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BACKGROUND
The late-onset cerebellar ataxias (LOCAs) have largely resisted molecular diagnosis.

METHODS
We sequenced the genomes of six persons with autosomal dominant LOCA who 
were members of three French Canadian families and identified a candidate patho-
genic repeat expansion. We then tested for association between the repeat expan-
sion and disease in two independent case–control series — one French Canadian 
(66 patients and 209 controls) and the other German (228 patients and 199 con-
trols). We also genotyped the repeat in 20 Australian and 31 Indian index patients. 
We assayed gene and protein expression in two postmortem cerebellum specimens 
and two induced pluripotent stem-cell (iPSC)–derived motor-neuron cell lines.

RESULTS
In the six French Canadian patients, we identified a GAA repeat expansion deep in 
the first intron of FGF14, which encodes fibroblast growth factor 14. Cosegregation 
of the repeat expansion with disease in the families supported a pathogenic thresh-
old of at least 250 GAA repeats ([GAA]≥250). There was significant association be-
tween FGF14 (GAA)≥250 expansions and LOCA in the French Canadian series (odds 
ratio, 105.60; 95% confidence interval [CI], 31.09 to 334.20; P<0.001) and in the 
German series (odds ratio, 8.76; 95% CI, 3.45 to 20.84; P<0.001). The repeat expan-
sion was present in 61%, 18%, 15%, and 10% of French Canadian, German, Aus-
tralian, and Indian index patients, respectively. In total, we identified 128 patients 
with LOCA who carried an FGF14 (GAA)≥250 expansion. Postmortem cerebellum 
specimens and iPSC-derived motor neurons from patients showed reduced expres-
sion of FGF14 RNA and protein.

CONCLUSIONS
A dominantly inherited deep intronic GAA repeat expansion in FGF14 was found to 
be associated with LOCA. (Funded by Fondation Groupe Monaco and others.)
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Late-onset cerebellar ataxias (LOCAs) 
are a heterogeneous group of neurodegen-
erative disorders manifesting as a progres-

sive cerebellar syndrome that develops after 30 
years of age.1 The prevalence of LOCA is approxi-
mately 1 to 3 per 100,000 population,2 and mo-
lecular testing yields negative results in almost 
75% of patients with LOCA.3 This is explained in 
part by the limitations of standard next-genera-
tion sequencing analysis for the identification of 
certain sequence variations, such as tandem repeat 
expansions.4 We used bioinformatics tools and 
long-read sequencing to search for novel patho-
genic repeat expansions in patients with LOCA.

Me thods

Enrollment, Imaging, and Neuropathological 
Assessment

To be eligible for inclusion in the study, patients 
needed to have progressive ataxia with onset at 
or after the age of 30 years; no clinical features 
suggestive of multiple system atrophy, cerebellar 
subtype (MSA-c); exclusion of acquired disease; 
and, as appropriate, negative results on testing 
with an ataxia gene panel and on screening for 
repeat expansions that cause common spinocer-
ebellar ataxias, fragile X–associated tremor–ataxia 
syndrome, Friedreich’s ataxia, and CANVAS (cere-
bellar ataxia, neuropathy, and vestibular areflexia 
syndrome).

Two persons with autosomal dominant LOCA 
from each of three large French Canadian fami-
lies (Families I, II, and III) made up the discovery 
cohort (Fig. 1A). The six patients had LOCA for 
which an underlying genetic cause had not yet 
been identified (i.e., unsolved LOCA). We also en-
rolled independent validation cohorts of 66 French 
Canadian, 228 German, 20 Australian, and 31 In-
dian index patients. The control cohorts consisted 
of 209 French Canadian and 199 German persons 
who were neurologically healthy or who were re-
ported not to have ataxia.

Aside from 14 patients whose ancestry was 
determined by analysis of next-generation sequenc-
ing data, participants reported their own race and 
ethnic group. Information on the representative-
ness of the study participants is provided in Ta-
ble S1 in the Supplementary Appendix, available 
with the full text of this article at NEJM.org. Brain 
images were obtained by magnetic resonance im-
aging (MRI), and comprehensive neuropathologi-

cal examinations were conducted on the brains of 
two deceased French Canadian patients. Details of 
the staining and immunohistochemical analysis 
are provided in the Supplementary Appendix.

We obtained written informed consent from 
all the participants in the study, and all local in-
stitutional review boards approved the study. The 
authors vouch for the accuracy and completeness 
of the data in this report.

Genetic Studies

We sequenced the genomes5,6 of the six French 
Canadian patients from the discovery cohort and 
searched for novel pathogenic repeat expansions 
with the use of ExpansionHunter Denovo software, 
version 0.6.2.7 Participants in the 1000 Genome 
Project and the Vanderbilt Atrial Fibrillation Reg-
istry served as controls.

The FGF14 repeat locus was amplified by long-
range polymerase chain reaction (PCR). The num-
ber of repeat units was estimated by means of 
agarose-gel electrophoresis. The motif of the re-
peat locus in patients and controls who had large 
amplification products on long-range PCR was 
analyzed by targeted long-read nanopore sequenc-
ing. For patients with insufficient DNA available 
for nanopore sequencing, we used repeat-primed 
PCR to ascertain the presence of a GAA repeat 
expansion. Targeted long-read nanopore sequenc-
ing was performed on specimens from 104 pa-
tients (55 French Canadian, 44 German, and 5 
Australian) and 18 controls.

Association Studies

We tested for association between LOCA and 
FGF14 GAA expansions of 250 or more repeats 
([GAA]≥250), as measured by agarose-gel electro-
phoresis of PCR-amplification products, in two 
independent case–control series — one French 
Canadian (66 patients and 209 controls) and the 
other German (228 patients and 199 controls). 
We used 250 or more repeat units for association 
studies; this choice was guided by the results of 
the segregation study within the discovery co-
hort, which showed that the smallest expansion 
among symptomatic persons was (GAA)250. The 
study workflow is summarized in Figure S1.

Functional Analyses
Postmortem Cerebellar Tissue

Postmortem cerebellar tissue was obtained from 
two patients of Spanish origin who carried an 
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FGF14 GAA repeat expansion that had been un-
covered after screening of postmortem brain spec-
imens from 15 patients of European descent with 
unsolved LOCA and 7 controls of European de-
scent without ataxia. The brain specimens were 
obtained through the Queen Square Brain Bank 
for Neurological Disorders, London, and the Neu-
rological Tissue Brain Bank of the Hospital Clínic–
IDIBAPS (Instituto de Investigaciones Biomédicas 
August Pi i Sunyer) Biobanc, Barcelona (Table S2).

Induced Pluripotent Stem Cell–Derived Motor 
Neurons
We generated induced pluripotent stem-cell (iPSC) 
lines — one from a patient carrying a (GAA)383 
expansion, one from a patient homozygous for 
(GAA)300 expansions, and two from unaffected 
persons of European descent — and differentiated 
them into motor neurons using an established 
protocol.8 Although neither of the affected per-
sons had clinical features consistent with motor-
neuron disease, the challenges of establishing 
mature Purkinje cell lines in culture9 led us to 
generate iPSC-derived motor neurons. Details of 
the methods used to assay gene and protein ex-
pression are provided in the Supplementary Ap-
pendix.

Statistical Analysis

A Fisher’s exact test was used for tests of asso-
ciation. No method to adjust for multiplicity of 
inferences was prespecified. The widths of the 
confidence intervals have not been adjusted for 
multiplicity, and therefore the confidence inter-
vals should not be used for hypothesis testing.

R esult s

Identification of a GAA Repeat Expansion  
in FGF14

We selected six patients with unsolved autosomal 
dominant LOCA from the three large French 
Canadian families (Fig. 1A) for genome sequenc-
ing because they shared a similar phenotype that 
included episodic features and downbeat nystag-
mus. Before this study, linkage analysis in Fam-
ily I had not identified candidate loci as a result 
of the likely presymptomatic status of some of 
the younger members. Initial analysis6 of the ge-
nome sequences revealed no rare pathogenic vari-
ants segregating across all three pedigrees.

We next used ExpansionHunter Denovo7 and 

identified a putative heterozygous GAA repeat ex-
pansion shared among all six patients at position 
chr13:102,813,925–102,814,074 (GRCh37) (Fig. 1B 
and 1C, Fig. S2, and Table S5). This repeat ex-
pansion is located in intron 1 of FGF14, which is 
included in pre-mRNA transcript 2 and not in 
pre-mRNA transcript 1 (Fig.  1B). Exonic point 
and frameshift variants in FGF14 have previously 
been shown to cause autosomal dominant spino-
cerebellar ataxia 27 (SCA27).10,11 Long-range PCR 
and repeat-primed PCR showed GAA repeat ex-
pansions in the six patients and in 15 affected 
relatives (Fig. 1D, 1E, and 1F and Fig. S3). Sanger 
sequencing confirmed the repeat motif to be GAA. 
The smallest expansion in any affected family 
member was (GAA)250.

Analysis of the FGF14 Repeat Locus  
in Controls

We studied the allelic distribution of the repeat 
locus by means of long-range PCR in 408 controls 
(209 French Canadian and 199 German) and ob-
served wide variation in repeat sizes (Fig. 2A and 
Fig. S4). Two thirds of alleles (544 of 816) car-
ried 25 or fewer repeat units. Of the 816 control 
chromosomes, 11 carried an expansion of at least 
250 triplet repeats, as assessed by PCR. Targeted 
long-read sequencing of these 11 alleles showed 
that 8 consisted of (GAA)n repeats, two of 
(GAAGGA)n repeats, and one of [(GAA)4(GCA)1]n 
repeats. We established that the allele frequency 
of (GAA)250–300 expansions was 0.98% among 
controls and that none of the 816 control chro-
mosomes surveyed carried (GAA)>300 expansions 
(Figs. S5 and S6). We were unable to clinically 
assess all controls carrying an expansion to de-
termine whether they had ataxia.

FGF14 GAA Repeat Expansion in Independent 
Cohorts of Patients with LOCA

We next screened four independent cohorts of 
patients with unsolved LOCA from Quebec, Ger-
many, Western Australia, and India for the pres-
ence of the FGF14 repeat expansion (Fig. 2B, 2C, 
and 2D and Figs. S4, S10, S11, and S12). These 
cohorts consisted of 66 French Canadian index 
patients (excluding members of Families I, II, 
and III), 228 German index patients, 20 Austra-
lian index patients, and 31 Indian index patients.

Among the 66 French Canadian patients, 40 
(61%) carried a (GAA)≥250 expansion, as compared 
with 3 of 209 French Canadian controls (1%) 
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(odds ratio, 105.60; 95% confidence interval [CI], 
31.09 to 334.20; P<0.001 by Fisher’s exact test of 
association). An FGF14 (GAA)≥250 expansion was 
also present in 12 affected relatives from nine 
families that included an index patient. The diag-
nostic yield of the repeat expansion in the French 
Canadian index cohort was 75% (24 of 32) among 
patients with early episodic features, 93% (26 of 
28) among patients with downbeat nystagmus, 
and 94% (17 of 18) among patients with a com-
bination of early episodic features and downbeat 
nystagmus.

Of the 228 German patients, 42 (18%) carried 
a (GAA)≥250 expansion, as compared with 5 of 199 
(3%) German controls (odds ratio, 8.76; 95% CI, 
3.45 to 20.84; P<0.001 by Fisher’s exact test of 
association). The expansion was also present in 
7 affected relatives from six German families that 
included an index patient. Furthermore, 3 of 20 
Australian index patients (15%) and 3 of 31 In-
dian index patients (10%) carried a repeat expan-
sion in FGF14 (Fig. 2D). We thus found a total of 
128 patients (73 French Canadian, 49 German, 
3 Australian, and 3 Indian) with an FGF14 (GAA)≥250 
expansion and, accordingly, GAA-FGF14–related 
ataxia. Four of the patients were homozygous or 
compound heterozygous for (GAA)≥250 expan-
sions, and 2 were compound heterozygous for a 
(GAA)≥250 expansion and a (GAAGGA)≥125 expan-
sion. Our data suggest that (GAA)250–300 expansions 
are likely to be pathogenic, albeit with reduced 
penetrance, and that (GAA)>300 expansions are fully 
penetrant.

Two German and two Australian patients car-
ried a (GAAGGA)n expansion (Figs. S13 and S14). 
The absence of segregation of this hexanucleotide 
repeat expansion with disease in affected family 
members from the two Australian families sug-
gests that non-GAA expansions at the FGF14 locus 
are not associated with LOCA.

All but two patients with GAA-FGF14–related 
ataxia in the French Canadian, German, and Aus-
tralian cohorts were of European ancestry (see 
the Supplementary Results section and Fig. S15). 
The two non-European patients were from north-
eastern Turkey. All three Indian patients were of 
South Asian ancestry. Future studies of the preva-
lence of GAA-FGF14–related ataxia in other pop-
ulations will be necessary to fully define its epi-
demiologic characteristics.

The high proportion of French Canadian pa-
tients carrying the FGF14 expansion may corre-

Figure 1 (facing page). Identification of a Deep Intronic 
GAA Repeat Expansion in FGF14 in Patients with Late-
Onset Cerebellar Ataxia.

Panel A shows the pedigrees of three large unrelated 
French Canadian families with unsolved autosomal 
dominant late-onset cerebellar ataxia (LOCA). Num-
bered family members underwent genotyping for the 
GAA repeat expansion in FGF14 by long-range poly-
merase chain reaction (PCR) and repeat-primed PCR. 
Allele sizes expressed as numbers of GAA repeats are 
provided for clinically affected persons only. Family 
members for whom whole-genome sequences were ob-
tained are indicated by a red box. Squares represent 
male family members, and circles female family mem-
bers. Solid black shapes indicate affected persons. 
Question marks indicate persons whose clinical status 
is uncertain. Slashed symbols indicate deceased per-
sons. Probands are indicated by arrows. Pedigrees have 
been abbreviated and family members randomly rear-
ranged to preserve privacy. Panel B is a diagram of 
FGF14 transcript variants 1 (NM_004115.4) and 2 
(NM_175929.3). The location of the (GAA)

n
 repeat lo-

cus in the first intron of FGF14 transcript variant 2 is in-
dicated by the red arrowhead. Panel C shows the distri-
bution of anchored in-repeat reads (IRRs) obtained 
with the use of ExpansionHunter Denovo for each of 
the 2504 samples from the 1000 Genomes Project con-
trol cohort, 1115 samples from the Vanderbilt Atrial Fi-
brillation Registry (VAFR) control cohort, and samples 
from 6 French Canadian patients with LOCA at the 
FGF14 repeat locus (chr13:102,813,925–102,814,074; 
GRCh37). The mean (±SD) number of anchored IRRs at 
this locus was 16.68±1.90 (median, 16.40; range, 14.60 
to 19.45) in the group of 6 patients with LOCA, which 
was higher than that in the 1000 Genomes Project data 
set (1.77±4.99; median, 0; range, 0 to 40.42; Cohen’s d, 
2.99; 95% confidence interval [CI], 2.19 to 3.80) and the 
VAFR cohort (4.38±7.73; median, 0; range, 0 to 50.78; 
Cohen’s d, 1.59; 95% CI, 0.78 to 2.40). The widths of 
the confidence intervals have not been adjusted for mul-
tiplicity, and therefore the confidence intervals should 
not be used to reject or not reject effects. Panel D 
shows the results of long-range PCR indicating a large 
heterozygous expansion of the FGF14 repeat locus. A 
representative image of PCR amplification products 
that were resolved with the use of the Agilent 4200 
TapeStation automated electrophoresis system from 
two controls and four patients is shown. All samples 
were amplified and resolved during the same experi-
ment. The four patients each carried one expanded 
product that was at least 900 bp in length, correspond-
ing to 250 or more GAA repeats. The large amplifica-
tion product of Control FC-C57 was found by long-read 
nanopore sequencing to be a GAAGGA hexanucleotide 
repeat expansion. MW denotes molecular weight. Pan-
els E and F show the results of repeat-primed PCR of 
the FGF14 GAA repeat unit. Panel E is a normal electro-
pherogram in a control who was homozygous for (GAA)

11
 

alleles. Panel F is an electropherogram showing the char-
acteristic sawtooth pattern in a patient with LOCA (Pa-
tient II.6) carrying an expanded (GAA)

550
 allele.
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spond to a founder effect in this population, in 
which such effects are known to be common.12 
In a finding consistent with this observation, a 
candidate 693-kb haplotype delimited by the 
polymorphisms rs12856547 and rs34644481 was 
shared by the 10 patients belonging to Family I 
and, at least in part, by the 4 other French Cana-

dian patients for whom genome sequences were 
available (see the Supplementary Results section 
and Fig. S18). The fact that GAA-FGF14–related 
ataxia was found in patients of Turkish and In-
dian descent suggests that this repeat expansion 
may arise on multiple haplotype backgrounds. 
Future studies will be necessary to confirm wheth-
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er this candidate disease haplotype is found in 
non–French Canadian patients.

Germline Instability of the GAA Repeat 
Expansion

The transmission of expanded (GAA)≥250 alleles 
invariably resulted in expansion in the female 
germline and contraction in the male germline 
across 30 meiotic events that we studied (Fig. 2E). 
Four meiotic events in an affected father carry-
ing (GAA)300/716 expansions (Patient II.1, Fig. 1A) 
resulted in the inheritance of subpathogenic al-
leles (216, 225, 233, and 233 repeats) in the as-
ymptomatic offspring. Reduced male transmis-
sion of the disease was further supported by the 
observation that only 20 of 66 dominantly inher-
ited cases (30%) were paternally inherited.

Clinical and Radiologic Features

Table 1 summarizes the main clinical features 
of 122 of the 128 patients with confirmed GAA-
FGF14–related ataxia. Overall, the ataxia was re-
ported as episodic at onset in 46% of the patients. 
Episodes consisted of variable combinations of 
diplopia, vertigo, dysarthria, and appendicular 
and gait ataxia that lasted from minutes to days, 
with a daily to monthly occurrence. The most 
commonly reported triggers were alcohol intake 
and exercise. Two of the 47 French Canadian 
patients (4%) who presented with episodic disease 
initially received a misdiagnosis of acute periph-
eral vestibular syndrome. The mean (±SD) age at 
the onset of episodic symptoms and at the onset 
of progressive ataxia was 55±13 years (range, 30 to 
87) and 59±11 years (range, 30 to 88), respectively. 
We observed a weak inverse correlation between 
the age at onset and the size of the repeat expan-
sion (120 patients; Pearson correlation coefficient, 
−0.31; R2 = 0.10) (see the Supplementary Results 
section and Fig. S19).

A substantial percentage of patients eventu-
ally used a walking aid (58%; 65 of 112), includ-
ing the use of a wheelchair in 13% of patients 
(15 of 112). Downbeat nystagmus was observed 
in 42% of patients; this finding was especially 
prominent during episodes of ataxia. Vestibular 
areflexia was documented in 5 patients. Spastic-
ity was found on examination in 8% of patients 
(9 of 120). Nerve conduction studies in 28 patients 
with suspected polyneuropathy on clinical exami-
nation revealed at most a mild peripheral axonal 
sensory neuropathy in 7 patients, which suggests 

Figure 2 (facing page). Allele Distribution and Long-
Read Sequencing of the FGF14 GAA Repeat Locus.

Panels A and B show the allele distribution of the FGF14 
repeat locus in 408 controls (816 chromosomes) (Panel 
A) and 128 patients with GAA-FGF14–related ataxia (122 
normal and 134 expanded chromosomes) (Panel B). The 
repeat length was estimated by agarose-gel electropho-
resis of PCR-amplification products. Among the patients 
with GAA-FGF14–related ataxia, 4 were homozygous or 
compound heterozygous for (GAA)

≥250
 expansions, and  

2 were compound heterozygous for a (GAA)
≥250

 expan-
sion and a (GAAGGA)

≥125
 expansion. The smallest num-

ber of GAA repeats among controls and patients was 8. 
The density plots show allele-size frequencies, with high-
er densities indicating greater frequencies. The box-and-
whisker plots show the allelic distribution in controls and 
patients. In Panel B, the box-and-whisker plots above the 
graph show the distribution of the normal alleles (left-
hand plot) and expanded alleles (right-hand plot) in pa-
tients. The box indicates the 25th percentile (first quar-
tile), the median, and the 75th percentile (third quartile), 
and the whiskers indicate the 2.5th and 97.5th percen-
tiles. Outliers are represented by black dots. In controls, 
expanded alleles consisting of non-GAA repeats are rep-
resented by red triangles. The dashed gray lines and the 
shaded gray areas indicate the incompletely penetrant 
range of (GAA)

250–300
, and the dashed red lines mark the 

threshold of (GAA)
300

 repeat units, above which the al-
leles are fully penetrant. The allelic distributions in the 
different control and patient cohorts are shown in Figure 
S4. Panel C shows swarm plots of 3000 randomly sam-
pled individual nanopore reads containing at least 50 re-
peat units for 2 controls and 6 patients. Control G-C164 
carries a subpathogenic (GAA)

222
 allele, and control  

FC-C57 carries a nonpathogenic (GAAGGA)
152

 allele. Pa-
tients I.22, II.6, and III.3 (French Canadian discovery co-
hort) carry a (GAA)

388
, (GAA)

508
, and (GAA)

285
 expansion, 

respectively. Patients G6 (German cohort) and A2 (Aus-
tralian cohort) carry a (GAA)

345
 and (GAA)

437
 expansion, 

respectively. Patient FC2 (French Canadian cohort) car-
ries a (GAA)

223
 allele and a (GAA)

355
 allele. Horizontal 

black bars indicate repeat size of the larger allele, as 
measured by nanopore sequencing. Expansion sizing by 
long-read nanopore sequencing and agarose-gel electro-
phoresis of PCR amplification products are highly similar 
(Pearson correlation coefficient, 0.96), as shown in Fig-
ure S8. The horizontal dashed gray line and the shaded 
gray area show the incompletely penetrant range of 
(GAA)

250–300
, and the dashed red line marks the threshold 

of (GAA)
300

 repeat units, above which the alleles are fully 
penetrant. The color of the data points is a function of 
the GAA repeat motif purity in each individual read, with 
dark blue indicating pure and lighter blue impure motif 
(a hue scale is shown on the right y axis). Panel D shows 
the percentages of patients with LOCA who carried an 
FGF14 (GAA)

≥250
 repeat expansion in the French Canadi-

an (40 of 66 index patients), German (42 of 228), Austra-
lian (3 of 20), and Indian (3 of 31) cohorts. Panel E 
shows repeat-length variation across 15 maternal and 15 
paternal meiotic events involving alleles of (GAA)

≥250
 re-

peats.
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Table 1. Characteristics of Patients with GAA-FGF14–Related Ataxia.*

Characteristic
French Canadian 

(N = 68)†
German 
(N = 48)‡

Australian 
(N = 3)

Indian 
(N = 3)

Overall 
(N = 122)

Male sex — no. (%) 32 (47) 24 (50) 3 (100) 3 (100) 62 (51)

Inheritance — no./total no. (%)

Sporadic 10/68 (15) 22/44 (50) 2/3 (67) 2/3 (67) 36/118 (31)

Familial 58/68 (85) 22/44 (50) 1/3 (33) 1/3 (33) 82/118 (69)

Episodic features — no./total no. (%) 47/67 (70) 6/48 (12) 1/3 (33) 2/3 (67) 56/121 (46)

Mean age at onset of episodes — yr 54±14 62±7 48 67 55±13

Mean age at onset of permanent ataxia — yr 59±12 60±11 57±11 62±9 59±11

Signs and symptoms — no./total no. (%)

Nystagmus

Downbeat nystagmus 43/65 (66) 5/48 (10) 0/3 (0) 2/3 (67) 50/119 (42)

Gaze-evoked horizontal nystagmus 37/65 (57) 25/48 (52) 2/3 (67) 1/3 (33) 65/119 (55)

Diplopia or visual blurring 39/66 (59) 16/48 (33) 0/3 (0) 2/3 (67) 57/120 (48)

Cerebellar dysarthria 39/68 (57) 21/44 (48) 2/3 (67) 1/3 (33) 63/118 (53)

Gait ataxia 65/68 (96) 42/44 (95) 3/3 (100) 3/3 (100) 113/118 (96)

Appendicular ataxia 62/68 (91) 27/44 (61) 3/3 (100) 2/3 (67) 94/118 (80)

Vertigo or dizziness 21/64 (33) 10/44 (23) 0/3 (0) 2/3 (67) 33/114 (29)

Postural tremor 6/60 (10) 11/48 (23) 0/3 (0) 1/3 (33) 18/114 (16)

Cerebellar atrophy on MRI — no./total no. (%) 28/44 (64) 34/41 (83) 2/3 (67) 3/3 (100) 67/91 (74)

*	�Plus–minus values are means ±SD. Clinical data from 122 of the 128 patients with GAA-FGF14–related ataxia are included. Six patients (2 male 
and 4 female) were excluded because clinical data of sufficient quality were not available. MRI denotes magnetic resonance imaging.

†	�Data on age at onset of episodes of ataxia were missing for 2 patients, and data on age at onset of permanent ataxia were missing for 2 pa-
tients.

‡	�Data on age at onset of permanent ataxia were missing for 2 patients.

Figure 3 (facing page). Imaging and Neuropathological Findings in Patients with GAA-FGF14–Related Ataxia.

Panel A shows severe vermis atrophy (arrowhead) on sagittal T1-weighted magnetic resonance imaging in a female 
patient at 88 years of age. Panel B shows a midsagittal section of the postmortem cerebellum of the same patient at 
94 years of age, in which anterior vermis atrophy is visible (arrowhead); Panel C shows an age-matched control for 
comparison. Panel D shows a hematoxylin and eosin–stained section of the cerebellar vermis in the patient, and a 
control is shown for comparison in Panel E. Widespread loss of Purkinje cells, with a shrunken appearance of rare 
residual Purkinje cells (arrow), a gliotic and rarefied molecular layer (black asterisk), and reduced numbers of cells 
in the granule-cell layer (blue asterisk) can be seen in the patient. Panels F and H show calbindin immunohisto-
chemical analysis of the vermis from the same patient with GAA-FGF14–related ataxia and a control, respectively. 
Severe loss of Purkinje cells with markedly rarefied dendritic network in the molecular layer is seen in the patient, 
whereas in the age-matched control, the Purkinje cells show dense dendritic arborization in the molecular layer. In 
the inset shown in Panel G, Purkinje-cell loss is also evident with Bielschowsky tinctorial silver stain, which high-
lights the processes of basket cells, resulting in an “empty basket” appearance. Panels I and J show the cerebellar 
hemisphere of a patient with GAA-FGF14–related ataxia and a control, respectively; in the patient, the Purkinje cells 
are reduced in number (arrows), but the molecular layer shows less prominent gliosis and the cell density in the 
granule-cell layer is much better preserved than in the vermis. All staining was performed with appropriate negative 
and positive controls. Pathological findings in the cerebellum were similar in the two French Canadian patients with 
GAA-FGF14–related ataxia for whom postmortem tissue was available. The scale bar in Panels D through F and 
Panels H through J indicates 100 μm.
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that polyneuropathy is not a core feature of GAA-
FGF14–related ataxia. MRI of the head showed vari-
able degrees of cerebellar atrophy in 74% of pa-
tients (67 of 91) (Fig.  3A). Acetazolamide was 
mildly beneficial in 9 of the 23 patients to whom 
it was given. In comparison, treatment with 
4-aminopyridine resulted in a marked to moder-
ate reduction in the frequency or severity of ataxic 
symptoms in 7 of 8 patients.

Neuropathological Examination

Neuropathological examination of the brain from 
two of the French Canadian patients revealed 

cerebellar atrophy that was more prominent in 
the vermis than in the hemispheres. Cerebellar 
atrophy was present in the form of widespread 
depletion of Purkinje cells, gliosis in the molecu-
lar layer, and overall mild cell loss in the granule-
cell layer (Fig.  3B through 3J). Dentate nuclei 
showed no substantial atrophy, and the cerebel-
lar white matter showed substantial pallor only 
in the subcortical regions of the vermis. No ap-
parent atrophy in any region was seen on mac-
roscopic and microscopic examination of brain 
stem and spinal cord. Immunostaining for p62 
showed no evidence of pathological intranuclear 
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or cytoplasmic inclusions in the cerebellum (see 
the Supplementary Results section).

Mechanistic Studies

We used postmortem cerebellum specimens and 
iPSC-derived motor neurons to investigate the 
mechanisms by which the GAA repeat expansion 
leads to pathogenicity. Two patients of Spanish 
origin who carried a GAA repeat expansion — 
Patient 1, carrying a (GAA)300 expansion, and 
Patient 2, carrying a (GAA)350 expansion — were 
found after screening of postmortem brains from 
15 persons with unsolved LOCA. Both patients 
had late-onset episodic ataxia (ages at onset, 78 
and 71 years) and downbeat nystagmus. Quanti-
tative PCR showed 19.1% lower FGF14 transcript 
2 expression among the patients than among 
controls (Fig. 4A and 4B). The observation of a 
22.0% lower total FGF14 expression among the 
patients provided further evidence for decreased 
transcript 2 expression, given that it normally has 
higher expression than transcript 1 in the cere-
bellum.13 Immunoblotting showed 54.6% lower 
FGF14 levels in patient cerebellum than in con-
trol cerebellum across triplicate experiments 
(Fig. 4C and 4D).

In the iPSC-derived motor neurons, levels of 
transcript 1 could not be reliably assessed by 
quantitative PCR because of the low level of ex-
pression. The level of transcript 2 expression was 
84.3% lower in one patient and 94.2% lower in 
the other patient than in control cells (Fig. 4E). 
Consistent results were obtained in an assay of 
total FGF14 expression (Fig. S20). Western blot 
analysis showed FGF14 protein levels that were 
54.3% lower in the first patient and 75.0% lower 
in the second patient than in controls (Fig. 4F 
and 4G). The possibility of codominance of the 
FGF14 repeat expansion was suggested by the 
consistently lower levels of transcript 2 expres-
sion and FGF14 protein in the patient who was 
homozygous for FGF14 GAA expansions, as com-
pared with the other patient, who was heterozy-
gous. Taken together, data obtained from exami-
nations of postmortem cerebellum and induced 
motor neurons suggest that the intronic GAA 
expansion in FGF14 leads to haploinsufficiency. 
The possibility that additional mechanisms con-
tribute to pathogenicity of the GAA repeat ex-
pansion will require further exploration.

Figure 4 (facing page). FGF14 Expression and Protein 
Levels in Cerebellum and iPSC-Derived Motor Neu-
rons.

Panel A shows the relative expression of FGF14 tran-
script variant 1 (NM_004115.4) and transcript variant 
2 (NM_175929.3) mRNA, both together and individual-
ly, in the postmortem cerebellar cortex of six controls 
and two patients, normalized by geometric averaging 
of the expression of five housekeeping genes (ACTB, 
HPRT1, YWHAZ, RPL13, and UBE2D2) as assessed by 
quantitative PCR. Values shown are the ratio of the 
mean expression relative to the mean among controls. 
Bars indicate the mean, T bars the standard deviation, 
and black dots the data distribution. Panel B shows a 
map of the primers used in quantitative PCR experi-
ments with postmortem cerebellum and induced plu-
ripotent stem-cell (iPSC)–derived motor neurons in re-
lation to the exons of both FGF14 transcripts. Orange 
arrows indicate the primers used for the transcript 1 
assay, dark purple arrows the primers used for the 
transcript 2 assay, and green arrows and light purple 
arrows the primers used for total FGF14 expression as-
says in postmortem cerebellum and iPSC-derived mo-
tor neurons, respectively. The position of the GAA re-
peat expansion in intron 1 of transcript 2 is indicated 
by a red arrowhead. Panel C shows a representative 
FGF14 immunoblot of protein extracts from postmor-
tem cerebellar cortex specimens from seven controls 
and two patients. Beta-tubulin was used as loading 
control. Western blot analysis was repeated indepen-
dently three times, with similar results. Panel D shows 
the mean expression ratios of FGF14 protein in post-
mortem cerebellar specimens from seven controls and 
two patients, measured across three independent rep-
licate immunoblots. All ratios were normalized to beta-
tubulin and expressed relative to controls. Bars indi-
cate the mean, T bars the standard deviation, and 
black dots the data distribution. Panel E shows the rel-
ative expression of FGF14 transcript 2 in iPSC-derived 
motor neurons of two controls and two patients, nor-
malized to GAPDH, as assessed by quantitative PCR. 
Relative quantification was computed by the 2−ΔΔCt 
method, with the use of the mean value among con-
trols as calibrator; values are represented as the ratio 
of the mean expression relative to the mean among 
controls. Bars indicate the mean, and black dots and 
triangle the data distribution. Panel F shows a repre-
sentative FGF14 immunoblot of protein extracts from 
induced motor neurons from two controls and two pa-
tients. GAPDH was used as loading control. Western 
blot analysis was repeated independently twice, with 
similar results. Panel G shows the mean expression ra-
tios of FGF14 protein in induced motor neurons from 
two controls and two patients. All ratios were normal-
ized to GAPDH and expressed relative to controls. 
Bars indicate the mean, and black dots and triangle 
the data distribution. Black triangles in Panels E and G 
indicate a patient who was homozygous for (GAA)

300
 

expansions.
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Discussion

We identified a novel GAA repeat expansion in 
the first intron of FGF14 in persons with LOCA. 
The FGF14 (GAA)≥250 expansion is pathogenic ac-
cording to criteria of the American College of 
Medical Genetics and Genomics14 because it is 
significantly more prevalent among affected per-
sons than among controls (odds ratio >5.0, with 
a confidence interval around the estimate of odds 
ratio that does not include 1.0), it has a damaging 
effect on the gene product, and it cosegregates 
with disease in multiple affected family mem-
bers. According to the ClinGen framework,15 we 
have provided strong support for pathogenicity 
of the FGF14 GAA repeat expansion. Our results 
support incomplete penetrance of (GAA)250–300 
expansions and full penetrance of (GAA)>300 ex-
pansions. As with other repeat expansion disor-
ders, we expect that the study of larger cohorts 
will refine diagnostic thresholds.

Despite its prevalence in LOCA, the FGF14 
GAA repeat expansion had, until now, resisted 
identification. Among contributing factors are 
the high degree of polymorphism of this repeat 
locus in the general population, the reduced male 
transmission of the disease, and the late onset 
of disease.

Several lines of evidence suggest that the FGF14 
GAA repeat is highly unstable. First, the number 
of FGF14 GAA repeats varies from 8 to 300 in 
unaffected persons. In comparison, the FXN re-
peat length ranges from 5 to 33 repeats among 
unaffected persons.16 Second, although a common 
disease haplotype was shared by the 14 French 
Canadian patients for whom haplotype analysis 
was performed in our study, the observation of 
the repeat expansion in Turkish and Indian pa-
tients suggests that it may arise on distinct hap-
lotype backgrounds. Third, the relatively high 
incidence of sporadic GAA-FGF14–related ataxia 
may be a consequence of frequent stochastic ex-
pansion of the GAA repeat in the general popula-
tion as a result of instability of intermediate alleles 
during parent–offspring transmission. Finally, 
large contractions of the GAA expansion in the 
male germline can lead to transmission of sub-
pathogenic alleles to offspring and generation 
skipping of the disease. Contraction of repeat ex-
pansions during paternal meiosis has also been 
documented in Friedreich’s ataxia17 and other dis-

orders caused by noncoding trinucleotide repeat 
expansions.18

Preliminary investigations of patient-derived 
postmortem cerebellum and induced motor neu-
rons suggest that the intronic GAA expansion 
leads to loss of function by interfering with FGF14 
transcription. This mechanism would be consis-
tent with reports that SCA27 is caused by haplo-
insufficiency of FGF14,10 as well as with the high 
intolerance of FGF14 to loss of function (proba-
bility of being loss-of-function intolerant, 0.91; 
ratio of observed number to expected number of 
loss-of-function variants, 0.08; 90% CI, 0.03 to 
0.39).19 However, the elucidation of the mecha-
nism through which the GAA repeat expansion 
causes FGF14 transcriptional deficiency will re-
quire further study. Perhaps it involves epigene-
tic silencing, as has been shown with FXN in 
Friedreich’s ataxia.20

Loss of FGF14 function causes ataxia in Fgf14-
knockout mice.21 FGF14 is expressed throughout 
the central nervous system, most abundantly in 
cerebellar granule and Purkinje cells.22 It is in-
volved in spontaneous rhythmic firing of Pur-
kinje cells by regulating and promoting localiza-
tion of voltage-gated sodium channels at the 
axon initial segment.23-25 Impairment of ion-
channel kinetics, as previously shown with Fgf14 
knockdown in mouse Purkinje cells,26 is consis-
tent with the frequent episodic presentation in 
GAA-FGF14–related ataxia. These observations 
suggest that GAA-FGF14–related ataxia may be a 
type of channelopathy.

As compared with GAA-FGF14–related ataxia, 
SCA27 typically manifests at an earlier age (mean, 
23.7 years), is frequently associated with early-
onset postural tremor (96%) and neuropsychiat-
ric manifestations (56%), and is less commonly 
associated with cerebellar atrophy (20%).27 Al-
though our data suggest that most patients have 
disease onset in the sixth decade of life, we can-
not rule out larger expansions being associated 
with ataxia occurring before 30 years of age. 
When the possibility of screening affected per-
sons for the FGF14 GAA repeat expansion is be-
ing considered, the fact that isolated downbeat 
nystagmus is commonly observed early in the 
disease course should be noted. Consistent with 
this observation is the association between a 
genetic marker in FGF14 (rs72665334, which is 
close to the repeat locus) and idiopathic down-
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beat nystagmus in a previous genomewide as-
sociation study.28 The observation of vestibular 
areflexia in a subgroup of patients suggests par-
tial phenotypic overlap between GAA-FGF14–relat-
ed ataxia and RFC1-related ataxia. GAA-FGF14–
related ataxia can be distinguished from MSA-c, 
in which the age at onset is similar,29 on the basis 
of its frequent positive family history, slower pro-
gression, and, when present, isolated cerebellar 
atrophy on MRI.

We identified a dominant GAA repeat expan-
sion in the first intron of FGF14 in persons with 
unsolved LOCA. Our findings also show how late-
onset disorders can be associated with indi-
vidual alleles of strong genetic effect. Our study 
underscores the importance of identifying non-
coding repeat expansions, because they probably 
account for some of the missing heritability in 
unsolved neurodegenerative disorders.18

Supported by the Fondation Groupe Monaco; a grant (PT79418) 
from the Montreal General Hospital Foundation; a grant (192497) 
from the Canadian Institutes of Health Research (CIHR); the 
Care4Rare Canada Consortium, which is funded in part by Ge-
nome Canada and the Ontario Genomics Institute (OGI-147), the 
Canadian Institutes of Health Research, Ontario Research Fund, 
Genome Quebec, and the Children’s Hospital of Eastern Ontario 
Foundation; a grant (2R01NS072248-11A1, to Dr. Zuchner) from 
the National Institutes of Neurological Disorders and Stroke, 
National Institutes of Health; a Genome Canada Genome Tech-
nology Platform award (to Dr. Ragoussis); Canada Foundation for 
Innovation CGEn (to Dr. Ragoussis); the European Joint Program 
on Rare Diseases (EJP RD), under the EJP RD COFUND-EJP no. 
825575 as part of the PROSPAX consortium, which is funded by 
the German Research Foundation (to Drs. Synofzik and Schüle); 
by the Clinician Scientist program PRECISE.net, which is funded 
by Else Kröner-Fresenius-Stiftung; by the Solve-RD project, 
which is funded from European Union Horizon 2020 research 

and innovation program under grant agreement 779257; a grant 
(01GM1905, to Dr. Schüle) from the Federal Ministry of Educa-
tion and Research, Germany, through the TreatHSP network; 
and a grant (2007681, to Dr. Laing) from the Medical Research 
Future Fund Genomics Future Health Mission. Dr. Pellerin holds 
a Fellowship award from the CIHR and a Detweiler Travelling 
Fellowship from the Royal College of Physicians and Surgeons of 
Canada. Dr. Wilke received support from the Clinician Scientist 
Program of the Faculty of Medicine, University of Tübingen (grant 
480-0-0). Dr. Renaud received a Preston-Robb postdoctoral re-
search fellowship from the Montreal Neurological Hospital and 
Institute. Ms. Scriba is supported by an Australian Government 
Research Training Program Scholarship and the Australasian 
Genomic Technologies Association Ph.D. top-up award. Dr. 
Jaunmuktane is supported by the Department of Health National 
Institute for Health and Care Research Biomedical Research 
Centre funding scheme to University College London Hospitals 
(UCLH). Dr. Choquet received doctoral awards from the Fonds 
de Recherche du Québec–Santé and the Fondation du Grand Défi 
Pierre Lavoie. Dr. Tétreault is supported by a Junior 1 Research 
Award from the Fonds de Recherche du Québec–Santé. Dr. Boy-
cott is supported by a CIHR Foundation grant (FDN-154279) and 
a Tier 1 Canada Research Chair in Rare Disease Precision Health. 
Dr. Dubé holds the Canada Research Chair in precision medicine 
data analysis. Dr. Houlden is supported by the Wellcome Trust, 
the U.K. Medical Research Council, and the UCLH Biomedical 
Research Centre. Dr. Ravenscroft is funded by an Australian Na-
tional Health and Medical Research Council (NHMRC) Emerging 
Leader Investigator Grant (APP2007769). Dr. Laing received sup-
port from NHMRC fellowship APP1117510. Dr. La Piana received 
funds from the Canadian Radiological Society. Drs. Schüle, 
Schöls, and Synofzik are members of the European Reference 
Network for Rare Neurological Diseases (project 739510).

Disclosure forms provided by the authors are available with 
the full text of this article at NEJM.org.

We thank Ms. Shu-Huang Chen from the McGill Genome Cen-
tre for technical assistance with nanopore sequencing, Dr. Ravi 
Kiran Valasani from the National Institute of Mental Health and 
Neurosciences (Bengaluru, India) for help with clinical data col-
lection, the Centre d’Expertise et de Services Génome Québec for 
assistance with Sanger sequencing, Ms. Teresa Ximelis Malondra 
and the Biobanc Hospital Clínic–IDIBAPS Barcelona for sample 
and data procurement, and the patients and their families for 
participating in this study.

Appendix
The authors’ full names and academic degrees are as follows: David Pellerin, M.D., Matt C. Danzi, Ph.D., Carlo Wilke, M.D., Mathilde 
Renaud, M.D., Ph.D., Sarah Fazal, Ph.D., Marie‑Josée Dicaire, B.Sc., Carolin K. Scriba, B.Sc., Catherine Ashton, M.B., B.S., Christopher 
Yanick, B.S., Danique Beijer, Ph.D., Adriana Rebelo, Ph.D., Clarissa Rocca, M.Sc., Zane Jaunmuktane, M.D., Joshua A. Sonnen, M.D., 
Roxanne Larivière, Ph.D., David Genís, M.D., Laura Molina Porcel, M.D., Ph.D., Karine Choquet, Ph.D., Rawan Sakalla, B.Sc., Sylvie 
Provost, M.Sc., Rebecca Robertson, Ph.D., Xavier Allard‑Chamard, M.Sc., Martine Tétreault, Ph.D., Sarah J. Reiling, Ph.D., Sara Nagy, M.D., 
Vikas Nishadham, M.B., B.S., Meera Purushottam, Ph.D., Seena Vengalil, M.D., Mainak Bardhan, M.B., B.S., Atchayaram Nalini, M.D., Ph.D., 
Zhongbo Chen, B.M., B.Ch., Jean Mathieu, M.D., Rami Massie, M.D., Colin H. Chalk, M.D., Anne‑Louise Lafontaine, M.D., François 
Evoy, M.D., Marie‑France Rioux, M.D., Jiannis Ragoussis, Ph.D., Kym M. Boycott, M.D., Ph.D., Marie‑Pierre Dubé, Ph.D., Antoine 
Duquette, M.D., Henry Houlden, M.D., Ph.D., Gianina Ravenscroft, Ph.D., Nigel G. Laing, Ph.D., Phillipa J. Lamont, M.B., B.S., Ph.D., 
Mario A. Saporta, M.D., Ph.D., Rebecca Schüle, M.D., Ludger Schöls, M.D., Roberta La Piana, M.D., Ph.D., Matthis Synofzik, M.D., 
Stephan Zuchner, M.D., Ph.D., and Bernard Brais, M.D., C.M., Ph.D.

The authors’ affiliations are as follows: the Departments of Neurology and Neurosurgery (D.P., M.-J.D., J.A.S., R.L., R. Sakalla, R.R., 
X.A.-C., R.M., C.H.C., A.-L.L., R.L.P., B.B.) and Pathology (J.A.S.), Montreal Neurological Hospital and Institute, McGill Genome Cen-
tre, Department of Human Genetics (S.J.R., J.R.), and the Departments of Diagnostic Radiology (R.L.P.) and Human Genetics (K.C., 
R.R., X.A.-C., B.B.), McGill University, Montreal Heart Institute (S.P., M.-P.D.), the Departments of Neurosciences (M.T., A.D.) and 
Medicine (M.P.D.), Faculty of Medicine, Université de Montréal, Université de Montréal Beaulieu-Saucier Pharmacogenomics Center 
(S.P.), Centre de Recherche du Centre Hospitalier de l’Université de Montréal (M.T., A.D.), and Centre de Réadaptation Lucie-Bruneau 
(A.D., B.B.), Montreal, the Faculty of Medicine and Health Sciences, Sherbrooke University, Sherbrooke, QC (J.M., F.E., M.-F.R.), and 
Children’s Hospital of Eastern Ontario Research Institute, University of Ottawa, Ottawa (K.M.B.) — all in Canada; the Department of 
Neuromuscular Disease, UCL Queen Square Institute of Neurology and the National Hospital for Neurology and Neurosurgery (D.P., 
C.R., S.N., H.H.), the Department of Clinical and Movement Neurosciences and Queen Square Brain Bank for Neurological Disorders 
(Z.J.) and the Department of Neurodegenerative Disease (Z.C.), UCL Queen Square Institute of Neurology, University College London, 

The New England Journal of Medicine 
Downloaded from nejm.org at UNIVERSITY COLLEGE LONDON on December 20, 2022. For personal use only. No other uses without permission. 

 Copyright © 2022 Massachusetts Medical Society. All rights reserved. 



n engl j med﻿﻿  nejm.org﻿14

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

and the Division of Neuropathology, National Hospital for Neurology and Neurosurgery, University College London NHS Foundation 
Trust (Z.J.) — all in London; Dr. John T. Macdonald Foundation Department of Human Genetics and John P. Hussman Institute for 
Human Genomics (M.C.D., S.F., C.Y., D.B., A.R., S.Z.), and the Department of Neurology (C.Y., M.A.S.), University of Miami Miller 
School of Medicine, Miami; the Department of Neurodegenerative Diseases, Hertie Institute for Clinical Brain Research and Center of 
Neurology, University of Tübingen, and the German Center for Neurodegenerative Diseases — both in Tübingen, Germany (C.W., R. 
Schüle, L.S., M.S.); Service de Génétique Clinique et de Neurologie, Hôpital Brabois Enfants, and INSERM Unité 1256 N-GERE (Nutri-
tion–Genetics and Environmental Risk Exposure), Université de Lorraine — both in Nancy, France (M.R.); Centre for Medical Research, 
University of Western Australia and Harry Perkins Institute of Medical Research (C.K.S., G.R., N.G.L.), the Department of Diagnostic 
Genomics, PathWest Laboratory Medicine, West Australian Department of Health (C.K.S.), and the Department of Neurology, Royal 
Perth Hospital (C.A., P.J.L.) — all in Perth, WA, Australia; the Ataxia and Hereditary Spastic Paraplegia Unit, Service of Neurology, 
Hospital Universitari de Girona Dr. Josep Trueta and Hospital Santa Caterina IAS, Girona (D.G.), and the Alzheimer’s Disease and 
other Cognitive Disorders Unit, Service of Neurology, Hospital Clínic, Institut d’Investigacions Biomediques August Pi i Sunyer 
(IDIBAPS), University of Barcelona, and the Neurologic Tissue Brain Bank, Biobanc-Hospital Clínic–IDIBAPS, Barcelona (L.M.P.) — all 
in Spain; the Department of Genetics, Harvard Medical School, Boston (K.C.); the Department of Neurology, University Hospital Basel, 
University of Basel, Basel, Switzerland (S.N.); and the Department of Neurology (V.N., S.V., M.B., A.N.) and the Molecular Genetics 
Laboratory, Department of Psychiatry (M.P.), National Institute of Mental Health and Neurosciences, Bengaluru, India.

References
1.	 Harding AE. “Idiopathic” late onset 
cerebellar ataxia: a clinical and genetic 
study of 36 cases. J Neurol Sci 1981;​51:​
259-71.
2.	 Ruano L, Melo C, Silva MC, Coutinho 
P. The global epidemiology of hereditary 
ataxia and spastic paraplegia: a system-
atic review of prevalence studies. Neuro-
epidemiology 2014;​42:​174-83.
3.	 Krygier M, Mazurkiewicz-Bełdzińska 
M. Milestones in genetics of cerebellar 
ataxias. Neurogenetics 2021;​22:​225-34.
4.	 Bahlo M, Bennett MF, Degorski P, 
Tankard RM, Delatycki MB, Lockhart PJ. 
Recent advances in the detection of repeat 
expansions with short-read next-genera-
tion sequencing. F1000Res 2018;​7:​F1000.
5.	 Fazal S, Danzi MC, Cintra VP, et al. 
Large scale in silico characterization of 
repeat expansion variation in human ge-
nomes. Sci Data 2020;​7:​294.
6.	 Gonzalez M, Falk MJ, Gai X, Postrel 
R, Schüle R, Zuchner S. Innovative ge-
nomic collaboration using the GENESIS 
(GEM.app) platform. Hum Mutat 2015;​36:​
950-6.
7.	 Dolzhenko E, Bennett MF, Richmond 
PA, et al. ExpansionHunter Denovo: a 
computational method for locating known 
and novel repeat expansions in short-
read sequencing data. Genome Biol 2020;​
21:​102.
8.	 Saporta MA, Dang V, Volfson D, et al. 
Axonal Charcot-Marie-Tooth disease pa-
tient-derived motor neurons demonstrate 
disease-specific phenotypes including ab-
normal electrophysiological properties. 
Exp Neurol 2015;​263:​190-9.
9.	 Wong MMK, Watson LM, Becker EBE. 
Recent advances in modelling of cerebel-
lar ataxia using induced pluripotent stem 
cells. J Neurol Neuromedicine 2017;​2:​11-5.
10.	 van Swieten JC, Brusse E, de Graaf 
BM, et al. A mutation in the fibroblast 
growth factor 14 gene is associated with 

autosomal dominant cerebellar ataxia. 
Am J Hum Genet 2003;​72:​191-9.
11.	 Choquet K, La Piana R, Brais B. A 
novel frameshift mutation in FGF14 causes 
an autosomal dominant episodic ataxia. 
Neurogenetics 2015;​16:​233-6.
12.	 Scriver CR. Human genetics: lessons 
from Quebec populations. Annu Rev Ge-
nomics Hum Genet 2001;​2:​69-101.
13.	 Wang Q, McEwen DG, Ornitz DM. 
Subcellular and developmental expression 
of alternatively spliced forms of fibroblast 
growth factor 14. Mech Dev 2000;​90:​283-7.
14.	 Richards S, Aziz N, Bale S, et al. Stan-
dards and guidelines for the interpreta-
tion of sequence variants: a joint consen-
sus recommendation of the American 
College of Medical Genetics and Genom-
ics and the Association for Molecular Pa-
thology. Genet Med 2015;​17:​405-24.
15.	 Rehm HL, Berg JS, Brooks LD, et al. 
ClinGen — the clinical genome resource. 
N Engl J Med 2015;​372:​2235-42.
16.	 Bidichandani SI, Delatycki MB. Fried-
reich ataxia. In:​ Adam MP, Everman DB, 
Mirzaa GM, et al., eds. GeneReviews [In-
ternet]. Seattle:​ University of Washington, 
Seattle, 2017 (https://www​.ncbi​.nlm​.nih 
​.gov/​books/​NBK1281/​).
17.	 De Michele G, Cavalcanti F, Criscuolo 
C, et al. Parental gender, age at birth and 
expansion length influence GAA repeat 
intergenerational instability in the X25 
gene: pedigree studies and analysis of 
sperm from patients with Friedreich’s 
ataxia. Hum Mol Genet 1998;​7:​1901-6.
18.	Depienne C, Mandel J-L. 30 years of 
repeat expansion disorders: What have we 
learned and what are the remaining chal-
lenges? Am J Hum Genet 2021;​108:​764-85.
19.	 Karczewski KJ, Francioli LC, Tiao G, 
et al. The mutational constraint spectrum 
quantified from variation in 141,456 hu-
mans. Nature 2020;​581:​434-43.
20.	Rodden LN, Chutake YK, Gilliam K, et 

al. Methylated and unmethylated epial-
leles support variegated epigenetic silenc-
ing in Friedreich ataxia. Hum Mol Genet 
2021;​29:​3818-29.
21.	Wang Q, Bardgett ME, Wong M, et al. 
Ataxia and paroxysmal dyskinesia in mice 
lacking axonally transported FGF14. Neu-
ron 2002;​35:​25-38.
22.	Shakkottai VG, Xiao M, Xu L, et al. 
FGF14 regulates the intrinsic excitability 
of cerebellar Purkinje neurons. Neurobiol 
Dis 2009;​33:​81-8.
23.	 Bosch MK, Carrasquillo Y, Ransdell 
JL, Kanakamedala A, Ornitz DM, Ner-
bonne JM. Intracellular FGF14 (iFGF14) is 
required for spontaneous and evoked fir-
ing in cerebellar purkinje neurons and for 
motor coordination and balance. J Neuro-
sci 2015;​35:​6752-69.
24.	 Xiao M, Bosch MK, Nerbonne JM, Or-
nitz DM. FGF14 localization and organi-
zation of the axon initial segment. Mol 
Cell Neurosci 2013;​56:​393-403.
25.	Di Re J, Wadsworth PA, Laezza F. In-
tracellular fibroblast growth factor 14: 
emerging risk factor for brain disorders. 
Front Cell Neurosci 2017;​11:​103.
26.	 Yan H, Pablo JL, Wang C, Pitt GS. 
FGF14 modulates resurgent sodium cur-
rent in mouse cerebellar Purkinje neu-
rons. Elife 2014;​3:​e04193.
27.	 Groth CL, Berman BD. Spinocerebel-
lar ataxia 27: a review and characteriza-
tion of an evolving phenotype. Tremor 
Other Hyperkinet Mov (N Y) 2018;​8:​534.
28.	Strupp M, Maul S, Konte B, et al. A 
variation in FGF14 is associated with 
downbeat nystagmus in a genome-wide 
association study. Cerebellum 2020;​19:​
348-57.
29.	 Lin DJ, Hermann KL, Schmahmann 
JD. The diagnosis and natural history of 
multiple system atrophy, cerebellar type. 
Cerebellum 2016;​15:​663-79.
Copyright © 2022 Massachusetts Medical Society.

The New England Journal of Medicine 
Downloaded from nejm.org at UNIVERSITY COLLEGE LONDON on December 20, 2022. For personal use only. No other uses without permission. 

 Copyright © 2022 Massachusetts Medical Society. All rights reserved. 

https://www.ncbi.nlm.nih.gov/books/NBK1281/
https://www.ncbi.nlm.nih.gov/books/NBK1281/

