavli, M. M. Sousa, K. Torseth, N. B. Liabakk, O. Sundheim,
J. Pena-Diaz, M. Otterlei, O. Horning, O. N. Jensen, H. E. Krokan, and G.
Slupphaug. 2008. Cell cycle-specific UNG2 phosphorylations regulate pro-
tein turnover, activity and association with RPA. EMBO J. 27:51–61.

7. Hart, M., J. P. Concordet, I. Lassot, I. Albert, R. del los Santos, H. Durand,
C. Perret, B. Rubinfeld, F. Margottin, R. Benarous, and P. Polakis. 1999.
The F-box protein beta-TrCP associates with phosphorylated beta-catenin
and regulates its activity in the cell. Curr. Biol. 9:207–210.

8. Haug, T., F. Skorpen, P. A. Aas, V. Malm, C. Skjelbred, and H. E. Krokan.
1998. Regulation of expression of nuclear and mitochondrial forms of human
uracil-DNA glycosylase. Nucleic Acids Res. 26:1449–1457.

9. Hogan, T. H., M. R. Nonnemacher, F. C. Krebs, A. Henderson, and B.
Wigdahl. 2003. HIV-1 Vpr binding to HIV-1 LTR C/EBP cis-acting
elements and adjacent regions is sequence-specific. Biomed. Pharmaco-
ther. 57:41–48.

10. Jacquot, G., E. Le Rouzic, A. David, J. Mazzolini, J. Bouchet, S. Bouaziz, F.
Niedergang, G. Pancino, and S. Benichou. 2007. Localization of HIV-1 Vpr
to the nuclear envelope: impact on Vpr functions and virus replication in
macrophages. Retrovirology 4:84.

11. Kaiser, S. M., and M. Emerman. 2006. Uracil DNA glycosylase is dispens-
able for human immunodeficiency virus type 1 replication and does not
contribute to the antiviral effects of the cytidine deaminase Apobec3G.
J. Virol. 80:875–882.

12. Krokan, H. E., F. Drablos, and G. Slupphaug. 2002. Uracil in DNA: occur-
rence, consequences and repair. Oncogene 21:8935–8948.

13. Le Rouzic, E., and S. Benichou. 2005. The Vpr protein from HIV-1: distinct
roles along the viral life cycle. Retrovirology 2:11.

14. Le Rouzic, E., M. Morel, D. Ayinde, N. Belaidouni, J. Letienne, C. Transy,
and F. Margottin-Goguet. 2008. Assembly with the Cul4A-DDB1DCAF1
ubiquitin ligase protects HIV-1 Vpr from proteasomal degradation. J. Biol.
Chem. 283:21686–21692.

15. Mansky, L. M., S. Preveral, L. Selig, R. Benarous, and S. Benichou. 2000.
The interaction of vpr with uracil DNA glycosylase modulates the human
immunodeficiency virus type 1 In vivo mutation rate. J. Virol. 74:7039–
7047.

16. Morellet, N., S. Bouaziz, P. Petitjean, and B. P. Roques. 2003. NMR struc-
ture of the HIV-1 regulatory protein VPR. J. Mol. Biol. 327:215–227.

17. Muller, B., U. Tessmer, U. Schubert, and H. G. Krausslich. 2000. Human
immunodeficiency virus type 1 Vpr protein is incorporated into the virion in
significantly smaller amounts than gag and is phosphorylated in infected
cells. J. Virol. 74:9727–9731.

18. Nilsen, H., M. Otterlei, T. Haug, K. Solum, T. A. Nagelhus, F. Skorpen, and
H. E. Krokan. 1997. Nuclear and mitochondrial uracil-DNA glycosylases are
generated by alternative splicing and transcription from different positions in
the UNG gene. Nucleic Acids Res. 25:750–755.

19. Nilsen, H., K. S. Steinsbekk, M. Otterlei, G. Slupphaug, P. A. Aas, and H. E.
Krokan. 2000. Analysis of uracil-DNA glycosylases from the murine Ung
gene reveals differential expression in tissues and in embryonic development
and a subcellular sorting pattern that differs from the human homologues.
Nucleic Acids Res. 28:2277–2285.

20. Priet, S., N. Gros, J. M. Navarro, J. Boretto, B. Canard, G. Querat, and J.
Sire. 2005. HIV-1-associated uracil DNA glycosylase activity controls dUTP
misincorporation in viral DNA and is essential to the HIV-1 life cycle. Mol.
Cell 17:479–490.

21. Schrofelbauer, B., Y. Hakata, and N. R. Landau. 2007. HIV-1 Vpr function
is mediated by interaction with the damage-specific DNA-binding protein
DDB1. Proc. Natl. Acad. Sci. USA 104:4130–4135.

22. Schrofelbauer, B., Q. Yu, S. G. Zeitlin, and N. R. Landau. 2005. Human
immunodeficiency virus type 1 Vpr induces the degradation of the UNG and
SMUG uracil-DNA glycosylases. J. Virol. 79:10978–10987.

23. Selig, L., S. Benichou, M. E. Rogel, L. I. Wu, M. A. Vodicka, J. Sire, R.
Benarous, and M. Emerman. 1997. Uracil DNA glycosylase specifically in-
teracts with Vpr of both human immunodeficiency virus type 1 and simian
immunodeficiency virus of sooty mangabeys, but binding does not correlate
with cell cycle arrest. J. Virol. 71:4842–4846.

24. Selig, L., J. C. Pages, V. Tanchou, S. Preveral, C. Berlioz-Torrent, L. X. Liu,
L. Erdtmann, J. Darlix, R. Benarous, and S. Benichou. 1999. Interaction
with the p6 domain of the gag precursor mediates incorporation into virions
of Vpr and Vpx proteins from primate lentiviruses. J. Virol. 73:592–600.

25. Slupphaug, G., L. C. Olsen, D. Helland, R. Aasland, and H. E. Krokan. 1991.
Cell cycle regulation and in vitro hybrid arrest analysis of the major human
uracil-DNA glycosylase. Nucleic Acids Res. 19:5131–5137.

26. Tan, L., E. Ehrlich, and X. F. Yu. 2007. DDB1 and Cul4A are required for

10262 NOTES J. VIROL.



human immunodeficiency virus type 1 Vpr-induced G2 arrest. J. Virol. 81:
10822–10830.

27. Wang, L., S. Mukherjee, F. Jia, O. Narayan, and L. J. Zhao. 1995. Interac-
tion of virion protein Vpr of human immunodeficiency virus type 1 with
cellular transcription factor Sp1 and transactivation of viral long terminal
repeat. J. Biol. Chem. 270:25564–25569.

28. Willetts, K. E., F. Rey, I. Agostini, J. M. Navarro, Y. Baudat, R. Vigne, and
J. Sire. 1999. DNA repair enzyme uracil DNA glycosylase is specifically

incorporated into human immunodeficiency virus type 1 viral particles
through a Vpr-independent mechanism. J. Virol. 73:1682–1688.

29. Yu, X. F., M. Matsuda, M. Essex, and T. H. Lee. 1990. Open reading frame
vpr of simian immunodeficiency virus encodes a virion-associated protein.
J. Virol. 64:5688–5693.

30. Yuan, X., Z. Matsuda, M. Matsuda, M. Essex, and T. H. Lee. 1990. Human
immunodeficiency virus vpr gene encodes a virion-associated protein. AIDS
Res. Hum. Retrovir. 6:1265–1271.

VOL. 83, 2009 NOTES 10263


