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ADP-Ribosylhydrolase 3, Lead to a Degenerative
Pediatric Stress-Induced Epileptic Ataxia Syndrome
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ADP-ribosylation, the addition of poly-ADP ribose (PAR) onto proteins, is a response signal to cellular challenges, such as excitotoxicity
or oxidative stress. This process is catalyzed by a group of enzymes referred to as poly(ADP-ribose) polymerases (PARPs). Because the
accumulation of proteins with this modification results in cell death, its negative regulation restores cellular homeostasis: a process
mediated by poly-ADP ribose glycohydrolases (PARGs) and ADP-ribosylhydrolase proteins (ARHs). Using linkage analysis and exome
or genome sequencing, we identified recessive inactivating mutations in ADPRHL?2 in six families. Affected individuals exhibited a
pediatric-onset neurodegenerative disorder with progressive brain atrophy, developmental regression, and seizures in association
with periods of stress, such as infections. Loss of the Drosophila paralog Parg showed lethality in response to oxidative challenge that
was rescued by human ADPRHL2, suggesting functional conservation. Pharmacological inhibition of PARP also rescued the phenotype,
suggesting the possibility of postnatal treatment for this genetic condition.

ADP-ribosylation is a tightly regulated posttranslational
modification of proteins involved in various essential
physiological and pathological processes, including DNA
repair, transcription, telomere function, and apoptosis.'
The addition of poly-ADP-ribose (PAR) is mediated by a
group of enzymes, referred to as poly(ADP-ribose) poly-
merases (PARPs), in response to cellular stressors, such as
excitotoxicity or reactive oxygen species. PARylated
proteins can subsequently initiate cellular stress response
pathways. After resolution of the original insult, ADP-
ribose polymers are rapidly removed.*® Although PAR
modification can protect the cell from death in the setting
of cellular stress, excessive PAR accumulation or failure to
reverse PAR modification can trigger a cell-death response
cascade.®”’

Humans have two genes encoding specific PAR-degrad-
ing enzymes: ADPRHL2 (MIM: 610624; Gene ID: 54936)
and PARG (MIM: 603501). Both are capable of hydrolyzing
the glycosidic bond between ADP-ribose moieties and are
ubiquitously expressed.*’ ADPRH (MIM: 603081) and
putatively ADPRHL1 (MIM: 610620) encode proteins that
can cleave mono-ADP-ribosylated residues and thus are
not functionally redundant with ADPRHL2 and PARG.?
Studies of in situ hybridization have shown high Adprhi2
expression in the developing mouse forebrain and that
its expression remains high in the cerebellum, cortex,
hippocampus, and olfactory bulb in early postnatal ages
and persists into adulthood.'” Parg~/~ mice die embryoni-
cally as a result of PAR accumulation and cellular
apoptosis.'' There are no reports of Adprhl2~'~ animals,
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Figure 1. Pedigrees of Families with
Mutations in ADPRHL2 and Their Clinical
Presentation

(A) Pedigrees of families 1-6 show consan-
guineous unions (double bar) and a total of
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| 16 affected individuals. Slashes represent
deceased individuals. Black shading indi-
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cates affected individuals. Gray shading in-
dicates individuals who passed away from
SUDEP; however, no DNA is available.

(B) Panels show midline sagittal MRI for
one affected individual from each of the
six families. White arrows indicate cere-
bellar atrophy, evidenced by widely spaced
cerebellar folia.
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but Adprhl2~/~ mouse embryonic fibroblasts (MEFs) engi-
neered to express the catalytic domain of nuclear PARP1
in mitochondria show PAR accumulation, as well as longer
mitochondrial PAR polymers.'?!?

Drosophila melanogaster has a single Parg-like gene, and
null flies are lethal in the larval stage; however, when
grown at a permissive temperature, a few can survive.
The surviving flies display PAR accumulation, neuro-
degeneration, reduced locomotion, and premature
death,'* suggesting increased neuronal vulnerability to
PAR accumulation. Although mutations in enzymes
PARG and PARP have not been reported in human disease,
other members of this pathway have been implicated in
human phenotypes.'® For example, mutations in XRCC1
(MIM: 194360), encoding a molecular scaffold protein
involved in complex assembly during the repair of
DNA-strand breaks, lead to PARP-1 overactivation and are
associated with cerebellar ataxia, ocular motor apraxia,
and axonal neuropathy.'®

In this study, we show that mutations in ADPRHL2
underlie an age-dependent recessive epilepsy-ataxia syn-
drome initiating with sudden severe seizures in otherwise
healthy individuals followed by progressive loss of mile-
stones, brain atrophy, and death in childhood. We describe
six independent families carrying ADPRHL2 mutations
leading to a nearly identical epilepsy-ataxia syndrome
(Figure 1A). One of the six families (family 2) lacked docu-
mentation of parental consanguinity, and the parents from
this family were from the same small village. The clinical
details of subjects from all included families are shown in
Table 1, and detailed clinical history is narrated in the
Supplemental Note. The emerging clinical picture is
one of a stress-induced neurodegenerative disease of vari-

o

able progression with developmental
delay, intellectual disability, mild
cerebellar atrophy (Figure 1B), and
recurring seizures.

Genome-wide linkage analysis of
14 members of family 1 mapped the
disease locus to an 11 Mb locus in
chromosomal region 1p36 with a
genome-wide-significant multipoint
LOD score of 3.4 (Figure S1A). Exome sequencing of
individual II-IV-6 at >30x read depth for 96.9% of the
exome revealed a single rare (allele frequency < 1:1,000)
potentially deleterious variant within the linkage interval:
a frameshift ADPRHL2 mutation that segregated with the
phenotype according to a recessive mode of inheritance.

Using GeneMatcher, this international collaborative
group of authors identified further pathogenic alleles in
ADPRHL2."” After obtaining informed consent from all
participating individuals in accordance with the ethical
standards of the responsible committee on human experi-
mentation at the University of California, San Diego, we
identified a total of six distinct mutations in ADP-ribosyl-
hydrolase-like 2 (ADPRHLZ2 [Gene ID: 54936]) in the six
families by whole-exome or genome sequencing (see Sup-
plemental Data). All variants were prioritized by allele
frequency, conservation, blocks of homozygosity, and
predicted effect on protein function (see Supplemental
Data), and in all families the homozygous variant in
ADPRHLZ2 was the top candidate. Variants were confirmed
by Sanger sequencing and segregated with the phenotype
according to a recessive mode of inheritance. All variants
were predicted to be disease causing by MutationTaster.'®
These variants were not encountered in dbGaP, the EXAC
Browser, 1000 Genomes, genomAD, or the Greater Middle
East Variome.

ADPRHL?2 contains six coding exons, yielding a single
protein-coding transcript, ADP-ribosylhydrolase 3 (ARH3)
(Figure 2A). The encoded 363 amino acid ARH3 is pre-
dicted to have a mitochondrial localization sequence and
single enzymatic ADP-ribosyl-glycohydrolase domain
(Figure 2B). Family 1 carried the homozygous exon
6 mutation c.1000C>T (GenBank: NM_017825), which
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introduces a premature stop codon (p.GIn334Ter) pre-
dicted to truncate the highly conserved last 30 amino acids
of the protein, including part of the ADP-ribosylhydrolase
domain. Family 2 harbored the homozygous exon
3 mutation ¢.316C>T (GenBank: NM_017825), which
also introduces a premature stop codon (p.Gln106Ter) in
the ADP-ribosylhydrolase domain. Family 3 revealed the
homozygous exon 2 missense mutation c¢.235A>C
(GenBank: NM_017825), which leads to an amino acid
change (p.Thr97Pro) in a residue that is highly conserved
among vertebrates (Figure S2A). Using a previously
published crystal structure of ARH3, we localized this resi-
due to an a-helical loop within the ADP-ribosylhydrolase
domain and the substrate binding site, which is defined
by the position of two Mg?" ions located in adjacent
binding sites; thus, the residue is predicted to affect
protein structure and enzymatic activity (Figure S2B)."?
Family 4 carried the homozygous 5 bp, exon 3 deletion
c.414_418TGCCC (GenBank: NM_017825), which results
in a frameshift (p.Ala139GlyfsTerS) in the ADP-ribosylhy-
drolase domain. Family S carried the homozygous exon
4 missense mutation ¢.530C>T (GenBank: NM_017825),
which leads to an amino acid change (p.Serl77Leu) that
is also highly conserved among vertebrates. It is localized
in a critical a-helical loop within the ADP-ribosylhydrolase
domain, also suggesting an effect on protein structure and
activity. Family 6 carried the homozygous exon 1 missense
mutation ¢.100G>A (GenBank: NM_017825), which leads
to an amino acid change (p.Asp34Asn) that is highly
conserved among vertebrates. This change is also localized
in a critical a-helical loop within the ADP-ribosylhydrolase
domain, suggesting a potential impact on protein structure
and activity.

The emerging phenotype of recessive ADPRHL2 muta-
tions is a degenerative pediatric-onset stress-induced
epileptic-ataxia syndrome. Individuals with mutations in
this gene are asymptomatic early after birth but gradually
develop a cyclic pattern of illness-related spontaneous
epileptic seizures or present with a neurodegenerative
course including weakness, ataxia, and loss of milestones
followed by clinical deterioration that ultimately leads to
premature death. Most of the subjects succumbed to
sudden unexpected death in epilepsy (SUDEP) or an
apnoic-attack-like clinical presentation, suggesting a
hyperacute presentation prior to the family’s recognition
of a predisposition. We could not establish an obvious ge-
notype-phenotype correlation given that we show below
that the missense mutation also leads to a severe loss of
function. Thus, the clinical variability in the age of onset
might occur because the genetic background or environ-
mental challenges lead to wvariable susceptibility to
illness-related cellular stress.

The differential diagnosis for this condition was based
upon the presentation of a recessive condition with recur-
rent exacerbations and predominant features of global
developmental delay, intellectual disability, seizures,
neurogenic changes on electromyography, hearing impair-

ment, regression, and mild cerebellar atrophy but not
microcephaly or cataracts. The differential diagnosis in
our families included mitochondrial disorders, spastic
ataxia, and peripheral neuropathy.

To determine the impact of these mutations on protein
folding and binding activity, we generated recombinant
proteins in E.coli and purified them by His-tag affinity
chromatography. Our results showed that the p.Gln334Ter
protein was not evident in the soluble fraction, whereas
the wild-type (WT) was recovered with good purity
(Figure S3A). The p.Thr79Pro protein was expressed and
soluble, although possibly recovered with slightly less
purity than WT ARH3. We studied the deleterious impact
of p.Thr79Pro by using circular dichroism spectroscopy
(Figures S3B and S3C). Compared with the WT, this
mutant exhibited reduced a-helical content and an altered
secondary structure, in agreement with the fact that
p-Thr79Pro occurred within an «-helical domain. Further,
the melting temperature (Ty,,) of p.Thr79Pro was reduced
by more than 10°C, confirming destabilization of the
mutant (Figures S3D-S3F). We also found that in contrast
to WT ARH3, the p.Thr79Pro protein was not stabilized
by ligands such as adenosine diphosphate ribose (ADPr)
(Figures S3G-S3I). We confirmed the specificity of this
assay by using adenosine triphosphate (ATP) and ribose-
5-phosphate as negative controls, which were not
predicted to bind or stabilize ARH3. Together, these data
suggest that both disease-causing, truncating mutants
and amino acid substitutions should be destabilized
when expressed in cells.

Because the c.1000C>T (p.GIn334ter) mutation of
family 1 was in the last exon, we first excluded nonsense-
mediated decay (NMD) of the mutant mRNA. We collected
skin biopsies from the father (III-II) and two affected indi-
viduals (II-IV-6 and II-IV-7), generated primary fibroblasts,
and then performed RT-PCR by using primers designed to
amplify the last three exons of ADPRHL2 (Figure S1B).
The father’s and affected individuals’ cells revealed a
band of the expected size and of similar intensity to that
of a healthy control individual, arguing against NMD.
However, when we used an antibody recognizing amino
acids 231-245, lysates derived from the affected individ-
uals showed no detectable ARH3 (Figure 2C; Supplemental
Data), consistent with a null effect of the truncating
mutation. Further, western blot analysis of individual II-2
from family 2 showed an absence of the protein, as pre-
dicted by the early stop codon. Fibroblasts from individual
II-1 from family 3 showed a severely reduced amount of
ARH3 (Figure 2C), consistent with the thermal instability
of this mutant protein (Figures S3D-S3F) and the severe
alteration of its secondary structure (Figures S3B and S3C).

Whereas humans have two known genes with specific
PARG activity (PARG and ADPRHLZ; Figure 3A), Drosophila
have a single gene that regulates this process: Parg. Using
the Gal4-UAS system to drive RNAi expression, we found
that Parg knockdown led to a 60% decrease in total Parg
mRNA for flies with the ubiquitous da promoter and a
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Table 1. Mutations in ADPRHL2 Cause Various Phenotypes, Including Developmental Delay, Cerebellar Atrophy, Ataxia, and Epilepsy
Family 1
I-IV-1 1-IvV-2 I-Iv-3 I-IV-5 IvV-11 1-1v-2 II-IV-5 II-IV-6 (A1)
Gender M F M M M F F M
Country UAE UAE UAE UAE UAE UAE UAE UAE
of origin
Parental + + + + + + + +
consanguinity
Current age died at 4 years  died at 2 years  died at 7 years  died at 15 years 4 years died at 2 years  died at 2 years  died at 9 years
or age of death
Circumstances in sleep in sleep seizure respiratory - in sleep seizure respiratory
of death failure 1 week after after playing failure
flu-like illness after long
airplane trip
Mutation
Genomic 8.36558895C>T g.36558895C>T g.36558895C>T g.36558895C>T g.36558895C>T g.36558895C>T g.36558895C>T g.36558895C>T
(hg19%)
cDNA ¢.1000C>T ¢.1000C>T ¢.1000C>T ¢.1000C>T ¢.1000C>T ¢.1000C>T ¢.1000C>T ¢.1000C>T
Protein p-GIn334* p-GIn334* p-GIn334* p-GIn334* p-GIn334* p-GIn334* p-GIn334* p-GIn334*
Homozygosity + + + + + + + +
Perinatal History
Normal birth ~ + + + + + + + +
Normal early — + + + + + + + +
development
Psycl tor Develop t
Speech spoke in few words at normal until normal until speaks only normal speech  normal speech  normal until
development  sentences 2 years 2.5 years 3.5 years but a few words until death until death 25 years
but then but then then but then
deteriorated no further deteriorated deteriorated
development
Motor normal but then normal until normal normal but normal but normal but normal until normal
development  deteriorated death but then then then then death but then
deteriorated deteriorated deteriorated deteriorated deteriorated
by 2 years
Seizures
Seizure onset 18 months 19 months 19 months 24 months 15 months 24 months 15 months 18 months
Seizure types GTCS GTCS GTCS GTCS absence, GTCS GTCS GTCS absence, GTCS
Neurological Examination
Intellect normal but then normal until normal but normal but normal but normal normal normal but
delayed death then delayed then delayed then delayed until death until death then delayed
EEG - - - - - - - generalized
epileptiform
activity, slow
background
MRI (age - - - normal (5 years) — - - mild cerebellar
performed) atrophy
(7 years)

(Continued on next page)
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Family 2 Family 3 Family 4 Family 5 Family 6
11-lV-7 (A2) -2 -1 -1 -3 V-1 V-2 n-3
F M F F F M F F
UAE Italy Turkey Pakistan Pakistan Iran Iran Turkey
+ same village + + + + + +
3 years 16 years 15 years 13 years 2 years died at 6 years 3 years 10 years
- - - - - in sleep - -
g.36558895C>T 8.36557226C>T g.36556868A>C g.36557324_ 8.36557324_ 8.36557524C>T g.36557524C>T 8.36554605G>A
36557328delTGCCC  36557328delTGCCC
¢.1000C>T c.316C>T c.235A>C c.414_418delTGCCC c.414_418delTGCCC ¢.530C>T ¢.530C>T c.100G>A
p-GIn334* p-GIn106* p-Thr79Pro p-Alal39Glyfs*4 p-Alal139Glyfs*4 p-Ser177Leu p-Ser177Leu p-Asp34Asn
+ + + + + + + +
+ + + + + + + +
+ + + + mild developmental + + +
delay
normal speech  slow speech normal normal delayed normal until speaks only delayed
but then 1.5 years a few words
deteriorated but then
deteriorated
with difficulty
speaking
walked normally normal but normal normal but then mildly delayed normal until normal normal
at 14 months then deteriorated deteriorated by 1 year but then
but then had by 2 years 2 years but then deterjorated
ataxia and poor deteriorated by 1.5 years
balance at
19 months
16 months - - - 9 months 24 months 36 months -
absence, GTCS - - GTCS with illness GTCS with illness multifocal, multifocal, -
GTCS GTCS
normal but normal but normal mild ID (IQ 60) mild global normal but normal but mild ID
then delayed then started developmental then stagnated  then stagnated
deteriorating delay
at age 11 yeras
generalized - - mild slowing normal generalized normal normal
epileptiform background epileptiform
activity, slow activity (3 years) activity, slow
background background
mild cerebellar  cerebellar mild cerebellar  mild cerebellar normal - normal mild cerebellar
atrophy (7 years) vermis atrophy  atrophy, atrophy (4 years) (11 months) (3 years) vermis atrophy,
(11 years) spinal cord spinal cord
atrophy atrophy
(12 years) (15 years)

(Continued on next page)
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Table 1. Continued
Family 1
I-IV-1 1-IvV-2 I-Iv-3 I-IV-5 IvV-11 1-1v-2 II-IV-5 II-IV-6 (A1)
EMG or - - - - - - - nerve biopsy
biopsy with severe
axonal loss
Onset of - - 2.5 years 3 years 2.5 years - - 2.5 years
unsteady gait
Other Clinical Features
Exacerbated by + + + + + + + +
illness and/or
stress
Other clinical - - - hypotonia with can walk but progressive progressive repeated
features repeated is very weakness weakness pneumonia,
pneumonia, unsteady repeated
ventilator cardiac arrest,

dependent at
time of death

profound type II
muscle fiber
atrophy

Clinical presentation for affected subjects from families 1-6. Abbreviations are as follows: +, yes; —, not available; DTR, deep-tendon reflex; EEG, electroenceph-
alography; EMG, electromyography; F, female; GTCS, generalized tonic-clonic seizure; ID, intellectual disability; M, male; MRI, magnetic resonance imaging; and

SNHL, sensorineural hearing loss.
AUCSC Genome Browser.

50% decrease with the neuron-specific promoter, elav
(embryonic lethal abnormal visual system) (Figure S4A).
Whereas the da-Gal4 and Parg"™™* lines showed normal
survival, crossing the two together led to daughterless
(da)-mediated expression of Parg®™, which reduced sur-
vival substantially (Figure S4B). Ubiquitous knockdown
of Parg also led to decreased survival when animals were
exposed to stress with either hydrogen peroxide (H,O,)
in their water or environmental hypoxia (2% O,) (Figures
S4C and S$4D). Furthermore, knockdown of Parg specif-
ically in neurons largely recapitulated this phenotype by
using the same two environmental stressors (Figures S4E
and S4F). These data provide evidence that stress leads to
premature death in the absence of Parg and that neurons
play an important role in this phenotype.

However, lethality of these flies was not as severe as in
the Parg?”-! line, which carries a p-element insertion that
deletes two-thirds of the open reading frame (nucelotides
34,622-36,079 of GenBank: 7Z98254),'* suggesting that
Parg"™A is partially inactivating. These mutant flies with
Parg loss of function lack the protein Parg and show
elevated amounts of PAR, especially in nervous tissue.'*
Mutant flies die in larval stages, but 25% of the animals
survive when grown at the permissive 29°C temperature.
These adult flies display progressive neurodegeneration,
reduced locomotion, and reduced lifespan,14 consistent
with the individuals’ phenotypes in our families. We
confirmed lethality of the Parg’’! line and found that
forced expression of Drosophila Parg under the ubiquitous
da promoter in the mutant background increased both sur-
vival and motor activity as measured by an established
“climbing index” (Figures 3B and 3C).”" Likewise, expres-
sion of the human ADPRHL2 under the same da promoter

showed a nearly identical degree of rescue of both survival
and locomotor activity (Figures 3B and 3C). These results
suggest that human ADPRHL?Z2 is a functional paralog of
Drosophila Parg.

We next tested whether this phenotype might be amelio-
rated by inhibition of protein PARylation. We reasoned
that the requirement for dePARylation should be reduced
by the blockage of stress-induced PARylation. Minocycline
displays PARP inhibitory activity with an ICso of 42 nM
in humans®' and is well tolerated in flies.”” We fed flies
with a range of concentrations from O to 1 mg/mL minocy-
cline for 24 hr before stress and measured survival rates
96 hr after stress induction. Drug treatment of flies with
ubiquitous knockdown of Parg revealed a dose-dependent
partial rescue of the lethality (Figure S4G). This rescue
was also seen when the drug was given to flies with
neuron-specific knockdown of Parg (Figure S4H), providing
evidence that PARP inhibition can rescue lethality in vivo.
Although we expect that the effect of minocycline on sur-
vival in this assay was due to its effect on PARP, we cannot
exclude off-target or non-specific effects.**

Given that PARP inhibitors are currently in trials for
various types of cancer, it is possible that these drugs could
be tested for clinical effectiveness in this orphan disease,
where they could have a positive effect. Potentially clini-
cally relevant PARP inhibitors include (1) minocycline,
an FDA-approved tetracycline derivative that displays
PARP inhibitory activity; (2) dihydroisoquinoline (DPQ),
a non-FDA-approved potent PARP-1 inhibitor used in
experimental research; and (3) veliparib (ABT: 888), a
potent PARP-1 and PARP-2 inhibitor currently in clinical
trials for the treatment of various type of cancers (ICso =
42, 37, and 4.4 nM, respectively).”"**
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Family 2 Family 3 Family 4 Family 5 Family 6

II-IV-7 (A2) -2 -1 -1 -3 1v-1 V-2 -3

- - axonal normal muscle - normal (4 years) axonal axonal
polyneuropathy biopsy (4 years) polyneuropathy polyneuropathy
(4 years) (4 years)

20 months 11 years 4 years 2.5 years not yet 1.5 years 1.5 years 10 years

+ + + + + + + +

normal hearing myopathic claw hand and  asthma - progressive progressive distal muscle

but then changes on pes cavus weakness, weakness, atrophy, pes

developed severe muscle biopsy deformities, tremors, progressive cavus deformity,

SNHL, severe (11 years) scoliosis, SNHL frequent falling external toe abnormality,

kyphoscoliosis, at 10 years, ophthalmoplegia scoliosis, brisk

one episode of tracheotomy, DTRs, positive

cardiac arrest ventilation Babinski reflex,

intentional tremor,
ataxia

The extent to which ADPRHL2 and PARG functionally
diverge or converge is not well understood, partly because
of a lack of detailed comparative expression analysis and
biochemical function. PARG demonstrates greater specific
activity than ARH3 for removing PAR from proteins,®
and loss of Parg in mice is embryonically lethal.'* Together,
these data suggest that PARG is likely to be the major
contributor to PAR removal in cells that express both genes
under basal conditions. One possibility is that ADPRHL2

acts as a backup for PARG to remove excessive PAR moieties
under stress conditions. This would be consistent with the
clinical pesentation of individuals with loss of ADPRHLZ2,
where phenotypes appear to be induced by environmental
stress. Recent studies have shown that ARH3 acts on a
recently discovered form of Ser-ADP ribosylation.**
For example, studies have illustrated an excessive
accumulation of Ser-poly-ADP-ribosylated enzymes in
ADPRHL27'~ cell lines and that ARH3 acts mainly on

A C Family 1
Ex1 Ex2 Ex3Ex4 Ex5 Ex6 C U IV-II-6  IV-II-7
t 7 T " Family 5 t ARH3 . = 39kDa
Family 6 Fifgg.\gg Family 2\ ©C5%0T  Family 1
¢.G100A c. .
cC316T Famiys  ©C1000T a-Tubulin -- @00 s 50kDa
c.414-418del
B Family 3 Family 2
127 363 c 11-1 u o2
ADP-ribosyl-glycohydrol main 3
I | DP-ribosyl-glycohydrolase doma |  ARH3 ‘ s 29kDa
T T T high exposure .-
Family 3 Family 5 Family 1 -
p-Thr79Pro Family 2 p.Ser177Leu  P-.GIn334Ter ARH3 39kDa
p.GIn106Ter low exposure San
Family 6 Family 4
p-Asp34Asn p.Ala139GlyfsTer5 O-TUDUN s e e s 50kDa

Figure 2. Truncating and Missense ADPRHL2 Mutations in Six Independent Families Are Predicted to Be Inactivating

(A) Schematic of ADPRHL2 depicts the coding sequence spanning six exons and the 5" and 3’ UTRs. Black arrows indicate the positions of
the six identified mutations and their coordinates within the cDNA (Gene ID: 54936).

(B) Schematic of ARH3 depicts the mitochondrial localization sequence (MLS) and the ADP-ribosyl-glycohydrolase domain. Black arrows
indicate the position and coordinates of the impact of the described mutations.

(C) Western blot of fibroblasts from an unrelated control individual (C), the unaffected carrier father (U), and affected individuals IV-II-6
and IV-II-7 from family 1 shows the absence of ARH3 in affected fibroblasts. a-tubulin was used as the loading control. Western blot of
fibroblasts from an unrelated control individual (C) and affected individual II-1 from family 3 and the unaffected carrier mother (U) and
affected individual II-3 from family 2 shows significantly reduced amounts of ARH3. a-tubulin was used as the loading control.
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Ser-ADPr removal.?® This would be consistent with the

phenotype we see in subjects with loss of ARH3, where
phenotypes do not emerge until environmental stress
insults are encountered. Finally, ARH3 contains a mito-
chondrial localization signal, and thus another possibility
is that ARH3 functions as a mitochondrial-specific glyco-
hydrolase that is required after the induction of oxidative
stress.”

PAR signaling has been shown to play a role in a number
of cellular processes—including the regulation of transcrip-
tion, telomere function, mitotic spindle formation, intra-
cellular trafficking, and energy metabolism—in addition
to apoptosis-inducing-factor (AIF)-mediated apoptosis.”*
Although we hypothesize that the disease mechanism is
through cell death, it is possible that PAR accumulation
could affect other cellular processes before this. Further
work is needed to characterize these effects in the context
of this disease.

Accession Numbers

The exome sequencing data from individuals from the University
of California, San Diego, study site have been deposited in the
Database of Genotypes and Phenotypes under accession number
dbGaP: phs000288.v1.
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Supplemental Data include a Supplemental Note, Supplemental
Material and Methods, four figures, and one table and can be
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Supplemental Data

Supplemental Note: Case Reports

Family 1 is from the United Arab Emirates (UAE), with 9 affected individuals in two
branches, matching a recessive mode of inheritance. In this family, two brothers married
two sisters that were both first cousins. All affected family members had normal
pregnancy, labor, delivery, unremarkable newborn periods, and displayed typical
developmental milestones. All affected individuals developed seizures between the ages
of 1-2 years of age. The diagnosis of epilepsy predated developmental stagnation and
loss of milestones. In some children, the presentation was consistent with sudden
unexplained death in epilepsy (SUDEP, MIM: 617116). The connection with SUDEP was
intriguing, and not well medically documented, but parents of both branches report that
four of the children were healthy, then found dead during routine activities such as eating
cereal, playing on a swing-set, or sleeping. The clinical presentation of this family did not
match any reported conditions in the medical literature, and the physicians were not able
to abate the clinical features with medical therapy.

Individual II-1V-6 was born full-term without complications. At 13 months, following a
typical upper respiratory infection, he developed brief, absence-like episodes, which
persisted weekly thereafter, mostly upon waking and without loss of consciousness. At
14 months he developed episodes that began with sudden stiffening of the back,
followed by head deviation and loss of consciousness. These occurred 1-3 times per
day, were diagnosed as generalized tonic-clonic seizures, and were refractory to
antiepileptic treatment. At age 2 years, he showed signs of speech and developmental
delay. MRI of the brain showed possible periventricular white matter loss but was
otherwise structurally normal. EEG, EKG, karyotype, serum amino acids, lactate,

pyruvate, and urine organic acids to evaluate for mitochondrial dysfunction were normal



repeatedly. At age 5 years, he was able to walk but his gait was unsteady and he
suffered relapsing-remitting upper respiratory infection-associated cyclic episodes of
depressed consciousness and hypoventilation requiring intubation, which each time was
associated with further loss of developmental milestones. Muscle and nerve biopsies
showed profound Type Il fiber atrophy with severe axonal loss. The subject could not
wean from the ventilator, requiring a tracheostomy and gastrostomy tube for life support.
Following the resolution of an acute illness with supportive therapy, his condition
improved slowly and some previous skills returned, but this was quickly followed by
further iliness and loss of milestones. He had a series of cardiac arrests during acute
exacerbations, but recovered with aggressive resuscitation. At age 9 years, MRI showed
cerebral volume loss, amygdala and hippocampal atrophy (Fig. 1B). MR spectroscopy
showed elevated N-acetyl aspartate in white matter voxels, suggesting ongoing neuronal
degeneration. EEG showed frontal intermittent rhythmic delta activity and lack of clear
posterior dominant rhythm, supporting white matter involvement. He did not improve
significantly with physiotherapy and after a prolonged medically related transcontinental
air flight, he died of respiratory failure at age 9. The clinical course for his sibling (lI-1V-7)
was similar to the index case except that she, with previously normal hearing, developed
severe sensorineural hearing loss and paralysis of the right diaphragm during the course
of her disease. MRI of the brain also showed possible periventricular white matter loss
and enlarged ventricles, but was otherwise structurally normal. Repeated mitochondrial
studies revealed no accumulation of relevant intermediates, and she remains in stable
condition.

Family 2 is from Sicily with one affected individual, who is currently 16 years old. This
boy is the second of two children born from healthy Sicilian parents, who report no
consanguinity (but are from the same village) and who have no history of neurological

disorders. His growth parameters at birth were within normal range and the parents



report no concerns in the neonatal or early infantile age. Since the age of 10 years, he
began experiencing balance difficulties and by age 11, showed gait abnormalities with
progressive ataxia. Also at that time, abnormal ophthalmological features including
nystagmus diplopia were noticed. His speech development was normal; however, his
intellectual ability began to decline. At age 11, visually evoked potentials showed
irregular waveform and amplitude within low limits. At the same time, the boy started to
present cognitive difficulties and behavior abnormalities.

As part of the diagnostic work-up to define his condition, extensive metabolic and
genetic investigations (including ataxia genes panel sequencing) were performed and
fully reported as normal. Brain MRI performed at the age of 11 years showed cerebellar
vermis hypoplasia/atrophy. There were some non-specific myopathic changes on his
muscle biopsy. Peripheral nerve conductions studies showed low compound muscle
action potentials (CMAPs) and axonal neuropathy. He developed ophthalmological
features including nystagmus and diplopia. He also has severe scoliosis. Since the age
of 10 years, he started to experience balance difficulties and since the age of 11,
showed gait abnormalities with progressive ataxia. At the age of 14 years, there was a
worsening of ataxia with severe difficulties in walking autonomously. He developed
gynecomastia at the age of 10 years and endocrinological tests showed mild
hypogonadism with elevated FSH values. Additionally, during the disease course, he
experienced several episodes of hyperthermia, not responsive to paracetamol treatment,
especially during the summer season. On last neurological examination at age of 15
years deep tendon reflexes were reduced. Cerebellar tests were impaired and he
showed dysmetria. Tongue fasciculations were also noticed.

Family 3 is a Turkish family with one affected child born to consanguineous parents. She
had normal developmental milestones. At the age of 4 years, she began to develop

weakness in her upper and lower extremities and had difficulties in walking and



abnormal gait. Cognitive functions remained initially normal. Her older brother had been
diagnosed with cerebral palsy and died at the age of 9 years but further investigations
have not been performed. Examinations at the age 8 years in another hospital revealed
a mixed type polyneuropathy and sensorineural hearing loss, with normal brain and
spine MRI. Since a chronic inflammatory polyneuropathy was suspected, an intravenous
immunoglobulin treatment was started. However, there was no clinical benefit and she
became wheelchair-dependent at the age of 12 years old.

Physical examination at the age of 12 years revealed symmetric muscle atrophy in upper
and lower extremities. Muscle power was 4/5 and 3/5 in proximal and distal muscles of
upper and lower extremities, respectively. There was thenar and hypothenar atrophy,
claw hand and pes cavus deformities. Deep tendon reflexes were absent. Abduction of
the eyes were restricted bilaterally. There were tongue fasciculations. Cerebellar tests
were mildly impaired and speech was dysarthric. Brain MRI showed mild cerebellar
atrophy. There were no dysmorphic features and mental functions were normal.

All metabolic investigations including serum and urinary amino acids, urinary organic
acids, TANDEM analysis, very long chain fatty acids, serum biotidinase, serum
ammonia, lactate and pyruvate were normal. Brain and spinal MRI showed mild
cerebellar and spinal cord atrophy. On electroneuromyography, sensory responses were
absent and only left median nerve could be stimulated. Nerve conduction of left median
nerve was reduced (34.4 m/s) and amplitudes were very low (wrist: 390 uV and elbow:
328 uV). Needle electromyography showed polyphasic potentials. Repeated hearing test
revealed moderate sensorineural hearing loss on the left and severe sensorineural
hearing loss on the right.

Genetic analysis for PMP22, SCA 1 and 2 were normal. Progressive hearing loss,

axonal polyneuropathy and worsening of respiratory functions during infections



suggested riboflavin responsive neuropathy, and co-enzyme Q10 (100 mg/day) and
riboflavin (200 mg/day) were started. However, she did not benefit and weakness
worsened. She became home-ventilator-dependent with tracheostomy. Mental function
remained normal but she became bed ridden.

Family 4 originated from Pakistan, and parents were first cousins. Their first daughter
was born after pregnancy complicated by gestational diabetes. Delivery and early
development were normal. The subject was able to walk without support around age 18
months. She was diagnosed with asthma. At the age of two years, parents noted that
gait became more unstable, with swaying of arms to keep her balance. During varicella
infection, this deteriorated, and she was almost no longer able to sit and had a head
tremor. Neurological examination at age 3.5 years showed mild dysarthria, a cerebellar
eye movement disorder with saccadic pursuit and hypometric saccades, evident gait
ataxia and mild intention tremor and dysmetria. In addition, muscle tendon reflexes were
exaggerated at the legs, with bilateral Babinski signs. Funduscopy was normal. General
pediatric exam was normal. MRI was initially normal. At the age of 4.5 years, she had
mild cerebellar atrophy, which remained stable. Extensive metabolic investigations
(plasma, urine and CSF) were normal except a slightly positive filipin test in fibroblasts,
which led to the suspicion of Niemann-Pick type C disease. NPC1 and NPC2 were
sequenced, but no explanation found. Muscle biopsy revealed non-specific mild atrophy
of type 2 fibers and variation in fiber diameter; respiratory chain function in fresh tissue
was normal as well as mitochondrial morphology. Whole-exome sequencing in 2015 was
initiated. Clinical course during the last 10 years remained remarkably stable (with the
exception of deterioration with viral infections), and the subject was able to walk without
support at age 13 years with mild mental retardation. Neurological examination showed
spastic ataxia. Parents conveyed that high temperatures led to deterioration of

symptoms. The youngest sister of the index individual was born after a pregnancy



complicated by gestational diabetes, without complications. Early development was
slow. She presented with generalized tonic-clonic seizures at age 9 months responding
well to monotherapy with valproic acid. At age 2 years, she had mild global
developmental delay, walked without support age at 18 months, spoke several words
and some two-word combinations at age 23 months. Neurological examination at age 23
months was normal. Brain MRI as well as metabolic testing of plasma, urine and CSF
was entirely normal, and whole-genome sequencing was initiated. This analysis
revealed the same homozygous variant in ADPRHL?2 in both sisters, in addition to a de
novo mutation in CSNK2B (OMIM: 115441, c.T161A p.Leu54Ter) in the youngest sister.
Family 5 was from Iran with 2 affected individuals, whose parents are first cousins. The
proband (I1-2) displayed normal developmental milestones until 18 months of age when
she regressed significantly. She was noted to have muscle weakness and ataxic gaits.
She began having epileptic attacks, which were controlled with phenobarbital; however,
EEG and metabolic testing were normal. MRI performed at the age of 3 years showed
abnormal white matter signal intensity in the bioccipital lobe but was otherwise
structurally normal. EMG performed at the age of 3 years old indicated chronic
sensorimotor distal polyneuropathy with axonal features. There were multiple oculomotor
features including nystagmus, strabismus in one eye, putative external ophthalmoplegia
with ptosis, impaired saccades, and upward gaze, suggesting brainstem dysfunction.
She has recently started to walk with the help of her parents and she speaks only a few
words and she has autistic features. Her affected brother (lI-1) exhibited similar
presentation, with onset of symptoms around 18 months of age with frequent falling,
hypotonia, muscle weakness, tremor and seizure controlled by valproate. Neurological
examination at the age of 4 years showed that he was developmentally normal with
normal cognition but the DTR are decreased. MRI taken at the age of 3 years old

showed mild cerebellar atrophy. He was able to walk with difficulty. EMG and NCV at the



age of 4 years old were normal. He also developed ataxia, poor balance and autistic
features. He passed away at the age of 6 years old suddenly during sleep with no known
cause.

Family 6 is a Turkish family with one affected female individual |I-3 who is at the age of
16 years. She was born at term from healthy consanguineous parents after an
uneventful pregnancy and delivery. She had two siblings. One of them died at the age of
18 years because of Wilson disease complications. The diagnosis of Wilson was
confirmed pathologically. The other sibling was never able to walk independently and
was first seen at the age of 11 months in another clinic because of motor delay and
dropped head. His mental functions were normal but he developed severe scoliosis and
distal muscle weakness and atrophy. He died suddenly due to SUDEP during the course
of an upper respiratory tract infection.

Case II-3 was admitted to the neonatal intensive care unit for one week because of
feeding difficulties and vomiting. She was later discharged and reached her motor
milestones at normal ages. However, she had speech delay and started to talk at the
age of 3 years. By the age of 13 years, she began to show gait abnormalities with
difficulties in walking. She was admitted to a pediatric neurology clinic with the
complaints of severe fatigue and progressive weakness.

On physical examination, she was in an apathic mood. Her upper extremity muscle
strength was 4/5, lower extremity muscle strength was 3/5. Distal muscle groups were
more affected than proximal muscle groups. She had symmetrical atrophy in intrinsic
hand and peroneal muscles. Deep tendon reflexes were increased and the Babinski sign
was bilaterally positive. She also had a scoliosis and showed pes cavus deformities.
Cerebellar examination revealed head titubation, mild intention tremor, head tremor and
dysarthric speech. Her proprioception was also impaired and the Romberg sign with

closed eyes was positive. WISC-R test performed at 15 years of age showed mild



intellectual disability. The disease progressed to permanent muscular weakness of distal
lower and upper extremities and she became wheelchair dependent at the age of 15.

Laboratory studies including complete blood cell count, infectious and metabolic
evaluations revealed no abnormalities. Creatine kinase levels were slightly elevated
ranging from 230 to 435 U/L (normal values: 0-145 U/L). Brain and spinal MRI performed
at the age of 15 years showed mild cerebellar vermis atrophy and spinal cord atrophy.
Ophthalmological examination, electroencephalography and auditory brainstem
response (ABR) tests were normal. Nerve conduction studies revealed mild conduction
delay in the right median nerve (40 m/sec) and the right tibial nerve (35 m/sec). Sural
sensory responses could not be obtained. Peroneal nerves could not be stimulated.
Compound muscle action potentials of right median and ulnar nerves were normal but
compound muscle action potentials of tibial nerve were severely reduced (proximal: 330
pv, distal: 249 pv). Needle electromyography examinations at rest showed fibrillations
and positive waves in tibialis anterior muscles consistent with severe denervation.

Results were compatible with lower limb dominant axonal sensorimotor polyneuropathy.
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Figure S1. Linkage analysis and RT-PCR for family 1.

(A) Multipoint linkage plot for the family shows a peak on chromosome 1 with a
maximum LOD score of 3.4 (arrow) and lower peaks on chromosomes 4 and 20.

(B) RT-PCR results of fibroblasts from unrelated control (C), unaffected carrier Father
(U), and affected individuals (IV-11-6 and IV-I-7) from Family 1 shows normal ADPRHL?2

MRNA levels.
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Figure S2. Families 3, 5 and 6 carry ADPRHL2 missense mutations that affect
conserved amino acid residues.

(A) The amino acid missense mutations in Families 3, 5, and 6 are conserved in almost
all vertebrates.

(B) Cartoon model of ADPRHL2 as solved at 1.6 Angstrom resolution.” Depicted are the
mutated residues, Ser177, Thr79, and Asp34 in red within alpha-helical domains. Mg

ions are shown in blue.
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Figure S3. Biochemical characterization of Wildtype ARH3 and mutants on protein
stability and substrate binding.

(A) Recombinant protein purification of ARH3 Wildtype (WT) and mutants with His-tag
affinity chromatography. TL: total lysate, SF: soluble fraction, IB: inclusion body, E:
elution of pure proteins, UBF: unbound flow through.

(B-C) CD-spectroscopy measurement of secondary structure of ARH3-Wildtype and
mutants. (B) Normalized exemplary presentation of the CD-spectra of recombinant
ARH3-Wildtype and ARH3-p.Thr79Pro. Molar ellipticity [ 6 ] measured at 10°C in a range
of 190-260 nm. (C) Experimentally determined composition of the secondary structural
elements of ARH3-Wildtype and ARH3-p.Thr79Pro. Comparison of Uniprot data and
CD-derived data from ARH3-Wildtype and ARH3-p.Thr79Pro. The data analysis was
carried out with DichroWeb and is based on the algorithm CONTINLL."" The mean

values and standard deviation of the CD-data analysis are tabulated in percent. ARH3-



Wildtype n=3 NRMSD >0.05; ARH3-p.T79P n=3 NRMSD >0.08. (NRMSD= Normalized
root-mean-square deviation).

(D-I) Thermal stabilities of ARH3-Wildtype and ARH3-Thr79Pro measured via the
thermofluor assay. Measured using 6 pg protein, ROX filter (575-602nm) and SYPRO
orange dye. (D) Thermofluor melt curves of recombinant ARH3-Wildtype and ARH3-
p.Thr79Pro. Average melting temperatures: ARH3-Wildtype= 44.79 °C; ARH3-
p.Thr79Pro= 28.37 °C. (E) Thermofluor melt curves of recombinant ARH3-Wildtype with
different ligands (100 uM). Average melting temperatures: ARH3-Wildtype= 45.74 °C;
ARH3-Wildtype+ ATP=44.57°C; ARH3-Wildtype+ribose-5-phosphate=45.75 °C; ARH3-
Wildtype+ADPr= 54.52°C. (F) Normalized and (G) derivative ARH3-Wildtype melt curve
in the presence of adenosine diphosphate ribose (ADPr). Average melting temperatures:
ARH3-Wildtype= 43.87 °C; ARH3-Wildtype+ADPr= 54.59 °C. (H) Normalized and (l)
derivative ARH3-p.Thr79Pro melt curve. Average melting temperatures: ARH3-
p.Thr79Pro= 28.37 °C; ARH3-p.Thr79Pro + ADPr= 31.05 °C.
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Figure S4. Drosophila mutants display increased survival with PARP inhibition.
(A) Relative parg expression in ubiquitous knockdown animals under the daughterless

(da) promoter shows that RNAi leads to an ~60% in parg mRNA levels. Relative parg



expression in neuron-specific knockdown animals under the elav promoter shows that
RNAI leads to an ~50% in parg mRNA levels in the head of the animal only.

(B) Mutant flies with a ubiquitous decrease in parg by RNAi die prematurely (red)
compared with parental stocks (black).

(C,E) Flies with ubiquitous knockdown of parg under the daughterless (da) promoter
display decreased survival when exposed to oxidative stress or low oxygen.

(D,F) Flies with knockdown of parg under the neural elav promoter display decreased
survival when exposed to oxidative stress or low oxygen.

(G,H) Flies with ubiquitous and neuronal knockdown of parg can show increased
survival in the presence of hydrogen peroxide when pre-treated with Minocycline.

Kaplan—Meier Log-rank Test. Data is mean  s.e.m. of n=8 experiments.



Table S1. Detailed information for all mutations detected in affected individuals

from families 1-6, including gene name, transcript number, genetic (gDNA) and

complementary DNA (cDNA) position, and protein position.

Family Gene Transcript gDNA pos. cDNA pos. Protein pos.
Family ADPRHL2 NM_017825.2 g.36558895C>T C.1000C>T p.GIn334Ter
1Family ADPRHL2 NM_017825.2 g.36557226C>T c.316C>T p.GIn106Ter
|2=amily ADPRHL2 NM_017825.2 g.36556868A>C c.235A>C p.Thr79Pro
I::amily ADPRHL2 NM_017825.2 g.36557324_36557328delTGCCC c.414_418delTGCCC p.Ala139Glyfs*4
I‘:amily ADPRHL2 NM_017825.2 g.36557524C>T c.530C>T p.Ser177Leu
|5=amily ADPRHL2 NM_017825.2 g. 36554605G>A c.100G>A p.Asp34Asn




Supplemental Materials and Methods

Linkage Analysis and Exome Sequencing

This study was approved by the Institutional Review Board at the respective host
institutions. All study participants signed informed consent documents, and the study
was performed in accordance with Health Insurance Portability and Accountability Act
(HIPAA) Privacy Rules. DNA was extracted from peripheral blood leukocytes with salt
extraction and genotyped with the lllumina Linkage Vb mapping panel.1 LOD scores
were calculated using easylLinkage-Plus software using genotype results of all
consenting family members in the parental and affected generations.? Fine mapping of
selected individuals was performed using the Affymetrix 250K Nsp1 SNP array and
results analyzed using identity-by-descent mapping. Exome capture was performed
using the Agilent SureSelect Human All Exome 50Mb Kit and paired-end sequenced on
an lllumina instrument.® Depth of coverage was 30+16 (s.d) per exome and exome data
was analyzed as previously described.* Whole exome sequencing for case II-1 family 3
was performed on an lllumina Hiseq 4000, using the SureSelect Human All Exon V6
enrichment kit and a paired-end 75bp sequencing protocol and data analysis and

filtering for autosomal recessive inheritance was performed as previously described.®

Whole genome sequencing (WGS)

Both affected siblings from family 4 underwent whole genome sequencing. In brief,
Sample prep (TruSeq DNA, input 250 ng) and the Illumina’s HiSeqX sequencing
platform were used according to manufacturer’s instructions to perform WGS with
2x150bp read length. lllumina data were processed with the inhouse developed pipeline
(https://github.com/hartwigmedical/pipeline), with settings validated for clinical genetics

version 1.12 (https://github.com/hartwigmedical/pipeline/blob/master/settings/KG.ini).



The 20x coverage of the exome target sequence was >95% for all samples. Variants
present in the protein coding region or those that potentially affect splicing, +/- 6 base
pairs into the intron were prioritized using Cartagenia Bench Lab NGS (Agilent
Technologies, Santa Clara, USA) based on population allele frequency and anticipated
inheritance patterns. Further interpretation was performed based on predicted functional
impact of the variants and literature.

For case II-3 from family 6, the DNA libraries for Trio-Whole Genome
Sequencing were prepared for WGS using lllumina’s TruSeq PCR-Free sample

preparation kit according to manufacturer instructions. In short, 1 u« g of gDNA was

fragmented to a mean target size of 350-450 bp using a Covaris E220 instrument,
followed by end-repair, 3’-adenylation and ligation of indexed sequencing adaptors. The
quality and concentration of all sequencing libraries was assessed using a LabChip GX
instrument (Perkin Elmer), followed by further quality control using a MiSeq sequencer
(Nlumina) to obtain optimal cluster densities, insert size and library diversities.
Sequencing libraries (one sample per lane) were hybridized to the surface of HiSeqX
flowcells (v2 or v2.5) using the lllumina cBot™. Paired-end sequencing-by-synthesis
(SBS) was performed on lllumina HiSegX sequencers, using 2x150 cycles of
incorporation and imaging. Real-time analysis involved conversion of image data to
base-calling in real-time. All steps in the sample preparation and sequencing workflow
were monitored using an in-house laboratory information management system (LIMS)
with barcode tracking of all samples and reagents.

The GRCh37 reference sequence was used to map reads. The raw sequences
were aligned to reference sequence using BWA version 0.7.10. The sequences in the
BAM files were realigned around indels with GATKLite version 2.3.9 using a public set of

known indels. PCR duplicates marked with Picard tool version 1.117. We filtered out the



variants with low map quality, low read depth (<6x), low Phred-scaled SNP quality score
(<20) and strong strand bias. Variants were analyzed using the Clinical Sequence Miner
application (DeCODE Genetics, Iceland). Low-quality variants, variants with call ratios of
less than 20%, and variants with global allele frequencies higher than 0.01 were
excluded from analysis according to Exome Aggregation Consortium (ExAC), Genome
Aggregation Database (GnomAD) and Greater Middle East Variome project (GME
Variome). Variants were analyzed under the assumption of being present or
homozygous in the affected individual and absent or heterozygous in the unaffected
parents. Variants were prioritized according to in silico pathogenicity score using Phred-

scaled score provided by Combined Annotation Dependent Depletion (CADD).

Reverse Transcription (RT) PCR

Fibroblasts from affected individuals were harvested from punch biopsy and grown as
previously described.® For the relative quantification of mMRNA expression, total RNA
from quantified subject and control fibroblasts was reverse-transcribed using the
Superscript Il First-Strand cDNA Kit (Invitrogen). PCR analysis of cDNA was performed
using dHPLC-purified primers designed against exons 4-6 of ADPRHL2 excluding

introns and PCR products were visualized using standard techniques.

Antibodies

ADPRHL2 (Sigma HPA027104); Tubulin (Sigma T6074).

Western Blot
Patient and healthy control fibroblasts were grown to 90% confluence, pelleted, and
lysed in the treatment buffer (20mM Tris-HCI pH 8, 137mM NaCl, 1% Triton X-100, 2mM

EDTA) with a cocktail of protease inhibitors (Complete Protease Inhibitor Cocktail



Tablets, Roche). Protein quantification was performed with the BCA Protein Assay Kit
(Pierce), 25 ug of the protein samples were run on standard 10% SDS-PAGE gels, and
transferred to a PVDF membrane. Membranes were then blocked in either 5% non-fat
milk powder or 4% BSA in Tris-buffered saline Tween (TBST), incubated overnight in the
primary antibody solutions, washed, and incubated in the HRP-conjugated secondary
antibody solutions for 1 hour. Bands were visualized using an appropriate

chemiluminescence detection reagent.

Protein Purification

Wildtype ADPRHLZ2 cDNA was cloned into pET15b vector and mutations were
introduced via mutagenesis with NEB Q5 mutagenesis kit. Recombinant proteins were
purified with Escherichia coli BL21-CodonPlus (DE3)-RIPL competent cells (Agilent)

according to previous study.’

Thermofluor Assay

6 ug of purified protein was re-buffered in Hepes buffer (10 mM Hepes; 1 mM MgCly; 5
% Glycerol; pH 7.0) and mixed with 10 x SYPRO™ Orange Protein Gel Stain in DMSO
(Invitrogen™) to a total volume of 25 pl. 100 pM ligands (adenosine diphosphate ribose
(ADPr); adenosine triphosphate (ATP); ribose-1-phosphat (r-1-P); ribose-5-phosphat (r-
5-P)) were added to test their influence on the thermal stability. Triplicates were pipette
in a 96 well plate, heated up to different temperatures in a rage of 15-70 °C and
measured the fluorescence with Applied Biosystems 7500 Real-Time PCR System,
using the ROX filter. Data were analyzed with Protein Thermal Shift™ Software (Thermo

Scientific™).



Circular Dichroism (CD) Spectroscopy

40-50 pg purified protein were re-buffered in NaPO4 (10 mM; pH 7.0) and diluted in a
total volume of 200 pl. Proteins were heated from 10°C to 70°C in 5-10°C steps in the
range of 180-260 nm or with variable temperature from 10-70 °C (1°C/minute) while

measuring the 6 mdeg with the Jasco J-715 CD-spectrometer at 221 nm. Data were

collected in cuvette with 1 mm path length and analyzed with DichroWeb using the
CONTINLL algorithm and the reference set 7 (25; 26). Data were normalized for molarity

to obtain the mean residual elipticity.

Drosophila Stocks and Crosses

UAS-Dicer 2 (#24650), daughterless (da)-Gal4 (#5460), and elav-Gal4 (#458) were
obtained from the Bloomington Stock Center (Indiana). Parg?’"! was kindly provided by
A. Tulin as described.® UAS-parg RNAI (#23964GD) was obtained from VDRC (Vienna).
All Gal4 and UAS strains were out-crossed into w1118 at least 6 times. Flies were
maintained at room temperature. Experiments were performed at 25°C. Dicer-2 (Dcr)
was included in RNAI experiments together with da>Gal4 or elav-Gal4 to enhance RNAI
effects.’ Homozygous elav-Gal4; UAS-Dcr and da-Gal4;UAS-Dcr stocks were
established by standard genetic crosses, then crossed to either to UAS-parg RNAI for

RNA knock-down or to w1118 for control in respective experiments.9

Quantitative PCR (qPCR)

Total RNA was isolated from whole flies, heads, or bodies using Trizol (Invitrogen) and
the RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions. cDNA
synthesis was performed with oligo-dT and random primers using SuperScript Il first-

strand synthesis system (Invitrogen). gPCR was performed in duplicate using SYBR



Green on an ABI 7900HT qPCR system (Applied Biosystems) according to the
manufacturer’s protocol. All samples were analyzed from at least 3 independent
experiments. Data was normalized to the level of rp49 mRNA prior to quantifying the

relative levels of mMRNA between controls and experimentally treated samples.

Oxidative Treatment

Four to five day-old males, grouped with 20 flies per vial, were fed on a 3mm Whatman
paper soaked with 1% hydrogen peroxide (Sigma) in 5% sucrose/PBS. Control flies
were fed 5% sucrose/PBS. Under this condition, flies live up for 10 days without
consequence. Scores were generated every 12 hours for the number of dead flies.
Fresh hydrogen peroxide was added daily. For Minocycline experiments, flies were fed
first with 5% sucrose/PBS or 5% sucrose/PBS/Minocycline for 24 hours prior to adding

hydrogen peroxide (n=160 flies per genotype for all experiments).

Hypoxic Treatment

Male flies were collected within 24 hours of eclosion, placed at a density of 20 flies per
vial, and aged for 2-3 days before subject to hypoxia. Flies were fed with standard food,
maintained in a hypoxic chamber (COY Laboratory Products INC) filled with 2% oxygen
at 22°C, and transferred every 2 day to new vials within the chamber without exposure to
air, therefore avoiding re-oxygenation. The number of dead flies was scored daily

(n=200 flies per genotype).

Lifespan
Parg®’" and w1118 flies were allowed to produce eggs and develop until second instar
larvae at 25°C. The larvae were then transferred to an incubator at 29°C until eclosion.

Adult flies were collected within 24 hours of eclosion, grouped 10 males per vial on



standard fly food, and placed back at 25°C. Flies were passed every day and dead flies

were scored until all Parg”"" flies were dead (n=60 Parg®”-' and n=120 w1118 flies).

Statistical Analyses
Survival was analyzed by Kaplan—Meier Log-rank Test, and gene expression was
analyzed by the Student’s t-test or One-way ANOVA with Dunnett’s posttest using Graph

Pad Prism4 software. p < 0.05 was considered statistically significant.
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