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Poly(ADP-ribose) glycohydrolase silencing protects against H2O2-induced
cell death
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PAR [poly(ADP-ribose)] is a structural and regulatory component
of multiprotein complexes in eukaryotic cells. PAR catabolism is
accelerated under genotoxic stress conditions and this is largely
attributable to the activity of a PARG (PAR glycohydrolase). To
overcome the early embryonic lethality of parg-knockout mice and
gain more insights into the biological functions of PARG, we used
an RNA interference approach. We found that as little as 10%
of PARG protein is sufficient to ensure basic cellular functions:
PARG-silenced murine and human cells proliferated normally
through several subculturing rounds and they were able to repair
DNA damage induced by sublethal doses of H2O2. However,
cell survival following treatment with higher concentrations of

H2O2 (0.05–1 mM) was increased. In fact, PARG-silenced cells
were more resistant than their wild-type counterparts to oxidant-
induced apoptosis while exhibiting delayed PAR degradation and
transient accumulation of ADP-ribose polymers longer than 15-
mers at early stages of drug treatment. No difference was observed
in response to the DNA alkylating agent N-methyl-N ′-nitro-N-
nitrosoguanidine, suggesting a specific involvement of PARG in
the cellular response to oxidative DNA damage.
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INTRODUCTION

PAR [poly(ADP-ribose)] comprises a group of negatively
charged, variably sized ADP-ribose polymers with a branching
frequency of up to 3% [1]. PAR occurs in almost every major
compartment in eukaryotic cells except Saccharomyces cerevisiae
and Schizosaccharomyces pombe [2]; it is synthesized by a large
family of PARPs (PAR polymerases) that are expressed with
differential abundance and subcellular localization [3]. In the
nucleus, most of the PAR stays covalently bound to PARP-1,
while approx. 5–10% becomes covalently attached to non-PARP
proteins [2]. The turnover of PAR is tightly regulated; its catabolic
half-life ranges from seconds to hours depending on polymer size,
complexity, protein associations and the particular stress con-
ditions to which cells are exposed [1–4]. PAR catabolism to
ADP-ribose is catalysed by PARG (PAR glycohydrolase) [4].
The co-ordinate action of PARPs and PARG is required for proper
cellular response to DNA damage and maintenance of genomic
stability [2–4]. Although the role of PARPs has been extensively
studied [2,3,5–7], the function of PARG is still unclear. A number
of PARG-inhibitor studies employing tannins, a class of plant-
derived polyphenols, suggested a role in oxidative stress-induced
cytotoxicity [8,9]. However, the specificity of tannins has been
recently challenged [10]; at least some of the cellular effects
elicited by these compounds seem unrelated to the inhibition of
PARG activity. Erdèlyi et al. [11] have shown altered expression
of several cytokines and chemokines in A549 lung epithelial cells
after gallotannin treatment, but no effects on PAR levels.

In mice, a single parg gene expresses two PARG isoforms of
110 and 60 kDa, with the latter being predominantly cytoplasmic;
however, the full-length 110 kDa protein is also present in the

nucleus and accounts for most of the PARG activity [12]. In
human cells, two alternative splice variants of the primary PARG
transcript lead to the expression of two cytoplasmic isoforms
of 102 and 99 kDa, while the full-length 111 kDa protein is
localized to the nucleus due to an NLS (nuclear localization signal)
encoded by exon 1 [13]. A nuclear export signal is also present in
mammalian PARG [14] and together with the NLS may prompt
cell cycle-dependent changes in the subcellular distribution of
the enzyme [15,16]. Relocation of nuclear and cytoplasmic
isoforms has been observed during radiation-induced DNA
damage [17]. The PARG nucleocytoplasmic ratio changes during
the differentiation of rat germinal cells [18], as well as in
PMA-treated human promyelocytic leukaemia cells [19]. Finally,
PARG associates with ribonucleoprotein complexes, suggesting
an involvement in RNA metabolism [20].

Whether individual PARG isoforms have different enzymo-
logical properties, regulatory mechanisms and/or functions re-
mains to be established. Depletion of the full-length nuclear form
of the PARG protein (but not the 60 kDa isoform) by deletion of
exons 2 and 3 of the murine parg gene produces viable and fer-
tile mice expressing a hypersensitivity to genotoxic stress, endo-
toxic shock [12] and partial protection against renal and splan-
chnic ischaemia/reperfusion injury [21,22]. Moreover, PARP-1
automodification is severely compromised in cells deficient in
110 kDa PARG [12].

Disruption of the parg gene by targeting exon 4 in the germline
of mice, leading to complete suppression of functional PARG,
causes early embryonic lethality [23] due to PAR accumulation. In
fact, trophoblast stem cell lines derived from these parg-null early
embryos are viable, but only in the presence of PARP inhibitors
[23]. In addition, these cells are hypersensitive to the cytotoxic
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effects of MNNG (N-methyl-N ′-nitro-N-nitrosoguanidine) and
menadione [23]. Similarly, a loss-of-function mutation of PARG
in Drosophila results in larval lethality; this effect can be partially
overcome by raising the temperature from 25 to 29 ◦C [24].
However, PARG-deficient adult flies show neurodegeneration,
reduced locomotor activity and a short lifespan, suggesting an
involvement of PARG in normal neuronal cell metabolism and
aging [24].

Although the gene knockout approach has offered some import-
ant insights into PARG function, the embryonic lethality has pre-
cluded further functional studies. Likewise, the lack of potent,
specific and cell-permeable inhibitors has made it difficult to
investigate PARG function in cells. In the present study, we used
RNAi (RNA interference) to selectively down-regulate PARG
in both murine and human cells. We report the consequences
of reduced PARG content on cell growth and viability, and on
the expression of cell cycle and/or apoptosis regulators [PCNA
(proliferating-cell nuclear antigen), p53 and bax], both under
normal culture conditions and in response to genotoxic stress.

MATERIALS AND METHODS

Cell culture

All media and supplements used for cell cultures were obtained
from Gibco. MEFs (mouse embryonic fibroblasts), human cer-
vical carcinoma cells (HeLa S3) and human breast cancer cells
(MCF-7) were cultured at 37 ◦C in a water-saturated 5 % CO2/
95% air atmosphere, in DMEM (Dulbecco’s modified Eagle’s
medium) containing 4500 mg/l glucose and supplemented with
10% (v/v) FBS (fetal bovine serum) and antibiotics (complete
DMEM).

Synthesis of siRNAs (small interfering RNAs) and transfection

siRNAs were synthesized in vitro from oligonucleotide templates
(Microsynth) using an siRNA construction kit (Ambion),
according to the manufacturer’s instructions. Purified siRNAs
were dissolved in water at a concentration of 20 µM and stored
at −80 ◦C until use. The following 21-nt sequences in the cod-
ing region of mouse PARG cDNA (GenBank® accession no.
NM 011960) were chosen as targets for RNAi: 5′-AAATGGGA-
CTTTACAGCTTTG-3′ (siRNA1); 5′-AAGCTGATGGCGATC-
TTAGGA-3′ (siRNA2); and 5′-AAGACTATTACTACTTGGA-
TG-3′ (siRNA3). A scrambled version of siRNA1 was also
synthesized and used as a negative control.

Cells were grown to 50–70% confluence in 24-well plates
and transfected with siRNAs at a final concentration of 80 nM
in 250 µl of OptiMEM, using siPORT amine (Ambion) as the
transfection reagent. After incubation at 37 ◦C for 4 h, 1 ml/well
complete DMEM was added and cells were allowed to grow for
up to 72 h. Cells were collected at various times after transfection
to determine PARG activity, as well as PARG protein and mRNA
levels. In initial experiments, actual uptake of siRNA under the
employed transfection conditions was assessed by fluorescence
microscopy after transfection of cells with an FITC-labelled
doublestranded RNA oligomer (BLOCK-iT fluorescent oligo;
Invitrogen).

In some experiments, silenced cells were harvested by tryp-
sinization, seeded in 24-well plates and transfected again
exactly under the conditions described above. Several rounds
of subculturing, transfection and growth were repeated on the
same cell stocks. Samples were collected at each subculture (72 h
after transfection) to detect PARG activity and protein levels by
enzymatic assay and Western blotting respectively.

Cell extracts

Cells grown in 24-well plates were collected in 30 mM Tris/HCl
(pH 7.5) buffer, containing 0.5 M NaCl, 20% (v/v) glycerol and
1% Triton X-100 (0.5 ml/well), and incubated for 30 min on
ice. Whole-cell extracts were obtained after centrifugation at
10000 g for 10 min at 4 ◦C. Supernatants were divided into 50 µl
aliquots and stored at −80 ◦C until use. Alternatively, a cell frac-
tionation procedure was applied to separate cytoplasm and nuclei,
before salt extraction of the latter. Briefly, cells were collected by
centrifugation in ice-cold PBS, resuspended in 30 mM Tris/HCl
(pH 7.5) containing 1.5 mM MgCl2, 10 mM KCl, 20% glycerol
and 1% Triton, incubated on ice for 5 min and then centrifuged
at 1000 g for 90 s. Supernatants (cytoplasm) were divided into
20 µl aliquots and stored at −80 ◦C. Pelleted nuclei were
digested for 30 min at 25 ◦C with 6 units of DNaseI (Sigma)
in 100 mM Tris/HCl (pH 7.2), 0.3 M sucrose, 50 mM NaCl and
5 mM MgCl2, then NaCl was added from a stock solution to a
final concentration of 0.5 M and, after 30 min of incubation on
ice, nuclear extracts were recovered by centrifugation at 10000 g
for 5 min. A protease inhibitor cocktail (CompleteTM, EDTA-
free; Boehringer Mannheim) was added to all buffers at the
recommended concentration just before use.

Synthesis of PARP-bound [32P]PAR

PARP-bound [32P]PAR was synthesized in vitro, by incubation
of 1.5 units of PARP-1 (Biomol) in 100 mM Tris/HCl (pH 8.0)
buffer, containing 400 µM [32P]NAD+ (0.1 µCi/nmol), 10 mM
MgCl2, 2 mM DTT (dithiothreitol), 0.5 µg of nicked calf thymus
DNA, 10% (v/v) ethanol and 10% glycerol, in a final volume of
27 µl. After 30 min of incubation at 30 ◦C, the reaction was
stopped by precipitation with 0.7 vol. of propan-2-ol in the pres-
ence of 0.3 M sodium acetate (pH 5.2) [25]. The pellet containing
PARP-bound [32P]PAR was collected by centrifugation, washed
with ethanol, air-dried and finally resuspended in 50 mM Tris/HCl
(pH 7.4), containing 14 mM 2-mercaptoethanol, 0.5 mM PMSF
and 20% glycerol. This sample was subsequently used as a sub-
strate to determine enzymatic PAR degradation in cell extracts.

PAR degradation assays

PARG activity was determined in cell extracts by an enzymatic
assay using PARP-bound [32P]PAR as a substrate and 2 µl of
cell extracts as the enzyme source. Incubation was in 50 mM
potassium phosphate buffer (pH 7.4), containing 50 mM KCl,
10 mM 2-mercaptoethanol and 100 µg/ml BSA [25], in a final
volume of 24 µl. When indicated, 10 mM EDTA, 10 mM MgCl2

or 1 µM ADP-HPD [ADP (hydroxymethyl)pyrrolidinediol;
Calbiochem], a specific PARG inhibitor, was included. Reactions
were started by adding 200 pmol of protein-bound [32P]PAR and
allowed to proceed for 10 min at 37 ◦C. Then, an equal volume of
ice-cold 40% (w/v) trichloroacetic acid was added and, after
centrifugation at 13000 g for 15 min, the radioactivity in the
supernatant was measured in a liquid-scintillation counter. All
assays were performed in duplicate. PARG activity in siRNA-
transfected cells was expressed as percentage of the values de-
tected for control cells, transfected with scrambled siRNA.

PAR degradation by phosphodiesterase-like activities was
assayed under similar conditions with 50 mM Tris/HCl (pH 9.0)
substituting for the potassium phosphate buffer and in the presence
of 10 mM MgCl2 [26].

Purified calf thymus PARG and commercial SVPDE (snake
venom phosphodiesterase; Boehringer Mannheim) were used as
digestion controls.
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Western-blot analyses

Cells were washed with ice-cold PBS and then harvested
directly in Laemmli buffer [60 mM Tris/HCl, pH 6.8, 2 % (w/v)
SDS, 2% (v/v) 2-mercaptoethanol, 8% glycerol and 0.0025%
Bromophenol Blue], sonicated and incubated at 95 ◦C for 1 min.
Soluble proteins were collected in the supernatant after centrifuga-
tion, separated by SDS/PAGE (12% gel) and finally electroblotted
on to PVDF membranes (Bio-Rad). Blots were probed with
polyclonal anti-PARG antibodies (Ab-01; Oncogene; 1:8000)
and monoclonal anti-GADPH (glyceraldehyde-3-phosphate
dehydrogenase) antibodies (Ambion; 1:50000), in succession.
Other antibodies used in these studies include: monoclonal anti-
PCNA (BD Biosciences; 1:5000), anti-bax (Calbiochem; 1:2000);
anti-p53 (Oncogene; Ab-1; 1:5000), anti-PARP-1 (Alexis; C2-10;
1:5000); anti-DNA topoisomerase I (BD PharMingen; 1:5000);
polyclonal anti-PAR (Alexis; LP96-10; 1:10000) and anti-
phospho-Akt (Ser473; Serotec; 1:4000). Peroxidase-conjugated
secondary antibodies were used in all cases, except for PARG
detection; in the latter case, best results were obtained with the
ImmunoPure ABC peroxidase staining kit (Pierce), employing
biotinylated anti-(rabbit IgG). Immunodetection was performed
by enhanced chemiluminescence (Pierce; ECL® detection kits).
Images were acquired by exposure to autoradiographic films and
quantification was carried out by scanning densitometry with
ImageQuant software (Molecular Dynamics/GE Healthcare).

PCR analyses

cDNA was produced from control and siRNA-transfected cells
without prior isolation of RNA, using the Cells-to-cDNA II kit
(Ambion) under the conditions described in the manufacturer’s
manual. These samples were then used as templates for GAPDH
and PARG amplification in quantitative real-time PCR, with
specifically designed primers (Assay-on-demand Gene Express-
ion products; Applied Biosystems), in a reaction mixture includ-
ing TaqMan Universal PCR Master Mix (Applied Biosystems).
Analyses were carried out on an ABI PRISM 7700 cycler, at the
default setting programme (95 ◦C, 15 s; 60 ◦C, 1 min; 40 cycles).
Fold changes (FC) in parg gene expression were calculated with
the comparative Ct (threshold cycle) method (��Ct), using the
formula FC = 2��Ct , where �Ct is the difference between the Ct

values of the parg gene and the endogenous control GAPDH, and
��Ct equals the difference between the �Ct values of silenced
and wild-type cells.

Cell growth and viability assay

Cell growth and viability were assessed by a dye reduction bioas-
say (Alamar Blue assay; Serotec). Briefly, 72 h after transfection,
confluent cells were harvested by trypsinization, resuspended in
complete DMEM containing 10% (v/v) Alamar Blue and seeded
into white clear bottom 96-well plates at a density of 10000 cells/
well. Metabolic reduction of the vital dye was assessed by spe-
ctrofluorimetry: fluorescence was monitored periodically over
3 days of growth, at 530 nm excitation wavelength and
590 nm emission wavelength, using an LS 55 luminescence
spectrometer (PerkinElmer).

To determine drug-induced cytotoxicity, MNNG or H2O2 was
added to exponentially growing cells in 96-well plates. After
a 20 h incubation at 37 ◦C, the medium was replaced with
Alamar Blue-containing DMEM and fluorescence was recorded
4 h later. MNNG was dissolved in DMSO at 2.0 M and diluted
in complete DMEM just before use. H2O2 was diluted from a
30% stock solution in OptiMEM and immediately added to the
cells. After a 1 h incubation at 37 ◦C, FBS was supplied to a 10%

final concentration and cells were maintained in culture for an
additional 19 h before carrying out the Alamar Blue assay.

Measurement of the ADP/ATP ratio

The ADP/ATP ratio was determined using the ApoGlow kit
(LumiTech); the assay is based on bioluminescent measurement of
the adenylate nucleotides and allows the assessment of the mode
of cell death [27]. Cells were grown in white clear-bottom 96-well
plates and treated exactly as indicated above; at different times
after treatment, cells were lysed in Nucleotide-releasing Reagent
and processed for ATP and ADP determination as described
in the kit’s instruction manual. Luminescence was measured using
the MLX Microtitre Plate luminometer (Dynex Technologies).
Triplicate determinations were performed on different cell popu-
lations in two independent silencing experiments.

PAR analysis by immunofluorescence

At 72 h after transfection with either PARG-specific or scrambled
siRNA, cells were subcultured and grown on coverslips for 24 h
before treatment with 100 µM H2O2 for 15 min. Then the drug-
containing medium was removed and cells were either washed
with ice-cold PBS and immediately fixed, or allowed to recover
for up to 40 min in complete DMEM, at 37 ◦C. Fixation was with
methanol/acetone (1:1) at −20 ◦C for 20 min. After washing
with PBS, cells were incubated with 3% (w/v) milk and 0.05 %
Tween 20 in PBS (PBS-TM) for 1 h at 37 ◦C and then treated
with a polyclonal antibody against PAR (LP96-10; Alexis) diluted
1:200 in PBS-TM for 1 h at 37 ◦C. Finally, samples were in-
cubated with an Alexa Fluor® 488-conjugated secondary antibody
(Molecular Probes) at 1:200 dilution, for 1 h at room temperature
(20 ◦C). DNA was stained with Hoechst 33258 dissolved in
PBS at 0.2 µg/ml. Coverslips were mounted on glass slips with
0.1% Mowiol (Calbiochem) and examined with a fluorescence
microscope (Nikon) connected to a digital camera (Kappa).

PAR size analysis

Cells were transfected with siRNAs (either control or PARG-
specific) and treated with 100 µM H2O2, as described above.
Then, adherent cells were washed in situ with PBS, overlaid
with 100 mM Tris/HCl (pH 8.0) containing 10 mM MgCl2, 2 mM
DTT, 20 µg/ml digitonin and 1 µCi [32P]NAD and incubated
at 37 ◦C for 15 min. At the end of the incubation time, citric
acid was added to a final concentration of 25 mM; cells were
harvested, transferred on to ice and immediately precipitated
by addition of trichloroacetic acid (20%, final concentration).
Trichloroacetic acid pellets were collected by centrifugation,
washed three times with ethanol and once with diethyl ether, and
finally resuspended in TE buffer (10 mM Tris/HCl, pH 8.0,
and 1 mM EDTA) containing 0.5 mg/ml proteinase K. After a 1 h
incubation at 37 ◦C, pH was raised to 12.0 by Tris/NaOH addition;
samples were further incubated at 60 ◦C for 1 h and finally
subjected to high-resolution PAGE and autoradiography. Polymer
size distributions were analysed by densitometric scanning and
quantification of autoradiographic band intensities (ImageQuant
3.15; Molecular Dynamics/GE Healthcare).

Alkaline single-cell gel electrophoresis (Comet) assay

DNA strand breakage and resealing were assessed by the single-
cell gel electrophoresis assay under alkaline conditions, using a
kit from Trevigen. Either untreated or H2O2-treated cells were har-
vested by trypsinization, resuspended in PBS, mixed with molten
low-melting-point agarose (37 ◦C), pipetted on Comet slides and
immediately transferred on to ice. Cell lysis, electrophoresis

c© 2006 Biochemical Society



422 C. Blenn, F. R. Althaus and M. Malanga

Figure 1 Effect of siRNA on PAR degradation in vitro

PARG activity was assayed in whole-cell extracts as described in the Materials and methods section at different times after transfection with either control (siRNAc) or PARG-specific siRNAs
(siRNA1–siRNA3). All data were normalized to protein content and the values obtained with siRNAc-transfected cells were set at 100 %. The distribution around the median of data from several
independent experiments (n � 5) is shown as a box plot.

and staining were carried on as described in the Trevigen instruc-
tion manual. Slides were examined using a fluorescence micro-
scope; images were captured using a digital camera and the
tail moment of the comets was calculated using the TriTek
CometScore software. A total of 100 cells were analysed per
sample in at least two independent experiments. The extent of
DNA damage is expressed as Olive tail moment, defined as the
product of the fraction of total DNA in the tail and the mean
distance of migration in the tail [28].

Measurement of GSH

GSH was measured using the improved DTNB [5,5′-dithiobis-
(2-nitrobenzoic acid)] method (QuantiChrom Glutathione Assay
kit; BioAssay Systems). DTNB reacts with GSH to form a yellow
product. Absorbance (A) was measured at 412 nm and GSH in
cellular extracts was quantified on the basis of a calibration curve
generated using GSH as a standard. Data were normalized to cell-
ular protein content.

Other methods

Protein concentration was determined using the Bradford protein
assay reagent (Bio-Rad), with BSA as a standard.

RESULTS

Down-regulation of PARG expression by RNAi

Three 21-nt sequences in the coding region of mouse PARG cDNA
were selected as potential targets for RNAi and the corresponding
siRNAs (siRNA1–siRNA3) were synthesized in vitro as described
in the Materials and methods section. One of these sequences
(siRNA1) is identical with a corresponding region in human
PARG mRNA and allowed parallel analysis of RNAi efficiency in
MEFs and human cancer cells (HeLa and MCF-7). A scrambled
version of siRNA1 was used as negative control (siRNAc).

To evaluate the gene-specific targeting efficacy of the chosen
siRNAs, PARG was quantified in transfected cells in terms of
enzymatic activity, as well as at the protein and mRNA levels.
First, a time-course analysis of PAR-degrading activity was
carried out in whole-cell lysates. As shown in Figure 1, when
transfected into MEFs, all PARG-siRNAs (siRNA1–siRNA3)
caused a progressive loss of enzymatic activity that was maximal
after 72 h. However, the extent of reduction was different, ranging

Figure 2 PAR degradation in subcellular fractions

PARG activity was assayed in cytoplasmic and nuclear extracts at different times after transfection
with either siRNAc (control) or siRNA1. Data are normalized to protein content and are shown
as means +− S.E.M. for three independent experiments. Inset: Western-blot analysis of nuclear
(N) and cytoplasmic (C) extracts from control (siRNAc) and siRNA1-transfected MEFs. Topo I,
DNA topoisomerase I.

from 55% +− 6% (siRNA2) to 83% +− 4% (siRNA3) and 84% +−
6% (siRNA1). As expected, siRNA1 that targets homologous
regions in mouse and human PARG mRNA was similarly effective
in MEFs and in the two human cell lines, HeLa and MCF-7, whose
PARG activity was lowered by 84% +− 7% and 78% +− 6%
respectively, 72 h after transfection. The scrambled siRNAc
was completely ineffective, as judged by comparison with non-
transfected cells, and was taken as the negative control. When
PAR degradation was assayed in cytoplasmic and nuclear extracts
separately, the extent of the reduction in PARG specific activity
was found to be similar in the two fractions (Figure 2). Cross-
contamination of nuclear and cytoplasmic extracts was excluded
on the basis of Western-blot analyses, using antibodies against
both the nuclear enzyme DNA topoisomerase I and the cyto-
plasmic enzyme GAPDH (Figure 2, inset).

The possibility that the loss in enzymatic activity was specifi-
cally due to reduced PARG expression was confirmed by
Western blotting, using a polyclonal antibody directed against
the C-terminus of the enzyme. As siRNA1 and siRNA3 were
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Figure 3 Effect of siRNA on protein expression

SDS/PAGE and Western-blot analyses of protein samples from control (siRNAc) and
PARG-specific (siRNA1 and siRNA2) siRNA-transfected MEFs. Immunodetected proteins are
indicated on the left. The migration of molecular-mass standard proteins is indicated on the right.
Numbers below the GAPDH panel refer to PARG quantification: band intensities were measured
by scanning densitometry and data were normalized to GAPDH content. The value obtained for
siRNAc-transfected cells was set at 100 %. Results are representative of at least two independent
experiments.

comparably effective at reducing PARG activity, only siRNA1
was used for this and further analyses. Figure 3 shows that, indeed,
siRNA-transfected MEFs contain lower amounts of PARG protein
(57% +− 5.6% and 13.3% +− 3.5% in siRNA2- and siRNA1-
transfected cells respectively). These values are in agreement with
those recorded by activity assay (Figure 1), and the reduction
concerns both high (110 kDa)- and low (∼60 kDa)-molecular-
mass isoforms.

Finally, quantification by real-time PCR confirmed a time-
dependent decrease in PARG mRNA levels that reached values
of 22% and 13.6% +− 4.5% respectively, 48 and 72 h after
transfection with siRNA1, and 58% and 42% +− 8.5% at the
same times after transfection with siRNA2.

Effect of PARG silencing on cell growth and viability

PARG silencing did not cause any morphological changes, growth
defects or cell death, as assessed by light microscopy, cell count-
ing, viability assays and biochemical analyses of protein express-
ion. In fact, the levels of a number of proteins, including the
metabolic enzyme GAPDH, the PARG anabolic counterpart
PARP-1, PCNA, the cell cycle/apoptosis regulator p53 and the
pro-apoptotic protein bax, remained unchanged in control and
PARG-siRNA-transfected MEFs (Figure 3). Furthermore, no
apoptotic fragmentation of either PARG [29] or PARP-1 [30]
could be detected in any of our gene-silencing experiments,
confirming the absence of primary (transfection-related) or secon-
dary (PARG down-regulation-related) cytotoxic effects. Indeed,
PARG-silenced cells maintained the ability to attach and pro-
liferate under routine subculture conditions (Figure 4). Like-
wise, by reiterating the transfection method on successive sub-
culturing generations, PARG levels could be maintained as low as

10% of control values for more than 1 month (Figure 4B) without
any overt phenotypic alteration.

Effect of PARG silencing on PAR catabolism in vivo and in vitro

Intracellular PAR levels are usually low but they increase sub-
stantially following DNA damage [1] due to the activation of
PARP-1 and PARP-2 by their binding to DNA strand breaks
[2,3,5–7,31]. The enhanced synthesis of PAR is accompanied
by an acceleration of the polymer catabolism that reduces PAR
half-life from hours to seconds [1,4].

We examined the effects of PARG down-regulation on the
dynamics of PAR synthesis and degradation in DNA-damaged
living cells by immunofluorescence. At 72 h after transfection
with either siRNA1 or scrambled siRNAc, cells were subcultured
and grown on coverslips for 24 h before exposure to a genotoxic
stress. PARG activity assays on cell extracts confirmed the
persistence of the silencing effect under such conditions. In the ex-
periment illustrated in Figure 5, MEFs were treated with 100 µM
H2O2 for 15 min and then allowed to recover in carcinogen-free
medium for an increasing amount of time (Figure 5, bottom
right panel). Under these conditions, large amounts of PAR
were formed both in control- and PARG-siRNA-transfected cells
(Figure 5, first and third column panels). As expected, DNA-
damage-stimulated polymer synthesis was suppressed by the
PARP inhibitor 3-AB (3-aminobenzamide; Figure 5, bottom left).

PAR accumulation was only transient and was followed by rapid
polymer degradation, irrespective of the PARG status (Figure 5,
first and third column panels); however, reconstitution of basal
PAR levels was considerably delayed in PARG-silenced cells: in
fact, whereas PAR was completely turned over by 20 min in con-
trol cells, the polymer was still detectable after 40 min in PARG-
down-regulated cells. Similar results were obtained with HeLa
cells (results not shown) and confirmed by Western-blot analysis
of poly(ADP-ribosyl)ated proteins that migrated as a broad band
in the high-molecular-mass region of the gel (Figure 6). Notably,
PAR hydrolysis in silenced cells was dramatically reduced in
the first 10 min after H2O2 treatment, but appeared to recover
thereafter. A more in-depth analysis of PAR synthesis under
such conditions revealed an altered molecular composition of
the polymer populations, with increased proportions of PAR
molecules longer than 15-mers in PARG-silenced cells (Figure 7).

The short existence of PAR in H2O2-treated controls as well
as PARG-silenced cells prompted us to examine the possibility
that other enzymatic activities might compensate for severe
PARG down-regulation. In fact, PAR is a substrate recognized by
type I phosphodiesterase; for instance, the polymer is efficiently
hydrolysed by SVPDE in vitro to AMP and phosphoribosyl-AMP
[1]. Indeed a PAR-degrading pyrophosphatase activity has been
described in rat liver [32] and kidney [12], as well as in cultured
mouse erythroleukaemia cells [33] and in plants [32]. However,
we did not detect any PAR hydrolysis when the reaction was
carried out at pH 9.0 in the presence of MgCl2, with SVPDE
serving as a positive digestion control (Figure 8). Moreover, PAR
degradation was in all cases fully sensitive to the specific PARG
inhibitor ADP-HPD, whereas it was not affected by EDTA, a
negative modulator of phosphodiesterases (Figure 8). Optimal
buffer conditions and inhibitor specificities were confirmed using
purified PARG and SVPDE enzymes that were assayed in parallel
with cell extracts (Figure 8).

Consequences of PARG silencing on the cellular response to
DNA damage

Poly(ADP-ribosyl)ation plays a dual role in the response to a
genotoxic insult. In fact, while required for efficient repair in the
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Figure 4 Effect of PARG silencing on cell growth and viability

Following transfection with either control (siRNAc) or PARG-specific siRNA (siRNA1), MEFs were grown for 72 h and then collected by trypsinization and either plated in 96-well plates in the presence
of 10 % Alamar Blue (A) or propagated in 24-well plates and subjected to several rounds of transfection, growth and subculture (B), as described in the Materials and methods section and outlined
in (C). (A) Fluorimetric analysis of metabolic reduction of Alamar Blue. Results are shown as means +− S.D. for 16 determinations in one experiment. (B) Western-blot analysis of samples from
successive subculture (S) generations; S0 refers to the initially silenced cells, collected 48 h (S0-48 h) and 72 h (S0-72 h) after siRNA transfection. Cells from subsequent subculturing generations
(S1–S7) were harvested 72 h after transfection. Arrowheads point to high- and low-molecular-mass PARG isoforms. Cells from intermediate subculture/transfection cycles (S3–S6) were analysed
separately with identical results.

presence of low levels of DNA lesions, PARP activity promotes
cell death under severe genotoxic stress conditions [2,5–7,30,34].
To find out whether PARG silencing affected the cell’s ability to
adequately respond to DNA damage, MEFs transfected with
either siRNAc or siRNA1 were treated with H2O2 concentrations
ranging from 0.01 to 1 mM; then single-cell gel electrophoresis
(Comet assay) or an assay based on metabolic reduction of a vital
dye (Alamar Blue assay) was performed to determine the extent of
DNA repair or cell survival respectively. H2O2 concentrations
of between 1 and 25 µM had no effect on cell viability over a
24 h period. We found that both wild-type and PARG-silenced
cells were able to repair efficiently DNA damage induced by
sublethal doses of H2O2; indeed no difference could be detected
either in the extent of initial DNA damage or in the kinetics of
repair, which was completed within 30 min after treatment with
10 µM H2O2 (Figure 9A).

In another series of experiments, MEFs were treated with
increasing concentrations of either H2O2 or the DNA-alkylating
agent MNNG, then viable cells were detected by the Alamar
Blue assay. As shown in Figures 9(B) and 9(C), reduced PARG
activity had differential effects on cell viability, depending on
the type of DNA damage. In fact, MNNG and H2O2 both
caused a dose-dependent reduction in the number of viable cells;
however, PARG-silenced cells were considerably more resistant to
H2O2-induced cytotoxicity than their wild-type counterparts. The
impact of PARG silencing on cell survival was already evident
at the lowest effective H2O2 concentration (50 µM) and was

maintained over a one order of magnitude dose range (Figure 9B).
The cellular antioxidant capacity was not affected by PARG
silencing, as judged by GSH measurements. In fact, control
and PARG-silenced cells contained comparable amounts of GSH
(5.7 +− 0.58 and 6.17 +− 0.39 nmol/mg of protein respectively) and
both underwent a 40% +− 3% decrease in GSH content after
100 µM H2O2 treatment.

In contrast, PARG down-regulation did not influence cellular
sensitivity to MNNG (Figure 9C). On the other hand, PARP
inhibition by 3-AB protected wild-type MEFs against both H2O2

and MNNG cytotoxicity; such an effect was more pronounced
at the highest drug concentrations: at 1 mM H2O2, when up to
90% wild-type and PARG-silenced cells died, 3-AB increased
cell viability up to 36% +− 7.4% (Figure 9B). Likewise, 20 µM
MNNG killed virtually all cells, unless 3-AB was added to the
culture medium; in the presence of the PARP inhibitor, approx.
50% of the cells remained viable (Figure 9C).

Mode of H2O2-induced cell death

H2O2 is known to induce both apoptotic and necrotic cell death,
depending on the concentration of the oxidant and/or the cell
type being examined [35,36]. To define the mode of death of
MEFs with either a wild-type level or reduced PARG content, we
used a validated method for detection of necrosis and apoptosis,
based on the measurement of the ADP/ATP ratio [27]. In addition,
the method allows the assessment of the degree of apoptosis
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Figure 5 Immunofluorescence analysis of PAR turnover in H2O2-treated cells

MEFs were transfected with either control (siRNAc) or PARG-specific siRNA (siRNA1) as described in the Materials and methods section. PAR was detected by immunofluorescence immediately
after (zero time) or at increasing recovery times following treatment with 100 µM H2O2 (first and third columns). As a control, one set of cells was pretreated with the PARP inhibitor 3-AB (1 mM).
Hoechst 33258 staining of cellular DNA is shown (second and fourth columns). The experimental design is schematized in the bottom right panel. Residual PARG activity in silenced cells was 19 %
of controls.

in a cell population with an accuracy that is comparable with
that provided by other techniques, including TUNEL (terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labelling)
and flow cytometric analysis of hypodiploidy [27]. The ADP/ATP
ratio is expected to be below 0.11 for healthy viable cells,
between 0.11 and 1.0 for cells undergoing apoptosis, while much
higher values characterize necrotic cells, due to the dissipation of
intracellular energy levels that occurs in necrosis [27,37]. In our
experiments, the ADP/ATP ratio increased proportionally to in-
creasing H2O2 concentration, from 0.1 +− 0.02 in untreated cells
up to a maximum of 0.45 +− 0.07 in PARG wild-type cells treated
with 1 mM H2O2 (Figure 10A): such values are compatible with
increasing levels of apoptosis in the cell population as the magni-
tude of the oxidative challenge is enhanced. Likewise, H2O2-
dependent apoptosis occurred in PARG-down-regulated MEFs
(Figure 10A); however, at all the oxidant concentrations, the
ADP/ATP ratio of silenced cells was lower than the corresponding
value of their wild-type counterparts, confirming the protective
effect of reduced PARG expression, as first revealed by cell
viability assays. Accordingly, the ADP/ATP ratio increased fol-

lowing treatment of MEFs with 10 µM MNNG; however, no
significant difference could be detected between control and
PARG-silenced cells (0.37 +− 0.04 versus 0.4 +− 0.06).

To establish the role of PARG in H2O2-induced apoptotic
cell death signalling, we analysed the levels of the tumour
suppressor protein p53, a well-known regulator of apoptosis [38],
as well as the phosphorylation of Akt/protein kinase B, a key
event in a PI3K (phosphoinositide 3-kinase)-dependent survival
pathway. Incidentally, activation of the PI3K/Akt system appears
to contribute to the cytoprotective effect of PARP inhibitors in
oxidatively stressed human hepatocytes [39]. As shown in Fig-
ure 10(B), Akt phosphorylation is an early response to oxidative
challenge in MEFs, regardless of the PARG status: Akt phos-
phorylation increased dramatically within 30 min of treatment
with 500 µM H2O2, remained high for at least 3 h and declined
towards basal levels thereafter. Moreover, apoptotic cell death
was neither accompanied by significant changes in p53 levels
(Figure 10B) nor required caspase activation, as judged by the lack
of cleavage of PARP-1 (Figure 10B), a physiological substrate
for the effector caspases 3 and 7 [30,34]. In any case, none of the
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Figure 6 Western-blot analysis of PAR turnover in H2O2-treated cells

MEFs were treated with 100 µM H2O2 for 15 min and then allowed to recover in drug-free
medium as described in the legend to Figure 5 and in the Materials and methods section.
Cells were collected in Laemmli buffer and analysed by SDS/PAGE and Western blotting using
anti-GAPDH or anti-PAR antibodies, immediately after the treatment (0 min recovery) or after 10
and 20 min recovery time. Numbers on the right mark the migration position of molecular mass
standard proteins. Numbers below the GAPDH panel refer to PAR quantification: band intensities
were measured by scanning densitometry and data were normalized to GAPDH content. The
values obtained at zero time recovery were set at 100 % both for siRNAc- and siRNA1-transfected
cells. Results are representative of two independent experiments.

investigated parameters appeared to be sensitive to the different
PARG content of the cells.

DISCUSSION

The discovery of PARG as a specific PAR-catabolizing enzyme
dates back to more than 30 years ago [40]. Since then, several
aspects of PARG structure, substrate specificity, mode of action
in vitro and subcellular localization have been clarified [1,4,13,
15–20,41]; however, the biological function(s) and regulatory
mechanism(s) of PARG remain largely unknown. Studies at the
cellular level have been hampered by the lack of potent, cell-
permeable and specific PARG inhibitors [10]; in addition, genetic
disruption of the parg gene has been recently shown to cause early
embryonic lethality [23].

Here, we used RNAi to selectively down-regulate PARG in
MEFs and human cancer cell lines (HeLa and MCF-7); this
allowed us to highlight a specific role for PARG in the cellular
response to oxidative stress.

PARG is present in mammalian cells as multiple isoforms
resulting from alternative splicing of the primary mRNA tran-
script [13] or arising as alternative translation products [12].
Transfection with in vitro synthesized siRNAs caused down-
regulation of both high- and low-molecular-mass PARG isoforms
(Figure 3) and a similar reduction of PAR-degrading activity in
nuclear and cytoplasmic fractions (Figure 2). At the molecular
level, a major consequence of reduced PARG expression was an
altered ability of the cells to hydrolyse PAR in response to DNA
damage. In fact, when exposed to oxidative stress, both control
and PARG-silenced cells suffered DNA strand breakage and
exhibited transient PAR accumulation in nuclei (Figures 5 and 6);
however, in wild-type cells, more than 60 % of newly synthesized
PAR was degraded within 10 min after H2O2 treatment, and
polymer turnover was complete by 20 min. In contrast, PAR levels
remained initially high in PARG-silenced cells, with very little
catabolism in the first 10 min of recovery from oxidative chal-
lenge; significant turnover could only be detected after 20 min
(Figures 5 and 6). Thus it appears that, while it does not inter-
fere with PAR synthesis, PARG down-regulation poses a hurdle
that has to be removed before PAR degradation can occur. As re-
location of PARG isoforms has been described in DNA-damaged

Figure 7 PAR size analysis

PAR synthesized by either wild-type (siRNAc-transfected) or PARG-silenced (siRNA1-trans-
fected) MEFs, both under basal conditions (control) and after 15 min treatment with 100 µM
H2O2, was radiolabelled, isolated and analysed by PAGE and autoradiography (left panel), as
described in the Materials and methods section. Band intensities were measured by scanning
densitometry; individual polymer size classes, expressed as fractions of total, were allocated in
three major groups as shown in the bar graphs on the right.

cells [17], there is a possibility that recruitment of the residual
cytoplasmic enzyme to the nucleus in silenced cells may be a
limiting step, required to raise nuclear PARG concentration above
a critical threshold. Such a possibility is also supported by the
observation that PAR is efficiently degraded, both under basal con-
ditions and following H2O2 treatment, in embryonic fibroblasts
from mice genetically depleted of the 110 kDa PARG nuclear
isoform [12]. Alternatively, the participation of other PAR-hydro-
lysing enzyme(s) should be considered. Indeed, PAR degradation
by a phosphodiesterase-like activity has been described in mam-
malian and plant cells [12,32,33]. Notwithstanding, we could not
detect any PAR consumption by whole-cell extracts from both
control and PARG-silenced MEFs, under conditions that would
favour a putative phosphodiesterase (Figure 8). However, more
in-depth enzymological studies need to be carried out before
conclusive assessments can be made. In fact, a novel 39 kDa
protein with PAR hydrolase activity has been recently identified,
purified and characterized [42]. This enzyme, termed ARH3
[ADP-ribosyl-(arginine)-hydrolase 3], shares sequence similarity
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Figure 8 PAR degradation in vitro

PAR degradation was assayed either in potassium phosphate buffer (pH 7.4) or in Tris/HCl buffer
(pH 9.0) in the presence of MgCl2, as described in the Materials and methods section. Calf
thymus PARG or SVPDE was assayed in parallel with whole-cell extracts from siRNAc- (control)
and siRNA1-transfected MEFs. ADP-HPD, specific PARG inhibitor.

with ARH1 and ARH2, but, like PARG, cleaves PAR to produce
ADP-ribose monomers.

The fact that PAR catabolism was delayed but not suppressed in
PARG-silenced cells may explain the apparent lack of functional
consequences of PARG down-regulation under physiological cell
growth conditions. In fact, in spite of the reduced PARG activity,
both mouse and human cells appeared morphologically normal,
failed to exhibit any evident growth defects and maintained
the ability to attach and proliferate under routine subculture
conditions (Figure 4). These observations are in striking contrast
with the lethal phenotype of parg-knockout mice and the defective
growth of parg−/− embryonic trophoblast stem cell lines [23].
A speculative explanation may be that a higher level of PAR
metabolism in non-differentiated cells makes PARG an essential
enzyme in early embryogenesis. In fact, PAR accumulation and
concurrent apoptosis have been observed in parg-null embryos,
as well as in cultured parg−/− trophoblast stem cells [23]. Another
possibility is that the recently discovered ARH3 [42] and/or other,
as yet unidentified, PAR-specific enzymatic activities compensate
for severe PARG deficiency in post-embryonic cells.

In addition to (or as a consequence of) altered turnover, we
found that oxidant-induced PAR in silenced cells was enriched
in polymers longer than 15-mers, when compared with PARG
wild-type cells (Figure 7). PAR has been shown to play an active
role in the cellular response to particular types of DNA damage,
by allowing rapid recruitment of the BER (base excision repair)
complex to the injured sites [43,44] and also acting as a signalling
molecule interacting with, and affecting the function of key
regulators of cell cycle, cell death and pro-inflammatory pathways
[7,34,45–48]. Both polymer size and number have been shown to
be critical determinants of PAR function(s). Thus the extended
time of DNA damage-induced PAR accumulation and increased

Figure 9 Effect of PARG silencing on DNA repair and cell viability

Wild-type (siRNAc-transfected) and PARG-silenced (siRNA1-transfected), exponentially growing
MEFs were treated with different concentrations of either H2O2 or MNNG, as described in the
Materials and methods section. (A) DNA strand breakage and resealing were assessed by
the Comet assay. Cells were treated with 10 µM H2O2 for 15 min and then allowed to recover in
drug-free medium for 30 min. Results shown are the averages of the mean tail moments of two
independent experiments (200 cells/sample) with maximum deviation from average <10 %.
(B, C) Cell viability was assessed 20 h after treatment with the indicated drug doses by the Alamar
Blue assay. 3-AB: cells grown in the presence of the PARP inhibitor 3-AB (1 mM) for 30 min
before and during the entire subsequent treatment time. Results represent the means +− S.D. for
three independent experiments.

amounts of long polymers in PARG-silenced cells may be
expected to have an impact on the cellular response to genotoxic
stress. Indeed, PARG down-regulation enhanced cellular resi-
stance against the cytotoxic effects of H2O2 (Figures 9B and 10A),
but not of the DNA-alkylating agent MNNG (Figure 9C), sug-
gesting a selective involvement of PARG in the cellular response
to oxidative DNA damage. Although the molecular mechanisms
involved remain to be clarified, reduced PAR turnover may
favour survival pathways over cell death signalling. Interestingly,
depletion of 110 kDa PARG, leading to an 80–30% reduction
of PAR-degrading activity in mice, has also been found to
be protective against renal or splanchnic ischaemia/reperfusion
injury [21,22], thus highlighting PARG as a potential target for
therapeutic intervention in such kinds of pathologies. In these
[21,22] and other studies [9,49], the beneficial effects of reduced
PARG activity under conditions of genotoxic stress have been
attributed to an indirect influence on the catalytic activity of
PARPs. In fact, blocking PAR degradation would ‘trap’ DNA-
damage-dependent PARPs (mainly PARP-1) in the auto-(ADP-
ribosyl)ated inactive state. This would result in a lower NAD+
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Figure 10 ADP/ATP ratio measurement and Western-blot analysis of
protein markers of cell death/survival signalling

(A) Cells were treated with increasing concentrations of H2O2 and processed for luminescence
detection of the adenylate nucleotides after 8 h. Results are the means +− S.D. for triplicate
determinations in two independent experiments. siRNAc, wild-type MEFs; siRNA1, PARG-
silenced MEFs. (B) Cells were either left untreated (control) or treated with 500 µM H2O2 for
different times. Whole-cell lysates were subjected to SDS/PAGE and Western-blot analysis.
Ser473-phospho-Akt (P-Akt), p53 and GAPDH were detected on the same blot, in succession.
PARP-1 immunodetection in the same samples was performed separately: these data are not
normalized to GAPDH content.

consumption and consequently in the prevention of energy store
depletion. In such a scenario, the functional outcome of PARG
inactivation is therefore analogous to that elicited by PARP
inhibitors [50]. However, we found that no massive energy
dissipation occurred under our experimental conditions and cells
essentially died by apoptosis, irrespective of their PARG content
(Figure 10A); in all cases, cell death occurred without significant
changes in p53 levels and did not require caspase activation
(Figure 10B). Thus PARG down-regulation did not interfere
with the cascade of events leading to apoptotic cell death, but
it apparently increased the threshold for the activation of the
apoptotic programme (Figures 9B and 10A). Treatment of wild-
type cells with the PARP inhibitor 3-AB also reduced the level
of apoptotic cell death (Figures 9B and 9C). This observation is
in line with the view that the role of PARP(s) in the life-or-death
decision making of damaged cells may involve molecular events
that are distinct from the effects of PARP activation on the cellular
energy stores [7,30,34,46–48]. In addition, contrary to PARG
silencing, 3-AB reduced the cytotoxicity by both oxidative (H2O2)
and non-oxidative (MNNG) DNA-damaging agents. Moreover,
the protection afforded by PARG silencing against H2O2-induced
apoptosis was similar in its extent to that provided by 3-AB up
to 100 µM H2O2; the 3-AB effect became larger thereafter and
was by far superior at very high concentrations of the oxidant.
Altogether, these results suggest that PARG may play an auto-
nomous role in the cellular response to oxidative DNA damage.
We propose that it acts as a negative regulator of survival in
oxidatively stressed cells, and thus contributes to genomic stability

by counteracting the propagation of genetically compromised
cells.
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