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The metabolism of poly(ADP-ribose) (PAR) is critical for genomic
stability in multicellular eukaryotes. Here, we show that the failure
to degrade PAR by means of disruption of the murine poly(ADP-
ribose) glycohydrolase (PARG) gene unexpectedly causes early
embryonic lethality and enhanced sensitivity to genotoxic stress.
This lethality results from the failure to hydrolyze PAR, because
PARG null embryonic day (E) 3.5 blastocysts accumulate PAR and
concurrently undergo apoptosis. Moreover, embryonic tropho-
blast stem cell lines established from early PARG null embryos are
viable only when cultured in medium containing the poly(ADP-
ribose) polymerase inhibitor benzamide. Cells lacking PARG also
show reduced growth, accumulation of PAR, and increased sensi-
tivity to cytotoxicity induced by N-methyl-N’'-nitro-N-nitrosogua-
nidine and menadione after benzamide withdrawal. These results
provide compelling evidence that the failure to degrade PAR has
deleterious consequences. Further, they define a role for PARG in
embryonic development and a protective role in the response to
genotoxic stress.

poly(ADP-ribose) glycohydrolase | poly(ADP-ribose) polymerase | apoptosis

he metabolism of polyadenosine 5’-diphosphoribose [poly-

(ADP-ribose)] is a unique and ubiquitous biochemical path-
way in multicellular organisms. Poly(ADP-ribose) (PAR) is
synthesized by the PAR polymerase (PARP) family of enzymes
as an immediate response to DNA damage using nicotinamide
adenine dinucleotide (NAD™Y) as substrate to covalently modify
protein acceptors (1). The transient nature of PAR is due to
PAR glycohydrolase (PARG), a unique enzyme that catalyzes
the hydrolysis of PAR into free ADP-ribose. Because PARP
activation results in the modification of nuclear proteins, includ-
ing chromatin structural proteins and DNA processing enzymes,
PAR plays a role in DNA repair and replication (2, 3). In
addition, PAR facilitates proper chromosome migration during
cell division (4), regulates transcriptional activation after DNA
damage (5), activates the proteasome (6), regulates telomere
maintenance (7), and mediates cell death (8—10). Therefore, the
emerging biological role for this biopolymer is to maintain
genomic integrity (11).

Poly(ADP-ribosyl)ation plays an important role in cell death,
primarily through the actions of PARP-1, the best understood
PARP. Cellular injury activates PARP-1 by means of DNA
strand breaks, and it modifies many nuclear proteins by using
NAD™ as substrate, which leads to the consumption of cellular
energy stores (10, 12). Animals treated with PARP inhibitors or
mice lacking the PARP-1 gene are dramatically resistant to
damage induced by myocardial infarction, cerebral ischemia,
genotoxic stress, diabetic models, inflammation, and the 1-meth-
yl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) model of Par-
kinson’s disease (8-10). Recent observations link PARP-1 ac-
tivation with the translocation of apoptosis-inducing factor
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(ATF) to the nucleus (13) and suggest that AIF is an essential
downstream effector of PARP-1-mediated cell death.

Poly(ADP-ribosyl)ation is dynamically regulated (2). There
are at least 18 proposed PARP family members (14), but only
one PARG has been identified to date (2). The PARG cDNA
encodes a 110-kDa protein largely localized to the cytosol (15),
and only a single PARG mRNA species has been identified (16).
The single PARG gene encodes probably three cDNAs, which
generate three PARG isoforms: the nuclear form, a 110-kDa
form, and two cytoplasmic forms of 103 and 99 kDa, which are
the most abundant (17, 18). Although PARG has a low cellular
abundance, it has a high specific activity. Therefore, it is thought
that PARG is always active, because the nuclear PAR concen-
tration is approximately one to two times the Ky of PARG (19).
Photoderivatization studies using specific and selective inhibitors
of bovine PARG suggest that Leu-771-Arg-801 contains the
active site (20, 21), with Tyr-796 the likely residue for initial PAR
binding (22). A detailed analysis of the biological role of PARG
has been hindered by the lack of specific and selective cell-
permeable inhibitors. Recently, the depletion of the 110-kDa
full-length PARG isoform resulted in increased sensitivity to
genotoxic stress in mice (23). PARG activity remained in these
mice, however, due to the presence of alternatively spliced
isoforms.

We have developed a complete PARG knockout to investigate
the biological importance of PARG in PAR metabolism. Mice
lacking PARG arrest during development at embryonic day (E)
3.5, indicating an essential role for PARG during mammalian
embryogenesis. PARG null embryos and embryonic trophoblast
stem (TS) cells accumulate PAR and undergo cell death. More-
over, PARG deficiency leads to enhanced cell death after
genotoxic stress. Taken together, the results clearly demonstrate
the deleterious consequences that occur due to the failure to
degrade PAR and suggest that PARG is the major enzyme
required to catalyze the hydrolysis of PAR.

Methods

Gene Targeting and Generation of Knockout Mice. Two independent
genomic A phage clones were isolated from a 129/SvEv genomic
library, and the murine PARG gene was sequenced and used as
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Fig. 1. Targeted disruption of the PARG gene. (A) Restriction maps of the
PARG target locus, targeting construct, and targeting allele. The targeting
vector contains a total of 4.1 kb of PARG genomic sequence with the lacZ-Neo
selection cassette replacing a 162-bp region in exon IV. a, oligonucleotide
primer specific for WT allele; b, common primer for WT and targeted alleles;
¢, primer specific for targeted allele; 5'-probe, 258-bp external DNA probe for
Southern blot (C); black boxes, exons; TK, thymidine kinase marker; E, EcoRI;
B, BamHI restriction enzyme sites; A IV-162, exon IV missing the 3’ 162-bp
terminus. (B) Identification of PARG*/* and PARG ™/~ mice by competitive PCR
assay. WT and null indicate PCR products amplified from the wild-type and
targeted PARG alleles, respectively. (C) Identification of PARG*/* and PARG*/~
mice by Southern blot. WT (8.0-kb) and/or mutant (5.0-kb)-specific bands
from adult mouse brain genomic DNA were obtained with the 5’-probe (EcoRI
cut). These results (B and C) have been replicated at least three times with
identical results.

template for the targeting vector. A 1.9 kb of 5'-flanking
sequence from exon 3 to the first 10 bp of exon 4 and a 2.2 kb
of 3'-flanking region consisting of partial intron 5 sequence were
amplified and, after sequence confirmation, ligated with an
IRES-lacZ-MCneomycin cassette and a A phage backbone har-
boring two thymidine kinase markers flanking the 5" and 3’ arms
of homology (Fig. 1). The final construct was verified by
restriction digestion, PCR, and partial sequence determination.
The linearized targeting vector was electroporated into mouse
129 SVJ embryonic stem (ES) cells. ES clones resistant to G418
and gancyclovir were selected and screened for the targeted
PARG allele with an external 5" probe and internal 3’ probe by
Southern hybridization. One ES clone was injected into
C57BLG/]J blastocysts, mice carrying the targeted allele in the
germ line were established, and PARG™/~ mice were mated to
generate PARG ™/~ embryos.

Analyses of Marker Gene Expression. Targeted mice were screened
by Southern blot as above to detect the WT and targeted
alleles. For PCR of mice, embryos, and TS cells, one primer
(5'-TAATGGAGAATGCTCTGAAGG) common to the tar-
geted and WT allele and two specific to the WT (5'-
AGTCACACAGTGACTGTTCGG) or targeted allele (5'-
GTGGCGGACCGCTATCA) were combined in a reaction,
and products were analyzed by agarose gel. For RT-PCR, total
RNA was isolated by using TRIzol (Invitrogen), and cDNA
was synthesized with SuperScript III Reverse Transcriptase
(Invitrogen). Five microliters of cDNA was template in a PCR
using the following primer pairs: PARG forward (5'-ACGC-
CACCTCGTTTGTTTTC), reverse (5'-GCAGTCTGCTGT-
TGGTTCAAAT) for Exon IV; PARG forward (5'-TTTCC-
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AAGTCAGAGGACAGAAGAAA), reverse (5'-TCATC-
TTCTGTTTCAGGAGTGGTAT) for Exons III-1X; B2m for-
ward (5'-ATACATACGCC-TGCAGQG), reverse (5'-TCAAAT-
GAATCTTCAG).

Mouse Embryo Analysis. Embryos from PARG*/~ mouse inter-
crosses were isolated and photographed by using a dissection
microscope. Gestational age (*=0.5 days) was estimated from
vaginal plug dates. For the E3.5 stage, embryos were flushed
from the uterus with M16 media, cultured in TS cell growth
media [50% MEF conditioned media/15% FCS/DMEM/1 mM
sodium pyruvate/2 mM L-glutamine/50 units/ml penicillin/
streptomycin/0.1 mM monothioglycerol/25 ng/ml human re-
combinant FGF-4 (Sigma)/1 ug/ml heparin] and photographed
under X20 objective. Whole (E3.5) or pieces (>E3.5) of embryos
were used for genotyping by PCR. For detection of apoptosis,
E3.5 embryos were fixed in 4% paraformaldehyde for 20 min,
permeabilized in 0.4% Triton X-100 for 15 min, washed three
times in PBS plus 1 mg/ml polyvinylpyrrolidine for 2 min, and
TUNEL assayed by using the In Situ Cell Death Detection Kit,
Fluorescein (Roche). Embryos were counterstained with 1
mg/ml Hoechst 33342 (Molecular Probes) for 15 min to reveal
nuclear morphology.

Immunohistochemistry and Fluorescence Microscopy. E3.5 embryos
from PARG*/~ intercrosses were washed in PBS, and fixed in 4%
paraformaldehyde for 10 min, and, after blocking with 10% BSA
in PBS, cells were probed with antibody against PAR (clone
96-10, 1:1,000 dilution) overnight at 4°C. Cells were washed with
blocking solution three times and incubated with Cy3-
conjugated secondary antibody (Jackson ImmunoResearch;
1:200 dilution) for 1 h. Microscopy was performed on a Nikon
inverted fluorescence microscope by using the X20 objective.

Embryonic TS Cell Cultures. PARG TS cells were derived from E3.5
embryos as described (24), except that embryos were cultured in
TS cell growth media containing 0.5 mM benzamide (BZ,
Sigma). After 6 days, embryonic outgrowths were repassaged
with a portion of cells used for genotyping. PARG TS cell growth
was determined by staining cultures with Hoechst and propidium
iodide (PI) as described (25) and by counting dye-impermeable
cells.

Induction and Assessment of Cytotoxicity. For detection of apopto-
sis, TS cells were grown with or without 0.5 mM BZ in TS cell
growth medium for 3 days, harvested by trypsinization, washed
with ice-cold PBS, stained with annexin V-FITC/PI (Vybrant
Apoptosis Assay Kit No. 3, Molecular Probes), and analyzed by
using a FACSCalibur flow cytometer (Becton Dickinson). For
the induction of cell death, cultured TS cells were grown without
BZ for 3 days, treated with N-methyl-N'-nitro-N-nitrosoguani-
dine (MNNG) and menadione for 5 min, washed with PBS and
growth medium, then incubated at 37°C. Cytotoxicity was as-

Table 1. The PARG mutation is embryonic lethal

Stage Total +/+ +/—- -/-
Newborn 279 96 183 0
E13.5 9 1 8 0
E11.5 12 4 8 0
E10.5 17 5 12 0
E8.5 7 1 6 0
E6.5 30* 7 22 0

Embryos were isolated at the indicated time of gestation and analyzed for
viability. Genotypes of embryos were determined by PCR.
*One embryo was not successfully assayed.
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Table 2. Analysis of E3.5 blastocysts from intercrosses of PARG*/~ mice

Hatched Unhatched
Total Unhatched/total
Litters blastocysts blastocysts, % PARG*/+ +/= ND -/= ND
1-3 19* 21 3 9 2 0 4
4-7 28 21 6 16 0 6 0

ND, not determined. Embryos were cultured and analyzed by light microscopy. After 72 h, embryos were
genotyped by PCR. Hatched, blastocyst emerged from the zona pellucida by day 3 (Fig. 2); unhatched, blastocyst

with intact zona pellucida after 3 days (Fig. 2).
*One blastocyst was not analyzed.

sessed 24 h later by Hoechst/PI staining. From among a total of
200-1,200 cells per culture, dye-permeable and impermeable
cells were counted.

Protein Extract and Immunoblots. Cells were lysed in buffer
containing 10 mM Tris*HCI (pH 8.0), 0.3 M NaCl, 6 M urea,
1 mM EDTA and EGTA, and protease inhibitor tablets
(Roche). The suspension was cleared by centrifugation
(9,000 X g, 10 min, 4°C), and subjected to 7.5% SDS/PAGE,
and the separated proteins were probed by polyclonal anti-
bodies raised against PAR (clone 96-10) (26), monoclonal
antibodies against TIM23 (1:2,500 dilution; Becton Dickin-
son), and polyclonal antibodies against amino acids 706-978 of
murine PARG (M.F.P.,, V.L.D., and T.M.D., unpublished
results) by using conditions described (26).

Results

Targeted Disruption of the Murine PARG Gene. The murine gene
encoding PARG was cloned from a genomic library derived
from 129/SvEv mice. Exon 4 was targeted and replaced with an
IRES-lacZ-MCneomycin selection cassette (27). In the targeted
allele, the selection cassette replaced the 3’ portion of exon 4,
thereby creating a functional null allele (Fig. 14). Two embry-
onic stem clones containing the targeted PARG allele were
isolated, and one independent line of genetically modified mice
was generated from these clones. Genotypes were determined by
PCR (Fig. 1B) and confirmed by Southern blot by using an
oligonucleotide probe of 258 bases (Fig. 1C).

Loss of PARG Causes Peri-Implantation Lethality, Increased Amounts
of PAR, and Apoptosis. Mice heterozygous for the target allele
(PARG™/™) are viable and fertile, with no obvious abnormal-

A PARG** PARG"- B PARG**
Day 1 DAPI
PAR

Day 2

Day 3

ities. However, no homozygous null mice (PARG™/7) are
observed among offspring of PARG*/~ intercrosses. To de-
termine the gestational time of PARG lethality, we examined
embryos from PARG ™/~ intercrosses at different developmen-
tal stages. No PARG ~/~ animals are observed as early as E6.5
(Table 1), which suggests that the PARG ™/~ embryos die
before gastrulation. We then isolated E3.5 embryos resulting
from PARG™"/~ intercrosses (24). In the first analysis of three
litters (19 embryos), 79% of the blastocysts hatched whereas
21% failed to hatch (Table 2). None of the hatched and plated
blastocysts are PARG~/~. The unhatched embryos could not
be genotyped, probably due to cell death and genomic degra-
dation after >72 h in culture. However, the unhatched embryo
percentage (21%) corresponded to the expected Mendelian
percentage of null embryos (25%), which suggests that the
inability to hatch or develop past this stage could result from
the disruption of PARG. An additional four litters were
examined, genotyping was immediately performed, and all
unhatched embryos were PARG '~ blastocysts (Table 2).
Microscopic inspection of each embryo reveals no gross
morphologic defects or anomalies initially, but at the time of
hatching of the WT blastocysts, the PARG ™/~ blastocysts are
unhatched and the embryos begin to degenerate (Fig. 24). At the
time of plating of the WT blastocysts, PARG '~ blastocysts
remain unhatched and continue to degenerate (Fig. 24). We
then analyzed blastocysts that displayed these morphological
differences for PAR staining (Fig. 2B) and cell death by TUNEL
assay (Fig. 2C). Immunohistochemistry by using anti-PAR an-
tibody showed that the degenerated, unhatched E3.5 blastocysts
contained high levels of PAR as compared with WT, which
contain no detectable PAR after 48 h (Fig. 2B). Further, the

PARG™

PARG*+

PARG~ C

TUNEL

Hoechst

Fig.2. Impaired ability to hatch, increased levels of PAR, and cell death by apoptosis in PARG~/~ embryos. (A) Microscopic analysis of E3.5 PARG*/* and PARG ™/~
embryos up to 72 h in culture. Arrows indicate an intact zona pellucida. (B) Fluorescence microscopic analysis of PAR levels in E3.5 embryos 24 h after culture.
Embryos displaying the hatched/unhatched phenotype were analyzed for PAR levels. DAPI, 4’,6-diamidino-2-phenylindole. (C) Fluorescent immunostaining for
TUNEL (Middle) and Hoechst 33342 (Bottom) in E3.5 embryos displaying the hatched/unhatched phenotype 24 h after culture. (Middle Right and Bottom Right
Insets) Magnification of the area in the embryo indicated by the dotted box. The Bottom Right Inset represents the overlay of the TUNEL and Hoechst stained
area. (Scale bars: 25 um.) All photographs are representative of several analyzed blastocysts (Table 2).
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Fig. 3.

Decreased proliferation, increased cell death, and PAR accumulation in PARG™/~ trophoblasts. (A) Identification of PARG*/* and PARG '~ TS cells by

competitive PCR assay. (B) RT-PCR assay of total RNA isolated from PARG*/* and PARG '~ TS cells by using primers specific for Exons IV (PARG IV) and llI-IX (PARG
111-1X). (C) Immunoblot analysis of full-length (110-kDa) and catalytic fragment (65-kDa) PARG. (D) TIM23 protein levels in PARG*/* and PARG~/~ TS cells. Mouse
liver lysate (Becton Dickinson) was used as positive control. (E and F) Decreased proliferation of PARG ™/~ TS cells in the absence of the PARP inhibitor BZ, and
rescue of the growth defect with the addition of BZ. (E) *, P=< 0.01 between PARG~/~ with or without BZ to WT with or without BZ (one-way ANOVA and unpaired
Student's t test). (F) Photographs represent microscopic analysis of PARG™/* and PARG '~ TS cells with or without BZ for 3 days. (G) Increased cell death in PARG~/~
TS cells in the absence of BZ. TS cells were grown 3 days with or without BZ before determination of cell death by annexin-V-FITC/PI staining. (H) Increased PAR
levels in PARG /= TS cells. PAR levels were determined by immunoblot of PARG*/* and PARG /'~ TS cells grown with or without BZ for up to 7 days. These results
(A-H) have been replicated at least twice with similar results. In E, error bars are shown as standard error of the mean (SEM).

degenerated, unhatched E3.5 blastocysts positively stain for
DNA fragmentation by means of the TUNEL assay, which
indicates that the cells are apoptotic, whereas WT embryos have
no detectable signal (Fig. 2C). TUNEL staining in the PARG ~/~
embryos was colocalized to the nucleus with Hoechst staining,
which further verified the in situ cell death assay. Taken together,
these results indicate that the disruption of PARG leads to
peri-implantation lethality, which results in the failure of the
embryo to hatch and the degeneration of the blastocyst. The
apparent cause of this lethality is an accumulation of PAR, which
leads to cell death by apoptosis.

Decreased Proliferation, Accumulation of PAR, and Cell Death in
PARG~'~ Embryonic TS Cells. Because genetic inactivation of PARG
resulted in embryonic lethality, we analyzed the role of PARG
activity and PAR signaling in cells derived from WT and
PARG '~ embryos. The ability of PARG '~ embryos to survive
to at least E3.5 made it possible to culture embryonic TS cells
from living embryos of both the PARG*'* and PARG ™/~ geno-
types (Fig. 3 and data not shown). Initial attempts at culturing
PARG™'~ cells were unsuccessful (data not shown) until the
broad spectrum PARP inhibitor BZ was added to the cultures
(Fig. 3). Under these conditions, we successfully established
several lines of PARG ™/~ trophoblast cultures (Fig. 3). PCR
analysis of the PARG ™/~ vs. PARG*'* TS cells indicates that the
PARG gene was successfully targeted in the PARG ™/~ TS cells
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(Fig. 34). RT-PCR analysis of PARG ™/~ vs. PARG™'* TS cell
total RNA using primers that detect all reported splice variants
of PARG reveals the complete absence of PARG mRNA in
PARG~'~ TS cells (Fig. 3B). There is also complete absence of
PARG 110-kDa and 65-kDa protein in PARG '~ TS cells (Fig.
3C). Because the murine PARG gene shares a promoter with the
mitochondrial inner translocase-23 (TIM23) gene (28), we ex-
amined TIM23 protein levels in both WT and PARG null TS
cells and found that our knockout strategy had no effect on the
expression levels of TIM23 (Fig. 3D). Growth analysis demon-
strates the dependence of PARG '~ TS cells on BZ, because the
PARG™/~ TS cells remain viable and grow normally only when
the PARP inhibitor is present. When BZ is withdrawn, the
PARG ™'~ TS cells fail to exhibit normal logarithmic growth (Fig.
3 E and F). The withdrawal of BZ causes abnormal morphology
with condensed nuclei in the PARG '~ TS cells after 6 days (Fig.
3F). The reduced proliferation in PARG '~ TS cells was further
analyzed by FACS. After 3 days without BZ, ~60% of the
PARG ™'~ TS cells are apoptotic due to positive staining for PI
and annexin-FITC (Fig. 3G), with no significant cell deathin WT
TS cells or PARG ™/~ TS cells treated with BZ. Analysis of PAR
levels by Western blot reveals that PAR gradually accumulates
in PARG '~ TS cells in the absence of BZ, and maximal PAR
levels are observed 5-7 days after BZ withdrawal (Fig. 3H).
These results suggest that the failure to degrade PAR leads to
cell death by apoptosis. Furthermore, the time course of cell

Koh et al.
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Fig.4. Increased sensitivity to PARP-1-dependent cytotoxicity in PARG™/~ TS
cells. (A and C) Microscopic analysis of PARG** and PARG™/~ TS cells grown
with or without BZ for 3 days were examined 24 h after 5 min treatment of 0,
20, or 100 M MNNG (A), or 0, 25, or 100 uM menadione (C). (B and D) Cell
death in PARG*'* and PARG/~ TS cells. Cells were treated with MNNG (B) or
menadione (D) as described above, and quantification of total cell death was
performed by using Hoechst/PI staining. Numbers on the vertical axes (A and
C) depict the doses of the cell death stimuli in micromolar. (Scale bars: 25 um.)
These results (A-D) have been replicated at least three times with similar
results. (Band D) *, P= 0.001 between PARG '~ with or without BZ to WT with
or without BZ (one-way ANOVA and unpaired Student’s t test). (Band D) Error
bars are shown as SEM.

death in PARG™/~ TS cells after BZ withdrawal is consistent
with the timing of lethality in PARG ™/~ embryos, suggesting that
functional PARG protein is required to maintain the rapid
cellular proliferation of normal embryogenesis.

Increased Sensitivity of Cells Lacking PARG to PARP-1-Dependent
Cytotoxicity. We next analyzed the susceptibility of PARG ™/~ TS
cells to death stimuli. WT and PARG ~/~ TS cells were subjected
to different types of treatment that activate the PARP-1-
dependent cell death pathway in many cell types (Fig. 4) (29, 30).
Cell death was quantified by Hoechst/PI staining (25). MNNG
induces massive cell death in PARG ™/~ TS cells in the absence
of BZ under conditions in which WT TS cells are relatively
spared from the toxic effects of MNNG (Fig. 4 4 and B).
Consistent with the enhancement of PARP-1-dependent cell
death, PARG™/~ TS cells exhibit abnormal morphology, con-
densed nuclei, and a high level of cell death after MNNG
treatment, which is reversed by the broad spectrum PARP
inhibitor BZ (Fig. 4B). Oxidative stress-induced injury by men-
adione is also enhanced in PARG '~ TS cells compared with WT
TS cells (Fig. 4 C and D). At these concentrations of menadione,
which have minimal effects on WT TS cells, PARG~/~ TS cells
are dramatically sensitive to the toxic effects with abnormal cell
morphology, nuclear condensation, and cell death. The PARP
dependence of menadione-induced cell death is confirmed by
the reversal of cell death by the broad spectrum PARP inhibitor

Koh et al.

BZ (Fig. 4D). Taken together, these results indicate that the
PARG™/~ TS cells have increased sensitivity to PARP-1-
dependent cell death that is due to the failure to catabolize PAR.

Discussion

The major findings of this report indicate that PARG plays a
crucial role in mouse development and that the embryonic
lethality in PARG null mutants results from the failure to
degrade PAR polymer, which leads to cell death by apoptosis.
PARG null TS cells are viable only in the presence of the broad
spectrum PARP inhibitor BZ, indicating that the failure to
degrade PAR results in embryonic lethality. Attempts were
made to administer BZ to pregnant PARG heterozygous mice
throughout the pregnancies, but no PARG null embryos were
obtained (data not shown). This report also demonstrates that
PARG null TS cells are remarkably sensitive to PARP-1-
dependent cell death. This cell death seems to be predominantly
apoptotic, but nonapoptotic mechanisms cannot be ruled out
because necrotic and nonapoptotic mechanisms occur in PARP-
1-dependent cell death. Our PARG gene disruption approach
did not affect the expression of TIM23, the gene that shares a
promoter with PARG (28). Thus, the specific disruption of
PARG leads to embryonic lethality and increased susceptibility
to PARP-1-dependent cell death. The ability of mice lacking
full-length PARG to survive and reproduce reported elsewhere
(23) is likely due to the presence of shorter PARG isoforms and
the subsequent capacity to degrade PAR in these animals.

PARP activity plays an important role in modulating the
cellular response to stress. The extent of poly(ADP-ribosyl)ation
correlates with the severity of stress, and this phenomenon
determines the cellular response. Poly(ADP-ribosyl)ation under
severe stress leads to cell death, under moderate stress it plays
important roles in DNA repair, and under mild stress it partic-
ipates in the proinflammatory/cellular defense by means of
transcriptional regulation (31). Inhibition of poly(ADP-
ribosyl)ation and knockout of PARP-1 or PARP-2 alters the
stress response at multiple levels (9, 10, 14, 32, 33), but normal
cellular physiology is not affected to any appreciable degree,
implying a very limited role for poly(ADP-ribosyl)ation in the
absence of stress (31). The embryonic lethality of the PARG null
mutant establishes a role for poly(ADP-ribosyl)ation in embry-
onic development, and it suggests that poly(ADP-ribosyl)ation is
important in homeostatic cellular functions. Along these lines is
the observation that the loss of PARG in Drosophila leads to
lethality in larval stage at the normal developmental tempera-
ture (25°C). One-quarter of larva exposed to 29°C hatch, but
develop progressive neurodegeneration, reduced locomotor ac-
tivity, and a short lifespan. These animals accumulate PAR
polymer (34), which may contribute to this phenotype.

The lethality of the PARG ™/~ mice indicates that the regula-
tion of PAR levels is critical for cell survival and that there is
little, if any, compensatory mechanism for the catabolism of
PAR. The inactivation of cellular PARG activity leads to
increases in PAR that are correlated with growth arrest and cell
death. Consistent with this notion are observations in Saccha-
romyces, which are normally devoid of PARP and PARG
activity. Overexpression of PARP-1 or PARP-2 in Saccharomy-
ces leads to growth inhibition (35), but coexpression of PARP-1
or PARP-2 with PARG restores growth (36). Thus, accumula-
tion of PAR is toxic to cells, and increased levels of PAR in
embryonic tissue results in apoptosis. Moreover, the accumula-
tion of PAR in PARG™/~ TS cells in the absence of BZ
demonstrates that PARG is responsible for most, if not all, of the
hydrolysis of PAR. Therefore, our findings suggest that PARG
is the primary enzyme that degrades PAR.

Knockdown of PARG was previously shown to increase
sensitivity of mice to genotoxic stress (23). Our results also
identify a protective role for PARG in the cellular response to
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DNA damage, but it also suggests that the complete absence of
PARG creates a scenario where the cell is unable to withstand
limited DNA damage because the doses of MNNG or menadione
had little effect on WT TS cells but induced substantial cell death
in PARG /'~ TS cells. The enhanced cell death in the PARG ™/~
TS cells is PARP dependent because it can be reversed by the
broad spectrum PARP inhibitor BZ. Thus, PARG activity is
protective, and it is required for the cellular response to even
sublethal levels of stress.

The exact mechanism of the toxicity resulting from the
accumulation of PAR is not known. The failure to remove PAR
from either covalently modified proteins or noncovalently bound
PAR may lead to growth arrest and cell death, because many
PAR-modified proteins are important for cell survival and DNA
processing/repair (37-41). Recent evidence suggests that poly-
(ADP-ribosyl)ation regulates transcription (5) and that the
failure to degrade PAR polymer may lead to transcriptional
dysregulation. The absence of PARG activity leads to transcrip-
tional dysregulation and altered circadian period length in
Arabidopsis (42), consistent with the notion that PAR plays an
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important role in homeostatic cellular functions. Alternatively,
PAR polymer may conceivably act as a death signal. Thus, the
accumulation of PAR may directly and/or indirectly lead to cell
death.

In conclusion, our study reveals that PARG plays a funda-
mental role in embryogenesis and that it plays a role as a
cytoprotective protein against genotoxic and oxidative-induced
cellular injury by regulating poly(ADP-ribosyl)ation. Moreover,
these results suggest that PARG is the primary enzyme capable
of hydrolyzing PAR and that this PAR catabolism is required for
the maintenance of normal cell function. Although inhibition of
PARG is unlikely to be of benefit in the therapy and prevention
of toxicity after cellular stress, potent and selective inhibitors of
PARG may ultimately be used to enhance the effectiveness of
cytotoxic cancer chemotherapeutic agents.
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