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The genetic landscape and phenotypic spectrum of GAA-FGF14 =
ataxia in China: a large cohort study
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Summary eBioMedicine
Background An intronic GAA repeat expansion in FGF14 was recently identified as a cause of GAA-FGFi4 ataxia. We =~ 2024102105077
aimed to characterise the frequency and phenotypic profile of GAA-FGF14 ataxia in a large Chinese ataxia cohort.
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Methods A total of 1216 patients that included 399 typical late-onset cerebellar ataxia (LOCA), 290 early-onset 105077

cerebellar ataxia (EOCA), and 527 multiple system atrophy with predominant cerebellar ataxia (MSA-c) were
enrolled. Long-range and repeat-primed PCR were performed to screen for GAA expansions in FGF14. Targeted
long-read and whole-genome sequencing were performed to determine repeat size and sequence configuration. A
multi-modal study including clinical assessment, MRI, and neurofilament light chain was conducted for disease
assessment.

Findings 17 GAA-FGF14 positive patients with a (GAA)> ;50 expansion (12 patients with a GAA-pure expansion, five
patients with a (GAA);,50-[(GAA), (GCA),], expansion) and two possible patients with biallelic (GAA),¢,/2,, alleles
were identified. The clinical phenotypes of the 19 positive and possible positive cases covered LOCA phenotype,
EOCA phenotype and MSA-c phenotype. Five of six patients with EOCA phenotype were found to have another
genetic disorder. The NfL levels of patients with EOCA and MSA-c phenotypes were significantly higher than
patients with LOCA phenotype and age-matched controls (p < 0.001). NfL levels of pre-ataxic GAA-FGF14 positive
individuals were lower than pre-ataxic SCA3 (p < 0.001) and similar to controls.

Interpretation The frequency of GAA-FGF14 expansion in a large Chinese LOCA cohort was low (1.3%). Biallelic
(GAA);02/22, alleles and co-occurrence with other acquired or hereditary diseases may contribute to phenotypic
variation and different progression.
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Research in context

Evidence before this study

An intronic GAA repeat expansion >250 repeat units in the
FGF14 gene was recently shown to cause GAA-FGF14 ataxia.
The genetic and phenotypic spectrum of GAA-FGF14 ataxia
needs to be fully delineated. We searched PubMed up to Oct
23, 2023, for the following terms without language
restriction: "GAA-FGF14 ataxia” or “spinocerebellar ataxia
27B" or “late-onset ataxia” or “adult-onset cerebellar ataxia”.
Currently, GAA-FGF14 ataxia was identified as one of the
most common causes of late-onset cerebellar ataxia (LOCA) in
non-Asian ataxia population, and shared an overlap with
cerebellar ataxia, neuropathy, and vestibular areflexia
syndrome (CANVAS). This search yielded no report on genetic
and phenotypic spectrum of GAA-FGF14 ataxia in Chinese
cohort.

Added value of this study

We screened the FGF14 GAA expansion in a large Chinese
ataxia cohort of 1216 patients that included 399 typical late-
onset cerebellar ataxia (LOCA), 290 early-onset cerebellar
ataxia (EOCA), and 527 multiple system atrophy with

Introduction

Hereditary ataxias (HA) are a group of neurodegenera-
tive disorders characterised by a progressive cerebellar
syndrome with high clinical and genetic heterogeneity.'*
Short tandem repeats (STRs) in coding or non-coding
regions of causative genes are a major cause of HA,
such as CAG expansions for polyglutamine spinocer-
ebellar ataxia (SCA), GAA expansion for Friedreich
ataxia (FRDA), and AAGGG expansion for cerebellar
ataxia, neuropathy, and vestibular areflexia syndrome
(CANVAS).>* As noted by functional genomics analysis
from 100,000 Genomes Project, childhood- and adult-
onset hereditary ataxia may share a common clinical
spectrum rather than being distinct entities and the
diagnostic rate may increase by removing the disease
onset partition and modified STRs screening strategy,”
suggesting that the disease heterogeneity of repeat
expansion ataxia may be underestimated.

predominant cerebellar ataxia (MSA-c). The frequency of
GAA-FGF14 expansion in a large Chinese LOCA cohort was
lower than in non-Asian ataxia populations. The findings
included: 1) expansion could arise from alleles of 200-249
repeat units during intergenerational transmission; 2) biallelic
(GAA)202/222 alleles may also be associated with disease; 3)
GAA-FGF14 expansion co-occurrent with other acquired or
hereditary diseases may contribute to complicated clinical
spectrum and progression of GAA-FGF14 positive cases with
EOCA and MSA-c phenotypes.

Implications of all the available evidence

Our study provides a comprehensive genetic assessments of a
large Chinese ataxia cohort and expands the understanding of
clinical heterogeneity of GAA-FGF14 ataxia. Our finding
highlights further genetic assessment is warranted to explore
unsolved causes responsible for disease phenotype when the
phenotype is not compatible with typical GAA-FGF14 ataxia.
GAA-FGF14 expansion might be a modulator of disease onset
in other ataxias.

Recently, an autosomal dominant (GAA), repeat ex-
pansions in intron 1 of the fibroblast growth factor 14
(FGF14) gene was found to cause GAA-FGF14 ataxia,
one of the most common causes of late-onset cerebellar
ataxia (LOCA).” A recent natural history study showed
that GAA-FGF14 ataxia typically present as a late-onset
slowly progressive pancerebellar syndrome, with
frequent episodic features and cerebellar oculomotor
signs.” Another study has also observed that GAA-
FGF14 ataxia may be a cause of cerebellar ataxia with
polyneuropathy and/or bilateral vestibulopathy, sug-
gesting an overlap between GAA-FGF14 ataxia and
RFC1-related CANVAS." Considering the heterogeneity
of repeat expansion ataxia, whether there are other
clinical symptoms and a broader phenotypic spectrum
in carriers of an FGF14 GAA expansion and how
frequent the GAA-FGF14 ataxia is in an Asian ataxia
cohort require further investigation.
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In this study, we screened the FGF14 GAA expan-
sion in a Chinese ataxia cohort of 1216 patients,
including patients with typical LOCA, early-onset cere-
bellar ataxia (EOCA) and multiple system atrophy with
predominant cerebellar ataxia (MSA-c), to gain insight
of the genotype and phenotypic landscape of GAA-
FGF14 ataxia in China.

Methods

Participants

A total of 1216 index cases, including 399 patients with
typical LOCA (age onset >30 years old), 290 patients
with EOCA (age onset <30 years old) and 527 patients
with MSA-c were enrolled from 2013 to 2022 in the
Department of Neurology, Xiangya Hospital, Central
South University. To be included in this study, patients
with typical LOCA and EOCA needed to have progres-
sive cerebellar ataxia and exclusion of acquired etiol-
ogies (such as toxic causes, acute injury, stroke,
infection, immune and neoplasm)." In typical LOCA
cohort, 228 probands with autosomal dominant cere-
bellar ataxia (ADCA) and 171 patients with sporadic
ataxia were included, while 162 probands with ADCA
and 128 patients with sporadic ataxia were enrolled in
EOCA cohort. The patients with MSA-c were diagnosed
based on the second consensus statement of diagnostic
criteria for MSA.”? The common genetic causes for
ataxia including (CAG),/(GAA), expansion for SCA1, 2,
3, 6, 7 and FRDA were excluded in all patients with
typical LOCA, MSA-c, and most patients with EOCA,
except 63 probands with ADCA and 30 patients with
sporadic ataxia in EOCA cohort without (CAG),,/(GAA),
expansion screen.

Ethics

The study was approved by the Ethics Committee of
Xiangya Hospital, Central South University in China
(Reference number: 202310206) and all participants
gave written informed consent in accordance with the
Declaration of Helsinki.

Clinical assessments

All patients underwent a thorough neurological exami-
nation performed by at least two experienced neurolo-
gists. The overall disease severity was measured with the
Scale for Assessment and Rating of Ataxia (SARA) for
patients with familial and sporadic ataxia,"* and with the
Unified Multiple System Atrophy Rating Scale
(UMSARS) for patients with MSA-c."* The Spinocer-
ebellar Degeneration Functional Score (SDFS) scale was
used to evaluate the functional disability of all patients."
Brain magnetic resonance imaging (MRI) data were
collected on patients with GAA expansion when avail-
able. For patients carrying a GAA expansion in FGF14,
plasma neurofilament light (pNfL) levels were measured
with the single molecule array (Simoa) technique on the
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automated Simoa HD-X platform (Quanterix, MA), as
described previously.'*” These positive cases were
classified as pre-ataxic stage with SARA < 3 and ataxic
stage with SARA > 3." In addition, 30 patients with
SCA3 (including 15 pre-ataxic and 15 ataxic), 15 GAA-
FGF14-negative patients with MSA-c, and 15 age-
matched healthy individuals were enrolled as controls
for pNfL testing.

Long-range PCR and repeat-primed PCR

The genomic DNA was extracted by a standard phenol-
chloroform method. The screens for FGF14 repeat locus
were performed as described previously.” Briefly, long-
range PCR was used to amplify the intronic FGF14
repeat locus. The repeat sizes were determined by
capillary electrophoresis and agarose-gel electrophoresis
of fluorescent long-range PCR amplification products.
Next, bidirectional repeat-primed PCRs (RP-PCR) were
performed and a sawtooth pattern in RP-PCR electro-
pherograms generally suggested the presence of a GAA
repeat expansion. Expansions of >250 GAA repeat units
were considered pathogenic (alleles of 250-300 units are
incompletely/variably penetrant whereas larger alleles
are considered fully penetrant).>

Targeted long-read sequencing

Targeted long-read sequencing (LRS) was conducted on
positive candidates with sufficient DNA available to
measure the repeat size precisely and to detect in-
terruptions within the expansions.”’ Other tandem re-
peats related to neurological diseases were also included
and the list of targeted genes is provided in
Supplementary Table S1. Sequencing libraries were
constructed using SMRTbell Express Template Kit 2.0
(Pacific Biosciences) according to the manufacturer’s
protocol. The libraries were then loaded onto a PacBio
sequencing flow cell and ran on the PacBio Sequel Ile
sequencing platform. Subsequently, the PacBio subreads
were transformed into HiFi reads using circular
consensus sequencing (CCS) with default parameters.”
Following sequencing, the aligned HiFi reads were
mapped to the human genome 19 (hgl9) using mini-
map2 (version 2.24).* RepeatHMM was run at the known
pathogenic repeats from STRipy database.” Expansions
were further visualised using IGV (version 2.16.2).

Whole-genome sequencing

Whole-genome sequencing (WGS) was performed on
positive patients for the detection of other causal vari-
ants. Sequencing libraries were prepared according to
the DNBSEQ-T7 PCR-free library construction protocol.
The circularization was performed to produce single-
stranded cyclised products which were then replicated
through rolling cycle amplification (RCA) to produce
DNA nanoballs (DNBs). Qualified DNBs were then
loaded into patterned nanoarrays and sequenced
through DNBSEQ-T7 platform. The WGS data were
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aligned to the reference genome hg38 by the BWA
software (version 0.7.17) and the BAM products were
sorted through the Samtools software (version 1.16).
The GATK HaplotypeCaller (version 4.0.4.0) was used
for the variants calling and the SnpEff (version 4.3) was
used for variants annotation. The allele frequencies for
each variant in our dataset and publicly available data-
bases, including dbSNP, 1KGP, gnomAD and TOPmed
were calculated. Variants with an allele frequency
greater than 1% were then excluded. The ClinVar and
HGMD (Human Gene Mutation Database) were uti-
lised for the pathogenic classification of variants.”

Statistics

All statistical analyses were performed with SPSS soft-
ware (version 25.0). Quantitative variables were pre-
sented as median (range) or mean + SD and categorical
variables were shown as absolute numbers (percent-
ages). Analysis of covariance (ANCOVA) and Wilcoxon
rank sum test were used for comparisons of quantitative
variables, and Pearson’s chi-square test was utilised for
comparisons of categorical variables between groups.
Pearson correlation was conducted between NfL levels
and age in normal distribution. Spearman correlation
was conducted between GAA repeat sizes and age at
onset in non-normal distribution. A value of p < 0.05
was considered statistically significant. Sex/gender was
self-reported by study participants for the analysis of
intergenerational instability and parental transmission.

Role of funders

This study was funded by the National Key R&D Pro-
gram of China, the National Natural Science Foundation
of China, the Innovation Research Group Project of
Natural Science Foundation of Hunan Province, the Key
Research and Development Program of Hunan Prov-
ince, the Innovative Research and Development Pro-
gram of Development and Reform Commission of
Hunan Province, the Natural Science Foundation of
Hunan Province, the Project Program of National Clin-
ical Research Center for Geriatric Disorders, the Central
South University Research Programme of Advanced
Interdisciplinary Study and the Science and Technology
Innovation Program of Hunan Province, and the Cana-
dian Institutes of Health Research (CIHR). The funders
had no role in study design, data collection, data analysis,
data interpretation, or writing of the report.

Results

Distribution of GAA-FGF14 expansion

In total, 1216 index cases, including 399 patients from
the typical LOCA cohort, 290 patients from the EOCA
cohort, and 527 patients from the MSA-c cohort, were
screened for the FGF14 GAA expansion by long-range
PCR and RP-PCR (Fig. 1). Of the 1216 patients, 93.8%
(n = 1141) carried an allele between 8 and 234 GAA

repeat units (Fig. 2a and b). Interestingly, two siblings in
family 1 from the typical LOCA cohort (P-1 and P-2) were
found to be compound heterozygous for pure (GAA),p,
and (GAA),,, alleles by target LRS, both presenting a
slowly progressive cerebellar ataxia with gait ataxia, up-
per limb ataxia and dysarthria at age 40. Co-segregation
analysis in other family members revealed that (GAA),¢,
and (GAA),y, alleles might not be pathogenic, but
compound heterozygosity for (GAA)yz/22, alleles may
be associated with typical GAA-FGF14 ataxia (Fig. Sa,
Supplementary Figure S1, Supplementary Table S2).

Among the 1216 index cases, the remaining 75 pro-
bands were found to carry an FGF14 GAA expansion of
at least 250 triplet repeats (21 cases with typical LOCA,
29 cases with EOCA and 25 cases with MSA-c) (Fig.2a, c
and d). Among them, four patients with typical LOCA (P-
12, P-14, P-15 and P-16), three patients with EOCA (P-3,
P-4 and P-11) and three patients with MSA-c (P-17, P-18
and P-19) carried an uninterrupted GAA-pure expan-
sions ranging from 250 to 302 repeats were identified.
Among the other 65 patients carrying an interrupted
non-GAA-pure expansion, 56 underwent subsequent
target LRS and nine were excluded due to insufficient
DNA quantity or quality. The target LRS results showed
that 14 patients with typical LOCA, 21 patients with
EOCA and 21 patients with MSA-c carried a [(GAA),
(GCA),y], expansion, with the total trinucleotide repeats
ranging from 296 to 726 repeats and GCA repeats
ranging from 41 to 273 repeats (Supplementary
Figure S1). Among them, two probands with EOCA (P-
6 and P-8) carried a (GAA)sy50[(GAA), (GCA)n],
expansion which co-segregated with disease (Fig. 5a,
Supplementary Table S2). The other 54 patients (14
typical LOCA, 19 EOCA and 21 MSA-c) carried a [(GAA),
(GCA),y], expansion not containing a (GAA)»;so expan-
sion that did not co-segregate with disease phenotype.
The [(GAA), (GCA).], expansion without (GAA)ss0
expansion was also present in our in-house control
database (3/150), suggesting that such expansion with
less than 250 uninterrupted GAA-pure repeats may be
polymorphic rather than pathogenic, as previously sug-
gested.” Thus, 12 positive cases were identified in the 75
probands. Additional screening on family members of
the 12 positive cases detected five more patients with
GAA-FGF14 ataxia (P-5, P-7, P-9, P-10 and P-13).

In total, 17 positive patients with a (GAA)s;s0
expansion and two possible positive patients with bial-
lelic (GAA)y0z/222 alleles were identified, including
seven from typical LOCA cohort, nine from EOCA
cohort and three from MSA-c cohort. The frequency of
index GAA-FGF14 positive patients was 1.3% in the
typical LOCA cohort.

Genetic instability of GAA expansion in FGF14

Five of eight dominant ataxia index cases (62.5%) were
maternally inherited. Expansion ranging from 16 to
77 repeats was observed during nine maternal
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Total 1216 patients
*  Typical LOCA cohort=399 (ADCA=228, sporadic
ataxia=171)
. EOCA cohort=290 (ADCA=162, sporadic ataxia=128)
. MSA-c cohort=527

LR-PCR+RP-PCR

1141 patients (repeat count<250)

» 1 possible positive patient with biallelic

75 patients (repeat count>250)
. Pure GAA repeat=10
. Interrupted GAA repeat=65

DNA quality control

(GAA)2021222 expansions

9 patients were excluded due to

66 patients

. 56 patients detected for unexplained structure of motif

Targeted LRS for FGF14

v

insufficient DNA quantity or quality

12 positive patients
. 10 patients with (GAA)x250
* 2 patients with (GAA)x250-[(GAA)(GCA)m].

Family screening

(+5 positive patients)

17 positive patients and 2 possible positive patients
. LOCA phenotype=9
. EOCA phenotype=6
. MSA-c phenotype=4

» | 54 patients with (GAA)<s0-[(GAA)W(GCA)m],

Family screening
Targeted LRS for FGF14
(+1 possible positive patient with

biallelic (GAA)202/222 €xpansions)

Targeted LRS+WGS for

Co-occurrence screening

5 patients with EOCA phenotype
. 3 patients concomitant with SCA1 or SCA3

. 2 patients concomitant with osteogenesis imperfecta

type I or sialidosis type I

Fig. 1: Workflow of GAA-FGF14 expansion screen in typical LOCA, EOCA, and MSA-c cohorts. ADCA, autosomal dominant cerebellar ataxia;
EOCA, early-onset cerebellar ataxia; LOCA, late-onset cerebellar ataxia; MSA-c, multiple system atrophy with predominant cerebellar ataxia.

transmissions of expanded (GAA)s,so alleles (Fig. 2e).
Notably, the alleles expanded from (GAA);p0.249 tO
(GAA)s;50 upon maternal transmission across two
generations (Fig. 2f).

Phenotypic profile

Clinical spectrum and subgroup analysis

19 positive and possible positive patients were classified
into LOCA subgroup (n = 9), EOCA subgroup (n = 6)

www.thelancet.com Vol 102 April, 2024

and MSA-c subgroup (n = 4) based on their clinical
phenotype. In LOCA subgroup, six were from the typical
LOCA cohort and three were from EOCA families who
presented late-onset slowly progressive cerebellar ataxia.
Their clinical features were similar to those observed in
the European GAA-FGF14 ataxia cohort (Table 1). The
remaining 10 cases showed atypical GAA-FGF14 ataxia
including six with EOCA phenotype (all from the EOCA
cohort) and four with MSA-c phenotype (one from the
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Fig. 2: Genetic distribution, long-range PCR, repeat-primed PCR, and genetic instability of the GAA-FGF14 expansion in the cohort. (a) The
distribution in terms of percentage and quantity of longer triplet repeat units in FGF14 gene in typical LOCA, EOCA, and MSA-c cohorts. Long-
range PCR and repeat-primed PCR results for control with normal GAA repeats (b), patient with (GAA)>,50 expansion (c) and patient with
(GAA)>550 expansion with interruption (d). (e) The repeated length variation of (GAA)s,50 expansion transmission during nine different
maternal meiotic events. (f) The transmission of GAA-FGF14 expansion across two generations in a family.

typical LOCA cohort and three from the MSA-c cohort)
(Fig. 4a—c, Supplementary Table S3). Interestingly, in
family 10, the family members presented a slowly pro-
gressive LOCA phenotype but the proband (P-16)
exhibited MSA-c phenotype, suggesting a possible sec-
ondary MSA-c in the proband.” Thus, the proband from
family 10 was classified into the MSA-c subgroup.

The median of GAA repeats for the LOCA, EOCA
and MSA-c subgroups were 294 (ranging from 250 to
357 GAA repeats), 335 (ranging from 277 to 416 GAA
repeats) and 267 (ranging from 264 to 275 GAA re-
peats), respectively (Supplementary Table S3). The
EOCA subgroup exhibited significantly higher numbers

of GAA repeats compared to the MSA-c subgroup
(p =0.029, Wilcoxon rank sum test), while no significant
difference was observed in other pairwise comparisons.

The age at onset, extracerebellar involvements, and
disease progression differed between LOCA, EOCA, and
MSA-c subgroups. Compared to a European GAA-
FGF14 ataxia cohort of median age at onset of 61 years
(37-78 years),” the median age at disease onset was 47
years (40-60 years) in our LOCA subgroup (p = 0.006,
Wilcoxon rank sum test) (Fig. 4e). The most frequent
permanent ataxia features were gait ataxia (9/9, 100%)
and gaze-evoked horizontal nystagmus (7/7, 100%) in
all patients, while six patients experienced episodic
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Episodic symptoms Vertigo or dizziness(4/9)
Ataxia(3/7)

Downbeat nystagmus(4/7)
gaze-evoked horizontal nystagmus(7/7)
Dysarthria(4/9)

Upper limb ataxia(4/9)
Dysdiadochokinesia(5/7)
Rombergism(7/9)

Gait ataxia(9/9)

Falls(1/9)

Tremor(0/0)

Bradykinesia or rigidity(0/0)
Urinary urgency(0/0)
Uracratia(0/0)

Postural hypotension(0/0)

Ataxia features

Additional features

Visual impairment(2/7)

Vertigo or dizziness(0/0)
Ataxia(0/0)

Downbeat nystagmus(1/6)
gaze-evoked horizontal nystagmus(4/6)
Dysarthria(6/6)

Upper limb ataxia(4/6)
Dysdiadochokinesia(5/6)
Rombergism(6/6)

Gait ataxia(6/6)

Falls(5/6)

Tremor(1/6)

Bradykinesia or rigidity(0/0)
Urinary urgency(0/0)
Uracratia(0/0)

Postural hypotension(0/0)
Sexual dysfunction(0/0)
Visual impairment(0/0)

Episodic symptoms

Ataxia features

Additional features

Episodic symptoms Vertigo or dizziness(3/4)
Ataxia(0/0)

Downbeat nystagmus(0/0)
gaze-evoked horizontal nystagmus(1/4)
Dysarthria(3/4)

Upper limb ataxia(3/4)
Dysdiadochokinesia(3/4)
Rombergism(4/4)

Gait ataxia(4/4)

Falls(4/4)

Tremor(2/4)

Bradykinesia or rigidity(1/4)
Urinary urgency(4/4)
Uracratia(2/4)

Postural hypotension(2/3)
Sexual dysfunction(2/3)
Visual impairment(0/0)

Ataxia features

Additional features

mmm | OCA phenotype
=== EOCA phenotype
mm=  MSA-c phenotype

I T
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Fig. 3: Clinical features among patients with LOCA, EOCA, and MSA-c phenotypes. Numbers in brackets indicated the number of affected

patients over the total number of patients assessed for this feature.

symptoms including vertigo or dizziness (4/9, 44%),
episodic ataxia (3/7, 43%) (Fig. 3). Overall, patients with
LOCA phenotype presented a mild ataxia with inde-
pendent ambulation despite a median disease duration
of 10 years (Fig. 4d). Additionally, we found no corre-
lation between GAA expansion and age at onset
(p = 0.691, spearman correlation) (Supplementary
Figure S2).

The median age at onset in the EOCA subgroup was
20.5 years (12-35 years). The patients with EOCA
phenotype showed permanent gait ataxia and dysarthria
(6/6, 100%), but no episodic symptom. Action tremor
was observed in one patient (1/6, 16.7%) (Fig. 3). The
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median duration was 10 years to walking aid-dependent
stage, and 12 years to wheelchair-dependent stage
(Fig. 4d).

Four patients presented an MSA-c phenotype (two
possible and two probable) with brainstem atrophy and
hot cross bun sign observed on MRI. Overall, autonomic
dysfunction was detected in the MSA-c subgroup (4/4,
100%), but was not common in the EOCA and LOCA
subgroups (Fig. 3). The patients in the MSA-c subgroup
experienced the most rapid progression with a median
of 3.3 years from onset to walking aid-dependent stage
and 4 years from onset to wheelchair-dependent stage
(Fig. 4d). We further compared the main clinical
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Fig. 4: Clinical assessments of patients with LOCA, EOCA and MSA-c phenotypes. Brain MRI revealed that mild cerebellar atrophy in the patient
with LOCA phenotype (P-15) (a), slight cerebellar atrophy in the patient with EOCA phenotype (P-6) (b), and olivopontocerebellar atrophy in the
patient with MSA-c phenotype (P-18) (c). (d) The evolution of Spinocerebellar Ataxia Functional Index (SDFS) in the patients with LOCA, EOCA,
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features between patients with MSA-c phenotype (n = 4)
and age-matched GAA-FGF14 negative patients with
MSA-c (n = 297) in our cohort, and found no significant
difference in UMSARS I (p = 0.257, Wilcoxon rank sum
test) and UMSARS II (p = 0.294, Wilcoxon rank sum
test) after correction for disease duration. However, a
trend toward slower disease progression in patients with
MSA-c phenotype was observed compared to the GAA-
FGF14 negative MSA-c group (p = 0.054, Wilcoxon rank
sum test) (Table 2).

Exploration of clinical heterogeneity

To explore the possibility that other genetic modifiers
modify the clinical spectrum of GAA-FGF14 positive
and possible positive cases, we retrospectively per-
formed WGS combined with targeted LRS on 19 pa-
tients with GAA expansion to screen for other single
nucleotide variants (SNVs) and STRs.

In the LOCA and MSA-c subgroups, no causative or
potentially disease-causing SNV or STR was identified
in any of the 13 patients. Remarkably, co-occurrence
with other genetic diseases was found in five of six pa-
tients in the EOCA subgroup (83%), including SCAL,
SCA3, sialidosis type 1, and osteogenesis imperfecta
type L. In general, co-occurrence accounted for the ma-
jority of the phenotypic variation from typical GAA-
FGF14 ataxia manifestation. The remaining patient with
EOCA phenotype (P-11) from family 6 exhibited a pure
GAA expansion of 302 repeats with no causative or
potentially pathogenic genetic mutations identified. His
ataxia symptoms appeared from the age of 12 years and
progressed into frequent falls within one year with a
SARA score of 10.

Co-occurrence with other genetic bases

In family 2, the proband (P-3) developed ataxia at age 17,
with a history of short stature, scoliosis, and limb frac-
tures. The increase of cross-sectional SARA scores with
disease duration was 1.3 points/year when he was 23.
He was found to carry an FGF14 (GAA),7; expansion.
Additionally, WGS showed a ¢.1801G > A (p.G601S)
variant in COL1A2 gene responsible for osteogenesis
imperfecta type I, a dominant connective tissue disorder
characterised mainly by bone fragility (Fig. 5a and b,
Supplementary Table S3).

In family 3, the proband (P-4) came from a consan-
guineous Chinese family. He presented with early-onset
ataxia, myoclonus, action tremor and seizure since the
age of 20, with longitudinal increase of 1.1 SARA
points/year. However, the mother (P-5) of the index case
presented with a slowly progressive ataxic syndrome
suggestive of GAA-FGF14 ataxia at the age of 57,
without myoclonus and seizure, with cross-sectional
increase of 0.6 SARA points/year. The proband and
his mother were found to carry an FGF14 (GAA)30, and
(GAA),gs expansion, respectively. However, a common
homozygous c.544A > G (p.S182G) variant in NEUI
gene was identified in the proband. Co-segregation
analysis revealed that both parents harbored a hetero-
zygous c.544A > G variant in NEUI gene, suggesting
that the proband fulfilled the genetic diagnosis of siali-
dosis type 1 (Fig. 5a and ¢, Supplementary Table S3).
The proband had a phenotype typical of sialidosis type 1,
whereas his mother exhibited a phenotype typical of
GAA-FGF14 ataxia.

In family 4, the proband (P-6) developed gait ataxia at
age 21 which progressed rapidly as exemplified by the
total SARA score of 6 after two years. In addition to
carrying an FGF14 (GAA)416[(GAA), (GCA).,], expan-
sion, she was found to carry an ATXN3 (CAG)ys
expansion causing SCA3 (Fig. 5a and d, Supplementary
Table S3). Remarkably, the age at onset of the proband
(P-6) was earlier than the expected age at onset (21 years
vs expected 28 years) based on the size of the ATXN3
(CAG);s expansion, as reported previously.” Her
mother carried an FGF14 (GAA)397-[(GAA), (GCA)w,
expansion and was asymptomatic at age of 43, while her
grandmother carried a (GAA)y97-[(GAA), (GCA) .
expansion and developed gait ataxia at age 57 with a slow
increase of 0.6 SARA points/year (Supplementary
Table S3). However, her father, an obligate ATXN3
expansion carrier, exhibited progressive ataxia at age 21
and walking aid-dependent at 26, and died at 35 without
genetic diagnosis.

In family 5, the proband (P-8) and her younger sister
(P-9) experienced similar disease progression charac-
terised by rapidly progressive gait imbalance. The dis-
ease onset in the proband and her younger sister were
30 and 35, respectively. The increase of cross-sectional
SARA scores with disease duration was 1.7 points/year

and MSA-c phenotypes. X-axis: disease duration; Y-axis: SDFS score. (e) Age at onset of Chinese and European LOCA groups. The European GAA-
FGF14 ataxia cohort exhibited a significantly higher age at onset compared to patients with LOCA phenotypes (p = 0.006). Each bar represented
the median and range for independent group (**p < 0.01, Wilcoxon rank sum test). (f) NfL levels of GAA-FGF14 positive cases in ataxic (LOCA,
EOCA, and MSA-c phenotypes) and pre-ataxic stage, as well as controls with age. (g) NfL levels of patients with LOCA, EOCA and MSA-c
phenotypes, patients with SCA3, GAA-FGF14 negative patients with MSA-c and controls. The patients with EOCA and MSA-c phenotypes
exhibited similar NfL level with patients with SCA3 and GAA-FGF14 negative patients with MSA-c, but significantly higher NfL levels than LOCA
phenotype and controls after age correction (p < 0.001, Bonferroni corrected). Each bar represented the mean + SD for independent group
(**p < 0.01, ***p < 0.001, ANCOVA). (h) NfL levels of pre-ataxic GAA-FGF14 positive individuals, pre-ataxic patients with SCA3 and controls. Pre-
ataxic GAA-FGF14 positive individuals exhibited similar NfL level with the controls but significantly lower than pre-ataxic patients with SCA3 after
age correction (p < 0.001, Bonferroni corrected). Each bar represented the mean + SD for independent group (***p < 0.001, ANCOVA).
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Fig. 5: Pedigree chart and co-occurrence screening of GAA-FGF14 positive cases. (a) 13 pedigrees of positive GAA-FGF14 positive cases. The
content in parentheses represented the age of onset and the age at latest visit in hospital, respectively. Patients from Family 4 and Family 5
were identified to have (GAA)s50-[(GAA),, (GCA) 1], expansions in the FGF14 gene. (b)In family 2, the proband (P-3) was identified to have a
heterozygous variant of ¢.1801G > A in COL1A2 gene by Sanger sequencing. (c)In family 3, a co-segregation analysis by Sanger sequencing

revealed that both parents had a heterozygous variant of c.544A >

G in NEU1 gene. (d) In family 4, the proband (P-6) was identified with

(CAG),g expansions in the ATXN3 gene. (e) In family 5, both the proband (P-8) and her younger sister (P-9) were identified to have (CAG)so

expansions in the ATXN1 gene.

when the proband was 40. Her younger sister presented
cross-sectional increase of SARA by 2.5 points/year
when she underwent clinical assessment at age 39.
Notably, the proband’s mother developed gait ataxia at
age 60 and progressed slowly with a SARA score of 4
when she was 80 (20 years of disease duration).

However, both the proband and her younger sister died
at age of 53 due to pulmonary infection and respiratory
failure. The index case, her younger sister, and her
mother were all found to carry an FGF14 (GAA)349.390-
[(GAA), (GCA) ., expansion. In addition, both the
proband and her younger sister, but not their mother,

www.thelancet.com Vol 102 April, 2024


http://www.thelancet.com

Articles

Episodic symptoms 6/9 (67%)

Ataxia features

Additional features

Visual impairment 2/7 (29%)
Urinary urgency 0/7 (0%) NA
Dysesthesia 1/8 (13%) NA

Cerebellar atrophy on MRI 6/6 (100%)

Participants GAA-FGF14 ataxia cases
Population Chinese (n = 9)* German (n = 48)° European (n = 50)° European (n = 17)°
French-Canadian (n = 68)°
Australian (n = 3)°, Indian (n = 3)°
Sex
Male 3 (33%) 62 (51%) 25 (50%) 13 (76%)
Female 6 (67%) 60 (49%) 25 (50%) 4 (24%)
GAA count of the larger allele 286 (222-383) NA 346 (252-583) 343 (258-637)
Age at onset/years 47 (40-60) 55 + 13° 61 (37-78) 63 (28-78)
Duration/years 10 (1-31) NA 9 (0.4-25.7) 14 (4-24)

56/121 (46%)

Downbeat nystagmus 417 (57%) 50/119 (42%) NA 10/17 (59%)
Gaze-evoked horizontal nystagmus 7/7 (100%) 65/119 (55%) NA NA
Dysarthria 4/9 (44%) 63/118 (53%) 25/42 (60%) 2/17 (12%)
Upper limb ataxia 4/9 (44%) NA 26/43 (60%) 12/17 (71%)
Rombergism 7/9 (78%) NA 27/40 (68%) 8/15 (53%)
Gait ataxia 9/9 (100%) 113/118 (96%) 41/43 (95%) 17/17 (100%)

57/120 (48%)

67/91 (74%)

Quantitative variables were presented as median and range. Abbreviations: NA, no available; MRI, magnetic resonance imaging. *All patients with LOCA phenotype were
included. PPellerin et al., NEJM 2023. ‘Wilke et al., Brain 2023. dpellerin et al., JNNP 2023. °The quantitative variables was presented as mean and standard deviation.

6/47 (13%) 10/17 (59%)

16/33 (48%) 9/16 (56%)
11/40 (28%) 8/14 (57%)
1/31 3%) NA

28/29 (97%) 13/17 (76%)

Table 1: The comparison of the clinical features of GAA-FGF14 positive cases with LOCA from Chinese and other populations.

were found to carry a (CAG)s, expansion in the ATXN1
gene causing SCAL. The expected age at onset based on
the size of the ATXN1 (CAG)s expansion is 35 years,*
which is similar to that of P-9 (35 years) but later than
that of P-8 (30 years), who was also found to carry a
longer FGF14 GAA expansion (Fig. 5a and e,
Supplementary Table S3).

NfL level distribution in GAA-FGF14 ataxia, SCA3, and MSA-c
As NfL was considered as an objective biomarker for
disease severity in degenerative ataxia, we compared
NfL levels of GAA-FGF14 positive patients to patients
with SCA3 and GAA-FGF14 negative patients with
MSA-c. We measured the pNfL in 16 GAA-FGF14
positive individuals (including six patients with LOCA
phenotype, two patients with EOCA phenotype, three
patients with MSA-c phenotype, and 5 pre-ataxic), 30
patients with SCA3 (including 15 ataxic and 15 pre-
ataxic), and 15 GAA-FGF14 negative patients with
MSA-c.

Plasma NfL levels increased with age in controls
(10.7 + 4.7 pg/ml) (p = 0.001, r = 0.761, pearson corre-
lation). Compared to controls, patients with EOCA and
MSA-c phenotypes showed a tendency for higher NfL
levels, while LOCA and controls presented comparable
NfL levels when age got adjusted (Fig. 4f, Supplementary
Table S3).
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The NfL levels in patients with atypical GAA-FGF14
ataxia (EOCA and MSA-c phenotypes: 41.6 + 27.5 pg/
ml) were significantly higher than that of patients with
LOCA phenotype (21.8 + 11.8 pg/ml) and controls
(10.7 + 4.7 pg/ml) after age correction (p < 0.001, Bon-
ferroni corrected, ANCOVA). Furthermore, the patients
with atypical GAA-FGF14 ataxia had similar NfL levels
to patients with SCA3 (29.9 = 4.6 pg/ml) and GAA-
FGF14 negative patients with MSA-c (37.8 = 9.4 pg/ml)
(p > 0.05, Bonferroni corrected, ANCOVA) (Fig. 4g,
Supplementary Table S3).

GAA-FGF14 positive GAA-FGF14 negative p value
MSA-c (n = 4) MSA-c (n = 297)
Sex 0.708"
Male 2 (50%) 176 (59%)
Female 2 (50%) 121 (41%)
Age at onset/years 55.5 (48-68) 53 (36-71) 0.457°
Duration/years 3 (3-3) 2 (0.5-8) 0.088°
UMSARS | score 13.5 (7-25) 16 (5-44) 0.257°
UMSARS |l score 13.5 (9-21) 15 (5-48) 0.294°
Rate of disease progression 9.5 (5.7-14) 16 (2.4-67) 0.054°

Quantitative variables were presented as median and range. *Pearson’s chi-square test.

PWilcoxon rank sum test. “Analysis of covariance (ANCOVA). Rate of disease progression = -
ys prog
Duration(years)

UMSARS 1+UMSARS Il

Table 2: The clinical measures of GAA-FGF14 positive and negative patients with MSA-c.
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After age adjustment, we also found that NfL levels
of pre-ataxic GAA-FGF14 positive individuals
(6.5 + 3.2 pg/ml) were lower than that of individuals
with pre-ataxic SCA3 (19.1 = 7.4 pg/ml) (p < 0.001,
Bonferroni corrected, ANCOVA). No significant differ-
ence of NfL level between pre-ataxic GAA-FGF14 ataxia
and controls was observed (p > 0.05, Bonferroni cor-
rected, ANCOVA) (Fig. 4h, Supplementary Table S3).

Discussion
In this study, we explored the genetic and clinical
spectrum of GAA-FGF14 ataxia in China and found a
frequency of FGF14 GAA expansion of 1.3% in a large
Chinese LOCA cohort, which is lower than what has
previously been reported in non-Asian ataxia pop-
ulations.”” We also observed that LOCA, EOCA, and
MSA-c phenotypes of GAA-FGF14 positive cases
differed in terms of age at onset, clinical features, and
disease progression due to different genetic bases and
detected new findings: 1) expansion could arise from
alleles of 200-249 repeat units during intergenerational
transmission; 2) biallelic (GAA);0;/27, alleles may also
be associated with disease; 3) GAA-FGF14 expansion co-
occurrent with other acquired or hereditary diseases
may contribute to complicated clinical spectrum and
progression of GAA-FGF14 positive cases with EOCA
and MSA-c phenotypes. Overall, our study in the Chi-
nese population will help to better understand the
genotype—phenotype correlations of GAA-FGF14 ataxia.
In our cohort, 6.2% patients carried an FGF14
expansion of at least 250 triplet repeat units. The repeat
configuration of the expansions consisted of the GAA
motif and the GAA-GCA motif. GAA-GCA expansions
were identified in 5.3% of patients while GAA expan-
sions were identified in 0.9% of (0.7% for [GAA],50.299
expansions and 0.2% for [GAA]530o expansions).
Notably, the sequence of the GAA-GCA expansions
was characterised by GAA expansion followed by
various [(GAA), (GCA),,], patterns. Although the GAA-
GCA motif was more frequent, co-segregation analysis
in patients with expanded GAA-GCA repeats revealed
that the pathogenicity of such expansions was deter-
mined by the size of consecutive uninterrupted GAA
repeats rather than the size of the GAA-GCA repeats.
Interestingly, biallelic (GAA);2/222 e€xpansions were
observed in one family and co-segregated with disease
in both affected individuals exhibiting typical GAA-
FGF14 ataxia. Other known mutations were excluded by
WGS and targeted LRS in affected relatives from this
family, suggesting that biallelic GAA alleles of less than
250 repeats might be associated with disease. Further
studies including large-scale case—control series and
functional studies are needed to clarify whether such
biallelic alleles are pathogenic.
Our results confirm that GAA repeat expansions
tend to expand further upon maternal transmission.”*

We also document an expansion through meiosis
from a non-pathological range (200-249 repeats) to a
pathological range (GAA repeats greater than 250) upon
maternal transmission. Till now, the FGFI14-GAA
expansion in the female germline and contraction in the
male germline are noted, which is similar to FRDA and
other noncoding repeat expansion disorders.”® Addi-
tional studies looking at the probability of expansion/
contraction based on parental sex, the impact of GAA
repeat length on instability, and the influence of the
common 5’ flanking variant® are warranted.

Clinically, in addition to the LOCA phenotype pre-
viously reported in GAA-FGF14 positive cases, we
observed EOCA and MSA-c phenotypes in GAA-FGF14
positive Chinese patients. In GAA-FGF14 positive cases,
subgroup analysis showed that patients with LOCA
phenotype presented with late onset and mild ataxia,
while MSA-c phenotype was associated with the most
rapid progression and poorest prognosis, and EOCA
phenotype showed early onset and intermediate disease
severity. Specifically, the absence of dysarthria and
downbeat nystagmus, which was considered typical in
non-Asian patients with GAA-FGF14 ataxia, was found
in our Chinese cohort.””'° Notably, as a hallmark of
typical GAA-FGF14 ataxia, episodic symptoms were
common in individuals with LOCA rather than cases
with EOCA.*' Similar to a recently reported European
GAA-FGF14 ataxia cohort, the NfL level of patients with
LOCA phenotype was similar to controls, but signifi-
cantly lower than that of patients with EOCA and MSA-c
phenotypes. Thus, the three phenotypically different
subgroups presented various clinical features and NfL
levels. We assume that co-occurrence of second-hit
diseases (acquired or hereditary) may contribute to
clinical phenotypic variation of our GAA-FGF14 positive
cases, while the elevated NfL levels in the EOCA sub-
group is likely caused by the second cause of ataxia.

Co-occurrence with other genetic diseases were
identified in 5/6 of GAA-FGF14 positive cases with
EOCA phenotype, all of which presented with early
onset and rapidly progressive ataxia. The finding that
SCA1, SCA3, sialidosis type 1, and osteogenesis
imperfecta type I may co-occur with an FGF14 GAA
expansion in patients with EOCA phenotype highlights
the importance of searching for other genetic diseases
in patients with a phenotype considered atypical for
GAA-FGF14 ataxia. Thus, when the phenotype is not
compatible with typical GAA-FGF14 ataxia, further ge-
netic assessment is warranted to explore unsolved cau-
ses responsible for disease phenotype. Although we
found patients with EOCA carrying FGFI4 GAA
expansion together with SCA1 or SCA3, the common
SCA subtypes need to be screened first before FGF14
GAA expansion test. Then atypical GAA-FGF14 ataxia
need to be further tested for uncommon subtypes of
inherited ataxia. Notably, the probands carrying an
ATXN1 or ATXN3 expansion and a GAA-FGF14
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expansion showed an earlier disease onset than that
expected based on the size of their ATXNI1 or ATXN3
expansion, suggesting that the GAA-FGF14 expansion
might be a modulator of disease onset in other ataxias.
The validation experiments will be conducted in large
SCA1 and SCA3 cohort for next step.

Notably, the genome-wide screen failed to identify
other causative mutations in patients with an MSA-c
phenotype. Previous reports indicated that GAA-FGF14
ataxia differs from the MSA-c type.” Here, expansions
within the incompletely penetrant range (264-275 GAA
repeats) were observed in our GAA-FGF14 positive pa-
tients with MSA-c, suggesting it insufficiently causes
MSA-c phenotype. Further, as reported in European co-
horts, atypical disease severity or progression in GAA-
FGF14 ataxia may be attributed to another concomitant
disease.” The possibility that the MSA-c phenotype
developed as an independently comorbid neuro-
degeneration may occur and complicate the clinical
spectrum of GAA-FGF14 positive cases. In our cohort,
the clinical features did not significantly differ between
GAA-FGF14 positive patients with MSA-c and age-
matched GAA-FGF14 negative patients with MSA-c, but
a tendency for slower disease progression was observed
in the GAA-FGF14 positive patients with MSA-c.

Some limitations in our study need to be considered.
Due to our limited positive cases, larger sample size of
positive cases is required to comprehensively and sys-
tematically characterise clinical features of GAA-FGF14
ataxia. Whether GAA-FGF14 expansions within the
incompletely penetrant range is a modifier or a patho-
genic mutation in patients with ataxia may be uncovered
in follow-up assessments longitudinally.

In conclusion, our study provides a comprehensive
genetic assessment of a large Chinese ataxia cohort and
expand the understanding of clinical heterogeneity of
GAA-FGF14 ataxia. The frequency of GAA expansion in
Chinese patients was lower than in non-Asian ataxia
populations. We also showed that biallelic (GAA),0,/222
alleles of less than 250 repeats and co-occurrence with
other genetic or diseases (especially in cases with an
atypical phenotype), may contribute to disease onset and
phenotypic variation, which shed light on disease het-
erogeneity of clinical spectrum and progression. The
future investigations to examine the role of GAA-FGF14
expansion combined with other unknown modifiers
may help to better delineate the disease trajectory of
GAA-FGF14 ataxia and improve efficacy of individu-
alised clinical management.
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