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ABSTRACT

The human immunodeficiency virus type 1 (HIV-1)
Vpr protein binds to the cellular uracil-DNA
glycosylase UNG2 and induces its degradation
through the assembly with the DDB1-CUL4 ubiquitin
ligase complex. This interaction counteracts the
antiviral activity exerted by UNG2 on HIV-1 gene
transcription, as previously reported by us. In this
work, we show that Vpr expression in the context
of HIV-1 infection markedly decreases UNG2
expression in transformed or primary CD4" T
lymphocytes. We demonstrate for the first time
that Vpr-UNG2 interaction significantly impairs the
uracil excision activity of infected cells. The loss of
uracil excision activity coincides with a significant
accumulation of uracilated bases in the genome of
infected cells without changes in cell division.
Although UNG2 expression and uracil-DNA
glycosylase activity are recovered after the peak of
retroviral replication, the mutagenic effect of transi-
ent DNA uracilation in cycling cells should be taken
into account. Therefore, the possible consequences
of Vpr-mediated temporary depletion of endo-
genous nuclear UNG2 and subsequent alteration
of the genomic integrity of infected cells need
to be evaluated in the physiopathogenesis of HIV
infection.

INTRODUCTION

Genome uracilation is generated either by misincor-
poration of deoxyuridine triphosphate (dUTP) during
DNA polymerization or repair or by cytosine deamination
either by spontaneous non-enzymatic processes (e.g. base

alteration by chemicals or ionizing radiations) or through
the action of a cytidine deaminase [reviewed in (1)]. The
presence of uracil in DNA presents a potential threat for
living organisms from yeast and bacteria to humans.
When left unrepaired, uracil residues in U:G mismatches
are 100% mutagenic. Owing to the DNA polymerase in-
ability to discriminate between U and T in the template,
unrepaired uracil bases result in the accumulation of G-to-
A mutations on the complementary strand of DNA after
the next round of replication.

Cytosine spontancous deamination together with
hydrolytic deamination is estimated to account for the
accumulation of ~100 mutations per genome per round
of replication (2,3). Repair of uracil in DNA is ensured by
the base excision repair (BER) pathway. The initial step is
accomplished by a DNA glycosylase that catalyzes the
hydrolysis of the N-glycosyl bond between uracil and
the deoxyribose moiety. Then, an apyrimidinic/apurinic
(AP) endonuclease creates a nick on the abasic site.
Finally, the gap is repaired by the sequential action of
DNA polymerase and DNA ligase activities (4). Five
mammalian  uraci-DNA glycosylases have been
identified. Excision of uracil from U:A or U:G pairs in
single- and double-stranded DNA is essentially supported
by the nuclear uracil-DNA glycosylase UNG2. UNGI, an
UNG?2 isoform generated by the same unique UNG gene
through the use of differentially regulated promoters and
alternative  splicing, is exclusively expressed in
mitochondria and retains the same properties as UNG2
to ensure integrity of the mitochondrial genome (5).
Besides UNG2, SMUGTI initially described as a single
strand selective mono-functional UDG that excises
uracil in U:A and U:G pairs (6), has recently been
reported to exhibit a preferential activity towards double
stranded genomic DNA in physiological conditions (7).
SMUGTI also can remove some oxidized pyrimidines, sug-
gesting a role in the repair of DNA oxidation damage
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(8,9). Finally, uracil from U:G can be removed by the
thymine—-DNA glycosylase (TDG) and the methyl-
binding domain protein 4 (MBD4) that also excise
thymine from T:G mismatches, preferentially in CpG
sequences (3).

The function of the apparently redundant uracil-DNA
glycosylases is tightly regulated and they are differentially
expressed during the cell cycle (3,10). Indeed, UNG2
appears as the sole contributor to post-replicative repair
of U:A lesions during S-phase through specific interaction
with proliferating cell nuclear antigen and replication
protein A at replication foci (11). Then, UNG2 is
phosphorylated (11) and degraded by the proteasome to
undetectable levels during the late S and G2 phases of the
cell cycle. Conversely, SMUGI and TDG are eliminated
in cells entering the S-phase (11,12).

UNG?2 function in maintaining genomic integrity is
common to all cell types. However, its role is much
more complex in activated B lymphocytes, in which
UNG?2 also facilitates mutagenic processing of AID-
induced uracil in the switch (S) and V(D)J regions of
immunoglobulin loci. Accordingly, UNG?2 favors class-
switch DNA recombination (CSR) and somatic hyper-
mutation (SHM) and is critical for the maturation of the
antibody response [for review see (2)]. UNG2 functional
importance has specifically been highlighted by studies in
Ung~/~ mice and humans harboring UNG mutations. In
both situations, absence of UNG?2 expression is associated
with a 5-fold increase in genomic mutation frequency (10),
hyper-IgM syndrome and a significant perturbation of the
acquired immune response caused by failure in class-
switch recombination and altered somatic hypermutation
(2,13,14). UNG?2 deficiency also correlates with a global
immunological imbalance with reduction of T-helper and
NK-cells in spleen and deregulation of interferon v, inter-
leukin (IL)-2 and IL-6 levels (15). Finally, in aged mice, it
results in an increased risk of developing follicular and
diffuse large B-cell lymphoma (13).

A variety of viral proteins have the capacity to disturb
DNA repair in the host cell. The mechanisms of such per-
turbation include transcriptional alteration of host genes
coding for the DNA repair machinery, post-transcrip-
tional modification of gene products and mislocalization
and degradation or deregulation of host proteins that are
associated with the DNA damage response resulting from
their direct interaction with viral products [for review see
(16)]. The regulatory Vpr protein is the main perturbator
of the host cell DNA repair capacity in HIV-1-infected
cells (17). Vpr is a virion-associated protein of an
average length of 96 amino acids (~15 kD) that was
proposed to contribute to viral pathogenesis and disease
progression in HIV-infected patients [reviewed in (17) and
(18)]. In proliferating T-cells, Vpr enhances viral replica-
tion by 2- to 4- fold (19), and its expression is essential for
efficient viral replication in non-dividing cells such as
macrophages (20). This property has been attributed to
the Vpr capacity to support the cytoplasmic—nuclear
shuttling of the reverse transcription complex and viral
genome nuclear import during early replicative events
(21-24) and to stimulate HIV-1 gene transcription by
interacting with the SP1, TFIIB and p300/CREB
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transcription factors (25-27). Because of its ability to
interact with many cellular proteins, several functions
have been ascribed to Vpr within the cell (28), including
induction of apoptosis by promoting the formation of per-
meability transition pores in mitochondria (29-31), im-
pairment of the host immune function for HIV-I1
evasion (32) and blockade of the cell cycle in the G2
phase (33,34). This last function has been related to Vpr
ability to activate the ataxia telangiectasia-mutated and
Rad3-related (ATR) proteins (35-37) and to stimulate
phosphorylation of the ATR substrates CHKI1 and
H2AX histone variant (36,38). Approaches based on
yeast two-hybrid screening identified UNG2 as a Vpr-
binding partner (39). The consequences of this interaction
during HIV-1 replication have been widely debated. Vpr
binding was initially proposed to induce viral packaging of
UNG?2 (40), thereby conferring to HIV-1 a replicative ad-
vantage by lowering the occurrence of mutations in the
retroviral genome during reverse transcription (40-42).
This model could not be confirmed using immortalized
T-cells, in which UNG?2 enzymatic activity was suppressed
with the uracil glycosylase inhibitor (UGI) or in UNG2-
defective B-lymphocytic cells as HIV-1 producer cells
(43,44). Therefore, it was concluded that UNG2 is dis-
pensable for HIV-1 replication. On the contrary, virion-
associated UNG2 has been proposed to degrade
APOBEC-3G-edited HIV-1 DNA, supporting an antiviral
role for UNG2 (45).

Besides these studies, we and others have found that
UNG?2 cellular pool is actively depleted to undetectable
levels in established cell lines overexpressing HIV-1 Vpr
(44,46). Vpr-mediated UNG2 depletion results from
accelerated natural turnover of the protein and requires
both the direct interaction of the two proteins and the
recruitment of DCAF1, DDB1 and CUL4 by Vpr (47—
49). A similar mechanism is suggested to account for
Vpr-induced proteasomal degradation of SMUGI
(44,49). In the past years, we questioned the requirement
of Vpr-mediated UNG2 depletion in HIV-1-infected cells.
We have demonstrated that UNG2 overexpression in an
embryonic kidney carcinoma cell line is deleterious for
LTR-driven HIV-1 gene transcription through an
unknown mechanism independent of UNG2 enzymatic
activity (46). We thus proposed that Vpr could act as a
protective factor capable to counteract a detrimental effect
exerted during the late steps of retroviral replication by
actively degrading cellular UNG2 in infected cells (46).
The recent study by Weil et al. (50) underlines that
UNG2 can also behave as an HIV-1-host restriction
factor counteracting early replication steps, but only in
cells with high dUTP content. This model agrees with evi-
dences indicating that a high uracil level in HIV reverse
transcripts (>500 uracils per 10 kb HIV genome) prevents
inappropriate strand transfer of HIV-1 DNA ends in the
pre-integration complex, limits autointegration and favors
chromosomal integration and viral replication in macro-
phages (51). Together with the study by Jones et al. (52)
that reported the UNG2-dependent enhancement of early
HIV-1 replication of R5- but not X4-dependent HIV-1 in
primary lymphocytes, these results highlight a context-
dependent role of UNG?2 in HIV-1 replication.
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In contrast to the studies that investigated the conse-
quences of UNG?2 viral packaging on HIV-1 infectivity,
the outcome of Vpr-mediated UNG2 depletion in HIV-1
infected cells still remains unexplored. Therefore, the
present study was undertaken to determine the conse-
quences of Vpr expression on the global DNA repair
capacity of HIV-infected cells. To this end, we designed
and validated an in vifro enzymatic assay to specifically
quantify U:A excision capacity in cell extracts. Using
this assay, we demonstrate that Vpr expression in HIV-1
infected lymphoblastoid cell lines and in primary CD4" T
lymphocytes results in a transient decrease in the host cell
uracil excision capacity. This drop in UNG?2 activity is
independent of Vpr cytostatic and pro-apoptotic
properties. In chronically infected cells, it is accompanied
by a significant increase of the uracil content in their
genomic DNA. Although the uracil level decreases after
full recovery of UNG?2 protein levels, the consequences of
such genomic alterations in cycling cells need to be taken
into account.

MATERIALS AND METHODS
Reagents and antibodies

The following antibodies were used: rabbit polyclonal
anti-UNG2 PU059 (53) (from Geir Slupphaug,
Trondheim, Norway), which cross-reacts with human
UNGI (31 kDa) and UNG?2 (37 kDa); anti-Vpr goat poly-
clonal antibody (sc-17493; Santa Cruz Biotechnology);
anti-tubulin mouse monoclonal antibody T5168 and
anti-rabbit IgG HRP-conjugated (A6154 Sigma); goat
polyclonal anti-p24 (4999-9007; AbD Serotec); anti-p24
monoclonal antibody (clone 23-A5G4B9; NIH-AIDS
Reagent Consortium); anti-goat 1gG HRP-conjugated
(Jackson ImmunoResearch); anti-mouse IgG HRP-
conjugated (A10668) and Alexa488-conjugated (A11017)
from Life Technologies; anti-SMUGT antibody (ab15716;
Abcam) that was reported to display neutralizing activity
in uracil-DNA glycosylase assays. The UGI inhibitor was
from New England Biolabs Inc.

Plasmids

The following plasmids encoding the viral molecular clones
pNL4.3, pNL4.3-Vprwsisg, pNL4.3-Vprr77g, pNL4.3-
Vprrsoa, PNL4.3AVpr (from W.C. Greene, Gladstone
Institutes San Francisco, USA) were used to produce
HIV-1, HIV-1 Vprwssg and HIV-1 AVpr viruses. The
pHR-Vpr construct was kindly provided by Vicente
Planelles (University of Utah School of Medicine, Salt
Lake City, USA). The pET28-His-TEV-UNG?2 plasmid
was obtained by PCR subcloning of UNG2 ¢cDNA (aa
92-313) in the pET-His6-TEV plasmid (Addgene).

Cell culture

Immortalized H9 T-cells were maintained in RPMI 1640
medium. HEK 293T and MAGIC-5B cells (from M.
Tatsumi, Tokyo, Japan) were maintained in DMEM
medium. Complete media were supplemented with peni-
cillin—streptomycin and 10% heat-inactivated fetal bovine

serum (FBS) (Cambrex, France). Peripheral blood mono-
nuclear cells were isolated from Buffy coats of healthy
HIV-negative donors by Ficoll density gradient
(Pharmacia, Piscataway, NJ). CD4" T lymphocytes were
isolated using a human CD4" T cell enrichment kit
(EasySep Stem Cell Technologies) and grown for 7 days
in RPMI medium supplemented with 10% fetal
calf serum, penicillin (100 U/ml) and streptomycin
(100 pg/ml) at 37°C, 5% CO,, in a humid atmosphere
under IL-2/ phytohemagglutinin stimulation.

Viral stock production

Viral stocks were produced by calcium phosphate trans-
fection of HEK 293T cells. Briefly, cells were transfected
with the proviral DNA constructs for 8 h, washed with
pre-warmed DMEM/10% FBS. Viral supernatants were
collected 48 h post-transfection, filtered and frozen in
aliquots at —80°C. Viral stock titers were determined
using the HIV-1 p24 enzyme-linked immunosorbent
assay (ELISA) kit (Ingen, France).

Uracil-DNA glycosylase assays

The fluorescent probe PEG-U9 (5-FAM-GCACUUAAG
AAUUG-PEG-CAAUUGUUAAGUGC-3'DAB)  was
synthesized by Eurogentec. Uracil-DNA glycosylase
activity was assayed in a reaction buffer containing
20mM Tris-HCI pH 8.0, S0mM KCI, 0.2mM MgCl,
and 0.05% Brij-35. The mixture was incubated with
100nM PEG-U9 for 20 min at 37°C. Fluorescence was
recorded using a Tecan Infinite 200 fluorimeter.

Western blot experiments and analysis

Proteins were separated by SDS-PAGE (12.5% gels),
transferred to nitrocellulose membranes (Millipore,
France) and immunoblotted with the appropriate
primary and horseradish peroxidase—conjugated second-
ary antibodies (Immunotech, France). Immune complexes
were revealed by Enhanced Chemiluminescence
(Supersignal Femto/Pico chemiluminescence susbtrate,
Thermo Scientific) and images were acquired with the
Gene Gnome imaging system (SynGene). Band intensities
were quantified using the ImagelJ software (NIH).

Stealth RNAI transfection

The Stealth RNAi sequence duplexes against UNG?2 are as
follows: sense, 5-CGCGUUCGCUGCCUCCUCAGCU
CCA-3" and antisense, 5-UGGAGCUGAGGAGGCAG
CGAACGCG-3'. This target sequence corresponds to the
5" untranslated region of UNG2 mRNA (positions 44-68
according to the NM 080911 entry). As a negative
control, we used the Stealth RNAi scrambled control
duplexes with high GC content (Invitrogen, France).
Stealth RNAi duplexes (1nM) were transfected using
Lipofectamine 2000 following the manufacturer’s instruc-
tions (Invitrogen). To obtain optimal conditions for en-
dogenous UNG?2 expression, cells were maintained at a
low density during the entire experiment. Forty-eight
hours after transfection, cells were harvested and UNG
expression analyzed in cell lysates.
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Cell cycle analysis

Cells were collected, washed twice and resuspended in ice-
cold PBS. Then, cells were fixed with 70% EtOH on ice for
1 h. Cells were pelleted at 1500 rpm for Smin and resus-
pended in a solution containing 50 pg/ml propidium
iodide, 0.1 mg/ml RNase A and 0.1% Triton X-100 in
PBS. After 16h at 4°C in the dark, the DNA content
was determined by flow cytometry using an EPICS
PROFILE XLA4C cytofluorometer (Beckman Coulter) or
a BD LSRFortessa cell analyzer (BD Biosciences). For cell
cycle analysis of HIV-l-infected H9 T cells, a double-
staining protocol to label intracellular HIV-1 antigens
using the anti-p24 monoclonal antibody and the DNA
content using propidium iodide was applied, as described
by Zhou et al. (54).

Genome uracil content quantification

Genomic DNA was extracted from 3 x 107 cells using
DNAZzol (Invitrogen) according to the manufacturer’s rec-
ommendations. Pre-existing AP sites in DNA were pro-
tected by incubation with 200 mM methoxyamine at 37°C
for 2h. Then, 4pg DNA was incubated with 0.2 U
Escherichia  coli-derived recombinant UDG  (New
England Biolabs) at 37°C for 15min. AP sites, generated
by excision of uracil residues contained in DNA, were
titrated using the OxiSelect oxidative DNA Damage
ELISA kit (Euromedex).

RESULTS

Design and validation of an in vitro uracil excision
enzymatic assay

Our aim was to investigate the potential consequences of
Vpr expression on the endogenous UNG2 protein levels
and on the uracil excision capacity of HIV-I-infected
cells. Thus, we developed and validated an in vitro assay
to specifically detect U:A excision activity in host cell
extracts. Based on previously reported data (55-57), we
designed a fluorescent molecular beacon containing
several uracil residues, flanked by self-complementary
termini and carrying a FAM fluorophore and a DAB
quencher at the 5 and 3’ ends, respectively (Figure 1A,
PEG-U9 probe). This molecule naturally forms a stem-—
loop structure that quenches the fluorophore as a result
of the close proximity of the 5-fluorophore and the
3’-quencher. Excision of PEG-U9 uracil bases disrupts the
stem—loop structure and results in a fluorescent signal.
Incubation of different amounts of total cell extracts from
the HelLa-derived MAGIC-5B indicator cell line with
100nM PEG-U9 in the appropriate reaction buffer for
20min (Figure 1B) resulted in emission of fluorescence,
while low background was observed in absence of cell
extracts, attesting the specificity of the emitted signal. In
our experimental conditions (incubation time of 20 min),
this assay was linear with protein amounts ranging from
0 to 3ng (Figure 1B). UNGI1, UNG2 and SMUGI can
excise uracil residues in U:A pairs from double stranded
DNA (3). To determine the respective contribution of
each DNA glycosylase to the emitted signal, MAGIC-5B
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cell extracts were incubated with PEG-U9 in the presence of
the UNG2/UNGT inhibitor UGI (58) or after pre-incuba-
tion with anti-SMUGI neutralizing antibodies (59).
Fluorescence emission was reduced by >85% in the
presence of UGI but only by 15% after pre-incubation
with the anti-SMUG!1 antibody. No inhibition was
observed with isotype-matched irrelevant monoclonal
antibodies (ab 1 and 2) (Figure 1D). To further validate
the assay, we tested uracil-DNA glycosylase activity in
MAGIC-5B cells in which expression of UNG2 was
abolished by transfection of 1nM siRNA specific for
UNG?2 (siUNG?2). As monitored by immunoblot analysis
(Figure 1C), UNG?2 expression was strongly inhibited fol-
lowing siUNG2 transfection, whereas protein levels
remained unchanged in cells transfected with the irrelevant
siRNA (siScr). UNGI1 and SMUGTI levels were unaffected.
Following incubation with PEG-U9, fluorescence emission
(and thus uracil excision activity) was reduced by 60% in
siUNG?2 cells in comparison with siScr cells. UNG1 and
SMUGI expression explained the residual enzymatic
activity observed in siUNG2 cell lysates (Figure 1D).
Thus, UNG?2 is responsible for most uracil excision
activity in MAGIC-5B cells that represents ~40-60% of
the overall DNA glycosylase activity. This observation is
consistent with previous literature (59). Altogether, these
experiments validate our in vitro enzymatic assay as a
valuable tool to measure uracil-DNA glycosylase activity
in extracts of HIV-1-infected cells.

HIV-1 infection significantly reduces the uracil excision
capacity of host cells

Next, endogenous UNG?2 expression was analyzed over
time in total extracts from HIV-l-infected MAGIC-5B
cells (HIV-1 replication was demonstrated by intracellular
p24 expression) (Figure 1E). UNG2 was significantly
decreased at day 7 post-infection, and SMUGT expression
was significantly reduced in HIV-1-infected cells in com-
parison with uninfected (UI) cells. Uracil excision analysis
using our enzymatic assay with the PEG-U9 probe
showed that at day 7 post-infection, the uracil excision
activity of HIV-1-infected cells was ~40% of that of Ul
cells (Figure 1F). These data indicate that HIV-1-induced
depletion of endogenous UNG?2 results in a decrease of
the host cell uracil excision capacity. To discriminate the
respective contribution of UNGI1, UNG2 and SMUGI in
the residual uracil-DNA glycosylase activity, fluorescence
levels were recorded in the presence of UGI or after pre-
incubation with anti-SMUG]1 antibodies. The inhibitor
further reduced the fluorescence emitted by HIV-1
infected-cell lysates to 10% of the value recorded in
samples from UI cells, whereas the anti-SMUGI
antibodies only slightly decreased the residual uracil-
DNA glycosylase activity in lysates from HIV-1-infected
cells (Figure 1F). These results and those described in
Figure 1D suggest that the residual uracil excision
activity detected at day 7 post-infection can be attributed
mostly to UNGI, the expression of which was barely
affected at day 7 post-infection (Figure 1E), whereas
SMUGT depletion only accounts for a minor decrease in
the uracil excision capacity of HIV-1-infected cells.
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Figure 1. Vpr expression during HIV-1 replication decreases endogenous UNG?2 levels in MAGIC-5B cells (A) Sequence and structure of the
fluorescent PEG-U9 molecular beacon used as a substrate in UNG2 enzymatic assays. The oligonucleotide 5’ end is labeled with a FAM fluorophore
and the 3’ end with a DAB quench. PEG: polyethylene glycol. Upon uracil excision, the fluorophore dissociates from the DAB quench, causing
fluorescence emission. (B) Uracil DNA glycosylase activity in MAGIC-5B cells was determined by incubating different concentrations (0-3 pg
proteins) of total cell lysate with the PEG-U9 molecular probe and then recording the fluorescence emission from 0 to 60min after PEG-U9
addition (left panel). The correlation between fluorescence emission and protein concentration was linear during the 20 min incubation time (right
panel). (C) UNG?2 expression was assessed by western blotting using anti-UNG1/2 antibodies in MAGIC-5B cells transfected with 1 nM anti-UNG?2
siRNA (siUNG?2), irrelevant siRNA (siScr) or buffer alone (mock). Levels of SMUGT and tubulin are shown as controls. (D) Uracil excision activity
in total cell extracts from the experiment described in (C). Lysates were pre-incubated with the UNG1/UNG?2 inhibitor UGI, anti-SMUG1 mono-
clonal antibodies or isotype-matched irrelevant monoclonal antibodies (abl, ab2) to discriminate between the uracil excision activity as a result of
SMUGI or UNGI/UNG2. Values are the mean + SD of three separate experiments performed in duplicate. Probe: background fluorescence.
(E) Expression of UNGI, UNG2 and SMUGTI in UI and HIV-1 infected MAGIC-5B cells for 7 days was assessed by immunoblot analysis of
total cell extracts. HIV-1 replication was monitored using the anti-p24 monoclonal antibody and equal loading was checked using an anti-Tubulin
antibody. (F) Uracil excision activity in cell extracts from (E) was determined using the PEG-U9 uracilated fluorescent beacon. Activity attributable
to UNGI1/UNG2 or SMUGI was discriminated by pre-incubating cell extracts with UGI or anti-SMUG! antibodies as in D.

The decrease of uracil-DNA glycosylase activity in directly involved in the impairment of uracil excision
HIV-1-infected cells requires UNG2 binding to Vpr capacity in HIV-l-infected cells, the H9 CD4" T

Co-transfection experiments have suggested that HIV-1- lymphoblastoid cell line was infected with wild type (wr)
induced UNG2 depletion requires Vpr interaction with HIV-1 or with a HIV-1 mutant that does not express Vpr
UNG?2 and Vpr-mediated recruitment of the ubiquitin— (HIV-1AVpr). At day 7 post-infection, the expression of
proteasome system (44,49). To determine whether Vpr is endogenous UNG2 was decreased in cells infected with wt
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Figure 2. Vpr-UNG?2 binding decreases uracil-DNA glycosylase activity in HIV-1l-infected T cells. (A) Expression of UNGI and UNG2 in H9 T
lymphocytes infected with wild type HIV-1, HIV-1AVpr, HIV-1Vprysig, HIV-1Vprg77q or HIV-1Vprrgya mutant was analyzed by immunoblotting with
specific antibodies. Adequate Vpr expression was controlled. Cell infection was monitored using anti-p24 monoclonal antibodies and equal loading with
an anti-tubulin antibody. UI cells are shown as controls. (B) Uracil excision activity in the corresponding total cell extracts was assessed by incubation
with the PEG-U9 fluorescent molecular beacon and quantification of the fluorescence emission. UNG2 and UNGI contribution was determined by
pre-incubation with the UGI inhibitor. Values are the mean = SD of duplicate experiments. Statistical significance was determined using the ANOVA
test. (C) Cells from the experiment described in panel (A) were double stained with propidium iodide (DNA content) and anti-p24 antibodies (intra-
cellular HIV-1 antigens). Cell cycle analysis was gated to HIV-1 positive cells. The G2M/GO0GI ratio is indicated for each condition.

HIV-1 but not in cells infected with HIV-1AVpr, although
p24 expression was still detected (albeit at lower level than
in wt HIV-1-infected cells), demonstrating viral replication
(Figure 2A). Despite the lower p24 protein level detected
by western blotting in HIV-1AVpr cell extracts,
cytometric analysis confirmed that the percentage of
p24-positive cells was comparable in the absence or
presence of Vpr (Figure 2C). The enzymatic assay with
the PEG-U9 probe showed that, compared with UI
cells, uracil-DNA glycosylase activity was reduced by
~40% in wt HIV-1-infected H9 cell lysates, whereas it
remained unchanged in HIV-1AVpr-infected lysates
(Figure 2B). Addition of UGI to the reaction mixture
further reduced the fluorescence to 20% of the values of
UI cells in wt HIV-1 samples and also in HIV-1AVpr
lysates (Figure 2B). Altogether, these data indicate that,
when T lymphoblastoid cells are infected with wr HIV-1
that expresses the Vpr protein, UNG2 protein level is
rapidly reduced and a significant loss of uraci-DNA
glycosylase activity is observed. Previous studies showed

that the W54 residue located at the beginning of the third
a-helix of Vpr is required for direct interaction with
UNG?2 in yeast two-hybrid experiments (60). Moreover,
the Vprwssgr mutant cannot recruit UNG2 into HIV-1
virions, although it is incorporated in viral particles as
efficiently as wild-type Vpr (42). Ectopic expression of
the Vprws4sg mutant was previously found unable to
induce proteasomal degradation of UNG2 (44). To
confirm the contribution of the W54 residue in Vpr
binding to UNG2, we investigated the consequences of
expressing the Vprwssg mutant, which cannot interact
with UNG2 in GST-pull down assays (Supplementary
Figure S1) and yeast two hybrid experiments (60), by in-
fecting H9 cells with HIV-1Vprwssg for 7 days. Basal
UNG?2 expression persisted in infected cells that express
high levels of Vprwssg (Figure 2A) and the uracil-DNA
glycosylase activity was comparable with that of UI cells
(Figure 2B), despite efficient HIV-1 replication as attested
by p24 levels.
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Consequences of Vpr-induced UNG?2 depletion on cell
cycle progression and viability

UNG?2 expression is finely regulated during cell cycle
progression. As Vpr overexpression induces G2 arrest,
we investigated the potential contribution of cell cycle
perturbation in Vpr-induced UNG2 depletion. H9 cells
were infected with HIV-1, HIV-1AVpr, HIV-1Vprr77q
(which cannot induce cell apoptosis) (61) or with the
HIV-1Vprrgoa mutant that cannot cause cell cycle
arrest in G2 [this phenotype was validated by
overexpression experiments (Supplementary Figure S2)]
(60). After 7 days of infection, cells were stained with
propidium iodide and the DNA content determined by
flow cytometry only in p24-positive cells (~80% of the
cell population). Considering the total cell population,
no significant modification in the cell cycle profiles of
cells infected with HIV-1, HIV-1AVpr, HIV-1Vprwsig,
HIV-1Vprr77q  or  HIV-1Vprrgoa  was  observed
compared with mock-infected cells (Figure 2C).
However, as expected, a G2 arrest could be observed
when cell cycle analysis was gated to the cells that
express the highest p24 levels (data not shown). Thus,
in our cell culture conditions, UNG2 depletion and loss
of uracil-DNA glycosylase activity observed in HIV-1-
infected cells cannot be ascribed to cell cycle arrest.
This was confirmed by the observation that UNG2 ex-
pression was reduced also in HIV-1Vprrgoa-infected
cells. In addition, flow cytometry analysis did not
reveal any difference in the necrotic or apoptotic rate
in cells with Vpr-induced inhibition of UNG2 expres-
sion as attested by Annexin V labeling and propidium
iodide permeability assays (Supplementary Figure S3).
Accordingly, Vpr-mediated UNG2 depletion in HIV-1
transfected cells is not a consequence of reduced cell
viability.

Uracil excision activity in chronically HIV-1 infected
primary CD4+ T lymphocytes

To evaluate the possible physiological relevance of these
results, we investigated the uracil excision capacity of
HIV-1-infected primary CD4" T lymphocytes. Primary
CD4" T cells, which were isolated from total peripheral
blood lymphocytes of two healthy donors and negatively
selected using coated magnetic beads (Supplementary
Figure S4), were infected with wr HIV-1 or HIV-1AVpr
at an MOI of 10. Cells were collected twice a week and
UNG?2 expression and wuracil excision activity were
determined in total cell extracts. UNG2 expression was
significantly decreased at day 5 (donor A) and day 9
(donor B) post-infection (Figure 3A). As previously
observed in T lymphoblastoid H9 cells, UNG?2 reduction
coincided with the peak of HIV-1 replication, as attested
by p24 expression. Conversely, UNG2 level remained un-
affected following infection with the HIV-1AVpr strain.
Quantification of the enzymatic activity showed a signifi-
cant loss of uracil-DNA glycosylase activity in cell
extracts from CD4" T cells infected with wr HIV-1 but
not with the HIV-1AVpr strain (Figure 3B). Again, no
significant difference in the cell cycle profile (particularly
cell cycle arrest) was observed in these cultures

(Figure 3C). Thus, UNG2 protein and uraci-DNA
glycosylase activity are depleted in the absence of any
cell cycle alteration in HIV-l-infected primary CD4"
T cells.

Chronic HIV-1 infection results in transient Vpr-mediated
UNG?2 depletion and increased uracil content in
genomic DNA

Knock out of the Ung locus is associated with a 2.4- to
30-fold increase of uracilation in mice and yeast DNA
(6,62). In humans, the study of cells from patients with
biallelic germline UNG mutations also evidenced elevated
genomic uracil levels (13). To investigate the consequences
of Vpr-induced UNG2 depletion on genome integrity, we
compared the genomic uracil content of HIV-1 (wt and
mutants) infected and uninfected (UI) H9 cells cultured
in similar conditions (two independent experiments).
Genomic DNA was extracted from these cultures after
3, 7, 11 and 18 days in culture and then incubated
in vitro with E. coli-derived recombinant uracil-DNA
glycosylase. The AP sites generated by uracil excision
were then revealed with a biotin-labeled aldehyde
reactive probe and quantified using an ELISA assay
(Figure 4). Genomic DNA extracted from cells after 7
days of infection with wr HIV-1 showed a drastic
increase in uracil content, reaching 66 uracilated bases
per 10° bases compared with UI cells (Figure 4D). At
this time-point, both UNG2 protein levels (Figure 4A
and B) and the global uracil DNA glycosylase activity
(Figure 4C) were significantly decreased compared with
UI cells (Figure 4). Analysis at later time-points revealed
that the uracil content in DNA from HIV-1-infected cells
started to decrease and returned almost to basal level at
day 18 post-infection. No increase in uracil levels was
observed in the genomic DNA from cells infected with
the HIV-1Vprwssg or HIV-1AVpr mutants compared
with UI cells. In these cells, UNG2 expression was
mostly unaffected and uracil DNA glycosylase activity
unchanged over time. Cell cycle analysis throughout the
experiment revealed no significant alteration in HIV-1-in-
fected (wt and mutants) cells (Supplementary Figure S5A).
Thus, the observed transient loss of UNG2 expression
cannot result from cell cycle arrest or cell death.
Moreover, the recovery of basal UNG2 expression,
uracil excision activity and uracil level cannot be
ascribed to the gradual emergence of less infected cell
populations as attested by the constant increase of
infected cells during the duration of the experiment
(Supplementary Figure S5B). Therefore, following
HIV-1 infection, Vpr expression and its interaction with
UNG?2 lead to a global reduction in uracil excision
capacity of the host cells that correlates with a
marked uracil accumulation in genomic DNA. Although
UNG?2 expression progressively returned to basal level as
HIV-1 replication decreased, the presence of uracilated
bases in the genomic DNA persisted for at least 18 days
while cells were still normally cycling (Supplementary
Figure S5A).
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Figure 3. Uracil DNA glycosylase activity during HIV-1 infection of primary CD4" T lymphocytes. Primary CD4" T lymphocytes were left uninfected
(UI) or infected with wt HIV-1 or HIV-1AVpr (AVpr) and maintained in culture for 5 (donor A) or 9 days (donor B). (A) Expression of UNGI and
UNG2 was determined by immunoblotting at different time points following infection. HIV-1 infection was monitored using the anti-HIV-1 p24
antibody and equal loading with the anti-tubulin antibody. (B) Cell extracts were incubated with the PEG-U9 uracilated fluorescent molecular
beacon and DNA glycosylase activity recorded as fluorescent emission. Values are the mean & SD of triplicate measurements. (C) Cells collected at
day 5 (donor A) or 9 (donor B) were stained with propidium iodide (DNA content) and cell cycle progression analyzed by flow cytometry.

DISCUSSION

Previous studies demonstrated that overexpression of
HIV-1 Vpr results in cell depletion of the UNG2 and
SMUGT! uracil DNA glycosylases (44,46,47,63). In the
present study, we extended these observations and show
that HIV-1 mediated Vpr expression results in UNG?2 de-
pletion and in a significant decrease of the global uracil
DNA glycosylase activity in HIV-1-infected transformed
and primary CD4" T lymphocytes. This results in the ac-
cumulation of unrepaired uracil residues in the host cell
genome. Our study provides first data on the effect of
HIV-1 infection on the uracil excision machinery and

the resulting DNA damage in infected T lymphocytes.
Although uracilation of the host cell genome is transient
and intense only at the peak of retroviral replication, its
consequences need to be taken into account.

Here, we report that UNG2 expression in HIV-1-
infected transformed and primary cells progressively de-
creases during HIV-1 replication and that this reduction is
Vpr-dependent as indicated by the results obtained with
the HIV-1AVpr mutant. This observation is consistent
with the work by Wen et al. (49) who reported a dose-
dependent depletion of UNG?2 in Vpr-transfected epithe-
lial cells. Moreover, the comparative analysis of cells
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Figure 4. Genomic uracil levels in HIV-1 infected lymphocytes. Cell extracts were prepared from uninfected H9 cells (UI) or infected with ws HIV-1,
HIV-1AVpr (AVpr) or HIV-1 Vprwssg (W54G) at different time-points. (A) UNG?2 expression was monitored over time with anti-UNG?2 antibodies
and HIV-1 replication with anti-p24 antibodies. (B) The relative UNG2 expression was determined from (A) by densitometry scanning and
normalized to a-tubulin levels. (C) Uracil excision activity over time was quantified in the corresponding cell extracts by using the fluorescent
uracil-DNA glycosylase assay. (D) The variations in uracilation of genomic DNA from the corresponding samples (D) are plotted over time. For

each experiment, n indicates the number of replicates.

infected with wild type HIV-1 or strains that lack Vpr or
express a Vprwssg mutant clearly shows that deregulation
of UNG2 expression is mediated through Vpr-UNG?2
binding. Indeed, the integrity of the UNG2-binding
W54 residue in Vpr (localized between the second and
third o-helix) is critical for UNG2 recruitment by the

Vpr-CUL4-E3 ligase complex and its subsequent targeting
to the proteasome (39,47,60).

HIV-1 ability to deplete the cellular pools of UNG2 and
SMUGTI by enhancing the interaction between UNG2 and
the CRL4 (DCAF1) complex is not unique among virus-
encoded proteins [reviewed in (64)]. Indeed, human
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cytomegalovirus, adeno-associated virus type 2 and herpes
simplex virus 1 have also developed strategies to eliminate,
circumvent or exploit the DNA damage sensing and repair
machinery of the host cell (65-67). Nevertheless, it is
unclear why UNG?2 is degraded during HIV-1 replication.
Several hypotheses can be raised. We have previously
reported that UNG2 overexpression leads to impairment
of HIV-1 gene transcription through an unknown mech-
anism (46). In addition, uracilation of HIV-1 cDNA
promotes the early phase of the HIV-1 life cycle by pro-
tecting the virus from autointegration (51). Finally, it
cannot be excluded that accumulation of uracil bases in
HIV-1 proviruses could have a protective effect by
interfering with cytosolic sensors that can recognize the
retroviral nucleic acids and activate antiviral innate
immune responses, as suggested by others (68). Very
recently, Weil et al. (50) demonstrated that UNG?2
behaves as a restriction factor in cells with high dUTP
levels and can prime viral DNA degradation. For all
these reasons, HIV-1 may have acquired the capacity to
control the host cell DNA repair machinery to maintain
sufficient levels of retroviral DNA uracilation. Of note,
UNG?2 depletion in the host cell is tolerated for efficient
HIV-1 replication, as described here. This observation
corroborates previous studies reporting that production
of fully infectious retroviral particles is achieved in cells
lacking UNG?2 activity (43).

Using an in vitro enzymatic assay developed in our la-
boratory, we found that the global uraci-DNA
glycosylase activity in HIV-1-infected cells is also signifi-
cantly decreased at the peak of retroviral replication. As
observed for UNG?2 reduced expression, this loss of
activity strictly depends on the expression of a Vpr
protein that can bind to UNG2. Moreover, our enzymatic
assay combined with the use of UGI, an inhibitor of
UNGI1/UNG?2 activity, or of anti-SMUGI neutralizing
antibodies allowed the quantification of the respective
contribution of each uracil DNA glycosylase that can
excise uracil in a U:A pair. This confirmed that the loss
of uracil DNA glycosylase activity in HIV-1 infected cells
is mainly because of UNG?2 depletion and that the residual
uracil DNA glycosylase activity detected in HIV-1-
infected samples is consistent with unaffected UNGI
activity in the extracts. On the other hand, decreased
SMUGT1 expression moderately participates in the loss
of the enzymatic activity.

In chronically infected cells, both UNG?2 expression and
uracil DNA glycosylase activity are significantly impaired
at the peak of retroviral replication. Interestingly, a nearly
total abolition was repeatedly observed in cultures con-
taining only ~60% of p24-positive cells. There is currently
no explanation for such discrepancy. However, we specu-
late that in HIV-l-infected cultures, UNG2 depletion
might also occur in uninfected cells in a Vpr-dependent
manner. Moreover, in HIV-1-infected cultures, UNG2 ex-
pression and the associated enzymatic activity are progres-
sively recovered as viral replication decreases. However,
according to our findings, Vpr-induced down-regulation
of the wuracil excision machinery, although transient,
results in a significant uracilation of the host cell
genome that is apparently partially repaired in chronically
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infected cells after full recovery of UNG?2 expression and
activity. The values reported for genomic uracil here,
showing a shift from 20 (uninfected) to 66 AP sites
(HIV-1-infected H9 cells) per 10° bp are in good agreement
with those reported by other groups. Specifically, inhib-
ition of UNG2 enzymatic activity with UGI in HEK 293T
cells induced 60—140 AP sites/10°bp from a basal level of
20-30 AP sites/10°bp in control cells (69). Accordingly,
UGTI overexpression in the human glioma U251 cell line
induced a 3-fold increase in mutation frequency (70).

At the moment, the consequences of UNG?2 reduction
and increased genome uracilation on the outcome of HIV-
I-infected cells and their possible significance in HIV-1
pathogenesis remain unknown. However, both the
presence of uracil in DNA and the lack of UNG?2 expres-
sion are toxic for cells (71,72). Spontaneous cytosine de-
amination is estimated at around 70-200 events per day in
the human genome and this ratio needs to be cumulated
with the enzymatic deamination generated by cytidine
deaminase and replicative incorporation of dUMP in
DNA (2). DNA glycosylases (mainly UNG2 and
SMUGTI) are involved in reducing mutations resulting
from these events and also from oxidative stress.
Decreased UNG?2 expression through RNA interference
results in accumulation of DNA damage, decreased cell
proliferation, cell hypersensitivity to genotoxic stress
(10,73,74) and increased cell apoptosis, especially in
neuronal cells (75,76) leading to neurodegeneration
(77,78). Accumulation of uracil in the human genome is
associated with cancer [for review see (72)]. Recently, it
was reported that in chronic myeloid leukemia cells in the
chronic phase, UNG2 depletion through a BCR-ABL-
kinase-dependent mechanism is involved in the accumula-
tion of mutations in the cell genome (79). Although
accumulation of uracil (~3600 bases per genome) is
observed in fibroblasts isolated from Ung_/ ~  mice,
SMUGT1 compensates for the absence of UNG activity
in these animals (80,81). As this is not the case in
human cells (82), UNG2 depletion is expected to have a
stronger pathophysiological impact.

Based on our experimental model, uracil accumulation
does not result from a modification of the cell cycle,
increased cell apoptosis or decreased cell viability.
Genomic DNA analysis reveals a partial uracil reduction
to almost basal levels after the peak of retroviral replica-
tion. Restoration of UNG?2 expression may account for
such repair. As the cell cycle was unaffected in our experi-
mental conditions, possible multiple occurrences of base
transitions during DNA replication cannot be ruled out.
The presence of cells with a high level of unrepaired
uracil the genome of HIV-l-infected patients still
remains to be investigated. Increased levels of 7,8-
dihydro-8-oxoguanine, an oxidative lesion, in DNA and
marked reduction in DNA glycosylase activity for the
repair of oxidative base lesions were detected in CD4" T
cells from patients with advanced HIV-1 infection (83). As
these features are efficiently compensated by highly active
antiretroviral therapy, HIV-1 replication directly accounts
for these perturbations. Altogether, these data highlight
the necessity to investigate the outcome of alterations of
the uracil repair machinery in HIV-infected patients and
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to decipher the contribution of DNA repair enzymes in
the pathogenesis of HIV-1 infection. The possible role of
DNA repair imbalance in the predisposition to non-
AIDS-defining malignancies, the occurrence of which is
markedly higher in HIV-infected people than in the
general population, needs to be investigated.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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