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Heterozygous PNPT1 Variants Cause
Spinocerebellar Ataxia Type 25
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Objective: Dominant spinocerebellar ataxias (SCA) are characterized by genetic heterogeneity. Some mapped and
named loci remain without a causal gene identified. Here we applied next generation sequencing (NGS) to uncover
the genetic etiology of the SCA25 locus.
Methods: Whole-exome and whole-genome sequencing were performed in families linked to SCA25, including the
French family in which the SCA25 locus was originally mapped. Whole exome sequence data were interrogated in a
cohort of 796 ataxia patients of unknown etiology.
Results: The SCA25 phenotype spans a slowly evolving sensory and cerebellar ataxia, in most cases attributed to
ganglionopathy. A pathogenic variant causing exon skipping was identified in the gene encoding Polyribonucleotide
Nucleotidyltransferase PNPase 1 (PNPT1) located in the SCA25 linkage interval. A second splice variant in PNPT1 was
detected in a large Australian family with a dominant ataxia also mapping to SCA25. An additional nonsense variant
was detected in an unrelated individual with ataxia. Both nonsense and splice heterozygous variants result in premature
stop codons, all located in the S1-domain of PNPase. In addition, an elevated type I interferon response was observed
in blood from all affected heterozygous carriers tested. PNPase notably prevents the abnormal accumulation of
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double-stranded mtRNAs in the mitochondria and leakage into the cytoplasm, associated with triggering a type I inter-
feron response.
Interpretation: This study identifies PNPT1 as a new SCA gene, responsible for SCA25, and highlights biological links
between alterations of mtRNA trafficking, interferonopathies and ataxia.

ANN NEUROL 2022;92:122–137

Spinocerebellar ataxias (SCAs) are a heterogeneous
group of autosomal dominant neurodegenerative dis-

orders. Clinical presentations include cerebellar ataxia
manifesting as gait disturbance, incoordination of upper
limb movements, nystagmus, and dysarthria, with
additional pyramidal or extrapyramidal features. A non-
exhaustive list of other symptoms can be associated with
SCA including peripheral neuropathy, cognitive impair-
ment, dystonia, parkinsonism and hearing loss. Variable
age at onset of symptoms is observed between and within
SCA subtypes. Genetic heterogeneity is also a hallmark of
SCA with 48 SCA loci described to date. We previously
mapped the SCA25 locus (MIM: 608703) in a French
family (family 360) in which cerebellar ataxia and promi-
nent sensory neuropathy segregated as an autosomal domi-
nant trait.1 Both age of onset and severity of disease were
highly variable between affected family members. Two rel-
atives with the SCA25 haplotype were, respectively, unaf-
fected or very mildly affected, showing either incomplete
penetrance or very late onset. At that time, the size of the
region of interest and the high number of genes located in
the chromosomal interval precluded identification of the
causal variant.

In this study next generation sequencing (NGS)
methods (whole-exome and whole-genome) were applied
to uncover the genetic etiology of the SCA25 locus. In par-
allel, linkage and NGS approaches led to identify a com-
mon candidate gene, PNPT1, in a large Australian family
with a dominant ataxia segregating also mapping for the
SCA25 locus.

Patients and Methods
Individuals from French family SAL-360
Identification of the SCA25 locus was in the SAL-360 fam-
ily.1 Since then, relatives from this family were seen by
A.D. at their home, and the index case was seen for
follow-up in the clinic at the genetic department at the
Pitié Salpêtrière Hospital in Paris. The pedigree of SAL-
360 is presented in Figure 1A. Clinical presentations of
affected individuals has been extensively described.1

Blood samples were taken after informed consent
from 22 subjects, including 6 clinically affected subjects:
III-14, III-32, IV-23 IV-24, IV-28 (proband), and IV-40;
1 very mildly affected (III-18); 12 unaffected at-risk sub-
jects: III-13, III-17, III-43, III-44, III-33, III-20, III-21,

III-22, IV-35, IV-36, IV-27; and IV-29 and 3 spouses
(II-8, III-15, and III-19). Skin biopsies were performed
on two brothers IV-27 (healthy at-risk) and IV-28
(affected).

A cohort of 796 French individuals with ataxia, rec-
ruited via the Spatax network (https://spatax.wordpress.
com/), who had whole exome sequencing (WES) and who
did not have a causal pathogenic variant identified previ-
ously were analyzed for PNPT1 variants.

Individuals from the Australian A1 family
Blood was collected from 10 individuals (Fig 1B; II-1,
II-3, III-1, III-2, III-4, III-5, III-6, IV-1, IV-2, IV-3) and
genomic DNA was extracted using the BACC DNA
extraction kit (GE Healthcare Life Sciences, Uppsala,
Sweden), according to the manufacturer’s protocols.
Detailed clinical neurological assessments, brain MRI
scanning and nerve conduction studies are presented in
Tables 1–3.

Ethics Committee Approval
The study was conducted in line with the Declaration of
Helsinki and was approved by the Ethics Review Board
(Paris Necker ethics committee approval (RBM 01–29
and RBM 03–48) to A.B. and A.D). Informed consent
was obtained from all participants and/or their parents.

The study was also approved by the Royal Children’s
Hospital Human Research Ethics Committee (Approval
number 28097). Informed consent was obtained from all
participants and/or their parents.

Whole Exome and Whole Genome Sequencing
Family 360. WES was first performed in five individuals
at IntegraGen S.A (OncoDNA group). Four affected indi-
viduals (IV-24, III-14, IV-28 and IV-40) and one spouse
(III-15, father of IV-24) were selected for sequencing
(Fig 1A). Genomic DNA was captured using Agilent in-
solution enrichment methodology (SureSelect Human All
Exon Kits Version 5, Agilent) with their biotinylated oli-
gonucleotides probe library (Human All Exon v5–50 Mb,
Agilent), followed by paired-end 75 bases massively paral-
lel sequencing on Illumina HiSEQ 2000. The bio-
infomatics analysis of sequencing data was based on the
Illumina pipeline (CASAVA1.8.2). Variant annotation
was performed through an IntegraGen in-house pipeline.
Sequencing results were filtered for a depth ≥10� and for
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heterozygous variants shared between these four affected
relatives and not present in the unaffected father of one of
them. Only variants with a minor allele frequency
<0.01% in public variant databases and absent from an
in-house Integragen whole-exome data set of 176 addi-
tional exomes were retained. Nonsense, missense, inser-
tion/deletion, and splice variants were selected before
applying selection filters.

Whole genome sequencing (WGS) was performed
in the mother-daughter pair III-14 and IV-24 from family
360 by the deCODE Genetics Company. Briefly,
Illumina’s HiSeqX platform was used by generating
sequencing libraries using the so-called PCR-free sample
preparation method. Mean depth was at least 30x.

The candidate variant in polyribonucleotide nucleo-
tidyltransferase 1, mitochondrial (PNPT1; NM_033109.5:
c.2069 + 3T>C) was validated by Sanger sequencing.

Australian A1 Family
WES of individuals II-3, III-2, and IV-2 (Fig 1B) was per-
formed at the Australian Genome Research Facility
(AGRF), Melbourne, Australia. Exonic regions were
enriched with the Agilent SureSelect XT Human All Exon
v4 as well as v5 + untranslated region (UTR). Paired-end

100 bp sequencing was performed on an Illumina HiSeq
2,500 with target depths of 70 and 50 for the capture v4
and v5 + UTR platforms, respectively.

WGS was performed on individual IV-2 at AGRFMel-
bourne on four lanes of an Illumina HiSeq 2,500 in rapid-run
mode, producing 150 bp paired-end reads with a target depth
of 48x. WGS was also performed for II-3 and III-2 on the
Illumina HiSeq X Ten producing 151 bp paired-end reads
with target depth of 60x at the Kinghorn Centre for Clinical
Genomics, Darlinghurst, Australia. FastQ data was aligned
with Bowtie2 (version 2.2.5) and reads were sorted and mer-
ged by Novosort v1.03.07. Variant calling was performed
with the HaplotypeCaller in GATK. Variants were filtered
that did not fit the following criteria: within 1 Mb of the link-
age regions (as given by the SNP chip linkage analysis below),
alternative allele frequency equal to or less than 0.01 in the
1,000 Genomes Project2 (ANNOVAR 1000g2012feb),
NHLBI 6500 exomes and ExAC (release 0.3) databases, less
than 10 observed alleles in 132 in-house control samples, in
an ORF or within 5 bp of a splice site, and not a synonymous
change. As the three samples sequenced were all from affected
individuals we expected heterozygous calls under the domi-
nant disease model. Candidate variants underwent validation
by standard Sanger sequencing.

FIGURE 1: Pedigrees of families with autosomal dominant spinocerebellar ataxia mapping to the SCA25 locus. (A) Pedigree of
the French family (360). (B) Pedigree of the A1 Australian family. Orange symbols indicate family members heterozygous for
mutations in PNPT1. Black arrows indicate probands. DNA from circled individuals was used for whole-exome sequencing
(dotted lines) or whole-genome sequencing (solid lines). (C) Multipoint LOD scores from parametric linkage analyses performed
in the A1 family across the chromosome 2. The blue area corresponds to the SCA25 locus mapped previously in the French
family 360.
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SNP Chip Linkage Analysis
All available DNA samples from the Australian family were
hybridized to the Illumina HumanCytoSNP-12 v2.1 SNP
chip. SNP genotypes were called in Illumina BeadStudio.
Relatedness was verified with XIBD3 (Supplementary
Materials and Methods, which are available online). Inbreed-
ing coefficients were estimated with FEstim4 and
LINKDATAGEN5 selected 11,995 SNP markers for linkage
analysis performed essentially as described previously.6

The obligate carrier II-1 was modeled as unknown.
As SCAs may be a late-onset disorder, the two unaffected
samples with data were modelled with unknown affected-
ness status.

Copy-Number Variant Analysis
Copy-number variants (CNVs) were detected with the
SNP chip data using PennCNV7 independently for each
sample in the Australian family A1. CNVs were also called
using the WGS data of individuals II-3 and III-2 and
15 in-house controls whose data were generated at the
same sequencing center.

Repeat Expansion Analysis
In the French family 360, WGS data from affected indi-
viduals III-14 and IV-24 was analyzed with Expansion
hunter (v.3.0)8 to exclude known repeat expansion loci.
BAM files were also visually inspected with the Integrative
Genome Viewer (IGV) software to check for unexpected
variation in read depths and to detect possible new patho-
genic expansions in the SCA25 locus.

In the Australian family, a search for putative repeat
expansions in the linkage interval was performed using
ExpansionHunter Denovo.9 STR loci with a p-value of
less than 0.1 were further characterized using Expansion
Hunter (v.3.2.0, with inclusion of off-target reads, read
depth of 30, and minimum anchor-read mapping quality
score of 20) and exSTRa10 (default parameters).

RNA and Protein Analyses in the Australian
Family
Lymphoblast cell lines were established for IV-2 and three
unrelated control individuals. Total RNA was isolated
(RNeasy, Qiagen) and libraries prepared using the TruSeq
RNA V2 kit (Illumina) and sequenced to a depth of �90
million reads. Paired end fastq files were aligned to the
ENSEMBL human genome (Homo_sapiens.GRCh38.99)
using STAR11 (version 2.7.3a). Bam files were generated
using samtools12 (1.9). Read counts per gene were gener-
ated using featureCounts,13 with a quality score cutoff of
10. Differential gene expression of IV-2 compared to the
controls was determined using limma and edgeR, as
described in Law et al.14

Western blot analysis was performed as previously
described.15 Primary antibodies (rabbit anti-PNPase
(Abcam, ab96176, 1:500) and mouse anti-β-Actin (Sigma,
A5441, 1:10,000) were used and images were captured
with ImageQuant AI680 and quantified using Imag-
eQuantTL software (GE Healthcare). To quantify PNPase
steady state levels, individual sample values were first
determined by normalizing the intensity of PNPase to the
loading control β-Actin and then to the control samples,
statistical significance was tested with two-tailed Student’s
t test and p < 0.05 was considered significant.

PNPT1 Transcripts Analysis and Proteins
Immunoblots in Family 360
Primary skin fibroblasts from two brothers belonging to fam-
ily 360, one affected (IV-28) carrying the variant and the
other non-carrier and unaffected (IV-27), plus patient
461–7, were generated from skin biopsies. The ages at sam-
pling were very close (48, 47, and 45 years respectively), and
the number of passages was equal for all (n = 5).

Cells were cultured in DMEM—High Glucose—
GlutaMAX medium supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin (Gibco).
mRNA and protein were harvested from different cell pel-
lets from prima ry skin fibroblasts grown with or without
emetine to block the nonsense-mediated decay (NMD)
RNA surveillance pathway.

mRNA was extracted from cell pellets with TRIzol
reagent (Life Technologies) according to the manufacturer’s
instructions., and treated with DNase (TURBO DNA-free,
Invitrogen). Reverse transcription (RT) was achieved with
the SuperScript First-Strand Synthesis System kit using
Oligo(dT) (Invitrogen). Primers were designed to detect
abnormal splicing between exons close to the variants, or to
detect intron-retention. RT-PCR products were then
sequenced by standard Sanger sequencing.

Proteins were extracted after lysis of cells. Immunoblot
analysis was performed with proteins from the individuals’
cells using antibodies directed against N-terminal parts of
PNPase (sc-365,049 from Santa Cruz Biotechnology) and
rabbit anti-Alpha-Tubulin (Ab18251). Proteins were visual-
ized with fluorescent antibodies or by enhanced chemilumi-
nescence (Pierce) and fluorescence/chemiluminescence
signals were captured with the Odyssey Imaging System
(Li-COR), or with the Chemidoc Touch Imaging System
(Bio-Rad) and quantified with Li-COR Image Studio
(Li-COR) or Image Lab Software (Bio-Rad).

Mitochondrial Oxidative Phosphorylation
(OXPHOS) Enzyme Activities
Primary fibroblasts from carriers 360–28 and 461–7, and
from the non-carrier 360–27, were grown in DMEM low
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glucose with D-galactose (4.5 g/L) when reaching about
50% confluence during 7 days (final confluence was
<100%). Ages at collection were 47, 45, and 48, respec-
tively. Cells were then prepared for OXPHOS assays by
measuring the oxygen consumption in the temperature-
regulated chamber of the Oxygraph-2 k (Oroboros, Inns-
bruck, Austria). The oxygen consumption was recorded
sequentially for: respiration under basal conditions
(R-Basal); Complex I (CX I); Oxidative phosphorylation
involving complex I and V (OXP Cx I); Oxidative phos-
phorylation of complex I, V, and II (OXP CxII); measure
of proton leakage (H-Leak); maximal capacity of respira-
tion (ETS-max); and non-mitochondrial respiration
(ROX). Details of media composition and steps to mea-
sure each parameter are available upon request.

Interferon Signature Analysis in Blood
A real-time qPCR analysis was performed on peripheral
blood lymphocytes (PBLs) from carriers and non-carriers
of PNPT1 variants to assess interferon signaling pathway
gene expression. Two samples with different age at sam-
pling were available for the two brothers from family
360 and for individual 461–7, and one sample for the parents
of 461–7. Total RNA was extracted from PBL pellets using
TRIzol reagent, and treated with TURBO DNase
(Invitrogen). RT-PCR and qPCR were performed as
described previously.16 The gene set included six interferon-
stimulated genes (ISGs)17: IFI27, IFI44L, IFIT1, ISG15,
RSAD2, and SIGLEC1. The relative abundance of each target
transcript was normalized to the expression level of GAPDH.
qPCR assays were performed in duplicate. The mean fold
change of the six genes in carriers was calculated to create an
interferon score for each individual.

Results
WES was performed in five individuals, four affected and
one spouse (non-carrier) in family 360 (Fig 1A). The
index case was initially seen at age 22 years; however,
onset of symptoms was at 1 year. He was not able to run
at age 3 years and had frequent vomiting during child-
hood. A clinical diagnosis of Friedreich ataxia was made at
age 8 years, but no FXN expansion was found. He
required a wheelchair for mobility from age 13 years. He
was found to have a predominantly sensory neuropathy
with moderate dysarthria and flexor plantar responses and
was of normal intelligence.1 Ocular movement recordings
showed square waves, hypermetric saccades and gaze
evoked nystagmus. Examination at age 32 years was nota-
ble for the presence of chronic cough, generalized wasting,
with abolished vibration sense and decreased sensitivity to
touch and pinprick distally. MRI showed severe cerebellar
atrophy involving the vermis and hemispheres, as well as

the bulbar region and medulla. There was no abnormality
of the white matter. At age 50 years, he scored 30/40 on
the Scale for the Assessment and Rating of Ataxia (SARA),
stable for at least 4 years. Sensory neuropathy with cramps
and pain, square wave jerks, and down beat nystagmus
were noted. Deafness was evident at age 46 years. Because
of the clinical similarity with CANVAS (sensory neuropa-
thy, cerebellar ataxia and reduced visually enhanced
vestibulo-ocular reflex), we tested for the pathological
(AAGGG)n expansion in RFC1,18,19 which was not
found. Interestingly, his mother, an obligate carrier, was
pauci-symptomatic at age 61 years with slight axial insta-
bility. Follow-up at age 79 years revealed that she had
required hearing aids since the age of 65 years. On exami-
nation she showed head tremor and diplopia and scored
4/40 on the SARA. Clinical features are presented in
Tables 1 and 2.

Analysis of the WES data identified a single hetero-
zygous variant on chromosome 2 (chr2:g.55643155T>C,
GRCh38/hg38) that satisfied the criteria of selection and
transmission, and was absent from the gnomAD database
v.2.1.1 or v.3 (https://gnomad.broadinstitute.org/). Nota-
bly, this variant lies in the region of significant linkage
identified previously as SCA25 on chromosome 2 in the
same family.1 This intronic substitution is located near
the canonical exon 25 splice donor site of PNPT1
(NM_033109.5:c.2069 + 3 A>G), a gene encoding Poly-
ribonucleotide Nucleotidyltransferase PNPase 1 (PNPase).
WGS was then performed in the affected mother-daughter
pair who had previously undergone WES to search for
non-sequenced variants that could have been missed using
WES, and also to test for known expansion loci repeat
length (Fig 1A). We did not detect pathogenic expanded
repeats in any of the known loci responsible for repeat
expansion diseases tested. After filtering, 32 ultra-rare vari-
ants, absent from population databases and predicted to
be deleterious (Combined Annotation Dependent Deple-
tion CADD phred score20 >20), were shared between the
two affected individuals. The c.2069 + 3 A>G substitu-
tion in PNPT1 was the only variant that mapped to the
SCA25 locus.

In parallel, a combined strategy including linkage,
WES, WGS, and RNA-Seq analysis was performed in a
four-generation Australian family (family A1) with ataxia
and sensory neuropathy in most affected individuals
(Fig 1B). Six individuals presented with an autosomal-
dominant progressive ataxia. Variable age at onset (ranging
from 5 to 56 years of age) and presence of sensory neurop-
athy were noted (Table 3), as observed in the French fam-
ily. Affected individuals had diminished or absent limb
reflexes, diminished sensation, and nystagmus. Cerebellar
atrophy was present on MRI in those with marked ataxia.
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Variable penetrance of the condition was noted with the
obligate carrier II-1 being unaffected at age 61 years and
two other relatives (III-5 and III-7) at ages 37 and
33 years, respectively, manifesting neuropathies but no

ataxia (Tables 1–3). Linkage analyses identified four chro-
mosomal intervals on chr.1q24.2–q25.2, 2p21–p16.1,
10p14-p13, and 15p21.3-q23, all with a peak LOD-
score = 1.66, which was the maximum LOD-score

TABLE 1. Predominant Signs, Electroneuromyography, and Brain MRI Observations of Affected Individuals with
PNPT1 Variations in the French Index Cases from Family 360 (All Relatives Extensively Described in Stevanin
et al1) and from Family 461 Index Case, and Carriers from the Australian Family A1

Patient

Age
at
Exam

Age
at
Onset

Predominant Sign
(handicap/7)

Cerebellar
Ataxia
Score
(SARA) ENMG Brain MRI

360–28
(index)

22 17 mo Sensory and cerebellar
ataxia (6)

Severe SN N/A

32 17 mo Sensory and cerebellar
ataxia (6)

Severe N/A CA

50 17 mo Sensory and cerebellar
ataxia (6)

Severe
(30/40)

N/A CA and BA, WM
changes

461–7
(index)

40 23 Ataxia (6) Moderate
(24/40)

SN, mild myopathy CA, WM changes

A1-II-3 58 21 Moderate cerebellar
dysarthria, gross upper
and lower limb ataxia

N/A N/A Cerebellar atrophy

A1-II-1 56 56 Very subtile
incoordination

N/A N/A Normal

A1-III-1
(index)

20 10 Ambulant, with upper
and lower limb ataxia

N/A Reduced median nerve
sensory potential, absent
left median nerve
sensory potential,
borderline right tibial
motor conduction
velocity

CA

A1-III-2 21 20 Minimal gait ataxia,
mild finger-nose ataxia,
no dysarthria

N/A N/A CA

A1-III-5 37 None N/A SN Normal

A1-III-7 33 None N/A Axonal sensory
neuropathy with mild
axonal motor
neuropathy

Normal

A1-IV-1 6 5 Unable to tandem walk,
positive Romberg sign

N/A SN CA

A1-IV-2 6 5 Required K-walker N/A SN CA

A1-IV-3 6 9 Required K-walker,
severe dysarthria

N/A Axonal sensory
neuropathy

Moderate to severe
cerebellar hemisphere
and vermian atrophy

BA = bulbar atrophy; CA = cerebellar atrophy; N/A = not available; SN = sensitive neuropathy; WM = white matter.
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TABLE 2. Additional Clinical Features of Affected Individuals with PNPT1 Variations in the French Index Cases
from Family 360 and Family 461, and in Carriers from the Australian Family A1

Patient

Age
at
Exam

Age
at
Onset Ocular Signs

Reflexes
(Plantar
Reflex)

Vibration
Sense at
Ankles

Urinary
Symptoms

Hearing
Loss

Cognitive
Impairment

Additional
Signs

360–28
(index)

22 17 mo Square waves
jerks, NS
hypermetric

Absent
(flexor)

Abolished None Yes None Scoliosis,
facial tics,
vomiting,
pas cavus,
wasting

32 17 mo Square waves
jerks, NS
hypermetric

Absent
(flexor)

Abolished None Yes None Cough

50 17 mo Down beat
NS

Absent
(unilateral
extensor)

Abolished None Deafness None Cramps

461–7
(index)

40 23 NS and slow
saccades

Absent
(flexor)

Abolished None Deafness None None

A1-II-3 58 21 Impaired
vestibulo-
ocular reflex
gain, NS,
hypermetric
saccades

Absent
reflexes in
upper and
lower limbs,
extensor
plantar
responses

Impaired None Conductive
loss on
right

None Pes cavus,
claw toes,
diminished
sensation in
feet,
scoliosis

A1-II-1 56 56 Mild
tortional/see-
saw NS, very
mild upbeat
NS on
upgaze

Normal N/A N/A N/A N/A Normal
sensation

A1-III-1
(index)

20 10 Restriction of
upper and
lateral gaze,
no NS

Absent
reflexes and
equivocal
plantar
responses

Reduced N/A N/A N/A Scoliosis

A1-III-2 21 20 No NS Absent
reflexes,
extensor
plantar
responses

Reduced N/A No None Scoliosis

A1-III-5 37 Reduced
reflexes

N/A N/A N/A None Nil

A1-III-7 33 No NS N/A N/A N/A N/A None Nil

A1-IV-1 6 5 NS Absent
reflexes

N/A N/A N/A None Scoliosis

A1-IV-2 6 5 NS Absent
reflexes

N/A N/A N/A Struggles
with school
work

Nil

A1-IV-3 6 9 Mild NS,
dysmetria,
oculomotor
apraxia

Absent knee
jerks and
reduced
ankle jerks

N/A N/A N/A None Nil

N/A = not available; NS = nystagmus.
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achievable in this family (Fig 1C). The chromosome
2 linkage region identified in this family falls entirely
within the SCA25 region delineated above. Combined
analysis of WES and WGS and filtering of variants, which
segregated with the disease within the SCA25 locus rev-
ealed four heterozygous substitutions in the genes
encoding DNA mismatch repair protein MSH6 (MSH6;
NM_000179.2:c.2633T>C; p.Val878Ala), stonin-1
(STON1; NM_001198595.1:c.1231G>A; p.Glu411Lys),
proteasome activator complex subunit 4 (PSME4;
NM_014614.2:c.3400G>A; p.Glu1134Lys), and polyri-
bonucleotide nucleotidyltransferase PNPase 1 (PNPT1;
NM_033109.5:c.2014-3C>G). Neither CNV nor puta-
tive pathogenic expansion within the region of linkage was
detected (data not shown). Among these four candidates,
PNPT1 was the only gene in the SCA25 locus to be
affected in both large families.

Screening of PNPT1 in a cohort of 796 French indi-
viduals with ataxia identified a frameshift variant

(NM_033109.5:c.2091delA; p.Lys697AsnfsTer6) in an
individual suffering from deafness evidenced shortly after
birth, and gait ataxia which began at age 23 years. The clini-
cal presentation included dysarthria, dystonia, sensory neu-
ropathy, nystagmus, visual impairment, and deafness
(Tables 1 and 2). Segregation analysis showed that this vari-
ant was inherited from his father, who remained clinically
unaffected at age 86 years. The location of these three vari-
ants within the PNPase structure is presented in Figure 2.

The functional effects of the variant from the French
families was assessed in primary fibroblasts. Given the
proximity of the c.2069 + 3A>G substitution with the
canonical splicing donor site of exon 25, a modification of
PNPT1 transcript was predicted. A complete skipping of
exon 25 affecting one strand was observed in carriers fol-
lowing Sanger sequencing of PNPT1 transcript (Fig 3A).
The abnormal splicing disrupts the reading frame, leading
to a premature stop codon in the S1 RNA binding
domain of PNPase (p.Gln672ArgfsTer18). Treatment of

TABLE 3. Motor Nerve Conduction, Sensory Nerve Action Potentials, and Electromyographic Measurements

Motor nerve
conduction 360-28a 360-32a A1-III-7 A1-IV-2 A1-IV-3

Reference
Values

Median nerve

Velocity (m/sec) 53 50 54.5 55.3 53.3 >48

Amplitude (mV) 12 3.8 11 5.2 7.3 >5

Distal latency
(msec)

2.6 3.4 7 1.7 3 <3.6

Peroneal nerve

Velocity (m/sec) 45 49.8 55.0b 56.0b 54.2 >42

Amplitude (mV) 2.4 3.2 13 13.9 2.4 >2

Distal latency
(msec)

4.3 5.3 4.3 3.3 3.2 <5

Sensory nerve action potentials

Median nerve
(μV)

NR NR 9 NRc NR >12

Sural nerve (μV) NR NR 7.4 NR NR >10

Needle
electromyography

Normal Normal The MUAPs were large
in size but with normal
morphology with no increased
insertional activity and normal
interference pattern

Normal Normal

aFrom Stevanin et al.1
bTibial nerve.
cUlnar nerve.
MUAP = motor unit action potential; NR = not recordable.
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FIGURE 2: Lollipop plot and exon map depicting the distribution of pathogenic variants in the polynucleotide phosphorylase
(PNPase) protein. Bi-allelic variants previously described in the literature are shown above the protein schematic. Heterozygous
variants identified in this study are shown below. Variants reported in individuals with ataxia are marked by the asterisk*. All
reported individuals with bi-allelic variants that present with ataxia are compound heterozygotes. Each pair of variants in an
individual with ataxia is marked with a different color #. RNase_PH = 30 exoribonuclease family, domain 1; Rnase_PH_C = 30

exoribonuclease family, domain 2; PNPase = polyribonucleotide nucleotidyltransferase, RNA binding domain; KH_1 = KH
domain; S1 = S1 RNA binding domain.

FIGURE 3: PNPT1 variants alter transcripts and PNPase protein levels. (A) Analysis of PNPT1 transcripts from fibroblasts cultured
with or without emetine in two patients (360–28 and 461–7) vs. a non-carrier (360–27). Alterations of the wild-type sequence of
the transcript are indicated. (B) Immunoblots of PNPase in the corresponding fibroblasts. Bands corresponding to PNPase are
shown with two different time of exposure (the longer being below). Quantitation of signal intensities from two independent
blots is presented on the right panel. The steadystate level of PNPase in the untreated control fibroblasts (360–27) has been
adjusted to 100% and the other samples normalized to this result, showing significant reduction in affected carriers compared
(black bar) to control (open bar). *p < 0.05, **p < 0.01, ***p < 0.001.
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the cells with emetine suggested the aberrant transcript
was not subject to nonsense-mediated mRNA decay
(NMD). RT-PCR followed by Sanger sequencing of the
p.Lys697AsnfsTer6 variant in French family 461 showed
a similar escape from NMD (Fig 3A). Western blot analy-
sis revealed that both heterozygous variants lead to a
strong decrease in PNPase steady-state level (Fig 3B). Pro-
longed exposure of the membrane allowed the detection
of additional bands with a lower molecular weight,

corresponding to the predicted weight of truncated pro-
teins encoded by mutated alleles. The negligible quantity
of truncated PNPase compared to the full-length protein
may reflect a post-translational degradation of abnormal
proteins.

Functional effects of the variant observed in the
Australian family were investigated using RNA studies of
a lymphoblast line established from A1-IV-2. Splice AI
predicted the loss of the normal exon 25 acceptor and the

FIGURE 4: Analysis of PNPT1 transcripts and PNPase proteins levels from lymphoblast cells from A1-IV-2. (A) Sanger sequence of
RT-PCR products spanning exon 24–26 identified an aberrant transcript, which was confirmed by RNAseq analysis. The relative
expression level of PNPT1 suggested the mutant allele was being degraded by NMD. (B) Western blot analysis suggested a
decrease in steadystate PNPase levels in patient-derived lymphoblasts cells and quantitation of three independent blots
confirmed a significant reduction compared to control. *p < 0.05, **p < 0.01, ***p < 0.001.
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gain of an acceptor at nucleotide position c.2014–4/3,
resulting in a predicted frameshift and premature stop
codon (p.Gln672SerfsTer6). RT-PCR followed by Sanger
sequencing confirmed the effect of the variant on RNA
splicing (Fig 4A). Similarly, RNAseq analysis revealed that
the abnormal transcript used the alternate acceptor site
and accounted for approximately 10% of reads. Notably,
the normalized read depth of PNPT1 in A1-IV-2 was
�50% of the controls. Western blot analysis of lympho-
blasts derived from A1-IV-2 and three controls confirmed
steady-state levels of PNPase were significantly reduced in
A1-IV-2 compared to the control lines (Fig 4B).

PNPT1 variants were previously associated with
severe encephalomyopathy and hereditary hearing loss in
bi-allelic carriers (MIM: 614934).21,22 The mitochondrial
localization of the translated protein PNPase and the asso-
ciation of bi-allelic variations with respiratory-chain defi-
ciency notably lead to the linking of mutations of PNPT1
with mitochondrial disorders and combined oxidative

phosphorylation deficiency 13 (MIM: 614932).22 Sub-
sequently, functional assays to detect respiratory chain
defects were performed, with conflicting results.23–25

Oxidative Phosphorylation (OXPHOS) enzyme activi-
ties were measured using primary fibroblasts from the
two brothers 360–27 (healthy non-carrier) and 360–28
(affected, heterozygous carrier) and from patient 461–7,
also a heterozygous carrier. Mitochondrial respiration
was not decreased in carriers of PNPT1 variations com-
pared with a non-carrier (Fig 5), suggesting that testing
for OXPHOS deficiency may not be an appropriate way
to investigate the cellular consequences of PNPT1 path-
ogenic variants, as previously reported in bi-allelic
carriers.25

More recently, bi-allelic pathogenic variants of
PNPT1 have been shown to trigger a type I interferon
response linked to a defect in mtRNA processing.17,25–27

Thus, we evaluated the interferon-stimulated genes (IGS)
transcriptional response in PBLs from individuals with

FIGURE 5: Activities of OXPHOS enzyme complexes in primary fibroblasts. Comparison of 360–27 (open bar, non-carrier)
vs. (A) 360–28 (black bar, carrier) or (B) 461–27 (black bar, carrier). Cells had the same number of passages and were grown
simultaneously in each comparison. Cells were then lysed to quantify protein content using the Bradford reagent. Citrate
synthase (CS) activity was determined with a colorimetric assay based on the reaction between 5,50-dithiobis-(2-nitrobenzoic
acid) (DTNB) and CoA-SH to form 5-thio-2-nitrobenzoic acid (TNB). Each sample was run in duplicate and CS activity was
expressed as units /min/mg of total protein. The oxygen consumption rate for each sample was finally expressed in nmol O2/
min*CS activity. Means of normalized values from two separate experiments are presented for each comparison. R-Basal:
respiration under basal conditions; Cx I: complex I activity; OXP Cx I: oxidative phosphorylation involving complex I and V; OXP
CxII: oxidative phosphorylation of complex I, V and II; H-Leak: measure of proton leakage; ETS-max: maximal capacity of
respiration; ROX: non-mitochondrial respiration.
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FIGURE 6: Activation of interferon-stimulated genes (ISGs) in affected individuals with heterozygous variations of PNPT1.
(A) Aggregate ISG scores in blood: individual value of ISG score in PBLs of non-carriers (open bar), one healthy carrier (gray
bar) and two patients (black bars). ISG values from three patients with homozygous variations of PNPT1 (marked with an
asterisk, striped bars) previously published by Dhir et al. have been added for comparison. (ISG score = 1, solid line) (B) RT–
qPCR analysis of the six individual genes that make up the aggregate ISGs in whole blood from non-carriers (open bars) 461–2
(82 years at sampling) and 360–27 (47 years at sampling), asymptomatic carrier (gray bar) 461–3 (86 years at sampling), and
patients (black bars) 461–7 (43 years at sampling) and 360–28 (46 years at sampling). The data plotted (mean and SD from
duplicates) are relative quantification (RQ) values for each gene per patient. (C) Replication of aggregate ISG scores from
affected carriers with blood sampled independently at different ages; 461–7 = 34 years at sampling and 360–28 = 21 years at
sampling.
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heterozygous variants and in controls (Fig 6A). The rela-
tive expression of six genes was used to compute an ISG
score for each individual (Fig 6B), as described previ-
ously.17 ISG scores were higher in the two unrelated indi-
viduals with PNPT1 variants compared to non-carriers.
Notably, ISG values measured in affected individuals were
in the same range as those previously reported in individ-
uals with bi-allelic pathogenic variants in PNPT1.17,25,27

The ISG score for the unaffected individual carrying a
pathogenic PNPT1 variant was close to the score mea-
sured in non-carrier (control) individuals. The same differ-
ence between affected carriers and non-carriers was
observed in a second experiment performed with indepen-
dent PBLs collected at a different age at sampling for indi-
viduals with a pathogenic variant (Fig 6C).

Discussion
The genetic basis of the SCA25 locus had eluded discovery
since the disorder was first mapped in 2004. In this study,
we identified nonsense splice variants in PNPT1 in two
large families with autosomal dominant spinocerebellar
ataxia that map to the SCA25 locus. Analysis of PNPT1 in
a cohort of 796 individuals with SCA led to the detection
of one additional individual with a nonsense variant. Bi-
allelic pathogenic variants in PNPT1 have been previously
associated with variable diseases ranging from non-
syndromic hearing loss to multisystem Leigh disease, and
with other clinical conditions including visual defects,
abnormal muscle tone, speech delays, feeding difficulties,
scoliosis, and/or sensory neuropathy.21,22,24–26,28–30 These
previously described clinical conditions were all observed in
families with a recessive model of inheritance. Many of
these symptoms are overlapping with the clinical presenta-
tion of the individuals we have identified with heterozygous
PNPT1 variants. However, the majority of symptoms
described in individuals with bi-allelic pathogenic variants
appeared in the first year of life, in contrast to those with a
heterozygous variant, in whom symptoms appeared at ages
ranging from first months of life through to incomplete
penetrance at age 86 years for the oldest healthy car-
rier.1,25,27 This indicates that penetrance may be lower, and
expressivity more variable in individuals with heterozygous
variants. In the previous studies describing bi-allelic variants
in PNPT1, very little information was reported regarding
the heterozygous parents, suggesting that they were healthy
at the time of publication. An alternative explanation for
the apparent lack of clinical presentation in heterozygous
carriers of pathogenic bi-allelic variants could be the loca-
tion of the variants, resulting in a possible genotype–
phenotype correlation for the risk of developing ataxia. The
three variants described in our study are all located in the

S1-domain (Fig 2). Strikingly, two of them alter the protein
sequence from the same amino-acid position, and all induce
a premature stop in the S1-domain. In contrast, previous
studies demonstrate pathogenic bi-allelic variants, indicated
above the protein schematic, are located throughout the
gene. Only two previous reports described patients with bi-
allelic PNPT1 variants who developed ataxia in adulthood.
All of these patients had missense variants within the
S1-domain, leading the authors to hypothesize a genotype-
correlation.25,30 Thus, it is reasonable to speculate that vari-
ants affecting the S1 domain, which has a crucial role in
RNA binding, may be associated with ataxia.

PNPase is localized to the mitochondrial matrix and
the intermembrane space.21,22,29 Dysfunction of mito-
chondria has been described in Friedreich’s ataxia and
SCA28. Similarly, defective mitochondrial mRNA matu-
ration was described in recessive spastic ataxia due to
mutations in MTPAP.31 Among all of the SCA loci,
PNPT1 is the first gene linked with the sensing and elimi-
nation of double-stranded mtRNA, reinforcing the role of
mtRNA processing in inherited ataxias and more broadly in
neurodegenerative disorders. Indeed this exoribonuclease is
reported to play a dual role in RNA import into the mito-
chondria, and in preventing the accumulation of double-
stranded mtRNA in mitochondria.17,21,22,29 Variants affect-
ing the S1-domain, which reduce the expression of PNPase
and/or which lead to proteins lacking this domain, may alter
or destabilize the homotrimeric structure of the enzyme. This
mechanism, through a dominant-negative effect, might be
the basis of the genotype–phenotype correlation. Alterna-
tively, variants affecting the S1-domain could lead to altered
enzyme function. A previous study showed that two disease-
linked missense variants located before the S1-domain caused
dimer formations, while truncated PNPase lacking the
S1-domain formed trimer, with different altered function.32

Therefore, it is possible that mutations removing or altering
the S1-domain (as observed in patients who developed ataxia)
lead to different PNPase enzymatic structures compared to
missense variants located upstream the S1-domain. Altered
sensing of certain mtRNA may be the molecular basis of the
apparent correlation between ataxia and variants affecting the
S1-domain. Such correlations often highlight specific mecha-
nisms that partly explain the clinical variability among car-
riers of pathogenic variants in the same gene in mendelian
disorders. Analysis of the GTEx database (https://gtexportal.
org/home/; V8) suggests that PNPT1 expression is elevated
in cerebellar tissues compared to other brain regions and that
there is a distinct signature of PNPT1 isoform expression in
cerebellum. Collectively, the specific effect of variants located
in the S1-domain on the enzymatic structure and the expres-
sion pattern of PNPT1 in cerebellar tissues may explain the
correlation of mutations affecting the S1-domain with ataxia.
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Individuals with bi-allelic variants in PNPT1 display
mitochondrial double-stranded RNA accumulation with a
subsequent leakage into the cytosol, leading to aberrant
type I interferon activation.17 In our series, the ISG scores
were higher in affected heterozygous carriers compared
with non-carriers, suggesting that the same triggering of a
type I interferon response occurs in individuals with both
bi-allelic and heterozygous variants in this gene. This aber-
rant response may also contribute to the development of
disease. An increased IFN activation may drive neu-
roinflammation leading to neuronal dysfunction and/or
neuronal loss. For example, it has been proposed that the
chronic production of interferon-α (IFNα) from astrocytes
drives the neurodegeneration and the appearance of ataxia
in a mouse model of Aicardi-Goutières syndrome (AGS),
a well-known interferonopathy.33,34 However, a functional
link between PNPase mediated type I interferon response
and neuropathology is yet to be tested in individuals with
either heterozygous or bi-allelic PNPT1 variants. Our
study cannot definitively determine if this activation is
involved in the pathogenesis, or alternatively is merely a
biological marker of the disease. Interestingly, the ISG
score in the heterozygous carrier still healthy at age 86 was
close to the values measured in non-carriers. This result
suggests the limitation of the type I interferon response
may directly or indirectly prevent deleterious effects of
pathogenic PNPT1 variations. The identification of an
aberrant type I interferon response in other inter-
feronopathies led to therapeutic trials targeting this path-
way. The use of Janus kinase (JAK) 1 inhibitor in AGS
has showed promising but also variable results.35–37 JAK
1/2 are part of the type I interferon-receptor complex that
could be targeted in PNPT1 carriers, although reversing
the neurodegeneration in affected individuals with a very
early onset may be challenging.38

A variable type I interferon response among carriers
may also explain the striking intrafamilial variability
observed in SCA25. Variable penetrance is a widespread
phenomenon in mendelian disorders, especially in domi-
nant diseases, and to date poorly understood. We searched
for modifiers variants in ten genes belonging to the cGAS-
STING pathway, associated with the type I interferon
response (STING, IFI44, IFI44L, IFIT1, SIGLEC1,
IFI27, ISG15, RSAD2, IFI6, OTOF) but did not detect
potential modifying variants shared by our patients (data
not shown). We also looked in other genes directly
involved in the sensing of double-stranded mtRNAs
(SUPV3L1 and MDA5), without significant findings. Sim-
ilarly, intermediate alleles of some expanded repeat loci
have been reported to be risk factors for other neurode-
generative disorders.39,40 However, all of the expansion
loci examined in our patients (n = 30) encoded repeat in

the normal range. Thus, the genetic basis of the variable
penetrance in SCA25 remains to be elucidated.

To conclude, our work not only describes PNPT1 as
causing SCA25, but also establishes a link between
SCA25 and Mendelian type I interferonopathies,
highlighting a common pathological pathway and possibly
the hope of common treatments. How the alteration of
mtRNA trafficking and the subsequent aberrant type I
interferon response caused by PNPT1 variants affecting
the PNPase S1-domain might then lead to cerebellar dys-
function remains to be explained.
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