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Poly(ADP-ribose) polymerase 1 (PARP-1) is a cellular enzyme with a fundamental role in DNA repair and the regulation of chro-
matin structure, processes involved in the cellular response to retroviral DNA integration. However, the function of PARP-1 in
retroviral DNA integration is controversial, probably due to the functional redundancy of the PARP family in mammalian cells.
We evaluated the function of PARP-1 in retroviral infection using the chicken B lymphoblastoid cell line DT40. These cells lack
significant PARP-1 functional redundancy and efficiently support the postentry early events of the mammalian-retrovirus repli-
cation cycle. We observed that DT40 PARP-1�/� cells were 9- and 6-fold more susceptible to infection by human immunodefi-
ciency virus type 1 (HIV-1)- and murine leukemia virus (MLV)-derived viral vectors, respectively, than cells expressing PARP-1.
Production of avian Rous-associated virus type 1 was also impaired by PARP-1. However, the susceptibilities of these cell lines to
infection by the nonretrovirus vesicular stomatitis virus were indistinguishable. Real-time PCR analysis of the HIV-1 life cycle
demonstrated that PARP-1 did not impair reverse transcription, nuclear import of the preintegration complex, or viral DNA
integration, suggesting that PARP-1 regulates a postintegration step. In support of this hypothesis, pharmacological inhibition
of the epigenetic mechanism of transcriptional silencing increased retroviral expression in PARP-1-expressing cells, suppressing
the differences observed. Further analysis of the implicated molecular mechanism indicated that PARP-1-mediated retroviral
silencing requires the C-terminal region, but not the enzymatic activity, of the protein. In sum, our data indicate a novel role of
PARP-1 in the transcriptional repression of integrated retroviruses.

Retroviruses have evolved a replication strategy that requires
integration of the viral genome into the host genome. This

event triggers a complex cellular response that is directed to pre-
serve the integrity of the host genome, as well as its chromatin
architecture. This complex cellular response includes DNA dam-
age repair and chromatin remodeling (1–12).

Poly(ADP-ribose) polymerase 1 (PARP-1) is a key cellular en-
zyme in DNA repair and chromatin-remodeling processes (13,
14). In mammals, this enzyme is the founding member of a family
of 18 proteins (15). PARP-1 promotes the transfer of ADP ribose
molecules from NAD� to acceptor proteins or to a previously
formed poly(ADP-ribose) (PAR) chain. PARylation notoriously
influences the functions of target proteins by altering their subcel-
lular distributions, molecular interactions, and enzymatic activi-
ties. Similar to PARP-1, PARP-2 to -5 are nuclear proteins capable
of catalyzing PARylation and have roles in genome stability and/or
chromatin remodeling (14, 15). This functional overlap within the
PARP family determines that although PARP-1 knockout (KO)
mice do not exhibit major functional or structural defects (16),
PARP-1/2 double-knockout mice are embryonic lethal (17). Sim-
ilarly, PARP-1/3 double-knockout mice are hypersensitive to X-
irradiation compared to the corresponding single-knockout mice
(18). As expected, this functional redundancy imposes an addi-
tional challenge on the study of the role of PARP-1 in retroviral
infection in mammalian cells.

The N-terminal region of PARP-1 (amino acids [aa] 1 to 524)
contains a nuclear localization signal that determines the subcel-
lular distribution of PARP-1, two zinc binding domains that me-
diate its binding to DNA, a caspase 3 cleavage site, and a breast
cancer suppressor protein carboxy-terminal (BRCT) domain im-
plicated in the interaction of PARP-1 with other proteins. The

C-terminal region (amino acids 525 to 1014) of PARP-1 contains
a WGR motif, proposed to mediate DNA binding, and the cata-
lytic domain (19). These structural domains interact dynamically
and coordinate different catalytic-independent and -dependent
PARP-1 functions. PARP-1 is incorporated into nucleosomes in a
catalytic-independent manner (20–22) and requires the DNA
binding domain (20, 21, 23, 24) and the interaction of the C-ter-
minal region (amino acids 214 to 1014) with the nucleosome core
histone proteins (22). Incorporation of PARP-1 into the chroma-
tin causes chromatin compaction and transcriptional repression
(20, 21, 23–25). This repressive activity of PARP-1 on transcrip-
tion mediates silencing of retrotransposable elements and the for-
mation of heterochromatin in Drosophila (21, 25). Activation of
the enzymatic activity of nucleosome-incorporated PARP-1 leads
to auto-PARylation and dissociation of PARP-1 from chromatin,
causing chromatin decondensation and activation of transcrip-
tion (20, 22, 24). In addition, PARP-1 promotes transcription by
other mechanisms, including inhibition of histone H3 demethy-
lases and depletion of histone H1 from chromatin (26). The en-
zymatic activity of PARP-1 is also central in the repair of single-
strand DNA breaks through the base excision repair pathway. The
binding of PARP-1 to DNA breaks leads to upregulation of its
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enzymatic activity, resulting in PARylation of a variety of proteins,
including PARP-1 itself and other regulatory and structural pro-
teins involved in DNA repair, chromatin remodeling, transcrip-
tion, and cell cycle regulation. In addition, PARylated PARP-1
recruits histone variants and chromatin-remodeling factors that
produce important modifications in the chromatin structure at
the DNA damage lesion, including compaction that results in
transcriptional repression (13, 14).

A role for PARP-1 in HIV DNA integration has been proposed;
however, this function has been a matter of intense debate (27–
33). Contradictory data have been reported using either human-
or mouse-derived primary or tumor cell lines in which the func-
tion of PARP-1 has been impaired by small interfering RNA
(siRNA) expression (27, 29, 31, 32), gene knockout (27, 30, 32,
33), pharmacological inhibition (28, 29), or the use of a dominant
mutant (29). In some of these studies, PARP-1 is reported to be
required for HIV DNA integration (29, 30, 32), whereas in others
it is proposed to have a dispensable role or even to impair this viral
process (27, 28, 33). These contradictory results may not be sur-
prising if we take into consideration the PARP functional redun-
dancy found in mammalian cells (17, 18). Therefore, the study of
PARP-1 functions in simpler organisms that lack this functional
redundancy is advantageous, and this strategy has significantly
contributed to the understanding of the cellular functions of the
enzyme (21, 22, 25). In addition, PARP-1 functions identified in
simpler organisms are relevant to more complex organisms due to
the high evolutionary conservation of PARP-1 from Drosophila to
humans.

In this study, we took advantage of the functional and struc-
tural evolutionary conservation of PARP-1. We studied the role of
the enzyme in retroviral infection using the chicken B lympho-
blastoid cell line DT40. These cells exhibit low PARP-1 functional
redundancy and are viable after PARP-1 knockout. DT40 cells
naturally lack the PARP-2 gene, the closest PARP-1 paralog, and
PARylation is completely abrogated after PARP-1 knockout, in-
dicating that the enzyme is the principal, if not the only, PARP
protein with enzymatic activity in these cells (34). In addition,
chicken cells can be used as a reliable model to study the molecular
events that occur from entry to proviral transgene expression
characteristic of the gammaretrovirus and lentivirus life cycle.
Chicken cells are highly permissive to transduction with single-
round infection by murine leukemia virus (MLV) and HIV re-
porter viruses (35–39), suggesting that the molecular mechanisms
required for uncoating, reverse transcription, DNA integration,
and transgene expression of these retroviruses are conserved in
these cells. Further evidence supporting the conservation of the
molecular mechanisms implicated in the early steps of HIV-1 in-
fection in chicken cells indicates that, as in human cells, HIV in-
tegrates preferentially inside active transcription units in the
chicken genome (35).

Using the DT40 cells as a model, we have discovered a novel
role of PARP-1 in retroviral infection. Our data indicate that, in a
catalytic-independent manner, PARP-1 promotes transcriptional
repression of integrated retroviruses by epigenetic mechanisms
that involve histone deacetylation and DNA methylation.

MATERIALS AND METHODS
Cell lines. DT40-derived wild-type (WT) and KO cell lines and a PARP-1
knockout engineered to express human PARP-1 (h-1) and human
PARP-2 (h-2) were previously described (34) and were kindly provided by

Shunichi Takeda (Crest Laboratory, Department of Radiation Genetics,
Faculty of Medicine, Kyoto University, Kyoto, Japan). KO cells expressing
a human PARP-1 �C-terminal mutant were generated by electroporation
of the corresponding expression plasmid in KO cells as described below.
DT40-derived cells were cultured in RPMI 1640 supplemented with 10%
heat-inactivated fetal calf serum, 6% heat-inactivated chicken serum, 2
mM L-glutamine, and 1% penicillin/streptomycin.

The SupT1 and Jurkat cell lines were grown in RPMI 1640, while
HEK293T-derived cells were grown in Dulbecco’s modified Eagle’s me-
dium (DMEM), and both culture media were supplemented with 10%
heat-inactivated fetal calf serum, 2 mM L-glutamine, and 1% penicillin/
streptomycin.

Human PARP-1-deficient cells were generated by transduction of
SupT1 cells with HIV-derived vectors expressing a PARP-1-specific or a
control short hairpin RNA (shRNA), following procedures previously
described (40). SupT1 cells were infected at different multiplicities of
infection (MOIs) and 2 weeks later were sorted for high levels of enhanced
green fluorescent protein (EGFP) expression (the top 10% of EGFP mean
fluorescence intensity) by flow cytometry. The sorted cells were cultured
for 10 days and then characterized.

Electroporation. KO cells were cultured at a density of 106 cells/ml
prior to electroporation. Cells (107) were washed once in ice-cold phos-
phate-buffered saline (PBS) and resuspended in 0.8 ml of ice-cold PBS
that contained 25 �g of the XhoI-linearized expression plasmid. The cell
suspension was then transferred to a 0.4-cm-gap electroporation cuvette
(Bio-Rad 1652088) and incubated on ice for 10 min. The cells were elec-
troporated at 550 V and 25 �F in a Bio-Rad Gene Pulser XCell electropo-
rator. The electroporated cells were incubated on ice for 10 min and then
gently transferred to a T-75-cm2 flask containing 20 ml RPMI 1640 sup-
plemented with 20% heat-inactivated fetal calf serum, 6% heat-inacti-
vated chicken serum, 2 mM L-glutamine, and 1% penicillin/streptomycin.
Twenty-four hours later, the culture medium was removed and the cells
were resuspended in fresh culture medium supplemented with puromy-
cin (0.25 �g/ml). Robust polyclonal puromycin-resistant cultures
emerged between 2 and 3 weeks after electroporation. PARP-1 expression
was verified by immunoblotting with an anti-PARP-1 monoclonal anti-
body (MAb) 2-C-10 clone (41).

Plasmids. PARP-1 expression plasmids. A human PARP-1 �C-termi-
nal mutant (lacking amino acids 489 to 1014) was expressed from
pPARP-1 � C-term. This plasmid contains the human cytomegalovirus
(CMV) immediate-early gene promoter driving the transcription of
PARP-1 cDNA, followed by an internal ribosome entry site and the pu-
romycin N-acetyl-transferase gene. The PARP-1 �C-terminal mutant was
generated by mutagenesis PCR and is C-terminally tagged with a flexible
and hydrophilic 20-amino-acid peptide. The identity of pPARP-1 � C-
term was verified by overlapping DNA sequencing of the PARP-1 cDNA.

Retroviral vector plasmids. The plasmids used to generate retroviral
vectors were described previously (40). HIV vectors were produced using
pHIVluc or pTRIP (42), pCMV�R8.91, and pMD.G (a gift from D.
Trono). pHIVluc was derived from pNL4-3.Luc.R�E� (43) by introduc-
ing a deletion in the Env open reading frame. The LacZ open reading
frame in pTRIP was replaced by EGFP or firefly luciferase (40). Luciferase
is expressed from the HIV long terminal repeat (LTR) promoter in HIV-
luc, and EGFP or luciferase is expressed from an internal CMV promoter
in pTRIP-derived vectors. pMLV luc was obtained by cloning firefly lu-
ciferase into pLPCX (Clontech) (40).

Human PARP-1 knockdown and control cells were generated by
transduction with HIV-derived vectors produced with plasmids pTRIP
EGFP shRNA PARP-1 and pTRIP EGFP shRNA control. These plasmids
were constructed by cloning shRNA expression cassettes that contain
PARP-1-specific or scrambled shRNA sequences at a unique PpuMI site
in pTRIP EGFP. The PARP-1-specific shRNA expression cassette was gen-
erated by annealing oligonucleotides 5=-GatcccgAAGTATCCCAAAAAG
TTCTttcaagagaAGAACTTTTTGGGATACTTttttttggaaa-3= and 5=-agcttt
tccaaaaaaAAGTATCCCAAAAAGTTCTtctcttgaaAGAACTTTTTGGGAT

PARP-1 Induces Retroviral Transcriptional Silencing

March 2013 Volume 87 Number 5 jvi.asm.org 2497

http://jvi.asm.org


ACTTcgG-3= and cloning them into the pSilencer 2.1-U6 hygro expres-
sion plasmid (Ambion). Then, the U6 promoter and the shRNA se-
quences were amplified by PCR with primers EE5 (sense; 5=-TATAGGG
ACCCGTAAAACGACGGCCAGTGCC-3=) and EE6 (antisense; 5=-TAT
AGGGTCCCGAATTCCCCAGTGGAAAGACG-3=) and cloned into
pTRIP EGFP.

Generation of viruses. Procedures described previously (40) were fol-
lowed for the production of single-round-infection retroviruses. Briefly,
MLV Luc vectors were produced in Phoenix A packaging cells by calcium-
phosphate cotransfection of 15 �g of pLPCXluc and 5 �g of the vesicular
stomatitis virus glycoprotein G (VSV-G) expression plasmid pMD.G.
Forty-eight hours after transfection, the viral supernatants were harvested
and concentrated by ultracentrifugation at 124,750 � g for 2 h on a 20%
sucrose cushion.

HIVluc was prepared by calcium-phosphate cotransfection of
HEK293T cells with 15 �g of pHIVluc and 5 �g of pMD.G. The viral
supernatant was collected 48 h after transfection, and aliquots were stored
at �80°C until use.

TRIPluc, TRIPEGFP, pTRIP EGFP shRNA PARP-1, and pTRIP EGFP
shRNA control vectors were produced by calcium-phosphate cotransfec-
tion of HEK293T with 15 �g of the corresponding pTRIP plasmid, 15 �g
of pCMV�R8.91, and 5 �g of pMD.G. The virus-containing supernatant
was collected and concentrated by ultracentrifugation as described above.

DNase-treated single-round-infection TRIPluc viruses were prepared
by incubation of the filtered viral supernatant with 40 U/ml Turbo DNase
(Ambion) for 30 min at 37°C (44).

Avian sarcoma/leukosis virus (ASLV)-based vectors expressing
EGFP (ASLV GP) were produced by transient transfection of DF-1
chicken embryonic fibroblasts with RCANBPM2C(797-8)PolIGFP or
RCASBPM2C(797-8)GFP plasmids (45, 46) (a gift from Stephen H.
Hughes, NCI-Frederick, HIV Drug Resistance Program).

Reverse transcriptase levels in the HIV- and MLV-derived viral vector
preparations were measured using the EnzChek Reverse Transcriptase
Assay Kit (Invitrogene), following the manufacturer’s instructions.

Recombinant vesicular stomatitis virus expressing EGFP (a gift from
John C. Bell) was previously described (47); it was amplified, and titers
were determined on Vero cells.

Single-round infectivity assay. Target cells were plated at 1 � 105 cells
in 500 �l of RPMI 1640 culture medium in 24-well plates and infected
with HIV- or MLV-derived viral supernatants containing similar reverse
transcriptase levels. Four days postinfection, cells were collected by cen-
trifugation at 1,000 � g for 6 min, and the pellet was resuspended in 200 �l
of PBS. Half of the sample was mixed with 100 �l of luciferase substrate
(Bright-Glow Luciferase Assay System; Promega) and the other half with
100 �l of cell viability substrate (CellTiter-Glo Assay; Promega). Cell ly-
sates were incubated for 10 min at room temperature in the dark, and then
the luminescence was measured in triplicate in 50-�l samples using a
microplate luminometer reader.

Analysis of the production of RAV-1. DT40 cells were generated by
infection of a chicken with RAV-1 (48). These cells are known to contin-
uously produce and release infectious avian Rous-associated virus type 1
(RAV-1) into the supernatant. DT40-derived WT, KO, and h-1 cells were
plated at 0.4 � 106 cells/ml and cultured for 72 h. Cell culture supernatant
was collected, passed through a 0.45-�m filter, and concentrated by ultra-
centrifugation at 124,750 � g for 2 h on a 20% sucrose cushion. The
viability of the producer cells was determined at the end of the experiment
by measuring ATP levels, as described above (CellTiter-Glo Assay; Pro-
mega). Viral pellets were resuspended in fresh culture medium, and re-
verse transcriptase was measured with the EnzChek Reverse Transcriptase
Assay Kit (Invitrogen).

Immunoblotting. Cells (3 � 106) were lysed in 100 �l of Laemmli
sample buffer (12 mM Tris-Cl, pH 6.8, 0.4% SDS, 2% glycerol, 1% �-mer-
captoethanol, 0.002% bromophenol blue), and 15 �l of the sample was
resolved by SDS-PAGE and transferred overnight to polyvinylidene diflu-
oride (PVDF) membranes at 100 mA at 4°C. The membranes were

blocked in Tris-buffered saline (TBS) containing 10% milk for 1 h and
then incubated with the corresponding primary antibody diluted in
TBS-5% milk-0.05% Tween 20 (antibody dilution buffer). PARP-1 was
detected with MAb 2-C-10 (41) (diluted 1/1,000), PARylation with an
anti-poly(ADP-ribose) monoclonal antibody (sc-56198, diluted 1/125)
and PARP-2 with a rabbit antibody (sc-133886, diluted 1/500). As a load-
ing control, anti-alpha-tubulin MAb (clone B-5-1-2; Sigma) was used at a
1/4,000 dilution. Membranes were incubated overnight at 4°C with anti-
PARP-1 or -2 or -PAR Mab, whereas anti-alpha tubulin MAb was incu-
bated for 2 h at 25°C. Primary-antibody-bound membranes were washed
in TBS-0.1% Tween 20, and bound antibodies were detected with goat
anti-mouse Ig-horseradish peroxidase (HRP) (Sigma) diluted 1/2,000 in
antibody dilution buffer, followed by chemiluminescence detection.

Analysis of the HIV-1 life cycle by real-time PCR. DT40-derived cells
(1 � 106) were challenged with DNase-treated single-round-infection
TRIPluc viruses, and 24 h later, 90% of the cells were used for DNA
extraction (High Pure PCR template preparation kit; Roche), whereas
10% were cultured for 4 days to evaluate infectivity. DNA (1 ng) was used
to quantify total HIV-1 cDNA (gag DNA), two long terminal repeat
(2LTR) circle DNA, or histone H4 DNA by real-time PCR in a MiniOp-
ticon system (Bio-Rad) as described previously (49). 2LTR DNA was de-
tected using primers MB49 (5=-AACTAGGGAACCCACTGCTTAAG)
and MB50 (5=-TCCACAGATCAAGGATATCTTGTC), while total HIV
cDNA (HIV gag DNA) was detected with primers MB72 (5=-CGGATCT
CGACGGTATGCGCC) and MB73 (5=-TCGCCCCAAAGTGGATCTCT
GC). As a loading control, histone H4 DNA was quantified in the same
samples used to detect HIV DNA with primers MB74 (5=-TGCGCGACA
ACATCCAGGGCATCAC) and MB75 (5=-GTGACCGTCTTCCTCTTG
GCGTGCTC). In other experiments, DT40 cells were infected with TRIP-
luc and cultured for 10 days before the DNA was extracted from 106

infected cells for real-time PCR analysis. The fold change was calculated in
all these experiments using the �Ct method, and the values were expressed
relative to the values detected in the WT cells.

Pharmacological inhibition of PARP. Jurkat, HEK293T, SupT1, and
DT40-derived cells were treated with several PARP inhibitors for 24 h and
then challenged with single-round-infection HIV-derived viruses ex-
pressing luciferase. Infected cells were culture for 4 days in the presence or
absence of inhibitors, and then HIV-1 infection and cell viability were
measured as described above. The PARP inhibitor set (catalog no. 528820;
EMD) included 3-aminobenzamide, 5-iodo-6-amino-1,2-benzopyrone,
1,5-isoquinolinediol, 8-hydroxy-2-methylquinazoline-4-one (NU 1025),
and 3,4-dihydro-5[4-(1-piperindinyl)butoxy]-1(2H)-isoquinoline (DPQ).

Pharmacological inhibition of histone deacetylase and DNA CpG
methylation. DT40-derived cells were infected with TRIPluc or MLVluc
and 4 days later treated or not with sodium butyrate (5 mM; B5887;
Sigma) for 24 h or with 5-azacytidine (30 �M; A2385; Sigma) for 36 h.
Following these treatments, the cells were analyzed for HIV infection and
cell viability as described above.

RESULTS
Roles of PARP-1 and PARP-2 in retroviral infection. In order to
evaluate the roles of PARP-1 and -2 in retroviral infection, we
studied DT40-derived cells. These cells efficiently support the
early postentry steps of the gammaretrovirus and lentivirus life
cycle (35–39). PARP-1 is the only member of the PARP family
with catalytic activity in these cells, and DT40 cells are viable after
PARP-1 knockout (34).

DT40 WT, KO, and h-1 and h-2 cells (Fig. 1a) were challenged
with single-round-infection HIV (TRIPluc)- and MLV (MLV-
luc)-derived viral vectors containing similar levels of reverse
transcriptase activity. These viruses express firefly luciferase from
an internal CMV promoter. Four days after viral challenge, the
cells were analyzed for luciferase activity and cell viability. Viabil-
ity was determined by measuring intracellular levels of ATP. The
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data depicted in Fig. 1b indicated that KO cells were approxi-
mately nine and six times more susceptible to infection by HIV
and MLV, respectively, than WT cells, suggesting that PARP-1
expression impairs MLV and HIV infection. Similar results were
observed when an HIV-derived vector expressing EGFP was eval-
uated (data not shown).

The enhanced susceptibility of KO cells to retroviral infection
was efficiently reduced to the levels observed in WT cells by stable
expression of human PARP-1 (h-1 cells) (Fig. 1b). These results
clearly indicated that both chicken and human PARP-1 efficiently
impair HIV and MLV infection. Our observations also correlated
with the high degree of evolutionary conservation of PARP-1.
Comparison of the primary sequences of human and chicken
PARP-1 proteins indicates 77% identity and 88% similarity.

The data in Fig. 1 indicated that, although both h-1 and
WT cells were similarly susceptible to retroviral infection
(Fig. 1b), h-1 cells express higher levels of PARP-1 (human pro-
tein) than WT cells (avian protein) (Fig. 1a). These results sug-
gested that this novel activity of PARP-1 reaches saturation at the
physiological levels of the protein. Alternatively, the apparent dif-

ferences in PARP-1 levels observed in WT and h-1 cells could be
determined by different affinities of the antibody used for the
human and the avian proteins.

Unlike the effect of PARP-1, robust expression of human
PARP-2 (Fig. 1a), the closest human PARP-1 paralog, did not
modify the susceptibility of KO cells to retroviral infection
(Fig. 1b). This observation suggested that the enzymatic activity or
other PARP-1 functions shared with PARP-2 are not involved in
this novel function of PARP-1.

Massive DNA damage leads to strong PARP-1 activation that
triggers cellular death (50–52). Therefore, we determined whether
the differences in susceptibility to retroviral infection observed in
cells expressing or not expressing PARP-1 could be attributed
to different cellular survival or proliferation rates following
retroviral infection. To this end, we measured the viability of
WT, KO, h-1, and h-2 cells 4 days after HIV-1 or MLV infec-
tion. Although infected cells exhibited a decrease in viability
compared to noninfected cells, we did not observe significant
differences in viability between cells expressing or not express-
ing PARP proteins after viral infection (Fig. 1c). Therefore, the

FIG 1 Effects of PARP-1 and PARP-2 on retroviral infection. (a) Expression of PARP proteins in DT40 WT, KO, and h-1 or h-2 cells. Alpha tubulin was detected
as a loading control. (b, c, and d) Susceptibility of DT40 WT, KO, h-1, and h-2 cells to TRIPluc and MLVluc infection. Cells were challenged with TRIPluc or
MLVluc, and infectivity (luciferase expression [b and d]) and cell viability (ATP levels [c]) were measured 4 days after infection. (b) Fold infectivity is expressed
relative to the luciferase levels detected in WT cells, and the standard deviations (SD) (error bars) correspond to triplicate measurements from two independent
experiments. (d) Fold infectivity was calculated by normalizing luciferase activity to ATP levels in the same samples and expressed relative to the values of WT
cells. The standard deviations represent the variability observed in multiple experiments (n is indicated) conducted over 1 year using different viral preparations.
(c) Viability of cells in panel b 4 days after HIV-1 or MLV infection. The standard deviations correspond to triplicate measurements of two independent
experiments, and the percent cell viability was calculated relative to the corresponding noninfected cell lines. (e) FACS analysis of EGFP expression in DT40 WT,
KO, and h-1 cells infected at a multiplicity of infection of 10 with a recombinant vesicular stomatitis virus expressing EGFP. The percentages of EGFP-positive
cells are shown in parentheses.

PARP-1 Induces Retroviral Transcriptional Silencing

March 2013 Volume 87 Number 5 jvi.asm.org 2499

http://jvi.asm.org


observed differences in susceptibility to retroviral infection
were not due to different cellular proliferation or survival rates
of the infected cells.

In order to better characterize the range of the inhibitory effect
of PARP-1 on retroviral infection, we compiled (Fig. 1d) the re-
sults of multiple experiments conducted over 1 year with different
viral preparations and by different researchers in our laboratory.
In the infection experiments described below, the luciferase activ-
ity of the retroviral transgene was normalized to the ATP levels
detected in the studied cells.

The specificity of the effect of PARP-1 on retroviral infection
was next evaluated by determining the susceptibility of cells ex-
pressing or not expressing PARP-1 to infection by a rhabdovirus,
vesicular stomatitis virus, engineered to express EGFP (VSV-
EGFP) (47). WT, KO, and h-1 DT40 cells were infected at multi-
plicities of infection (MOIs) of 100, 30, 10, and 1 and analyzed by
fluorescence-activated cell sorting (FACS) 48 h later. VSV-driven
EGFP expression levels were similar in these cells at all the MOIs
evaluated, Fig. 1e shows the results for an MOI of 10, indicating
that the susceptibility to VSV infection was not influenced by the
levels of PARP-1 in the target cells. VSV-driven expression of
EGFP was detected by microscopic examination of the infected
cells as early as 10 h postinfection, and no differences between the
infected cell lines were observed at this early time point (data not
shown). Analysis of VSV infection at later time points was pre-
cluded due to the cytopathic effects caused by the replicating virus.
Therefore, these data demonstrated that the decreased suscepti-
bility to retroviral infection observed in cells expressing PARP-1
was not due to a global defect in the cells.

In summary, the data included in Fig. 1 clearly indicated that
PARP-1, but not PARP-2, specifically impairs retroviral infection
through an evolutionarily conserved mechanism.

Analysis of the effect of PARP-1 on the HIV life cycle. PARP-1
has been extensively studied in relation to retroviral DNA integra-
tion in mammalian cells, and contradictory data have been re-
ported. While some studies indicated a fundamental role of
PARP-1 in retroviral DNA integration and integration site selec-
tion, other investigations reported that PARP-1 is dispensable for
retroviral DNA integration or infection (27–33). To evaluate the
effect of PARP-1 on the HIV life cycle in DT40 cells, we quantified
by real-time PCR the levels of total HIV cDNA (gag DNA), an
indicator of complete and successful reverse transcription, and the
levels of 2LTR circle DNA, a marker of the nuclear import of the
preintegration complex that was inversely correlated with viral
DNA integration. As a loading control, we detected histone H4
DNA in the same samples by real-time PCR and used these values
to normalize the levels of total HIV cDNA and 2LTR circle DNA.

In these studies, we found similar amounts of histone H4-nor-
malized total HIV cDNA and 2LTR circle DNA in WT and KO
cells at 24 h postinfection, whereas the levels of both HIV-1 DNA
forms were slightly higher in h-1 cells (Fig. 2a). These results es-
tablished that PARP-1 impairs HIV-1 infection by a mechanism
that does not involve reverse transcription, nuclear import of the
preintegration complex, or viral DNA integration, therefore sug-
gesting a postintegration effect.

Given the lack of techniques to directly quantify HIV-1 DNA
integration in chicken cells, we could only indirectly analyze the
effects of PARP-1 on viral DNA integration. However, it is well
established that the nonintegrated forms of HIV cDNA exhibit a
significantly shorter half-life than the integrated viral cDNA.

Among other factors, the incapability of the nonintegrated HIV
cDNA to undergo DNA replication determines that the amount of
nonintegrated viral DNA substantially decreases in a cell after sev-
eral cell divisions. In contrast, the integrated viral cDNA replicates
synchronously with the host DNA and remains at constant levels
throughout multiple rounds of cell division. This cell division-
dependent dilution effect is especially marked in DT40 cells,
which divide up to three times per day (53, 54). We took advan-
tage of the different half-lives of integrated and nonintegrated
forms of the HIV genome and the short duration of the DT40 cell
cycle to quantify the relative levels of integrated HIV DNA in
DT40 cells by real-time PCR. The primers used to amplify total
HIV cDNA (gag DNA) detect both integrated (provirus) and non-
integrated viral cDNAs that include linear and circular forms
(mainly 1LTR and 2LTR circles). Therefore, we quantified gag
DNA levels (total HIV cDNA) in infected DT40 cells 10 days after
infection. Due to the different half-lives of integrated and nonin-
tegrated HIV DNA forms, we expected that the majority, if not all,
of the gag DNA at this time point would correspond to integrated
HIV DNA. To verify this assumption, we also measured 2LTR
circle DNA levels in these cells by real-time PCR. The amounts of
all these forms of HIV-1 DNA were normalized to histone H4
DNA levels to ensure equal loading.

In these experiments, WT, KO, and h-1 cells were infected with
TRIPluc and cultured for 10 days, and then the luciferase and ATP
levels were determined and DNA was extracted for analysis. In
agreement with the results presented in Fig. 1b and d, cells ex-
pressing PARP-1 were also markedly less susceptible to HIV-1
infection than PARP-1�/� cells when infectivity was measured 10
days after viral transduction (Fig. 2b). In accordance with our
predictions, in three out of six independent infection experi-
ments, 2LTR DNA was undetectable, while very low levels were
measured in the remainder of the experiments. On the other hand,
total HIV cDNA levels were very robust in the six assays evaluated,
suggesting that the majority of the total HIV cDNA detected with
the gag primers corresponds to integrated viral cDNA. In samples
with undetectable 2LTR DNA circles, similar levels of H4-normal-
ized total HIV cDNA were found in WT, KO, and h-1 cells. KO
cells contained 1.68- � 0.72- and h-1 cells 1.71- � 0.91-fold
higher levels of histone H4-normalized total HIV cDNA than WT
cells. These results demonstrated that HIV-1 DNA integration
occurred with similar efficiencies in cells expressing or not ex-
pressing PARP-1.

In the other three experiments where low levels of 2LTR circle
DNA could still be detected at 10 days postinfection, similar
amounts of H4-normalized 2LTR circle DNA and total HIV
cDNA were found in WT, KO, and h-1 cells (Fig. 2c). These data
correlated with findings at 24 h after infection (Fig. 2a) and further
support the conclusion that HIV-1 reverse transcription and nu-
clear import of the preintegration complex are not affected by
PARP-1. In order to estimate the levels of integrated HIV-1 cDNA
in the experiments with residual levels of 2LTR circles, we calcu-
lated the ratio of H4-normalized total HIV cDNA (containing
both integrated and nonintegrated forms) to H4-normalized
2LTR circle DNA (nonintegrated form) in the different cell lines
studied (Fig. 2c). Using this strategy, we observed similar quanti-
ties of integrated DNA in cells expressing or not expressing
PARP-1, further supporting the data described above for cells with
undetectable levels of 2LTR circle DNA at 10 days postinfection, as
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well as the results obtained 24 h after infection (Fig. 2b) that indi-
cate that PARP-1 levels do not influence HIV-1 DNA integration.

Interestingly, in multiple experiments, we have observed that
the levels of total HIV cDNA at 24 h postinfection and, as a con-
sequence, the 2LTR levels at that time point and the total HIV
cDNA at 10 days postinfection (more likely integrated provirus)
are slightly higher (less than 2.1-fold) in h-1 than in WT or KO
DT40 cells (Fig. 2a and c). Curiously, the levels of PARP-1 in h-1
cells are higher than in WT or KO cells (Fig. 1a). These data sug-
gest that human PARP-1 could have a role in the nuclear stability
of the HIV-1 preintegration complex; however, our data cannot
strongly support this conclusion, and more importantly, this pos-
sibility cannot explain the observed effect of PARP-1 on retroviral
infection.

In conclusion, the data in Fig. 2 demonstrated that PARP-1
impairs HIV-1 infection at a postintegration step of the viral life
cycle without significantly affecting the efficiency of HIV-1 reverse
transcription (total HIV cDNA at 24 h postinfection), nuclear
import of the preintegration complex (2LTR circle DNA at 24 h
postinfection), and HIV DNA integration (2LTR circle DNA at 24
h postinfection and total HIV cDNA and the total HIV cDNA/

2LTR circle DNA ratio at 10 days postinfection). Therefore, we
postulated that PARP-1 affects the transcriptional activity of the
provirus.

Effect of PARP-1 on the production of RAV-1 by DT40 cells.
The HIV- and MLV-derived retroviral vectors analyzed express
the luciferase transgene from an endogenous CMV promoter. In
order to evaluate the effect of PARP-1 on LTR promoter-mediated
transcription, we infected PARP-1-expressing (WT and h-1) and
KO DT40 cells with an ASLV expressing EGFP from the viral LTR
promoter. Although high-titer virus preparations were obtained
by replication of the virus in DF-1 cells, ASLV replicated poorly in
the infected DT40-derived cells. Thus, these low replication levels
prevented us from performing a dependable analysis of the effect
of PARP-1 on the replication of ASLV (data not shown). Equiva-
lent results were obtained with an ASLV-derived vector expressing
EGFP from an internal CMV promoter (45, 46). Similarly to an
MLV-derived vector that we used to infect DT40 cells, these
ASLV-derived viruses express the amphotropic MLV envelope,
suggesting that it is unlikely that the poor ASLV replication ob-
served in DT40 cells was due to a receptor-mediated restriction.

DT40 cells produce infectious RAV-1, the retroviruses used to

FIG 2 Effect of PARP-1 on the HIV-1 life cycle. DT40 WT, KO, and h-1 cells were infected with TRIPluc and analyzed 24 h (a) or 10 days (b and c) later. Total
HIV cDNA (gag DNA), 2LTR circle DNA, and histone H4 DNA were determined by real-time PCR. Total HIV cDNA and 2LTR circle DNA levels were
normalized to the levels of histone H4. The standard deviations represent the variability of triplicate real-time measurements of samples from two (a) or three (c)
independent infection experiments. (b) Susceptibility of DT40-derived cells to HIV-1 infection. Infectivity (cell viability-normalized luciferase levels) was
determined at 10 days postinfection. Fold infectivity is expressed relative to the infectivity of WT cells. The standard deviations represent the variability of
triplicate measurements of one of the infection experiments considered in panel c.
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generate the cell line (48). Therefore, we decided to evaluate the
effect of PARP-1 on the activity of the LTR promoter of RAV-1 by
determining the production of the virus by DT40 cells. DT40-
derived cells were grown for 72 h, and the production of RAV-1
was analyzed by measuring reverse transcriptase activity in the cell
culture supernatant after virus concentration on a 20% sucrose
cushion. Reverse transcriptase levels produced by the different
DT40-derived cell lines were normalized to the number of viable
cells (ATP levels) in the cultures at the time of harvesting the viral
supernatant. The data in Fig. 3 clearly indicate that the production
of RAV-1 was also affected by the levels of PARP-1 in the producer
cells, and the magnitude of the effect was similar to that observed
with MLV- and HIV-derived viral vectors employing an internal
CMV promoter (Fig. 1). RAV-1 production was 2.5-fold and 12.5-
fold higher in PARP-1-null cells (KO cells) than in WT or h-1 cells,
respectively. These data demonstrated that PARP-1 modulates the
expression from the LTR promoter, as well as the retrovirus inter-
nal CMV promoter.

Effect of PARP-1 on HIV-1 infection of human CD4� T cells.
PARP-1 is expected to have significant functional redundancy in
mammals. Five members of the PARP family (PARP-1, -2, -3, -4,
and -5) are nuclear enzymes with a role in genome stability and/or
chromatin remodeling (14, 15). This functional redundancy de-
termines that although PARP-1 and PARP-2 single-knockout
mice are viable, the double knockout is embryonic lethal (17).
Similarly, the PARP-1/3 double-knockout mice exhibit higher
sensitivity to X-irradiation than the corresponding single-knock-
out mice (18).

In order to evaluate whether this functional redundancy also
affects the role of PARP-1 in repressing the expression of inte-
grated retroviral genomes, we generated a stable PARP-1-deficient
human CD4� T cell line (Fig. 3b) and challenged these cells with
two different single-round-infection HIV-derived vectors ex-
pressing luciferase, TRIPluc, and Hluc. Unlike TRIPluc, which
expresses luciferase from an internal CMV promoter, the expres-
sion of this transgene is driven by the LTR promoter in HIVluc

(40). Control and PARP-1-deficient cells were infected with these
viruses and evaluated 4 days later for luciferase activity. The data
in Fig. 3c clearly indicated that luciferase expression levels were
similar in control and PARP-1-deficient cells, suggesting that
other PARP family members present in human cells compensate
for the loss of PARP-1 and are capable of repressing the transcrip-
tion of integrated HIV-1 proviruses. Similar to our findings in
human cells, lack of PARP-1 expression in mouse cells was not
associated with an increase in retroviral expression upon HIV in-
fection (27, 30, 32, 33). These findings in mammalian cells differ
from our observations in avian cells, highlighting the advantages
of the DT40 cell model for studying the role of PARP-1 in retro-
viral infection.

Role of epigenetic mechanisms in PARP-1-induced retrovi-
ral transcriptional repression. The data in Fig. 1, 2, and 3a sug-
gested that PARP-1 specifically impairs retroviral infection, pre-
sumably at the level of transgene expression. A decrease in
retroviral transgene expression could be caused by a reduced tran-
scription rate or by mutations of the reporter gene that affect its
activity. In turn, reduced transcriptional promoter activity could
be due to epigenetic or genetic (mutation) mechanisms. Since
transcriptional silencing is central in HIV-1 latency in human cells
(55–61), we expected that impaired transcriptional activity of the
proviral internal promoter would be a major mechanism in
PARP-1-induced retroviral silencing. Thus, we focused our study
on the evaluation of this hypothesis.

In human cells, the most common cause of HIV-1 latency is
transcriptional silencing of the provirus by epigenetic mecha-
nisms, including histone deacetylation and CpG island DNA
methylation (55, 56, 60). To determine the relevance of histone
deacetylation to the effect of PARP-1 on retroviral infection, we
evaluated the effect of sodium butyrate (5 mM), a histone deacety-
lase inhibitor, on the transgene levels in HIV- or MLV-infected
cells. DT40 WT, KO, and h-1 cells were infected with TRIPluc or
MLVluc and 4 days later treated or not (control) with sodium
butyrate for 24 h and then assessed for luciferase and ATP levels.

FIG 3 Roles of PARP-1 in the expression of avian Rous-associated virus type 1 and in HIV-1 infection of human cells. (a) Reverse transcriptase activity detected
in the 20% sucrose cushion-concentrated cell culture supernatant derived from DT40 WT, KO, and h-1 cells. The reverse transcriptase activity was normalized
to the total number of viable producer cells. The SD represents triplicate measurements from one experiment. These results are representative of four indepen-
dent experiments. (b) Levels of PARP-1 protein in control (WT) and PARP-1-knockdown (KD) human CD4� T cells. Alpha tubulin was detected in these
samples as a loading control. (c) Susceptibility of control and PARP-1 knockdown human CD4� T cells to HIV-1 infection. The luciferase levels detected in these
cells were normalized to the ATP amounts to calculate infectivity. The standard deviation values represent the variability observed in one experiment. The
experiment is representative of two independent experiments.
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ATP-normalized luciferase levels detected in nontreated DT40
cells were considered baseline values, and the levels observed in
the corresponding treated DT40 cell lines were expressed relative
to them. The data in Fig. 4a revealed that sodium butyrate treat-
ment very effectively increased luciferase expression in DT40 cells
infected with MLV or HIV. However, the increase was signifi-
cantly more marked in cells expressing PARP-1. Following so-
dium butyrate treatment and normalization of luciferase activity
using DT40 WT levels as a baseline, we observed that the differ-
ence in luciferase expression among all DT40 cell lines was abol-
ished (Fig. 4b, butyrate-treated cells). Collectively, data in Fig. 4a
and b indicated a major role of histone deacetylases in the repres-
sive activity of PARP-1 on retroviral expression.

Recruitment of histone deacetylases to the retroviral promoter
is mediated by specific transcription factors or by CpG DNA
methylation of the promoter regions. To investigate the role of
DNA methylation in PARP-1-induced retroviral silencing, we
evaluated the effect of 5-azacytidine treatment on the levels of
transgene expression in MLV- or HIV-infected DT40 cells. 5-Aza-
cytidine substitutes cytosine residues in the cellular DNA, pre-
venting methylation of cytosine at carbon 5. In addition, 5-azacy-
tidine irreversibly inhibits the activity of the enzyme responsible

for this modification, DNA cytosine–C5 methyltransferase, by
causing enzyme-DNA adducts (62).

In these experiments, WT, KO, and h-1 DT40 cells were in-
fected with TRIPluc or MLVluc. Four days later, the cells were
treated or not (control) with 5-azacytidine (30 �M) for 36 h,
approximately four to five DT40 cell cycles (53, 54), and then the
luciferase and ATP levels were measured. Similar to the effect of
sodium butyrate (Fig. 4a and b), 5-azacytidine treatment sup-
pressed the differences in retroviral transgene levels observed in
the infected cells (Fig. 4c) by increasing the luciferase expression,
preferentially, in PARP-1-expressing cells (Fig. 4d). Unlike so-
dium butyrate, 5-azacytidine caused cytopathic effects, and the
absolute increase in luciferase activity in the treated cells was
significantly lower than in the cells exposed to sodium bu-
tyrate. In summary, the results in Fig. 4c and d demonstrated a
central role of CpG DNA methylation in PARP-1-induced ret-
roviral silencing.

The data in Fig. 4 revealed that PARP-1 induces retroviral tran-
scriptional repression by epigenetic mechanisms involving his-
tone deacetylation and DNA methylation. These are also the main
mechanisms of HIV-1 silencing in human cells, highlighting the
relevance of our findings.

FIG 4 Role of epigenetic mechanisms in the effect of PARP-1 on retroviral infection. DT40 WT, KO, and h-1 cells were infected with TRIPluc and MLVluc, and
4 days later, the cells were treated or not (control) with sodium butyrate for 24 h (a and b) or with 5-azacytidine for 36 h (c and d), and infectivity (luciferase levels)
and cell viability (ATP levels) were measured. Luciferase activity was normalized to ATP levels in all of the experiments. (a and c) ATP-normalized luciferase
activity is expressed relative to the values found in the corresponding infected cell lines that were not treated. (b and d) ATP-normalized luciferase activity
(infectivity) expressed relative to the infectivity values detected in the WT cells in the treatment or control group. The standard deviation values represent
triplicate measurements from one infection experiment. The data are representative of three independent experiments.
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Role of the catalytic activity of PARP-1 in retroviral infec-
tion. PARP-1 has a major role in transcriptional repression of
retrotransposons in Drosophila (21, 25). PARP-1 represses tran-
scription by direct incorporation into the chromatin, a process
that requires both the DNA binding domain (20, 21, 23, 24) and
the C-terminal region of the protein (22). Chromatin incorpora-
tion of PARP-1 and transcriptional repression are independent of
its enzymatic activity (20, 21, 23, 24). In order to determine the
mechanism of PARP-1-induced retroviral silencing, we evaluated
the role of the C-terminal region of PARP-1 and its enzymatic
activity in retroviral infection.

We generated a truncated PARP-1 mutant (PARP-1 �C-ter-
minal) missing the C-terminal region of the protein (amino acids
489 to 1014). This mutant is expected to completely lack the en-
zymatic activity and the ability to interact with the nucleosome
core histones (22) but to preserve the nuclear localization (amino
acids 202 to 233), binding to DNA (aa 12 to 90 and 116 to 200),
and the BRCT domain (aa 388 to 461)-mediated protein interac-
tion functions of the full-length protein.

PARP-1 �C-terminal was stably expressed in DT40 PARP KO
cells, and the expression was verified by immunoblotting analysis
with an anti-PARP-1 specific antibody (Fig. 5a). Then, DT40 WT,
KO, and h-1 cells and KO cells expressing the PARP-1 �C-termi-
nal mutant (h-1m cells) were infected with TRIPluc and MLVluc

viruses, and luciferase activity and cellular ATP levels were deter-
mined 4 days later. The data shown in Fig. 5b indicated that, con-
trary to the effect of full-length PARP-1, expression of a C-termi-
nally truncated PARP-1 mutant (h-1m cells) failed to reduce the
susceptibility of KO cells to retroviral infection. Similar results
were observed with two other independently generated cell lines
expressing the mutant (data not shown). These data indicated that
the C-terminal region of PARP-1 is required for its effect on ret-
roviral infection.

The C-terminal region of PARP-1 contains the active site of the
enzyme and mediates the binding of the protein to the nucleo-
some core histones (22). PARP-1 mediates transcriptional repres-
sion in a catalytic-independent manner (20–22); therefore, the
requirement for the C-terminal region of PARP-1 to repress ret-
roviral expression is unlikely to be related to the enzymatic activity
of the protein. Nonetheless, to directly analyze the role of the
enzymatic activity of PARP-1 in retroviral infection, we evaluated
the effects of a panel of PARP inhibitors on the susceptibility of the
human CD4� T cell line Supt1 to HIV-1 infection. Target cells
were treated for 24 h with different PARP inhibitors and then
infected with TRIPluc or HIVluc (40). Then, the infected cells
were cultured for 4 days in the presence of the corresponding
PARP inhibitors until infectivity and cell viability were measured.
The PARP inhibitors assayed included 3-aminobenzamide (5 �M

FIG 5 Roles of the C-terminal region and the enzymatic activity of PARP-1 in retroviral infection. (a) Expression of PARP-1 wild type and the �C-terminal
mutant in DT40 cells as determined by immunoblotting with an anti-PARP-1 specific monoclonal antibody. Alpha tubulin was detected as a loading control. (b)
Susceptibility of DT40-derived cells to HIV and MLV infection. DT40 WT, KO, h-1, and h-1m cells were challenged with TRIPluc or MLVluc viral vectors, and
4 days later, infectivity (luciferase activity) and cell viability (ATP levels) were measured. Luciferase activity was normalized to ATP levels to calculate infectivity,
and the fold infectivity was expressed relative to WT cells. The standard deviations represent the variability of triplicate measurements from two independent
experiments. (c) Effect of DPQ, a PARP inhibitor, on retroviral infection. Different cell lines were treated or not (control) with DPQ and then infected with
TRIPluc or MLVluc viral vectors. Cell viability-normalized infectivity was calculated as described above, and the fold infectivity is expressed relative to the
infectivity values found in the control cells. The standard deviations represent the variability of triplicate measurements from three independent experiments. (d)
Effect of DPQ treatment on PARP activity in Jurkat and h-1 cells. Cells were treated or not with DPQ for 24 h, and the levels of PAR were measured by
immunoblotting with a specific antibody. Alpha tubulin was detected as a loading control.
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and 10 �M), 5-iodo-6-amino-1,2-benzopyrene (100 �M and 600
�M), 1,5-isoquinolinediol (20 �M and 200 �M), NU 1025 (500
�M and 1,000 �M), and DPQ (30 �M, 60 �M, and 120 �M).

In three independent experiments, we observed significant cel-
lular toxicity at the highest doses of inhibitors used, preventing
further analysis of the infection. On the other hand, toxicity was
minimal at the lower doses; however, we did not observe any in-
crease in the susceptibility of Supt1 cells to infection at these doses
(data not shown). In an attempt to reduce the cellular toxicity
observed, we treated Supt1 cells with these compounds at the
doses indicated above for only 18 h prior to infection, and then the
cells were cultured for 4 days in the absence of the drugs until
infectivity and cell viability were measured. Even in this experi-
mental setting, the higher doses of the inhibitors were toxic to the
cells and the lower doses, although nontoxic, did not increase
HIV-1 infection (data not shown).

Among the assayed PARP inhibitors, DPQ (30 �M and 60 �M)
exhibited the lowest degree of cellular toxicity, and therefore, it
was used in further experiments. The human cell lines Jurkat and
293T and the DT40-derived WT, KO, and h-1 cells were treated
with DPQ (30 �M and 60 �M) 24 h before infection with HIVluc
or TRIPluc (human cells) and MLVluc or TRIPluc (DT40 cells),
and 4 h after infection, the same doses of DPQ were added to the
cultures until analysis of infection and cell viability was conducted
4 days later. In these experiments, DPQ treatment did not signif-
icantly alter the susceptibility of the target cells to retroviral infec-
tion at any of the doses evaluated (Fig. 5c). Similar results were
found with 30 �M DPQ (data not shown).

In order to determine whether DPQ treatment caused efficient
PARP inhibition, we determined by immunoblotting the basal
levels of poly(ADP-ribose) in Jurkat and h-1 cells treated with the
inhibitor for 24 h. The data in Fig. 5d demonstrated that DPQ (60
�M) markedly reduced the catalytic activity of PARP enzymes in
the treated cells, and the effect was more potent in Jurkat than in
h-1 cells. Therefore, these results demonstrated a lack of correla-
tion between susceptibility to retroviral infection and the enzy-
matic activity of PARP-1.

In summary, the results in Fig. 5 indicated that although the
C-terminal region of PARP-1 is necessary to promote retroviral
silencing (Fig. 5b), it is unlikely that the enzymatic activity of
PARP-1 is involved in this effect (Fig. 5c and d). Therefore, these
findings suggest that PARP-1 causes retroviral silencing by a pre-
viously described transcriptional repressive mechanism that re-
quires the C-terminal region of the protein but is independent of
its enzymatic activity (22). This conclusion is also indirectly sup-
ported by our observations that human PARP-2, which is also
catalytically active, did not have any effect on retroviral infection
(Fig. 1b and d).

DISCUSSION

We have identified a novel role of PARP-1 in the cellular response
to integrated retroviruses. Our data indicate that PARP-1 pro-
motes viral transcriptional repression by epigenetic mechanisms
that involve the activity of histone deacetylases and DNA methyl-
ation. These epigenetic mechanisms also have a central role in
HIV-1 latency in human cells (55, 56, 60), highlighting the rele-
vance of our findings. As expected, these epigenetic processes are
also implicated in PARP-1-induced transcriptional repression of
cellular genes. In normal cells, PARP-1 silences the thrombo-
modulin promoter by inducing promoter DNA methylation (63),

while in cardiomyocytes, the enzyme transcriptionally represses
the �-myosin heavy-chain promoter through interaction with
histone deacetylases (64). It is not surprising that both DNA
methylation and histone deacetylation are implicated in the
PARP-1 effect on retroviral expression, since these two processes
functionally interact to cause transcriptional repression. DNA
methyl transferase 1 methylates cytosine residues in the DNA that
attract DNA methyl-binding proteins, which in turn recruit his-
tone deacetylases. These enzymes remove acetyl groups from the
tails of histones, causing chromatin condensation that results in
repression of gene transcription (65–69).

Previous reports indicated that PARP-1 regulates HIV-1 LTR
promoter activity (31, 70, 71). However, contradictory conclu-
sions were derived from these studies. Pharmacological inhibition
of PARP-1 enzymatic activity or the reduction of PARP-1 cellular
levels was associated with impaired HIV-1 LTR-driven transcrip-
tion, indicating a positive role of PARP-1 in LTR promoter activ-
ity (31, 70). However, more recently, a repressive role of PARP-1
in Tat-regulated HIV-1 LTR-driven transcription was demon-
strated, and the mechanism involved the competition of PARP-1
with Tat for binding to TAR RNA (71). Unlike the previously
reported inhibitory activity of PARP-1, the function that we de-
scribed in this study is Tat independent and involves the activity of
histone deacetylases and DNA methylation, indicating a novel
type of PARP-1 regulation of retroviral expression.

The newly described inhibitory function of PARP-1 presented
here suggests that the other members of the PARP family perform
a broad range of overlapping functions in mammals, including the
capacity to repress retroviral transcription. Human and mouse
cells express several members of the PARP family with demon-
strated functional redundancy with PARP-1 in genome integrity
preservation (17, 18). However, DT40 cells express only PARP-1
(34). Thus, PARP-1-deficient chicken cells consist of a valuable
and advantageous system that is able to highlight the particular
functions of PARP-1 regardless of the activities of other members
of the PARP family.

Although PARP-1 represses the transcription of the retrovi-
ruses integrated into the host genome, cells expressing the enzyme
are still susceptible to retroviral infection. The ability of some
proviruses to escape PARP-1-mediated transcriptional repression
is very unlikely to be due to insufficient amounts of PARP-1 in the
cell, since it is a very abundant protein with more than 106 mole-
cules per cell (72), whereas only a few preintegration complexes
integrate into infected cells. Therefore, these observations suggest
that not all PARP-1 molecules in the cell are competent to silence
the integrated retroviruses. This functional disparity could be the
result of different interactions of PARP-1 with cofactors required
for retroviral silencing or the existence of posttranslational mod-
ifications regulating this PARP-1 function.

PARP-1 could also cause retroviral silencing by promoting in-
tegration of retroviruses into transcriptionally disfavored areas of
the chromatin. In support of this possibility, it has been shown
that PARP-1 promotes integration of HIV-1 near alphoid DNA in
the centromeric regions in mouse and human cells (32). HIV-1
DNA integration at these genome locations results in transcrip-
tional silencing of the provirus in human cells (60).

Based on our observations, PARP-1 represses integrated retro-
viruses by a mechanism that requires the C-terminal region, but
not the enzymatic activity, of the protein. A similar mechanism
has been described for PARP-1 in the repression of transcription
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(22). In this case, PARP-1 is incorporated into nucleosomes
through the interaction of its C-terminal region with the nucleo-
some core histone proteins and chromatin incorporation of
PARP-1, causing chromatin condensation and transcriptional si-
lencing.

A role of PARP-1 in transcriptional silencing of retrotrans-
posons that are integrated in heterochromatin regions has been
described in Drosophila (21, 25). Cells lacking PARP-1 have a re-
duced amount of heterochromatin and increased transcription of
retrotransposons. These reports and our findings urge us to pro-
pose that PARP-1 plays a fundamental role in transcriptional si-
lencing of genomes that invade the host genome. This transcrip-
tional repression activity could be part of the mechanisms
employed by PARP-1 to preserve the integrity of the host genome
in response to the assault of exogenous genomes.
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