
https://doi.org/10.1093/brain/awae312 BRAIN 2025: 148; 1258–1270 | 1258

Somatic instability of the FGF14-SCA27B 
GAA•TTC repeat reveals a marked expansion 
bias in the cerebellum
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Spinocerebellar ataxia 27B (SCA27B) is a common autosomal dominant ataxia caused by an intronic GAA•TTC repeat 
expansion in FGF14. Neuropathological studies have shown that neuronal loss is largely restricted to the cerebellum. 
Although the repeat locus is highly unstable during intergenerational transmission, it remains unknown whether it 
exhibits cerebral mosaicism and progressive instability throughout life.
We conducted an analysis of the FGF14 GAA•TTC repeat somatic instability across 156 serial blood samples from 69 
individuals, fibroblasts, induced pluripotent stem cells and post-mortem brain tissues from six controls and six 
patients with SCA27B, alongside methylation profiling using targeted long-read sequencing. Peripheral tissues exhib
ited minimal somatic instability, which did not significantly change over periods of more than 20 years. In post- 
mortem brains, the GAA•TTC repeat was remarkably stable across all regions, except in the cerebellar hemispheres 
and vermis. The levels of somatic expansion in the cerebellar hemispheres and vermis were, on average, 3.15 and 2.72 
times greater relative to other examined brain regions, respectively. Additionally, levels of somatic expansion in the 
brain increased with repeat length and tissue expression of FGF14. We found no significant difference in methylation 
of wild-type and expanded FGF14 alleles in post-mortem cerebellar hemispheres between patients and controls.
In conclusion, our study revealed that the FGF14 GAA•TTC repeat exhibits a cerebellar-specific expansion bias, which 
may explain the pure cerebellar involvement in SCA27B.
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Introduction
Spinocerebellar ataxia 27B (SCA27B; GAA-FGF14-related ataxia) is a 
recently described autosomal dominant ataxia caused by the ex

pansion of a polymorphic GAA•TTC repeat located within intron 

1 of the fibroblast growth factor 14 (FGF14) gene.1,2 SCA27B is pheno

typically characterized by a late-onset, slowly progressive pan- 

cerebellar syndrome that is frequently associated with episodic 

symptoms and downbeat nystagmus.1,3-5 The size of the 
GAA•TTC repeat expansion only shows a weak negative correlation 
with the age at onset1,6 and has not been associated with disease 
severity or progression.3,4 Furthermore, there exists significant 
phenotypic variability among patients carrying expansions of simi
lar sizes, suggesting that additional factors influence disease ex
pressivity.3,4,6 Neuropathological studies in SCA27B have shown 
that neuronal loss is largely restricted to the cerebellar cortex, 
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involving the vermis more than the hemispheres.1,3 However, it is 
noteworthy that significant pathological abnormalities are not 
found in other regions despite the widespread expression of 
FGF14 in the brain, albeit at lower levels than in the cerebellum.7

This observation suggests that tissue-specific factors may increase 
the vulnerability of the cerebellum in SCA27B.

Although the expanded FGF14 GAA•TTC repeat is highly un
stable upon intergenerational transmission,4,8 whether it exhibits 
somatic instability in the brain has not yet been investigated. 
Somatic mosaicism is a phenomenon observed in many repeat ex
pansions, which have the ability to form alternative (non-B) DNA 
structures that predispose them to errors during DNA repair.9-11

The degree of somatic instability generally increases with the 
length of the repeat tract and age, and also shows a repeat-specific 
pattern of variation across different tissues and cell types.12

Remarkably, previous studies on coding CAG•CTG repeat expan
sions in SCA1, SCA2, SCA3, SCA7, and dentatorubral pallidoluysian 
atrophy (DRPLA) have shown that these diseases consistently have 
smaller expansion sizes and lower degrees of mosaicism in the 
cerebellum compared to other brain regions.13-17 In comparison, 
the intronic ATTTC pentanucleotide repeat insertion in DAB1 exhi
bits longer sizes and an expansion bias in the cerebellum compared 
to blood samples and fibroblasts in patients with SCA37.18 The in
tronic RFC1 AAGGG•CCCTT repeat expansion, however, shows little 
instability in the cerebellum of patients with cerebellar ataxia, 
neuropathy, and vestibular areflexia syndrome (CANVAS).19

Furthermore, in Friedreich’s ataxia, although the expanded intron
ic FXN GAA•TTC repeat is longer in the cerebellum than in other 
brain regions, large contractions occur significantly more frequent
ly than large expansions.20-23

Here, to gain further insight into SCA27B biology, we performed 
a comprehensive analysis of the FGF14 GAA•TTC repeat somatic in
stability in serial blood samples, fibroblasts, induced pluripotent 
stem cells (iPSCs) and post-mortem brains from individuals with 
SCA27B.

Materials and methods
Detailed methods are provided in the Supplementary material.

Human sample collection

Human post-mortem brain tissue was collected from six non-ataxic 
control individuals and six persons with SCA27B to study the som
atic instability of the FGF14 GAA•TTC repeat tract (Table 1). Fresh 
frozen samples were obtained from various regions of the CNS, as 
detailed in Supplementary Table 1. Additionally, DNA extracted 
from blood and cerebellar hemispheres of another eight control in
dividuals was obtained to compare allele sizes between both tis
sues. We also collected fresh frozen tissue of the cerebellar 
hemispheres from an additional four controls and one SCA27B pa
tient to perform methylation profiling of FGF14 with Oxford 
Nanopore Technologies (ONT), as detailed in the Supplementary 
material, ‘Methods’ section.

Analysis of somatic instability

Somatic instability was studied by capillary electrophoresis or by 
agarose gel electrophoresis for samples carrying alleles >400–450 
triplets. For samples analysed by capillary electrophoresis, the 
GeneMapper software v6.0 (Applied Biosystems) or Peak Scanner 
software v1.0 (Applied Biosystems) was used to establish the 

‘modal peak’ of each of the two alleles in each sample, which was 
defined as the peak with the highest height. Peaks to the right of 
the modal allele represent somatically expanded GAA•TTC repeats, 
while peaks to the left may include both contracted GAA•TTC re
peats and PCR stutter products. Expansion indices (EIs) were calcu
lated by only taking into account peaks to the right of the ‘modal 
allele’ and using a 1% relative peak threshold (Fig. 1), as described 
previously.13,24 The EI was obtained by first dividing the height of 
each individual peak by the sum of the heights of all peaks above 
the threshold. The resulting normalized peak heights were then 
multiplied by the position of the peak and these normalized peak 
values were summed to generate the EI. Analysis of blood and 
CNS tissues revealed that the modal allele length was remarkably 
stable across all regions examined, except in the cerebellar hemi
spheres and vermis where it showed a tendency to expand. We 
therefore considered the modal allele length as measured in the 
blood and most CNS regions as the constitutional allele length, 
which we set as the main allele for calculation of the EI in tissues 
with an expansion shift of the modal repeat,13 tolerating a discrep
ancy of one triplet due to the variability of our genotyping assay.25

Finally, we correlated the somatic instability indices with the ex
pression of FGF14 in normal tissue data from the Human Protein 
Atlas (HPA v.23.0; proteinatlas.org accessed 27 March 2024).26

Ethics

The institutional review boards of the Montreal Neurological 
Hospital, Montreal (MPE-CUSM-15-915), the Centre Hospitalier de 
l’Université de Montréal, Montreal (ND02.045), the Dr Josep Trueta 
University Hospital, Girona (2022.120), the Hôpital Pitié-Salpêtrière, 
Paris (SPATAX RBM 01-29 and RBM 03-48, BIOMOV NCT05034172), 
and the University College London Hospitals, London (04/N034) ap
proved this study. All brain donors signed an informed consent for 
brain tissue usage in medical research. The study complied with 
all relevant ethical regulations.

Results
Longitudinal analysis of the FGF14 GAA•TTC repeat 
somatic instability in blood samples

We performed a longitudinal analysis to determine whether the 
length of the FGF14 repeat tracts changes over time in 156 serial 
blood samples from 69 individuals (see Supplementary material, 
‘Results’ section). Alleles longer than ≈400–450 triplets could not 
be measured by capillary electrophoresis and were not included 
in this analysis. The median interval between the first and last 
blood sample was 8.9 years [interquartile range (IQR): 2.9–13.9]. 
We observed no significant change of the modal FGF14 repeat size 
between the first and last blood samples [Fig. 2A; median difference 
(size of last sample − size of first sample), 0 triplet; IQR: 0–0; Sign 
test, P = 0.22] and found that elapsed time had no significant effect 
on the modal repeat size as assessed by a linear mixed-effects mod
el [estimate = −0.441, standard error (SE) = 0.678, P = 0.52].

As for repeat sizes, the EI did not significantly change over time in 
repeated blood samples [Fig. 2B and C; median of differences (EI of last 
sample − EI of first sample), 0 (IQR: −0.02–0.01); Sign test, P = 0.22], nor 
in the subset of alleles longer than 200 triplets [median of differences, 
0 (IQR: −0.28–0.43); Sign test, P = 1]. In a linear mixed-effects model, 
we found that allele size (estimate = 5.530 × 10−03, SE = 3.253 × 10−04, 
P < 0.0001) had a significant effect on the EI, while elapsed time (esti
mate = −7.634 × 10−03, SE = 6.945 × 10−03, P = 0.27), the interaction 
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between allele size and elapsed time (estimate = 9.008 × 10−05, 
SE = 4.839 × 10−05, P = 0.064), and sex (estimate = −5.148 × 10−02, 
SE = 9.654 × 10−02, P = 0.60) did not. Regression analysis con
ducted on 173 alleles from 100 individuals (the EI of alleles longer 
than ≈400–450 triplets could not be adequately determined by ca
pillary electrophoresis and were not included in this analysis) 
confirmed a linear increase in somatic expansion with FGF14 
GAA•TTC repeat size [r = 0.85 (95% confidence interval, CI: 0.80 
to 0.88), slope = 0.007, P < 0.0001] (Fig. 2D). Furthermore, we com
pared the size and EI of the FGF14 repeats in two pairs of monozy
gotic twins with SCA27B who had blood samples drawn at the age 
of 67 and 64 years, respectively. We observed a difference of a 
single triplet between them (15/225 versus 15/226 and 9/427 ver
sus 9/428 triplets, respectively), which falls within the expected 
range of variability of our genotyping assay.25 The short alleles 
of both pairs of twins did not exhibit somatic expansion (EI = 0), 
while the EI of the long allele of the first pair of twins differed 
by only 0.5 (EI = 1.76 versus 1.26; the EI of the long allele of the se
cond pair of twins could not be calculated due to their large size). 
Overall, our results demonstrate that FGF14 GAA•TTC repeat size 
and somatic expansion in blood samples remain largely stable 
over periods of more than 20 years.

Instability of the FGF14 GAA•TTC repeat tract in 
fibroblasts and induced pluripotent stem cells

To further assess somatic instability of the FGF14 GAA•TTC repeat 
in peripheral tissues, we analysed allele sizes in paired blood and 
fibroblasts obtained from three patients with SCA27B. These pa
tients respectively carried alleles of 292/304 (patient P1), 9/508 
(patient P8) and 16/389 (patient P9) repeat units, as measured in 
blood samples. We found minimal difference in the number of 
GAA•TTC repeats and EI between paired blood and fibroblasts, pro
viding further evidence for the lack of significant instability of the 
FGF14 repeat locus in peripheral tissues (Supplementary Figs 4
and 5 and Supplementary Table 2). Moreover, the sizes of both wild 
type and expanded alleles remained unchanged across ten passages 
in fibroblasts from two SCA27B patients (patient P8: 9/518 GAA•TTC 
repeats; patient P9: 16/409 GAA•TTC repeats).

Reprogramming of fibroblasts into iPSCs resulted in variable in
crease of the modal peak for most expanded alleles but not wild- 
type alleles (Supplementary Figs 4 and 5 and Supplementary 
Table 2). While two iPSC clones from patient P1 exhibited minimal 
changes in modal alleles compared to fibroblasts, one clone har
boured an expansion of 11 triplets of its longer allele, corresponding 

to an increase in length of 3.6% (Supplementary Fig. 6). During repro
gramming, the longer allele in all four iPSC clones from patient P9 re
mained relatively stable (modal difference ranging from −19 to +2 
triplets; Supplementary Fig. 4), while it expanded by 7 to 89 triplets 
in iPSC clones from patient P8 (Supplementary Fig. 5). Finally, similar 
to fibroblasts, the sizes of alleles in control (n = 3; alleles of 8/8, 9/58 
and 12/138 repeat) and patient (n = 3; alleles of 291/315, 9/597 and 16/ 
402 repeat) iPSCs remained unchanged across serial passages 
(Supplementary Fig. 7).

Analysis of the FGF14 GAA•TTC repeat somatic 
instability in post-mortem brain tissues

Because transcription through GAA•TTC repeat tracts enhances 
somatic instability,27 the very low expression levels of FGF14 in 
blood and fibroblasts1 may account for the minimal instability of 
the repeat in these tissues. In comparison, FGF14 is widely ex
pressed in the CNS, with the highest expression levels observed 
in the cerebellum.7 Specifically, FGF14 isoform 1b (FGF14-201, tran
script 2; ENST00000376131.9; NM_175929.3), within which the 
GAA•TTC repeat is located in its first intron, has notably higher ex
pression levels in the cerebellum compared to isoform 1a 
(FGF14-202, transcript 1; ENST00000376143.5; NM_004115.4) accord
ing to the Genotype-Tissue Expression (GTEx) Project database. We 
therefore hypothesized that higher degrees of somatic instability 
may be present in the CNS. To address this question, we conducted 
a comprehensive analysis of the somatic instability of FGF14 
GAA•TTC repeat tracts in multiple post-mortem CNS regions 
from six non-ataxic controls and six patients with SCA27B (Table 1).

In controls C1–C6 and patients P1P3, all of whom carried alleles 
smaller than 400 GAA•TTC triplets, analysis of tissue-wide somatic 
instability in multiple brain regions revealed that the modal allele 
length and EI of both wild-type and expanded alleles were remark
ably stable across all analysed regions, except in the cerebellar hemi
spheres and vermis, which showed a marked somatic expansion bias 
(Figs 3 and 4A; see also Supplementary material, ‘Results’ section). In 
control and patient brains, the modal length of wild type and ex
panded alleles was identical—within two triplets—across all non- 
cerebellar regions and blood samples, while, for alleles longer than 
≈90 repeats, it increased on average by 10% ± 6% in the vermis and 
11% ± 6% in the cerebellar hemispheres (Fig. 3A and Supplementary 
Figs 17–25). Levels of somatic expansions, as measured by the EI, 
were markedly increased in the cerebellar hemispheres and vermis 
compared to other CNS regions (Fig. 4A). Excluding (GAA)9 alleles, 
which did not exhibit somatic expansion, the EI in the cerebellar 

Table 1 Demographic and genetic characteristics of the post-mortem brain samples analysed for FGF14 GAA•TTC repeat instability

Study site Status ID number Sex GAA•TTC repeat units Age at onset (years) Age at death (years)

Montreal Control C1 M 15/92 – 76
Montreal Control C2 M 9/36 – 68
Paris Control C3 M 16/152 – 70
Paris Control C4 F 23/165 – 92
Paris Control C5 M 47/151 – 82
Paris Control C6 M 17/42 – 66
Montreal SCA27B P1 M 292/304 52 69
Barcelona SCA27B P2 M 9/288 71 91
Barcelona SCA27B P3 F 191/248 78 86
Paris SCA27B P4 M 31/548 46 72
Paris SCA27B P5 F 70/480 NA 85
Paris SCA27B P6 M 32/405 50 78

F = female; M = male; NA = not available; SCA27B = spinocerebellar ataxia 27B.

Somatic instability in SCA27B                                                                                                  BRAIN 2025: 148; 1258–1270 | 1261

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/148/4/1258/7815816 by D

O
 N

O
T U

SE Institute of Education m
erged w

ith 9000272 user on 15 O
ctober 2025

http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae312#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae312#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae312#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae312#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae312#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae312#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae312#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae312#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae312#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae312#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae312#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae312#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae312#supplementary-data
http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae312#supplementary-data


A B
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Figure 2 Longitudinal analysis of the FGF14 GAA•TTC repeat somatic instability in blood samples. Longitudinal analysis of (A) the FGF14 GAA•TTC 
repeat tract size, expressed in triplet repeat counts, and (B) expansion index across 69 individuals (120 alleles analysed) who underwent serial blood 
collections over a median period of 8.9 years (interquartile range: 2.9–13.9). Observations from the same person are connected by a line. In B, the colour 
gradient shows the GAA•TTC allele size of each data point. (C) Positive linear relationship between the FGF14 GAA•TTC repeat tract size, expressed in 
triplet repeat counts, and expansion index in each of the first and last longitudinal blood samples across 69 individuals (n = 120 alleles). The Pearson’s 
correlation coefficient is r = 0.73 [95% confidence interval (CI): 0.64–0.81] for the first blood samples and r = 0.84 (95% CI: 0.78–0.89) for the last blood sam
ples. Both regression lines did not differ significantly (mixed-effect analysis, P = 0.72), indicating relative stability of the expansion index over time. 
(D) Positive linear relationship between the FGF14 GAA•TTC repeat tract size and expansion index across 100 individuals (n = 173 alleles), including 
the results from the last blood samples of the 69 individuals featured in B and C. The Pearson’s correlation coefficient is r = 0.85 (95% CI: 0.80–0.88). 
In C and D, the shaded areas display the 95% CI.

Figure 1 Determination of the FGF14 GAA•TTC repeat expansion index. Method for calculating the expansion index of the FGF14 GAA•TTC repeat. The 
expansion index is calculated by only taking into account peaks to the right of the modal allele, which represent somatically expanded GAA•TTC re
peats, and using a 1% relative peak threshold. The modal allele corresponds to the peak with the highest intensity, as measured in relative fluorescence 
units in GeneMapper or Peak Scanner. The expansion index is calculated by first dividing the height of each individual peak by the sum of the heights of 
all peaks to the right of the modal allele that are above the set 1% threshold. The resulting normalized peak heights are then multiplied by the position 
of the peak (change from the modal allele) and these values are summed to generate the index.
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hemispheres was, on average, 3.23 times greater relative to other 
CNS regions outside the cerebellum. Furthermore, within the cere
bellum itself, the EI in the hemisphere was 1.15 times greater relative 
to the vermis and 2.42 times greater relative to the dentate nucleus. 
We found that increasing allele length was associated with higher 
degrees of instability of the FGF14 repeat locus, with instability 
even observed in alleles as short as 15 triplets, indicating that somat
ic instability is not exclusive to large, pathogenic FGF14 alleles 
(Supplementary Fig. 26). The pattern of somatic expansion in the 
CNS was closely correlated with the regional expression of FGF14, 
which is highest in the cerebellar hemispheres and vermis (Fig. 4). 
This observation supports the hypothesis that higher levels of 

transcription through GAA•TTC repeat tracts promote their somatic 
expansion.27 Furthermore, we found a positive correlation between 
the EI and the repeat length in many of the examined tissues, with 
the steepest regression slopes observed in the vermis [r = 0.96 (95% 
CI: 0.81–0.99), slope = 0.130, P < 0.0001] and the cerebellar hemi
spheres [r = 0.93 (95% CI: 0.81–0.98), slope = 0.133, P < 0.0001] 
(Supplementary Fig. 26). Using a multiple regression model, we found 
significant relationships between EI and repeat size (estimate = 0.047, 
SE = 0.005, P < 0.0001), tissue expression (estimate = 0.133, SE = 0.026, 
P < 0.0001) and female sex (estimate = 6.630, SE = 1.744, P = 0.00022), 
although the latter association should be interpreted cautiously as 
it was based on only two female cases. In contrast, age at death did 

B

A

Figure 3 Somatic instability profile of the FGF14 GAA•TTC repeat in brain regions. (A) Somatic instability profiles of the FGF14 GAA•TTC repeat in dif
ferent brain regions, derived from post-mortem samples of six non-ataxic control and three patients with SCA27B. Each plot shows the average in
stability profile for each of the two alleles within a given brain region, calculated from replicate PCR reactions. For regions where multiple tissue 
samples were analysed, results for each sample are shown individually. Profiles were plotted by normalizing individual peak height data to the height 
of the modal allele within each brain region, except for SCA27B cases P1 and P3, where data were normalized to the height of the shorter modal allele 
due to the lack of significant size difference with the longer allele. Peaks left of the modal allele above a 10% threshold and those right of the modal allele 
above a 1% threshold were plotted. Vertical dashed black lines indicate the size of the modal alleles measured in the blood and/or non-cerebellar re
gions, while vertical dashed red and orange lines indicate the size of the modal alleles measured in the vermis and cerebellar hemispheres, respect
ively. Individual instability profiles in each region are shown in Supplementary Figs 8–16. (B) Schematic representation of the various brain regions 
analysed for somatic instability in this study. The same colour scheme is used to represent the brain regions and their corresponding instability profiles 
shown in A. Panel created with BioRender.com.
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not have a significant effect on EI (estimate = 0.040, SE = 0.061, P =  
0.51). These variables together explained approximately 58% of the 
variance in EI. Overall, our results demonstrate that the FGF14 repeat 
locus exhibits a strong somatic expansion bias largely restricted to 
the cerebellum, that may in part be driven by the high level of 
FGF14 expression in this tissue. This observation contrasts with a re
cent study on SCA1, SCA2, SCA3 and SCA7, which showed that des
pite high ATXN1, ATXN2, ATXN3 and ATXN7 gene expression, the 
cerebellum exhibited the lowest degree of somatic mosaicism.14

We also studied the somatic instability of the FGF14 repeats by agar
ose gel electrophoresis in the post-mortem brains of three patients with 
SCA27B (P4-P6), each carrying expansions longer than 400 triplets. This 
analysis confirmed the cerebellar-specific somatic expansion bias of 
the FGF14 repeat locus. Compared to other tissues, the expansion 
length in the cerebellar hemispheres was 87–159 triplets longer in pa
tient P4, 129–185 triplets longer in patient P5 and 70–168 triplets longer 
in patient P6 (Fig. 5A and Supplementary Figs 53–55). Furthermore, 
compared to blood samples, this corresponds to an increase in expan
sion length in the cerebellar hemispheres of 26% in patient P4 and 41% 

in patient P6 (Fig. 5B). Among the three patients, cerebellar vermis was 
only available for study in patient P4 and exhibited a greater expansion 
length compared to the cerebellar hemispheres (709 versus 692 
GAA•TTC repeats). Of note, in keeping with the greater levels of 
FGF14 expression in cerebellar neurons compared to glia,26 the cerebel
lar hemispheres and vermis showed longer expansion sizes relative to 
the cerebellar white matter in all three patients. Finally, although the 
cervical spinal cord exhibited the largest expansion size of all tissues 
examined from patient P6, this finding was not replicated in the two 
other patients (P1 and P5) for whom cervical spinal cord was available 
for study. This discrepancy could be due to differences in the specific re
gions of the spinal cord sampled for analysis.

Comparison of modal lengths in blood samples and cerebellar 
hemispheres from five patients with SCA27B (P1, P2, P3, P4, P6) 
and eight control individuals (C7–C14) revealed that sizes were 
largely stable in both tissues for alleles shorter than ≈90 repeat 
units. However, for longer alleles, the modal length in the cerebellar 
hemispheres increased with allele size [r = 0.99 (95% CI: 0.96–1.00), 
slope = 1.365, P < 0.0001] (Fig. 5B). Remarkably, this threshold of 

A

B

Figure 4 Expansion index of the FGF14 GAA•TTC repeat in brain regions. Schematic representation of (A) the relative expansion index and (B) the re
gional expression of FGF14 normal tissue expression data in transcripts per million (TPM) from the Human Protein Atlas across the analysed brain re
gions shown in Fig. 3. Expansion indices for each brain region were normalized relative to those in the cerebellar hemispheres. The relative expansion 
indices were calculated by averaging the relative expansion index of each allele, excluding (GAA)9 alleles, which did not exhibit somatic expansion. 
A corresponding heat map of the results for each region is shown on the right. Expression data were not available for the frontopolar cortex and the 
pituitary gland. Figure created with BioRender.com.
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≈90 repeat units for instability in the cerebellar hemispheres is 
highly similar to the threshold of 75–100 repeat units for instability 
during intergenerational transmission.4,8 Despite the similar in
stability thresholds, different mechanisms are likely responsible 
for instability in the cerebellum and the germline, given the com
paratively lower FGF14 expression in testes and ovaries and the re
peat contraction observed with paternal transmission.4,8

Methylation profiling of FGF14 in post-mortem 
cerebellum

Preliminary investigations of patient-derived post-mortem cerebel
lum and iPSC-derived neurons have suggested that the intronic 

GAA•TTC repeat expansion likely leads to loss of function of isoform 

1b (transcript 2) by interfering with FGF14 transcription.1 Since the 

A

B

Figure 5 FGF14 GAA•TTC repeat lengths in brain regions of SCA27B patients. (A) Distribution of FGF14 GAA•TTC repeat lengths, expressed in triplet 
repeat counts, across post-mortem brain regions and blood samples in the six SCA27B patients included in this study. For brain regions where multiple 
tissue samples were analysed, only the results of the sample with the largest allele size are shown. Observations for each of the two alleles from the 
same patient are connected by a dashed line. (B) Comparison of FGF14 GAA•TTC repeat lengths in blood samples (x-axis) versus cerebellar hemispheres 
(y-axis) for five SCA27B patients and eight controls with available tissue samples. The dashed black line represents the identity line. In A and B, a single 
modal allele size is shown for patient P1 due to the complete blending of the instability profiles for the short and long alleles in the cerebellar hemi
spheres and vermis (Supplementary Fig. 33), preventing the identification of the two distinct modal peaks in these tissues.

Somatic instability in SCA27B                                                                                                  BRAIN 2025: 148; 1258–1270 | 1265

D
ow

nloaded from
 https://academ

ic.oup.com
/brain/article/148/4/1258/7815816 by D

O
 N

O
T U

SE Institute of Education m
erged w

ith 9000272 user on 15 O
ctober 2025

http://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awae312#supplementary-data


FGF14 expansion shares the same repeat motif as the Friedreich’s 
ataxia FXN expansion (GAA•TTC), which is known to cause hyper
methylation of the DNA upstream of the expanded repeat locus (dif
ferentially methylated region),28 we investigated whether altered 
methylation was present in post-mortem cerebellum from four pa
tients with SCA27B. Using programmable targeted ONT long-read se
quencing,29 we found no evidence of significant difference in 5mC 
methylation frequencies of FGF14 [median frequency (IQR) in patients 
versus controls, 69.75 (68.65–69.80) versus 68.95 (67.43–69.80); Mann– 
Whitney U-test, P = 0.63] and its two putative promoters [first 
promoter: 2.00 (1.35–2.27) versus 2.25 (1.40–3.25); Mann–Whitney 
U-test, P = 0.54; and second promoter: 0.85 (0.57–1.35) versus 0.80 
(0.40–0.90); Mann–Whitney U-test, P = 0.63] in controls compared to 
patients (Fig. 6). The region surrounding the repeat expansion (10 kb 
window centred on the repeat locus) showed slightly higher CpG 
methylation compared to the region surrounding wild-type alleles, 
although the difference was not statistically significant [median 
frequency (IQR) in expanded alleles versus wild-type alleles, 82.37 
(79.96–84.76) versus 78.78 (76.66–80.55); Mann–Whitney U-test, P =  
0.11]. These results do not exclude the possibility that the expansion 
is associated with hypermethylation of FGF14, which will require fur
ther study in a larger number of cases.

Discussion
This study comprehensively assessed the somatic instability of the 
FGF14 GAA•TTC repeat in peripheral tissues and post-mortem 
brains of patients with SCA27B and uncovered a marked tendency 
for the repeat to somatically expand in the cerebellar vermis and 
hemispheres. Our findings provide new insight into the biology of 
SCA27B, potentially explaining the selective vulnerability of the 
cerebellum—specifically the grey matter—and the relative resili
ence of other regions in this disease.1,3 Although somatic expansion 
events were detected in all tissues analysed, the expansion bias 
was considerably higher in the cerebellar hemispheres and vermis, 
which are the primary sites of neuronal loss in SCA27B.

Although brain mosaicism has only been studied in a few spino
cerebellar ataxias, previous studies of SCA1, SCA2, SCA3, SCA7 and 
DRPLA have consistently shown that their causative coding 
CAG•CTG repeat expansions exhibit smaller sizes and lower de
grees of mosaicism in the cerebellum compared to other brain 
regions.13-17 Studies of Huntington’s disease, myotonic dystrophy 
type 1 and spinal and bulbar muscular atrophy, all caused 
by CAG•CTG repeat expansions, have also shown that the smal
lest expansions and lowest somatic instability occur in the 
cerebellum.13,30-32 In comparison, a recent study found that the 
pathogenic DAB1 intronic ATTTC repeat insertion causing SCA37 
exhibits longer sizes and greater somatic expansion in the cerebel
lum compared to blood samples and fibroblasts of two patients,18

suggesting that the instability pattern of CAG•CTG repeat expan
sions in the cerebellum may differ from that observed with other 
types of repeats. The factors underlying the distinct behaviour of 
the FGF14 GAA•TTC repeat expansion in the cerebellum compared 
to CAG•CTG repeat expansions remain unknown, although they 
may involve cis-acting elements, differential effects of mismatch 
repair pathways on CAG•CTG repeats compared to GAA•TTC re
peats, or an increased ability of the long and uninterrupted FGF14 
GAA•TTC repeat to form alternative DNA structures that can be
come substrates for DNA repair machineries.33

In Friedreich’s ataxia, although the expanded FXN GAA•TTC re
peat is longer in the cerebellum than in other CNS regions, large 

contractions occur significantly more frequently than large expan
sions in the cerebellum.20-23 Progressive expansion of the FXN re
peat over time has been described in human cells, cerebellum, 
and other terminally differentiated tissues in both human and 
mouse models.20-23,34,35 DNA repair has been established as a major 
factor modulating GAA•TTC repeat stability.9,33 Studies in a non- 
dividing quiescent Saccharomyces cerevisiae model have shown 
that large contractions of the GAA•TTC repeat expansion may 
be driven by non-homologous end joining repair of DNA breaks 
of the repeat mediated by mismatch repair complexes.36

Furthermore, activity of the mismatch repair complex MutSβ has 
been shown to promote FXN GAA•TTC expansion in Friedreich’s 
ataxia patient-derived cells.37,38 Similarly, DNA repair mechanisms 
may also be involved in somatic expansion of the FGF14 GAA•TTC 
repeat, especially considering the high expression levels of mis
match repair genes in the cerebellum compared to other brain 
regions.14 Moreover, 5′ GAA-strand and 5′ TTC-strand nicks (single- 
strand breaks) have recently been shown to induce expansion of 
GAA•TTC repeats in non-dividing yeast cells,39 raising the hypoth
esis that such phenomenon may contribute to somatic instability 
in post-mitotic neurons, which are known to accumulate single- 
strand breaks over time.40

Our findings suggest that tissue-specific transcriptional activity 
through the GAA•TTC repeat promotes its instability, which align 
with a previous study on GAA•TTC repeat instability in human 
cell lines.27 The GAA•TTC repeat is located within intron 1 of 
FGF14 isoform 1b, the isoform predominantly expressed in the 
CNS, particularly in the cerebellum.7 Analysis of tissue-wide som
atic instability revealed that the pattern of somatic expansion in 
the CNS closely correlates with the regional expression of FGF14. 
The cerebellar vermis and hemispheres, which have the highest 
and second highest levels of FGF14 expression in the CNS, respect
ively, exhibited the greatest somatic expansion across all tissues 
analysed. Moreover, the association between FGF14 repeat instabil
ity and expression levels is further corroborated by our results 
showing longer expansions in the cerebellar hemispheres and ver
mis compared to the cerebellar white matter, in keeping with the 
substantially greater expression of FGF14 in cerebellar neurons 
relative to glia.26 Alternative DNA structures called DNA triplexes 
are formed in expanded GAA•TTC repeats in Friedreich’s ataxia 
patient-derived cells,41 and transcription through these repeats 
has been shown to induce the formation of triplexes, which may 
fuel repeat instability.9,42 This observation contrasts with a recent 
study of the somatic instability of CAG•CTG repeats, which are 
prone to form DNA hairpins,43 but not DNA triplexes, in the polyglu
tamine spinocerebellar ataxias SCA1, SCA2, SCA3 and SCA7. These 
pathogenic CAG•CTG repeats showed lower levels of expansion in 
the cerebellum despite high expression levels of the ATXN1, 
ATXN2, ATXN3 and ATXN7 genes.14 The absence of significant som
atic instability of the CAG•CTG repeat in the cerebellum, which is 
one of the most pathologically affected brain regions in these spi
nocerebellar ataxias,44 further supports the possibility that differ
ent alternative DNA structures and various repair pathways may 
differentially impact the stability of CAG•CTG repeats compared 
to GAA•TTC repeats in the cerebellum.

Although we observed no change in repeat size and EI in blood 
samples over time, somatic expansions of the FGF14 mutant alleles 
in the cerebellar cortical neurons are likely to progress with age, 
with the rate of expansion increasing with the number of repeats. 
Indeed, we found that increasing allele length was associated 
with higher degrees of instability of the FGF14 GAA•TTC repeat lo
cus. While our study did not look at mosaicism in foetal brains, 
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somatic instability is likely to progress throughout life rather than 
arise during CNS development (as previously shown in 
Friedreich’s ataxia20 and Huntington’s disease,45 for example), as 
regions with the same embryological origin, such as the cerebellar 
cortex, dentate nuclei and pons, all deriving from the metencepha
lon,46 present dramatically different instability patterns. This hy
pothesis would also be consistent with the late age at onset of 
SCA27B, suggesting that the disease may only manifest when a 

critical proportion of cerebellar Purkinje cells accumulate expan
sions above a cell-specific pathogenic threshold, which is likely to 
be higher than the currently used ‘blood-based threshold’.47 It 
also raises the possibility that loss of function of FGF14 isoform 1b 
may only occur when repeat sizes extend beyond this specific 
threshold in cerebellar Purkinje cells, which have the highest 
FGF14 expression.48 However, since Purkinje cells constitute only 
about 0.1% of cerebellar neurons, they contribute minimally to 

B

A

Figure 6 Methylation profiling of the FGF14 gene in post-mortem cerebellum. Methylation analysis of the FGF14 gene in post-mortem cerebellar hemi
spheres from four controls (C15–C18) and four patients with SCA27B (P1, P2, P3, P7) using programmable targeted long-read sequencing with Oxford 
Nanopore Technologies. (A) Methylation profiles, expressed as 5′-methylcytosine (5mC) methylation frequencies, at all CpG sites within the FGF14 lo
cus (T2T-CHM13, chr13:100923763-101619864) in the four control and four patient post-mortem cerebellar hemispheres. A diagram of the FGF14 gene 
with its two putative promoters (P1: promoter 1 and P2: promoter 2) is shown at the bottom. (B) Plots show the distribution of 5mC methylation frequen
cies at all CpG sites within the FGF14 locus (top), the first promoter (middle) and second promoter (bottom). The horizontal black bars show the median 
5mC methylation frequency.
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the instability readout in bulk cerebellar tissue. The possibility of 
Purkinje cells having a higher cell-specific pathogenic threshold 
would be further supported by the observation that despite the 
majority of granule cells—the most abundant cerebellar cortical 
neurons and primary contributors to the instability readout— 
exhibiting somatic instability, they are only mildly affected in 
patients with SCA27B.1,3 This hypothesis also provides a potential 
explanation for the incomplete penetrance of certain FGF14 expan
sions, suggesting that asymptomatic carriers may accumulate 
somatic expansions in Purkinje cells at lower rates compared to 
symptomatic individuals, preventing them from accumulating a 
sufficiently large burden of somatic expansions to manifest the 
disease. Furthermore, variable somatic expansion, which may be 
influenced by variations in DNA repair genes, may underlie the sig
nificant phenotypic variability among patients carrying expansions 
of similar sizes.

Preliminary functional studies in post-mortem cerebellum and 
iPSC-derived motor neurons from patients with SCA27B suggest 
that the intronic GAA•TTC repeat expansion leads to transcription
al deficiency and partial loss of function of the FGF14 isoform 1b.1

Although the mechanisms through which the expanded 
GAA•TTC repeat in FGF14 causes disease remain to be established, 
it may involve similar epigenetic mechanisms as in Friedreich’s 
ataxia, which is the only other known disease caused by intronic 
GAA•TTC repeat expansions.49 The expanded GAA•TTC repeat in 
Friedreich’s ataxia results in transcriptional deficiency of the fra
taxin (FXN) gene.50 Transcriptional deficiency in Friedreich’s ataxia 
is caused by various mechanisms, including the formation of DNA 
triplexes and RNA/DNA hybrids (R-loops) by the expanded 
GAA•TTC repeat, hypermethylation of the DNA upstream of the ex
panded repeat, and heterochromatin-mediated repression result
ing from hypoacetylation of histones H3K9, H3K4, and H4K5 and 
trimethylation of histone H3K9 and H3K27.28,41,51-59 Although we 
found that the region surrounding the expanded GAA•TTC repeat 
in FGF14 exhibited slightly higher levels of methylation compared 
to the wild-type allele, this difference did not reach statistical sig
nificance. The absence of statistically significant difference may 
be attributed to the analysis of bulk tissue rather than isolated 
Purkinje cells, which are the primary cells affected in SCA27B.1,3

Additionally, whether other epigenetic mechanisms involved in 
Friedreich’s ataxia, such as heterochromatin-mediated transcrip
tional repression, also occur in SCA27B will deserve further 
investigation.

Our study has several strengths, including the inclusion of a 
large number of post-mortem controls and SCA27B cases with a 
variety of allele sizes, the availability of serial blood samples for 
many patients over long periods of time, and the ability to accurate
ly size and calculate expansion indices in samples carrying expan
sions shorter than ≈400–450 triplets. However, our results need to 
be interpreted in light of some limitations. First, cerebellar vermis, 
which is the most pathologically affected region in SCA27B,1,3 was 
available for analysis in only half of the patients and controls, 
thus limiting the analysis of somatic instability in this region. 
Second, the inability of capillary electrophoresis to resolve low- 
abundance alleles and alleles longer than ≈400–450 triplets pre
vented a comprehensive analysis of the full spectrum of allele 
length variability in the cerebellum. Analysis of bulk PCR products 
by capillary electrophoresis will preferentially detect shorter 
GAA•TTC tracts and cannot capture the full extent of GAA•TTC re
peat expansions in any given tissue. Third, our analyses did not 
permit the detection of rare, very large expansion events that 
may be occurring in Purkinje cells, which are primarily affected in 

SCA27B. Purkinje cells make up only a small fraction of the total 
cerebellar cell population and, as such, do not contribute signifi
cantly to the instability readout measured in bulk tissue. 
Additional techniques, such as single-cell sequencing, will be ne
cessary to dissect cell-specific somatic instability in SCA27B. 
Fourth, in post-mortem tissues from patients with neurodegenera
tive ataxia, it is unknown whether the genotype of degenerated 
cerebellar neurons is similar to that of the remaining cells. 
However, it is possible that neurons carrying longer expansions de
generate quickly, leading to an underrepresentation of longer allele 
sizes in the instability readout.

In conclusion, our analysis of the FGF14 GAA•TTC repeat somat
ic instability in post-mortem brain samples from individuals with 
SCA27B revealed a marked expansion bias in the cerebellar hemi
spheres and vermis. Our study offers new insights into the biology 
of SCA27B by providing a potential explanation for the significant 
phenotypic variability and the incomplete penetrance of certain ex
pansions. It also opens up important new lines of inquiry for under
standing the mechanisms driving somatic instability of tandem 
repeats, the cell-specific patterns of instability and their relation
ship to neurodegeneration.

Data availability
The data supporting this study may be shared at the request of any 
qualified investigator on reasonable request.
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*As of April 2024, TYSABRI SC can be administered outside a clinical setting (e.g. at home) by a HCP for patients who have tolerated at least 6 doses of TYSABRI well 
in a clinical setting. Please refer to section 4.2 of the SmPC.1

TYSABRI is indicated as single DMT in adults with highly active RRMS for the following patient groups:1,2

•	 Patients with highly active disease despite a full and adequate course of treatment with at least one DMT
•	 Patients with rapidly evolving severe RRMS defined by 2 or more disabling relapses in one year, and with 1 or more Gd+ lesions on brain 

MRI or a significant increase in T2 lesion load as compared to a previous recent MRI

Very common AEs include nasopharyngitis and urinary tract infection. Please refer to the SmPC for further safety information, including the 
risk of the uncommon but serious AE, PML.1,2

Abbreviations: AE: Adverse Event; DMT: Disease-Modifying Therapy; Gd+: Gadolinium-Enhancing; HCP: Healthcare Professional; IV: Intravenous; 
JCV: John Cunningham Virus; MRI: Magnetic Resonance Imaging; PD: Pharmacodynamic; PK: Pharmacokinetic; PML: Progressive Multifocal 
Leukoencephalopathy; RRMS: Relapsing-Remitting Multiple Sclerosis; SC: Subcutaneous. 

References: 1. TYSABRI SC (natalizumab) Summary of Product Characteristics. 2. TYSABRI IV (natalizumab) Summary of Product Characteristics. 
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Adverse events should be reported. For Ireland, reporting forms and information can be found at www.hpra.ie.  
For the UK, reporting forms and information can be found at https://yellowcard.mhra.gov.uk/ or via the Yellow 
Card app available from the Apple App Store or Google Play Store. Adverse events should also be reported to 

Biogen Idec on MedInfoUKI@biogen.com 1800 812 719 in Ireland and 0800 008 7401 in the UK.
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Prescribing Information
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Efficacy and safety profile comparable between TYSABRI IV and SC†1,2 
 
†Comparable PK, PD, efficacy, and safety profile of SC to IV except for injection site pain.1,2

TYSABRI SC injection with the potential to 
administer AT HOME for eligible patients*

A Biogen developed and funded JCV 
antibody index PML risk stratification 
service, validated and available exclusively 
for patients on or considering TYSABRI.

https://www.biogenlinc.co.uk/en/products/ms-portfolio/tysabri/sc-formulation/?utm_source=Oxford_University_Press&utm_medium=display&utm_campaign=2505_tysabri_key_messages_e-pdf_gbr_ms_tys_com&utm_content=e-pdf
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