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ABSTRACT 

Background Although pure GAA expansion is considered pathogenic in SCA27B, non-GAA repeat motif is 

mostly mixed into longer repeat sequences. This study aimed to unravel the complete sequencing of FGF14 repeat 

expansion to elucidate its repeat motifs and pathogenicity. 

Methods We screened FGF14 repeat expansion in a Japanese cohort of 460 molecularly undiagnosed adult-onset 

cerebellar ataxia patients and 1022 controls, together with 92 non-Japanese controls, and performed nanopore 

sequencing of FGF14 repeat expansion. 

Results In the Japanese population, the GCA motif was predominantly observed as the non-GAA motif, whereas 

the GGA motif was frequently detected in non-Japanese controls. The 5′-common flanking variant was observed 

in all Japanese GAA repeat alleles within normal length, demonstrating its meiotic stability against repeat 

expansion. In both patients and controls, pure GAA repeat was up to 400 units of length, whereas non-pathogenic 

GAA-GCA repeat was larger, up to 900 units, but they evolved from different haplotypes, as rs534066520, located 

just upstream of the repeat sequence, completely discriminated them. Both (GAA)≥250 and (GAA)≥200 were 

enriched in patients, whereas (GAA-GCA)≥200 was similarly observed in patients and controls, suggesting the 

pathogenic threshold of (GAA)≥200 for cerebellar ataxia. We identified 14 patients with SCA27B (3.0%), but their 

SNP genotype indicated different founder alleles between Japanese and Caucasians. The low prevalence of 

SCA27B in Japanese may be due to the lower allele frequency of (GAA)≥250 in the Japanese population than in 

Caucasians (0.15% vs. 0.32%-1.26%). 

Conclusions FGF14 repeat expansion has unique features of pathogenicity and allelic origin, as revealed by a 

single ethnic study. 

 

What is already known on this topic: Intronic pure GAA repeat expansion in FGF14 is a common cause of 

adult-onset cerebellar ataxia, SCA27B. Non-GAA repeat motif is often mixed into the repeat sequence as the 

repeat length increases, and their pathogenic significance has remained unclear. Some patients with cerebellar 

ataxia had (GAA)200-249 repeat units, which is below the pathogenic threshold of (GAA)≥ 250 repeat units. 

 

What this study adds:  GCA motif was predominantly observed as the non-GAA motif in Japanese, whereas 

GGA motif was frequently observed in non-Japanese. The length of the pure GAA stretch seemed to be limited, 

while benign GAA-GCA repeat were larger. rs534066520, located just upstream of the repeat, discriminated GAA 

expansion alleles from GAA-GCA expansion alleles. Both (GAA)≥250 and (GAA)≥200 were enriched in a Japanese 

patient cohort, while (GAA-GCA)≥200 was similarly observed in patients and controls.  

 

How this study might affect research, practice or policy: Clinically, (GAA)≥200 can be considered as a possibly 

pathogenic threshold for cerebellar ataxia. Genetically, GAA-FGF14 locus is a conceptually new locus: 

pathogenic pure GAA repeat motif with limited repat length (up to 400 units), co-existing with differently evolved, 

benign GAA-GCA repeat motif with much larger repeat length (over 900 units).  



4 
 

 

INTRODUCTION 

Dominantly inherited, intronic GAA repeat expansions in the fibroblast growth factor 14 (FGF14) gene have 

recently been identified as a common cause of adult-onset cerebellar ataxia [GAA-FGF14 ataxia, spinocerebellar 

ataxia 27B (SCA27B), MIM 620174].1, 2 This locus is defined as having 50 GAA repeats in the general population, 

whereas patients with SCA27B have been reported to have more than 250 GAA repeats. Meanwhile, non-GAA 

repeat motifs are mixed within the large repeat sequence (explained as “decreased motif purity”1), in which they 

are considered not to be pathogenic. In fact, repeat-primed PCR (RP-PCR) for detecting GAA repeat stretches 

occasionally shows an interrupted waveform instead of a clean sawtooth pattern, suggesting the presence of non-

GAA sequences. However, what kinds of sequence motifs are present has not been completely clarified, and nor 

has how they affect motif purity, to what extent they are elongated, and whether they are truly non-pathogenic. 

Therefore, we performed a complete sequence analysis of FGF14 repeat expansion by nanopore long-read 

sequencing in a Japanese cohort of molecularly undiagnosed adult-onset cerebellar ataxia patients and control 

individuals. The goal here was to clarify the molecular characteristics of the GAA-FGF14 locus, as well as the 

association between sequence expansion and disease. 

 

METHODS  

Subjects 

A total of 460 Japanese patients with molecularly undiagnosed adult-onset ataxia, 1022 Japanese control 

individuals, and 92 non-Japanese controls were included in this study. The 1022 Japanese controls consisted of 

837 unaffected healthy controls and 185 other disease controls with congenital, pediatric, or multiorgan disorders 

without neurodegeneration. The 837 unaffected controls included 200 elderly controls and 637 middle-aged 

controls (table 1). Clinical information was collected from medical records via the medical doctors who saw the 

patients. 
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Table 1 Study participants  

  PromethION 

screening 

PCR-based 

screening  

Total number of tested 

individuals 

Patients with adult-onset ataxia 61 399  460 

Japanese controls 230 792 1022 

Non-Japanese controls 92 0 92 

 

 

Genetic analyses 

All genetic analyses were performed with genomic DNA extracted using standard methods, from 

peripheral blood leukocytes, lymphoblastoid cells established from the patient’s lymphocytes, or frozen autopsied 

brain tissue. For 61 patients, 230 Japanese controls, and 92 non-Japanese controls, we performed long-read whole-

genome sequencing (LR-WGS) on PromethION (Oxford Nanopore Technologies, Oxford, UK). For 399 patients 

and 792 Japanese controls, we first screened FGF14 repeat expansion using PCR-based assay as described below, 

and then performed either targeted long-read sequencing (T-LRS) using GridION (Oxford Nanopore 

Technologies) or fragment analysis of screening-positive samples (table 1). 

 

PCR-based FGF14 repeat expansion screening 

We performed screening of FGF14 repeat expansion via the following steps.  

Step 1: Flanking PCR 

Flanking PCR was performed as previously described,1 except that we used KOD Fx Neo (TOYOBO, 

Osaka, Japan) as a DNA polymerase (supplemental table 1). Samples with a PCR amplicon of 700 bp or larger, 

corresponding to an FGF14 repeat count of approximately 150 units or more on agarose gel electrophoresis, were 

then subjected to two kinds of repeat-primed PCRs (RP-PCRs). 

Step 2: RP-PCR 
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To detect pure GAA repeat stretches, we performed RP-PCR as described previously.1 To detect GAA-

GCA repeat stretches, we performed RP-PCR following the same PCR conditions as for the pure GAA repeat 

stretch, except for a reverse primer targeting the GAA-GCA repeat sequence. Primer information and PCR settings 

are presented in supplemental table 1, and the representative RP-PCR patterns for pure GAA and non-pure GAA 

repeat stretch are shown in supplemental figure 1. Samples that showed a complete sawtooth pattern only with 

RP-PCR for the pure GAA repeat stretch were considered positive for pure GAA FGF14 repeat expansion, and 

further subjected to T-LRS if sufficient DNA was available. Otherwise, we performed fragment analysis to 

confirm the repeat length. 

Step 3: Fragment analysis 

For eight unaffected controls who were positive for pure GAA repeat expansion but without sufficient 

DNA for T-LRS, fragment analysis was performed as described in supplemental table 1. Five samples whose 

repeat length had been confirmed by T-LRS also underwent fragment analysis at the same time to draw a standard 

curve. For eight samples, the repeat length equivalent to the repeat length in T-LRS was calculated using the 

standard curve method.  

 

Next-generation sequencing 

LR-WGS on the PromethION sequencer (Oxford Nanopore Technologies) or T-LRS using the adaptive 

sampling option implemented on GridION (Oxford Nanopore Technologies) was performed in accordance with 

the manufacturer’s instructions at Yokohama City University, as described previously.3, 4 For T-LRS, we assigned 

the entire genomic FGF14 (NM_175929.3) region and the regions 100 kb upstream/downstream of it using a bed 

file (Chr13:101610804–102502457 on GRCh38), and used a time-lag sampling method (two samples on one 

flowcell).4 For data analysis, sequences were base-called using Guppy v6.4.2 in either high-accuracy mode or 

super-accuracy mode, and aligned to GRCh38 using either minimap2 v2.14 (https://github.com/lh3/minimap2) or 

LAST 1132 (https://gitlab.com/mcfrith/last). Tandem-genotypes v1.9.0 (https://github.com/mcfrith/tandem-

genotypes) was used to find changes in the length of tandem repeats of selected loci with the crude allele prediction 

option, and consensus sequence generation was performed with the merge option. Detailed repeat analyses were 

performed using RepeatAnalysisTools (https://github.com/PacificBiosciences/apps-

scripts/tree/master/RepeatAnalysisTools). The rs72665334 genotype was confirmed by manual inspection of 

GAA-FGF14 ataxia patients’ LR data on IGV with a read depth of more than 20×. For phasing, we analyzed T-

https://github.com/PacificBiosciences/apps-scripts/tree/master/RepeatAnalysisTools
https://github.com/PacificBiosciences/apps-scripts/tree/master/RepeatAnalysisTools
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LRS data from 10 individuals with pure GAA repeat expansion ≥ 200 and 15 individuals with GAA-GCA repeat 

expansion ≥ 200 using PEPPER-Margin-DeepVariant (https://github.com/kishwarshafin/pepper).5 We 

constructed haplotypes nearby the FGF14 repeat locus after confirming the detected SNVs by manual inspection 

of phased bam files (of long read sequencing data) using Integrative Genomics Viewer.6 

 

Statistical analysis 

To assess the significance of differences between the two groups in terms of continuous and categorical 

variables, the Mann–Whitney U test and Fisher’s exact test were employed. Correlation between the number of 

repeat units and age at onset was assessed using Pearson’s correlation test. All statistical analyses were performed 

using GraphPad Prism v8.0.2 (GraphPad Software, San Diego, CA USA) software. A two-tailed P value < 0.05 

was considered to reflect statistical significance.  

 

RESULTS 

GAA-GCA repeat has a tendency to be larger than pure GAA repeat in Japanese 

For 61 patients with molecularly undiagnosed ataxia and 230 individuals with either other non-

neurodegenerative disorders or parents unaffected by such diseases, LR-WGS had been performed for research 

purposes using the nanopore PromethION sequencer (Oxford Nanopore Technologies) in our laboratory. Thus, 

we surveyed the data and confirmed the repeat unit count and complete repeat sequence of the FGF14 repeat locus 

among patients and controls. In Japanese, GCA is the dominantly observed motif with the configuration variation 

of “(GAA)1–4(GCA)1” as the non-GAA motif, while GGA motifs were also observed in 92 non-Japanese 

individuals. This is compatible with a previous report describing that the GGA motif was frequently observed in 

a predominantly Caucasian cohort.1 While the length of the pure GAA repeat stretch seemed to be within a limited 

extent (up to approximately 400 repeat units), repeat length with non-GAA motif can be much more to the 

maximum of 2760 bp, corresponding to approximately 900 repeat units, in our cohort. Among 33 individuals with 

GCA repeat expansion, one individual had a repeat length of 501 bp corresponding to 167 repeat units while the 

rest of 32 individuals had repeat length of approximately 850 bp (corresponding to approximately 280 repeat 

units) or more. When the repeat length exceeded 1500 bp (corresponding to approximately 500 repeat units), the 

repeat sequence always had a non-GAA motif. 
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After detecting individuals with GAA-FGF14 SCA27B using PCR-based assay, we confirmed their 

accurate repeat sequencing and repeat length by T-LRS on a GridION sequencer. After complete sequence data 

from PromethION and GridION sequencers were visualized together in a waterfall-style plot, a characteristic 

tendency for FGF14 repeat expansion in the Japanese cohort was consistently noted (figure 1). 

A recent study has reported that there is a 17-bp deletion-insertion common 5′-flanking variant (5′-CFV) 

that is associated with enhanced miotic stability of the FGF14 repeat locus.7 Regarding 91 individuals shown in 

figure 1, all alleles with an FGF14 repeat length of normal range (less than approximately 120 bp, corresponding 

to 40 repeat units) have 5′-CFV, except for one individual with minimally altered 5′-CFV 

(TAGTCATAGTACCCCAA to TAGTCATAGTACCTTAA), while none of the alleles with either pure GAA or 

non-GAA repeat expansion of more than 50 repeat units has 5′-CFV. We also assessed alleles from Japanese 

controls with biallelic FGF14 repeat within normal length (up to approximately 40 repeat units) and found that 

94.8% of the evaluated alleles (398/420 alleles) had 5′-CFV and remaining alleles (5.2%, 22/420 alleles) had 5′-

CFV with minimally but diversely altered sequence (supplemental figure 2). Taken together, these results are 

compatible with the previous study. Next, we investigated whether there is a single nucleotide polymorphism 

(SNP) in the flanking region of the FGF14 repeat locus, which could distinguish alleles with either pure GAA or 

GAA-GCA repeat expansion. rs534066520 (GRCh38, chr13:102161565 T>A), which is just upstream of the 5′-

CFV insertion site, had the alternate genotype A in all GAA-GCA repeat expansion alleles, whereas the wild-type 

genotype (i.e., T) was found in pure GAA repeat expansion alleles. The Japanese alleles with FGF14 repeat within 

normal length never had GAA-GCA repeat motif, but had the wild-type rs534066520 genotype (supplemental 

figure 2). Although this is a limited observation, this SNP might be a marker to differentiate the possible pure 

GAA repeat expansion allele from all alleles positive on FGF14 flanking PCR (which has no 5′-CFV). Phasing 

of 25 T-LRS data around FGF14 repeat locus obtained from the individuals with either pure GAA repeat 

expansion ≥ 200 or GAA-GCA repeat expansion ≥ 200 further suggested that these two alleles may have different 

haplotypes which could be derived from different ancestors (supplemental figure 3). 

rs72665334 (chr13:102150076 C>T on GRCh38) was reported to be associated with downbeat 

nystagmus syndrome by GWAS,8 as part of a disease haplotype shared by three Australian patients with GAA-

FGF14 ataxia,2 and to be associated with GAA-FGF14 with repeat count ≥250.9 The minor allele frequency of 

the SNP is 0.000378 in Japanese Multi-Omics Reference Panel (jMorp) 54KJPN (sample size: approximately 

54,000 Japanese; https://jmorp.megabank.tohoku.ac.jp/) and 0.00116 in the genome Aggregation Database 

(gnomAD) v4.1.0 for East Asians (EAS), while the overall frequency in gnomAD v4.1.0 is 0.0481 
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(https://gnomad.broadinstitute.org/variant/13-102150076-C-T?dataset=gnomad_r4). Its frequency is also up to 

7% in the European population in the 1000 Genomes Project.10 These data suggest that this SNP is particularly 

rare in Japan compared with its rate in the Caucasian population. Among 14 patients with GAA-FGF14 in our 

cohort, none had rs72665334, implying that GAA-FGF14 repeat expansion in the Japanese may have arisen from 

a different haplotype background than that in Caucasian patients. 

 

Pure GAA ≥200 repeat units is significantly enriched in Japanese patients with adult-onset ataxia 

In addition to the LR-WGS analyses of 61 patients and 230 controls, we extended our PCR-based GAA-

FGF14 screening to 399 patients with molecularly undiagnosed adult-onset ataxia, 592 unaffected middle-aged 

parents of a child with congenital/pediatric diseases, and 200 unaffected elderly individuals; thus, our cohort 

consisted of 460 patients and 1022 controls in total (table 1). We performed T-LRS on the individuals for whom 

PCR-based screening suggested the existence of pure GAA expansion. 

In the first reports on FGF14-GAA ataxia,1, 2 the pathogenic threshold had been proposed with a cut-off 

of 250 repeat units (≥ 300–335 repeats as full mutation, ≥ 250 as likely pathogenic with reduced penetrance), but 

the possibility of pathogenic potential upon a repeat count of 200–250 was later raised in a few papers.9, 11, 12 As 

for the repeat motif, non-GAA motifs such as GCA and GGA other than the pure GAA motif were suggested to 

be non-pathogenic.1, 11 To evaluate which repeat motif and length are associated with ataxia, we set the threshold 

as ≥ 200 repeats and compared the frequency of individuals with respective repeat motif and length in both patients 

and controls: (1) pure GAA repeat with ≥ 250 repeat units, (2) pure GAA repeat with ≥ 200 repeat units, (3) GAA-

GCA repeat with ≥ 200 repeat units, and (4) any triplet repeat units with ≥ 200 repeats. The alleles of (1) pure 

GAA repeat with ≥ 250 repeat units were enriched in patients (8/460, 1.7%) compared with the level in controls 

[3/1022, 0.29%; OR 6.012 (95% CI 1.802–21.03), P=0.005]. The alleles of (2) pure GAA repeat with ≥ 200 repeat 

units were similarly enriched in patients (14/460, 3%) compared with the level in controls (5/1022, 0.49%, OR 

6.385, 95% CI 2.246–16.18, P=0.0001). Meanwhile, the frequencies of the alleles of (3) GAA-GCA repeat with 

≥ 200 repeat units and (4) any repeat with ≥ 200 repeat units were not significantly different between patients [(3) 

16/460, 3.5% and (4) 30/460, 6.5%] and controls [(3) 44/1022, 4.3%, P=0.6 and (4) 49/1022, 4.8%, P=0.2], 

respectively (figure 2). Our results support the scenario that pure GAA repeat with ≥ 200 repeats may be 

pathogenic with reduced penetrance, and GAA-GCA repeat expansion is not pathogenic despite the tendency to 

be longer than pure GAA repeat expansion (figure 2 and supplemental table 2). 
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Identification of GAA-FGF14 SCA27B ataxia in Japanese ataxia cohort and its clinical analysis 

On the basis of the above observation, we identified 14 patients with GAA-FGF14 ataxia, eight of whom 

have a repeat count of ≥ 250 (tables 2, 3, supplemental tables 3, 4, and supplemental figure 4). The detection rate 

in our limited Japanese cohort was 3%. Seven of the patients were male, and seven of them had a family history 

compatible with autosomal dominant inheritance. Mean age at onset was 69.1 years, with mean disease duration 

of 9 years. Although there was only a single case observation of Patient 2, the Scale for the Assessment and Rating 

of Ataxia (SARA), scored from 2007 to 2016, implied a slowly progressive course of this disease (supplemental 

figure 5). 
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Table 2 Clinical features of patients with SCA27B, (GAA)>250 

Patient 1 2a 3 4 5b 6 7 8 

Age at onset 55 64 73 74 78 56 66 68 

Family history + - + + - + - - 

Long-read sequencing 
platform 

GridION GridION GridION GridION PromethION PromethION GridION GridION 

GAA repeat unit motif count  17/402 14/363 8/300 10/293 9/282 17/269 9/259 26/254 

Pathogenicity Full mutation Full mutation Full mutation Pathogenic Pathogenic Pathogenic Pathogenic Pathogenic 

rs72665334 genotype C/C C/C C/C C/C C/C C/C C/C C/C 

Clinical features 
        

 Initial symptom Unstable gait Unstable gait, 
dysarthria 

Unstable gait, 
dysarthria 

Dysesthesia of lower 
extremities 

Unstable gait Unstable gait Lightheadedness NA 

 Episodic symptom - NA + - - - - NA 

 Nystagmus (any/downbeat) +/+ NA -/- +/+ +/- -/- +/+ +/+ 

 Ataxia (gait/appendicular) +/+ +/+ +/- +/+ +/+ +/+ -/+ +/NA 

 Vertigo/dizziness - NA + + + - + NA 

 Upper motor neuron sign - NA - - + - - NA 

 Lower motor neuron sign - NA - - - - - NA 

 Sensory impairment - NA - + - + - NA 

 Vestibular dysfunction - NA - - NA - - NA 

 Cerebellar atrophy + + + (mild) - + (mild) ± (slight) - NA 

Abnormality in NCS - NA NA + NA + - NA 
a: lost to follow-up; b: deceased; rs72665334 genotype: C=wild type, T=alternate; NCS: nerve conduction study; sensory impairment includes superficial and deep sensation.   
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Table 3 Clinical features of patients with SCA27B, (GAA)200-250 

b: deceased; rs72665334 genotype: C=wild type, T=alternate; NCS: nerve conduction study; sensory impairment includes superficial and deep sensation. 

Patient 9 10b 11 12 13 14b 

Age at onset 71 73 72 77 75 65 

Family history - + + - - + 

Long-read sequencing platform GridION GridION GridION PromethION GridION GridION 

GAA repeat unit motif count  9/242 10/240 9/230 9/229 152/227 10/213 

Pathogenicity Possibly pathogenic Possibly pathogenic Possibly pathogenic Possibly pathogenic Possibly pathogenic Possibly pathogenic 

rs72665334 genotype C/C C/C C/C C/C C/C C/C 

Clinical features 
      

 Initial symptom Oscillopsia Dizziness, vomiting Unstable gait, 
dysarthria 

Dysarthria, dysphagia, 
unstable gait 

Unstable gait Unstable gait 

 Episodic symptom - + + (fluctuating) + - - 

 Nystagmus (any/downbeat) +/+ +/- +/- -/- +/- -/- 

 Ataxia (gait/appendicular) -/+ +/+ +/+ +/+ +/+ -/+ 

 Vertigo/dizziness - + - + + NA 

 Upper motor neuron sign + - - + - - 

 Lower motor neuron sign - - - + - - 

 Sensory impairment - - - + + - 

 Vestibular dysfunction - NA - + - - 

 Cerebellar atrophy - + (mild-slight) - + + + 

Abnormality in NCS - NA - + NA NA 
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Average repeat count among patients was 271.6 based on the motif count of consensus repeat sequence. 

A negative correlation between the age of onset and repeat count was observed (Pearson’s correlation, R2=0.2590, 

P=0.0631) (supplemental figure 6). 

 Among the patients for whom clinical information was available, ataxia is the most observed feature 

(appendicular ataxia 12/13, 92.3%; gait ataxia 11/14, 78.6%), followed by dysarthria (11/13, 84.6%), oculomotor 

symptoms (nystagmus of any kind 9/13, 69.2%; saccadic eye movement 8/12, 66.7%), vertigo/dizziness (7/11, 

63.6%), and sensory impairment (4/12, 33.3%). Cerebellar atrophy was observed in 69.2% (9/13), but was mostly 

very slight to mild. Abnormal findings on nerve conduction study were observed in 3/7 patients (42.9%), while 

vestibular dysfunction was relatively uncommon (1/10, 10%). When comparing patients with ≥ 250 repeat units 

to those with 200–249, we noticed that these two groups of patients generally manifest similar clinical 

characteristics (figure 3), further supporting the assertion that a repeat count of 200–249 may also cause SCA27B. 

Among these patients, episodic symptom and diplopia/oscillopsia were more frequently observed in the latter 

group (episodic symptom: 1/6, 16.7% vs. 3/6, 50%; diplopia/oscillopsia 0/6, 0% vs. 2/6, 33.3%), while downbeat 

nystagmus and positional nystagmus were more common in the former group (downbeat nystagmus: 4/7, 57.1 % 

vs. 1/6, 16.7%; positional nystagmus: 3/6, 50% vs. 1/6, 16.7%), but no statistical significance was reached for the 

differences in any of these features. 

 

DISCUSSION 

 Nanopore sequencing of the complete repeat sequence of the GAA-FGF14 locus from 58 Japanese 

individuals, including 32 patients with ataxia and 26 controls with FGF14 repeat expansion of any triplet motif 

(> 50 repeat units), revealed its unexpected repeat count and motif distribution in Japanese individuals: Pathogenic 

pure GAA stretch had only limited length (up to 400 repeat units), whereas benign GAA-GCA repeat mostly 

existed with > 280 repeat units, being larger than the pure GAA stretch (up to 900 repeat units). We added 33 

elongated repeat sequences of non-Japanese to the control group, and confirmed the same trend; we also found 

that the GGA motif is more commonly observed than in Japanese controls (16/33 individuals vs. 2/26 in Japanese 

controls). In repeat expansion diseases, it may be assumed that the pathogenic repeat expansion can evolve from 

one founder haplotype through replication slippage or non-homologous recombination,13 or by an interrupting 

mutation in a reference repeat sequence. This can potentially lead to an aberrant secondary/tertiary nucleotide 

structure that is more prone to DNA damage as well as the initiation of repeat expansion or genomic instability 

across meiotic and mitotic cell divisions. Across the generations, repetitive sequences acquire instability with an 
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intermediately expanded sequence, and then reach full expansion to manifest disease. Generally, a longer repeat 

length is likely to have a greater pathogenic impact. In a few recently identified non-coding repeat expansion 

diseases, such as spinocerebellar ataxia 31 (SCA31),14 familial adult myoclonic epilepsy (FAME),15 and cerebellar 

ataxia neuropathy vestibular areflexia syndrome (CANVAS),16 wild-type or benign repeat motifs may be 

expanded as polymorphisms. In such loci, pathogenic repeat expansion includes the aberrant, pathogenic repeat 

motif stretch as at least part or all of the repetitive sequence, and the length of pathogenic repeat expansion is 

generally longer than that of polymorphic expansion. Thus, it has also been considered that an aberrant repeat 

motif stretch with longer expansion may imply pathogenicity. However, our data suggest that the GAA-FGF14 

locus is a conceptually new locus with a pathogenic GAA (wild-type) repeat motif expansion with limited length, 

co-existing with much larger, but benign GAA-GCA (aberrant) repeat expansion.  

 One of the merits of applying the long-read sequencing approach to repeat expansion disease is that we 

can identify the complete repeat sequence along with the surrounding sequence, which enables us to phase the 

two alleles and confirm the repeat expansion-associated haplotype. Our cohort replicated the recently reported 

finding for 5′-CFV as a sequence that is possibly protective and can confer stability and avoid pathogenic 

expansion, while the marker SNP (rs534066520) possibly linked with GAA-GCA expanded allele was also 

detected. supplemental table 5 presents the association of the repeat motif, the neighboring SNP and sequence (5'-

CFV), and their consequences. This SNP may imply that GAA-GCA repeat expansion did not evolve from a pure 

GAA expansion allele (figure 1). This observation could explain the seemingly peculiar distribution: non-

pathogenic repeats (GAA-GCA) are larger than pathogenic repeats (GAA) of FGF14. 

 The allele frequency of rs534066520 has been registered in the gnomAD v4.1.0, as 0.001848 in global 

(181/97926 alleles), 0.003029 in non-Finnish European (127/41926 alleles), 0.001138 in Admixed American 

(11/9668 alleles), and 0.0003399 in East Asian (1/2942 alleles) (https://gnomad.broadinstitute.org/variant/13-

102161565-T-A?dataset=gnomad_r4), while it is 0.0339 in Korean Reference Genome Database (sample size 

2922;https://www.ncbi.nlm.nih.gov/snp/rs534066520). Although we did not find data on the allele frequency in 

Japanese, difference in allele frequency between Korean and Caucasian community may explain why GAA-GCA 

repeat allele is rare in non-Japanese, considering Korean and Japanese are both in Far East Asia. 

Our observation of a single ethnic cohort (Japanese) warranted a finer resolution for the case–control 

study, and thus provides additional evidence to support the threshold for possible manifestation of SCA27B as 

pure (GAA)≥200 with reduced penetrance, as speculated in previous reports.9, 11, 12 Specifically, our work shows 
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that pure (GAA)≥200 repeat units were significantly enriched in Japanese patients with adult-onset ataxia, and 

patients with (GAA)200–249 and those with (GAA)≥250 had very similar clinical characteristics. Furthermore, we 

showed that wild-type rs534066520 was associated with both (GAA)≥250 and (GAA)200–249 repeat units.  

Our study using only a Japanese population could advantageously identify rs534066520 (reference allele 

T) associated with pure GAA expansion from 50 to 400 repeat units but not with GAA-GCA expansions 

(supplemental table 5). This may support (GAA)200–249 may originated from the same founder allele of (GAA)≥250. 

If multiple populations were involved in this study, it might be difficult to identify rs534066520 which could 

discriminate the founder allele of (GAA)200–249 from that of GAA-GCA expansions.  

 We identified 14 patients with GAA-FGF14 SCA27B out of 460 individuals in the molecularly 

undiagnosed adult-onset Japanese ataxia cohort; thus, the detection rate for our cohort was 3%. If the criteria to 

consider a case as SCA27B were limited to pure GAA repeat with ≥ 250 repeats, the detection rate would be 1.7% 

(8/460). GAA-FGF14 SCA27B is currently considered to be one of the most common forms of SCA regardless 

of country/ethnicity. The prevalence has been reported to be 61% in French-Canadians,1 14%–18% in Germans,1, 

2, 11 14%–15% in Australians,1, 2 13% in French,17 9% in Brazilians,18 and 10% in Indians,1 under the pathological 

threshold setting of pure GAA repeat with ≥ 250 repeats. However, a recent report showed relatively low 

prevalence (1.2%, 11/940) in Japan under the pathological threshold setting of pure GAA repeat with a repeat 

count of ≥ 250,19 which our data further replicated. One possible reason why GAA-FGF14 SCA27B is relatively 

rare in Japan is that the allele frequency with pure GAA repeat with ≥ 250 repeats in the Japanese population is 

much lower (0.15 %) than those in Caucasian controls, such as 1.26%1 in Germans, 0.72% in French-Canadians,1 

and 0.32% in mixed samples of Australians and those only known to be of Caucasian ancestry.2 This may be 

related to the fact that rs72665334, a GAA-FGF14 repeat expansion-associated SNP, is very rare in the Japanese. 

(The minor allele frequency of the SNP is 0.000378 in jMorp 54KJPN versus up to 7% in the European population 

in the 1000 Genomes Project.)   

Although our cohort has a limited number of patients with SCA27B, their clinical features are as 

previously reported: later onset, slowly progressive, pancerebellar feature with predominant unstable gait, 

oculomotor symptoms, very mild to slight cerebellar atrophy, and with episodic/fluctuating symptom or downbeat 

nystagmus as possible key features for clinicians to consider this disease. Some cases were accompanied by 

sensory symptom and neuropathy, and thus CANVAS can be one of the differential diagnoses, which is also 

compatible with previous reports.20  
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FIGURE LEGENDS 

 

Figure 1. Complete FGF14 repeat sequence in Japanese. Waterfall plot of (A) Japanese controls (n=26), (B) 

Japanese and non-Japanese controls (n=26 and 33, respectively), and (C) patients with SCA (n=32, including 14 

patients with SCA27B). Left panels show sequences of the smaller allele with shorter repeat expansion from each 

individual stacked in order of repeat length, while right panels show those of the larger allele. Note that Japanese 

control alleles with repeat length of 1000 bp or more have GCA motif, while non-Japanese control alleles with 

such repeat length may have GGA motif.   

Figure 2. Pure GAA with ≥ 200 repeat units was enriched in patients with SCA. (A) Odds ratios associated 

with manifesting SCA for the four different repeat lengths and motif characteristics. (B) The numbers of controls 

and patients in each category. 

Figure 3. Comparison of clinical features between patients with pure GAA repeat units of ≥ 250 and pure 

GAA repeat units of 200–249. For each clinical sign shown on the vertical axis, the proportion of positive signs 

is shown in red for patients with pure GAA repeat units of ≥ 250 (left panel) and in blue for patients with pure 

GAA repeat units of 200–249 (right panel).  
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