European Journal of Neurology

| oRIGINAL ARTICLE CEIEED

european journal
of neurology

Heterozygous PNPT1 Variants Cause a Sensory

Ataxic Neuropathy

Saif Haddad!

| Christopher J. Record! | Eleanor Self! | Mariola Skorupinska! | Alexander M. Rossor!

| Matilde Laura! |

Gordon Ingle’? | Adnan Manzur®* | Francesco Muntoni®** | Julian C. Blake!> | Mary M. Reilly!

ICentre for Neuromuscular Diseases, Department of Neuromuscular Diseases, UCL Queen Square Institute of Neurology, London, UK | 2Autonomic Unit,

National Hospital for Neurology and Neurosurgery, London, UK | 3The Dubowitz Neuromuscular Centre, University College London, Great Ormond Street
Institute of Child Health & Great Ormond Street Hospital, London, UK | “National Institute of Health Research, Great Ormond Street Hospital Biomedical
Research Centre, London, UK | SDepartment of Clinical Neurophysiology, Norfolk and Norwich University Hospital, Norwich, UK

Correspondence: Mary M. Reilly (m.reilly@ucl.ac.uk)

Received: 8 November 2024 | Revised: 8 January 2025 | Accepted: 25 January 2025

Keywords: ataxia | CMT | neurogenetics | sensory ataxic neuropathy | spinocerebellar ataxia

ABSTRACT

Background: Biallelic variants in polyribonucleotide-nucleotidyltransferase-1 (PNPT1) have been associated with a range of

phenotypes from syndromic hearing loss to Leigh's syndrome. More recently, heterozygous variants in PNPT1, have been re-

ported in three families with cerebellar ataxia and prominent sensory neuropathy.

Methods: Whole genome sequencing was performed in two families with autosomal dominant sensory ataxic neuropathy (SAN).

Results: Segregating heterozygous splice site (c.2014-3C>G) and nonsense (p.Arg715Ter) variants were detected in both fami-

lies. All patients initially presented with an isolated SAN clinically and neurophysiologically with subsequent variable cerebellar

involvement.

Conclusion: We report two heterozygous PNPT1 variants in two families with a predominant SAN, including the novel p.Ar-

g715Ter. This strengthens the argument of PNPTI causing dominant disease and highlights a new cause for dominantly inher-

ited SAN.

1 | Introduction

Inherited neuropathies range from those in which the neurop-
athy is the sole or predominant feature (Charcot-Marie-Tooth
disease), to those in which the neuropathy occurs as part of a
multisystem disease (complex inherited neuropathies). With ad-
vances in genetic testing, it is increasingly recognised that vari-
ants in some genes can produce phenotypic variability, from an
isolated neuropathy to a more complex syndrome [1, 2]. Sensory
ataxic neuropathies (SAN) are a rare subtype of inherited neu-
ropathy. They are often part of a complex syndrome including
cerebellar or mitochondrial features. The genetic causes of a pure
or predominant SAN are limited to a small number of genes; ex-
pansions in RFCI causes CANVAS (cerebellar ataxia, neuropa-
thy and vestibular areflexia syndrome) but can present as a pure

SAN; similarly, recessive variants in the nuclear mitochondrial
gene POLG classically not only causes SANDO (sensory ataxic
neuropathy, dysarthria and ophthalmoplegia) but also can pres-
ent with isolated SAN. Rarely variants in COX20 and RNF170
[3-5], reported in only a few families, can cause SAN.

Biallelic variants in polyribonucleotide nucleotidyltransferase-1
(PNPT1I) have been associated with variable phenotypes rang-
ing from syndromic hearing loss to multisystem Leigh disease.
More recently, heterozygous variants in PNPTI have been as-
sociated with disease. Barbier et al. [6-9] identified two novel
splice variants in PNPTI in two large families with autosomal
dominant sensory and cerebellar ataxia consistent with spinoc-
erebellar ataxia 25 (SCA25), and a further nonsense variant in
an individual with SAN and cerebellar signs. Notably, there was
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incomplete penetrance and variable expressivity, and other fea-
tures including cognitive impairment and hearing loss.

PNPT1, a subunit of the exosome complex, encodes PNPase,
which localises in the mitochondrial matrix and intermembrane
space. It is involved in mtRNA processing and degradation. It
has been speculated that disrupted PNPase activity leads to the
accumulation of double stranded mitochondrial RNA, which
leaks into the cytoplasm and triggers an antiviral signalling
pathway [10].

In this study, we report two further families with heterozygous
PNPTI variants who present with SAN.

2 | Methods
2.1 | Patient Selection and Clinical Assessment

Patients were recruited to the ethically approved ‘Charcot-
Marie-Tooth Disease and related disorders: A Natural History
Study’, reviewed by the London Queen Square Research Ethics
Committee (REC No. : 09/H0716/61), and signed informed con-
sent forms prior to participation. All participants were clinically
assessed in our inherited neuropathy clinic using the validated
CMT Neuropathy Score [11].

2.2 | Genetic Analysis

Whole genome sequencing (WGS) was performed as part of the
100,000 Genomes Project (100KGP), following previous neg-
ative diagnostic testing (including a minimum of CMT2 [24
genes], hereditary sensory neuropathy [11 genes] and heredi-
tary spastic paraparesis [12 genes| panels) [12, 13]. After nega-
tive primary findings reports from the 100KGP (virtual panels
were applied including hereditary neuropathy v1.49, hereditary
spastic paraplegia v1.205, hearing loss v1.56 and nuclear mito-
chondrial disorders v1.84), variants were prioritised using our
up-to-date in-house virtual gene panel. Candidate variants were
confirmed through Sanger sequencing and segregation analysis
was performed.

3 | Results
3.1 | Clinical Phenotype

All individuals in Families 1 and 2 presented with a SAN; some
individuals developed cerebellar signs. Clinical features are
summarised in Table 1. The pedigrees were consistent with
an autosomal dominant pattern of inheritance in both families
(Figure 1).

3.1.1 | Family1l

The female proband (AIII6) who is now aged 30, had a normal
birth but first walked at 17 months old with an unsteady gait.
She was diagnosed with scoliosis at the age of 3years. In the first
decade, she developed high arches and was noticeably unsteady.

At the age of 10years, she sustained a relatively painless left
ankle fracture followed by multiple toe fractures. During the
second decade, the unsteadiness progressed, particularly when
in the dark, and she was never able to wear high heels. By the
age of 15years old, she felt numb to above the knees and com-
plained of pins and needles in the feet. Examination at this point
revealed a broad-based ataxic gait and she was not able to tan-
dem walk. She could stand on her heels and toes, and Romberg's
was positive. Power examination was normal in the upper and
lower limbs. She was areflexic throughout. She had a truncal
ataxia and mild pseudoathetosis of both upper limbs. Pinprick
was reduced to above her wrists and mid-thighs in upper and
lower limbs, respectively. Vibration was reduced to the anterior
superior iliac spine and was normal in the upper limbs. Joint
position was present at the metacarpal-phalangeal joint in the
right hand, and normal in the left, and reduced to both knees
bilaterally.

She subsequently developed bilateral, low-frequency sensori-
neural hearing loss requiring a hearing aid at the age of 16 years
old. Her ataxia progressed with frequent falls; she used a stick
and began using a wheelchair at the age of 25years old. She
began to experience neuropathic pain, unresponsive to ami-
triptyline, gabapentin, doselupin and lidocaine patches. Over
the years, she developed migraine and recurrent vomiting ep-
isodes. She attended the emergency department several times
due to vomiting, requiring intravenous fluids. These have now
resolved. She also developed cerebellar features in her second
decade including nystagmus, dysmetria and dysarthria.

The clinical features of the affected family members are pre-
sented in Table 1. Her paternal aunt (AII3) not only had a sen-
sory ataxic neuropathy with additional cerebellar signs, but also
had striking autonomic features. Her symptoms began in the
3rd decade; she developed numbness in the right hand, followed
by altered sensation in the right side of the face and the right
leg and, then slowly over the years, extended to the left side.
She also experienced neuropathic pain, worst in the feet. She
had no weakness but complained of severe unsteadiness which
worsened over the years. Concurrently, in her early 30s, she de-
veloped severe autonomic symptoms which included severe di-
arrhoea, urinary urgency and postural hypotension. Extensive
investigations excluded an acquired or reversible cause. She had
a trial of intravenous immunoglobulin without improvement of
either the autonomic symptoms or ataxia. By the age of 47 years,
she developed obstructive sleep apnoea requiring a continuous
positive airway pressure machine. She died aged 61years old
from unknown cause.

In the other affected family members, the age of onset ranged
from the 1st to the 3rd decade. All family members had a pure
sensory neuropathy. Her affected paternal grandmother did
not have any significant cerebellar features except subtle head
titubation. Hearing loss was present in the proband (AIII6)
as well as the father (AII4) and brother (AIII7). The proband
(AIII6) was more severely affected (as assessed by the CMTNS;
score 24) than the father (AIl4, CMTNS 5) and the brother
(AIII7, CMTNS 14).

Neurophysiology was performed on the proband (AIII6) aged
9years which showed a severe sensory neuropathy with absent
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p. Arg715Ter

€.2014-3C>G (Family 2
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RNase_PH

Genetic features of dominant PNPT1 families A. Pedigrees, Sanger confirmation of heterozygous variants and MRI brain showing

cerebellar atrophy (AIII6 and BIII9) of Families 1 and 2. The black arrows represent the probands. B. Schematic of the PNPT1 protein domains and
lollipop plot displaying pathogenic variants reported in PNPTI1. Heterozygous variants are displayed in the above protein schematic, including vari-
ants in Families 1 (c.2014-3 C>f the recessive variants, only variants associated with predominant or isolated cerebellar features and/or sensory
neuropathy are annotated. Blue/green variants are those found in trans in individuals. RNase-PH =3’exoribonuclease family, domain 1;RNase_PH-
C=3'exoribonuclease family, domain 2:PNPase =polynucleotide nucleotidyltransferase, RNA binding domain; KH_1=KH domain: S1=S1 RNA

binding domain.

sensory action potentials (SAPs) and a normal motor study
right common peroneal compound motor action potential
(CMAP) 8.5mV with a conduction velocity of 48 m/s, (Table S1).
Neurophysiology in other affected family members was similar
(Table S1). An extensive blood neuropathy screen was normal
including transferrin isoforms, biotinidase, vitamin E, porphy-
rins, very long chain fatty acids, thymidine and deoxyuridine.
She had an MRI brain aged 17years old which revealed cere-
bellar atrophy (Figure 1). Sequential normal single gene tests
included PMP22 dosage, FXN, SPTLC1, SPTLC2, RAB7, NGF,
NTRKI1, POLG, ALT1, GJBI and no pathogenic expansions were
detected in the genes responsible for SCA 1, 2, 3, 6, 7, 12 and 17.
Following negative up-to-date CMT panel (34 genes) testing, the
family were subsequently enrolled to the 100KGP.

3.1.2 | Family2

The proband (BII6) presented in his second decade with a grad-
ual slapping gait over a few years. There was no family history
suggestive of a neuropathy. His birth and development were

normal. By the age of 23, he had developed balance issues which
led to a slow, limping gait with subtle loss of feeling in his feet.
He developed hyperextension of his knees and consequently
had four arthroscopies in his left knee due to persistent cartilage
damage. Over the next decade, he began to fall regularly and
suffered a significant left shoulder injury. Despite progression of
his unsteadiness, he never complained of weakness. He started
wearing foot orthoses in his 30s which helped significantly. His
initial examination in his early 40s showed bilateral hyperexten-
sion at the knees. He was able to stand on his toes, but not his
heels. He had a positive Romberg's test. Cranial nerve examina-
tion was normal including fundoscopy. There were no cerebellar
signs. He had no finger-nose ataxia or pseudoathetosis. Motor
examination including power and tone were completely normal
in the upper and lower limbs. Reflexes were absent in the upper
limbs, knee reflexes were present and ankle jerks were absent.
The plantar response was extensor on the right and equivocal
on the left. On sensory examination, pin prick was decreased
to the distal calves in the lower limbs but normal in the upper
limbs. Vibration was normal in the upper limbs and reduced to
the ankles in lower limbs, and proprioception was normal in the
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upper and lower limbs. Original neurophysiology performed
aged 41years old showed absent SAPs except a right radial of
51V which is absent on a more recent study. His motor study
was normal throughout (median CMAP 8.4mV with a conduc-
tion velocity 50m/s). MRI brain performed aged 41 years old did
not show cerebellar atrophy.

His daughter (BIII9) had a normal birth and development. She
walked at 14months with no concerns until 2.5years of age.
She developed an acute illness with pyrexia, drowsiness and
unsteadiness. She was treated empirically for encephalitis, al-
though there was no definitive evidence. While she recovered,
she remained unsteady, especially while running. At the age
of 7years old, she developed another episode of unsteadiness
over a few weeks and was confirmed to have a SAN, without a
precipitating illness. Following this episode, she was more un-
steady, especially in the dark. She developed scoliosis and had
a T3-L4 spinal fusion aged 13years old. Subsequently, she had
another episode of worsening unsteadiness following a possible
viral infection associated with severe migraine aged 17years
old. Two weeks following this episode, her examination showed
that she walked unsteadily with a positive Romberg's test. Eye
movements were normal. She had reduced sensation in V2 and
V3 on the left. She had pseudoathetosis of the upper limbs. Tone
and power were normal in the upper and lower limbs. Her tri-
ceps reflexes were just present, and all other upper and lower
limb reflexes were absent. Plantar responses were downgoing.
On sensory examination, pinprick was reduced to the shoulders
in the upper limbs and to the knees in the lower limbs. There
was length-dependent reduction of pinprick across the abdo-
men. Proprioception was absent in the right upper limb and
only present at the shoulder on the left. In the lower limbs, pro-
prioception was reduced to the knees bilaterally. Vibration was
reduced in the upper limbs to the sternum bilaterally and in the
lower limbs, reduced to the left anterior superior iliac spine and
the right sternum. Neurophysiology performed aged 17 years old
and aged 22years old showed absent SAPs with a normal motor
study (median CMAP 7.5mV with a conduction velocity 55m/s).
MRI brain performed aged 17years old showed cerebellar atro-
phy (Figure 1).

In summary, the male proband (BII6) clinically had a mild,
slowly progressive, sensory ataxic neuropathy with onset in his
20s. His daughter (BII19) had a more severe SAN, presenting in
early childhood, which worsened with intercurrent infections.
She developed cerebellar signs at the age of 22.

An extensive neuropathy screen performed on BII6 was nor-
mal including vitamin E, copper, amino acid, carnitine profile,
porphyrins, lactate and very long chain fatty acids. Urine or-
ganic acid was unremarkable. Initial gene testing was negative
for MFN2, SPTLC1, POLG, HSPBI, TWNK, SODI1, RAB7, NGF,
NTRKI1, NEFL, EGR2 and repeat expansion testing in FXN and
the genes for SCA 1, 2, 3, 6 and 7 was negative. He had a nor-
mal DNA fragility study, and a negative nuclear mitochondrial
gene (21 genes) panel. Whole mitochondrial genome sequenc-
ing in muscle was negative. A muscle biopsy showed reduced
respiratory complexes II and III activity. White blood cell ubi-
quinone was normal. Following negative up-to-date CMT panel
(24 genes) testing, the family were subsequently enrolled to the
100KGP.

All phenotypic characteristics for both families, including the
most recent examination, are summarised in Table 1. Most re-
cent nerve conduction studies are shown in Table S1; a pure sen-
sory neuropathy is demonstrated in all patients (absent SAPs in
all patients except AII4 who had small lower limb SAPs with
absent upper limb SAPs). All motor studies and EMG, where
available, were normal.

3.2 | Genetics

Analysis of WGS variant data through the 100KGP revealed two
heterozygous variants in PNPT1. Family 1 (AIl4, AII5, AIII6
and AIII7) underwent a ‘quad’ study and the previously reported
variant (NM_033109.5 ¢.2014-3C>G) segregated in all affected
members and was absent in unaffected members (Figure 1A).
Sanger sequencing confirmed segregation in AIl and AII3. A
novel nonsense variant (NM_033109.5 ¢.2143C>T p.Arg715Ter)
was found in both affected members of Family 2 (Figure 1B).
Both variants were absent from gnomAD V3. The ¢.2014-3C>G
was absent in gnomAD V4 and the Arg715Ter has an allele fre-
quency of 1.899x 1076,

4 | Discussion

We report two heterozygous variants in PNPTI in two families
presenting a predominant SAN, including one novel variant. All
patients in our cohort have SAN and some have now developed
additional cerebellar and other features. Until recently, biallelic
variants in PNPT1 were known to cause a heterogenous pheno-
type affecting multiple organs, ranging from non-syndromic
hearing loss to multisystemic Leigh syndrome [14-16]. Ruis
et al. [17] demonstrated the heterogenous clinical spectrum in
24 patients with biallelic pathogenic variants, the largest case
series to date. It revealed that severe developmental delay and
regression (n=21) as well as a history of hypotonia (n=19)
were the most common abnormalities in the series. Additional
common features included sensorineural hearing loss (n=13),
optic atrophy and movement and tone abnormalities. Abnormal
movements included choreoathetosis, dystonia, myoclonus and
ataxia. Other features included autonomic involvement and ep-
isodic vomiting.

Heterozygous variants in PNPT1 have recently been reported to
cause cerebellar ataxia and sensory neuropathy. Barbier et al. re-
ported two splice variants, ¢.2069+ 3A>G and c.2014-3C>G, in
large French and Australian families, respectively, with autoso-
mal dominant sensory and cerebellar ataxia. The c.2014-3C>G
variant segregating in the Australian family, and in our cohort
(Familyl), predicted the effect on splicing to be the introduc-
tion of a nonsense variant in the S1 domain, p.GIn672SerfsTer6,
but RNAseq demonstrated only 10% of the alternate transcript
suggesting the majority had undergone nonsense-mediated
decay (NMD). This was corroborated by the RNAseq read-
depth approximately 50% that of controls, and ~50% reduction
in PNPase steady state levels. In the French family harbouring
€.2069+3A>G, it was demonstrated through RT-PCR that the
transcript escaped NMD and resulted in skipping of exon 25 and
a premature stop codon in the S1 domain (p.Gln672ArgfsTer18).
However, steady-state PNPase levels were reduced to around
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50% of controls and there was negligible truncated protein seen
on western blotting; the authors hypothesised post-translational
degradation. Another heterozygous variant p.Lys697AsnfsTer6
consistent with a phenotype of cerebellar ataxia, deafness as
well as sensory neuropathy, detected while screening for PNPT1
in a cohort of 796 French individuals with ataxia, was also stud-
ied and, similarly to the c.2069+ 3 >G, appeared to escape NMD
with RT-PCR showing presence of the aberrant transcript, but
reduced PNPase level and negligible truncated protein on west-
ern blotting. Therefore, despite some evidence of the variants
escaping NMD, the primary mechanism demonstrated through
the RNA and protein studies would appear to be loss of function
and an intolerance of haploinsufficiency [9].

Although there is an overlap of clinical features between differ-
ent modes of inheritance, biallelic pathogenic variants tend to
show more severe disease, and manifest in the first year of life.
Conversely, individuals with an autosomal dominant pattern
of inheritance can be affected from the first months of life to
56years old, implying variable penetrance and expressivity [9].
Notably, in Family 461 reported by Barbier et al., the father of the
affected individual carrying p.Lys697AsnfsTer6 was clinically
unaffected aged 86years, and there was an unaffected male car-
rier in the large French family, although it was not entirely clear
whether either individual was examined physically and/or neu-
rophysiologically. Interestingly, previous studies reporting bial-
lelic pathogenic variants had minimal clinical information on
the ‘healthy’ heterozygous parents, and it remains a possibility
that heterozygous carriers had a sub-clinical syndrome or have
since developed symptoms.

Our cohort confirms the variability previously noted in dom-
inant pedigrees. In Family 1, the age of onset was in the first
decade of life in three individuals (AII4, AIII6 and AIII7),
whereas one individual (AII3) noticed their first symptom in
the 3rd decade. In Family 2, the proband had a later age of
onset in the 2nd decade and although was less affected than
his daughter who presented at the age of 2 years. Although all
patients presented with a sensory ataxic neuropathy, this was
non-length dependent in some (AII3, family 1) and the po-
tential multisystem nature of this condition was highlighted
in others (AIII6, family 1 developed additional cerebellar in-
volvement, deafness and scoliosis, and BII6, family 2 devel-
oped additional pyramidal signs). There was also a wide range
of severity from patients being minimally affected (AII4,
family 1) to patients being severely affected (AIII6 became
wheelchair-bound at age 25).

In conclusion, we report two heterozygous PNPTI variants
in two families with a predominant SAN, including the novel
p-Arg715Ter. The recurrence of the previously reported c.2014-
3C>G further strengthens the argument for its pathogenicity.
Our report highlights that sensory ataxic neuropathy may be
the major and presenting feature in dominant PNPT1 disease, in
contrast with cerebellar ataxia reported previously. The clinical
severity is variable, including some apparently asymptomatic
adults, and there appears also to be a tight-genotype-phenotype
correlation to variants in the S1 protein domain. More work
is needed to understand the pathological mechanisms behind
these features.
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