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ABSTRACT: Poly(ADP-ribose) (PAR) is a therapeutic target primarily identified through inhibiting its syn-
thesis by PAR polymerase-1 (PARP-1). However, inhibiting its hydrolysis by PAR glycohydrolase (PARG)
has therapeutic potential in cancer. Unknown is the effect of elevated PAR levels on cellular processes and if
this effect can enhance the therapeutic value of PARG. Here, we demonstrate in PARG null embryonic
trophoblast stem (TS) cells that the absence of PAR hydrolysis led to PAR-modified histones H1, H2A, and
H2B. To determine if this led to the differential vulnerability of DNA to modification, TS cells were treated
with DNA-modifying agents. The results demonstrate increasedDNA laddering bymicrococcal nuclease and
an increased amount ofDNA intercalation by acridine orange in PARGnull-TS cells. This increased access to
PARGnull-TS cell DNAwas further verified by the detection of increasedDNA damage following treatment
with UV radiation and a minimal dose of the DNA-alkylating agent N-methyl-N0-nitro-N-nitrosoguanidine.
Further, this DNA damage was predominantly unrepaired 12 h after treatment in PARG null-TS cells.
Finally, TS cells were treated with DNA-modifying chemotherapeutic agents. The results demonstrate up to
4-fold increases in cell death in PARG null-TS cells after treatment with epirubicin or sub-IC50 doses of
cisplatin and cyclophosphamide. Taken together, we provide compelling evidence that increased DNA access
induced by the absence of PARG enhances the efficacy of DNA-modifying agents. Thus, this study
demonstrates that greater DNA accessibility, increased DNA damage, and increased cell death all contribute
to the PARG null cell phenotype in response to genotoxic stress.

In response to DNA damage, polymers of ADP-ribose
[poly(ADP-ribose) or PAR]1 are synthesized by PAR poly-
merases (PARPs) to covalently modify nuclear protein accep-
tors (1). These acceptors include chromatin structural proteins,
such as PARP-1 (2), histone H1 (3), and histone H2A/H2B (4).
PAR is primarily removed from these proteins by the high
specific activity of PAR glycohydrolase (PARG) (5-7), although
an ADP-ribose hydrolase-like (ARH3) protein has also been
shown to catalyze the hydrolysis of PAR to a lesser extent (8).
Therefore, PARG catalytic activity is essential to the cell due to
the high levels of PAR that are stimulated following DNA
damage (9). PARG activity thus completes the majority of
intracellular poly(ADP-ribosyl)ation cycles. Completed PAR
cycles lead to the proper cellular response to genotoxic stress,
including the facilitation of DNA repair (10, 11) or the induction
of cell death (12). Thus, PAR has an important role in main-
taining the fidelity of the genome (13).

Due to this role, PAR has been identified as a therapeutic
target in several conditions, including cancer (14).However,most
studies have focused on evaluating the chemotherapeutic poten-
tial of inhibiting PAR synthesis by targeting the PARPs. PARP

inhibitors effectively decrease PAR levels and are promising
chemosensitizing agents due to their ability to inhibit DNA
base-excision repair (10). They also hold promise in treating
breast cancer tumors containing mutations in the breast cancer 2,
early onset (BRCA2) gene (15). Conversely, inhibiting PARG is
emerging as another chemotherapeutic strategy. Genetic PARG
hypomorphs (16), partial genetic knockdown of PARG that
leads to uncoordinated PARP/PARG activities (17), or RNAi
knockdown (18) of PARG leads to increased cell death following
DNA damage. We previously demonstrated that the absence of
PARG led to embryonic trophoblast stem (TS) cell hypersensi-
tivity to low-dose DNA-damaging agents (19). Thus, PARG
appears to be a favorable target to induce cell death.

The metabolism of PAR mediates several cellular processes,
including chromatin dynamics (2, 20), DNA replication and
repair (21), and telomere maintenance (22). It is not known if the
alteration of these or other PAR-mediated cellular processes
leads to the observed PARGnull cell hypersensitivity to low dose
DNA-damaging agents. One possibility is the aforementioned
alteration of chromatin structure. The PARPs induce chromatin
decondensation via the PARmodification of chromatin structur-
al proteins (2, 20). In vitro, heterologous PARG treatment
reverses the PAR-induced chromatin decondensation by catalyz-
ing the hydrolysis of PAR from histones and PARP-1 (2, 20).
Thus, the possibility exists that a deficiency in PARG leads to
chromatin structural changes due to the irreversible PAR mod-
ification of DNA-binding proteins. Further, this change in
chromatin structure may lead to the enhanced sensitivity of
DNA toDNA-modifying agents. The therapeutic significance of
this scenario is particularly valuable in cancer, since inhibiting
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PARG may provide a potential method to increase the access
of DNA-modifying anticancer agents to DNA. These cellular
effects have the potential to provide a new basis that elevates
PARG as a more favorable target in the chemotherapeutic
treatment of cancer.

Our data here demonstrate that the absence of PARG led to
the presence of PAR-modified chromatin structural proteins.
Also, for the first time, we demonstrate increased access ofDNA-
modifying agents to DNA in the absence of PARG. Further, this
resulted in an enhanced level of DNAdamage following different
modalities of DNA-damaging treatments. Finally, we show that
PARGdisruption significantly potentiated the cell death induced
by currently utilized DNA-modifying chemotherapeutic agents.

EXPERIMENTAL PROCEDURES

Materials. N-Methyl-N0-nitro-N-nitrosoguanidine (MNNG)
was purchased from AccuStandard (New Haven, CT). Protease
inhibitors, acridine orange, cisplatin, epirubicin, and cyclopho-
sphamide were all purchased from Calbiochem (La Jolla, CA).
Micrococcal DNA nuclease was from New England Biolabs
(Ipswich, MA). Primary antibodies utilized were monoclonal
anti-PAR (clone 10H) (Tulip Biolabs, West Point, PA), poly-
clonal anti-PAR (96-10) (Trevigen, Gaithersburg, MD), poly-
clonal anti-histone H2A and H2B (Santa Cruz Biotech, Santa
Cruz, CA), monoclonal anti-histone H1 (Millipore, Billerica,
MA), andmonoclonal anti-cyclobutane pyrimidine dimer (CPD)
(Cosmo Bio USA, West Carlsbad, CA). Secondary antibodies
utilized were horseradish peroxidase- (HRP-) conjugated goat
anti-rabbit and anti-mouse (Sigma, St. Louis, MO) and Oregon
Green-conjugated anti-mouse (Invitrogen, Carlsbad, CA). Pro-
tease inhibitor cocktail tablets (Complete EDTA-free) were from
Roche (Mannheim, Germany).
Embryonic Trophoblast Stem (TS) Cell Culture. Wild-

type and PARG null-TS cells were derived and cultured as
previously reported (19). Benzamide (BZ), a PAR synthesis
inhibitor, was required to maintain the viability of the PARG
null-TS cell line.
Immunoprecipitation of PAR and Histones. TS cells were

cultured (BZ for 3 days and harvested with trypsin. Cells were
then lysed by brief sonication in ice-cold lysis buffer (25mMTris-
HCl, pH 7.5, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 1 mM
EGTA, and protease inhibitor cocktail), and the extracts were
placed on ice for 30 min. After centrifugation (13000 rpm for
15 min), the supernatants were cleared by applying a 50% (v/v)
slurry of protein A-Sepharose resin (Invitrogen) for 2 h at 4 �C.
The extracts were then incubated with the indicated antibodies at
4 �C for 2 h. The immunoprecipitation complexes were isolated
with protein A-Sepharose resin at 4 �C overnight and washed
three times with lysis buffer. The bound proteins were eluted and
denatured with SDS loading buffer at 100 �C for 5 min. The
proteins were then resolved on SDS-PAGE and subjected to
immunoblot analysis.
Immunoblot Analyses. Samples (20 μg) were subjected to

7% or 12% SDS-PAGE and transferred to nitrocellulose by
semidry transfer (25 V for 1 h) using a Trans-blot SD apparatus
(Bio-Rad, Hercules, CA). Membranes were blocked with PBS þ
0.1% Tween-20 containing 5% milk for 1 h and incubated with
primary antibody (1:1000) overnight at 4 �C. Membranes were
then washed with PBS-Tween three times and incubated with
HRP-conjugated goat anti-rabbit or anti-mouse antibody
(1:10000) for 1 h. The blot was washed as before, and chemilu-
minescence was initiated using the Supersignal West Pico

reagents (Pierce, Rockford, IL). Immunoblots were then devel-
oped by film or on a Chemidoc gel imager (Bio-Rad).
Micrococcal DNA Nuclease (MNase) Digestion. The

MNase digestion of TS cells was performed as previously
described (23), except that the TS cells were homogenized in
hypotonic buffer (10 mM Tris-HCl, pH 8.0, 10 mM MgCl2,
1 mM DTT, 25% glycerol, 0.2% NP-40, 0.5 μM spermidine,
and protease inhibitor cocktail), and the resulting nuclei were
treated with 5 units of MNase for 5 min. DNAwas purified with
phenol/chloroform and subjected to electrophoresis (1 μg/lane)
on a 1.2% agarose gel.
DNA Intercalation with Acridine Orange. TS cells were

grown(BZ for 3 days, harvested with trypsin, washed with PBS,
and stained with 10 μg/mL acridine orange for 10 min. Total
fluorescence intensity (FL1 channel) was measured using a
FACSCalibur flow cytometer (BD, Franklin Lakes, NJ). Mean
fluorescence values were calculated using FlowJo software (Tree
Star, Ashland, OR).
Detection of DNA Damage following UV Radiation. TS

cells were seeded onto sterile glass coverslips and placed in 24-well
plates. The cells were then cultured (BZ for 2 days. For UV
treatment, cells werewashedwithPBS and irradiated using a low-
pressure Hg lamp (model G30T8; Sylvania, Danvers, MA) at
10 J/m2. The cells were fixed with 4% formalin in PBS for 10min,
washed twice with PBS, permeabilizedwith 0.5%TritonX-100 in
PBS for 5 min on ice, and washed twice with PBS. The cells were
treated with 2 M HCl for 30 min to denature genomic DNA,
washed five times with PBS, and blocked with 10%BSA/PBS for
30 min at 37 �C. Cells were then incubated for 2 h at 37 �C with
monoclonal anti-CPD antibody (1:1500) in 3% BSA/PBS. After
three PBS washes, cells were incubated with Oregon Green-
conjugated anti-mouse antibody (1:1000) in 3% BSA/PBS for
45 min at 37 �C in the dark. Coverslips were washed three times
with PBS, mounted on glass microscope slides containing DAPI,
and visualized by confocal microscopy.
Detection of DNA Damage following DNA Alkylation.

TS cells were cultured (BZ for 3 days and treated with MNNG
for 5 min. After 30 min, DNA damage was assessed using the
single-cell gel electrophoresis (Comet) assay using the CometAs-
say electrophoresis system (Trevigen). Briefly, 0.5% low melting
point agarose wasmixedwith approximately 500 cells and spread
onto two-well CometSlides. Once solidified, the slides were
placed in lysis solution (10 mM Tris base, 2.5 M NaCl, 0.1 M
EDTA, pH 10, 1% sodium lauryl sarcosinate, and 1% Triton
X-100) at 4 �C for 30 min and equilibrated in alkaline solution
(200 mM NaOH and 1 mM EDTA) for 30 min to unwind the
DNA. The slides were then transferred to the electrophoresis unit
and subjected to 21 V for 30min. Nuclei were stained with SYBR
Green, and the images were analyzed using CometScore software
(TriTek Corp., Sumerduck, VA). For DNA damage quanti-
fications, “% DNA in tail” is defined as 100 - percent DNA
in comet head; “tail moment” is defined as comet tail length �
fraction of total DNA in the tail. Both parameters are linearly
correlated to DNA strand break frequency (24, 25).
Cell Death Assays. TS cells were grown (BZ for 2 days in

24-well plates and treated with cyclophosphamide, cisplatin, or
epirubicin at the indicated doses and exposures (Table 1). After
the treatment exposure period, cells werewashed oncewithmedia
and once with PBS and incubated in growth media at 37 �C.
Twenty to twenty-four hours after treatment, cells were harvested
with trypsin, washed with PBS, and resuspended in PBS. Cell
suspensions were then stained with annexin V-FITC/propidium
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iodide (Vybrant apoptosis assay kit no. 3; Invitrogen) accord-
ing to the manufacturer’s protocol and analyzed by FACS as
performed previously (19). Total cell death was quantified by
adding the percentage of cells detected in the upper left, upper
right, and lower right quadrants in the FACS dot plots.

RESULTS

Detection of PAR-Modified Histones in the Absence of
PARG. We previously reported that the PARG null phenotype
is embryonic lethality (19). However, PARG null-TS cells, the
only genetic model system available to date where PARG is
completely absent, were successfully derived from PARG null
blastocysts. However, the PAR synthesis inhibitor benzamide
(BZ) is required in the growth medium of PARG null-TS cells in
order to maintain viability. Previously, we demonstrated that
PAR accumulates in a time-dependent fashion in unstressed cells
after BZ withdrawal (19). Accordingly, increased levels of PAR
were observed in PARG null-TS cells from days 1-3 after BZ
withdrawal (Figure 1A).2No accumulationof PARwas observed
in wild-type TS cells (BZ or PARG null-TS cells þBZ.

Three well-known acceptors of the PAR modification are the
linker histoneH1 (3) and the core nucleosomal histonesH2A and
H2B (4). Therefore, we analyzed the PAR-modified proteins in
PARGnull-TS cells-BZ to determine if PAR-modified histones
were present. Extracts were subjected to immunoprecipitation
(IP) using monoclonal anti-PAR antibody and probed for the
presence of histones H1, H2A, and H2B (Figure 1B). In PARG
null-TS cells -BZ, each histone was successfully detected by
immunoblot (Figure 1B), which indicates that these histones
were PAR-modified. PAR-modified histones were not observed
in wild-type or PARG null-TS cellsþBZ, which verifies the inhi-
bition of PAR synthesis by BZ. Further, PAR-modified histones
were not detected in wild-type cells -BZ after IP with anti-PAR
antibody. This demonstrates that in wild-type cells capable of
catalyzing the synthesis of PAR (i.e., in the absence of BZ), the

presence of functional PARG prevents the accumulation of
PAR-modified histones. Taken together, the results demonstrate
the presence of PAR-modified histones H1, H2A, and H2B in
PARG null-TS cells due to the failure to catalyze the hydrolysis
of PAR.

To further verify the presence of PAR-modified histones in
PARGnull-TS cells-BZ, the extracts were subjected to IP using
anti-histoneH1antibody. The immunoprecipitated proteinswere
then probed for the presence of PAR (Figure 1B). In PARGnull-
TS cells -BZ, PAR-modified histone H1 was successfully
detected using anti-PAR antibody. No PAR-modified histone
H1 was observed in wild-type cells (BZ or PARG null-TS
cells þBZ. Thus, the results demonstrate the presence of PAR-
modified histoneH1 inPARGnull-TS cells-BZ following the IP
of histone H1. Further, the results confirm the previous observa-
tion of PAR-modified histone H1 after the IP of PAR.
Increased DNA Accessibility Induced by the Absence of

PARG. Histones H1, H2A, and H2B are positively charged
proteins important for binding and assembling negatively
charged DNA into highly compacted nucleosomal units. The
PAR modification of DNA-binding proteins disrupts their inter-
action with DNA due to the charge repulsion of DNA and the
highly anionic PAR (which contains two negatively charged
phosphate groups per ADP-ribose unit) (26). This leads to the
dissociation of the histone octamer from DNA. To determine if
the elevated levels of PAR-modified histones due to the absence
of PARG resulted in a change in DNA accessibility, we analyzed
the susceptibility of TS cell DNA to micrococcal DNA nuclease
(MNase). TS cells were cultured -BZ for 1-3 days and treated
with MNase. Analysis of the resulting DNA fragments from
PARG null-TS nuclei cultured -BZ for 2-3 days indicated
nucleosomal laddering. This demonstrates a greater susceptibility
of DNA from PARG null-TS cells -BZ to MNase digestion
(Figure 2A). No significant laddering was observed in wild-type
TS cells(BZor PARGnull-TS cellsþBZ. Because this change in
DNA susceptibility occurred only in PARG null-TS cells, this
effect was mediated by the absence of PARG. Thus, the results
demonstrate that PARG inhibition leads to the greater DNA
access of MNase.
Increased Susceptibility of PARG Null-TS Cell DNA to

Intercalation. To further verify increased DNA access, TS cells
were treated with the DNA-intercalating agent acridine orange.
Acridine orange intercalates into double-stranded DNA and
produces green fluorescence with a maximal emission at
526 nm (23). PARG null-TS cells -BZ displayed an increase in
fluorescence as compared to wild-type (BZ and PARG null-TS
þBZ (Figure 2B), suggesting that PARG null-TS cell DNA after
BZ withdrawal was more accessible to the dye. After quantifying
mean fluorescence values for each group, PARG null-TS cells
-BZ (82.3) clearly exhibited the highest fluorescence as com-
pared to the other experimental groups (WT þBZ, 61.4; WT
-BZ, 57.7; KO þBZ, 64.7), which demonstrates the greatest
amount of DNA intercalation. The results thus reveal that the
absence of PARG leads to increased DNA intercalation by
acridine orange.
IncreasedDNADamageDue to theAbsence of PARG. If

PAR, by altering the interaction of DNA and DNA-binding
proteins, leads to greater DNA access, it is expected to increase
the efficacy of different modalities of DNA damage-inducing
treatments. To investigate the ability of UV radiation to damage
DNA in the absence of PARG, TS cells were grown (BZ for
2 days and treated with 10 J/m2 UV radiation. UV exposure

FIGURE 1: Detection of PAR-modifed histones in PARG null mur-
ine TS cells. (A) Immunoblotting detection of PAR in TS cells. TS
cells were cultured in growth medium lacking benzamide (BZ) for
1-3 days. TS cell lysates were then probedwith anti-PARpolyclonal
antibody. If present, the majority of PAR lies within the bracketed
region (∼90-200 kDa). Note: The protein band nearMr 66000 is the
immunodetection ofBSA,whichwas utilized in the production of the
anti-PAR antibody. (B) TS cell extracts were withdrawn fromBZ for
3 days and immunoprecipitated using monoclonal anti-PAR (clone
10H) antibodyormouse IgG (negative control), followedbyWestern
analysis with anti-histone H1, H2A, and H2B. The TS cell extracts
were also immunoprecipitated using anti-histone H1 antibody fol-
lowed by Western analysis with anti-PAR. Key: WT, wild-type TS
cells; KO, PARG null-TS cells; C, mouse IgG negative control.

2In Figure 1A, the protein band near Mr 66000 is the immunodetec-
tion of bovine serum albumin (BSA). The production of the anti-PAR
(96-10) antibody was accomplished using BSA as the carrier protein and
PAR as the hapten.
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modifies thymine bases within DNA to form (6-4)-photopro-
ducts and cyclobutane pyrimidine dimers (CPDs) (27). The
results demonstrate that UV radiation produced minimal
amounts of CPDs in wild-type TS cells (Figure 3A) as visualized
by immunocytochemistry using a monoclonal anti-CPD anti-
body. However, in PARG null-TS cells -BZ, CPDs were more
prevalent and widespread (green channel), indicating a greater
amount of DNA damage as compared to wild type (Figure 3B).
The results thus demonstrate increased amounts of UV-induced
CPDs in the absence of PARG.

To investigate the ability of chemical mutagens to damage
DNA in the absence of PARG, TS cells were treated with
the DNA-alkylating agent MNNG. MNNG treatment leads
to methylated DNA bases (28), as well as the alkylation of
proteins (29). The resulting DNA damage was examined by the
single cell gel electrophoresis (Comet) assay, a sensitive technique
for analyzing and quantifying DNA damage in individual
cells (30). Following electrophoresis, each cell resembles a comet
with a distinct head and tail. Undamaged, intact DNA is
contained in the head. Damaged DNA, which results in DNA
strand breaks, migrates and produces the tail. As expected, no
significant damage was observed in untreated TS cells due to the
absence of tails (Figure 4A, left panels). Treatment withMNNG
led to comet tails in wild-type and PARG null-TS cells -BZ,
indicating DNA damage (Figure 4A, right panels). However, the
tails in PARG null-TS cells were significantly larger (Figure 4A,
white arrows), which illustrates a greater amount of migrated
DNA. This demonstrates a greater amount of DNA damage
induced in PARG null-TS cells as compared to wild-type cells
after MNNG treatment. Further, the comet heads in wild-type
TS cells after MNNG treatment were consistently larger than in
PARG null-TS cells (Figure 4A, gray arrows), which indicates
a greater amount of undamaged DNA in wild-type cells. To
quantify the amount ofDNAdamage, “%DNA in tail” and “tail

moment” values were determined. The calculated values indicate
a 3.5-fold increase in “tail moment” and a 2.5-fold increase in “%
DNA in tail” in PARG null-TS cells -BZ as compared to wild-
type cells -BZ (Figure 4B). This provides quantitative evidence
that a greater amount of DNA damage is produced in PARG
null-TS cells-BZ. Taken together, the results provide qualitative
and quantitative verification that the increased DNA access of
DNA-modifying agents induced by the absence of PARG leads
to greater amounts of DNA damage.
Increased DNA Damage Remains in PARG Null-TS

Cells after a DNA Repair Period. The MNNG-treated TS
cells were incubated at 37 �C for 12 h to allow DNA repair
mechanisms to ensue. Following this DNA repair period, much
of the DNA damage observed in wild-type TS cells was success-
fully repaired. This was demonstrated by a reduction in comet
tails (Figure 4C, white arrow). The calculated “tail moment” and
“% DNA in tail” values were also decreased in wild-type cells
(Figure 4D). However, in PARG null-TS cells, the comet tails
remained largely unchanged after the repair period (Figure 4C,
bottom panel), indicating the continued presence of considerable
amounts of DNA damage. Further, the “tail moment” and “%
DNA in tail” values remained 2.7- and 2.0-fold higher than wild-
type levels, respectively (Figure 4D). This demonstrates thatmost
of theDNAdamage induced byMNNG in the absence of PARG
remained unrepaired after 12 h.
TheAbsence ofPARGLeads to the IncreasedEfficacy of

DNA-Modifying Chemotherapeutic Agents. Based on the
previous studies, we investigated the ability of the absence of
PARG to increase the ability of currently utilized DNA-modify-
ing chemotherapeutic agents to induce cell death. TS cells were
cultured (BZ and treated with the anticancer agents at the
indicated doses and exposure times (Table 1), and cell death was
quantified 20-24 h later by FACS. As shown in Figure 5, all of
the chemotherapeutic drugs produced increased cell death in
PARGnull-TS cells-BZ. However, this increased cell death was
abrogated when PARG null-TS cells were cultured þBZ, which
suggests a role for PAR in the chemosensitization mechanism.

FIGURE 2: Increased nuclease digestion and intercalation of PARG
null-TS cell DNA. (A) Micrococcal nuclease digestion of TS cell
DNA after 1-3 days of BZ withdrawal. After each time point
indicated, TS cell nuclei were isolated and treated with 5 units of
micrococcal nuclease for 5 min. One microgram of DNAwas loaded
in each lane. (B) DNA intercalating agent treatment of TS cells after
3daysofBZwithdrawal.After 3days-BZ,TScellswere treatedwith
10 μg/mL acridine orange. The fluorescence intensity was mea-
sured by FACS. The mean fluorescence intensity calculated for each
experimental group:WTþBZ, 61.4; WT-BZ, 57.7; KOþBZ, 64.7;
KO -BZ, 86.0.

FIGURE 3: Detection of DNA damage in wild-type and PARG null-
TS cells following UV radiation. TS cells were cultured -BZ for
2 days and treated with 10 J/m2 UV radiation. The cells were labeled
with DAPI nuclear DNA stain (blue channel) and monoclonal
antibody against CPDs (green channel). (A) Wild-type TS cells.
(B) PARG null-TS cells. The merge (bottom right) of the CPD and
DAPI images indicates the successful detection ofUV-inducedDNA
damage (cyan).
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The amount of cell death produced by the anticancer agents in
PARG null-TS cells-BZ was 2.0-4.0-fold greater than in wild-
type cells-BZ (Table 1). It is worth noting that the doses utilized
for cisplatin and cyclophosphamide were lower than the repor-
ted IC50 doses for each agent to inhibit the growth of cul-
tured cells (31, 32). Further, the exposure time of epirubicin utilized
(30 min) was considerably less than that previously reported
(48 h) in cultured cells (33). Thus, the increased amount of cell
death observed verifies that the absence of PARG leads to the
increased efficacy of cisplatin, cyclophosphamide, and epirubicin
to induce cell death.

DISCUSSION

This study reports, for the first time, specific intranuclear
effects induced by the absence of PARG. These effects on DNA
accessibility and DNA damage are shown to be mediated by
PAR. Preventing the hydrolysis of PAR by the genetic disruption
of the Parg gene leads to elevated levels of PAR-modified
histones H1, H2A, and H2B. This leads to the increased DNA
access of MNase and acridine orange to genomic DNA. Because
MNase and acridine orange are two common techniques used to
detect changes in chromatin structure (23, 34), it is probable that
these effects also indicate a chromatin structural change. Further, it
is well-known that PAR mediates chromatin structural dynamics.
This is accomplished via the PAR modification of chromatin-
binding proteins to induce chromatin decondensation (2, 20, 34)
and the hydrolysis of PAR from these proteins to promote
chromatin recondensation (2, 20). Thus, the possible chromatin
structural change induced by the absence of PARG in this study
most likely involves chromatin decondensation, since PARG
activity is required for chromatin recondensation. It is therefore
possible that this unpackaged, relaxed state of chromatin allows
greater DNA accessibility. However, more studies will be re-
quired to verify these possibilities.

It is also probable that the PAR modification of other
chromatin binding proteins is involved, such as histone H3 and

PARP-1, both known to be acceptors of the PAR modifica-
tion (3, 35). PARP-1 is a nuclear protein acceptor of the majority
of PAR in the cell through an automodification reaction (35).
Recently, it was shown to bind chromatin and promote its
compaction, while automodified PARP-1 failed to bind and led
to chromatin relaxation (2). Removal of PAR by exogenous
PARG led to PARP-1 rebinding and chromatin recondensa-
tion. Other possibilities are noncovalent interactions that may

FIGURE 4: Detection of DNA damage in wild-type and PARG null-TS cells following DNA-alkylating agent treatment. (A) DNA damage was
detected by the Comet assay, and representative images of untreated (left panels) and MNNG-treated TS cells (right panels) are shown. Comet
heads indicate undamagedDNA (gray arrows), and comet tails demonstrateDNAdamage (white arrows). (B)QuantificationofDNAdamage in
TS cells after MNNG treatment. All images were utilized to quantify DNA damage using CometScore software. (C) MNNG-treated cells were
analyzed by Comet assay after a 12 h repair period that followed the MNNG treatment. (D) DNA damage after the 12 h repair period was
quantified as in (B). For all graphs, *, P < 0.01 WT vs KO (unpaired Student’s t test); error bars are shown as SEM.

FIGURE 5: Treatment of PARG null-TS cells with DNA-modifying
chemotherapeutic agents. (A) Representative FACS dot plots for
wild-type and PARG null-TS cells cultured (BZ and treated with
cisplatin (55 μM for 2.5 h). (B) Quantification of cell death produced
by cisplatin, epirubicin, and cyclophosphamide in TS cells by FACS.
*,P<0.05WT-BZvsKO-BZ (unpaired Student’s t test); **,P<
0.01WT-BZ vs KO-BZ; error bars are shown as SEM. Key: CIS,
cisplatin; EPI, epirubicin; CPA, cyclophosphamide. The data repre-
sent four independent experiments.
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contribute to this effect on DNA, as PAR was shown to bind
histones in vitro (36, 37). Most likely through ionic interactions,
this association was disrupted by the hydrolysis of PAR by
PARG (38). Thus, because the absence of PARG leads to the
accumulation of intranuclear PAR-modified proteins, other
contributing factors mediated by PAR are possible, including
histone “shuttling” (38).

Weprovide the first evidence here that increasedDNAdamage
can be induced by the inhibition of PARG. Both UV radiation
and small-molecule chemical agents successfully led to increased
DNA damage in the absence of PARG. In addition, the dose of
MNNGutilized in these studies (5 μM) ismost likely incapable of
inducing widespread cytotoxicity alone. This dose is 10-60-fold
lower thanthenormalMNNGdoseutilized inculturedcells (7,39).
As demonstrated here, the combination of this low dose of
MNNG and the absence of PARG produced a sizable amount
of DNA damage that was not completely repaired. Although
significant DNA damage was also observed in wild-type TS cells
following 5 μM MNNG, a more significant percentage of this
damagewas successfully repaired (Figure 4C). Thus, the low levels
of DNA damage and higher fraction of repaired DNA in wild-
type TS cells after 12 h are in agreement with our previous data
demonstrating <10% cell death in wild-type TS cells after low-
dose MNNG treatment (19). Taken together, the studies demon-
strate that the inhibition of PARG leads to the increased ability of
DNA-damaging treatments to modify DNA.

We further demonstrate that these effects on DNA accessi-
bility have the potential to be utilized for therapeutic gain. Low
doses or exposures of the chemotherapeutic agents cisplatin,
cyclophosphamide, and epirubicin all significantly increased cell
death in PARG null-TS cells -BZ, which corroborates the re-
sults demonstrating increased DNA access and increased DNA
damage in the absence of PARG. PARG is a potential chemo-
therapeutic target, as previous studies demonstrated increased
cell death in cells deficient, but not completely lacking, in
PARG (16, 17, 40). Our previous study contributed to these
observations by demonstrating a profound amount of PARG
null-TS cell death induced by sublethal doses of MNNG and
menadione (19). However, the mechanism of this PARG null-TS
cell hypersensitivity was unknown. Here, we provided insight
into this phenotype by demonstrating a specific mechanism of
PARG null-TS cell hypersensitivity that involves the PAR
modification of chromatin-binding proteins that most likely
involves the modulation of chromatin structure. It remains to
be seen if this or other PAR-mediated cellular processes are the
primary cause of the cytotoxic PARG null phenotype.

It is worth noting that we have demonstrated increased cell
death in normal cells in the absence of PARG. The selective
targeting of PARG inhibition in cancer cells, in addition to
chemotherapy, would undoubtedly be the most beneficial
strategy to improve the future treatment of cancer patients.
Therefore, the selective targeting of PARG in cancer cells, in

order to minimize toxicity to normal cells, will be required in
the future to elevate PARG into a bona fide chemotherapeutic
target.

In summary, we demonstrate a PAR-induced increase inDNA
accessibility that leads to increased DNA damage by UV or
chemical DNA mutagens in the absence of PARG. These results
provide preliminary validation that PARG is an attractive
therapeutic target to induce cell death. However, PARG deple-
tion studies in cancer cell models, specific targeting of cancer cells
by PARG inhibition, and in vivo studies will be required to
complete this validation.
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