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Graphical Abstract

Spinocerebellar ataxia 27B is caused by a (GAA)•(TTC) repeat expansion in

intron 1 of FGF14 and is a common cause of adult-onset ataxia, accounting for

9–61% of previously undiagnosed cases in different ethnically diverse cohorts.

The core phenotype consists of a late-onset slowly progressive pan-cerebellar

syndrome with frequent oculomotor signs.

Episodic symptoms, visual disturbances and downbeat nystagmus are commonly

observed in patients with SCA27B.

4-Aminopyridine is a promising symptomatic treatment.
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Abstract

Hereditary ataxias, especially when presenting sporadically in adulthood,

present a particular diagnostic challenge owing to their great clinical and genetic

heterogeneity. Currently, up to 75% of such patients remain without a genetic

diagnosis. In an era of emerging disease-modifying gene-stratified therapies,

the identification of causative alleles has become increasingly important. Over

the past few years, the implementation of advanced bioinformatics tools and

long-read sequencing has allowed the identification of a number of novel repeat

expansion disorders, such as the recently described spinocerebellar ataxia 27B

(SCA27B) caused by a (GAA)•(TTC) repeat expansion in intron 1 of the fibrob-

last growth factor 14 (FGF14) gene. SCA27B is rapidly gaining recognition as

one of the most common forms of adult-onset hereditary ataxia, with several

studies showing that it accounts for a substantial number (9–61%) of previously

undiagnosed cases from different cohorts. First natural history studies and mul-

tiple reports have already outlined the progression and core phenotype of this

novel disease, which consists of a late-onset slowly progressive pan-cerebellar

syndrome that is frequently associated with cerebellar oculomotor signs, such as
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Biomedical Research Centre downbeat nystagmus, and episodic symptoms. Furthermore, preliminary stud-

ies in patients with SCA27B have shown promising symptomatic benefits of

4-aminopyridine, an already marketed drug. This review describes the current

knowledge of the genetic and molecular basis, epidemiology, clinical features

and prospective treatment strategies in SCA27B.
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4-aminopyridine, cerebellar ataxia, FGF14, GAA-FGF14 ataxia, genetics, repeat expansion

disorder, therapy

1 INTRODUCTION

Despite the recent progress in the rates of diagnosis of

rare diseases brought forward by the advent of next-

generation sequencing, more than half of patients with a

suspected neurogenetic disorder remain without a molec-

ular diagnosis.1–4 The diagnostic gap is further widened

in hereditary cerebellar ataxia, a group of highly clini-

cally and genetically heterogeneous disorders manifesting

with progressive cerebellar dysfunction,5 and in particular

in patients with sporadic late-onset ataxia.1,6–10 Diag-

nostic yields still remain below 35% in patients with

hereditary ataxia undergoing whole-genome sequencing.1

This is thought to be in part due to the technical lim-

itations of standard short-read sequencing analysis to

identify complex sequence variations, such as tandem

repeat expansions,11,12 that are likely to hide in non-coding

regions of the genome.13 In an era of emerging disease-

modifying gene-stratified therapies, the identification of

causative alleles in neurodegenerative ataxia has become

increasingly important.14–16

The recent development of advanced bioinformatics

tools and long-read sequencing technologies are pre-

dicted to close the diagnostic gap in hereditary ataxia

by fostering the identification of previously inaccessible

genomic variations.17,18 Their early implementation has

already changed the genetic landscape of late-onset atax-

ias by enabling the identification of intronic non-reference

pentanucleotide repeat expansions in the replication fac-

tor C subunit 1 (RFC1) gene19,20 and, more recently,

(GAA)•(TTC) repeat expansions in intron 1 of the fibrob-

last growth factor 14 (FGF14) gene.21,22 These non-coding

repeat expansions, which respectively cause the cerebel-

lar ataxia, neuropathy and vestibular areflexia syndrome

(CANVAS, MIM 614575) and spinocerebellar ataxia (SCA)

27B (SCA27B/GAA-FGF14 ataxia, MIM 620174), account

for a substantial share of previously undiagnosed cases

of sporadic and familial late-onset ataxia. SCA27B is

increasingly being recognised as one of the most com-

mon causes of autosomal dominant ataxia in the European

population.23 In this review, we will discuss the genetics

and molecular basis of the recently described SCA27B, its

epidemiology, clinical features and prospective treatment

strategies.

2 GENETIC BASIS OF SCA27B

Two independent groups simultaneously reported the

genetic basis of SCA27B.21,22 Pellerin et al. identified

expanded GAA tracts in the first intron of the FGF14 gene

(GRCh38, chr13:102,161,575-102,161,726) that were associ-

ated with late-onset cerebellar ataxia in 128 patients.

Rafehi et al. showed similar results in 28 patients. Mis-

sense, nonsense and frameshift variations in FGF14 had

previously been associated with SCA27A,24–26 and Fgf14

knock out mice had previously been shown to exhibit

an ataxic phenotype.27 The FGF14-SCA27B repeat locus

was found to have a high degree of length and motif

polymorphism among controls (Figures 1A and B). Both

groups suggested that expansions greater than 250 GAA

repeat units were pathogenic, albeit with reduced pene-

trance for (GAA)250–299 alleles (Figure 1A).
21,22 This 250

GAA repeat unit threshold was based on familial segre-

gation data from several French-Canadian families with

SCA27B.21 The two publications found that expansions

above 300 GAA repeat units appear fully penetrant based

on the largest GAA-pure alleles observed in 408 and 311

controls, respectively.21,22 Biallelic expansions have also

been identified in a few patients.21,28–30 It is likely that

the incomplete and fully penetrant thresholds will need to

be refined as more patient and control screening is com-

pleted. In fact, two recent studies have shown evidence

that alleles as small as 200 GAA repeat units might be

pathogenic.23,31 The first demonstrated segregation with

disease of alleles of 234 GAA repeat units and greater in a

family with late-onset slowly progressive ataxia.23 The sec-

ond study showed enrichment of alleleswith 200–249GAA

repeat units among individuals with downbeat nystagmus

(DBN) syndromes relative to controls.31 The phenotype of
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F IGURE 1 Length and motif polymorphism of the FGF14-SCA27B repeat locus. (A) Diagram of the FGF14 gene, isoform 1b showing the

location of the (GAA)n•(TTC)n repeat locus in the first intron (GRCh38, chr13:102,161,575-102,161,726) with representation of the normal

alleles, alleles of uncertain pathogenicity, incompletely penetrant alleles, pathogenic alleles and likely non-pathogenic non-GAA-pure alleles,

such as (GAAGGA)nn and [(GAA)n(GCA)m]z. (B) Swarm plot showing the allele distribution of the FGF14 repeat locus in 2191 non-ataxic

controls (4382 chromosomes) as assessed by PacBio HiFi long-read sequencing.32 The colour of the data points is a function of the GAA repeat

motif purity, with dark blue indicating pure and lighter blue impure/interrupted motif (a hue scale is shown on the right y axis). The dashed

grey line and the shaded grey area indicate the incompletely penetrant range of (GAA)250–300 repeat units, and the dashed red line represents

the pathogenic threshold of (GAA)>300 repeat units. Two non-GAA-pure alleles of over 800 repeat units were excluded for clarity.

the patients with 200–249 GAA repeat units did not sig-

nificantly differ from those with 250 or more GAA repeat

units.

The high degree of motif variation observed at this

locus further complicates efforts to identify the pathogenic

threshold. Long-read sequencing of close to 2200 con-

trols has revealed a wide variety of alternative motifs

present at the SCA27B locus, particularly at longer allele

lengths.32 Many of these alternative motifs have GAA

interleaved with other triplets at regular intervals, such as

[(GAA)4(GCA)1]n. In fact, 88.9% of alleles longer than 250

repeat units in controls subjected to long-read sequenc-

ing were identified to be GAA-impure (Figure 1B).32 To

our knowledge, no studies have yet shown segregation of

non-GAA repeats with SCA27B.21,23,33,34

The SCA27B locus also exhibits high levels of intergen-

erational instability, dependent on the length and GAA

purity of the tandem repeat.21,32 GAA-pure tracts longer

than 75 repeat units most often expand upon maternal

transmission and contract upon paternal transmission,

with the degree of instability increasing proportional to

GAA tract length.21,32 The significant instability of the

FGF14GAA repeat locus upon intergenerational transmis-

sion likely explains in part the high incidence of sporadic

cases of SCA27B, varying between 15 and 50%.21,30,35 Fur-

thermore, contraction of the size of the GAA repeat on

paternal transmission may lead to transmission of nor-

mal or incompletely penetrant alleles to the offspring,

resulting in ‘generation skipping’ of the disease.21 This dif-

ferential transmission dynamic also likely accounts for the

reduced male transmission of the disease.21,31 In contrast,

non-GAA pure tracts are largely stable upon intergener-

ational transmission.32 In comparison, GAA-pure tracts

with fewer than 30 repeat units, which represent the most

common set of alleles in the general population, are stable

upon intergenerational transmission.32 These short, pure,

stable alleles invariably contain a particular 17-bp deletion-

insertion on their 5′ flankwhich longer sequences do not.32

Whether there is a causal relationship between this flank-

ing variant and intergenerational transmission stability is

under investigation.

3 EPIDEMIOLOGY AND REGIONAL
DISTRIBUTION

Population-based studies and epidemiological surveys

have revealed prevalence rates ranging from 1.5 to 4.0

per 100 000 population worldwide for SCAs36 and from

2.2 to 12.4 per 100 000 population for so-called sporadic

adult-onset ataxia of unknown aetiology.37–40 While the

prevalence of SCA27B is difficult to estimate at this time,

a recent single-centre systematic comparative study of 320

consecutive patients with SCA fromGermany showed that

SCA27B has a frequency (16%) in the same range as the

common polyglutamine SCA subtypes SCA3 (19%), SCA1
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(12%), SCA6 (12%) and SCA2 (9%).23 This observation is in

line with other studies that have shown SCA27B to have a

frequency of approximately 15−30% in European cohorts

of patients with unsolved adult-onset ataxia.21,22,30,35,41,42

Such high prevalence may be reflective of a population

structure in individuals of European descent who appear

to more commonly carry larger FGF14 GAA alleles com-

pared to other populations.21,22 Future studies are needed

to define the regional prevalence of SCA27B, although

ongoing screening efforts suggest that SCA27B is also a

relatively common cause of late-onset ataxia in South

Asia (10%)21 and Brazil (9%).43 However, SCA27B may not

be as common in East Asian populations, as it was not

identified in 312 patients with suspected spinocerebellar

degeneration of unknown cause from the Hokkaido island

in northern Japan in one study44 and was identified in

only 11 of 940 individuals (1.2%) from Japan with chronic

progressive cerebellar ataxia in another study.45

In Quebec, a frequency of SCA27B as high as 60%

has been reported among French-Canadian patients with

previously unexplained adult-onset ataxia, making it the

most common genetic cause of adult-onset ataxia in this

population.21,46 The observation of a common disease hap-

lotype shared by some French-Canadian patients suggest

that the high proportion of SCA27B in this populationmay

correspond to a founder effect in this population known to

be enriched for such effects.47 Similarly, a previous study

identified that three Australian patients shared a disease

haplotype.22 Whether the FGF14 GAA repeat expansion

arose from a common haplotype is yet to be determined,

although the finding of SCA27B in patients of different

ancestries suggests that this expansion is not limited to a

single ancestral haplotype. This is further supported by the

recent observation that 54% of patients with SCA27B did

not carry the rs72665334 C > T single nucleotide variant,31

whichwas part of the disease haplotype shared by the three

Australian patients.22

4 PHENOTYPIC PROFILE AND
DISEASE PROGRESSION

Table 1 summarises the main phenotypic features of

SCA27B.

In comparison with the common polyglutamine SCAs

which typically have a disease onset in the third to fifth

decade,48,49 SCA27B consistently presents in the fifth

to seventh decade.21–23,30,31,41,42,50 Some – but not all –

cases carrying biallelic FGF14 GAA repeat expansions

may manifest before the age of 30 and/or have a more

severe phenotype.28,29 TheGAA repeat length only appears

to correlate weakly with the age at onset,21,22,30,31,42 in

contrast to polyglutamine SCAs.49 Several factors may

account for such weak correlation in SCA27B, includ-

ing patients’ failure to recognise early episodic symptoms,

co-occurrence of ‘second-hit’ neurological disease and

medical comorbidities,30,31 unknown genetic modifiers

and possibly brain somatic mosaicism.

The core phenotype of SCA27B consists of a slowly

progressive pancerebellar syndrome predominantly

characterised by gait ataxia and cerebellar oculomotor

impairment.21,30,31,42 The severity of the cerebellar involve-

ment appears to follow a caudal-to-rostral gradient, as

suggested by the greater impairment of gait, stance and

lower extremities compared to upper extremities and

speech in patients with SCA27B.30 One study found no

association between disease severity or progression and

the length of the repeat expansion.30 While the majority

of patients present with gait unsteadiness at disease onset,

almost half of patients report episodic symptoms such as

vertigo and/or dizziness, visual disturbances (diplopia,

oscillopsia, blurring) and dysarthria.21,30,50 The frequency

and duration of episodes of ataxia are highly variable and

may last from minutes to days and occur daily to monthly,

respectively. Episodic symptoms, which may antedate

permanent ataxia by several years,21,31,41 may fail to be

recognised by patients and providers alike to be related

to an underlying cerebellar disorder. This may partly

account for the significant discrepancy in the frequency

of episodic symptoms reported in studies published thus

far – varying from 13 to 80%21,30,41,50,51 – and highlights the

need to establish an accepted clinical definition of these

symptoms. We had previously proposed the following

definition: ‘a recognizable constellation of symptoms,

which are recurrent, intermittent and discrete with clear

onset and offset from the patient’s established baseline,

and can appear unprovoked or be induced, for example,

by alcohol or physical activity; patients must have episodic

cerebellar symptoms (gait ataxia, dysarthria, diplopia,

oscillopsia, vertigo and/or dizziness or appendicular

ataxia), but can also have other episodic symptoms’.51

In addition to episodic cerebellar symptoms, patients

may rarely experience episodic ‘brain fog’52 or sudden

falls/‘drop attacks’.51 More than half of patients with

SCA27B display sensitivity to alcohol, which may trigger

attacks of ataxia or dramatically worsen baseline ataxia.41

Physical exertion has similarly been noted to be a common

trigger for episodic symptoms.21 Caffeine intake may also

occasionally trigger episodes of ataxia.51

DBN, cerebellar oculomotor signs, impaired visual fix-

ation suppression of the vestibulo-ocular reflex (VOR),

vertiginous symptoms and visual disturbances frequently

co-occur at disease onset, likely reflecting early preferen-

tial involvement of the cerebellar flocculus and parafloccu-

lus in SCA27B.31 DBN is observed in up to 70% of patients

with SCA27B and, as such, appears to be a particularly
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TABLE 1 Frequency of select phenotypic features of spinocerebellar ataxia 27B.

Feature Frequency (range) Comment References

Gait ataxia 95–100% 21,22,30,35,41,42,50,51

Upper limb ataxia 44–71% 22,35,30,50

Episodic symptoms 13–80% May be triggered by alcohol intake, physical

activity, or caffeine

21,30,31,35,41,50,51

Cerebellar dysarthria 12–74% Rarely severe 21,22,30,35,41,42,50,51

Cerebellar oculomotor signs 80–96% Includes saccadic pursuit, dysmetric saccades,

rebound nystagmus, gaze-evoked nystagmus,

downbeat nystagmus, impaired visual

fixation suppression of the vestibulo-ocular

reflex

22,30,42,50

Downbeat nystagmus 10–67% May be episodic and/or occur in isolation with

other cerebellar oculomotor signs at disease

onset

21,35,50,51

Diplopia, oscillopsia, visual blurring 40–68% 21,30,41,42,50,51

Vertigo and/or dizziness 21–67% 21,30,35,41,42,50,51

Postural tremor of upper limbs 10–27% 21,35,50

Bilateral vestibulopathy 10–75% Vestibular function remains mildly impaired 30,31,22,35,50

Cerebellar atrophy on brain MRI 60–97% Cerebellar vermis > hemisphere; remains mild

to moderate despite prolonged disease

duration

21,30,35,42,50

Summary of the key phenotypic features of spinocerebellar ataxia 27B (SCA27B). The range of the frequencies for each feature as reported in the various series

published to date is shown.

specific clinical manifestation of SCA27B in late-onset

ataxia,21,50 although not exclusive as it is also a frequent

feature of SCA6.53 Further supporting the strong associ-

ation between SCA27B and DBN, a recent study showed

that FGF14 GAA repeat expansions are a remarkably fre-

quent genetic cause of DBN syndromes, accounting for

almost 50% of hitherto idiopathic cases, especially when

associated with additional cerebellar oculomotor signs.31

Patients with DBN carrying an FGF14 repeat expansion

all exhibited additional cerebellar oculomotor signs (sac-

cadic pursuit, dysmetric saccades, gaze-evoked nystagmus,

rebound nystagmus, impaired visual fixation suppression

of the VOR), although only 43% displayed cerebellar ataxia

despite protracted disease evolution. This finding suggests

that the disease may remain limited to the cerebellar

oculomotor system without broader cerebellar involve-

ment in a subset of patients carrying an FGF14 GAA

repeat expansion, raising the possibility that cerebellar

ataxia – the defining feature of SCA27B – is not a univer-

sal feature of GAA-FGF14-related disease. Future natural

history studies will be needed to confirm this initial

observation, which, however, may indicate that the true

prevalence of GAA-FGF14-related disease may be higher

than reported. Furthermore, visual disturbances – includ-

ing diplopia – and vertigo, both relatively uncommon in

polyglutamine SCAs,54 are observed in 40−68 and 21−67%

of patients with SCA27B, respectively.21,30,42 Together,

episodic symptoms, cerebellar floccular/parafloccular ocu-

lomotor signs (in particular DBN), visual disturbances and

vertigo appear to be particularly common clinical features

of SCA27B.21,30,31,42,50

In addition to cerebellar impairment, vestibular hypo-

function and afferent sensory defect are commonly noted

in SCA27B.30,50 Bilateral vestibulopathy (BVP) is noted in

10–75% of patients with SCA27B and appears to develop

later in the disease course and to remain relatively

mild (not evolving into frank vestibular areflexia).22,30,31,55

While initial series suggested that polyneuropathy is not

a core feature of SCA27B,21,22 subsequent studies have

shown that some patients may develop mild axonal sen-

sory or sensorimotor polyneuropathy.42,50 Whether the

polyneuropathy is pathophysiologically related to SCA27B

or simply reflective of an age-related disease process

remains to be established. However, the presence of sen-

sorimotor neuropathy may potentially serve as a useful

feature to distinguish SCA27B from RFC1-related CAN-

VAS and disease spectrum,50 inwhichmotor neuropathy is

most commonly minimal or absent.56–58 In addition, while

sensory neuronopathy is not part of the phenotypic spec-

trum of SCA27B, it is a hallmark of RFC1-related disease56;

indeed, the diagnosis of RFC1-related disease is highly

unlikely in presence of isolated cerebellar ataxia without

sensory neuronopathy.59 Even in absence of polyneuropa-

thy proven on electrodiagnostic studies, a substantial pro-

portion of patients with SCA27B (∼50%) exhibit reduced

distal vibration sense, suggesting a dysfunction of the
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afferent tracts.30 In contrast to the commonmultisystemic

polyglutamine SCAs48 and many other genetic ataxias,60

SCA27B does not frequently affect lower motor neurons

and the pyramidal and extrapyramidal systems.21,22,30,42,50

Autonomic dysfunction, mainly manifesting as urinary

urgency, is observed in 20−30% of patients later in the dis-

ease course and tends to remain mild, not evolving into

frank autonomic failure.30,42 The limited multisystemic

involvement in SCA27B was reflected in one study by the

overall low burden of non-ataxia features measured by the

Inventory of Non-Ataxia Signs scale, which increased only

slowly with disease duration.30

Disease progression in SCA27B, averaging 0.23–0.40

SARA point per year,30,42 is considerably slower than in

other common late-onset genetic ataxias, such as SCA6

(0.80 SARA point/year)48 and RFC1-related disease (1.30

SARA points/year).58 The slow disease progression in

SCA27B is also reflected in the gradual accrual of func-

tional disability, amounting to only 0.10 FARS stage

per year of disease duration.31 Correspondingly, half of

patients require unilateral walking aid after 8 years and

bilateral walking aids after 15 years of disease dura-

tion, respectively.30 In comparison, the use of wheelchair

remains uncommon even after protracted disease dura-

tion.

Magnetic resonance imaging of the brain shows cerebel-

lar atrophy, most pronounced in the vermis, in 60–100%

of patients.21,30,42 Cerebellar atrophy tends to remain mild

to moderate despite prolonged disease duration. The pat-

tern of atrophy, which affects the vermis more than the

hemispheres, corresponds well to the observed clinical

syndrome mainly affecting balance and stance.30 In com-

parison, brainstem atrophy does not appear to be a feature

of SCA27B.30

5 DIFFERENTIAL DIAGNOSIS OF
SCA27B

The differential diagnosis of SCA27B is broad and encom-

passes acquired, hereditary and neurodegenerative causes

of adult-onset ataxias.61 Important differential diagnoses

to consider include multiple system atrophy, cerebellar

type (MSA-c), RFC1-related CANVAS and disease spec-

trum, SCA5, SCA6, SCA8, episodic ataxia type 2 (EA2) and

fragile X-associated tremor/ataxia syndrome.

Compared to SCA27B, MSA-c is a fatal, sporadic,

rapidly progressive adult-onset neurodegenerative

disorder mainly characterised by autonomic failure,

poorly levodopa-responsive parkinsonism and cerebellar

ataxia.62,63 Approximately 60% of patients with MSA

become wheelchair-bound after 5 years and the mean sur-

vival is 6–10 years from symptom onset.62,63 Multisystem

involvement seen in MSA-c, including extrapyramidal

features, pyramidal features, rapid eye movement sleep

behaviour disorder, significant dysphagia and autonomic

failure, is not characteristic of SCA27B. The absence of

episodic symptoms and the presence of putamen, middle

cerebellar peduncles (MCPs) and pons atrophy, as well

as cruciform T2-weighed hyperintensity in the pons and

increased diffusivity of the putamen and MCPs on MRI64

may help differentiate MSA-c from SCA27B.

RFC1-related disease and SCA27B have been shown to

have partial phenotypic overlap, based on the observation

that both disorders may present with cerebellar ataxia,

neuropathy and BVP.21,22,50While sensory neuronopathy56

and chronic cough58 are highly prevalent features in RFC1-

related disease, they are uncommon in SCA27B.50,55 Fur-

thermore, episodic ataxia is not a feature of RFC1-related

disease, in contrast to SCA27B. The vestibular function

appears to be significantly more impaired in RFC1-related

disease compared to SCA27B.55 Finally, the pattern of

inheritance (autosomal recessive in RFC1-related disorder

and autosomal dominant in SCA27B) may also help differ-

entiating both conditions, although patients with SCA27B

may present sporadically or with seemingly recessive

inheritance.21,50

SCA6 and EA2 have significant phenotypic overlap with

SCA27B. Like patients with SCA27B, patients with SCA6

present with slowly progressive, adult-onset pure cere-

bellar ataxia and oculomotor signs, including DBN in a

substantial number of cases.65,66 The mean age at onset

of patients with SCA6 is approximately 5−10 years ear-

lier (mean age, 49−55 years)48,49,66 than that of patients

with SCA27B (mean age, 55−67 years).21–23,30,31,35,42,51 Sim-

ilar to SCA27B, vertigo and visual disturbances, such

as diplopia and oscillopsia, are common features of

SCA6.65–67 However, episodic ataxia is less frequent and

cerebellar dysarthria more frequent in SCA6 compared to

SCA27B, respectively occurring in less than 15% and more

than 90% of patients with SCA6.65–67 Furthermore, posi-

tional DBN triggered by the head-down position is more

common than spontaneous DBN in SCA6,53,66 whereas

spontaneous DBN is characteristic of SCA27B.21,31,68 Pyra-

midal tract signs, peripheral neuropathy and dystonia,

which are uncommon in SCA27B, may occur in up to 50,

40 and 25% of patients with SCA6, respectively.65 Finally,

like SCA27B, brain MRI in SCA6 shows isolated cerebellar

atrophy, predominant in the vermis.69

In comparison, EA2 typically develops in childhood or

early adolescence, although rare patients manifesting in

adulthood have been described.70–72 Like patients with

SCA27B, patients with EA2 initially experience episodic

ataxia with paroxysmal attacks of ataxia, dysarthria,

diplopia and vertigo. Paroxysmal attacks of ataxia in EA2

may also be associatedwith dystonia, hemiplegia and tonic
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upward gaze, which are not observed in SCA27B. Episodes

of ataxia, which may be triggered by exercise, emotional

stress and alcohol, may last for hours and inter-ictal gaze-

evoked nystagmus andDBN are frequently observed.71,73,74

Inter-ictal progressive cerebellar ataxia and cerebellar atro-

phy on MRI may eventually develop in some patients with

EA2.71,72,75 Acetazolamide also appears to be more effec-

tive in EA2 than in SCA27B to decrease the frequency and

severity of episodes of ataxia.51,76

6 NEUROPATHOLOGICAL FINDINGS

Theneuropathological findings of SCA27Bhave so far been

described in three patients and appear to be restricted

to the cerebellum.21,30 All cases displayed cerebellar

cortical atrophy that was more prominent in the ver-

mis than the hemispheres, consistent with the pattern

of atrophy observed on MRI. Microscopically, cerebel-

lar atrophy was present in the form of widespread loss

of Purkinje cells, with a shrunken appearance of rare

residual Purkinje cells, mild cell loss in the granule

cell layer and gliosis of the molecular layer.21,30 Dentate

nuclei, which are affected in multiple inherited SCAs,77,78

showed no substantial atrophy in SCA27B.21 Furthermore,

no patient exhibited intranuclear and cytoplasmic p62-

positive inclusions, polyglutamine immunoreactivity and

cerebellar alpha-synuclein or tau pathology.21,30 Macro-

scopic and microscopic examination of the brainstem and

spinal cord showed no apparent atrophy or neuronal cell

loss in patients with SCA27B. In keeping with the ele-

vated frequency of neurodegenerative diseases in elderly

populations,79–82 a concomitant independent pathological

processwas observed in two patientswith SCA27B, namely

diffuse neocortical Lewy body pathology and progressive

supranuclear palsy pathology.21,30

7 PROSPECTIVE TREATMENT
STRATEGIES

Aside from omaveloxolone for Friedreich’s ataxia,83 there

currently is no other approved disease-modifying therapy

for SCAs.84 Acetazolamide and 4-aminopyridine (4-AP)

have both been shown in randomised placebo-controlled

trials to similarly reduce the frequency of attacks in

EA2.76,85 In comparison, initial observations in patients

with SCA27B suggested that 4-AP, but not acetazo-

lamide, may reduce the severity and frequency of ataxic

symptoms.21 These initial findings were largely confirmed

in subsequent open-label series.30,31,51,52 Specifically, a ret-

rospective open-label multicentre study found that only

44% of patients with SCA27B report a subjective mild

symptomatic benefit with acetazolamide, which is sus-

tained in 87% of them.51 In comparison, six of seven

(86%) treated patients in one study reported a treatment

response to 4-AP of high effect size with relevance to

everyday living.30 Prospective structured n-of-1 open-label

treatment experience in three patients further showed a

tight on/off association between 4-AP (10 mg extended

release, twice daily) and symptomatic improvement of

ataxia. Symptomatic time per day and days with severe

symptoms both decreased while on 4-AP. Furthermore,

visual disturbances, vertigo and dysarthria were among

the most responsive symptoms to 4-AP.30 In a follow-up

prospective study of real-life gait performance assessed by

digital gait analysis, all evaluated gait parameters showed

improvement while on the drug compared to off the drug

(and no drug state, prior to initiation of treatment).52

In particular, stride variability and harmonic gait ratios

improved while on the drugs,52 two parameters that have

previously been shown to be associated with a higher

risk of falls.86 This pilot study provided the first evi-

dence that digital-motor gait biomarkers may be sensitive,

meaningful and ecologically valid outcome measures in

future clinical trials, compared to the SARA score which

failed to capture 4-AP-driven gait improvement.52 A recent

study on a large cohort of patients with DBN provided

further large-scale evidence for the potential efficacy of

4-AP in SCA27B.31 Patients with DBN carrying an FGF14

expansion were found to have a significantly greater

clinician-reported (81 vs. 31%) and patient-reported (59 vs.

11%) response rate to 4-AP treatment (10 mg extended

release, twice daily) compared to patients with DBN not

carrying an expansion. This included, in some cases, a

treatment response with high relevance to everyday liv-

ing, as exemplified by an improvement of 2 FARS stages.

Furthermore, re-analysis of video-oculography data of four

patients – who were found in that study to carry an FGF14

repeat expansion – from a previous randomised double-

blind, placebo-controlled 4-AP trial87 showed a significant

improvement of slow phase velocity of the DBNwith 4-AP

(5 mg immediate release, four times a day for 3 days fol-

lowed by 10 mg immediate release, four times a day for

4 days), but not placebo.31 Together, these findings pro-

vide both large-scale real-world evidence as well as first

preliminary placebo-controlled evidence that 4-APmay be

effective in GAA-FGF14 disease/SCA27B. Nonetheless, a

larger randomised placebo-controlled trial will be needed

to validate the promising benefits of 4-AP in GAA-FGF14

disease/SCA27B reported thus far.

The potassium channel blocker 4-AP may improve

symptoms in SCA27B by restoring the rhythmic firing

property of cerebellar Purkinje cells that is disrupted

with the loss of FGF14 function,88,89 as shown in other

forms of hereditary ataxia.90,91 While the tight on/off
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association between 4-AP intake and symptom

improvement reported in recent studies suggests a

symptomatic rather than disease-modifying effect of 4-AP

in SCA27B,30,52 a previous study in a mouse model of

SCA1 has shown that early and chronic treatment with

AP may have a neuroprotective effect through restora-

tion of the firing rate of Purkinje cells.92 Whether early

and chronic treatment with 4-AP may slow down the

neurodegenerative process in SCA27B will need further

exploration.

8 MOLECULAR DIAGNOSIS

The diagnosis of SCA27B is established in a symptomatic

individual with characteristic clinical findings by the iden-

tification of a heterozygous GAA repeat expansion in

the first intron of FGF14.21,22 Affected individuals usu-

ally carry 250 or more GAA repeats, although recent

data have raised the possibility of a lower pathogenic

threshold (Figure 1A).23,31 Ongoing multicentre screen-

ing efforts are currently exploring the lower boundaries

of the pathogenic threshold and the incompletely pene-

trant range. Since a substantial percentage of cases are

sporadic (15–50%),21,30,41,50 patients with a compatible phe-

notype should be screened for SCA27B regardless of family

history. As of today, since short-read sequencing can-

not accurately size FGF14 GAA expansions,22 molecular

testing for SCA27B relies on a bespoke targeted PCR-

based gene analysis to determine the length and purity of

FGF14 GAA repeats.41 With accumulating evidence sug-

gesting that non-GAA-pure repeat expansions are likely

non-pathogenic for ataxia,21,23,34 it becomes imperative

to adopt standardised diagnostic strategies to diagnose

SCA27B. One such strategy, which was found to com-

pare favourably to long-read sequencing and subsequently

validated in a French cohort, relies on the combina-

tion of fragment length analysis of fluorescent long-range

PCR amplification products, bidirectional repeat-primed

PCRs, and, in some cases, agarose gel electrophoresis

of long-range PCR amplification products and/or Sanger

sequencing.41 A comprehensive assessment of the repeat

locus is necessary given its high degree of length and

sequence polymorphism in the general population.32 In

addition to relying on the identification of GAA-pure

repeat expansions, the diagnosis of SCA27B must also

be made in patients with a compatible phenotype. This

is of particular importance given the incomplete pen-

etrance of (GAA)250-300 expansions,21,22 which may not

be pathogenic in individuals whose phenotype differs

significantly from SCA27B. The relatively elevated popu-

lation allele frequency of FGF14 repeat expansions21,22,32

increases the likelihood that a co-morbid neurodegener-

ative disease or a second pathogenic variant in another

ataxia gene co-occur in a single patient, thus complex-

ifying the underlying phenotype (which should not be

interpreted as being indicative of a broader phenotypic

spectrum of SCA27B).30

Short-read sequencing approaches are capable of show-

ingwhether an individual has anFGF14GAArepeat longer

than approximately 50 repeat units.93 That can be useful

for screening purposes if individuals already have short-

read WGS data available as over 80% of alleles at this locus

are shorter than 50 repeat units.32 However, short-read

WGS is incapable of accurately sizing the allele beyond

that length and is also not able to accurately detect motif

impurity for longer alleles. As such, short-read WGS must

always be followed by suitable techniques such as long-

range PCR and repeat-primed PCR in order to establish a

diagnosis of SCA27B.

Long-read sequencing approaches such as PacBio HiFi

and Oxford Nanopore hold promise as single assays that

could eventually be used to diagnose individuals with

SCA27B, but currently each method is hampered by some

drawbacks. PacBio HiFi reads often struggle to generate

consensus sequences on long GAA-pure tracts,94 such as

those in SCA27B patients, which can lead to allele dropout

and false negative diagnoses. Oxford Nanopore reads may

generate systematic errors in basecalling which can lead

to erroneous identification of GAA impurities in SCA27B

patients.95 This can either lead to false negative diagnoses

or false positive diagnoses if the GAA purity threshold is

decreased for this testing modality.

9 PATHOGENICMECHANISMS IN
SCA27B

FGF14 encodes the intracellular fibroblast growth factor

14 protein that is widely expressed throughout the cen-

tral nervous system, most abundantly in the cerebellum.27

FGF14 regulates spontaneous and evoked firing of Purk-

inje cells by interacting with and modulating the func-

tion of voltage-gated sodium channels at the axon ini-

tial segment.96–98 Loss of FGF14 function in mice has

been shown to attenuate repetitive firing of Purkinje

cells as a result of impairment of sodium channel

kinetics, ultimately leading to motor incoordination and

imbalance.88,89,99

Since SCA27B is caused by expansion of GAA tandem

repeats, it is possible that its pathomechanism shares com-

mon features with Friedreich ataxia (FRDA). In FRDA,

GAA triplets expanded beyond 66 repeat units form aDNA

secondary structure termed ‘sticky DNA’, which inhibits

transcription of the FXN gene.100–102 Since RNA and pro-

tein expression of FGF14 was found to be decreased in
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post-mortem cerebellum samples and induced pluripotent

stem cell-derived motor neurons of SCA27B patients,21 the

current evidence suggests that SCA27B is caused by loss

of function of FGF14, potentially through inhibition of

transcription by the sticky DNA secondary structure. Fur-

ther observations from FRDA that need to be tested to

determine if they also exist in SCA27B include the DNA

hypermethylation of the expanded repeat, heterochro-

matin formation and additional epigenetic changes, which

also drive the transcription inhibition in FRDA.103–106

10 THE ATAXIA GLOBAL INITIATIVE:
BRINGING RESEARCH ON SCA27B TO A
GLOBAL SCALE

The Ataxia Global Initiative (AGI) (https://ataxia-global-

initiative.net) is aworldwide research platform established

in 2021 that brings together academic and industry part-

ners and patient organisations to facilitate the clinical

development of therapies for ataxias.14 The AGI promotes

the coordination and facilitation of collaboration in ataxia

research toward achieving trial readiness by aggregat-

ing cohorts and standardising biomarkers and outcomes

measures.14 Leveraging this unique platform, an interna-

tional AGI-endorsed SCA27B Study Group was launched

in 2023 in response to immediate need to set the stage for

trial readiness in SCA27B given its apparently high world-

wide prevalence and the early promising treatment results

with 4-AP. This international project, which now includes

over 50 participating clinical centres worldwide, will allow

for: (i) adoption of a standardised testing strategy to diag-

nose SCA27B; (ii) defining the frequency of SCA27B in

different populations; (iii) delineation of the phenotypic

profile of SCA27B through real-world registry data capture;

(iv) establishing the relationship between age at disease

onset and the size of the expansion, and the age-dependent

penetrance of the disease; and (v) reaching a consensus on

the outcomemeasures to use in future trials.More than 500

cases of SCA27B from 18 countries around the world have

so far been identified through this collaboration (Figure 2).

Such a global collaborative effort is expected to acceler-

ate research in SCA27B, thereby setting the stage for trial

readiness.

11 CONCLUSION

In this review, we have discussed what is currently known

about SCA27B from molecular, genetic, epidemiological

and clinical perspectives. Though the genetic cause of

this disease was discovered very recently, evidence has

accumulated rapidly that it is one of the most common

causes of adult-onset ataxia. It is fortunate that a poten-

tially effective symptomatic treatment emerged quickly

for SCA27B in the form of 4-AP, but it is possible that

small molecules designed to treat FRDA such as Syn-TEF1

(now in phase I trial; see https://www.curefa.org/research/

research-pipeline), which binds to expanded GAA repeats

to enable transcription,107 could ultimately prove to have

a beneficial disease-modifying effect in patients with

SCA27B. Looking ahead, there is much work to be done

but also tremendous enthusiasm to accurately diagnose

affected individuals, understand the pathomechanism and

ultimately identify effective treatment options for SCA27B.
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F IGURE 2 Geographic distribution of identified patients with spinocerebellar ataxia 27B. Patients with spinocerebellar ataxia 27B

(SCA27B) have now been identified in 18 countries around the world, shown in orange in the world map.
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