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The maintenance of genomic integrity by poly(ADP-ribose)
(PAR) following DNA damage is based in part on its ability

to facilitate DNA repair or promote cell death. The majority of
PAR is synthesized by PAR polymerase-1 (PARP-1).1 In re-
sponse to DNA damage, PARP-1 utilizes the coenzyme nicoti-
namide adenine dinucleotide (NADþ) as a substrate to catalyze
the covalent modification of nuclear acceptor proteins with
PAR.2 PAR is removed from acceptor proteins by the activity
of PAR glycohydrolase (PARG), which catalyzes the hydrolysis
of PAR into free ADP-ribose with high specific activity.3 PAR
synthesis and degradation are closely coordinated events, which
result in a transient existence of PAR.4 Recent studies demon-
strate that elevated levels of PAR, due to the inhibition or genetic
knockdown of PARG, lead to cell death.5�7 We previously
demonstrated that elevated levels of PAR due to the complete
absence of PARG cause embryonic lethality in vivo8 and in-
creased levels of DNA damage and cell death in vitro.8,9

PAR appears to have a role in several pathways of cell death.
The involvement of PAR in cell death was initially associated with
necrosis, as high levels of PAR were thought to deplete cellular
levels of NADþ,10 the substrate for PAR synthesis and a coen-
zyme required for mitochondrial redox reactions. The importance
of this type of cell death was demonstrated in the pathogenesis of

ischemic injury11,12 and in cell death due to chemotherapy.13

PAR was also associated with caspase-dependent apoptosis due
to the specific cleavage of PARP-1 into 24 and 89 kDa forms by
caspase-3 during apoptosis.14 However, cells lacking PARP-1
were shown to undergo caspase-dependent apoptosis normally
following stimuli that activate intrinsic or extrinsic apoptotic
pathways.15 Subsequent studies were suggestive of a role for PAR
in apoptotic pathways.16,17 To date, a direct role for PAR metabo-
lism in caspase-dependent apoptosis has not been identified.

However, PAR was subsequently demonstrated to be essential
for the ability of apoptosis-inducing factor (AIF), a pro-apoptotic
mitochondrial protein, to initiate cell death.18 Following cell
death stimuli, AIF translocates to the nucleus to initiate apo-
ptosis.19 A recent study reveals that in the nucleus, AIF associates
with histone H2AX and cyclophilin A (CypA) to form a DNA-
fragmenting complex that is essential for initiating programmed
cell death through this pathway.20 Initial studies demonstrated
that the ability of AIF to induce cell death was caspase-inde-
pendent,19,21 while subsequent studies demonstrated it was
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ABSTRACT:We previously demonstrated that the absence of
poly(ADP-ribose) glycohydrolase (PARG) led to increased cell
death following DNA-damaging treatments. Here, we investi-
gated cell death pathways following UV treatment. Decreased
amounts of PARG-null embryonic trophoblast stem (TS) cells
were observed following doses of 10�100 J/m2 as compared to
wild-type cells. In wild-type cells, caspase-cleaved poly(ADP-
ribose) polymerase-1 (PARP-1) and activated caspase-3 were
detected 12�24 h after UV treatment. Surprisingly, both were
detected at decreased levels only after 24 h in PARG-null TS
cells, indicating a decreased level and delayed presence of
caspase-mediated events. Further, a time- and dose-dependent
accumulation of poly(ADP-ribose) (PAR) levels after UV was
observed in PARG-null TS cells and not in wild-type cells. Determination of the levels of nicotinamide adenine dinucleotide
(NADþ), the substrate for PAR synthesis and a coenzyme in cellular redox reactions, demonstrated a UV dose-dependent decrease
in the level of NADþ in wild-type cells, while NADþ levels in PARG-null TS cells remained at higher levels. This indicates no
depletion of NADþ in PARG-null TS cells following increased levels of PAR. Lastly, cell death mediated by apoptosis-inducing
factor (AIF) was analyzed because of its dependence on increased PAR levels. The results demonstrate nuclear AIF translocation
only in PARG-null TS cells, which demonstrates the presence of AIF-mediated cell death. Herein, we provide compelling evidence
that the absence of PARG leads to decreased caspase-3 activity and the specific activation of AIF-mediated cell death. Therefore, the
absence of PARG may provide a strategy for specifically inducing an alternative apoptotic pathway.
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caspase-dependent.22,23 To date, cell death studies support the
possibility that AIF may contribute to caspase-dependent apop-
tosis and induce an alternative form of cell death that is caspase-
independent.24 Moreover, AIF functionality does appear to be
dependent on PAR, because AIF fails to translocate in the
absence of PAR synthesis.18,25 Further, the delivery of purified
PAR to cultured cells induces AIF translocation.26 Therefore, it
appears that cell death by PAR involves elevated levels of nuclear
PAR, nuclear-to-mitochondrial PAR signaling, and cell death
mediated by AIF. Thus, increasing PAR levels may provide a
novel method for promoting AIF-mediated cell death.

Although an ADP-ribose hydrolase-like (ARH3) protein has
also been shown to catalyze the hydrolysis of PAR in vitro,27

PARG is the primary enzyme known to catalyze hydrolysis of
PAR in vivo. The absence of PARG leads to elevated levels of
intranuclear PAR and an increased level of cell death.8,28 A recent
study reveals that the specific knockdown of nuclear PARG leads
to a decreased level of DNA repair and increased genomic
instability.29 Because PARG appears to be the primary regulator
of PAR levels in the cell and its absence leads to deleterious
consequences, it may also regulate the initiation of cell death via
AIF. Thus, the inhibition of PAR hydrolysis via inhibition of
PARG is potentially a means of triggering the AIF cell death
pathway.

We show here that the absence of PARG led to decreased
levels of activated caspase-3 and caspase-cleaved PARP-1 follow-
ing UV treatment. Also, UV treatment led to increased levels of
PAR in PARG-null trophoblast stem (TS) cells. Although PAR
levels were increased, cellular NADþ levels were also increased in
PARG-null TS cells as compared to wild-type cells. These
increases in PAR levels and NADþ were coincident with the
detection of AIF in the nuclei of PARG-null TS cells. Because
these effects were observed in only PARG-null TS cells, our
results demonstrate that the absence of PARG leads to the
activation of AIF-mediated cell death following UV radiation.

’EXPERIMENTAL PROCEDURES

Materials. RPMI 1640 medium and fetal bovine serum (FBS)
were purchased from Hyclone (Logan, UT). Heparin sodium,
benzamide, Hoechst 33342 (bis-benzimide H 33342 trihydro-
chloride), 40,6-diamidino-2-phenylindole (DAPI), NADþ, and
alcohol dehydrogenase (ADH) were purchased from Sigma (St.
Louis, MO). Annexin-V fluorescein (FITC) conjugate was
purchased from Southern Biotech (Birmingham, AL). Protease
inhibitor cocktail tablets (Complete Mini, EDTA-free) were
from Roche (Mannheim, Germany). Recombinant human fibro-
blast growth factor-4 and the caspase inhibitor, Q-VD-OPh, were
purchased from R&D Systems (Minneapolis, MN). The follow-
ing primary antibodies were used: monoclonal anti-cyclobutane
pyrimidine dimer (CPD) (Cosmo Bio USA, West Carlsbad,
CA), polyclonal anti-cleaved PARP-1 (Asp214) (Cell Signaling,
Danvers, MA), monoclonal anti-caspase-3 clone 8G10 (Cell
Signaling), polyclonal anti-PAR (Trevigen, Gaithersburg, MD),
polyclonal anti-β-tubulin (Sigma), polyclonal anti-β-actin (Milli-
pore, Billerica,MA), polyclonal anti-AIF (Rockland Immunochem-
icals, Gilbertsville, PA), polyclonal anti-manganese superoxide
dismutase (MnSOD) (Millipore), and monoclonal anti-lamin B2
clone LN43 (Thermo Fisher, Pittsburgh, PA). Horseradish
peroxidase (HRP)-conjugated goat anti-rabbit and anti-mouse
(Sigma) and Oregon Green-conjugated anti-mouse (Invitrogen,
Carlsbad, CA) secondary antibodies were used.

Embryonic Trophoblast Stem (TS) Cell Culture. Wild-type
and PARG-null embryonic TS cells were derived from E3.5
mouse blastocysts as previously described.8 PARG-null TS cells
are completely devoid of PARG mRNA and protein, and they
must be maintained in growth medium containing fibroblast
growth factor-4, heparin sodium, murine embryonic feeder
(MEF)-conditioned medium, 15% FBS, and 0.5 mM benzamide
(BZ, a PAR synthesis inhibitor) for long-term viability. Both
wild-type and PARG-null TS cells were grown and maintained in
medium containing BZ. In the 2 day period during which BZ is
withdrawn for most studies, levels of PAR in PARG-null TS cells
slowly increase, but cell death is at a minimum (10�15%).8 As a
precaution, because of long-term exposure to BZ, cell lines are
periodically rederived.
Detection of CPDs following UV Radiation. UV-C was

utilized because of its ability to efficiently cause DNA lesions
repaired by the nucleotide excision repair (NER) pathway.30,31 In
addition, the cells utilized are cultured in BZ, which inhibits the
PARPs, as well as DNA base excision repair (BER).32 Thus, we
also chose to utilize UV-C to avoid any effects due to the inhi-
bition of BER. TS cells were treated with UV radiation as de-
scribed previously.9 Briefly, cells were cultured with or without
BZ for 2 days on glass coverslips and treated with UV radiation
using a low-pressure Hg lamp (model G30T8, Sylvania, Danvers,
MA) at 10�100 J/m2 (these doses of UV-C are not physiolo-
gically relevant, but in addition to the reasons stated above, UV-C
was chosen to study the mechanisms of PARP/PARG in
response to UV-induced DNA damage). The cells were fixed
with 4% formalin for 10 min, washed with PBS, permeabilized
with 0.5% Triton X-100 for 5 min, and washed again. After
treatment with 2 M HCl for 30 min, cells were washed, blocked
with a 10% BSA/PBSmixture for 30min, and incubated for 2 h at
37 �C with monoclonal anti-CPD antibody (1:1500) in a 3%
BSA/PBS mixture. After three washes, cells were incubated with
OregonGreen-conjugated anti-mouse antibody (1:1000) in a 3%
BSA/PBS mixture for 45 min at 37 �C, washed again with PBS,
and mounted on glass microscope slides containing DAPI.
Immunocytochemistry analysis was then performed by confocal
microscopy.
Cell Counts.TS cells were seeded at a density of 1� 105 cells/

well in 24-well plates. After 20�24 h, cells were stained with
DAPI and images were obtained using a Zeiss Axio Observer Z1
inverted fluorescent microscope with a Hamamatsu Orca-ER
CCD camera. At least six images were obtained per well. Mean
cell counts for each UV dose for wild-type and PARG-null TS
cells without BZ were obtained. Cell counts for untreated wells
were designated as 100% cell survival. Cell counts for UV-treated
wells were calculated as a percentage of untreated cell counts.
Error bars were calculated as the standard error of the mean
(SEM). One-way analysis of variance (ANOVA) and an unpaired
Student’s t test were then performed (wild type without BZ vs
PARG-null without BZ).
Quantification of Cell Death. TS cells were grown with

or without BZ for 2 days in 24-well plates and treated with
10�100 J/m2 UV radiation. The cells were immediately washed
once with PBS and incubated in growth medium at 37 �C.
Twenty hours later, cells were harvested with trypsin, washed
with PBS, and resuspended in PBS. Cell suspensions were then
stained with annexin V-FITC according to the manufacturer’s
protocol and analyzed by FACS as described previously.9

Immunoblotting Analyses. Wild-type and PARG-null TS
cells were treated with UV radiation as described above in 60mm
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tissue culture dishes. For caspase inhibition, cells were pretreated
with 40 μM Q-VD-OPh, a broad-spectrum, irreversible caspase
inhibitor,33 for 30 min before UV exposure and maintained in
growthmedium containing the same dose of Q-VD-OPh for 24 h
after treatment. Cells were harvested by scraping, washed with
PBS, resuspended in lysis buffer containing 10 mM Tris-HCl
(pH 8), 150mMNaCl, 1mMEDTA, 1mMEGTA, and protease
inhibitors (Complete Mini, EDTA-free), and lysed by brief
sonication (5 s, 10% intensity). The crude lysates were clarified
by centrifugation (16000g for 15 min at 4 �C), 20 μg of each
cleared lysate was subjected to 12% sodium dodecyl sulfate�
polyacrylamide gel electrophoresis (SDS�PAGE), and the pro-
teins were transferred to nitrocellulose by semidry transfer (25 V
for 30 min) using a Trans-blot SD apparatus (Bio-Rad, Hercules,
CA). For anti-PAR immunoblot after 10�100 J/m2 UV treat-
ments, 7.5% SDS�PAGE was used. Membranes were blocked
with PBS and 0.1% Tween 20 (PBS-Tween) containing 5% milk
for 1 h and incubated with the 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 described above, and chemiluminescence was ini-
tiated using the Supersignal West Pico reagents (Pierce, Rockford,
IL). Immunoblots were then developed by film or on a Chemi-
doc gel imager (Bio-Rad).
For quantification of protein bands, immunoblots were ex-

amined by densitometry with the Chemidoc imager using Quantity
One according to the manufacturer’s recommended settings.
Each trace was corrected for background via subtraction of an
equivalent tracing of a non-antigenic region for that blot. Protein
bands from at least two immunoblots were quantified for each
data point. Error bars were calculated as SEM.
Caspase Activity Assay. Wild-type and PARG-null TS cells

were cultured without BZ for 2 days and treated with 25 J/m2UV
radiation. Twelve hours after being treated, approximately 1 �
105 cells were subjected to the Apo-ONE Homogeneous Cas-
pase-3/7 Assay (Promega) according to the manufacturer’s
specifications. This assay consists of the rhodamine-labeled
profluorescent caspase-3/7 substrate, bis(N-carbobenzyloxy-L-
aspartyl-L-glutamyl-L-valylaspartic acid amide) (Z-DEVD), that
becomes fluorescent upon cleavage by caspase-3/7 enzymes. The
amount of fluorescent product generated is representative of the
amount of active caspase-3/7 present in the cells. Plates were
analyzed with a Bio-Tek (Winooski, VT) Synergy HT plate
reader at an excitation wavelength of 485 nm and at an emission
wavelength of 527 nm. Total caspase-3/7 activity was expressed
as a percentage of caspase-3/7 activity in untreated cells. Negative
controls were provided by untreated cells and cells pretreated
with Q-VD-OPh as previously described. Samples were analyzed in
duplicate, and at least two independent experimentswere performed.
Subcellular Fractionations. For the fractionation of wild-

type and PARG-null TS cells, the cells were grown to confluence
in 100 mm tissue cultures dishes and washed twice with ice-cold
PBS. The cells were harvested by being scraped in ice-cold PBS
and centrifuged at 720g for 3 min. The pellet was resuspended in
hypotonic homogenization buffer containing 10 mM Tris-HCl
(pH 7.4), 10 mM KCl, 1.5 mM MgCl2, 1 mM EDTA sodium,
1 mM EGTA, 0.1 mM PMSF, and a protease inhibitor mixture
(Complete Mini, EDTA-Free, Roche) and left on ice for 30 min.
NP-40 was added to a final concentration of 0.1%, and the cells
were homogenized with 40 strokes in a 2mLDounce homogenizer
using the B-type pestle. The nuclear fraction was obtained by

centrifugation at 720g for 5 min. The supernatant was collected
and designated as the postnuclear fraction (cytoplasm and
mitochondria). The nuclear fraction was washed twice with iso-
tonic buffer (hypotonic buffer and 0.25 M sucrose) and resus-
pended in PBS with 0.1% NP-40.
Assay for NADþ Content. Approximately 20�24 h after UV

treatment, the total cellular NADþ content was quantified using
the ADH cycling assay.34 Briefly, wild-type and PARG-null TS
cells in 24-well plates were washed with ice-cold PBS and
harvested with 0.5 mL of 1 M NaOH. Immediately afterward,
0.125 mL of 2 M H3PO4 was added and an equal volume of 1 M
HClO4 was added for protein precipitation. The samples were
left on ice for 10 min and centrifuged (800g for 4 �C at 10 min).
The pellet was used to quantify total protein (BCA assay kit,
Pierce). The supernatant (1 mL) was removed; 0.5 mL of 1 M
KOH was added, and the sample was centrifuged as described
above. The resulting supernatant was used for NADþ quantifica-
tion using a 96-well microplate NADþ assay.34 The total NADþ

content was expressed as picomoles of NADþ per microgram of
protein. This normalization of NADþ levels was required to
account for any differences in cell number, which would be
reflected in higher or lower protein levels. All samples were
quantified in triplicate, and three independent experiments were
performed. Error bars represent the SEM.One-way ANOVA and
an unpaired Student’s t test were then performed (wild type with
BZ vs wild type without BZ; PARG-null with BZ vs PARG-null
without BZ).

’RESULTS

Decreased Amounts of PARG-Null TS Cells without BZ
following UV Irradiation.We previously generated PARG-null
TS cells via the genetic disruption of the Parg gene.8 These cells
were characterized and found to be completely devoid of PARG
mRNA and protein. The total PAR hydrolytic activity is sig-
nificantly decreased, but not absent, in PARG-null TS cells,
which most likely reflects a low level of PAR hydrolysis due to
ARH3 (data not shown). However, it does not appear that this
low level of PAR hydrolysis is sufficient to regulate PAR, as
elevated levels of PAR were observed in PARG-null TS cells
without BZ in previous studies.8,9 Because the accumulation of
PAR leads to cytotoxicity, PARG-null TS cells must be main-
tained in growthmedium containing the PAR synthesis inhibitor,
benzamide (BZ, 0.5 mM), for long-term viability. We also
previously reported the enhanced accessibility of DNA-dama-
ging agents and UV radiation to DNA in the absence of PARG.9

To further examine UV-induced DNA damage and cell death, we
compared the amount of DNA damage and cell survival after
treating wild-type cells with 25 J/m2 and PARG-null TS cells
with 10 J/m2 of UV radiation. Wild-type and PARG-null TS cells
were grown in medium without BZ for 2 days and treated with
the different doses of UV radiation. These treatments led to
increased levels of DNA damage in both groups as demonstrated
by the increased amount of CPDs detected by immunocyto-
chemistry (Figure 1A). In wild-type TS cells 24 h later, a
decreased amount of CPDs was detected, indicating successful
DNA nucleotide excision repair (NER). However, in PARG-null
TS cells after 24 h, a decreased amount of CPDs was detected as
well, but fewer cells remained as compared to the number in
wild-type cells (Figure 1A). This suggests a decreased level of
cell survival in PARG-null TS cells following 10 J/m2 of UV
radiation, as compared to a higher level of cell survival in wild-type
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cells following 25 J/m2 of UV radiation. Further analysis involved
the treatment of wild-type and PARG-null TS cells with 10�100 J/
m2 of UV radiation and quantifying cell survival (Figure 1B). Cell
survival was quantified by obtaining cell counts following DAPI
staining of nuclei and expressing these counts as a percentage of the
total number of untreated cells. The results demonstrate a decreased
amount of PARG-null TS cells at each UV dose as compared to the
amount of wild-type cells, which indicates the decreased level of
survival of PARG-null TS cells. Quantification of cell death by
annexin-V staining demonstrated a decreased level of annexin-V
labeling of PARG-null TS cells as compared to wild-type cells
(Figure 1C). Because annexin-V binds phosphatidylserine on the
cell surface,35 which is a common morphological feature in
caspase-dependent apoptosis,36 this result suggests less cell death
in PARG-null TS cells due to caspases. Because PARG-null TS
cells exhibit less survival at each UV dose (Figure 1B), the results
also suggest that PARG-null TS cells undergo an alternative
pathway of cell death due to UV. These results therefore suggest
that the absence of PARG leads to an increased level of cell death
due to an alternative pathway following UV radiation.
Decreased Levels of Cleaved PARP-1 and Activated Cas-

pase-3 in PARG-Null TS Cells without BZ following UV
Irradiation. To investigate cell death pathways in the absence
of PARG, wild-type and PARG-null TS cells were treated with 25
J/m2 of UV radiation and cell lysates were analyzed by Western
blotting for cleaved PARP-1 and caspase-3 at 0�24 h time points
(Figure 2). During caspase-mediated apoptosis, PARP-1 is
cleaved to a 89 kDa form by caspase-3.14 Following UV treat-
ment, the presence of cleaved PARP-1 peaked at 12 and 24 h in
wild-type TS cells with or without BZ as displayed by

immunoblotting (Figure 2A,a) and densitometry (Figure 2C,
a). In PARG-null TS cells with BZ, levels of cleaved PARP-1 were
alsomaximal at 12 and 24 h, although low levels of cleaved PARP-
1 were also detected 0 and 6 h after UV treatment (Figure 2B,a
and Figure 2C,a). These observations of cleaved PARP-1 at 12
and 24 hwere consistent with the presence of activated caspase-3.
Caspase-3 is present in the cell in a nonactive 32 kDa procaspase
form, but following apoptotic stimuli, it is processed to 17 and
12 kDa fragments that ultimately lead to an active complex that
catalyzes the proteolysis of downstream protein targets.37 In
wild-type TS cells with or without BZ, the 32 kDa procaspase
form was present at all time points (Figure 2A,b), but the 17 kDa
activated caspase-3 fragment was observed at only 12 and 24 h
(Figure 2A,c and Figure 2C,b), which correlates with the
maximal levels of cleaved PARP-1 in these cells (Figure 2A,a
and Figure 2C,a). This fragment was also detected in PARG-null
TS cells with BZ at 6�24 h (Figure 2B,c and Figure 2C,b), which
correlated with the presence of cleaved PARP-1 in these cells
(Figure 2B,a and Figure 2C,a). No activated caspase-3 was
observed in untreated wild-type or PARG-null TS cells
(Figure 2A,c and Figure 2B,c, lane U) or UV-treated cells pre-
treated with the broad-spectrum caspase inhibitor, Q-VD-OPh
(Figure 2, Q). However, in PARG-null TS cells without BZ,
cleaved PARP-1 was not observed until 24 h after UV treatment
(Figure 2B,a). Analysis by densitometry confirmed the presence
of cleaved PARP-1 only at 24 h (Figure 2C,b). These results
correlated with the presence of activated caspase-3 at 24 h
(Figure 2B,c and Figure 2C,b). Further, both were present at
decreased levels compared to the levels in wild-type TS cells with
or without BZ and PARG-null TS cells with BZ at 12 and 24 h.

Figure 1. Treatment of wild-type and PARG-null TS cells with UV radiation. Wild-type (WT) and PARG-null (KO) TS cells were cultured without BZ
for 2 days. (A)Wild-type TS cells were treated with 25 J/m2 of UV-C radiation, and PARG-null TS cells were treated with a dose of 10 J/m2. After being
treated for 0 and 24 h, cells were analyzed by immunocytochemistry for DNA damage using a monoclonal antibody specific for cyclobutane pyrimidine
dimers (CPDs) (Cosmo Bio USA). Cells were then incubated with Oregon Green-conjugated anti-mouse antibody (1:1000). The detection of nuclei
was achieved via DAPI staining. (B) Twenty-four hours after treatments, cell survival was assessed by counting DAPI-stained nuclei following UV
treatment and expressing these values as a percent of untreated cell counts. *P < 0.01 between WT-BZ and KO-BZ (one-way ANOVA and unpaired
Student’s t test). (C) Twenty hours after UV treatment, apoptotic cell death was assessed by annexin-V-FITC staining of TS cells and subsequent
analysis by FACS. *P < 0.05 and **P < 0.01 between WT-BZ and KO-BZ (one-way ANOVA and unpaired Student’s t test). For panels B and C, each
sample was counted in triplicate and error bars represent SEM. All experiments were repeated at least twice with similar results.
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These results demonstrate a decreased level of and/or delayed
activation of caspase-3 in PARG-null TS cells without BZ.
Increased Levels of PAR in PARG-Null TS Cells without BZ

following UV Irradiation. PAR is synthesized by the PARPs in
response to DNA damage. However, the presence of PAR is
transient because of the hydrolysis of PAR by PARG. In wild-type
TS cells with BZ after treatment with 25 J/m2 of UV radiation,
minimal levels of PAR were observed (Figure 2A,d, bracketed
region),a as expected, because BZ is an inhibitor of PAR
synthesis. After 24 h, no significant levels of PAR were observed
in these cells as analyzed by immunoblotting (Figure 2A,d) or
densitometry (Figure 2C,c). In wild-type TS cells without BZ,
PAR synthesis was stimulated by UV, as peak levels were
observed after 12 h as quantified by densitometry. However,
these levels subsequently decreased, most likely because of the
presence of functional PARG in these cells. Interestingly, the
presence of activated caspase-3 in wild-type TS cells with or
without BZ (Figure 2A,c) appeared to correlate with the time

points (12 and 24 h) at which PAR levels were decreased
(Figure 2A,d). In PARG-null TS cells with BZ, low levels of
PAR were detected at all time points after UV treatment
(Figure 2B,d and Figure 2C,c). The levels, however, did not
appear to change in response to UV treatment, which is most
likely due to the inhibition of PAR synthesis by BZ. In contrast, a
time-dependent increase in PAR levels was observed following
UV treatment in PARG-null TS cells without BZ, with maximal
levels detected at 24 h (Figure 2B,d and Figure 2C,c). In PARG-
null TS cells without BZ pretreated with the caspase inhibitor,
Q-VD-OPh, PAR levels remained elevated after 24 h (Figure 2B,
d, lane Q). Taken together, the results demonstrate the accu-
mulation of PAR in PARG-null TS cells without BZ from 0 to
24 h after UV treatment.
Decreased Caspase-3/7 Activity and UV Dose-Dependent

Increase in PAR Levels in PARG-Null TS Cells without BZ.
Because of the delayed and decreased levels of activated caspase-
3 in PARG-null TS cells without BZ following UV treatment, we

Figure 2. Immunoblotting analysis of cleaved PARP-1, caspase-3, and PAR in PARGTS cells after UV radiation. Wild-type (A) and PARG-null TS (B)
cells were grown with or without BZ for 2 days and treated with 25 J/m2 of UV radiation. From 0 to 24 h after treatment, cell lysates were analyzed by
immunoblot detection for (a) cleaved PARP-1 (monoclonal anti-89 kDa PARP-1, Cell Signaling), (b) procaspase-3 (32 kDa),
(c) activated caspase-3 (17 kDa) (monoclonal anti-caspase 3, clone 8G10, Cell Signaling), (d) PAR (polyclonal anti-PAR, clone 96-10, Trevigen),
and (e) β-tubulin (monoclonal anti-β-tubulin, Phosphosolutions). (C) Quantification of protein and PAR levels in the immunoblots in panels A
and B by densitometry using a Chemidoc imaging system with Quantity One (Bio-Rad). Error bars represent the SEM. U, untreated cells; Q, cells
pretreated with the broad-spectrum caspase inhibitor, Q-VD-OPh, at 40 μM. All the immunoblots shown here were repeated at least twice with similar
results.
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measured total caspase-3/7 activity using a fluorometric caspase-
3/7 activity assay. Wild-type and PARG-null TS cells were
cultured without BZ for 2 days, treated with 25 J/m2 of UV
radiation, and assayed for caspase-3/7 activity after 12 h. The
results demonstrate an approximately 5-fold increase in caspase-

3/7 activity in wild-type TS cells without BZ following UV
radiation (Figure 3A). However, in PARG-null TS cells, caspase-
3/7 activity increased only 1.8-fold over that of untreated levels.
These results are consistent with the aforementioned activated
caspase-3 immunoblot/densitometry results, where activated
caspase-3 was detected in wild-type but not PARG-null TS cells
without BZ, 12 h after UV irradiation (Figure 2). In the presence
of the caspase inhibitor, Q-VD-OPh, caspase-3/7 activity re-
mained below control levels in both wild-type and PARG-null TS
cells following UV treatment (Figure 3A). These results provide
further evidence that increased levels of PAR due to the absence
of PARG lead to a decrease in caspase-3/7 activity after UV
irradiation.
To further investigate PAR levels, we next analyzed the levels

of PAR following the treatment of wild-type and PARG-null TS
cells with 10�100 J/m2 of UV radiation. These cells were
cultured with or without BZ for 2 days, and PAR levels were
analyzed by Western blotting 2 h later to analyze initial PAR
levels (Figure 3B). The results demonstrate the absence of PAR
in wild-type TS cells with or without BZ (Figure 3B,a). Analysis
of PAR levels in wild-type TS cells from 0 to 2 h after UV
irradiation confirmed the absence of PAR in these cells in
response to UV radiation (data not shown). In PARG-null TS
cells with BZ, significant levels of PAR were detected at each UV
dose (Figure 3B,b). Quantification of these PAR levels by
densitometry indicated an increase in PAR levels at each dose
(Figure 3C). However, in PARG-null TS cells without BZ, a UV
dose-dependent increase in PAR levels was also observed by
immunoblotting (Figure 3B,b) and densitometry (Figure 3C).
However, these PAR levels were significantly higher than in wild-
type TS cells with or without BZ and PARG-null TS cells with BZ
(Figure 3B,a and Figure 3B,b). At the highest UV dose (100
J/m2), PAR levels in PARG-null TS cells without BZ were
approximately 50-fold higher than in wild-type TS cells with or
without BZ and more than 2-fold higher than in PARG-null TS
cells with BZ (Figure 3C). This demonstrates that UV irradiation
induces the synthesis of PAR, which leads to the accumulation of
PAR in the absence of PARG.
Increased Levels of NADþ in PARG-Null TS Cells without

BZ following UV Irradiation. An additional parameter that was
analyzed in these cells was the level of NADþ. NADþ is the
substrate utilized by the PARPs to synthesize PAR.38 It is also an
essential coenzyme in mitochondrial redox reactions and a
measure of energy status and the response to DNA damage.39

For example, it has been postulated that high levels of PAR
synthesis can deplete cellular NADþ levels, which would result in
cell death by necrosis.10 Wild-type and PARG-null TS cells were
treated with 10�100 J/m2 of UV radiation as described above,
and total NADþ levels, normalized to total cellular protein, were
quantified using the alcohol dehydrogenase (ADH) NADþ

cycling assay.34 The results demonstrate no significant change
in NADþ content in wild-type TS cells with or without BZ and
PARG-null TS cells with BZ after 10 J/m2 (Figure 3D). How-
ever, a UV dose-dependent decrease in total NADþ content is
subsequently displayed after the 25�100 J/m2 UV doses. In
PARG-null TS cells without BZ, NADþ levels also do not appear
to significantly change after treatment with 10 J/m2 of UV radia-
tion. Surprisingly, the NADþ levels appear to remain elevated
after the 25�100 J/m2 UV doses (Figure 3D). Further, these
levels of NADþwere significantly higher than theNADþ levels in
PARG-null TS cells with BZ and wild-type TS cells with or
without BZ. These elevated levels of NADþ in PARG-null TS

Figure 3. Analysis of caspase-3/7 activity, PAR levels, and NADþ levels
in wild-type and PARG-null TS cells after UV treatment. (A) Wild-type
and PARG-null TS cells with or without BZwere treated with 25 J/m2 of
UV radiation, and 12 h after treatment, 1 � 105 cells were lysed and
analyzed for caspase-3/7 activity using the Apo-ONE Homogeneous
Caspase-3/7 Assay (Promega): (0) wild-type TS cells without BZ and
(9) PARG-null TS cells without BZ. Q indicates TS cells pretreated
with the caspase inhibitor, Q-VD-OPh. Error bars represent the SEM.
*P < 0.01 betweenWT-BZ and KO-BZ (one-way ANOVA and unpaired
Student’s t test). (B) Wild-type (a) and PARG-null TS cells (b) were
treated with 10�100 J/m2 of UV radiation, and after 2 h, cell lysates
were subjected to the immunoblotting detection of PAR (clone 96-10,
Trevigen). Equal loading of each lane was confirmed by the detection of
β-actin. (C) Quantification of PAR levels in the immunoblots in panel B
by densitometry using the Chemidoc imaging systemwithQuantityOne
(Bio-Rad). (D) Twenty to twenty-four hours after being treated, cells
were harvested, and total NADþ levels were quantified using the alcohol
dehydrogenase cycling assay.34 Total NADþ levels were expressed in
relation to total protein content: (black squares) wild-type or PARG-
null TS cells with BZ and (gray squares) wild-type or PARG-null TS cells
without BZ. Each sample was assayed in triplicate, and error bars
represent SEM. All experiments were performed at least twice with
similar results. *P < 0.05 between WT with BZ and WT without BZ or
PARG-null with BZ and PARG-null without BZ. **P < 0.01 between
PARG-null with BZ and PARG-null without BZ.
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cells without BZ indicate that the elevated levels of PAR observed
in these cells (Figure 3B,b) do not lead to the depletion of
NADþ. This suggests that necrosis is not expected to be the
primary pathway of cell death in PARG-null TS cells after UV
irradiation.
Mitochondrial-to-Nuclear Translocation of AIF in PARG-

Null TS Cells without BZ following UV Irradiation. Previously
published studies demonstrate that cell death induced by PAR is
mediated by AIF.18,21 In PARG-null TS cells, withdrawal of BZ or
treatment with small doses of DNA-damaging agents causes PAR
accumulation and cell death.8,9 Thus, to determine if AIF is
involved in cell death due to UV radiation in the absence of
PARG, wild-type and PARG-null TS cells without BZ were
treated as described above with 10�100 J/m2 of UV radiation.

AIF is a mitochondrial protein that translocates to the nucleus
following apoptotic stimuli.19 Therefore, the presence of AIF in
the nuclear compartment indicates the presence of cell death via
AIF.19,26 After 16�20 h, cells were fractionated into nuclear and
postnuclear (cytoplasmic and mitochondrial) fractions by Dounce
homogenization, and AIF was analyzed by Western blotting
(Figure 4). Successful subcellular fractionations were monitored
by the immunoblotting detection of mitochondrial manganese
superoxide dismutase (MnSOD) and nuclear lamin B2. In wild-
type cells without BZ, no AIF was observed in the nuclear
fractions after each UV dose (Figure 4A), which indicates the
absence of AIF-mediated cell death. In contrast, in PARG-null TS
cells without BZ, AIF was detected in the nuclear fraction at each
UV dose, which indicates the presence of AIF-mediated cell
death (Figure 4A). The results thus demonstrate the induction
of AIF-mediated cell death in PARG-null TS cells without BZ
following UV treatment. Because cell death via AIF was not
observed in wild-type TS cells without BZ, the activation of this
cell death pathway is due to the absence of PARG.
To determine concurrent PAR levels in these cells, we ana-

lyzed each subcellular fraction by the immunoblotting detection
of PAR (Figure 4B). The results demonstrate the presence of
PAR in the nucleus of wild-type TS cells without BZ 16 h after
UV irradiation (Figure 4B). No PAR was detected in the post-
nuclear fractions of these cells. Interestingly, the levels of intra-
nuclear PAR in these cells appeared to decrease with increasing
doses of UV, as determined by densitometry (Figure 4C,a). In
PARG-null TS cells without BZ, PAR was also present in the
nuclear fractions (Figure 4B). Further, these levels of intranuclear
PAR were significantly higher at each UV dose as compared to
those in wild-type TS cells (Figure 3C,a). Moreover in PARG-
null TS cells without BZ, significant levels of PAR were detected
in the postnuclear fractions after the UV dose. These postnuclear
PAR levels increased with each UV treatment and were maximal
after 100 J/m2 (Figure 3C,b), which indicates a UV dose-
dependent increase in the level of postnuclear PAR. Because
PAR is only synthesized in the nucleus in response to DNA
damage, these results thus demonstrate that the high levels of
intranuclear PAR in the absence of PARG lead to the presence of
PAR in the cytoplasm and/or mitochondria.
Taken together, the results demonstrate the ability of the

absence of PARG to induce cell death mediated by AIF following
UV-induced DNA damage. Because this pathway is dependent
on PAR, the increased levels of PAR due to the absence of PARG
in these cells appear to activate this alternative pathway of cell
death.

’DISCUSSION

In this study, we demonstrate that the complete absence of
PARG leads to the activation of cell death mediated by AIF
following UV irradiation. The events associated with this occur-
rence have a possible effect on caspase-3 functionality, decreased
amounts of cleaved PARP-1 and increases in intranuclear and
cytoplasmic PAR levels. In addition, although PAR levels are
increased because of the absence of PARG, we demonstrate
elevated, rather than depleted, levels of NADþ. Taken together,
the results demonstrate that the treatment of PARG-null TS cells
following UV irradiation leads to the induction of the AIF cell
death pathway. Because this AIF pathway was not activated in
wild-type TS cells or PARG-null TS cells with BZ, the results
suggest that this occurrence is due to elevated levels of PAR. The

Figure 4. Immunoblotting detection of AIF and PAR in wild-type and
PARG-null TS cells following UV irradiation. Wild-type and PARG-null
TS cells were grown without BZ for 2 days and then treated with
10�100 J/m2 of UV radiation; 16�20 h later, the cells were fractionated
into nuclear (N) and postnuclear (PN) compartments by being
subjected to 40 strokes in a 2 mL Dounce homogenizer. (A) Immuno-
detection of AIF (polyclonal anti-AIF, Millipore) in each subcellular
fraction. The immunodetection of manganese superoxide dismutase
(MnSOD) (monoclonal anti-MnSOD, Millipore) and lamin B2
(monoclonal anti-Lamin B2, Thermo Scientific) was included to
indicate successful fractionation of the postnuclear and nuclear compart-
ments, respectively. (B) Immunodetection of PAR (Trevigen) in each
subcellular fraction. (C) Quantification of PAR levels in the immuno-
blots in panel B by densitometry using the Chemidoc imaging system
with Quantity One (Bio-Rad). Error bars represent the SEM. Each
Western blot was repeated at least twice with similar results.
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findings thus suggest that inhibiting PARG is expected to lead to
the induction of cell death mediated by AIF. However, expanding
these studies to different cell types and different DNA-damaging
treatments will be required to determine the extent of this ability
to induce a potentially unique form of cell death.

Since the discovery of AIF in 1996, its established roles in
normal cellular function40,41 and cell death19,42 have revealed its
potential as a therapeutic target.21,43 However, AIF-mediated cell
death is still an emerging topic, as more studies are required to
improve our understanding of this pathway. Our contribution
here is an improved understanding of the molecular events that
occur during the initiation of cell death mediated by AIF. We
demonstrate that these events include the alteration of caspase-3
activity, increases in PAR levels, and minimal changes in NADþ

status. In conjunction with these events, we reveal that the
primary pathway of cell death in PARG-null TS cells without
BZ following UV irradiation appears to be mediated by AIF,
while cell death in wild-type TS cells appears to be primarily
mediated by other mechanisms. However, caspase-3 activation
and cleaved PARP-1 were observed in PARG-null TS cells 24 h
after treatment, which suggests a subsequent involvement of
caspase-mediated apoptosis in these cells.

The reported ability of the absence of PARG to decrease both
caspase-3 activation and caspase-cleaved PARP-1 levels provides
further evidence of a role for PAR in the modulation of caspase-3
activity. The possibility exists that increased PARP-1 automodi-
fication may cause PARP-1 to be less efficiently cleaved by
caspase-3. However, an effect on other caspases is possible. Our
studies show decreased caspase-3/7 activity in PARG-null TS
cells. In addition, caspase-7 has been shown to preferentially
cleave automodified PARP-1.44,45 Thus, the decreased levels of
cleaved PARP-1 may reflect an effect of PAR on caspase-3 and
caspase-7 activity. However, future studies will need to be
conducted to identify which caspases are affected by PAR.

There are conflicting studies about the effect of PARG
inhibition or its absence on cell death. PARG knockdown by
RNA interference (RNAi) leads to decreased levels of cell death
following H2O2 treatment.46 Similar RNAi knockdown of PARG
and treatment with γ radiation lead to increased levels of cell
death.5 DNA-damaging treatments after disruption of the Parg
gene lead to increased levels of cell death.6�8,28 It is possible that
these different results with respect to cell death are due to the
different PARG isoforms present in the cell. The Parg gene is
unique, but alternative splicing of PARGmRNA leads tomultiple
PARG isoforms that localize to different cellular compartments.47,48

The cellular functions of the extranuclear isoforms are not
known, so different cell death phenotypes may result from the
selective knockdown of the cytoplasmic or mitochondrial PARGs.
Here, we utilize cells that are completely absent of all PARG
isoforms, which leads to increased levels of cell death and the
activation of the AIF cell death pathway. These studies can be
expanded in the future to investigate the effect of each individual
PARG isoform on cell death and AIF functionality.

The absence of PAR in wild-type TS cells from 0 to 2 h after
UV irradiation is surprising. The low levels of PAR in these cells
from 6 to 24 h after UV may reflect PAR synthesis following the
caspase-dependent fragmentation of DNA, which could serve to
activate PARP. Thus, the formation of PAR in wild-type TS cells
could have occurred as a result of secondary effects of UV
irradiation.

The different levels of NADþ in wild-type versus PARG-null
TS cells following UV treatment are intriguing. NADþ is the

substrate required for PAR synthesis, and it is a coenzyme that
continuously cycles between oxidized (NADþ) and reduced
(NADH) forms. The latter role is required in mitochondrial
redox reactions, which ultimately lead to the biosynthesis of ATP.
In addition, the biosynthesis of NADþ itself requires ATP.11

Thus, it is significant that the elevated levels of PAR in PARG-
null TS cells without BZ following UV treatment do not lead to
decreased levels of NADþ. This suggests no significant effect on
the ability to synthesize ATP and the absence of significant levels
of necrotic cell death due to the lack of energy depletion. A likely
explanation is that the absence of PARG leads to the inhibition of
the PARPs via an increased level of automodification. Because
PARG is absent, the PARPs remain PAR-modified, which
inhibits their ability to utilize NADþ as a substrate to synthesize
more PAR. Further, it suggests an overall different response to
UV radiation in PARG-null TS cells versus wild-type TS cells.
Because PARG-null TS cells undergo increased amounts of cell
death following DNA damage, the NADþ results alone suggest
that the absence of PARG leads to a different pathway of cell
death. However, more studies are required to determine if these
events are essential for the induction of the AIF cell death path-
way. However, from our results, it seems evident that the absence
of PARG, which leads to high levels of PAR, does not appear to
cause NADþ depletion.

In summary, we demonstrate the activation of AIF-mediated
cell death due to the absence of PARG following UV irradiation.
This effect most likely contributes to the phenotype of PARG-
null TS cell hypersensitivity to DNA-damaging agents previously
reported. Future studies will be required to determine the extent
of this AIF activation in other cell types and other DNA-
damaging treatments. In addition, more studies are required to
determine the therapeutic significance of inducing this alterna-
tive cell death pathway.
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