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ABSTRACT: Background: Association between
monoallelic STUB7 variant and expanded ATXN8OS
alleles was recently reported, suggesting a pathogenic
interaction that may influence spinocerebellar ataxia type
48 (SCA48) phenotype.

Objectives: We investigated the frequency and clinical
impact of ATXN8OS in a large cohort of STUBT carriers
compared to individuals with other ataxias and controls.
Methods: Ataxic individuals and controls from the
SPATAX/BIOMOV cohorts (Paris Brain Institute) were
screened for ATXN8OS and other CAG expansions using
polymerase chain reaction (PCR)/repeat-prime PCR
(RP-PCR) and ExpansionHunter. STUB1 carriers under-
went whole-genome or exome sequencing.

Results: Our cohort comprised 12 biallelic STUBT car-
riers (SCAR16) and 67 monoallelic STUBT carriers
(SCA48) without other causative variants. ATXNSOS
expansions (84-177 CTA/CTG repeats) were identified in
seven SCA48 individuals (10.5%) who exhibited earlier
onset (median age 28 vs. 47 years, P < 0.001) compared
to other SCA48 individuals but with similar clinical pre-
sentation. ATXN8OS expansions were also found in two
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healthy controls older than 50 years (2/286, 0.7%) and in
eight index cases with autosomal dominant ataxia
(8/400, 2%), including four carrying another molecular
diagnosis without any effect on the phenotype. Other
intermediate expansions were identified in individuals with
SCA48: seven (10.5%) carried intermediate TBP alleles (40—
46 CAG/CAA) without any effect on dementia prevalence;
four carried intermediate HTT alleles (28-29 CAG); and
three carried intermediate ATXN1 expansions (38 CAG).
Conclusions: ATXN8OS intermediate expansion acts as a
genetic modifier in SCA48 but not in other ataxias. More-
over, expanded intermediate alleles in neurodegenerative
disease genes were present in one-third of SCA48 individ-
uals. These alleles may increase polyglutamine burden,
potentially saturating STUB1 E3 ubiquitin ligase activity. ©
2026 The Author(s). Movement Disorders published by
Wiley Periodicals LLC on behalf of International Parkinson
and Movement Disorder Society.
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The STUBI1 gene encodes the CHIP protein, an E3
ubiquitin ligase and co-chaperone implicated in protein
quality control by targeting a wide range of chaperone
substrates for proteasomal degradation.' STUB1 was
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initially associated with autosomal recessive spi-
nocerebellar ataxia type 16 (SCAR16),> a progressive
cerebellar ataxia starting in early adulthood and fre-
quently associated with cognitive impairment and sensory
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neuropathy.? More recently, monoallelic pathogenic vari-
ants in STUB1 have been linked to autosomal dominant
spinocerebellar ataxia type 48 (SCA48).> SCA48 is a pro-
gressive spinocerebellar ataxia but with a later onset in
mid-adulthood (median age at onset ~40 years) associ-
ated with cognitive decline and psychiatric symptoms.**
In SCA48, a digenic inheritance model has been pro-
posed, as STUBI variants are frequently reported in asso-
ciation with intermediate allele size of TBP (ie, 40-48
CAG/CAA repeats).” TBP alleles exceeding 48 CAG/CAA
repeats cause spinocerebellar ataxia type 17 (SCA17), a
progressive adult-onset ataxia associated with cognitive
and psychiatric manifestations.® The co-occurrence of a
monoallelic STUB1 variant with an intermediate allele of
TBP has been reported to confer a more severe phenotype
of SCA48, with increased frequency of cognitive impair-
ment and accelerated disease progression.”

A recent study focusing on SCA8/ATXNS8OS reported
that 20% of SCAS individuals carried a pathogenic het-
erozygous STUBI variants and presented an earlier age at
onset compared to the rest of cohort.® ATXNSOS is a
noncoding RNA gene located on the opposite strand of
the ATXNS gene, which encodes a nearly pure poly-Q
protein with unknown function.” Pathogenic expansions
in ATXN8OS have been associated with spinocerebellar
ataxia type 8 (SCA8)' characterized by slowly progres-
sive adult-onset ataxia, cognitive impairment, sensory
neuropathy, upper motor neuron involvement, and par-
kinsonism.'' In SCAS8, the pathogenic threshold for
CTA/CTG repeat remains poorly defined. Normal alleles
typically range from 15 to 50 CTA/CTG repeats.

Based on the reported associations between STUBI
and repeat expansions in ATXN8OS and TBP, we sys-
tematically screened our STUB1 cohort for exonic
repeat expansions and investigated the cohort for alter-
native molecular diagnoses.

Patients and Methods

Study Participants

We included all individuals from the SPATAX
(NCT00140829) and BIOMOV (NCT05034172) cohorts
followed at the Paris Brain Institute (ICM) who presented
cerebellar ataxia and carried at least one STUB1 variant.
Transmission mode was determined from pedigree; auto-
somal dominant inheritance was defined by vertical trans-
mission, with at least one affected first-degree relative in
two successive generations. Two additional cohorts from
the SPATAX and BIOMOV studies were used to deter-
mine the frequency of ATXNS8OS and CAG repeat
expansions: a cohort of 400 index cases of autosomal
dominant ataxia, with or without identified genetic cause,
and a cohort of 286 healthy controls aged over 50 years.

All participants provided written informed consent,
and blood samples were collected in accordance with

local French regulations (Paris Necker Ethics Commit-
tee approval [SPATAX RBM 01-29 and RBM 03-48
or BIOMOV NCT05034172]).

Genetic Analyses

The SCAS locus was amplified by polymerase chain reac-
tion (PCR) using the AccuPrime kit with Buffer A (Thermo
Fisher Scientific, Waltham, MA, USA), a final concentra-
tion of 02pM of each primer (SCAS8-F3:
TTTGAGAAAGGCTTGTGAGGACTGAGAATG  and
FAM-labelled SCA8-R4: FAM-GGTCCTTCATGTTA-
GAAAACCTGGCT), 100 ng of genomic DNA in a 25 pL
reaction volume, with 35 cycles of 94°C for 45 seconds,
55°C for 75 seconds, and 72°C for 2 minutes. For repeat-
prime PCR (RP-PCR), we used the AccuPrime kit with
Buffr A  (Thermo  Fisher  Scientific)y 1uM
ATTOS565-labelled SCA8-R4  primer (ATTOS565-
GGTCCTTCATGTTAGAAAACCTGGCT), 1 pM SCAS-
P4CAG primer (TACGCATCCCAGTTTGAGACGCAGC
AGCAGCAGCAGCA), 0.1 uM  SCA8-P3R  primer
(TACGCATCCCAGTTTGAGACG), 100 ng of geno-
mic DNA in 25 pL reaction volume, with 32 cycles of
95°C for 1 minute, 56°C for 1 minute, and 72°C for
2 minutes. Capillary electrophoresis was performed using
the ABI 3730x] Genetic Analyzer (Thermo Fisher Scien-
tific). Amplicon sizes were determined using Peak Scanner
Software 2.0. PCR primers,'” and RP-PCR primers, as
described in Krysa et al.'* Individuals were first screened
using PCR; homozygous and expanded (ie, >50 CTA/CTG
repeats) alleles were subsequently confirmed using RP-
PCR to verify allele sizes and exclude larger expansions. In
controls, RP-PCR was used to detect large alleles, and a
subset was tested by PCR to get the size distribution.

Whole-exome sequencing (WES) was performed
using the NovaSeq 6000 or X Plus platforms (Illumina,
San Diego, CA, USA) with 300 cycles, 150-bp paired-
end reads after capture with at least the Twist RefSeq
Exome (Twist Bioscience, San Francisco, CA, USA).
Whole-genome sequencing (WGS) was performed using
the NovaSeq 6000 with 300 cycles, 150-bp paired-end
reads (Illumina). Reads were aligned to the hg38
human reference genome using the DRAGEN Germline
Pipeline (Illumina). Repeat expansions were sized using
ExpansionHunter (version 5.0.0) with the default
parameters and repeat catalog without off-target
regions, targeting the following CAG-repeat-containing
genes: AR, ATN1, ATXNI1, 2, 3, and 7, CACNAIA,
HTT, and TBP; and the GGCCTG repeat in NOP56."?
TBP allele sequences were visualized using RE Viewer."*
Population reference data for TBP, HTT, and ATNX1
repeat lengths were obtained from the STRipy database
relying on a 1000 Genomes Project dataset.'” Variants
were classified as pathogenic according to the American
College of Medical Genetics (ACMG) classification.'®
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Statistical Analyses

Descriptive statistics were used to characterize the
study population. Categorical variables (eg, genotype
category and inheritance) are reported as frequencies
and percentages. Continuous variables are presented
as median and interquartile range (IQR) [Q1;Q3].
Group comparisons were performed using the
Kruskal-Wallis test for continuous variables and
Fisher’s exact test for categorical variables. For sig-
nificant overall comparisons (P <0.05), post hoc
pairwise analyses were conducted using Wilcoxon
rank-sum tests (continuous) or Fisher’s exact tests
(categorical), with Holm’s correction for multiple
comparisons. Associations between age at onset and
protein domains were assessed using linear regression
models. A threshold of P-value of 0.05 was used to
determine statistical significance. Statistical analyses
were performed using R (version 4.4.2),'” with
graphs generated using ggplot2.'®

Results

Absence of Alternative Molecular Diagnosis in
Monoallelic STUB17 Variant Carriers (SCA48)

Our cohort comprised 79 individuals from 53 fami-
lies, including 50 women and 29 men (sex ratio 1.7),
who presented cerebellar ataxia and carried at least one
pathogenic STUB1 variant (Fig. 1). Twelve individuals
carried biallelic variants (SCAR16) and came from nine
families. Geographic origin was predominantly France

r ATXN8OS AS A GENETIC MODIFIER IN SCA48

(n=67) with other European (n= 10) and North-
African (n = 2) ancestries (Table S1).

We investigated the 67 ataxic individuals from 44 fam-
ilies with a monoallelic pathogenic STUBI variant
(SCA48) by short-read WGS (n = 43) or WES (n = 24)
to exclude a second STUB1 variant or alternative molec-
ular diagnoses. No other causative variants were identi-
fied. Thirteen families exhibited clear autosomal
dominant transmission with confirmed segregation of
the STUBI variant across at least two consecutive gener-
ations; 43 families showed autosomal dominant inheri-
tance without genetic documentation of two consecutive
generations; 10 cases were isolated, and one suggested a
possible autosomal recessive inheritance. Clinical and
genetic data are provided in Table S1.

ATXN8OS Expansions in STUBT1 Carriers

The cohort was screened for ATXN8OS repeat sizes.
ATXNS8OS expansions were not identified in individ-
uals who carried biallelic STUB1 variants. However,
among monoallelic STUB1 variant carriers, 10.5%
(7/67 individuals from six families) harbored an
ATXN8OS expansion ranging from 84 to
177 CTA/CTG repeats and normal TBP alleles (35-37
CAG/CAA repeats). The frequency of an expanded
ATXNS8OS allele (>50 CTA/CTG repeats) was signif-
icantly higher in SCA48 compared to healthy con-
trols older than 50 years (10.5% vs. 0.7%, 2/286,
P =0.0001, odds ratio [OR] = 15.6, 95% confidence
interval (CI) [3.5-117.8]) (Fig. 3).

TBP 40-49 CAG

(n=7,10.5%)
| Monoallelic STUB1 ATNX80S 2 SODCTG
carriers, SCA48 (n = 67) (n=7,10.5%)

Individuals with > 1 STUBI pathogenic variant (n = 79)

without known modifiers
— (n=53)

Biallelic STUBI carriers,
SCAR16 (n = 12) HTT 27-35 CAG (n = 4, 6%)

ATXN1 36-38 CAG (n = 3, 4.5%)

I

without expansions
(n=12)

“— without expansions (n = 46, 68.7%)

FIG. 1. Study cohort distribution of individuals with STUB7 pathogenic variants. Seventy-nine individuals had ataxia associated with at least one
STUBT1 variant, including 15.2% with biallelic STUB1 variants and 84.8% with a monoallelic STUBT variant. Among monoallelic carriers, 25.3% had a
TBP allele above 37 repeats, 8.9% had an expanded ATXN8OS allele, 8.8% had other expansions, and 41.7% had no repeat expansion.
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In the cohort of 400 index cases of autosomal domi-
nant ataxia (102 with molecular diagnoses other than
STUB1 and 298 without molecular diagnosis), 2%
(8/400) carried ATXN8OS expansion (ranging from
60 to 121 CTA/CTG repeats) (Fig. 3). Thus,
ATXNS8OS alleles (>50 CTA/CTG repeats) were five
times more frequent in monoallelic STUB1 variant car-
riers than in the ataxia cohort (P <0.01, OR = 5.7,
95% CI [1.9-16.7]).

Other Intermediate Alleles in Monoallelic
STUB1 Variant Carriers

Regarding TBP expansions, we found that 10.5%
(7/67) of individuals with monoallelic STUB1 carriers
had an intermediate TBP allele ranging from
40 to 46 CAG/CAA repeats (Fig. 1). Sequencing of
TBP alleles greater than 40 CAG/CAA repeats revealed
the canonical sequence ((CAG);(CAA);(CAG),
CAACAGCAA(CAG),) without the loss of CAA inter-
ruptions in all cases. Notably, no biallelic STUB1 vari-
ant carriers harbored TBP alleles greater than 40 CAG/
CAA repeats. Intermediate TBP alleles (ie, 40-48
CAG/CAA repeats) were enriched in monoallelic
STUBI carriers, accounting for 10.5% (7/67) of the
cohort compared to 1.4% (19/1368) in the ataxic
cohort (P <0.001) and 0.02% (2/763) in controls
(P < 0.001).

Among the 53 monoallelic STUB1 variant carriers
without ATXN8OS or TBP expansions, intermediate
HTT alleles (28-29 CAG repeats) were identified in
four individuals from three unrelated families, and an
intermediate ATXNT1 allele (38 CAG repeats) was
observed in three individuals from a single pedigree.
The limited sample size precluded robust genotype—
phenotype correlation analyses. No enrichment of
intermediate ATNX1 and HTT alleles was observed
in monoallelic STUB1 carriers compared to both
cohorts of controls and ataxic individuals. ATXN1
intermediate alleles were present in 4.5% of
monoallelic STUB1 carriers (3/67), compared to
2.2% (21/984 alleles) in controls (P = 0.375) and
4.9% (67/1370 individuals) in other ataxic individ-
vals (P = 1.0). Similarly, HTT intermediate alleles
were detected in 6.0% of monoallelic STUBT carriers
(4/67) versus 2.9% (29/990 alleles) in controls
(P =0.375) and 6.0% (82/1363 individuals) in other
ataxias (P = 1.0).

Association of ATXN8OS Expansions with
Earlier Age at Onset in Monoallelic STUB1
Carriers

We investigated whether age at onset significantly dif-
fered among the four groups of STUBI1 carriers:
monoallelic STUB1 carriers with normal ATXN8OS/
TBP alleles: n = 53; monoallelic STUB1 carriers with

expanded ATXNS8OS alleles: n=7; monoallelic
STUBI carriers with expanded TBP alleles: n = 7; and
biallelic STUBI1 carriers: n = 12. Post hoc comparisons
revealed significant younger onset in biallelic STUB1
carriers and monoallelic STUB1 carriers with expanded
ATXNS8OS alleles compared to those with one STUB1
variant and normal ATXNS8OS/TBP alleles or expa-
nded TBP alleles (P < 0.0001). Specifically, monoallelic
STUBI1 variant carriers with normal ATXN8OS allele
had a median age at onset of 47 years [39.8-53.5],
which significantly decreased to 28 years [26-30.0] in
individuals carrying ATXN8OS expansion (P < 0.001)
(Fig. 2A; Table 1). Within families sharing identical
STUBI1 variants, individuals with ATXN8OS expan-
sion exhibited earlier onset than those without. Biallelic
STUBI1 variant carriers presented the earliest age at
onset, 26 years [20.8-29.0] (P < 0.0001), among all
groups.

Clinical Features of Monoallelic STUB1 Variant
Carriers

The rest of the phenotypic characteristics were sim-
ilar between monoallelic STUB1 carrier groups
(Table 1). All seven individuals with ATNX80S
expansion presented with ataxia, cerebellar atrophy,
and cognitive impairment similarly to more than
95% of monoallelic STUB1 carriers without
ATNX80OS expansion. Nearly all individuals with-
out ataxia, cognitive impairment, or cerebellar atro-
phy had a disease duration of less than 35 years.
Other movement disorders were similarly distributed
between monoallelic STUB1T carriers with or without
ATXNS8OS expansions, including mainly parkinson-
ism (29% vs. 60%, P=0.9) and dystonia (57%
vs. 18%, P =0.2). Sensory deficit was reported
in 14% of ATXN8OS expansion carriers and 35%
of non-ATXN8OS carriers (P = 1.0). Spasticity
was rare in both groups, accounting for 14% of
ATXNS8OS expansion carriers and 6% of noncarriers
(P = 1.0). Dementia or psychiatric syndromes were not
identified in ATXN8OS expansions group compared
to 71% in other monoallelic STUB1 carriers. Psychi-
atric features included primarily depression, anxiety,
and behavior disturbances. However, disease dura-
tion was shorter in individuals carrying ATNX80S
expansion (3 years vs. 9 years, P = 0.41). No indi-
viduals had developmental delay. Epilepsy was
reported in 5 cases with normal ATXNS8OS allele
(5/35,14.2%).

No significant clinical differences were observed
between monoallelic STUBI carriers with normal and
intermediate TBP alleles. Dementia prevalence was sim-
ilar between the two groups (71%, P = 1.0), as well as
median disease duration to survival endpoint (23 years
vs. 33 years, respectively, P = 1.0).
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FIG. 2. Comparison of the age at onset between individuals with monoallelic STUB1 variants not carrying ATXN8OS or TBP expansions (grey), carrying
TBP expansion (green), carrying ATXN8OS expansions (red), and individuals with biallelic STUB17 variants (blue). (A) STUBT variants associated with
expansions in ATXN8OS are associated with an earlier age at onset. Boxplots represent median, Q1, and Q3 of age at onset in years. (B) Age at onset
is not associated with the variant position or domain. Points represent individuals. Associated variants in the same individual (compound heterozygous
variants) are represented by a blue line. [Color figure can be viewed at wileyonlinelibrary.com]
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FIG. 3. ATXN8OS repeat size distribution in heathy controls (grey), individuals with cerebellar ataxia not related to STUB7 (blue), and individuals with
one STUBT variant (orange). (A) ATXNSOS expansions are present in general population and cerebellar ataxia cohort and enriched in STUB7 variant
carriers’ cohort for size >50 CTA/CTG. (B) Distribution of not expanded ATXN8OS alleles in the three groups. [Color figure can be viewed at

wileyonlinelibrary.com]

Clinical Features of Biallelic STUB17 Variant
Carriers (SCAR16)
In individuals with biallelic STUB1 variants (n = 12),

cerebellar ataxia was associated with spasticity (4/12,
33.3%), developmental delay (3/10, 30%), and rapid

disease progression with early age at death (before age
50) in six individuals (Table 1). One SCAR16 patient
also carried a pathogenic variant in PSENI (ie,
¢.236C>T, p.Ala79Val) and developed dementia at age
33, consistent with PSEN1-related early-onset dementia.
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Absence of Correlation Between Age at Onset
or Inheritance and the Affected STUB1
Domains

In the monoallelic STUB1 variant carriers’ cohort, no
association was observed between age at onset and
STUBI1 variant protein domain (P = 0.9666) (Fig. 2B).
Variant details are provided in Table S2. Analysis
including biallelic STUB1 individuals revealed that spe-
cific  variants  (p.Tyr49Cys, p.Pro243Leu, and
p-Lys145GIn) were associated with both autosomal
dominant and autosomal recessive transmissions
(Fig. 2B). Additionally, variants reported only in
monoallelic forms in our cohort had previously been
described in recessive families (p.Asné65Ser, p.Ala67Val,
c.612 +1G>A, p.Arg241Trp, p.Pro243Leu).”'"?
Twelve variants were exclusively recessive in our
cohort, including p.Arg241Trp previously reported in a
dominant family.?® Four variants were observed in
asymptomatic parents of biallelic STUB1 individuals
and were never reported in dominant forms
(p.GIn102Ala*10, p.Cys199Phe, p.Met211Thr, and
p-Leu231Val). Moreover, variants were identified
across all three protein domains (ie, tetratricopeptide
repeat [TRP] domain, helix-hairpin domain, and U-box
domain) in both dominant and recessive forms.

Alternative Molecular Diagnoses in Individuals
Carrying ATXN8OS Expansions Without STUB1
Variants

As reported above, we identified eight individuals
from the cohort of ataxic cases without STUB1 variants
who carried ATXNS8OS expansion. Four (50%) of
them already had a molecular diagnosis of inherited
cerebellar ataxia:

1. Family SAL-305: four generations with complex
ataxia and cognitive impairment. An ATXN3
expansion (71-79 CAG repeats) segregated in all
10 affected individuals. The ATXN8OS expansion
(60-67 CTA/CTG repeats) was present in five
affected and six asymptomatic individuals. The
ATXN8OS expansion was not associated with
earlier-onset or additional symptoms.

2. Family SAL-379: four generations with pure cerebel-
lar ataxia and age at onset ranging from 17 to
43 years. All affected individuals harbored a patho-
genic deletion of AFG3L2 (exons 14-16). One
affected individual carried an ATXN8OS expansion
(79 CTA/CTG repeats) and exhibited the latest onset
at 43 years.

3. Case AAR-009: an individual with pure spastic
paraplegia and age at onset at 41 years, carrying
biallelic pathogenic exon 1 deletion in SPG7 and an
ATXNS8OS expansion (121 CTA/CTG repeats). No

segregation data were available; however, the phe-
notype was typical for SPG7.

4. Family AAD-271: three generations with complex
ataxia and parkinsonism, plus cognitive impairment,
chorea, and myoclonus. A pathogenic NPTX1 mis-
sense variant (c.1165G>A, p.Gly389Arg) segregated
in eight affected individual.** The ATXNS8OS
expansion (83-95 CTA/CTG repeats) was present in
five affected and two unaffected individuals without
association with an earlier-onset or additional
symptoms.

Discussion

ATXNS8OS Intermediate Expansion Is a Genetic
Modifier of Monoallelic STUB1 Carriers

We screened a large cohort of 67 ataxic individuals
harboring monoallelic pathogenic STUB1 variants to
explore the presence of genetic modifiers, including
ATXNS8OS, TBP, and other CAG repeat expansions.
After comprehensive genetic workup, including WES
and short-read WGS, no alternative molecular diagno-
sis was identified. Individuals with monoallelic STUB1
variants exhibited a homogenous phenotype of adult-
onset progressive ataxia with cognitive impairment,
starting around 47 years of age. We confirmed that co-
occurrence of a monoallelic STUBI variant and an
ATXNS8OS (>50 CTA/CTG repeats) is associated with
an earlier age at onset of about 20 years, with a median
age of 28 years. The remaining phenotypic characteris-
tics, including slowly progressive ataxia and cognitive
impairment, were similar regardless of ATXN8OS size.
Additional clinical features included parkinsonism, psy-
chiatric manifestations, and sensory deficit, consistent
with previous reports.* ATXNS8OS expansions were
15 times higher in monoallelic STUB1 carriers than in
controls and 5 times higher than individuals with other
inherited ataxias.

Questioning the Pathogenicity of ATXNS8OS
Expansions and Implications for Genetic
Counseling

This study further questions the pathogenicity of
ATXNS8OS expansions, as previously suggested.”>**® By
screening 286 healthy controls with age above 50 years,
we confirmed the relatively high frequency (~1%) of
expanded alleles (>50 CTA/CTG repeats) in the general
population, consistent with previous reports.””*® More-
over, ATXNS8OS expansions have been frequently
reported in other neurological disorders, including
ataxia of known causes (Table 2): 2% in SCA2, 2.4%
in Friedreich’s ataxia,”” 1.9% in SCA6,>° and up to
8.6% in SCA1.>" Case reports of individuals with co-
occurring ATXN8OS expansions and another molecu-
lar diagnosis have shown no phenotypic impact.>*333*
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GENETIC MODIFIER

IN SCA48

TABLE 2 List of ATXNS8OS expansions detected in other neurological diseases, including ataxia from literature and the SPATAX/BIOMOYV cohort

Gene/disease

AXTNS8OS expanded
allele frequency

AXTNS8OS expanded
allele range (repeats)

Age

References

Psychiatric disorders,
including psychosis,
borderline personality
disorder, or juvenile-
onset depression;
healthy controls

Undiagnosed ataxia;
diagnosed ataxia,
including SCA2 and
Friedreich’s ataxia;
Alzheimer’s disease

Celiac disease ataxia
AVED/TTPA ataxia
SCA1/ATXN1
SCA31/BEAN

SCA6/CACNA1A;
Parkinson’s disease,
Alzheimer’s disease

Late-onset Parkinson’s
disease

Juvenile Huntington’s
disease

ALS

PSP

Familial essential tremor
SPG7

SCA3/ATXN3

SCA28/AFG3L2

SCA50/NPTX1

1.25%; 0.7%

2.0%; 2.4%; 1.8%

1 case
1 case
8.60%
3 cases

1.9%; 0.4%; 0.3%

1.50%

1 case

3%
0.02%
1 case
1 case (AAR-009)

5 affected members; 6
unaffected members
(SAL-305 family)

1 affected member
(SAL-379 family)

5 affected members and 2
unaffected members
(AAD-271 family)

>100 36.8 4+ 11.2;302 £ 11.3  Vincent et al (2000)*°
>91 NA, NA, 73.4 Sobrido et al (2001)*°
159 33 Cellini et al (2001)*
320 30 Cellini et al (2002)**
53-116 20-50 Sulek et al (2003)°'
150-250 23-49 Ohnari et al (2008)**
85-399 47 £16;70 £ 10; 61 £ 9 Tzumi et al (2003)™°
75-92 58-81 Wu et al (2004)*
104 29 Bereznai et al (2010)™°
91-223 65+ 12 Hirano et al (2018)*”
74-151 76-79 Samukawa et al (2019)°
188 57 Zhou et al (2024)*®
12/121 50 This study
60-67 38-63 This study
12/79 70 This study
83-95 48-60 This study

Note: Age is represented either as a range or as the mean and standard deviation, depending on the article.
Abbreviations: SCA, spinocerebellar ataxia; ALS, amyotrophic lateral sclerosis; PSP, progressive supranuclear palsy.

ATXNS8OS expansions have also been reported in
other neurodegenerative disorders, including
Alzheimer’s disease,”” Parkinson’s disease,®” atypical
parkinsonism,*® amyotrophic lateral sclerosis,®” essen-
tial tremor,®® Huntington’s disease,>” and psychiatric
disorders.*” In our four families with co-occurring
ATXNS8OS expansions and another molecular diagno-
sis, the phenotype was consistent with the primary
disease-causing gene (ie, typical clinical progression of

SCA3 or spastic paraparesis in the SPG7 family), with

incomplete segregation of the ATXN8OS expansion
and no apparent phenotypic effect.

We did not identify any ATXN8OS expansions
larger than 177 CTA/CTG repeats after screening more
than 400 ataxia cases, including STUBI1 carriers, using
capillary migration sizing. The pathogenicity of
ATXNS8OS expansions remains controversial, as the
expansion threshold is uncertain, asymptomatic indi-
viduals carrying expansions up to 1300 repeats have
been reported,”” and reduced penetrance has been

Movement Disorders, 2026 9

85USD17 SUOWILLOD BAIERID B|qedl|dde au) Ag peuenob a1e SR VO 88N JO S3INJ J0} ARIGIT BUIIUO AB]IM UO (SUORIPLOD-PUE-SLLLBHWOD" A3 |1 ARRIq 1BUIIUO//SHIY) SUORIPUOD PUE SWB L 83 885 *[9202/60/22] U0 Areigiauiuo ABiim ‘8621720 93SRAIIN - XNVENO I 8U0LRYD AG YES0L SPW/ZO0T OT/I0PALI0D" 43| 1M ARRIq U1 UO'SBPIOS IPILBLLBAOLU//SANY WO PAPEOIUMOQ ‘0 *LS28TEST



MOURAUX ET AL ]

J

observed across all repeat sizes.”” Moreover,
ATXNS8OS expansions are relatively frequent in aged
controls and in other neurodegenerative diseases even
with known causes, without a clear effect on pheno-
type, except for the markedly earlier age at onset
observed in monoallelic STUB1 variant carriers. Taken
together, these observations suggest that ATXN8OS
expansions may not act as fully penetrant disease-
causing variants by themselves but rather as genetic
modifiers whose effect becomes clinically relevant in
specific genetic contexts. One possible explanation for
this modifier effect is a pathological interaction between
ATXN8OS-expanded alleles and monoallelic STUB1
pathogenic variants. We hypothesize that ATXN8OS
expansions may promote the accumulation of toxic
RNA foci in the context of impaired STUB1 E3
ubiquitin ligase activity, thereby enhancing neuronal
vulnerability and accelerating disease onset. These
RNA foci will then lead to sequestration of proteins,
including the RNA-binding protein MBNL1, which is a
target-specific regulators of pre-messenger RNA
(mRNA).*! Further functional and pathological studies
are needed to better characterize the physiopathological
processes. Pending further evidence, genetic counseling,
particularly prenatal and preimplantation testing for
SCAS, should be approached with extreme caution.

Other Expansions Associated with Monoallelic
STUBT1 Carriers

The other intermediate expansion enriched in the
monoallelic STUB1 cohort was found in TBP. Interme-
diate TBP alleles (ie, 40-48 CAG/CAA repeats) were
seven times more frequent than in non-STUB1 ataxic
individuals and above 50 times more frequent than in
controls. We and others previously reported that inter-
mediate TBP alleles in monoallelic STUB1 variant car-
riers were associated with more severe clinical
outcomes.””>** In the present enlarged cohort, longitu-
dinal analyses indicated no difference in the frequency
of dementia or shorter survival between individuals
with SCA48 carrying normal or intermediate TBP
alleles. This could be partly explained by our inclusion
of TBP alleles from 40 CAG/CAA repeats, whereas cer-
tain previous cohorts used a threshold of 41 CAG/CAA
repeats.””*> We applied the 40-repeat threshold
because 40 CAG/CAA alleles are enriched in
monoallelic STUB1 variant carriers compared to the
general population and non-STUBI ataxic cohort.
Recent studies have suggested 39 CAG/CAA as the
intermediate TPB allele threshold and have reported an
enrichment of theses alleles in monoallelic STUB1 car-
riers.** However, comparisons across studies and
cohorts should consider the methods used to size TBP
CAG repeat expansion. Indeed, the use of Expa-
nsionHunter or PCR-based techniques may yield

different repeat length estimates. ExpansionHunter is a
fast and reliable tool for detecting repeat expansions in
spinocerebellar ataxias, as previously demonstrated.*
However, sizing is potentially affected by shallow
sequencing coverage and the absence of spanning reads,
which may not be reliable detected in WGS datasets,
including the gnomAD database. The difference
between different studies is that CAG repeat expansions
were sized either using ExpansionHunter or by PCR-
based techniques, which appear to differ. Indeed,
ExpansionHunter seems fast and reliable for detection
of repeat expansions in spinocerebellar ataxias, as pre-
viously demonstrated.*> However, the sizing is poten-
tially affected by shallower coverage and spanning
reads, which are not detected in WGS studies, including
gnomAD database.

Finally, the longitudinal follow-up of monoallelic
STUBI carriers showed that almost all developed cog-
nitive impairment and later on dementia. One main lim-
itation of all these studies®”****? is that dementia onset
is difficult to define as it is partly subjective, is not
always assessed by a neuropsychological evaluation
earlier in the disease course, and becomes evident only
when the impact on daily functioning is evident.

Additional intermediate alleles in other genes were
identified, including four individuals with HTT interme-
diate alleles (28-29 CAG repeats) and three with
ATXNT1 intermediate alleles (38 CAG repeats). These
intermediate alleles were not more enriched in STUB1
carriers than other non-STUBI ataxic individuals.
However, it has been suggested that such alleles may
contribute to the pathogenesis of other neurodegenera-
tive disorders or modify the phenotype.*®*”

The relatively high frequency of expanded or interme-
diate alleles of other neurodegeneration-associated
genes observed in 27% of monoallelic STUB1 variant
carriers (18% if only significantly enriched expansions
are included), along with the absence of disease in het-
erozygous parents of biallelic STUB1 variant carriers,
raises the question of whether a monoallelic STUB1
variant alone is sufficient to cause the disease, or
whether additional genetic factors are required to trig-
ger the disease. Therefore, large cohorts should be
investigated to identify additional genetic factors that
may contribute to disease expression.

STUB1 Protein Function and Physiopathology

STUB1 comprises three main domains: the
N-terminal TRP domain, the helix-hairpin domain, and
the C-terminal U-box domain. Pathogenic variants in
TRP domain disrupt chaperone interactions,*®*” lead-
ing to the accumulation of misfolded protein.'”*° Vari-
ants in helix-hairpin domain may destabilize the
protein or impair homodimers formation.’®! Finally,
variants in U-box domain impair ubiquitin ligase

10 Movement Disorders, 2026
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activity.’*>% Although biallelic variants lead to the loss
of co-chaperone or E3 ubiquitin ligase function or pro-
tein instability,’*’® monoallelic variants would be
expected to exert a dominant-negative effect. However,
as identical variants are reported in both biallelic and
monoallelic  states, differential pathophysiological
impacts seem unlikely. Intermediate expansion in
ATXNS8OS, TBP, HTT, or ATXNI may increase
poly-Q protein burden, potentially saturating STUB1
E3 ubiquitin ligase activity. Alternatively, stress-induced
STUB1 activity, increasing co-chaperone function while
decreasing E3 ligase activity,’® may contribute, as well
as environmental or genetic factors, such as increased
misfolded protein burden or mitochondrial dysfunction.
Under these conditions, haploinsufficiency due to
reduced STUB1 dosage from monoallelic variants could
manifest as later-onset phenotypes. Functional studies
incorporating environmental factors and mitochondrial
function assessment, combined with long-read sequenc-
ing to detect complex noncoding expansions, are
needed to characterize monoallelic STUB1 variant
effects on protein activity.

Conclusion

Our study refines the association between monoallelic
STUBI1 variants and ATXN8OS expansion, showing
that the latter acts as a genetic modifier of SCA48 by
contributing to an earlier age at onset. Indeed,
ATXNS8OS expansions do not appear to modulate the
phenotype of other ataxias or neurodegenerative dis-
eases and may not be sufficient to cause disease on
their own. ®
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