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Poly(ADP-ribosyl)ation refers to the covalent attachment of ADP-ribose to protein, generating
branched, long chains of ADP-ribose moieties, known as poly(ADP-ribose) (PAR). Poly(ADP-ribose)
polymerase 1(PARP1) is the main polymerase and acceptor of PAR in response to DNA damage.
Excessive intracellular PAR accumulation due to PARP1 activation leads cell death in a pathway
known as parthanatos. PAR degradation is mainly controlled by poly(ADP-ribose) glycohydrolase
(PARG) and ADP-ribose-acceptor hydrolase 3 (ARH3). Our previous results demonstrated that
ARHS3 confers protection against hydrogen peroxide (H,0,) exposure, by lowering cytosolic and
nuclear PAR levels and preventing apoptosis-inducing factor (AIF) nuclear translocation. We
identified a family with an ARH3 gene mutation that resulted in a truncated, inactive protein. The
8-year-old proband exhibited a progressive neurodegeneration phenotype. In addition, parthanatos
was observed in neurons of the patient’s deceased sibling, and an older sibling exhibited a mild
behavioral phenotype. Consistent with the previous findings, the patient’s fibroblasts and ARH3-
deficient mice were more sensitive, respectively, to H,0, stress and cerebral ischemia/reperfusion-
induced PAR accumulation and cell death. Further, PARP1 inhibition alleviated cell death and injury
resulting from oxidative stress and ischemia/reperfusion. PARP1 inhibitors may attenuate the
progression of neurodegeneration in affected patients with ARH3 deficiency.

Introduction
ADP-ribosylation is a posttranslational protein modification characterized by the transfer of the ADP-ri-
bose moiety of NAD* to an acceptor, resulting in the modification of its activity (1, 2). Poly(ADP-ribose)
polymerase 1 (PARP1) catalyzes the poly(ADP-ribosyl)ation of acceptor proteins by covalently attaching
ADP-ribose to generate a long, branched chain of ADP-ribose moieties, termed poly(ADP-ribose) (PAR),
in response to single- and double-stranded DNA breaks (3, 4). Most PAR is attached to PARP1 itself
through the automodification domain. Poly(ADP-ribosyl)ation plays a role in a number of crucial cellu-
lar functions including mitosis, DNA repair, and cell death (3, 5). PARP1 is the founding member of the
PARP family of 17 genes, most of which have poly- and/or mono-ADP-ribosyltransferase activities (5).
Parthanatos, or PARP1-dependent cell death, is a cellular process involved in the pathogenesis of neurologi-
cal disorders such as ischemic brain injury, Parkinson’s disease, and glutamate excitotoxicity (6-8). Ca?* overload
induced by glutamate receptors and ROS generated by oxidative stress cause single- and double-stranded DNA
breaks, which cause PARP1 overactivation (9). Poly(ADP-ribose) glycohydrolase (PARG), the primary enzyme
responsible for PAR degradation (10, 11), catalyzes the release of small PAR oligomers from PARP1 and other
acceptor proteins (12, 13). PAR then translocates to the cytoplasm (14). Interaction of PAR with mitochon-
dria results in release of a cleaved apoptosis-inducing factor (AIF) from mitochondrial membranes (15). AIF
then translocates to the nucleus, facilitated in part by its nuclear localization sequence, leading to activation of
endonuclease, which initiates large-scale DNA fragmentation. PAR synthesized by PARP1 serves as a signaling
molecule, relaying information related to the extent of DNA damage from the nucleus to mitochondria (15-17).
ADP-ribose-acceptor hydrolase 3 (ARH3) belongs to the ARH gene family, which comprises 3 mem-
bers encoding 39-kDa proteins (ARH1-3) that are conserved in mouse and human tissues (18-20). ARH3
hydrolyzes the O-glycosidic bond of PAR and O-acetyl ADP-ribose (OAADPr), in both instances generat-
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ing mono(ADP-ribose) in an Mg?*-dependent manner (21-24). In addition, ARH3 is the main hydrolase
responsible for cleaving ADP-ribosylated serine (25, 26). Using ARH3-deficient mouse embryonic fibro-
blasts (MEFs), ARH3 was shown to regulate PAR content in the nucleus and cytoplasm following oxida-
tive stress (14). ARH3~~ MEFs compared with WT MEFs showed a dramatic increase and sustained eleva-
tion of PAR content in the nucleus and cytoplasm in response to hydrogen peroxide (H,0,) exposure. The
higher PAR levels in ARH3~ MEFs induced release of AIF from mitochondria and its accumulation in the
nucleus, resulting in chromatin condensation and nuclear shrinkage (14). PAR release into the cytoplasm
was dependent on PARP1 to generate the PAR and PARG, which may be required to generate small PAR
fragments that serve as substrates for ARH3. Based on these data, the level of PAR is regulated by PARP1,
PARG, and ARH3, which catalyze the exoglycosidic cleavage of PAR fragments (14).

Recently, whole-exome or genome sequencing analysis of several families with affected individuals dis-
playing age-dependent, recessive epilepsy-ataxia syndrome, showed that an ARH3 allele carrying various
mutations was the top candidate of potentially deleterious genes (27). These mutations, which were located
in 5 of the 6 exons of the ARH3 gene, included homozygous mutations introducing a premature stop codon,
missense mutations leading to amino acid change, and homozygous deletions resulting in frameshift (27). In
this article, we report a new family with 4RH3 deficiency, a neurological clinical phenotype, and histological
evidence of significant degeneration in the hippocampus, cerebellum, and cortical regions. The identification
of this additional ARH3-deficient family supports a causative role of the mutated gene in disease. Genomic
analysis of the patient showed homozygous deletion of A and G at positions 340 and 341 in the ARH3 gene,
which resulted in the generation of a nonfunctional, truncated ARH3. In this family, in addition to severely
affected patients, mild disease was seen in one family member, consistent with additional environmental or
genetic causes of this disease. To support the patient data and to develop potential therapeutic options for the
affected children, we prepared an ARH3-deficient mouse. Lack of functional ARH3 protein in patient cells
and mice enhanced vulnerability to parthanatos based on a model developed eatlier. As seen in the ARH3 "~
MEFs, the failure of normal PAR degradation in the nucleus and cytoplasm resulted in AIF-mediated DNA
fragmentation. In the prior ARH3-deficient families report, a Drosophila model was developed with PARG
deficiency in which ARH3 could be replaced by the PARG gene (27). In MEFs, mice, and human fibroblasts,
the ARH3 and PARG genes have different and nonredundant roles. In addition, using skin fibroblasts obtained
from the patient and ARH3-deficient mice, we show that pharmacological suppression of PARP1 activity
inhibited H,O,-induced cell death and ischemia/reperfusion-induced neuronal damage, thus demonstrating
the therapeutic potential to inhibit neuronal loss. These data indicate that ARH3 is a PAR-degrading enzyme
responsible for the regulation of PAR metabolism under conditions of oxidative stress both in vivo and in
vitro, preventing the induction of parthanatos and neuronal cell death.

Results
Case reports. The proband was an 8-year-old Hispanic male with progressive upper limb girdle neuropathy and
severe muscle wasting progressing distal to proximal with autonomic symptoms, dystonic torticollis, and anorex-
ia. He was the youngest and the only male of 4 siblings, of nonconsanguineous parents. 2 older female siblings
died at ages 4 years and 8 years of progressive respiratory failure due to severe myopathy and neurodegenera-
tion. The pathology diagnosis, for the affected female who died at age 4, was combined spinocerebellar degener-
ation and striatal degeneration with hippocampal sclerosis (full clinical details about the patient and pathology
diagnosis of one affected sister are provided in Supplemental Tables 1 and 2; supplemental material available
online with this article; https://doi.org/10.1172/jci.insight.124519DS1). One older living sibling, a Hispanic
female, was relatively mildly affected. When seen in 2012, she was 27 years old and showed moderate intellectu-
al disability (full scale IQ 67), untreated hypothyroidism identified when she was 19 years of age, obesity (BMI,
35.5), premature menopause, postural orthostatic tachycardia, mild sensory neuropathy in a sural distribution
only by electromyography/nerve conduction velocity (EMG/NCYV), anxiety, and depression. She had normal
brain, pituitary, and spine MRI. EEG was consistent with nonspecific mild cerebral dysfunction. Abdominal
ultrasound revealed mild hepatomegaly with steatosis. FMR1 (fragile X) genetic mutation testing was negative.
A high-resolution karyotype was normal. Hormonal evaluations confirmed hypothyroidism and menopause.
All other clinical testing and evaluations were normal.

Truncated, but not the full-length, ARH3 is expressed in the cytoplasm of patient fibroblasts. Whole-genome
analysis of the family members revealed that the parents each harbored a heterozygous deletion in the ARH3
gene for which the proband was homozygous. One of the deceased siblings from whom DNA was available
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Figure 1. Truncated ARH3 expressed in patient fibroblasts lacks PAR-degrading activity. (A) RT-PCR was performed to detect ARH3 mRNA tran-
script expression in patient fibroblasts (PTs) using ARH3-specific primers, as described in Supplemental Table 1. Plasmid vectors encoding ARH3 WT
and truncated ARH3 were used as expression controls. (B) Expression of truncated ARH3 (tARH3), but not full-length ARH3, in patient fibroblasts.
Cells were subjected to Western blotting using anti-ARH3 antibodies recognizing the C- (C-ter) and N-terminal regions of ARH3. Recombinant human
ARH3 protein (rARH3) was used as a positive control. (C) Expression of truncated ARH3 in the cytoplasm. Purity of nuclear (N), cytoplasmic (C), and
mitochondrial (M) fractions was confirmed using protein markers: histone H3 (nucleus), tubulin (cytoplasm), and manganese superoxide dismutase
(MnSOD, mitochondria). (D) PAR-degrading activity of ARH3. [“C]-labeled PAR (52,012 cpm, 245 pmol) was incubated with GST-tagged proteins (200
nM) for 60 minutes. As described in Methods, [“*C]-ADP-ribose was separated by HPLC using an LC-18T column; radioactivity was measured with a
liquid scintillation counter. Data are mean + SEM of values obtained from 3 samples. ***P < 0.001 by one-way ANOVA with Tukey’s post-hoc test.
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and the living sibling also had the identical homozygous mutation of ARH3. The patient’s homozygous AG
deletions at positions 340 and 341 led to a frameshift that truncates ARH3 from 363 to 135 amino acids.
Patient fibroblasts obtained by skin biopsy were examined for ARH3 mRNA expression using RT-PCR.
RT-PCR amplified a 566-bp product from patient fibroblasts, similar to the RT-PCR product from expres-
sion vectors encoding full-length and truncated ARH3 (Figure 1A). Anti-ARH3 antibody directed against
the C-terminal region (355-370 aa) did not detect the truncated ARH3 in patient fibroblasts, while it rec-
ognized a recombinant, full-length 39-kDa ARH3 protein (Figure 1B, upper panel). In contrast, anti-ARH3
antibody recognizing the N-terminal region in ARH3 identified a truncated ARH3 (approximately 14.5
kDa) in patient fibroblasts (Figure 1B, lower panel). Subcellular fractionation indicated that the truncated
ARH3 was present in the cytoplasm (Figure 1C). The enzymatic activity of ARH3 is Mg?* dependent (20).
Based on crystal structure (23), truncated ARH3 is missing the majority of the amino acid residues essential
for catalytic activity and to coordinate with 2 Mg?* ions. As expected, the recombinant, truncated ARH3
protein failed to hydrolyze [“C]-labeled PAR, whereas WT ARHS3 protein efficiently degraded PAR (Figure
1D). These findings indicate that patient fibroblasts express a nonfunctional, truncated cytoplasmic ARH3.

H,0, exposure induces PAR-mediated parthanatos in patient fibroblasts. ARH3 in association with PARG
catalyzes the hydrolysis of PARP1-generated PAR in the nucleus and cytoplasm following exposure of
cells to H,O,, thereby preventing PAR-mediated AIF release from mitochondria and parthanatos (14). We
examined the effect of nonfunctional, truncated ARH3 on H,0O,-induced cytotoxicity. Exposure of patient
fibroblasts to H,O, for 24 hours was cytotoxic (Figure 2A). Pretreatment of patient fibroblasts with the
PARP inhibitors PJ34 (28) and veliparib (29) for 1 hour inhibited H,O,-induced cytotoxicity in a concentra-
tion-dependent manner (PJ34: EC, = 158.2 + 3.2 nM, Figure 2, A and B; veliparib: EC, = 35.8 + 1.3 nM,;
Supplemental Figure 1, A and B), consistent with the conclusion that the cell death was PARP1 dependent.
Cell death in patient fibroblasts was associated with NAD* consumption, an effect reversed by PJ34 (Figure
2C) and veliparib (Supplemental Figure 1C). All data are consistent with the hypothesis that PARP1 activa-
tion following H,O, exposure is responsible for cell death in patient fibroblasts.

Using immunocytochemistry to determine PAR localization, we observed that H,O, exposure resulted in
increased PAR content in the nucleus as early as 20 minutes following H,O, exposure, with PAR content elevat-
ed for more than 1 hour (Figure 2, D-F). After 40 minutes, cytoplasmic PAR content increased, concomitant
with decreasing nuclear PAR, consistent with PAR translocation from the nucleus to cytoplasm. Pretreatment
of patient fibroblasts with the PARP inhibitor PJ34 prior to H,O, exposure decreased PAR content in patient
fibroblasts (Figure 2, D-F). Following PARP1 activation, PAR production resulted in parthanatos, a caspase-in-
dependent cell death pathway that is mediated by PAR-dependent release of AIF from mitochondria (30).
Under basal conditions, AIF colocalized exclusively with Tom20, a mitochondrial marker, in patient fibroblasts
(Figure 2G). A 16-hour exposure of patient fibroblasts to H,O, induced AIF translocation to nuclei of patient
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Figure 2. P|34 inhibits H,0,-induced PAR accumulation and AIF-mediated DNA fragmentation in patient fibroblasts. (A) H,0,-induced cytotoxicity

in patient fibroblasts (PJ34, 10 uM). Data are mean + SEM of values obtained from 3 experiments conducted in triplicate. Significant differences were
observed with 200 uM. (B) Concentration-dependent effect of PJ34 on H,0,-induced cytotoxicity (H,0,, 300 uM). Data represent mean + SEM of values
obtained from 3 experiments conducted in triplicate and were fitted to a sigmoidal (variable slope) curve. IC,,=158.2£3.21nM. (C) Effect of PARP acti-
vation on NAD* content. NAD* concentration (pmol/ug) was measured by HPLC and normalized to protein concentration. Data are mean + SEM of values
obtained from 3 experiments. Significant differences were observed at all time points. (D) Effect of P)34 on time-dependent PAR localization following
exposure to H,0, (300 pM) in patient fibroblasts. DAPI was used as a nuclear marker. (E) Mean PAR fluorescence intensities in nuclei and cytoplasm
following exposure to H,0,. Data are mean + SEM of values obtained from 30-60 cells from three samples. Significant differences in the nucleus and
cytoplasm were observed at 20 min and 40 min, respectively. (F) Effect of P|34 on H,0,-induced PAR accumulation. These representative data were
replicated three times with similar results. (G) Effect of Pj34 on AIF translocation to nuclei and DNA fragmentation. After a 16-hour exposure to 300 uM
H,0, without or with PJ34, patient fibroblasts were subjected to TUNEL assay (light blue), DAPI (blue), and immunolabeling with anti-AIF (green) and
anti-Tom20 (marker for mitochondria, red) antibodies. Arrowheads indicate nuclei (blue) with DNA fragmentation that are colocalized with AIF. Scale bar:
20 um (D and G). (H) Nuclear localization of AIF. Data are mean + SEM of values obtained from 76-164 cells from 3 samples. ***P < 0.001. (I) Percentage of
patient fibroblasts with chromatin condensation and AIF translocation to nuclei. Data are mean + SEM of values obtained from 97-174 cells in 3 samples.
***P < 0.001. (J) Mean nuclear size assessed by DAPI. Data are mean + SEM of values obtained from 59-221 cells from 3 samples. **P < 0.01, ***P < 0.001,
two-way ANOVA with Bonferroni's post-hoc test (A, C, E, H-)).
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fibroblasts, along with nuclear shrinkage and apoptosis-related DNA fragmentation, as detected by TUNEL
assay (Figure 2, G-J). Approximately 50% of patient fibroblasts became TUNEL positive (Figure 2J), and more
than 90% of TUNEL-positive cells also exhibited AIF translocation to nuclei, indicating that parthanatos was
responsible for H,O,-induced cell death in patient fibroblasts. Pretreatment of patient fibroblasts with PJ34 for
1 hour before H,O, exposure counteracted these responses (Figure 2, G-J). All findings are consistent with the
conclusion that, in patient fibroblasts, oxidative stress induced by H,O, increases PAR, leading to AIF-mediated
DNA fragmentation. Exposure of patient fibroblasts to the PARP inhibitors PJ34, 3-aminobenzamide, and veli-
parib for several days did not alter their proliferation (Supplemental Figure 1D).

Next, to confirm the role of the patient’s 4RH3 mutation in the response to H,O,, we compared fibro-
blasts from the patient with those from his father and mother, who are heterozygous for the ARH3 muta-
tion. Parents’ fibroblasts exhibited lower levels of PAR accumulation and cell death in response to H,O,
than did the patient’s fibroblasts. Of note, we observed greater sensitivity to H,O, of fibroblasts from the
patient’s mildly affected sibling, harboring the same homozygous ARH3 mutation (Supplemental Figure 2,
A-C). In addition, using MEFs, we demonstrated that heterozygosity, but not homozygosity, of ARH3 had
a limited effect on H,O, response (Supplemental Figure 3, A-C). These results suggest that homozygous
mutation of ARH3 is essential for oxidative stress—induced cell death in the patient.

Hippocampal neurons of patient’s affected older sibling showed PAR accumulation, AIF in nuclei, and DNA
fragmentation. We examined the pathological specimens of the patient’s affected older sibling for poten-
tial PAR participation in the pathogenesis of neurological degeneration. Double immunostaining with the
antibodies anti-PAR and anti-NeuN, a neuronal marker, revealed that a number of pyramidal neurons in
the cornu ammonis 1 (CA1) and granule neurons in the dentate gyrus (DG) accumulated PAR in nuclei
(CA1: 70.9% £ 3.6%, DG: 70.1% £ 9.7%; Figure 3, A and B). In addition, most pyramidal and granule
neurons also showed AIF accumulation in nuclei and DNA fragmentation, as detected by TUNEL assay
(CAL: 37.0% % 6.7%, DG: 48.7% * 6.2%; Figure 3, C and D). Approximately 90% of TUNEL-positive
neurons in CAl and DG also showed AIF in nuclei. Combined with the pathological diagnosis, all the
data suggested that the neuronal cell loss/death in brain showed characteristics of parthanatos and that the
neurodegeneration-induced death was associated with loss of functional ARH3 protein in neurons. Given
the circumstances for pathological examination of brain specimens, effects of agonal ischemia cannot be
excluded. The family and mouse model presented data for a similar mechanism of cell death.

ARH3 deficiency enhances PAR content in the nuclei and cytoplasm and neuronal death after cerebral ischemic
injury. To evaluate the effect of ARH3 deficiency on neuronal death in a murine model of cerebral isch-
emia, we generated ARH3~~ mice (Figure 4A). Unlike the patients with truncated ARH3, ARH3~~ mice
were healthy and fertile and did not display any obvious developmental abnormalities; brain histology and
weight appeared normal. When brain ischemia was induced by middle cerebral artery occlusion (MCAO)
for 1 hour, all ARH3~~ mice died within 24 hours after ischemia, whereas all WT mice survived (n = 3 in
each group), suggesting that ARH3 deficiency may exacerbate ischemic brain injury. After 30-minute isch-
emia followed by 24-hour reperfusion, ARH3~~ mice survived but had a larger infarct in the cortex, hippo-
campus, and striatum of the ischemic hemisphere than did WT mice, as evaluated by Nissl staining (WT:
6.1% £ 1.9%, ARH37~: 20.3% * 2.2%; Figure 4, B and C). Nissl bodies were seen in the cortical neurons of
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Figure 3. Hippocampal neurons from proband'’s deceased sister show an increase in nuclear PAR and AIF-mediated DNA fragmentation. (A) PAR accu-
mulation in nuclei of hippocampal neurons in the proband’s deceased sister, with homozygous mutation of ARH3. Hippocampal sections were subjected
to immunolabeling with anti-PAR (green) and anti-NeuN (red) antibodies. Nuclei were stained with DAPI (blue). CA1, cornu ammonis 1; DG, dentate gyrus.
Scale bar: 20 um. (B) Percentage of PAR-labeled nuclei of neurons in CA1and DG. Data are mean + SEM of values obtained from 980 and 426 neurons

in CA1and DG, respectively. (C) AIF translocation to nuclei and DNA fragmentation in hippocampal neurons of the proband’s sister. Brain sections were
subjected to TUNEL assay (right blue) and immunolabeling with anti-AlF (green) and NeuN (red) antibodies. Nuclei were stained with DAPI (blue). Scale
bar: 20 um. (D) Percentage of neurons with DNA fragmentation detected by TUNEL assay and AIF translocation to nuclei. Data are mean + SEM of values
obtained 1571 and 1308 neurons in CA1and DG, respectively.

WT mice, while they decreased markedly in those of ARH3~~ mice (Figure 4C and Supplemental Figure
4). To assess PAR participation in the pathogenesis of the infarct, we performed immunohistochemistry to
determine PAR localization. PAR was localized in perinuclear regions of cells in the control hemisphere
of both WT and ARH3”~ mice (Figure 4D). Brain ischemic injury by MCAO caused PAR accumulation
in nuclei of cells in the cortex of the ischemic hemisphere of ARH3~ mice (Figure 4D). The number of
cortical neurons that accumulated PAR in nuclei was significantly greater in the ischemic hemisphere of
ARH3~ mice compared with WT mice (WT: 7.3% * 3.7%, ARH3"~: 45.3% * 2.8%; Figure 4E). WT mice
did not exhibit an increase in the number of such PAR-positive neurons in the ischemic hemisphere. In
addition, nuclear and cytoplasmic PAR levels were 3 times higher in the ischemic hemisphere of ARH3”
mice compared with that of WT mice (Figure 4F), consistent with the hypothesis that ARH3 deficiency
enhanced PAR accumulation in nuclei and its translocation to the cytoplasm after ischemic brain injury.
Since the parents were heterozygotes for the ARH3 mutation, we next investigated whether the response in
mice differed between the WT, heterozygous, and knockout animals. We evaluated cerebral infarction using the
2,3,5-triphenyltetrazolium chloride (TTC) staining technique after temporary MCAO for 30 minutes, followed
by 24-hour reperfusion in ARH3~~, heterozygous (ARH3*"), and WT mice. Infarct size in ARH3"~ mice (34.58%
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Figure 4. Enhanced susceptibility of ARH3~- mice to cerebral ischemia/reperfusion is associated with increased PAR accumulation and AIF translo-
cation to nuclei. (A) ARH3 expression in whole brains of WT and ARH3~~ mice. Data are representative of experiments performed 3 times with similar
results. (B) Infarct area after MCAO. Coronal sections were stained by the Nissl method to evaluate infarct area of WT and ARH3~~ mice subjected to
30-minute ischemia, followed by a 24-hour reperfusion. Infarct area was assessed by four coronal sections. Data are mean + SEM of values obtained
from WT (n =7) and ARH3”~ (n = 6) mice. ***P <0.001 by 2-tailed Student’s t test. (C) Nissl-labeled neural cells in cerebral cortex in ischemic and con-
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trol hemispheres of WT and ARH3- mice. Scale bar: 50 um. (D) PAR localization in cerebral cortex. Brain sections were reacted with anti-PAR (green)
and anti-NeuN (red) antibodies, and DAPI (blue). Scale bar: 20 um. Data are representative of experiments performed 3 times with similar results. (E)
Percentage of PAR-labeled nuclei of cortical neurons. Data are mean + SEM of values obtained from 3182 and 1687 cortical neurons in ischemic (Is) and
control (Ct) hemispheres of WT mice (n = 5), respectively; and 2626 and 1831 cortical neurons in ischemic and control hemispheres of ARH3”~ mice (n =
5), respectively. ***P < 0.001. (F) Nuclear and cytoplasmic PAR levels in cortex. Data are mean + SEM of values obtained from WT (n = 5) and ARH3”~
(n =5) mice. *P < 0.05, **P < 0.01. (G) DNA fragmentation and AIF translocation to nuclei in cerebral cortex. Brain sections were subjected to TUNEL
assay (light blue) and reacted with anti-AlF (green) and anti-NeuN (red) antibodies and DAPI (dark blue). Arrowheads indicate nuclei (blue) with DNA
fragmentation that are colocalized with AIF. Scale bar: 20 um. (H) Nuclear localization of AIF. Data are mean + SEM of values obtained from 666 and
906 cortical neurons in ischemic and control hemispheres of WT mice (n = 3), respectively; and 1804 and 551 cortical neurons in ischemic and control
hemispheres of ARH3- mice (n = 3), respectively. ***P < 0.001. (I) Percentage of neurons with DNA fragmentation and AIF translocation to nuclei.
Data are mean = SEM of values obtained from 2443 and 1540 cortical neurons in ischemic and control hemispheres of WT mice (n = 5), respectively;
and 2575 and 1772 cortical neurons in ischemic and control hemispheres of ARH3- mice (n = 5), respectively. **P < 0.01. Statistical tests done in E, F,
H, and I were two-way ANOVA with Bonferroni's post-hoc test.
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+ 1.1%) was significantly (P < 0.01) larger than for ARH3*/~ and WT mice (13.69% + 1.1% and 13.73% + 1.1%,
respectively) (Supplemental Figure 5, A and B). During 24 hours of reperfusion after 30 minutes of ischemia, 9
of 15 ARH3"~ mice died. All ARH3*'~and WT mice survived after 30 minutes of ischemia and 24-hour reperfu-
sion (Supplemental Figure 5C). Functional effects of the 30-minute ischemia and 1- or 24-hour reperfusion were
evaluated in a blinded manner using neurological scoring of movements by animal facility veterinarians (see
Methods). ARH3~ mice had significantly greater neurological deficits than ARH3*'~ and WT mice at both eval-
uation times (after 1- and 24-hour reperfusion) (Supplemental Figure 5, D and E). In the evaluation of 1-hour
reperfusion, all ARH3~~ mice had severe neurological deficits (score of 4 or 5), with deep unconsciousness as a
result of severe brain injury (e.g., loss of walking, more than 80% circling). These results suggested that ARH3 "~
mice had severe functional outcomes. In contrast, ARH3*~ and WT mice survived and showed the expected
effects after 30-minute ischemia and 24-hour reperfusion in both infarct size and neurological evaluation.

We next investigated whether cytoplasmic PAR may be responsible for cleavage and release of AIF
from mitochondria (Figure 4G). After 30-minute ischemia followed by 24-hour reperfusion, many cor-
tical neurons in the ischemic hemisphere of ARH3~~ mice showed an increase in nuclear AIF intensity
(Figure 4H) and DNA fragmentation, as detected by TUNEL assay, compared with those in the isch-
emic hemisphere of WT mice (WT: 20% * 3.3%, ARH3~: 55.6% * 7.1%; Figure 4I). Approximately
80% of TUNEL-positive neurons also showed AIF translocation to nuclei, while AIF was diffusely
distributed in the mitochondria of cortical neurons in the control hemisphere of both WT and ARH3 '~
mice (Figure 4I). DNA fragmentation was not observed in cortical neurons of the control hemisphere
in either WT or ARH3~~ mice. Consistent with the observations following exposure of patient fibro-
blasts to H,0,, ARH3 deficiency enhanced nuclear and cytoplasmic PAR content after ischemic brain
injury, resulting in AIF-mediated DNA fragmentation.

The PARP inhibitor veliparib alleviates brain ischemic injury by preventing PAR and AIF accumulation in ARH3/~
mice. Next, we examined whether a PARP inhibitor, veliparib, alleviates parthanatos-mediated neuronal cell
death after ischemic brain injury caused by MCAO. Veliparib resulted in a dramatic reduction of infarct
area in ARH3”~ mice (control: 17.0% * 3.3%, veliparib: 3.5% * 1.3%), but not in WT mice (control: 5.5%
+ 2.3%, veliparib: 5.3% % 3.7%; Figure 5A). In addition, veliparib prevented PAR accumulation in nuclei
of cortical neurons in the ischemic hemisphere of 4RH3~~ mice (control: 34.3% * 2.9%, veliparib: 4.8% *
1.7%), while it did not affect the PAR accumulation seen in WT mice (control: 5.1% % 1.2%, veliparib: 5.7%
+ 1.6%; Figure 5B). Veliparib reduced the AIF protein level in nuclei of cortical neurons in the ischemic
hemisphere of ARH3~~ mice (control: 53.9% * 7.3%, veliparib: 12.2% % 0.9%; Figure 5C) and the number
of TUNEL-positive cells as well as ATF and TUNEL-double-positive cells in ARH3~~ mice more than in WT
mice (TUNEL-positive cells: WT: control: 20.0% % 3.1%, veliparib: 5.4% + 1.9%; ARH3~~: control: 36.9
3.4%, veliparib: 3.0% * 1.3%, AIF and TUNEL-double positive cells: WT: control: 4.8% * 1.5%, veliparib:
2.1% + 1.2%; ARH3”~: control: 33.5% * 3.4%, veliparib: 2.0% + 0.9%; Figure 5D). These results indicate that
in ARH3-deficient mice the PARP inhibitor veliparib prevented neuronal cell death after brain ischemic injury
with decreased PAR accumulation and AIF-mediated DNA fragmentation.

Discussion

In a single-family study, we show that a mutation in the human ARH3 gene is associated with neurological
degeneration. The patient and his siblings with homozygous mutations in 4RH3 exhibited mild to severe
neurodegenerative symptoms, while their parents with heterozygous mutations did not. Using patient fibro-
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Figure 5. Exacerbated cerebral ischemic injury and enhanced PAR and AIF accumulation in ARH3~- mice are prevented by PARP inhibition. (A)
Quantification of infarct volume Data are mean + SEM of values from WT (n = 5) and ARH3” (n = 5) mice. *P < 0. 05, **P < 0.01. (B) Percentage of PAR-
labeled of cortical neurons in ischemic cortex. Data are mean + SEM of values obtained from 1264 and 1783 cortical neurons in control- and veliparib-
treated WT mice (n = 5), respectively; and 1453 and 1793 cortical neurons in control- and veliparib-treated ARH3~ mice (n = 5), respectively. ***P < 0.001.
(C) Nuclear localization of AIF. Data are mean + SEM of values obtained from 349 and 211 cortical neurons in control- and veliparib-treated WT mice (n = 5),
respectively; and 394 and 717 cortical neurons in control- and veliparib-treated ARH3”- mice (n = 5), respectively. ***P < 0.001. (D) Percentage of neurons
with DNA fragmentation detected by TUNEL assay and AIF translocation to nuclei. Data are mean + SEM of values obtained 802 and 847 cortical neurons
in control and veliparib-treated WT mice (n = 5), respectively; and 646 and 714 cortical neurons in control and veliparib-treated ARH3~ mice (n = 5),
respectively. ***P < 0.001. Two-way ANOVA with Bonferroni's post-hoc test used in all panels.
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blasts and ARH3~~ mice, we confirm that the ARH3 protein participates in an important regulatory path-
way to maintain PAR homeostasis in the nucleus and cytoplasm, preventing neurons from undergoing
parthanatos — PARP1-dependent, AIF-mediated cell death.

ARHS3 truncation produced a catalytically inactive protein. Our genetic studies found a homozygous deletion
of A and G at positions 340 and 341 in the ARH3 gene, which results in the substitution of glycine for argi-
nine at position 114 and a frameshift; this leads to the generation of another 23 amino acids unrelated to
the WT ARH3 protein, followed by a premature UGA stop codon. Thus, the base deletions shorten ARH3
from 363 to 136 amino acids. PAR-degrading activity of ARH3 depends on a two-Mg?* cluster to bind the
ADP-ribose moiety of PAR chains (20, 23). Removal of Mg?* ions or replacement of any of the amino
acid residues that coordinate Mg?* ions (i.e., Glu41, Asp77, Asp78, Asp314, Thr317) resulted in a dramatic
reduction in enzymatic activity (20, 23). Truncated ARH3, containing amino acids 1-114 of the ARH3
protein and an additional 23 amino acids, loses amino acids critical to coordinate Mg?* ions. In an assay
quantifying PAR-degradation, the shortened ARH3 did not exhibit enzymatic activity.

Loss of functional ARH3 led to cell death under oxidative stress conditions via a PAR-dependent, AIF-mediated path-
way. In vitro and in vivo studies using patient-derived fibroblasts and 4RH3-deficient mice showed that loss of
functional ARH3 protein led to cell death via parthanatos following oxidative stress, i.e., H,O, exposure and
ischemic brain injury induced by MCAQ, respectively. PARP1 transfers PAR to PARP1 itself and nuclear accep-
tor proteins in response to DNA damage; PAR chains are degraded and released by the endoglycosidic activity
of PARG (12, 13), with removal of the initial ADP-ribose moiety linked to the acceptor protein by terminal
ADP-ribose glycohydrolase (TARG1/C60rf130) (31) or ARH3 (25, 26). The protein-free PAR passes through
nuclear pores and then reaches mitochondrial membranes, where it facilitates release of AIF (14). ARH3 protein
is located mainly in the cytoplasm, followed by mitochondria and the nucleus (14, 32). PAR in the cytoplasm
appears to be a target of ARH3 in neurons, consistent with the observation that the cytoplasmic PAR levels in
the cortex were higher in the ischemic hemisphere of ARH3~~ mice than that of WT mice. Moreover, ARH3 is
capable of efficiently cleaving serine-ADP-ribose proteins as well as PAR in nucleus in response to H,O, (26, 33),
preventing nucleus PAR accumulation. The above mechanism explains the finding that both in neurons of the
patient’s sibling and in mouse brain, PAR accumulated in both cytoplasm and nucleus.

The effect of ARH3, as well as PARG, is likely to be more complex than simply changing the PAR lev-
el. For example, ARH3 deficiency may cause suppression of PARP1 activity, due to extensive poly(ADP-ri-
bosyl)ation of PARP1 (34-36), and may downregulate PARPI gene expression, as PARG knockdown has
been shown to do (37). Further study is needed to better understand the function of ARH3.

Oxidative stress is a common feature shared by multiple neurodegenerative diseases, including
Parkinson’s disease and Alzheimer’s disease, and is a major cause of enhanced PARP1 activation
(38). Parthanatos is seen in neurons of mice with Parkinson’s disease and after ischemic brain injury
and glutamate excitotoxicity (6, 39, 40). In the central nervous system, maintaining PAR homeostasis
by PAR-degrading enzymes is critical to prevent excessive PAR accumulation. In fact, a Drosophi-
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la mutant lacking the catalytic domain of PARG and humans exhibiting homozygous expression of
truncated nonfunctional TARG showed severe neurodegeneration (31). ARH3 is expressed in humans
and mice, but not in Drosophila. Due to the partial overlap of PARG and ARH3 in PAR degradation
activity, expression of ARH3 in PARG '~ Drosophila, rescued the reduced locomotion and life span (27).
In contrast, ARH3 has a nonredundant activity with PARG in human and mouse cells. Once DNA is
damaged, cytoplasmic PARG isoforms are recruited to sites of nuclear DNA damage (41, 42), while
ARH3 is essential for cytoplasmic, nuclear, and perhaps mitochondrial PAR degradation (14, 32).
Despite the observation that the PAR-degrading activity of ARH3 is about 2% that of PARG (20),
PARG apparently cannot replace ARH3 as a PAR-degrading enzyme (14). Therefore, both PARG
and ARH3 are indispensable in regulating PAR metabolism and preventing neuronal cell death via
parthanatos (14). Similar to the cell death pathway of ARH3-deficient mice or patient’s and sister’s
fibroblasts subjected to oxidative stress, AIF nuclear translocation and DNA damage were present
in neurons of the patient’s sibling’s brain slices. Further investigation is necessary to address why
a patient with truncated ARH3 develops spontaneous neurodegeneration not seen in ARH3~~ mice.
Environmental factors (e.g., fever, infection, stress) should be considered as potential explanations.
Environmental factors might also enhance oxidative stress in the central nervous system, resulting in
PARPI activation, leading to neuronal cell death.

The PARPI inhibitor veliparib, partially attenuated oxidative stress—induced cell death. More than 90% of
PAR is generated by PARP1 activation (43). While the PAR accumulation in cytoplasm is responsible
for cell death under oxidative stress in ARH3-deficient mice and in the patient, we speculate that PARP1
inhibition may have therapeutic potential. PARP1 inhibition has proven to be neuroprotective in a tran-
sient cerebral ischemia model (44). Indeed, PARP inhibitors significantly reduced cytotoxicity following
exposure to H,0, without having an effect on the proliferation of patient fibroblasts, as well as neuronal
cell death after brain ischemic injury in ARH3~~ mice.

PARP1 inhibitors have been approved for treatment of patients with BRCA1/BRCA2-mutated
advanced ovarian cancer based on the concept of synthetic lethality (45). For example, veliparib selec-
tively inhibits both PARP-1 and -2, with K, of 5.2 and 2.9 nmol/], respectively (29). In a clinical trial,
oral veliparib significantly inhibited PARP levels in both tumor tissue and peripheral blood mononu-
clear cells (46); the effects began 3—6 hours after administration, with recovery at 24 hours in both
preclinical models and patients (46). In general, veliparib has an overall acceptable safety profile in
patients with breast cancer (47). Further, veliparib was shown to cross the blood-brain barrier, providing
a further rationale for its application to treat intracranial diseases (46). PJ34, another PARPI1 inhibitor,
showed stronger protective effects on H,O,-treated cells than veliparib (Figure 2, A and B, and Supple-
mental Figure 1, A and B), which might be explained by additional pharmacological effects (48).

In conclusion, our patient and cellular and animal models provide evidence that ARH3 deficiency plays
a critical role in PARP1-dependent neuronal cell death through its PAR-degrading activity, which regulates
nuclear and cytoplasmic PAR levels. Understanding the precise role of ARH3 may be helpful in under-
standing the pathogenesis of neurodegenerative disorders. PARP inhibitors might represent a therapeutic
option to slow neuronal cell death occurring in an ARH3-deficient patient.

Methods

Antibodies. Rabbit polyclonal anti-ARH3 antibodies were prepared by immunizing rabbits with a peptide
(CTDVLAQSLHRVFQESS) representing amino acids 355-370 of mouse ARH3. Rabbit anti-ARH3 poly-
clonal antibodies that recognize the N-terminal region of ARH3 (ab102979) were purchased from Abcam,;
mouse anti-AIF monoclonal antibodies (clone B-9, sc-55519) from Santa Cruz Biotechnology Inc.; rab-
bit anti-GAPDH (clone 14C10, 2118) and anti-histone H3 (clone D1H2, 4499) monoclonal antibodies
from Cell Signaling Technology; anti-tubulin (clone DM1A, T6199) and anti—B-actin (clone AC-15,A5441,
A2066) antibodies from Sigma-Aldrich; mouse anti-PAR monoclonal antibodies (clone 10H, ALX-804-
220-R100) from Enzo Life Sciences; rabbit anti-NeuN polyclonal antibodies (ABN78) from Millipore;
mouse anti-MnSOD monoclonal antibodies (clone 19/MnSOD, 611580) from BD Biosciences; Click-iT
TUNEL Alexa Fluor 647 Imaging Assay and fluorescence-conjugated secondary antibodies (Alexa Fluor
488—conjugated goat anti-mouse and 555-conjugated goat anti-rabbit antibodies) from Invitrogen; veliparib
from Selleck Chemicals; HRP—goat anti-mouse and anti-rabbit immunoglobulin from Pierce; and IRDye
680RD goat anti-Mouse (no. 926-68070) and 800CW goat anti-rabbit (no. 926-32211) from LI-COR.
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Cell culture. Fibroblasts were generated from a 4-mm punch skin biopsy. Fibroblasts from the
patient, his sibling, mother, and father, WT, ARH3*/~, and ARH3’- MEFs (14) were incubated at 37°C
in a humidified atmosphere with 5% CO, in high-glucose DMEM containing 10% FBS, 100 U penicil-
lin, and 100 pg/ml streptomycin.

RT-PCR. Total RNA was isolated using an RNeasy Mini Kit (QIAGEN) and reverse transcribed using
Ready-to-Go You-Prime first-strand beads (GE Healthcare Life Sciences) and oligo(dT) primer (Thermo
Fisher Scientific). RT-PCR was performed using specific ARH3 and GAPDH primers to evaluate mRNA
expression level. Sequences of primers are shown in Supplemental Table 3.

Preparation of GST proteins, ARH3 mutant proteins, and GST pull-down assay. Mutations were generated
using the Stratagene QuikChange Site-Directed Mutagenesis Kit (Agilent Technologies), according to the
manufacturer’s protocol. Complementary mutant primers used to generate vectors containing the ARH3
mutant are shown in Supplemental Table 3. The entire coding regions were ligated into pGEX-6P-1 expres-
sion vector (GE Healthcare Life Sciences) for transfection into Escherichia coli BL21 Rosetta Supercompe-
tent cells. Expression of these GST-proteins was induced by 0.5 mM IPTG (37°C, 6 hours). Proteins were
extracted with PBS by sonication, and then 1% Triton X-100 (4°C, 30 minutes) was added. Proteins were
purified with Glutathione Sepharose 4B according to the manufacturer’s instructions (GE Healthcare Life
Sciences). GST proteins (20 pmol) were incubated with 5 pmol His-tagged AIF (Abcam) and 25 pg gluta-
thione Sepharose 4B beads in 200 ul of 25-mM HEPES containing 10 mM MgCl, and 5 mM DTT (room
temperature [RT], 1 hour). After washing with PBS, 50 pl of 20-mM reduced glutathione in 50 mM Tris-Cl
(pH 8.0) was added to the beads. The supernatants were analyzed by Western blot.

Preparation of ["*C]-PAR and measurement of ARH3 activity. ['*C]-PAR was prepared and purified as
described by Oka et al. (20). Briefly, 3 ug PARP1 (Enzo Life Sciences) was incubated with 20 pg/ml
activated calf thymus DNA, 10 uM unlabeled NAD, and 6 pCi ['“C]-NAD (PerkinElmer) in a 150-ul
reaction mixture containing 100 mM Tris-HCI, pH 8.0, 10 mM DTT, and 10 mM MgCl, (37°C, 10
minutes); the reaction was stopped with 20% trichloroacetic acid. After overnight precipitation, the
pellet was washed with cold acetone and neutralized. PARP1 was released from [“C]-PAR by incuba-
tion at 37°C for 2 hours with 2 M neutral NH,OH in 50 mM MOPS, containing 6 M guanidine HCI.
Protein-free ["“C]-PAR was purified with dihydroxyboronyl Bio-Rex 70 (100-200 dry mesh, Bio-Rad)
affinity chromatography. GST proteins (20 pmol) were incubated with ['“C]-PAR (200 nM) in a 100-
ul reaction mixture containing 50 mM KPO,, pH 7.5, 5 mM DTT, and 10 mM MgCl, at 37°C for the
indicated times. The reaction was stopped with 2% trifluoroacetic acid. ["*C]-ADP-ribose was sepa-
rated by a reverse-phase HPLC system (series 1100, with a diode array spectrophotometric detector
set at 259 nm, Hewlett-Packard) equipped with an LC-18T column (5-pm particle size, 4.6-250 mm,
Sigma-Aldrich). Isocratic elution (1 ml/min) with 100% buffer A (50 mM KPO,) from 0 to 2 minutes
was followed by a linear gradient to 100% buffer B (methanol) from 2 to 10 minutes, and radioactivity
was measured with a lipid scintillation counter.

Cell viability assays. Fibroblasts from the patient and his family and MEFs (1 x 10%to 3 X 10%) were incu-
bated on 96-well plates for 1-2 days before exposure (24 hours) to the indicated concentrations (30-1000
uM) of H,O,. PJ34 (10 uM) or veliparib (0.1-1 uM) was added for 1 hour prior to H,O, exposure. Cell
number was assessed using a Cell Counting Kit-8 (Dojindo) by measuring absorbance at 450 nm according
to the manufacturer’s instructions. Cell death was assessed by using a Cytotoxicity LDH Assay kit-WST
(Dojindo) by measuring absorbance at 490 nm according to the manufacturer’s instructions. Absorbance
was measured using SpectraMax M5 Microplate Reader (Molecular Devices).

Subcellular fractionation. Subcellular fractionation was performed by a Subcellular Proteome Extraction
Kit (Merck), according to the manufacturer’s instructions. Purity of nuclear, cytoplasmic, and mitochondri-
al fractions was assessed using protein markers: histone H3 (nucleus), tubulin (cytoplasm), and manganese
superoxide dismutase (MnSOD, mitochondria).

SDS-PAGE and Western blotting. Cells were lysed in 20 mM Tris-HCl (pH 7.4) with 2% SDS or RIPA
buffer (Sigma-Aldrich) supplemented with proteinase inhibitors. Lysates were subjected to Bis-Tris or
Tris-acetate SDS-PAGE (Invitrogen) and then transferred to nitrocellulose or PVDF membranes (Invit-
rogen). The membranes were blocked with 5% (vol/vol) nonfat dry milk (Bio-Rad) in TBS or Odyssey
Blocking Buffer (LI-COR) (4°C, overnight or RT, 1 hour) and then incubated with primary antibody (4°C,
overnight, or RT, 1 hour). An ECL system (Fujifilm LAS-3000) or Odyssey Imaging Systems (LI-COR)
was used for detection.
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TUNEL assay. Apoptotic cells in patient fibroblasts and brain tissues were visualized by Click-iT
TUNEL Assay (Thermo Fisher Scientific), according to the manufacturer’s instructions. The TUNEL
assay relies on incorporation of labeled dUTP at sites of DNA breaks.

Immunocytochemistry. Patient fibroblasts and brain sections were fixed with 4% paraformaldehyde (RT,
20 minutes), permeabilized and blocked with PBS containing 0.5% Triton X-100, 10% FBS, and 1% BSA
(RT, 1 hour) and then incubated with primary antibodies (overnight, 4°C). After washing with PBS, sam-
ples were treated with either Alexa Fluor 488—conjugated goat anti-mouse IgG or Alexa Fluor 555—conju-
gated goat anti-mouse IgG (1:500) (1 hour, RT) and then incubated with 300 nM DAPI (5 minutes, RT) to
stain nuclei. Brain sections were imaged with a confocal microscope (Zeiss LSM 510 UV) equipped with a
Plan NeoApo objective (20’, numerical aperture, 0.75), an argon laser (488 nm) to excite Alexa Fluor 488,
a 561 diode (561 nm) to excite Alexa Fluor 555, a 405 diode (405 nm) to excite DAPI, and a 633 diode to
excite Alexa Fluor 647. Fluorescence data were processed with ImageJ 1.37a (NIH).

Measurement of NAD* concentrations. Patient fibroblasts seeded in 10-cm dishes were incubated in
DMEM with 10% FBS (2 days, 37°C). After washing with PBS, 1 M HCIO, (300 ul) was added, and the
incubation continued on ice for 10 minutes. The resulting solution was centrifuged at 14,000 g, and the
supernatant (240 pl) was neutralized with 3 M K,CO, (80 pl). After centrifugation, samples were loaded on
an HPLC equipped with an LC-18T column. NAD (Sigma-Aldrich) was used to generate a standard curve.
Isocratic elution (1 ml/min) with 100% buffer A (50 mM KPO,) from 0 to 2 minutes was followed by a
linear gradient to 100% buffer B (methanol) from 2 to 10 minutes.

Measurement of infarct size. After 24-hour reperfusion, the mice were euthanized by exsanguination under
general anesthesia (1%—3% isoflurane). The brain was collected and kept on dry ice. Then, the brains were
sliced into 2-mm coronal sections and stained with 1% TTC (Sigma-Aldrich) solution for 30 minutes at 37°C
and fixed in 4% paraformaldehyde at 4°C overnight. After fixation, the brain slices were scanned using a
flatbed scanner (Epson V700 Photo scanner). Infarct size of each brain slice was quantified with NIH ImageJ
software. Infarct size was calculated by summing the infarct areas measured in 6 brain slices (2-mm thickness)
and was expressed as the percentage of whole area of cross-sectional slices of mouse brain (49).

Functional consequences of focal cerebral ischemia/reperfusion injury in ARH3-deficient mice. Neurological
deficits were assessed at 1 and 24 hours after reperfusion using a 6-point scale; 0: normal; 1: mild circling
behavior with or without inconsistent rotation when picked up by the tail, <50% attempts to rotate to the
contralateral side; 2: mild consistent circling, >50% attempts to rotate to the contralateral side; 3: consistent
strong and immediate circling, the mouse holds a rotation position for more than 1-2 seconds, with its nose
almost reaching its tail; 4: severe rotation progressing into barreling, loss of walking or righting reflex; 5:
comatose or moribund (50). Mice were assessed in a blinded manner by animal facility veterinarians.

Targeting construct and generation of ARH3~ mice. A BAC (RPCI 22) clone containing an ARH3 gene
was obtained from a mouse spleen-129s6/SvEv BAC library (Thermo Fisher Scientific). A 2.2-kb fragment
containing part of intron 2 was amplified from the BAC clone by PCR and subcloned into the 5’ arm of the
pNTK loxp/FrtIl vector. The pNTK loxp/Frtll vector was provided by Warren Leonard (NHLBI, NIH). A
4.6-kb fragment containing part of introns 2-5 and exons 3-5 was amplified from BAC clone by PCR and
subcloned into the 3" arm of the pNTK loxp/FrtlI vector. The targeted 0.5-kb fragment was flanked by 2
loxP sites (Supplemental Figure 6A, shaded triangle), allowing Cre-mediated excision of the exon 3 region
of the ARH3 locus. The deleted region included D77 and D78, which are critical for catalytic activity (20).
The targeting vector also contained the neomycin resistance gene (Neo) driven by the phosphoglycerate
kinase (PGK) promoter and flanked by 2 Frt sites (Supplemental Figure 6A, closed triangles), allowing
Flp-mediated excision of the PGK-Neo cassette. The unique Not I site was used to linearize the pNTK
loxp/FrtIl vector before electroporation of embryonic stem (ES) cells. ES cells were electroporated, and
transformed cells were selected by standard techniques. Clones resistant to both G418 and ganciclovir were
analyzed by Southern blot analysis. WT and targeted ARH3 alleles were found in, respectively, 8.7- and 5.7-
kb bands, and 8.7- and 4.7-kb bands by Southern blot analysis of the ES cell genomic DNA digested with
HindIII and hybridized with 5’ probe (including exon 1) or 3’ probe (including exon 5) (Supplemental Figure
6B). Chimeric mice (129/SvJ-derived ES cells in blastocysts of C57BL/6J mice) were generated by standard
procedures. Chimeric mice were identified by coat color and then were bred to C57BL/6J mice. Transmis-
sion of the germline was identified by PCR and confirmed by Southern blot analysis. Heterozygous germ-
line-transmitted mice (ARH3T/+) were bred with ACT-Flpe transgenic mice (The Jackson Laboratory) to
produce ARH3F/+ mice. To delete the target region (exon 3), ARH3F/+ mice were mated with EIla-Cre
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transgenic mice ubiquitously expressing Cre recombinase (The Jackson Laboratory) to generate ARH3D/+
(ARH3*") mice. Genotypes of these mice were confirmed by PCR (Supplemental Figure 6, C and D).

Southern blot analysis. Southern blot analysis was carried out as described previously (51). Briefly, sam-
ples (5-10 pg) of genomic DNA prepared from ES cells or mouse tails using a Wizard genomic DNA puri-
fication kit according to standard protocols were digested with HindIII (Roche), subjected to electrophore-
sis in 1.0% agarose gel, and transferred to nylon membranes. The 5’ (670 bp) and 3’ (320 bp) cDNA probes
corresponding to bases in the mouse ARH3 genomic DNA were amplified from the BAC clone. Membranes
were incubated for 1 hour at 68°C in ExpressHyb (Takara) with [0-*?P]dATP-labeled (PerkinElmer) probes
located outside the 5’ and 3’ regions of the targeting vector. Sequences of primer sets to amplify 5’ and 3’
probes are shown in Supplemental Table 3. Membranes were washed twice for 20 minutes at RT with 2x
SSC containing 0.1% SDS and twice for 30 minutes at 60°C with the same solution before exposure to film.
[*?P] was detected by exposure of X-ray film (Kodak).

Transient focal cerebral ischemia by MCAO. Six-month-old male C57BL/6 WT and ARH3~~ mice were
anesthetized for induction with 3%—5% isoflurane and maintained in 1%-3% isoflurane using a vaporizer.
The body temperature of the mice during surgery was maintained at 36.5 = 0.5°C with a heating plate.
The left MCA was occluded by inserting an 8-0 silk monofilament suture with rounded tip into the internal
carotid artery from a small hole in the external carotid artery. After appropriate periods (30 and 60 min-
utes) of ischemia, the mice were anesthetized again to remove the suture and start the reperfusion. The
time interval between the end of the ischemia and reperfusion was less than 10 minutes, including time
for anesthesia and reperfusion procedures. The PARP inhibitor veliparib at 25 mg/kg or vehicle buffer
(0.5% methylcellulose/0.2% Tween 80) was administrated by intraperitoneal injection 3 times at indicated
time points: 10 minutes before ischemia, 10 minutes before reperfusion, and 30 minutes after reperfusion.
After 24-hour reperfusion, mice were anesthetized with isoflurane and were perfused with heparinized
0.9% saline followed by 4% paraformaldehyde in PBS. The entire brain was removed from the skull and
immersed in 4% paraformaldehyde (4°C, 2 hours). The fixed brain was cryoprotected by immersing in 20%
sucrose in PBS for (4°C, 1 day) and was then embedded in Jung tissue-freezing medium (Leica). Coronal
sections (20 pm) were prepared using a cryostat microtome (Leica) at —22°C. Sham-treated animals under-
went identical surgical procedures, except that the left middle cerebral artery (MCA) was not occluded.
For evaluation of infarct area, Nissl staining was performed. Sections were treated with acetone (RT, 30
minutes) and rehydrated in a descending series of ethanol (100%, 95%, and 75% ethanol and water). The
sections were treated with 0.2% cresyl violet (Sigma-Aldrich) solution (RT, 30 minutes). Then, the sections
were dehydrated in an ascending series of water/ethanol (water, 75% and 95% ethanol), and treated with
xylene. Infarct volume was calculated from infarct area of 4 coronal sections.

Statistics. Statistical analysis was performed using GraphPad Prism or Excel software (Microsoft). Signif-
icance was determined using paired ¢ tests, Student’s ¢ test for pairwise comparison, or 1- or 2-way ANOVA
with Bonferroni’s post hoc test. Data are mean = SEM of values from the indicated number of experiments.
Pvalues less than 0.05 were considered significant. All representative experiments were repeated 3 times.

Study approval. One family with 3 affected siblings was studied. The proband, a participant in the NTH
Undiagnosed Diseases Program (REFS A-C), was admitted to the NIH Clinical Center (NIH-CC) and
enrolled in protocol 76-HG-0238, “Diagnosis and Treatment of Patients with Inborn Errors of Metabo-
lism or Other Genetic Disorders” (ClinicalTrials.gov, NCT00369421), approved by the National Human
Genome Research Institute (NHGRI) IRB (52-54). The family was also seen under protocols 96-H-0100
and 82-H0032, approved by the NHLBI IRB. The parents gave written informed consent. Animal studies
were approved by the NHLBI Animal Care and Use Committee (protocols H-0128 and H-0271). ARH3
mice were backcrossed 11 times using C57BL6/J mice (The Jackson Laboratory).
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