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Abstract

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). As accumulation of
proteins with this modification results in cell death, its negative regulation is for cellular
homeostasis: a process that is mediated by poly-ADP ribose glycohydrolases (PARGS) and
ADP-ribosylhydrolase proteins (ARHs). Using genome-wide linkage analysis or exome
sequencing, we identified recessive inactivating mutations in ADPRHL2 in six families. Affected
individuals exhibited a pediatric-onset neurodegenerative disorder with progressive brain
atrophy, developmental regression, and seizures that correlated with periods of stress such as
infections. Loss of the Drosophila paralogue 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.
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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 apoptosis3. Addition of poly-ADP-ribose (PAR) is
mediated by a group of enzymes, referred to as Poly(ADP-ribose) polymerases (PARPS), in
response to cellular stressors, such as excitotoxicity or reactive oxygen species. PARylated
proteins can subsequently initate cellular stress response pathways. Following resolution of the
original insult, ADP-ribose polymers are rapidly removed #°. While 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-degrading enzymes: ADPRHL2 (MIM:
610624) and PARG (MIM:603501). Both are capable of hydrolyzing the glycosidic bond
between ADP-ribose moieties and are ubiquitously expressed 8°. ADPRH (MIM:603081), and
putatively ADPRHL1 (MIM:610620), encode proteins that can cleave only mono-ADP
ribosylated residues and thus are not functionally redundant with ADPRHL2 and PARG 8. In situ
hybridization studies showed high levels of Adprhl2 expression in the developing mouse
forebrain, remaining high in cerebellum, cortex, hippocampus, and olfactory bulb in early
postnatal ages, and persisting into adulthood *°. Parg knockout mice die embryonically due to
PAR accumulation and cellular apoptosis . There are no reports of Adprhl2 knockout animals,
however, Adprhl2” mouse embryonic fibroblasts (MEFs) engineered to express the catalytic
domain of nuclear PARP1 in mitochondria, show PAR accumulation, as well as increased length
of mitochondrial PAR polymers 1213,

Drosophila melanogaster has a single parg-like gene, and null flies are lethal in the larval
stage, but when grown at a permissive temperature a few can survive. The surviving flies
display PAR accumulation, neurodegeneration, reduced locomotion, and premature death 4,
suggesting increased neuronal vulnerability to PAR accumulation. Although mutations in PARG

and PARP enzymes have not been reported in human disease, other members of this pathway
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have been implicated in human phenotypes®®. For example, mutations in XRCC1 (MIM:194360),
a molecular scaffold protein involved in complex assembly during DNA-strand break repair,
leads to PARP-1 overactivation and is associated with cerebellar ataxia, ocular motor apraxia,
and axonal neuropathy 16,

In this study, we show that mutations in ADPRHL2 underlie a novel, age-dependent
recessive epilepsy-ataxia syndrome, initiating with sudden severe seizures in otherwise healthy
individuals, followed by progressive loss of milestones, brain atrophy, and death in childhood.
We describe six independent families with mutations in ADPRHL2, leading to a nearly-identical
epilepsy-ataxia syndrome (Figure 1A). Only 1 of the 6 families lacked documentation of parental
consanguinity (Family 2), 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 Document S1 in Supplemental Data. The emerging clinical picture is one of
a stress-induced neurodegenerative disease of variable 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 region on chromosome 1p36 with a genome-wide significant multipoint LOD
(logarithm of odds) score of 3.4 (Figure S1A). Exome sequencing of individual 1l-1V-6 at >30x
read depth for 96.9% of the exome revealed only a single rare (AF<1:1000) potentially
deleterious variant within the linkage interval: a frameshift mutation in ADPRHL2, which
segregated with the phenotype according to a recessive mode of inheritance.

Using Genematcher, further pathogenic alleles in ADPRHL2 were identified by this
international collaborative group of authors. By whole exome sequencing (see Supplemental
Data), we have identified a total of 6 distinct mutations in ADP-ribosylhydrolase like 2
(ADPRHL2, RefSeq: 54936) from the 6 families. 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 ADPRHL2 was the top
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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 the online program Mutation Taster '’. These variants were not encountered in dbGaP,
EXAC, 1000 Genomes databases, genomeAD or the Middle Eastern Variome.

ADPRHL2 contains 6 coding exons, yielding a single protein-coding transcript, ADP-
ribosylhydrolase 3 (ARH3) (Figure 2A). The encoded 363 amino acid ARH3 protein predicted a
mitochondrial localization sequence (MLS) and single enzymatic ADP-ribosyl-glycohydrolase
domain (Figure 2B). Family 1 carried a homozygous mutation (c.1000C>T) in exon 6,
introducing a premature stop codon (p.GIn334Ter), predicting truncation of the highly conserved
last 30 amino acids of the protein, which includes part of the ADP-ribosylhydrolase domain.
Family 2 harbored a homozygous mutation in exon 3 (c.316C>T), also introducing a premature
stop codon (p.GIn106Ter) in the ADP-ribosylhydrolase domain. Family 3 revealed a
homozygous missense mutation (c.235A>C) in exon 2, leading to an amino acid change
(p.-Thr97Pro) in a residue which is highly conserved among vertebrates (Figure S2A). Using a
previously published crystal structure of ARH3, we localized this residue to an alpha-helical loop
within the ADP-ribosylhydrolase domain and the substrate binding site, which is defined by the
position of 2 Mg?* ions located in adjacent binding sites, thus predicted to affect protein structure
and enzymatic activity (Figure S2B) 8. Family 4 carried a homozygous 5 basepair (bp) deletion
(c.414-418TGCCC) in exon 3, resulting in a frameshift in the ADP-ribosylhydrolase domain
(p.-Ala139GlyfsTer5). Family 5 carried a homozygous missense mutation (c.530C>T) in exon 4,
leading to an amino acid change (p.Serl77Leu), which was also highly conserved among
vertebrates. It is localized in a critical alpha-helical loop within the ADP-ribosylhydrolase
domain, also suggesting an effect on protein structure and activity. Family 6 carried a
homozygous missense mutation (c.100G>A) in exon 1, leading to an amino acid change

(p-Asp34Asn), which was highly conserved among vertebrates. This change is also localized in
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a critical alpha-helical loop within the ADP-ribosylhydrolase domain, suggesting a potential
impact on protein structure and activity.

The emerging phenotype of recessive ADPRHL2 mutations 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 may manifest with a neurodegenerative course with
weakness, ataxia and loss of milestones, followed by clinical deterioration in all individuals that
ultimately may lead to premature death. Most of the subjects showed a sudden unexpected
death in epilepsy or by apnoic attacks (SUDEP)-like clinical presentation, suggesting a
hyperacute presentation prior to the family’s recognition of a predisposition. We could not
establish an obvious genotype-phenotype correlation, however, as 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 be due to the genetic background or environmental challenges leading to
variable susceptibility to illness-related cellular stress.

The differential diagnosis for this condition was based upon the presentation of a
recessive condition with recurrent exacerbations showing predominant features of global
developmental delay, intellectual disability, seizures, neurogenic changes on EMG, hearing
impairment, regression and mild cerebellar atrophy, without microcephaly and cataracts. The
differential diagnosis in our families included mitochondrial disorders, spastic ataxia, and
primary peripheral neuropathy.

To determine the impact of these mutations on protein folding and binding activity, we
generated recombinant proteins in E.coli, and purified by His-tag affinity chromatography. Our
results showed that the p.GIn334Ter was not evident in the soluble fraction, whereas the
Wildtype (WT) was recovered with good purity (Figure S3A). The p.Thr79Pro protein was
expressed and soluble, possibly slightly reduced in recovery compared with the WT ARH3

protein. The deleterious impact of the p.Thr79Pro variant was studied using Circular Dichroism
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(CD) spectroscopy (Figure S3B-C). Compared to WT, this mutant exhibited a reduction in alpha-
helical content and altered secondary structure, which agreed with the fact that the p.Thr79Pro
substitution occurred within an alpha-helical domain. Further, the melting temperature (Tnm) of
the mutant p.Thr79Pro was reduced by more than 10°C, confirming destabilization of the mutant
(Figure S3D-F). We also found that, in contrast to the WT ARH3 protein, the p.Thr79Pro mutant
was not stabilized by ligands such as adenosine diphosphate ribose (ADPr) (Figure S3G-I). 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,
this data suggests that both disease-causing-truncating and amino-acid-substituting mutants
should be destabilized when expressed in cells.

Because the 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 (lll-Il) and two affecteds (II-IV-6 and II-IV-7) of Family 1, generated primary fibroblasts,
then performed RT-PCR using primers designed to amplify the last 3 exons of ADPRHL2
(Figure S1B). The father’'s and affected individuals’ cells revealed a band of the expected size,
and similar intensity to that of a healthy control, arguing against NMD. However, lysates derived
from the affected individuals showed no detectable ARH3 protein (Figure 2C), using an antibody
that recognizes amino acids 231-245 (see Supplemental Data), consistent with a null effect of
the truncating mutation. Further, western blot analysis of individual II-2 from Family 2 shows an
absence of the protein as predicted by the early stop codon; and fibroblasts from individual I1-1
from Family 3 showed a severe reduction of ARH3 levels (Figure 2C), consistent with the
thermal instability of this mutant protein (Figure S3D-F) and the severe alteration of its
secondary structure (Figure S3B-C).

While humans have two known genes with specific PARG activity (PARG and
ADPRHL2; 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%
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decrease in total parg mRNA for flies with the ubiquitous da promoter and a 50% decrease with
the neuron-specific promoter, elav (embryonic lethal abnormal visual system) (Figure S4A).
While the da-Gal4 and parg®™™A' lines showed normal survival, crossing the two together led to
da-mediated expression of parg”M, which reduced survival 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)
(Figure S4C-D). Furthermore, knockdown of parg specifically in neurons largely recapitulated
this phenotype using the same two environmental stressors (Figure S4E-F). These data provide
evidence that stress leads to premature death in the absence of parg, and 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 Z98254) 4, suggesting that parg”™™A' is only partially inactivating. These
parg loss-of-function mutant flies lack the parg protein and show elevated levels of PAR,
especially in nervous tissue!*. Mutant flies die in larval stages, but ¥ of the animals survive
when grown at the permissive 29°C temperature. These adult flies display progressive
neurodegeneration, reduced locomotion, and reduced lifespan'#, not inconsistent 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 daughterless (da) promoter in the
mutant background increased both survival and motor activity as measured by an established
‘climbing index’ 1° (Figure 3B-C). Likewise, expression of the human ADPRHL2 under the same
da promoter showed a nearly identical degree of rescue of both survival and locomoter activity
(Figure 3B-C). These results suggest that human ADPRHL2 is a functional paralogue of
Drosophila parg.

We next tested whether this phenotype might be ameliorated by inhibition of protein

PARylation. We reasoned that the requirement for dePARylation should be reduced by blocking
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stress-induced PARylation. Minocycline displays PARP inhibitory activity, with an ICso of 42nM
in humans?® and is well tolerated in flies 2*. We fed flies with a range of concentrations from 0-1
mg/mL Minocycline for 24 hours prior to stress and measured survival rates at 96 hours post
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 drug
was given to flies with neuron-specific knockdown of parg (Figure S4H), providing evidence that
PARP inhibition can rescue lethality in vivo. While we expect that the effect of Minocycline on
survival in this assay was due to its effect on PARP, we cannot exclude off-target or non-
specific effects 2.

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
may have a positive effect. Potentially clinically 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, (3) Veliparib (ABT — 888) — a potent inhibitor of PARP-1 and PARP-2 currently in
clinical trials for treatment of various type of cancers (ICso 42 nM, 37 nM, 4.4 nM, respectively)
20,22.

The extent to which ADPRHL2 and PARG functionally diverge or converge is not well
understood, based partly on 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 embryonic lethal 3. Taken together, these data suggest
that PARG is likely the major contributor to PAR removal in cells that express both genes under
basal conditions. One possibility is that ADPRHL2 acts as a back-up to PARG to remove
excessive PAR moieties under stress conditions. This would be consistent with the clinical
pesentation of individuals with loss of ADPRHL2, where phenotypes appear to be induced by

environmental stress. Recent studies have shown shown that ARH3 acts on a recently
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discovered, new form of Serine-ADP Ribosylation 2. For example studies illustrate an excessive
accumulation of Ser-poly-ADP ribosylated enzymes in ARH3" cell lines, and that ARH3 acts
mainly on the Ser-ADPr removal 2. 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, only ARH3 contains a mitochondrial localization signal, and thus,
another possibility is that ARH3 functions as a mitochondrial-specific glycohydrolase that is
required after oxidative stress induction 2°.

PAR signaling has been shown to play a role in a number of cellular processes in
addition to Apoptosis-inducing-factor (AlF)-mediated apoptosis, including regulation of
transcription, telomere function, mitotic spindle formation, intracellular trafficking, and energy
metabolism 23. While we hypothesize that the mechanism of disease is through cell death, it is
possible that PAR accumulation may affect other cellular processes prior to this. Further work is

needed to characterize these effects in the context of this disease.

Supplemental Data

Supplemental data includes 4 figures, 1 table and Materials and Methods.

Acknowledgements

The authors thank the subjects and their families for participation in this study. S.G. was
sponsored by the Ruth L. Kirschstein Institutional National Research Service Award T32
GMO008666. We thank the Broad Institute and Yale Mendelian Sequencing Effort. We thank the
Broad Institute (U54HGO003067 to E. Lander and UM1HGO008900(] to D. MacArthur) and the
Yale Center for Mendelian Disorders (U54HG006504 to R. Lifton and M. Gunel). We also thank
Lisa Weixler for the technical assistance, and all the staff of the Cologne Center for Genomics
for the next generation sequencing. The sequencing data was analyzed using the CHEOPS
high performace computer cluster of the Regional Computing Center of the University of
Cologne. This work was supported by NIH grants RO1INS048453, RO1NS052455, the Simons
Foundation Autism Research Initiative, Howard Hughes Medical Institute (to J.G.G.), and the
Deutsche Forschungsgemeinschaft Emmy Noether Grant (Cl 218/1-1, to S.C.) and European
Community’s Seventh Framework Programme (FP7/2007-2013) under grant agreement n°



310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334

2012-305121 “Integrated European —omics research project for diagnosis and therapy in rare
neuromuscular and neurodegenerative diseases (NEUROMICS)” to B.W.

Web Resources

Online Mendelian Inheritance in Man (OMIM), http://www.ncbi.nlm.nih.gov/Omim/
dbSNP, http://www.ncbi.nlm.nih.gov/projects/SNP

1000 Genomes, http://browser.1000genomes.org

Exome Aggregation Consortium [ExAC], http://exac.broadinstitute.org/

NHLBI Exome Sequencing Project Exome Variant Server, http://evs.gs.washington.edu/EVS/
PolyPhen-2, http://genetics.bwh.harvard.edu/pph2/

SIFT, http://sift.jcvi.org/

Mutation Assessor, http://mutationassessor.org/

Provean, http://provean.jcvi.org

UniProt, http://www.uniprot.org

HaplotypeCaller and GATK, https://www.broadinstitute.org/gatk/

Mutation Taster, htp://mutationtaster.org/

GenBank, https://www.ncbi.nlm.nih.gov/genbank/

Genematcher, https://genematcher.org

FlyBase, http://flybase.org

Iranome Database, http://www.iranome.ir/



http://provean.jcvi.org/
https://www.broadinstitute.org/gatk/
https://www.ncbi.nlm.nih.gov/genbank/
http://flybase.org/

335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378

References

1. Hassa, P.O., Haenni, S.S., Elser, M., Hottiger, M.O. (2006). Nuclear ADP-ribosylation
reactions in mammalian cells: where are we today and where are we going? Microbiol Mol Biol
Rev 70, 789-829.

2. Luo, X., Kraus, W.L. (2012). On PAR with PARP: cellular stress signaling through
poly(ADP-ribose) and PARP-1. Genes Dev 26, 417-432.

3. Schreiber, V., Dantzer, F., Ame, J.C., de Murcia, G. (2006). Poly(ADP-ribose): novel
functions for an old molecule. Nat Rev Mol Cell Biol 7, 517-528.

4, De Vos, M., Schreiber, V., Dantzer, F. (2012). The diverse roles and clinical relevance of
PARPs in DNA damage repair: current state of the art. Biochem Pharmacol 84, 137-146.
5. Wang, Z., Wang, F., Tang, T., Guo, C. (2012). The role of PARPL1 in the DNA damage
response and its application in tumor therapy. Front Med 6, 156-164.
6. Andrabi S.A., Kim, N.S., Yu, SW., Wang, H., Koh, D.W., Sasaki, M., Klaus, J.A,,
Otsuka, T., Zhang, Z., Koehler, R.C., et al. (2006). Poly(ADP-ribose) (PAR) polymer is a death
signal. Proc Natl Acad Sci U S A 103, 18308-18313.
7. Wang, Y., Dawson, V.L., Dawson, T.M. (2009). Poly(ADP-ribose) signals to
mitochondrial AlF: a key event in parthanatos. Exp Neurol 218, 193-202.

8. Oka, S., Kato, J., Moss, J. (2006). Identification and characterization of a mammalian
39-kDa poly(ADP-ribose) glycohydrolase. J Biol Chem 281, 705-713.
9. Poitras, M.F. Koh, D.W., Yu, S.W., Andrabi, S.A., Mandir, A.S., Poirier, G.G., Dawson,

V.L., Dawson, T.M. (2007). Spatial and functional relationship between poly(ADP-ribose)
polymerase-1 and poly(ADP-ribose) glycohydrolase in the brain. Neuroscience 148, 198-211.
10. Magdaleno, S., Jensen, P., Brumwell, C.L., Seal, A., Lehman, K., Asbury, A., Cheung,
T., Cornelius, T., Batten, D.M., Eden, C., et al. (2006). BGEM: an in situ hybridization database
of gene expression in the embryonic and adult mouse nervous system. PLoS Biol 4, e86.

11. Koh, D.W., Lawler, A.M., Poitras, M.F., Sasaki, M., Wattler, S., Nehls, M.C., Stoger, T.,
Poirier, G.G., Dawson, V.L., Dawson, T.M. (2004). Failure to degrade poly(ADP-ribose) causes
increased sensitivity to cytotoxicity and early embryonic lethality. Proc Natl Acad Sci U S A 101,
17699-17704.

12. Niere, M., Kernstock, S., Koch-Nolte, F., Ziegler, M. (2008). Functional localization of
two poly(ADP-ribose)-degrading enzymes to the mitochondrial matrix. Mol Cell Biol 28, 814-824.
13. Niere, M., Mashimo, M., Agledal, L., Dolle, C., Kasamatsu, A., Kato, J., Moss, J., Ziegler,
M. (2012). ADP-ribosylhydrolase 3 (ARH3), not poly(ADP-ribose) glycohydrolase (PARG)
isoforms, is responsible for degradation of mitochondrial matrix-associated poly(ADP-ribose). J
Biol Chem 287, 16088-16102.

14. Hanai, S., Kanai, M., Ohashi, S., Okamoto, K., Yamada, M., Takahashi, H., Miwa, M.
(2004). Loss of poly(ADP-ribose) glycohydrolase causes progressive neurodegeneration in
Drosophila melanogaster. Proc Natl Acad Sci U S A 101, 82-86.

15. Butepage, M., Eckei, L., Verheugd, P., Luscher, B. (2015). Intracellular mono-ADP-
ribosylation in signaling and disease. Cells 4, 569-95.

16. Hoch, N.C., Hanzlikova, H., Rulten, S.L., Tetreault, M., Komulainen, E., Ju, L., Hornyak,
P., Zeng, Z, Gittens, W., Rey, S.A,, et al. (2017). XRCC1 mutation is associated with PARP-1
hyperactivation and cerebellar ataxia. Nature 541, 87-91.



379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416

17. Schwarz, J.M., Rodelsperger, C., Schuelke, M., Seelow, D. (2010). MutationTaster
evaluates disease-causing potential of sequence alterations. Nat. Methods 7, 575-576.

18. Mueller-Dieckmann, C., Kernstock, S., Lisurek, M, von Kries, J.P., Haag, F., Waeiss,
M.S., Koch-Nolte, F. (2006). The structure of human ADP-ribosylhydrolase 3 (ARH3) provides
insights into the reversibility of protein ADP-ribosylation. Proc Natl Acad Sci USA 103, 15026-
31.

19. Madabattula, S.T., Strautman, J.C., Bysice, A.M., O’Sullivan, J.A., Androschuk, A.,
Rosenfelt, C., Doucet, K., Rouleau, G., Bolduc, F. (2015). Quantitative analysis of climbing
defects in a Drosophila model of neurodegenerative disorders. J Vis Exp 100, e52741.

20. Alano, C.C., Kauppinen, T.M, Valls, A.V., Swanson, R.A. (2006). Minocycline inhibits
poly(ADP-ribose) polymerase-1 at nanomolar concentrations. Proc Natl Acad Sci U S A 103,
9685-9690.

21. Lee, G.J., Lim, J.J., Hyun, S. (2017). Minocycline treatment increases resistance to
oxidative stress and extends lifespan in Drosophila via FOXO. Oncotarget 8, 87878-87890.

22. Donawho, C.K., Luo, Y., Luo, Y., Penning, T.D., Bauch, J.L., Bouska, J.J., Bontcheva-
Diaz, V.D., Cox, B.F., DeWeese, T.L., Dillehay, L.E., et al. (2007). ABT-888, an orally active
poly(ADP-ribose) polymerase inhibitor that potentiates DNA-damaging agents in preclinical
tumor models. Clin Cancer Res 13, 2728-2737.

23. Fontana, P., Bonfiglio, J.J., Palazzo, L., Bartlett, E., Matic, I., Ahel, I. (2017). Serine
ADP-ribosylation reversel by the hydrolase ARH3. Elife 6, e28533.

24, Palazzo, L., Leidecker, O., Prokhorova, E., Dauben, H., Matic, I., Ahel, I. (2018). Serine
is the major residue for ADP-ribosylation upon DNA damage. Elife 7, e34334.

25. Niere, M., Mashimo, M., Agledal, L., Dolle, C., Kasamatsu, A., Kato, J., Moss, J., Ziegler,
M. (2012). ADP-ribosylhydrolase 3 (ARH3), not Poly(ADP-ribose) Glycohydrolase (PARG)
isoforms, is responsible for degradation of mitochondrial matrix-associated Poly(ADP-ribose). J
Biol Chem 287, 16088-16102.


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3351285/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3351285/

417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452

453
454
455
456
457

Figure Legends

Figure 1. Pedigrees of consanguineous families with mutations in ADPRHL2 and their
clinical presentation.

(A) Pedigrees of families 1 to 6 showing consanguineous unions (double bar) and a total of 16
affected individuals. Slash represents deceased individuals. Black shading indicates affected
individuals. Grey shading indicates individuals who passed away from SUDEP, however no
DNA is available. (B) Panels show midline sagittal MRIs for one affected individual for each of
the 6 families. White arrows: cerebellar atrophy, evidenced by widely-spaced cerebellar folia.

Figure 2. Truncating and missense mutations in ADPRHL2 in five independent families
predicted to be inactivating.

(A) Schematic of ADPRHL2 depicting the coding sequence spanning 6 exons and the 5’ and 3’
UTRSs. Black arrows indicate the positions of the five identified mutations and their coordinates
within the cDNA (Refseq: 54936). (B) Schematic of ARH3 protein depicting the mitochondrial
localization sequence (MLS) and the ADP-ribosyl-glycohydrolase domain. Black arrows:
position and coordinates of the impact of the described mutations. (C) Western blot of
fibroblasts from unrelated control (C), unaffected carrier Father (U), and affected individuals (IV-
11-6 and IV-11-7) from Family 1 shows absent ARH3 protein in affected fibroblasts. Alpha-tubulin:
loading control. Western blot of fibroblasts from unrelated control (C) and affected individual (I1-
1) from Family 3 and unaffected carrier mother (U) and affected individual (lI-3) from Family 2
shows significant reduction in ARH3 protein levels. Alpha-tubulin: loading control.

Figure 3. Premature death and locomotor defects in Drosophila parg mutants rescued by
human ADPRHL2.

(A) Schematic of a poly-ADP-ribosylated protein and the location of cleavage. PARG and
ADPRHL2 both remove poly-ADP-ribose (PAR) from proteins and cleave the same site.
Drosophila melanogaster has only one PAR-removing enzyme, Parg. (B) parg?’! mutant flies
(black) show a severe climbing defect, which was rescued by ubiquitous forced expression of
parg (red), or in two different transgenic lines mis-expressing human ADPRHL2 (green and
blue). (C) parg?”! mutant flies (black) displayed decreased survival, which was rescued with
ubiquitous forced expression of parg (red) and two different transgenic lines expressing human
ADPRHL2 (green and blue).

Table Legend

Table 1. Clinical table.

Clinical presentation for affected subjects from families 1 to 6. GTCS: generalized tonic-clonic
seizures. EEG: electroencephalography. MRI: magnetic resonance image. SNHL: sensorineural
hearing loss.
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Genomic (hg19)

g.36558895C>T

g.36557226C>T

g.36556868A>C

0.36557324_36557328delTGCCC

g.36557524C>T

. . . n n Family 6
Family 1 Family 2 Family 3 Family 4 Family 5
Gender M M F F
Country of Origin UAE Italy Turkey Pakistan Iran Turkey
Parental .
Consanguinity + same village + + + +
Cgrrent age (if 10yrs
alive) 4yrs 3yrs 16 yrs 15 yrs 13 yrs 2yrs - 3yrs
Age of death 4yrs 2yrs 7yrs 15 yrs 2yrs 2yrs 9yrs - - - - 6 yrs - -
Died in Died after

Circumstances of sleep 1 Playing, Io.ng trip by
death Had a week after had airplane of

Died in Died in seizure and Respiratory flu-like seizure, respiratory Died in

sleep sleep died failure - illness then died failure - - - - - sleep - -

0.36554605G>A

cDNA €.1000C>T €.316C>T C.235A>C c.414_418delTGCCC €.530C>T €.100G>A
Protein .Q334* p.Q106* p.T79P p.A139Gfs*4 p.S177L p.D34N
Zygosity homozygous homozygous homozygous homozygous homozygous homozygous Homozygous
Normal birth Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes
Mild

Normal early
development developmental Yes

P Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes delay Yes Yes

Seizure Onset

Normal until
Normal until 1.5 yrs, then
Speech Spoke in Few age 2.5 yrs, Normal till deteriorated Delayed
development sentences, words at then no 3.5yrs, Speaks Normal Normal Normal until Normal with
then age 2 further then only few speech until speech until 25 yrs, then speech, then difficulty Speaks only a
deteriorated yrs development deteriorated words death death deteriorated deteriorated Slow speech Normal Normal Delayed speaking few words
Normal,
Motor Normal, walked 14mos, )
development Normal, Normal Normal, Normal, Normal, then then at 19mos Normal, then Normal, then Normal until Normal, then Normal
then until Normal, then then then then Normal until deteriorated poor deteriorated by deteriorated 1yrthen deteriorated by
deteriorated death deteriorated deteriorated deteriorated deteriorated death by age 2 yrs balance/ataxia age 2 yrs Normal by age 2 yrs Mildly delayed deteriorated age 1.5 yrs

18 mos 19 mos 19 mos 24 mos 15 mos 24 mos 15 mos 18 mos 16 mos - - N/A age 9 mos 24 mos 36 mos -
Seizure types Absence, Absence, Absence, GTCS with GTCS with Multifocal, Multifocal, R
s GTCS GTCS GTCS GTCS GTCS GTCS GTCS GTCS GTCS - - illness illness GTCS GTCS

Exacerbated by

Normal, then
Intellect Normal, Normal Normal, Normal, Normal, started Mild global Normal, Mild 1D
then until Normal, then then then Normal until Normal until then Normal, then deteriorating at Mild ID (1IQ developmental then Normal, then
delayed death delayed delayed delayed death death delayed delayed age 11 Normal 60) delay stagnated stagnated
Generalized
Generalized Generalized Mild slowing epileptiform
EEG epileptiform epileptiform background activity; Normal
activity; slow activity; slow activity (3 slow
- - - - - - - background background - yrs) Normal background Normal
Mild cerebellar
MRI (age Mild Mild cerebellar Mild vermis atrophy
cerebellar Cerebellar atrophy and cerebellar and
performed) Normal (5 atrophy (7 Mild cerebellar vermis atrophy spinal cord atrophy (4 spinal cord
- - - yrs) - - - yrs) atrophy (7 yrs) (11 yrs) atrophy (12 yrs) yrs) Normal (11mo) Normal (3 yrs) atrophy (15yrs)
Nerve
EMG/Biopsy biopsy with Axonal Normal Axonal Axonal
severe polyneuropathy muscle Normal at polyneuropathy polyneuropathy
- - - - - - - axonal loss - - (4yr) biopsy (4 yrs) - age 4 yrs at 4yrs
Onset of unsteady 10yrs
gait - - 2.5yrs 3yrs 2.5yrs - - 2.5yrs 20 mos 11yrs 4 yrs 2.5yrs Not yet 1.5yrs 1.5yrs

illness/stress + + + + + + + + + + + + + + + *
Hypotonia Repeated Normal Myopathic Claw hand and Progressive Progressive Distal muscle
Other Clinical with Can walk, pneumonia, hearing, then changes on pes cavus weakness, weakness and atrophy, pes
Features repeated but very Progressive Progressive repeated developed muscle biopsy deformities, tremors, progressive cavus deformity,
- - - pneumonia unsteady weakness weakness cardiac severe SNHL (11 yrs) scoliosis, SNHL Asthma - frequent external toe abnormality,




Ventilator

dependent

at time of
death

arrest Severe
Profound kyphoscoliosis,
type Il one episode of
muscle fiber cardiac arrest
atrophy,

at 10 yrs,
Tracheotomy,
ventilated

falling

ophthalmoplegia

scoliosis, brisk
DTRs, positive
Babinski's
reflex,
intentional
tremor, ataxia
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