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 52 

Fibroblast Growth Factor 14 (FGF14) is the causative gene of spinocerebellar 53 

ataxia 27B (SCA27B), in which abnormal GAA repeat expansion has been observed [1]. 54 

SCA27B is a late-onset autosomal dominant spinocerebellar degeneration characterized 55 

by episodic ataxia and nystagmus [2]. More than 250 GAA repeat expansions have been 56 

reported in FGF14 [1]. GAA repeat expansion in FGF14 is noteworthy, as it may be 57 

buried in sporadic ataxia. Contrastingly, multiple system atrophy (MSA) is a rapidly 58 

progressive intractable neurodegenerative disease characterized by autonomic 59 

dysfunction, levodopa-unresponsive parkinsonism, and cerebellar ataxia [3]. Recently, 60 

several studies have been conducted to establish disease-modifying therapies for MSA 61 

[4]. To date, we have treated several patients with MSA, investigated the number of 62 

FGF14 repeat expansions, and analyzed their clinical trends. We believe that 63 

investigating FGF14 abnormalities in MSA will further help develop disease-modifying 64 

therapies for MSA in the future. In addition, SCA4 is a rare autosomal dominant 65 

spinocerebellar degeneration, and a GGC repeat expansion in the Zinc Finger Homeobox 66 

3 (ZFHX3) was recently identified as the causative gene [5]. In SCA4, it was mentioned 67 

that cerebellar ataxia was accompanied by sensory neuropathy, but the paper also reported 68 

that the patients also presented with autonomic dysfunction, motor neuropathy, slow 69 
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ocular saccades, dysphagia, and dystonia. From the perspective of cerebellar ataxia 70 

accompanied by autonomic dysfunction, it is necessary to consider SCA4 as a differential 71 

disease for MSA, and we also investigated the presence or absence of abnormalities in 72 

the ZFHX3 gene. 73 

Patients with MSA who underwent DNA analysis from 1993 to 2022 at our department 74 

were included. MSA diagnosis was assessed according to the second consensus statement 75 

(2008) [6]. The presence or absence of abnormal GAA repeat expansion in FGF14 and 76 

GGC repeat expansion in ZFHX3 was examined in the conserved DNA. First, the GAA 77 

repeat expansion in FGF14 was confirmed via amplification using repeat-primed PCR 78 

and agarose gel electrophoresis. Moreover, in cases where abnormal expansions were 79 

suspected, detailed repeat analysis was performed for PCR-positive cases using a 80 

nanopore GridION sequencer (Oxford Nanopore Technologies, Oxford, UK) with an 81 

adaptive sampling option as previously described [7]. The GAA repeat unit count was 82 

determined using RepeatAnalysisTools (https://github.com/PacificBiosciences/apps-83 

scripts/tree/master/RepeatAnalysisTools) after generating the consensus sequence of the 84 

expanded repeat using lamassemble (https://gitlab.com/mcfrith/lamassemble). In 85 

SCA27B, while GAA repeat lengths of ≥ 250 are usually considered positive [1, 2], cases 86 

of onset have been reported even with repeats < 250 [8, 9]. Herein, ≥ 200 GAA repeats 87 
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were considered pathological. The same study was conducted in a healthy control group 88 

at our department. A similar method was used for SCA4 to confirm the presence or 89 

absence of GGC repeat expansion in ZFHX3. In accordance with previous reports [5], a 90 

ZFHX3 GGC repeat count of 42 or more was considered pathological. We used 91 

information from the medical records of our department and the Hokkaido Rare-Disease 92 

Consortium for Multiple System Atrophy (HoRC-MSA) [10], and retrospectively 93 

analyzed the data. Additionally, clinical information (sex, age at onset, initial symptoms, 94 

disease duration, symptoms on blood sampling, MRI findings, and diagnostic criteria) 95 

was confirmed for cases in which FGF14 abnormalities were detected. We compared data 96 

from the HoRC-MSA and our department as disease controls. The conventional second 97 

consensus statement [6] was used as the diagnostic criterion since this study included a 98 

retrospective analysis and the clinical information required for the new diagnostic criteria 99 

[11] was insufficient. This study was approved by the Institutional Review Boards of our 100 

hospital (14-004) and Yokohama City University Faculty of Medicine. Written opt-out 101 

consent was obtained from all patients and their families. 102 

We enrolled 411 patients with MSA (average age ± standard deviation at the time of 103 

blood collection: 64.9 ± 9.2 years), and GAA repeat expansion in FGF14 was detected in 104 

two of them. GAA repeat expansion of FGF14 was not observed in healthy controls (n = 105 
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200). Table 1 summarizes the clinical characteristics of the GAA repeat cases with FGF14 106 

abnormalities and disease controls. Of the 411 patients, 184 for whom clinical information 107 

could be clearly collected and who had already been reported in HoRC-MSA were treated 108 

as the disease controls. The FGF14 abnormalities occurred in men in their 50s with 109 

possible MSA-C (cerebellar ataxia dominant) and women in their 70s with probable 110 

MSA-P (parkinsonism dominant) based on the second consensus statement criteria. In the 111 

MSA-C patient, ataxia was predominant, and slight parkinsonism was observed one year 112 

from onset; however, in addition to mild dysuria, orthostatic hypotension was not 113 

confirmed. Brain MRI at the first visit showed slight brainstem and cerebellar atrophy; 114 

however, the hot cross bun sign or putaminal abnormality was unclear (Figures 1A, 1B, 115 

1C, and 1D). The patient was diagnosed with MSA-C. The GAA repeat unit count of the 116 

FGF14 gene was 210. Subsequently, the symptoms progressed, and 5 years after the onset, 117 

the patient was bedridden and required urinary catheterization. The patient had orthostatic 118 

hypotension, stridor suggestive of vocal cord dysfunction, and sleep apnea. Lead-pipe 119 

rigidity was also observed; however, levodopa was not administered. Brain MRI showed 120 

that the brainstem and cerebellar atrophy had progressed, and the hot cross-bun sign 121 

became clear (Figures 1E, 1F, 1G, and 1H). The patient suddenly died and an autopsy was 122 

not available. The patient had no sputum retention and was normally asleep the night 123 
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before death. The patient was found the next morning without vital signs and was 124 

confirmed dead. In the MSA-P patient, parkinsonism accompanied by autonomic 125 

dysfunction was observed at the first visit, 3 years after onset. MRI showed unclear 126 

putaminal abnormality; however, atrophy of the cerebellum and pons and a less clear hot-127 

cross bun sign were confirmed. (Figures 1I, 1J, 1K, and 1L) and was diagnosed with 128 

probable MSA. The GAA repeat unit count FGF14 was 238. The patient’s symptoms 129 

continued to progress, and activities of daily living decreased. Several months later, the 130 

patient was transferred to a long-term care hospital and the subsequent course was 131 

unknown. On the other hand, the GGC repeat expansion in ZFHX3 was 29 or less in all 132 

of our cases, and the presence of SCA4 in clinically diagnosed MSA was ruled out within 133 

the scope of our investigation. 134 

This study had two important findings. First, FGF14 may be a disease-associated gene 135 

in MSA. Second, FGF14 repeat expansion may be mixed in MSA. In SCA27B, the GAA 136 

repeat expansion of FGF14 was observed, and several cases of SCA27B are estimated to 137 

be present in Japan [9, 12]. Typically, the nystagmus frequency is high in SCA27B [2, 138 

12]. However, in our study, nystagmus was not evident in the FGF14 repeat expansion 139 

patients. The subsequent course of the FGF14 repeat expansion cases was consistent with 140 

MSA and different from that of SCA27B. The difference in nystagmus frequency was 141 
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considered the differentiation point between MSA and SCA27B. Recently, cerebellar 142 

ataxia with neuropathy and vestibular areflexia syndrome (CANVAS) has attracted 143 

attention as a differential diagnosis of MSA [13]. CANVAS is an autosomal recessive 144 

disease associated with the pentanucleotide expansion such as AAGGG in the RFC1 gene. 145 

CANVAS can present with clinical symptoms and imaging findings similar to those of 146 

MSA; therefore, suspecting CANVAS and SCA27B when diagnosing MSA is necessary. 147 

From the MSA perspective, patients with FGF14 repeat expansion exhibited unclear hot-148 

cross bun signs or putaminal abnormalities, which differed from the symptoms of typical 149 

MSA. This atypical trend may delay MSA diagnosis but also suggest MSA is a 150 

heterogeneous disease. From another perspective, FGF14 repeat expansion may affect 151 

MSA pathogenesis. Although MSA is a sporadic disease, several disease-associated genes, 152 

including COQ2 and GBA have been reported [14, 15]. FGF14 is a member of the FGF 153 

family and is involved in various biological processes such as embryogenesis, cell 154 

proliferation, tissue repair, and tumor growth. If FGF14 can be considered an MSA 155 

disease modifier, it could be used to develop new treatments; therefore, further analysis 156 

is required. However, the number of repeat expansions in the two patients in the present 157 

study was slightly < 250. Since some previous reports suggest that SCA27B may develop 158 

even with < 250 GAA repeats [8, 9], FGF14 pathogenicity needs to be investigated in a 159 
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larger number of patients. This study has some limitations. First, this study was 160 

retrospective. There were cases where clinical information about MSA was insufficiently 161 

collected. Since this study used the second consensus statement, we could not deny the 162 

possibility that so-called MSA-like disease was included. It is desirable the new 163 

diagnostic criteria (the Movement Disorder Society criteria) should be used. Second, 164 

although MSA could be clinically recognized, an autopsy was not performed; therefore, 165 

MSA could not be pathologically confirmed. Third, determining whether the presence of 166 

FGF14 repeat expansion in MSA is unique may be challenging because the frequency of 167 

FGF14 repeat expansion in a large cohort of healthy controls and patients with other 168 

diseases is unknown. The two cases presented in this article differ from the classical 169 

SCA27B, and the GAA repeat expansion in FGF14 may be a casual finding. To examine 170 

FGF14 pathogenicity, confirming the frequency of FGF14 repeat expansion in healthy 171 

control groups and in other diseases in the future is necessary. The influence of the 200-172 

250 repeats of GAA in FGF14 requires further accumulation of cases and some kind of 173 

functional analysis. For example, investigation using induced pluripotent stem cells 174 

derived from cases with GAA 200-250 repeats is considered one of the methods. 175 

Furthermore, although SCA4 needs to be considered as a differential diagnosis for MSA, 176 

it is still infrequent, and it is assumed that there are more cases in which it is not detected 177 
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even when searching for ZFHX3. However, ZFHX3 may also be worth searching for if 178 

there is a family history or if it is atypical MSA. 179 

In conclusion, the GAA repeat expansion of FGF14 was detected in patients clinically 180 

diagnosed with MSA. In order to elucidate its pathological significance, it is necessary to 181 

accumulate more cases and examine the interpretation of the influence of 200-250 GAA 182 

repeats. It is also desirable to continue searching for the presence or absence of ZFHX3 183 

abnormalities in MSA. 184 

 185 

  186 



12 
 

References 187 

1. Rafehi H, Read J, Szmulewicz DJ, et al. (2023) An intronic GAA repeat expansion 188 

in FGF14 causes the autosomal-dominant adult-onset ataxia SCA50/ATX-FGF14. Am J Hum 189 

Genet 110(1):105-119 190 

2. Pellerin D, Danzi MC, Wilke C, et al. (2023) Deep Intronic FGF14 GAA Repeat 191 

Expansion in Late-Onset Cerebellar Ataxia. New Eng J Med 388(2):128-141 192 

3. Poewe W, Stankovic I, Halliday G, et al. (2022) Multiple system atrophy. Nat Rev 193 

Dis Primers 8(1):56 194 

4. Sidoroff V, Bower P, Stefanova N, et al. (2022) Disease-Modifying Therapies for 195 

Multiple System Atrophy: Where Are We in 2022? J Parkinsons Dis 12(5):1369-1387 196 

5. Wallenius J, Kafantari E, Jhaveri E, et al. (2023) Exonic trinucleotide repeat 197 

expansions in ZFHX3 cause spinocerebellar ataxia type 4: A poly-glycine disease. Am J Hum 198 

Genet: S0002-9297(23)00403-2. doi: 10.1016/j.ajhg.2023.11.008. Online ahead of print. 199 

6. Gilman S, Wenning GK, Low PA, et al. (2008) Second consensus statement on the 200 

diagnosis of multiple system atrophy. Neurology 71(9):670-676 201 

7. Miyatake S, Koshimizu E, Fujita A, et al. (2022) Rapid and comprehensive 202 

diagnostic method for repeat expansion diseases using nanopore sequencing. NPJ Genom 203 

Med 7(1):62 204 



13 
 

8. Hengel H, Pellerin D, Wilke C, et al. (2023) As Frequent as Polyglutamine 205 

Spinocerebellar Ataxias: SCA27B in a Large German Autosomal Dominant Ataxia Cohort. 206 

Mov Disord 38(8):1557-1558 207 

9. Mizushima K, Shibata Y, Shirai S, et al. (2024) Prevalence of repeat expansions 208 

causing autosomal dominant spinocerebellar ataxias in Hokkaido, the northernmost island 209 

of Japan. J Hum Genet 69(1):27-31.  210 

10. Matsushima M, Yabe I, Sakushima K, et al. (2021) Multiple system atrophy in 211 

Hokkaido, Japan: a prospective registry study of natural history and symptom assessment 212 

scales followed for 5 years. BMJ Open 11(2):e045100 213 

11. Wenning GK, Stankovic I, Vignatelli L, et al. (2022) The Movement Disorder Society 214 

Criteria for the Diagnosis of Multiple System Atrophy. Mov Disord 37(6):1131-1148  215 

12. Shirai S, Mizushima K, Fujiwara K, et al. (2023) Case series: Downbeat Nystagmus 216 

in SCA27. J Neurol Sci.454:120849. 217 

13. Wan L, Chen Z, Wan N, et al. (2020) Biallelic Intronic AAGGG Expansion of RFC1 218 

is Related to Multiple System Atrophy. Ann Neurol 88(6):1132-1143  219 

14. Multiple-System Atrophy Research Collaboration. (2013) Mutations in COQ2 in 220 

familial and sporadic multiple-system atrophy. N Engl J Med 369(3):233-244 221 

15. Mitsui J, Matsukawa T, Sasaki H, et al. (2015) Variants associated with Gaucher 222 



14 
 

disease in multiple system atrophy. Ann Clin Transl Neurol 2(4):417-426 223 

  224 



15 
 

Figure legends 225 

Figure 1. Brain MRI of the pure GAA repeat expansion patient. 226 

A, B, C, and D: At the first visit of the MSA-C patient E, F, G, and H: Five years after 227 

MSA-C onset. I, J, K, and L: At the first visit for the MSA-P patient. A, E, and I.: sagittal 228 

T1 weighted images. B, C, D, F, G, H, J, K, and L: axial T2 weighted images. 229 
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Table 1. Characteristics of the FGF14 repeat expansion patients and the control group 232 

UMSARS, unified multiple system atrophy rating scale; ND, not described. 233 
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Table 1. Characteristics of the FGF14 repeat expansion cases and the control group 
 
 FGF14 repeat expansion cases# Control group (n = 184)* 

Sex male female 53% females 
Onset age 52 70 66.4 ± 10.9 
Dominant symptom at onset cerebellar ataxia parkinsonism 58% cerebellar ataxia 
Diagnostic criteria possible probable 76% probable 
UMSARS part 4 2 4 3.4 ± 1.2 
Symptoms at blood sampling    
Urinary dysfunction + + **42% 
Constipation - + **16% 
Orthostatic hypotension - + **37% 
Vocal cord dysfunction - - **31% 
Sleep apnea - - ND 
Parkinsonism + + **76% 
Cerebellar ataxia + + **90% 
Nystagmus - - **35% 
Cognitive impairment - + ND 
Levodopa unresponsiveness Non-used - ND 

MRI findings    
Cerebellar atrophy + + 81% 
Brain stem atrophy + + 78% 
Hot cross bus sign ± ± 69% 
Putaminal abnormal signal - - 31% 

GAA repeat length in FGF14 210 238 - 
 
UMSARS: Unified Multiple System Atrophy Rating Scale; ND: not described 
#: The findings were from the initial examination. 
*: Data from Reference 9 and our department 
**: symptoms at first evaluation 
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