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GAA-FGF14 ataxia (SCA27B): phenotypic profile, natural
history progression and 4-aminopyridine treatment response

Carlo Wilke,*? David Pellerin,® David Mengel,? Andreas Traschiitz,'> Matt C. Danzi,* Marie-
Josée Dicaire,® Manuela Neumann,?® Holger Lerche,® Benjamin Bender,” Henry Houlden,®
RFC1 study group Stephan Ziichner,* Ludger Schéls,?® Bernard Brais® and Matthis:Synofzik®2

Abstract

Ataxia due to an autosomal dominant intronic GAA repeat expansion.in FGF14 (GAA-FGF14
ataxia, Spinocerebellar ataxia 27B [SCA27B]) has recently been-identified as one of the most
common genetic late-onset ataxias. We here aimed to characterise its phenotypic profile, natural
history progression, and 4-aminopyridine (4-AP) treatment response.

We conducted a multi-modal cohort study of 50 GAA-FGF14 patients, comprising in-depth
phenotyping, cross-sectional and longitudinal progression data (up to 7 years), MRI findings,
serum neurofilament light (SNfL) levels, neuropathology, and 4-AP treatment response data,
including a series of n-of-1 treatment studies.

GAA-FGF14 ataxia consistently presented as late-onset (60.0 years (53.5-68.5), median (IQR))
pancerebellar syndrome, partly‘combined with afferent sensory deficits (55%) and dysautonomia
(28%). Dysautonomia‘increased with duration while cognitive impairment remained infrequent,
even in advanced stages. Cross-sectional and longitudinal assessments consistently indicated
mild progression of ataxia (0.29 SARA points/year), not exceeding a moderate disease severity
even in advanced stages (max. SARA score: 18 points). Functional impairment increased
relatively slowly (unilateral mobility aids after 8 years in 50% of patients). Corresponding to
slow progression and low extra-cerebellar involvement, sNfL was not increased relative to
controls. Concurrent second diseases (including progressive supranuclear palsy neuropathology)
represented major individual aggravators of disease severity, constituting important caveats for
planning future GAA-FGF14 trials. A treatment response to 4-AP with relevance for everyday
living was reported by 86% of treated patients. A series of three prospective n-of-1 treatment
experiences with on/off design showed marked reduction in daily symptomatic time and

symptom severity on 4-AP.
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Our study characterises the phenotypic profile, natural history progression, and 4-AP treatment
response of GAA-FGF14 ataxia. It paves the way towards large-scale natural history studies and
4-AP treatment trials in this newly discovered, possibly most frequent, and treatable late-onset

ataxia.
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Introduction

The genetic basis of late-onset ataxia-has long remained largely elusive ' and effective
pharmaceutic treatment options have been lacking in this frequent ataxia condition 2. Autosomal
dominant GAA repeat expansions in the first intron of the fibroblast growth factor 14 gene
(FGF14) have recently been discovered as one of the most common causes of late-onset ataxia
(Spinocerebellar ataxia 27B [SCA27B]) with a frequency ranging from 10% to 61% in several
late-onset ataxia cohorts of various ethnic backgrounds 3#. The high frequency around the world
highlights the‘need to.already initiate first steps towards trial-readiness and to identify potential
candidate treatments of this novel condition.

We here present a multi-modal study of 50 GAA-FGF14 ataxia patients, (1) characterising its
phenotypic profile and evolution as well as providing first longitudinal natural history
progression data, and (2) demonstrating its treatment response to 4-aminopyridine (4-AP),
including a series of prospective n-of-1 treatment experiences. These findings indicate the
potential of a precision medicine approach to — so far untreatable — late-onset ataxias, with
genotypic stratification allowing to identify a subpopulation readily treatable with an existing

drug.
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Materials and methods

Cohort

We aggregated a consecutive series of 50 GAA-FGF14 patients from 43 families, recruited at
the Department of Neurodegenerative Diseases, Center for Neurology and Hertie Institute. for
Clinical Brain Research, University of Tubingen (Table 1 for demographic and genetic
characteristics). The cohort resulted from screening 231 consecutive degenerative ataxia patients
comprising of 69 (= 30%) patients with autosomal-dominant cerebellar ataxia and 162 (= 70%)
patients with sporadic adult-onset ataxia (SAOA) 3. All screened patients were genetically
unsolved before GAA-FGF14 screening and had late-onset ataxia (median age at onset: 54 years,
interquartile range: 44-64 years). Index patients identified<by this earlier genetic screening were
now complemented by additional family members, in-depth clinical and longitudinal data and
modelling, treatment data and biomarker measurements. The Institutional Review Board of the
University of Tubingen approved the study (AZ 598/2011BO1). All subjects provided written

informed consent before participation according .to the Declaration of Helsinki.
Genotyping

Genetic analysis of the FGF14. repeat locus was performed as described previously *°. We
amplified the intronic FGF14 repeat locus by long-range polymerase chain reaction (PCR) and
determined the number of.repeat units by capillary electrophoresis of fluorescent long-range
PCR amplification products °. Results of fragment length analysis were confirmed by agarose gel
electrophoresis of PCR amplification products. The motif of the repeat expansion was analysed
by targeted long-read nanopore sequencing in 43 cases. Repeat-primed PCR was used to
ascertain the presence of a GAA repeat expansion in the remaining cases. GAA repeat

expansions >250 repeat units were considered pathogenic °.

Deep phenotyping

Longitudinal patient data and records (with follow-up times spanning up to 7 years) were
systematically assessed according to a comprehensive data form, including prespecified queries
on demographics, genetics, history, neurological phenotype, disease severity, and 4-AP

treatment. We assessed disease severity by the Scale for the Assessment and Rating of Ataxia
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(SARA)  and the burden of non-ataxia features by the Inventory of Non-Ataxia Signs (INAS) ’.
As patients’ functional impairment in GAA-FGF14 ataxia arises mainly from the associated gait
disorder, functional impairment was assessed in terms of the required mobility aid (i.e.,
independent walking, dependence on unilateral or bilateral walking aids, wheelchair dependence)
and the Friedreich Ataxia Rating Scale functional disability stage (FARS-FDS) 8. To‘determine
the specificity of how the individual ataxia domains contribute to overall ataxia severity in GAA-
FGF14 ataxia, the profile of the SARA items in the GAA-FGF14 cohort was.compared-to that of
another frequent late-onset onset ataxia (RFC1 disease), with patients matched by their overall
SARA score. RFC1 patients (n=42) were recruited by the RFC1 Natural History Study °
(ClinicalTrials.gov: NCT05177809).

MR imaging

Routine MRI scans were aggregated and systematically assessed by two independent raters (CW
and MS) where such images were available and digitally transferable for centralised review. To
evaluate whether the cerebellar vermis atrophy observed in GAA-FGF14 patients can be
identified reliably on routine clinical imaging without prior knowledge of the genotype, the
degree of cerebellar vermis atrophy.was additionally assessed in a genotype-blinded manner,
using a mixed set of scans of 28 GAA-FGF14 patients and 27 elderly neurologically healthy
controls (selected from the control cohort reported by Lindig et al. 2018) *°. For this, the degree
of cerebellar vermis atrophy was assessed on mid-line sagittal planes as “present” or “absent”,

with further grading of the atrophy as “mild”, “moderate”, or “severe”.

Blood Neurofilament light levels

We measured the serum levels of neurofilament light (SNfL) in (1) GAA-FGF14 patients (n=12,
age: 66.5 years (59.4-71.8), median and interquartile range), (2) age-matched healthy controls
(n=26, age: 63.2 years (58.8-69.4)), and — as age-matched disease controls — (3) patients with
sporadic adult-onset ataxia (SAOA, n=34, age: 67.2 years (61.6-72.2)) and (4) patients with
multiple system atrophy of cerebellar type (MSA-C) (n=19, age: 66.1 years (64.0-70.1)), with
both patient groups also having been recruited at the Department of Neurodegenerative Diseases,
University of Tubingen, and tested negative for expansions in FGF14 and RFC1. NfL
measurements were performed by single molecule array (Simoa) technique on the Simoa HD-X
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analyser (Quanterix), using the NF-light Advantage Kkit, as described previously %12,
Longitudinal patient samples were measured in the same batch. All measurements had a
coefficient of variation below 20% and all sSNfL levels were in the previously established range

of quantification 112,
Neuropathology

Post-mortem examination of the brain of subject 1D20559 (79-year-old woman) with a biallelic
GAA-FGF14 repeat expansion (repeat sizes: 276 and 252 units) was performed at-the brain bank
affiliated with the DZNE/University of Tibingen. Histological analysis of formalin-fixed
paraffin embedded tissue included haematoxylin and eosin- (H&E) staining and
immunohistochemistry with antibodies against ptau (AT8, ThermoFisher, dilution: 1:1000),
pTDP-43 (1D3, own production, 1:100) 3, alpha-synuclein (4D6, OriGene, 1:5000), beta
amyloid (4G8, Covance, 1:6000), p62 (BD Biosciences;-1:200), and polyQ (1C2, Millipore,
1:5000) using the Ventana BenchMark XT automated staining system with the OptiView DAB
detection Kit (Ventana).

Treatment response to 4-aminopyridine

A retrospective analysis of the 4-AP treatment response was performed on the group level in all
GAA-FGF14 patients of our cohort. who had received 4-AP treatment. In addition, we studied an
aggregated series of prospective structured open-label single-subject treatment experiences in
three patients. These n-of-1 studies had each been independently performed as single-subject
named-patient'uses (German: “individueller Heilversuch* = “trial of therapy”), structured by a
prospective treatment protocol with prespecified documentation, allowing characterisation of
patients” 4-AP treatment response with a prospective, intra-individually on/off-controlled
treatment jprotocol design # (thus following the guidance of the Declaration of Helsinki [section
37] to systematically collect data also and particularly in such individual “trials of therapy” >
As treatment endpoints, we defined the patient-recorded total symptomatic time per day and the
frequency of days affected by serve symptoms. 4-AP treatments had been initiated in all subjects
in a genotype-blind manner, i.e., without knowledge of, and prior to, identification of the

underlying FGF14 GAA repeat expansion.
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Statistical analysis

To assess the phenotypic evolution of GAA-FGF14 disease, we estimated the temporal evolution
of phenotypic features from cross-sectional data by logistic regression, modelling the presence of
each disease feature as a dichotomous variable (i.e., present/absent) as a function of the disease
duration. This provided estimates of the frequency of each phenotypic feature across the
observed range of disease durations (ranging from 0 to 25 years). We used the same approach to
model patients’ functional impairment (in terms of their dependence on several types of mobility
aids) over their disease duration. To characterise the longitudinal natural histery progression of
GAA-FGF14 disease, we used a linear mixed-effects model of longitudinal SARA scores, thus
considering the covariance between repeated scores of each subject. In the model, we included
disease duration and age as fixed effects, their interaction, and the random variable subject,
modelled by random intercepts (R package: Ime4) 17..We analysed cross-sectional SARA scores
and INAS counts by linear regression over disease duration. Between-group comparisons of
continuous variables were performed with two-sided Mann-Whitney U-tests. We analysed the

data in R (version 4.1).
Data availability

The anonymised data can_be accessed on reasonable request addressed to the corresponding
author.

Results

Genetic.characteristics

50 patients from 43 families with GAA-FGF14 expansions above the pathogenic threshold
(>250 repeats) were assessed (repeat count of the expanded allele: 349 [316-402] (median
[interquartile range]), max. repeat count: 578; note that the repeat count refers to GAA-repeat
units, not nucleotide numbers; for descriptive characteristics of the cohort, see Table 1),
including two patients (1D20559, 1D26913) with biallelic pathogenic expansions (for details on
the capillary electrophoresis in biallelic carriers, see Supplementary Figure 1). 51% of index

patients had a positive family history for ataxia in the parent or sibling generation (= familial
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ataxia), whereas 49% did not have any affected family members (= sporadic ataxia). The repeat
count of the trinucleotide expansion was not significantly associated with patients' age at onset
(r=-0.02, p=0.874), disease severity in terms of the SARA score (r=-0.07, p=0.660), or cross-
sectional disease progression (defined as the quotient of SARA score and disease duration;

r=0.06, p=0.729; Pearson's correlations, n=45).
Symptom onset

Symptoms in GAA-FGF14 disease started on average at 60.0 (53.5-68.5) years of .age. The first
symptom experienced by patients at clinical onset usually was unsteady gait (79%) but could
also — though less frequently — consist of visual disturbances (12%,-comprising of oscillopsia,
diplopia, blurring), dizziness (as opposed to vertigo), impairment.of fine motor skills, and
dysarthria (all < 10%) (Fig. 1A). In a subset of patients, clinical disease started with episodic
symptoms (13%) (including episodic worsening of gait impairments and dizziness).

Contribution of ataxia domains to GAA-FGF14 ataxia severity

The overall severity of ataxia in GAA-FGF14 disease, as captured by the SARA score, was
primarily driven by gait and stance.ataxia and lower-limb ataxia, whereas sitting and speech
disturbances contributed only.relatively little to the overall ataxia severity, which suggests a
caudal-to-rostral gradient of ataxia severity in GAA-FGF14 disease (Fig. 1B). In comparison to
another frequent genetic. late-onset ataxia — RFC1 disease — speech was significantly less
affected in GAA-FGF14 disease (p=0.001, two-sided Mann-Whitney U-test, Bonferroni-
corrected for the number of SARA items) (Fig. 1B).

Phenaotypic profile

The phenotypic profile of GAA-FGF14 ataxia consisted of a pancerebellar syndrome, with
predominant impairment of balance and gait (95%) and highly prevalent cerebellar oculomotor
signs (88%, comprising broken-up smooth pursuit, saccadic dysmetria and downbeat nystagmus)
(Fig. 2; Supplementary Table 1 for clinical details). As non-cerebellar systems, GAA-FGF14
disease compromised mainly the afferent tracts (reflected by hyporeflexia in up to 33% and
reduced pallesthesia (<5/8 on Rydel-Seiffer) in up to 55%) and the autonomous nervous system

(reflected by urinary urgency in 28%) (Fig. 2). Bradykinesia and involvement of upper or lower
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motor neurons were rare (each < 13%), which suggests that GAA-FGF14 disease does not
frequently affect basal ganglia or motor neurons in a clinically relevant manner. Additional
features frequently comprised visual disturbances (48%), dizziness (21%), and clinical evidence
of vestibulo-ocular reflex (VOR) impairment (>23%, corresponding to 11 patients in the total
cohort), while — despite patients’ advanced age — cognitive impairment (based on clinical

judgment) was infrequent (16%) (Fig. 2).

The atrophy pattern of GAA-FGF14 ataxia was consistently marked by atrophy of the cerebellar
vermis (97%) and, though less frequent, of the cerebellar hemispheres (59%), as assessed by two
independent reviewers on aggregated routine MRI scans of 29 patients (age: 69.7 years (61.5-
74.5)) (Fig. 3A). While atrophy of the cerebral cortex was also commonly observed (31%), this
showed a variable regional pattern across patients (e.g., including atrophy of the parietal cortex,
hippocampus, or enlarged ventricles) and was thus likely due to other, possibly age-related
degenerative processes, rather than GAA-FGF14 ataxia. We did not observe brain stem atrophy
detectable on routine MRI. Longitudinal progression of.cerebellar atrophy was mild, as assessed
on longitudinal images of 9 patients (follow-up.interval: 5.4 years (3.1-5.9)) (exemplified in Fig.
3B and 3C).

The overall key MRI finding — atrophy of the cerebellar vermis — was validated by assessment in
a genotype-blinded manner in-a mixed set of scans of GAA-FGF14 patients and elderly
neurologically healthy controls, showing that it was significantly more frequent in GAA-FGF14
patients (20/28 = 71.4%) than in healthy elderly controls (2/27 = 7.4%) (X2 (1) = 20.88, p <
0.001, Pearson’s Chi-square test), with the degree of atrophy in GAA-FGF14 ataxia ranging
from “mild”(14.3%) over “moderate” (50.0%) to “severe” (7.1%).

Phenotypic evolution

The phenotypic evolution of GAA-FGF14 ataxia was characterised by the presence of balance
and gait impairments almost always already at clinical onset, with falls becoming frequent >5
years after onset (i.e., in 50% of subjects at a disease duration of 8 years) (Fig. 4). Dysphagia and
particularly dysarthria were frequent features in GAA-FGF14 ataxia, but their prevalence
increased only slightly in the disease course, even in patients with >20 years disease duration. In
contrast, the frequency of upper limb ataxia and dysdiadochokinesia increased in later disease

stages (Fig. 4). GAA-FGF14 ataxia frequently comprised damage to the afferent tracts, with high
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prevalence of reduced pallesthesia and Romberg test abnormality already at the earliest stages of
the disease, and the prevalence of reduced ankle reflexes increasing during the disease course.
Autonomic dysfunction was rare at disease onset but became frequent in advanced and late-stage
disease. It comprised urinary urgency (28%) and erectile dysfunction (13%), but no positive
evidence of postural hypotension. Cognitive impairment remained relatively infrequent — even in

advanced disease stages (Fig. 4).

Natural history progression of ataxia, non-ataxia” features and

functional impairment

Disease progression of GAA-FGF14 ataxia was slow, as suggested by the slow increase of
cross-sectional SARA scores with disease duration (= 0.29.SARA points/year at age 70 years) (F
(3, 36) = 6.04, p=0.002, adjusted R2=0.28, linear regression-with the factors age [b=0.43,
p=0.003], duration [b=2.73, p=0.001], and their interaction [b-0.03, p=0.003]) (Fig. 5A). This
was confirmed by the slow intra-individual longitudinal increase of SARA scores in subjects
with longitudinal SARA scores (= 0.23 SARA points/year) (lincar mixed-effects model
analysing 73 observations of 17 subjects with-the fixed effect duration [b=0.23, p=0.007] and the
random variable subject, modelled as random intercepts) (Fig. 5B). Overall, SARA scores
remained within moderate levels (maximum SARA score: 18 points), even in subjects with >20
years disease duration, indicating.an only moderate level of maximal disease severity in GAA-
FGF14 disease. The SARA items gait and stance each correlated significantly with disease
duration (gait: rho.=70.35, p = 0.029; stance: rho = 0.44, p = 0.004; n = 40; Spearman’s
correlation) (Supplementary Figure 2), which suggests that — if validated longitudinally — these
items may be particularly relevant in future natural history studies. One patient (ID26913) with a
biallelic expansion (and no evidence of any concomitant second brain disease) did not differ

from.the heterozygous expansion carriers in terms of longitudinal disease progression.

The overall burden of non-ataxia features was relatively low at early disease stages and remained
low even throughout the disease, as indicated by the slow increase of cross-sectional INAS
counts with disease duration (linear regression: F (1, 39) = 5.89, p= 0.020, adjusted R?= 0.11,
effect of duration: b=0.07, p=0.020), which was non-significant if correcting for age (linear
regression including age, duration, and their interaction: F (3, 37) = 2.35, p=0.088, adjusted
R?=0.09) (Fig. 5C). In line with the slow progression of ataxia and non-ataxia severity scores,

10
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functional impairment — in terms of mobility impairment — increased only relatively slowly with
disease duration, with 50% of subjects requiring unilateral mobility aids after 8 years and
bilateral mobility aids after 15 years, respectively (Fig. 5D). Wheel-chair dependence was rare
and, if at all, only occurred in advanced disease (>10 years, two patients). The slow increase of
functional impairment was reflected by a statistical trend towards a positive association of the
FARS-FDS disease stage with disease duration (Spearman’s rho = 0.29, p = 0.058, n =43) (Fig.
5E).

Second independent brain diseases in GAA-FGF14ataxia

Two GAA-FGF14 patients showed abnormally high baseline values-and-rapid intra-individual
increases of the SARA score (Fig. 5B). Closer analysis revealed evidence of a second,
independent brain disease (“‘double hit”) in both subjects: severe cerebral small vessel disease
(CSVD) in subject 1D19467, and progressive supranuclear-palsy (PSP) neuropathology in subject
ID20559 (additionally carrying a biallelic expansion; Supplementary Text 1 for case vignettes of
the two subjects). In the latter, post-mortem analysis revealed two distinct patterns: pathological
changes characteristic of PSP with typical-tau-pathology, and additional cerebellar atrophy with
severe loss of Purkinje cells in the absence of tau aggregation, unusual for PSP, but well
compatible with GAA-FGF14ataxia (Fig. 6) 3. The absence of polyQ immunoreactivity suggests
that GAA-FGF14 ataxia is not associated with (CAG-)repeat inclusion pathology (Fig. 6), also
p62 staining was negative. These findings exemplify that second brain diseases might be a
recurrent phenomenon which needs to be considered when preparing and analysing single
subject, natural history, and trial data in genetic late-onset ataxias like GAA-FGF14 ataxia,

where age-related second neurological conditions are more likely to occur.
Neurofilament light levels in blood

While sNfL levels in GAA-FGF14 subjects (16.1 pg/ml (11.7-19.7)) significantly increased with
age (F (1, 12) = 13.8, p=0.003, adjusted R?>=0.50) (Fig. 3E) and disease duration (F (1, 12) =
5.84, p=0.033, adjusted R?=0.27) (Fig. 3F), they were not significantly higher than in age-
matched healthy controls (14.0 pg/ml (11.0-19.3)) (U=251, z=0.53, p=0.609, two-sided Mann-
Whitney U-test) (Fig. 3E) and similar to those in SAOA (15.7 pg/ml (11.1-21.7)) (U=289,
z=0.18, p=0.873), but significantly lower than in MSA-C (30.3 pg/ml (20.3-36.6)) (U=116,

11
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z=3.08, p=0.001, two-sided Mann-Whitney U-tests) (Fig. 3G). This indicates that GAA-FGF14
ataxia is not associated with rapid widespread axonal degeneration, as commonly observed in
MSA-C (but not in healthy controls or SAOA). This finding thus complements and adds
molecular support to the clinical findings of slow disease progression and low amount of extra-

cerebellar damage.
4-aminopyridine treatment effect

In our cohort, 7 of 50 GAA-FGF14 patients had received treatment with. 4-aminopyridine (4-
AP). 6 of them (86%) reported a treatment response with relevance for everyday living (Fig. 7A,
Supplementary Table 2). In addition to this retrospective cohort analysis, also a series of
prospective structured n-of-1 treatment open-label experiences had been studied in three patients,
allowing us to characterise this treatment response in more detail and with a prospective, on/off-
controlled design (Fig. 7B-1, Supplementary Table 3). During on-periods with 4-AP treatment,
patients documented a reduction in the symptomatic time per day (Fig. 7C, 8G) and the
frequency of days affected by severe symptoms (Fig. 7D, 7H), accompanied by a reduction in
objective scores of ataxia severity (i.e., SARA score, Fig. 71). The beneficial effect of 4-AP
vanished in each of the three patients.during-the off-period without 4-AP treatment (Fig. 7B, 7F,
71), thus demonstrating a tight on/off-association between ataxia improvement and medication
intake in all three patients. The short time until onset of symptom improvement as well as the
absence of prolonged.wash-out times suggests a symptomatic — rather than disease-modifying —

drug effect as the-mechanism of action of 4-AP.

Discussion

With. GAA-FGF14 expansions recently identified as one of the most frequent causes of late-
onset ataxia >4, our study aimed to take the next step in preparing large-scale natural history
studies and trial-readiness in this novel and — as shown here — potentially treatable disease.

Characterising its phenotypic profile, our study demonstrates that GAA-FGF14 ataxia
consistently presented as a late-onset pancerebellar syndrome with predominant impairment of
balance and gait and frequent cerebellar oculomotor signs. As this syndrome is highly consistent

across cohorts, confirming the initial descriptions 4, it seems to present the core syndrome of
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GAA-FGF14 ataxia. This descripted syndrome corresponds well to the pattern of brain atrophy
on MRI, which by visual analysis mainly affects the cerebellar vermis and, less frequently,
hemispheres. GAA-FGF14 ataxia thus clearly differs from other genetic forms of late-onset
ataxia, particularly the multisystemic polyglutamine spinocerebellar ataxias (e.g., SCA1, SCAZ2,
SCAZ3) 8 and multiple system atrophy of cerebellar type (MSA-C) *°, which usually:show
clinical and MRI signs of widespread degeneration, involving the pyramidal tract and/or the
basal ganglia. Given its late-onset, predominantly cerebellar syndrome, GAA-FGF14 ataxia
constitutes a genetic differential diagnosis to SCAG 8, and, as presenting frequently-in a sporadic

manner (as in 49% of our patients), to sporadic ataxia of adult onset (SAOA) +°.

Our study is the first to delineate the temporal phenotypic evolution of GAA-FGF14 ataxia,
covering disease durations of up to 25 years. Disease started on average at 60.0 (53.5-68.5) years
(median and interquartile range), with age at onset not being associated with repeat length unlike
previously reported 4. This might be possibly due.to the smaller sample size, the more
heterogenous genetic background, and the absence-of large families with several affected
members in our cohort as compared to the previously reported French-Canadian cohort 3.
Impairments of balance and gait almost. always mark the clinical onset, while upper limb
incoordination and afferent deficits increase in frequency during the disease course. Autonomic
dysfunction, mostly in the form of urinary urgency, is rare at onset but becomes frequent in
advanced and late-stage disease, yet — unlike in MSA-C — does not reach a high degree of
severity and usually-is.not.accompanied by other dysautonomic features. Cognitive impairment,
as judged clinically, remains relatively infrequent even in advanced disease. The overall burden
of non-ataxia signs as captured by the INAS count remained low throughout the disease course.
Taken together; given the predominant cerebellar core phenotype, with only mild and variable
non-cerebellar dysfunction, future natural history studies and treatment trials in GAA-FGF14

ataxia.should primarily focus on endpoints in cerebellar, rather than non-cerebellar, domains.

Moreover, our study provides the first data on disease progression in GAA-FGF14 ataxia,
building on both cross-sectional and longitudinal objective assessments. Our study shows that
progression of ataxia was slow (= 0.29 SARA points/year), with scores not exceeding a moderate
severity level even in advanced stages (max. SARA score: 18 points). Disease progression was
not associated with repeat length. Overall, disease progression in GAA-FGF14 ataxia was

considerably slower than in multisystemic repeat-expansion SCAs (e.g., SCA3: 1.56 points/year)
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18 “and slower than in other frequent genetic late-onset ataxias, e.g. SCA6 (0.80 points/year) 8 or
RFC1 ataxia (1.3 points/year) °. Correspondingly, also functional impairment — namely impaired
mobility, the domain most prevalently affected in GAA-FGF14 ataxia — increased relatively
slowly with disease duration, with subjects on average requiring unilateral mobility aids.after 8
years and wheelchair dependence remaining rare even in advanced stages. By delineating the
phenotypic evolution of GAA-FGF14 ataxia, its longitudinal progression, and ‘the associated
functional impairment relevant for everyday living, our study makes significant headway

towards preparing future multicentric natural history studies and treatment trials.

While blood levels of NfL are frequently increased in genetic.ataxias 122122 our study
demonstrates that blood NfL levels in GAA-FGF14 ataxia remained within the range of age-
matched healthy controls and SAOA, but below the range of MSA-C, indicating that GAA-
FGF14 ataxia does not involve rapid widespread axonal. decay. This complements and adds
molecular support to the clinical and imaging findings of slow disease progression and low
amount of extra-cerebellar damage. This finding also indicates the need to develop further

objective biomarkers to quantify neurodegeneration in GAA-FGF14 ataxia.

Our study identified two GAA-FGF14 patients with evidence of a second, independent brain
disease (“‘double hit”) who stood out from the cohort in terms of abnormally high baseline values
and rapid intra-individual increases of the SARA score. Such co-pathologies can be confirmed
by imaging or neuropathology,-as shown here. These findings exemplify that in late-onset
genetic ataxias — like GAA-FGF14 ataxia — atypically high disease severity or progression
should prompt-work=up for concomitant, but independent second diseases, rather than assuming
them to be-part of-a supposedly broad phenotypic and progression spectrum of the genetic
disease itself. This has also important implications for future trial designs in GAA-FGF14 ataxia,
as — in contrast to many other genetic ataxias, mostly of earlier onset — second hit age-related
brain diseases aggravating disease progression and phenotype will be a recurrent finding, as
shown here. Trial inclusion and exclusion criteria will need to be particularly strict to exclude
such concomitant second diseases, and trial stratification and analysis will need to incorporate
the additional data heterogeneity and variability which arises from such — possibly initially

masked or only evolving — independent second diseases.
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Cerebellar neuropathology of GAA-FGF14 disease shows cerebellar cortical atrophy,
predominantly of the vermis, less of the hemispheres (with marked loss of Purkinje cells in both
cerebellar regions), thus supporting our MRI findings. Specific neuropathological signatures
(e.g., p62 or polyQ immunoreactive inclusions), however, were absent. This finding, whigh is in
line with neuropathological findings recently reported on two other cases 3, highlights the need to
identify specific neuropathological signatures of GAA-FGF14 disease which —if no specific
staining signatures will be found — might need to comprise specific-proteomic and/or

transcriptomic signatures.

GAA-FGF14 ataxia might be amenable to treatment with a drug readily available on the market:
4-Aminopyridin (4-AP). Our retrospective cohort analysis suggests-a treatment response to 4-AP
with relevance for everyday living in 86% of treated patients. These retrospective findings are
confirmed by a prospective series of three structured n-of-1 treatment experiences, showing a
tight on/off-association between symptom improvements and drug intake in all three patients.
Thus, our study provides first prospective, on/off-controlled evidence for the efficacy of 4-AP in
GAA-FGF14 ataxia. A symptomatic — rather than disease-modifying — drug effect hereby
appears likely given the short time until the onset of symptom improvement and the absence of
prolonged wash-out times. The outcome variables used in our n-of-1 treatment protocols — daily
symptomatic time and symptom severity — do not constitute standard outcome measures for
clinical trials, thus limiting the robustness of this preliminary evidence of efficacy. However,
changes in these outcomes are nevertheless valuable as they reflect patients’ impression in a
systematic, predefined manner and thus indicate high patient meaningfulness of the treatment
response. In fact, the FDA recently emphasised the need to monitor change in patient-centred
outcomes over standard clinical outcomes (like e.g., the SARA scale) which might fail to or only
indirectly capture patient meaningfulness 2. Our findings might pave the way towards a
randomised placebo-controlled trial or aggregated n-of-1 trials 4 providing robust evidence for
the efficacy of 4-AP in GAA-FGF14 ataxia.

These findings also allow further mechanistic insights into the so far elusive molecular
mechanisms underlying GAA-FGF14 ataxia. FGF14 has been shown to exert effects on the
gating properties of voltage-gated sodium channels when expressed in heterologous systems 242°,
Furthermore, overexpression of a mutant FGF14 protein, which is associated with

spinocerebellar ataxia in humans, in cultured hippocampal mouse neurons decreases Nav
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expression at axon initial segments and impairs neuronal firing 2. Similarly, knocking out
FGF14 in mice leads to ataxia and reduces both expression of Nav1.6 and neuronal firing in
Purkinje neurons 26, 4-AP, a known blocker of mainly Kv1 (A-type) potassium channels, has
been shown to restore neuronal firing precision of Purkinje neurons in another ataxia.mouse
model mimicking SCA6 2’. We thus hypothesise that 4-AP may exert its positive effect on
ataxia, which we observed in our patients, by compensating a firing deficit of Purkinje neurons
that is induced by FGF14 loss-of-function via its impaired ability to interact with-Nav channels.
This hypothesis sets the stage for unravelling the link between GAA-FGF14 pathways and K*
channel modulation using targeted ion channel electrophysiology experiments with 4-AP in

transfected neuronal cell or animal models.

Our study has several limitations. First, larger multicentric natural history studies are warranted
to confirm our longitudinal findings on the phenotypic evolution and disease progression of
GAA-FGF14 ataxia, and to further explore the relation between GAA-FGF14 repeat size and
clinical features, ideally also including patients of other ethnic backgrounds. Second, further
research is needed to determine the degree to which the afferent deficits and dysautonomic
features observed in our study are inherent'to GAA-FGF14 ataxia and not the reflection of
independent, possibly age-related‘processes, which may well concur given the age of our cohort.
However, the similarity in the temporal evolution between afferent deficits and some cerebellar
features (dysdiadochokinesia and upper limb ataxia) support the notion that at least some degree
of the afferent deficits is due to GAA-FGF14 ataxia. Third, more in-depth and standardised
cognitive and autonomic profiling is needed, using more fine-grained quantitative tests and
rating scales. Fourth, while our study provides first MRI data on the pattern and temporal
evolution of brain atrophy in GAA-FGF14 ataxia, based on both cross-sectional and longitudinal
observations-from systematically aggregated and centrally reviewed routine scans, longitudinal
high=resolution volumetric MRI scans by standardised protocols are needed to capture the full
spectrum of atrophy and develop MRI-based progression biomarkers for GAA-FGF14 ataxia.
While cerebellar vermis atrophy in GAA-FGF14 ataxia can be identified reliably by inspection
when already moderate or severe, it can be challenging to assess when still mild. Fifth, our
findings on the 4-AP treatment response require further validation and specification in

randomised, placebo-controlled, blinded trials with objective outcome variables.
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In conclusion, our study provides comprehensive insight into the phenotypic profile, the natural
history progression, and the 4-AP treatment response of GAA-FGF14 ataxia, opening an avenue
for future large-scale natural history studies and 4-AP treatment trials in this novel, frequent and
likely treatable late-onset ataxia. Clinical observations had long included the experience that
some ataxia patients do show a beneficial 4-AP response, but without the knowledge and tools to
identify GAA-FGF14 mutations as one of the main drivers underlying this response, cohort
studies of 4-AP in non-stratified ataxia cohorts failed 28 (for reviews see: Feil-et'al. 2016, Kalla
and Strupp, 2019) 2°%, Our findings now indicate the potential of a precision medicine approach
to late-onset ataxias, whereby genotypic stratification allows to identify a subpopulation that

appears treatable with an existing drug.

Acknowledgements

We thank all participants and their families for their contribution. DP holds a Fellowship award
from the Canadian Institutes of Health Research (CIHR) and a Detweiler Travelling Fellowship
from the Royal College of Physicians and.Surgeons of Canada. The genotyping in the BBr lab
was supported by the Monaco_family. We thank Alejandra Leyva for technical assistance in

sNfL measurements and Madeleine Wacker for sample logistics.

Funding

This work was supported by the Horizon 2020 research and innovation programme (grant
779257 Solve-RD to MS), the Clinician Scientist Program of the Medical Faculty Tlbingen
(480-0-0-to CW, 459-0-0 to DM, and 439-0-0 to AT), the European Joint Programme on Rare
Diseases (EJP RD) under the EJP RD COFUND-EJP N° 825575 (PROSPAX consortium, to MS
and BB), the Clinician Scientist programme "PRECISE.net" funded by the Else Kroner-
Fresenius-Stiftung (to CW, DM, AT, MS and HL).

17

€20z Ae\ zz uo Jasn uopuoT 8bs|j0D AlsieAlun Aq 91.86G1 /.Gl PEME/UIRIG/EE0L "0 /I0P/a|oIiB-80UBAPE/UIRIG/WOD dNoolWepeoeR//:sdijy Woly papeojumod



10

11

12

13

14

15
16

17

18

19

20

21

22

Competing interests

CW has nothing to disclose.
DP has nothing to disclose.
DM has served as consultant for Biogen, unrelated to the manuscript.
MCD has nothing to disclose.
MJD has nothing to disclose.
MN has nothing to disclose.
AT has nothing to disclose.
HL has nothing to disclose.
SZ has nothing to disclose.
LS has nothing to disclose.
BBe has nothing to disclose.
BBr has nothing to disclose.

HH has nothing to disclose.

MS received consultancy honeraria from lonis Pharmaceuticals, Servier Pharmaceuticals, and

AviadoBio, all unrelated to the present manuscript.

Supplementary material

Supplementary material is available at Brain online.

Appendix 1

Members of the RFC1 study group who contributed data

18

€20z Ae\ zz uo Jasn uopuoT 8bs|j0D AlsieAlun Aq 91.86G1 /.Gl PEME/UIRIG/EE0L "0 /I0P/a|oIiB-80UBAPE/UIRIG/WOD dNoolWepeoeR//:sdijy Woly papeojumod



10
11

12
13
14

15
16
17

18
19
20

21
22
23

24
25
26

Jennifer Faber, Richard Roxburgh, José Luiz Pedroso, Paula Camila Alvez, Orlando Barsottini,

Chiara Pane, Francesco Sacca, Alessandro Filla, Filippo M. Santorelli, Ivana Ricca.

References

1. Giordano I, Harmuth F, Jacobi H, et al. Clinical and genetic characteristics of sporadic
adult-onset  degenerative  ataxia.  Neurology. Sep 05 2017;89(10):1043-1049.
d0i:10.1212/WNL.0000000000004311

2. Zesiewicz TA, Wilmot G, Kuo SH, et al. Comprehensive systematic review summary:
Treatment of cerebellar motor dysfunction and ataxia: Report of the Guideline Development,
Dissemination, and Implementation Subcommittee of the. American Academy of Neurology.
Neurology. Mar 6 2018;90(10):464-471. doi:10.1212/wnl.0000000000005055

3. Pellerin D, Danzi MC, Wilke C, et al. Deep Intronic FGF14 GAA Repeat Expansion in
Late-Onset  Cerebellar Ataxia. NooEngl wJ Med. Jan 12 2023;388(2):128-141.
doi:10.1056/NEJM0a2207406

4, Rafehi H, Read J, Szmulewicz DJ, et al. An intronic GAA repeat expansion in FGF14
causes the autosomal-dominant adult-onset ataxia SCA50/ATX-FGF14. Am J Hum Genet. Jan 5
2023;110(1):105-119:d0i:10.1016/j.ajhg.2022.11.015

5. Bonnet C, Pellerin D, Roth V, et al. Optimized testing strategy for the diagnosis of GAA-
<em>FGFl4</em> ataxia. medRxiv. 2023:2023.02.02.23285206.
d0i:10.1101/2023.02.02.23285206

6. Schmitz-Hubsch T, du Montcel ST, Baliko L, et al. Scale for the assessment and rating of
ataxia:“development of a new clinical scale. Neurology. Jun 13 2006;66(11):1717-20.
d0i:10.1212/01.wnl.0000219042.60538.92

7. Jacobi H, Rakowicz M, Rola R, et al. Inventory of Non-Ataxia Signs (INAS): validation
of a new clinical assessment instrument. Cerebellum (London, England). Jun 2013;12(3):418-28.
d0i:10.1007/s12311-012-0421-3

19

€20z Ae\ zz uo Jasn uopuoT 8bs|j0D AlsieAlun Aq 91.86G1 /.Gl PEME/UIRIG/EE0L "0 /I0P/a|oIiB-80UBAPE/UIRIG/WOD dNoolWepeoeR//:sdijy Woly papeojumod



=

10
11
12

13
14
15

16
17
18

19
20

21
22
23

24
25
26

27
28

8. Subramony SH, May W, Lynch D, et al. Measuring Friedreich ataxia: Interrater
reliability of a neurologic rating scale. Neurology. Apr 12 2005;64(7):1261-2.
d0i:10.1212/01.Wnl.0000156802.15466.79

9. Traschutz A, Cortese A, Reich S, et al. Natural History, Phenotypic Spectrum, and
Discriminative Features of Multisystemic RFC1 Disease. Neurology. Mar 2 2021;96(9):e1369-
e1382. d0i:10.1212/WNL.0000000000011528

10.  Lindig T, Kotikalapudi R, Schweikardt D, et al. Evaluation of multimodal segmentation
based on 3D T1-, T2- and FLAIR-weighted images - the difficulty of choosing. Neuroimage.
Apr 15 2018;170:210-221. doi:10.1016/j.neuroimage.2017.02.016

11.  Wilke C, Mengel D, Schdls L, et al. Levels of Neurofilament Light at the Preataxic and
Ataxic Stages of Spinocerebellar Ataxia Type 1. Neurology..May 17 2022;98(20):e1985-e1996.
d0i:10.1212/wnl.0000000000200257

12.  Wilke C, Haas E, Reetz K, et al. Neurofilaments in spinocerebellar ataxia type 3: blood
biomarkers at the preataxic and ataxic stage.in humans and mice. EMBO Mol Med. Jun 8
2020;n/a(n/a):e11803. doi:10.15252/emmm.201911803

13. Neumann M, Kwong LK, Lee EB, et al. Phosphorylation of S409/410 of TDP-43 is a
consistent feature in all sporadic .and familial forms of TDP-43 proteinopathies. Acta
Neuropathol. Feb 2009;117(2):137-49. doi:10.1007/s00401-008-0477-9

14.  Stunnenberg BC, Berends J, Griggs RC, et al. N-of-1 Trials in Neurology: A Systematic
Review. Neurology. Jan 11 2022;98(2):e174-e185. doi:10.1212/wnl.0000000000012998

15. World°Medical°Association. World Medical Association Declaration of Helsinki: Ethical
Principles.for-Medical Research Involving Human Subjects. JAMA. 2013;310(20):2191-2194.
doi:10.1001/jama.2013.281053

16. Synofzik M, van Roon-Mom WMC, Marckmann G, et al. Preparing n-of-1 Antisense
Oligonucleotide Treatments for Rare Neurological Diseases in Europe: Genetic, Regulatory, and
Ethical Perspectives. Nucleic Acid Ther. Apr 2022;32(2):83-94. doi:10.1089/nat.2021.0039

17.  Bates D, Machler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using
Ime4. Journal of Statistical Software. 10/07 2015;67(1):1 - 48. doi:10.18637/jss.v067.i01

20

€20z Ae\ zz uo Jasn uopuoT 8bs|j0D AlsieAlun Aq 91.86G1 /.Gl PEME/UIRIG/EE0L "0 /I0P/a|oIiB-80UBAPE/UIRIG/WOD dNoolWepeoeR//:sdijy Woly papeojumod



10
11
12

13
14

15
16
17

18
19
20

21
22
23

24
25

26
27
28

18.  Jacobi H, du Montcel ST, Bauer P, et al. Long-term disease progression in
spinocerebellar ataxia types 1, 2, 3, and 6: a longitudinal cohort study. Lancet neurology. Nov
2015;14(11):1101-8. doi:10.1016/s1474-4422(15)00202-1

19.  Gilman S, Wenning GK, Low PA, et al. Second consensus statement on the diagnosis of
multiple system atrophy. Neurology. Aug 26 2008;71(9):670-6.
doi:10.1212/01.wnl.0000324625.00404.15

20. Bogdan T, Wirth T, losif A, et al. Unravelling the etiology of sporadic late-onset
cerebellar ataxia in a cohort of 205 patients: a prospective study. J. Neurol. Jul 23
2022;d0i:10.1007/s00415-022-11253-1

21.  Wilke C, Bender F, Hayer SN, et al. Serum neurofilament light is increased in multiple
system atrophy of cerebellar type and in repeat-expansion spinocerebellar ataxias: a pilot study. J
Neurol. Jul 2018;265(7):1618-1624. doi:10.1007/s00415-018-8893-9

22.  Peng L, Wang S, Chen Z, et al. Blood Neurofilament Light Chain in Genetic Ataxia: A
Meta-Analysis. Mov Disord. Jan 2022;37(1):171-181. doi:10.1002/mds.28783

23. Klockgether T, Ashizawa T, Brais B, et al. Paving the Way Toward Meaningful Trials in
Ataxias: An Ataxia Global Initiative Perspective. Mov Disord. Jun 2022;37(6):1125-1130.
d0i:10.1002/mds.29032

24, Lou JY, Laezza F, Gerber BR, et al. Fibroblast growth factor 14 is an intracellular
modulator of voltage-gated sodium channels. J Physiol. Nov 15 2005;569(Pt 1):179-93.
doi:10.1113/jphysiol.2005.097220

25. Laezza F, Lampert A, Kozel MA, et al. FGF14 N-terminal splice variants differentially
modulate Nav1.2 and Navl.6-encoded sodium channels. Mol Cell Neurosci. Oct 2009;42(2):90-
101. doi:10.1016/j.mcn.2009.05.007

26. = Shakkottai VG, Xiao M, Xu L, et al. FGF14 regulates the intrinsic excitability of
cerebellar Purkinje neurons. Neurobiol Dis. Jan 2009;33(1):81-8. doi:10.1016/j.nbd.2008.09.019

27. Jayabal S, Chang HH, Cullen KE, Watt AJ. 4-aminopyridine reverses ataxia and
cerebellar firing deficiency in a mouse model of spinocerebellar ataxia type 6. Scientific reports.
Jul 6 2016;6:29489. doi:10.1038/srep29489

21

€20z Ae\ zz uo Jasn uopuoT 8bs|j0D AlsieAlun Aq 91.86G1 /.Gl PEME/UIRIG/EE0L "0 /I0P/a|oIiB-80UBAPE/UIRIG/WOD dNoolWepeoeR//:sdijy Woly papeojumod



10

11
12
13
14
15
16
17
18

19

20
21
22
23
24
25
26
27

28

28.  Giordano |, Bogdanow M, Jacobi H, et al. Experience in a short-term trial with 4-
aminopyridine in cerebellar ataxia. J Neurol. Aug 2013;260(8):2175-6. doi:10.1007/s00415-013-
7029-5

29. KallaR, Strupp M. Aminopyridines and Acetyl-DL-leucine: New Therapies in Cerebellar
Disorders. Curr Neuropharmacol. 2019;17(1):7-13. doi:10.2174/1570159x16666180905093535

30. Feil K, Bremova T, Muth C, Schniepp R, Teufel J, Strupp M.“Update on the
Pharmacotherapy of Cerebellar Ataxia and Nystagmus. Cerebellum (London, England). Feb
2016;15(1):38-42. d0i:10.1007/s12311-015-0733-1

Figure legends

Figure 1 Initial symptoms and contribution of ataxia-domains to GAA-FGF14 ataxia. (A)
Patients’ initial symptom mostly consisted in gaitunsteadiness but could also comprise visual
disturbances (particularly: oscillopsia, diplopia, visual blurring), dizziness (as opposed to
vertigo), impaired fine motor skills and dysarthria. (B) The contribution of each SARA item to
overall ataxia severity was compared between GAA-FGF14 patients (blue, n=40) and RFC1
patients (light grey, n=42), using Mann-Whitney U-tests (Bonferroni-corrected for multiple
comparisons, i.e., the number.of SARA items). Boxes visualise medians with lower and upper

quartiles, whiskers extend.across the entire range of data. ns: p>0.05.

Figure 2 _Phenotypic profile of GAA-FGF14 ataxia. Frequency of symptoms and signs in
GAA-FGF14 ataxia (n=48). Numerator and denominator in brackets indicate the number of
patients with positive evidence for the feature and the number of patients assessed for it,
respectively. As an exception, the denominator for “impaired vestibulo-ocular reflex” was set to
the total cohort size because only its presence, but not its absence could reliably be extracted
from the patient data, which may result in under-estimation of the frequency of this feature. The
features were assessed as by either history (indicated by h in the second pair of brackets) or

examination (indicated by e).
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Figure 3 MRI findings and serum levels of neurofilament light in GAA-FGF14 ataxia. (A)
The pattern of atrophy was assessed by two independent reviewers on centrally aggregated
routine MRI scans (n=29). The atrophy of the cerebral cortex showed a variable regional pattern
across patients (including atrophy of the parietal cortex, hippocampus, and enlarged ventricles).
(B) Brain atrophy in GAA-FGF14 ataxia was consistently marked by atrophy of the cerebellar
vermis, as exemplified the MRI of subject 1D29526. (C) Longitudinal progression.of cerebellar
atrophy was typically mild, as exemplified by the follow-up MRI of the same-subject. (D) Age-
matched elderly control without cerebellar vermis atrophy. (E) Serum levels of-neurofilament
light (NfL) were measured in GAA-FGF14 patients (n=12, age: 66.5 years (59.4-71.8)) and age-
matched healthy controls (n=26, age: 63.2 years (58.8-69.4)); Two" additional GAA-FGF14
subjects aged >80 years were visualised in the plot (as rhombus). but-excluded from the analysis
due to unavailability of controls for this age range. (F). Cross-sectional and longitudinal NfL
levels relative to disease duration. Lines connect data of the same individual. (G) NfL levels in
GAA-FGF14 ataxia were similar to those in sporadic.adult-onset ataxia (SAOA, n=34, age: 67.2
years (61.6-72.2)), but lower than in multiple-system atrophy of cerebellar type (MSA-C, n=19,
age: 66.1 years (64.0-70.1)). Boxes visualise medians with lower and upper quartiles, whiskers
extend to data within 1.5-IQR of the'median.

Figure 4 Phenotypic_evolution’of GAA-FGF14 ataxia. The frequency of each phenotypic
feature for a given.disease duration was estimated by logistic regression modelling the presence
of the feature as a dichotomous variable (i.e., present/absent) as a function of the disease duration
(blue: ataxia-related” features, green: afferent features, orange: additional features, including

autonomic features). Shaded areas represent the 95% confidence interval.

Figure 5 Natural history progression and functional impairment in GAA-FGF14 ataxia.
(A) Cross-sectional progression of ataxia severity as indicated by the Scale for the Assessment
and Rating of Ataxia (SARA) score relative to disease duration (n=40). Two subjects with
biallelic repeat expansions are marked by grey dots (ID20559, 1D26913). Two subjects with
evidence of a second, independent brain disease (ID20559, 1D19467) are marked by black circles

(marked by #, excluded from group analysis), one of them also carrying a biallelic expansion.
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(B) Longitudinal intra-individual progression of ataxia severity (n=17). Observations of the same
individual are connected by dotted lines. Intra-individual regressions of the SARA score over
disease duration are visualised by solid lines. Two subjects (grey lines, marked by #) with
evidence of a second, independent brain disease (“‘double hit”) had high baseline scores-and/or
rapid disease progression (excluded from group analysis, as in panel A). (C) Cross-sectional
progression of the overall burden of non-ataxia features as indicated by the Inventory of Non-
Ataxia Signs (INAS) count relative to disease duration (n=41). (D) Functional impairment was
assessed in terms of the required mobility aid (i.e., the share of subjects requiring at least the
indicated type of aid), modelled by logistic regression over disease duration(n=43). (E) Disease
stage according to the Friedreich Ataxia Rating Scale functional disability stage (FARS-FDS)
relative to disease duration.

Figure 6 Neuropathology of a GAA-FGF14 patient. Post-mortem brain examination of subject
ID20559 (biallelic GAA-FGF14 repeat expansions) revealed two neuropathological patterns. (1.)
Typical neuropathology of PSP including degeneration of the substantia nigra with presence of
globoid neurofibrillary tangles (A) and.characteristic tau-immunoreactive pathology with
neurofibrillary tangles, tufted <astrocytes and oligodendroglial coiled bodies as shown for
substantia nigra (B), pallidum (C), and frontal cortex (D). (2.) In addition, and unusual for PSP,
cerebellar atrophy with severe loss of Purkinje cells was present (E). No tau pathology was
detectable in the cerebellar.cortex (F), and no polyQ immunoreactive signal (G). Insert in G
shows intranuclear inclusion in Huntington’s disease as positive control for polyQ. Scale bar: 50
pm (A-D);+100 um«(E-G). Staining: H&E stain (A, E), immunohistochemistry anti-ptau (B-D,
F), immunohistochemistry anti-polyQ (G).

Figure 7 Treatment response of GAA-FGF14 patients to 4-aminopyridine. (A) Among the 7
patients who had received 4-AP treatment, 6 patients (86%) reported a treatment response with
relevance for everyday living. (B)-(I) The response to 4-aminopyridine (4-AP) treatment was
assessed in a series of structured prospective n-of-1 treatment experiences in three subjects, using
an intra-individually controlled on/off treatment protocol, and by additional retrospective

analysis of our cohort. (B)-(E) Subject #1 reported reduction of the symptomatic time per day
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and the days with severe symptoms in the periods on 4-AP treatment. The symptom
improvement on 4-AP treatment comprised reduction of days affected by diplopia, dizziness, and
dysarthria. (F)-(H) Subject #2 also reported reduction of the symptomatic time per day and the
days with severe symptoms while on 4-AP. (1) Subject #3 reported an increase in the severity of
both gait and speech impairment after discontinuation of 4-AP, associated with an increase of the

SARA score which had been stable at lower levels under 4-AP treatment.
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Table | Demographic, clinical, and genetic characteristics of the GAA-FGFI4 cohort

cohort GAA-FGFI4 subjects
n 50
women 50%

age at examination (years)

73.4 (66.5-78.0)

age at clinical onset (years)

60.0 (53.5-68.5)

disease duration (years) 9.7 (5.5-15.2)
repeat count of longer allele 349 (316-402)
repeat count of shorter allele 16 (8-52)

Data are reported as median and interquartile range. The repeat count of the shorter allele excludes the values of two subjects with biallelic

expansions.
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symptoms at clinical onset

visual |
disturbances

dizziness A

impaired fine |
motor skills

dysarthria A

gait 1

stance 1

sitting A

ns

ns

ns

SARA item

A O WN

speech 1 P<0.01

—— —
.Zl—
= =~ ]

finger chase - —I_J— ns
-
—
.

finger-nose test4 ns

diadochokinésis - ns

heel-shin slide 4 ns

item score

gene BE FGF14 E3 RFC1
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ataxia features impaired balance or gait (41/43) (e) -
falls (21/41) (h) 4

rombergism (27/40) (e) 4

upper limb ataxia (26/43) (e) 4

dysdiadochokinesia (24/42) (e) -

dysarthria (25/42) (e) -

dysphagia (15/42) (h)

episodic symptoms (6/47) (h)

other movement features tremor (14/27) (e) 4
bradykinesia (4/33) (e) 4

oculomotor signs cerebellar oculomotor signs (38/43) (e) -
slow vertical saccades (2/42) (e) -

vertical gaze paresis (3/43) (e) -

slow horizontal saccades (2/42) (e) -

horizontal gaze paresis (1/43) (e) 4

impaired saccade initiation (0/38) (e) -

peripheral/afferent features reduced ankle reflex (14/43) (e) 4
reduced knee reflex (7/41) (e) 4

e ——————————— |
s s ——
===
|
———————————————]
e
 E—
|
|
EB=
=
==
E3
 ———————
[—)
reduced biceps reflex (5/41) ()4  I—_
reduced pallaesthesia ankle (22/40) (e) 4
reduced pallaesthesia hand (2/23) (e)4  —m

numbness legs or arms (1/34) (h)4 M
=
[==———
= v

dysaesthesia (1/31) (h)

pain (0/29) (h) 4

autonomic features autonomic dysfunction (14/36) (h) -
urinary urgency (11/40) (h) 4

erectile dysfunction (3/23) (h) 4

postural hypotension (0/34) (h) 4

upper motor neuron signs increased ankle reflex (1/43) (e) 4
increased knee reflex (1/41) (e) -

increased biceps reflex (1/41) (e) 4

spasticity upper limbs (0/39

spasticity lower limbs (1/40)

extensor plantar response (0/41) (e) 4

lower motor neuron signs

n
|

additional features al symptoms (16/33) (h)4 I
dizziness (9/43) (h)4 I

estibuloocular reflex (11/48) (e) 4  IEEEEEEE_—_—_—_

chronic cough (0/38) (h) A

ognitive impairment (6/37) ()4  I————

neuropsychiatric symptoms (5/35) (e)4 I

frequency (%)

Figure 2
159x167 mm ( x DPI)
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