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Abstract
The term SCA refers to a phenotypically and genetically heterogeneous group of autosomal dominant spinocerebellar ataxias. 
Phenotypically they present as gait ataxia frequently in combination with dysarthria and oculomotor problems. Additional 
signs and symptoms are common and can include various pyramidal and extrapyramidal signs and intellectual impairment. 
Genetic causes of SCAs are either repeat expansions within disease genes or common mutations (point mutations, deletions, 
insertions etc.). Frequently the two types of mutations cause indistinguishable phenotypes (locus heterogeneity). This article 
focuses on SCAs caused by common mutations. It describes phenotype and genotype of the presently 27 types known and 
discusses the molecular pathogenesis in those 21 types where the disease gene has been identified. Apart from the dominant 
types, the article also summarizes findings in a variant caused by mutations in a mitochondrial gene. Possible common 
disease mechanisms are considered based on findings in the various SCAs described.
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Introduction

Spinocerebellar ataxias (SCAs) are a group of autosomal 
dominant ataxias characterized by cerebellar degeneration 
frequently in combination with brain stem atrophy. The 
major clinical signs are gait ataxia commonly associated 
with dysarthria and visual problems. Many additional signs 
and symptoms can occur including cognitive impairment, 
limb and trunk ataxia, tremor, rigidity, bradykinesia, dys-
tonia, and hyperreflexia and may be pathognomonic in a 
few types of SCAs. Most SCAs, however, cannot be dis-
tinguished clinically and require genetic differentiation [1].

Currently about 50 different SCAs are distinguished 
defined either by their disease genes or by their chromo-
somal location if the disease gene is not yet known (https:// 
neuro muscu lar. wustl. edu/ ataxia/ domat ax. html). SCA dis-
ease genes/loci are found on most chromosomes. The muta-
tions causing disease are frequently expansions of tandem 
repeats within the disease gene. These repeats are mostly 
composed of trinucleotides (mainly CAG; sometimes CTA/

CTG) [2], but penta-and hexanucleotide repeat expansions 
can also cause SCAs such as SCAs 10, 37, and 36 [3–5]. 
Apart from repeat expansions, more common types of muta-
tions (point mutations, deletions, insertions, duplications) 
underlie many different types of SCAs.

This article reviews the nature of non-repeat expansion 
mutations in specific SCAs. The phenotype of each SCA is 
described, followed by mapping and identification of the 
disease gene. The normal function of the disease gene is 
given and potential pathological mechanisms underlying 
disease are discussed. The few types of SCAs in which the 
disease gene has not yet been identified will also be covered. 
The article comprises 21 SCAs that are caused by common 
mutations. The description of the different types of SCAs is 
followed by a discussion of common features of these SCAs, 
possible common pathways of the gene products, and their 
potential interactions in different types of SCAs.

SCA5

Main clinical findings of SCA5 are ataxia in combination 
with dysarthria and nystagmus. Age of onset varies widely. 
Ataxia is slowly progressive and mild. Patients usually 
remain ambulatory throughout life [6–8]. MRI analysis 
revealed marked global cerebellar atrophy [7].
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Linkage analysis initially assigned the disease locus to the 
pericentromeric region of chromosome 11 [6]. Its location 
was subsequently narrowed to a 6.5-cM interval in chromo-
some region 11q13 [9].

The disease gene was identified as SPTBN2 by the detec-
tion of mutations within this gene in patients from three 
families [10]. The mutations were two in frame deletions 
of 39 bp (c.1592_1630del/p.E532_M544del) and 15 bp 
(1886_1900del/ L629_R634delinsW), respectively, and a 
missense mutation (c.158 T > C/ p.L253P). To date about 
20 different SPTBN2 mutations have been described includ-
ing small deletions and point mutations [11]. Among the 
latter, mutation c.1438C > T/p.R480W had occurred de 
novo in three unrelated cases [8, 12, 13] suggesting a muta-
tional hot spot at this position of the gene. Mutation carri-
ers present with childhood onset ataxia and dysarthria in 
addition to other symptoms such as developmental delay. 
Cerebellar hypoplasia can be detected by MRI at an early 
age (~ 2 years). These cases suggest a specific correlation 
between the R480W mutation and the resulting severe phe-
notype [8, 12, 13].

SPTBN2 codes for β-III-spectrin and is highly expressed 
in Purkinje cells and the cerebral cortex [10; https:// www. 
prote inatl as. org/ ENSG0 00001 73898- SPTBN2/ tissue]. β-III-
spectrin is associated with the Golgi apparatus and cyto-
plasmic vesicles [14], binds to actin via ARP1 (actin related 
protein) [15], stabilizes the glutamate reporter EAAT4, and 
regulates glutamate signaling [10].

Mutations of SPTBN2 disturb other plasma membrane 
proteins such as glutamate receptor δ2 (GluRd2) that are 
regulated by β-III-spectrin, in particular excitatory amino 
acid transporter 4 (EAAT4), a post-synaptic glutamate trans-
porter at Purkinje cell synapses [10]. Ikeda et al. speculate 
that disturbed expression and loss of EAAT4 and GluRd2 
at the plasma membrane “could lead to glutamate signal-
ing abnormalities that, over time, could cause Purkinje cell 
death in SCA5” [10]. Studying the pathological mechanism 
of one specific SPTBN2 mutation (p.L253P), Avery et al. 
conclude that the mutation disturbs high affinity binding of 
β-III-spectrin to actin and mediates neurotoxicity by impact-
ing the dynamics of the spectrin-actin network and thus of 
microfilaments [16].

SCA11

SCA11 is a relatively benign, late-onset, and slowly pro-
gressive ataxia that can be associated with eye signs (jerky 
pursuit, nystagmus), and pyramidal features (increased mus-
cular tonus, increased reflexes, and Babinski sign). MRI 
documents cerebellar atrophy [17, 18].

A disease locus was initially assigned to a 7.6-cM inter-
val on chromosome 15 (15q14-q21.3) by linkage analysis 

in a family with autosomal dominant ataxia [17] and further 
narrowed to a region of 5.6 cM in 15q15-q21 in a large 8 
generation family [18].

A candidate gene approach revealed two different muta-
tions in the gene TTBK2 that encodes tau tubulin kinase 2 
[18]. The mutations were a 1-bp insertion (c.1329insA/p.
R444T) and a 2-bp deletion (c.1284_1285delAG/p.
E429Dfs). Both mutations cause a frame shift that results 
in a premature stop codon and in truncation of tau tubulin 
kinase 2. An additional small deletion mutation of TTBK2 
(c.1306_1307delGA/p.D435fs448X) was described that 
also results in truncation of tau tubulin kinase 2 [19]. This 
indicates that frame shift mutations caused by small (1 or 
2 bp) deletions or insertions in TTBK2 are a common cause 
of SCA11 [20].

TTBK2 kinase phosphorylates microtubule-associated 
protein tau, microtubule-associated protein 2 (MAP2), and 
β-tubulin [20, 21]. In addition, it appears to phosphorylate 
the centriolar distal appendage protein CEP164 and atypical 
kinesin KIF2A located at the + tips of microtubules [22]. 
Interaction with microtubular proteins is mediated via the 
long C-terminus of TTBK2 kinase [23]. One additional 
function of TTBK2 kinase is the initiation of assembly of 
primary cilia during embryogenesis [24]. TTBK2 localizes 
to primary cilia [25].

Truncated tau tubulin kinase 2 in SCA11 encoded by 
mutated alleles in SCA11 appears to interfere with normal 
function of wild-type TTBK2 via a mild dominant nega-
tive effect. This in turn results in insufficient regulation of 
above proteins which are important in normal development 
and function of microtubuli in various cell types includ-
ing cerebellar Purkinje cells [20]. Apart from the cerebel-
lum, TTBK2 protein is expressed in multiple organs and 
at significantly higher level in some (e.g., bronchus, lung, 
smooth muscle, testis, Fallopian tube) (www. prote inatl as. 
org/ ENSG0 00001 28881- TTBK2/ tissue). It requires further 
investigations to explain the apparently specific cerebellar 
effects of TTBK2 mutations. Possibly the assumed disease 
mechanism, i.e., interference of truncated TTBK2 with the 
wildtype protein, does not occur in all tissues or results in 
only moderately reduced function.

SCA13

SCA13 is a relatively mild form of ataxia. Both severity and 
age of onset vary considerably even within the same family. 
One or several signs and symptoms can occur in addition 
to ataxia, such as nystagmus, mild to moderate intellectual 
disability, myoclonic jerks, dysphagia, bradykinesia, and 
increased tendon reflexes.

[26–28]. Life expectancy of patients is not significantly 
reduced as compared to unaffected controls. Moderate 

https://www.proteinatlas.org/ENSG00000173898-SPTBN2/tissue
https://www.proteinatlas.org/ENSG00000173898-SPTBN2/tissue
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http://www.proteinatlas.org/ENSG00000128881-TTBK2/tissue
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cerebellar and pontine atrophy was shown by MRI in two 
patients [28].

The disease locus of SCA13 was initially assigned to a 
11.4-cM interval on chromosome 19 (19q13.3-q13.4) [26] 
and later refined to ~ 4 cM at the same chromosome loca-
tion [29].

Studying patients of two families, Waters et  al. 
detected two missense mutations (c.1554G > A/p.R420H; 
c.1639C > A/p.F448L) in the gene KCNC3 which is located 
within the critical interval on chromosome 19 [30].The two 
mutations detected alter the function of KCNC3 in a Xeno-
pus laevis expression system. Since the first description of 
KCNC3, additional point mutations were detected in a spo-
radic [8] and in several familial cases [e.g., 28, 31].

KCNC3 encodes potassium voltage-gated channel sub-
family C member 3 (Kv3.3). Voltage-gated potassium chan-
nels are important in the rapid repolarization of fast firing 
neurons of the brain. Kv3.3 binds to actin and stabilizes the 
cortical actin network [32]. Mutations of KCNC3 disturb 
regulation of the neuronal actin network thus disturbing nor-
mal regulation of duration and frequency of action poten-
tials. This in turn interferes with reorganization and func-
tion of voltage-gated  Ca2+ channels and of  Ca2+ homeostasis 
which is required for survival and normal performance of 
Purkinje cells, i.e., their role in motor function [30, 32, 33].

SCA14

SCA14 is a slowly progressive ataxia associated with dys-
arthria and nystagmus. Additional signs and symptoms can 
include myoclonus, tremor, dystonia, depression, and cog-
nitive impairment [e.g., 34, 35, 36]. Pronounced cerebellar 
atrophy has been documented by magnetic resonance imag-
ing (MRI) [37].

Linkage analysis assigned the disease locus to region 
q13.4-qter of chromosome 19 [34]. The disease gene, 
PRKCG, within this region was subsequently identified by 
the discovery of three mutations in three different fami-
lies [37, 38]. The mutations within PRKCG (c.301C > T/ 
p.H101Y; c.355 T > C/p.S119P; c.383G > A/p.S119P) are 
missense mutations that affect a highly conserved residue 
in C1, i.e., the cysteine-rich region of the protein PKCγ. 
This results in cytoplasmic mislocation and aggregation of 
PKCγ. Aggregation appears to result in reduced degradation 
of PKCγ resulting in increased substrate phosphorylation 
[39]. Additional mutations in PRKCG included point muta-
tions and small deletions [40, 41].

PRKCG encodes protein kinase Cγ (PKCγ), a member of 
a family of serine- and threonine-specific protein kinases. 
PKCγ is activated by  Ca2+ and by diacylglycerol and is 
exclusively expressed in neurons of brain and spinal cord. 
One of the many functions of PKC is phosphorylation of 

GRIN1/NMDAR receptors (GRIN1/NMDAR encode Glu-
tamate [NMDA] receptor subunit 1) that play an important 
role in synaptogenesis, synaptic plasticity, excitotoxicity, and 
mental functions. The kinase is also involved in innervation 
of Purkinje cells during cerebellar development [42–44]. 
Furthermore, it appears to have an inhibitory effect on 
TRPC3 channel activity (Fig. 1) at the postsynaptic mem-
brane thus linking SCA14 and SCA41 that is caused by 
TRPC3 mutations (see below and Fig. 1).

The effect of PRKCG mutations in SCA14 may be 
explained by increased cellular  Ca2+ influx and a resulting 
disturbance of  Ca2+ homeostasis. This in turn interferes with 
normal synaptic differentiation resulting in neuronal degen-
eration and/or abnormal function of Purkinje cells during 
cerebellar differentiation.

SCA15

SCA15 (formerly SCA15/16) is a slowly progressive gait 
and limb ataxia frequently associated with ocular distur-
bances (nystagmus, saccadic eye movements), dysarthria, 
and dysphagia [45, 46]. Mild cognitive disturbance can 
occur. While gait ataxia appears to be mild in most cases, 
in one family, patients were walker or wheelchair-bound by 
age 15–17 [47]. Age of onset varies widely in SCA15. MRI 
revealed cerebellar atrophy [46] that mainly affected the ver-
mis [47]. Brain stem was not affected.

Linkage analysis assigned the disease locus to 3p26.1-
p25.3 [48, 49]. One gene, i.e., itpr1, was shown to cause 
an autosomal recessive movement disorder in mice simi-
lar to human ataxias. The human version this gene (ITPR1) 
maps to the critical interval on chromosome 3 that contains 

Fig. 1  Negative regulation of TRPC3 by PKC at the postsynaptic 
membrane (modified from [118]). For details see text. TRPC3, short 
transient receptor potential channel 3; DAG, diacylglycerol; PKC, 
protein kinase c; PKG, protein kinase g
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the SCA15 locus. Mutation analysis of this gene revealed 
deletions in 3 patients thus demonstrating that ITPR1 is the 
disease gene in SCA15. The deletions involve a large por-
tion of the region containing ITPR1 which result in reduced 
expression of ITPR1 [50]. Additional mutations detected in 
ITPR1 include point mutations and deletions of various sizes 
that involved the entire gene [e.g., 51, 52]. Sequence vari-
ants are common within ITPR1 (https:// datab ases. lovd. nl/ 
shared/ varia nts/ ITPR1), and discrimination between benign 
and malign sequence changes may be difficult.

ITPR1 encodes Inositol 1,4,5-trisphosphate receptor type 
1. This intracellular receptor is located at intracellular mem-
branes such as the endoplasmic reticulum (ER) and mediates 
calcium release after stimulation by inositol 1,4,5-trisphos-
phate. (https:// www. unipr ot. org/ unipr ot/ Q14643# funct ion; 
http:// www. ensem bl. org/ Homo_ sapie ns/ Gene/ Ontol ogies/ 
biolo gical_ proce ss?g= ENSG0 00001 50995;r= 3: 44933 45- 
48475 06). The abnormal calcium levels caused by ITPR1 
mutations are cytotoxic, particularly in cerebellar Purkinje 
cells, and reveal a potential pathological mechanism in 
SCA15 [53, 54].

SCA18

This disorder, now referred to as SCA18, was detected in one 
large family [55]. The authors referred to this slowly pro-
gressive syndrome as sensorimotor neuropathy with ataxia 
(SMNA). Signs and symptoms include gait ataxia, sensory 
loss, dysmetria, dysarthria, nystagmus, and weakness of 
arms and legs. Signs and symptoms varied greatly between 
affected persons of this family. Linkage analysis assigned the 
disease locus to 7q22-q32. Despite identifying a candidate 
gene, it has not been convincingly shown that this is indeed 
the disease gene in SCA18 [56].

SCA19

SCA19 presents as a comparatively mild, slowly progres-
sive ataxia frequently associated with myoclonus, tremor, 
dysarthria, and oculomotor abnormalities such as nystagmus 
[57, 58]. The age of onset varies greatly both within and 
between families. Severe phenotypes of SCA19 occur and 
can present with Parkinsonism, epilepsy, and pronounced 
cognitive problems [59].

Neuropathologic abnormalities include degeneration of 
portions of the cerebellum, particularly of the vermis and of 
Purkinje cells [60].

The disease locus has been assigned to a comparatively 
large interval on chromosome 1 (1p21-q21) in a Dutch fam-
ily [61, 62].

Exome sequencing of the critical interval in patients iden-
tified the disease gene as KCND3 by the detection of a small 
deletion (c.679_681delTTC, p.F227del) and of point muta-
tions (e.g., c.1054 A > C/p.T352P; c.1119 G > A/p.M373I; 
c.1169 G > A/p.S390N) which were located in the evolution-
arily highly conserved channel pore and the S6 transmem-
brane domain [58, 60]. (Note that this ataxia was referred 
to as SCA22 by the Chinese investigators and as SCA19 by 
the Dutch group before the discovery of KCND3 mutations 
revealed that SCA19 and SCA22 are identical).

KCND3 encodes potassium ionic channel Kv4.3, a fast 
inactivating, transient, A-type potassium channel. Although 
originally thought to be mainly expressed in heart and 
brain [63, 64], Kv4.3 has now been detected in most tis-
sues at comparable levels (www. prote inatl as. org/ ENSG0 
00001 71385- KCND3/ tissue). Mutations of KCND3 result 
in disturbance of ion channel and of voltage-gated potas-
sium channel activity. It is not known, however, how this 
could lead to cerebellar atrophy. One hypothesis assumes 
that abnormal channel function disturbs calcium homeosta-
sis. Abnormal calcium levels are cyototoxic and may mainly 
affect Purkinje cells [60].

SCA20

This ataxia is mainly clinically defined since the disease 
gene has not yet been identified. SCA20 presents as slowly 
progressive ataxia and dysarthria which can precede ataxia. 
Associated symptoms can include palatal tremor, dyspho-
nia, and dysarthria. Calcification of the dentate nucleus 
is detected by CT. MRI reveals cerebellar atrophy but no 
involvement of the brain stem [65].

A 260-kb duplication of 11p13-q11 is thought to cause 
the disease [66] but the specific gene(s) underlying SCA20 
have not yet been identified.

SCA21

SCA21 is a slowly progressive ataxia with cognitive impair-
ment. Onset is commonly during childhood. However, onset 
during adulthood has also been observed. Frequent addi-
tional signs are limb ataxia, dysarthria, akinesia, and tremor. 
Cerebellar atrophy is detected by MRI [67, 68].

Linkage analysis assigned the SCA21 locus to 1p36.33-
p36.32 [67]. Whole exome sequencing revealed several 
mutations within the gene TMEM240 in index cases of seven 
families, six missense (c.509C > T/p.P170L; c.239C > T/p.
T80M; c.346C > T/p.R116C; c.445G > A/p.E149K; 
c.511C > T/p.R171W; c.509C > T/p.P170L), and one stop 
codon mutation (c.489C > G/p.Y163*). All mutations altered 
highly conserved amino acid residues in TMEM240 [67].

https://databases.lovd.nl/shared/variants/ITPR1
https://databases.lovd.nl/shared/variants/ITPR1
https://www.uniprot.org/uniprot/Q14643#function
http://www.ensembl.org/Homo_sapiens/Gene/Ontologies/biological_process?g=ENSG00000150995;r=3:4493345-4847506
http://www.ensembl.org/Homo_sapiens/Gene/Ontologies/biological_process?g=ENSG00000150995;r=3:4493345-4847506
http://www.ensembl.org/Homo_sapiens/Gene/Ontologies/biological_process?g=ENSG00000150995;r=3:4493345-4847506
http://www.proteinatlas.org/ENSG00000171385-KCND3/tissue
http://www.proteinatlas.org/ENSG00000171385-KCND3/tissue
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TMEM240 codes for transmembrane protein 240. Its 
expression is high in the brain, particularly in the frontal cor-
tex and in the cerebellum [69]. It is a component of the plasma 
membrane and has also been observed in the mouse brain syn-
apse membrane [70]. The function of TMEM240 is currently 
not understood. However, given its high expression in the 
frontal cortex (https:// www. genec ards. org/ cgi- bin/ cardd isp. 
pl? gene= TMEM2 40) and its association with synaptic mem-
branes, mutations interfere with some functions of the fore-
brain and might explain cognitive impairment in SCA28. Its 
high expression in cerebellum is also consistent with cerebellar 
atrophy which might be caused by dysfunction of membranes 
in particular of synapses and subsequent cell death.

SCA23

SCA23 is an extremely rare late-onset, slowly progressive 
gait and limb ataxia that is frequently associated with dys-
arthria, dysmetria, slow saccadic eye movements, positive 
Babinski reflex, and impaired proprioception. Neuropatho-
logical findings in one patient revealed neuronal degenera-
tion and loss in the Purkinje cell layer, dentate nuclei, and 
inferior olives. Furthermore, demyelination was observed in 
lateral and posterior columns of the spinal cord [71].

Linkage analysis in one family assigned the disease locus 
to chromosome region 20p13-p12.3) [71].

Analysis of the critical interval of the SCA23 locus 
detected four missense mutations in the gene PDYN (pro-
dynorphin) in affected members of two Dutch families and 
in two apparently sporadic cases [72]. The mutations were 
c.414G > T/p.R138S, c.632 T > C/p.L211S), c.634C > T/p.
R212W, and c.643C > T/p.R215C.

PDYN encodes prodynorphin that undergoes proteolysis 
to form the secreted opioid peptides beta-neoendorphin, 
dynorphins A and B, leu-enkephalin, rimorphin, and leu-
morphin. The dynorphins A and C are mainly located in 
Purkinje cells [72]. DynorphinA (DynA) is neurotoxic and 
appears to induce neurodegeneration via glutamate recep-
tors and acid-sensing ion channels [73, 74]. Significantly, 
of above SCA mutations, p.R212W and p.R215C result in 
increased DynA levels as compared to controls. Consistent 
with these findings is the observation in vitro of increased 
loss of striatal neurons following exposure to p.R212W and 
p.R215C dynA [72]. Taken together, these observations 
facilitate a better understanding of the pathological mecha-
nisms that underlie SCA23.

SCA25

SCA25 has been described in one family. It is an autosomal 
dominant syndrome transmitted with reduced penetrance. 
Major clinical signs and symptoms are cerebellar ataxia and 

prominent sensory neuropathy frequently associated with 
altered eye movements (nystagmus and slow eye movement) 
and hypotonia. SCA25 is clinically highly heterogeneous. 
Age of onset is mainly during childhood with a wide range 
of onset (17 months to 39 years). Global cerebellar atrophy 
was shown by MRI. Linkage analysis assigned the disease 
locus to chromosome 2p21-p13. Presently no disease gene 
has been identified [75].

SCA26

SCA26 is a late-onset syndrome characterized by ataxia fre-
quently associated with irregular eye movements and dys-
arthria. Cerebellar ataxia was documented by MRI. Age of 
onset is during adulthood. The disorder has presently been 
detected in one large family only. The disease locus was 
assigned to chromosome 19p13.3 [76].

Deep sequencing of the critical region in 19p13.3 identi-
fied a C > A transversion that segregated with affected per-
sons of the pedigree. This base change lies within exon 12 of 
the gene EEF2 and results in the exchange of a proline by a 
histidine (p.P596H) of eEF2. The mutation cosegregated in 
affected members of the family described by Yu et al. [76]. 
Given that there are no additional families with this condi-
tion, the assumption of EEF2 being the disease gene mainly 
relies on the location of the mutation in an evolutionarily 
highly conserved region of eEF2.

EEF2 is expressed in all tissues. It codes for eukaryotic 
translation elongation factor 2 (eEF2) that facilitates the 
GTP-dependent translocation of peptidy-tRNA from the 
A—(aminoacyl-) site to the P—(peptidyl-)-site of the ribo-
some (the A-site is the first binding site for peptidyl-tRNA 
in the ribosome; the P-site is the second) [77, 78]. Pres-
ently it is not known how this mutation specifically causes 
cerebellar atrophy. Hekman et al. [79] studied the disease 
mechanism in yeast at the position of EF corresponding 
to P596H of human eEF2. They showed that this mutation 
increases frameshifting during translation. They speculate 
that cerebellar Purkinje cells are particularly susceptible to 
this amino acid change in eEF2 as compared to other tissues. 
The resulting disturbed protein synthesis is thought to cause 
cell death that eventually leads to cerebellar atrophy.

SCA27

SCA27 is characterized by slowly progressive cerebellar 
ataxia, early-onset tremor, orofacial dyskinesia frequently 
in association with ocular problems (nystagmus, dysmetric 
saccades, strabismus), psychiatric symptoms, and cognitive 
deficits. Disease onset is in late childhood/early adulthood 

https://www.genecards.org/cgi-bin/carddisp.pl?gene=TMEM240
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TMEM240
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[80]. Cerebellar atrophy and degeneration of basal ganglia 
are detected by MRI in some but not in all patients [80].

Linkage analysis assigned the disease locus to chromo-
some region 13q34, and a candidate gene approach revealed 
a mutation c.434 T > C/p.F145S in the fibroblast growth fac-
tor 14 (FGF14) gene [80]. The findings of additional FGF14 
mutations (e.g., a 1 bp deletion c.487delA/p.D163fsX12 
[81] and a missense mutation (c.529A > T/p.K177X) [82]) 
in autosomal dominant ataxias confirm that FGF14 is the 
disease gene in SCA27.

FGF14 is encoded by the FGF14 gene. It is mainly 
expressed in the brain particularly in the cerebellum (https:// 
www. prote inatl as. org/ ENSG0 00001 02466- FGF14/ tissue). 
Apart from its growth factor activity, FGF14 plays a role 
in — among others — nervous system development [83], 
regulation of voltage-gated calcium channel activity, regu-
lation of synaptic plasticity, and synaptic vesicle recycling 
(http:// www. ensem bl. org/ Homo_ sapie ns/ Gene/ Ontol ogies/ 
biolo gical_ proce ss?g= ENSG0 00001 02466;r= 13: 10171 
0804- 10240 2457). Expression of FGF14 is reduced in het-
erozygous carriers of a missense mutation, and as a result 
FGF14-mediated functions appear to be disturbed. Disrup-
tion of some of these functions such as  Ca2+ homeostasis or 
synaptic differentiation and function could explain ataxia.

SCA28

Clinical features of SCA28 are gait ataxia and unbalanced 
standing frequently in combination with ocular problems 
(nystagmus, slow saccades, ophthalmoplegia, ptosis), 
increased tendon reflexes in legs, and dysarthria [84, 85]. 
MRI analysis in patients shows cerebellar atrophy.

Linkage analysis assigned the disease locus to the peri-
centromeric region of chromosome 18 (18p11.22-q11.2) 
[84]. Sequencing of candidate genes within this region 
identified missense mutations in the gene AFG3L2 in 
patients of five unrelated families (c.2071G > A/p.Q691K; 
c.2021delCCinsTA/p.S674L; c.2081C > A/p.A694E; 
c.2105G > A/p.R702Q; c.1296A > C/p.N432T) [86].

AFG3L2 encodes mitochondrial AFG3 Like Matrix AAA 
Peptidase Subunit 2, a component of mitochondrial-AAA 
metalloprotease. It is an ATP-dependent protease involved 
in multiple biological processes such as mitochondrial pro-
tein processing, calcium import into the mitochondrion, and 
nerve development (https:// www. ensem bl. org/ Homo_ sapie 
ns/ Gene/ Ontol ogies/ biolo gical_ proce ss?g= ENSG0 00001 
41385;r= 18: 12328 944- 12377 227). AFG3L2 is highly and 
selectively expressed in Purkinje cells [86]. The mutation 
affects the multiple functions of the protein. This is likely to 
result in a decrease of cellular energy production and eventu-
ally in Purkinje cell death and cerebellar atrophy. According 
to Di Bella et al., mutations of AFG3L2 cause cerebellar 

atrophy by interference with its physiological role in the 
“mitochondrial protein quality control machinery” [86].

SCA30

SCA30 is a relatively pure, slowly progressive ataxia that 
has been described in one family [87]. Apart from gait ataxia 
and dysarthria, ocular problems such as nystagmus were 
found in some family members. Disease onset in this family 
was during adulthood. Linkage analysis assigned the disease 
locus to 4q34.3-q35.1. Although the disease gene has not 
been identified, the authors discuss ODZ3 as a candidate 
gene. ODZ3 is also expressed in the brain and encodes the 
transmembrane protein teneurin3.

SCA32

SCA32 is a cerebellar ataxia that has been described in one 
Chinese family [88]. Family members had ataxia and mental 
impairment (those with disease onset < 40 years), and all 
affected males of the family had azoospermia. Cerebellar 
atrophy was shown by MRI. The disease locus was mapped 
to 7q32-q33. A disease gene has not been identified. This 
type of ataxia has only been described in a meeting abstract; 
a complete, peer-reviewed paper has not been published. 
Therefore, the significance of this ataxia remains unclear 
until it is described in independent families.

SCA34

Ataxia with erythrokeratodermia is referred to as SCA34 
[89]. The skin problems disappear by age 24 or can be com-
pletely absent in some families [90, 91]. Onset of ataxia is 
during adulthood. Additional signs can be nystagmus and 
reduced tendon reflexes. Retinitis pigmentosa was detected 
in one family. SCA34 is mild to moderate and slowly pro-
gressive. MRI revealed atrophy of cerebellum, pons, and 
cortex. The disease locus was mapped to 6p12.3-q16.2 [89]. 
A candidate gene approach and exome sequencing identi-
fied a mutation in the gene ELOVL4 (c.504G > C/p.L168F). 
Another mutation within ELOVL4 (c.736 T > G/ W246G) 
was discovered in a Japanese family [90].

ELOVL4 encodes ELOVL Fatty Acid Elongase 4, a 
membrane-bound protein of the ER involved in the bio-
synthesis of fatty acids by catalyzing the first step in very 
long-chain fatty acid elongation (https:// www. unipr ot. org/ 
unipr ot/ Q9GZR5# funct ion). Presently, it is not known how 
ELOVL4 mutations might cause cerebellar atrophy and skin 
defects. One theory is based on the assumption that altered 
ELOVL Fatty Acid Elongase 4 disturbs integrity of the ER 

https://www.proteinatlas.org/ENSG00000102466-FGF14/tissue
https://www.proteinatlas.org/ENSG00000102466-FGF14/tissue
http://www.ensembl.org/Homo_sapiens/Gene/Ontologies/biological_process?g=ENSG00000102466;r=13:101710804-102402457
http://www.ensembl.org/Homo_sapiens/Gene/Ontologies/biological_process?g=ENSG00000102466;r=13:101710804-102402457
http://www.ensembl.org/Homo_sapiens/Gene/Ontologies/biological_process?g=ENSG00000102466;r=13:101710804-102402457
https://www.ensembl.org/Homo_sapiens/Gene/Ontologies/biological_process?g=ENSG00000141385;r=18:12328944-12377227
https://www.ensembl.org/Homo_sapiens/Gene/Ontologies/biological_process?g=ENSG00000141385;r=18:12328944-12377227
https://www.ensembl.org/Homo_sapiens/Gene/Ontologies/biological_process?g=ENSG00000141385;r=18:12328944-12377227
https://www.uniprot.org/uniprot/Q9GZR5#function
https://www.uniprot.org/uniprot/Q9GZR5#function
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membrane. This might result in abnormal  Ca2+ transport 
and thus disturb  Ca2+ homeostasis that eventually results in 
Purkinje cell degeneration.

SCA35

Signs and symptoms of SCA35 are late onset, slowly pro-
gressive gait and limb ataxia, ocular problems (dysmetria, 
nystagmus, occasionally slow saccades), dysarthria, and 
problems associated with upper motor neurons (pseudobul-
bar palsy, and brisk tendon reflexes). Disease onset is dur-
ing adulthood (mainly 5th decade). Cerebellar atrophy was 
shown by MRI in patients [92, 93]. Linkage analysis in a 
large Chinese family assigned the disease locus to chromo-
some 20p13-p12.2 [92]. Exome sequencing identified the 
disease gene as TGM6. Missense mutations and small dele-
tions were found in several unrelated Chinese families (e.g., 
c.1550 T > G/p.L517W [91]; c.1528G > C/D510H [92]; 
c.1722_1724delAGA/p.E574del [94]).

TGM6 codes for transglutaminase 6. Glutaminases are 
 Ca2+-dependent enzymes that catalyze cross-linking of 
proteins and attachment of polyamines to proteins. TGM6 
is expressed in many tissues including the brain (https:// 
www. genec ards. org/ cgi- bin/ cardd isp. pl? gene= TGM6). It is 
presently not known how mutations of TGM6 might cause 
cerebellar atrophy.

SCA38

SCA38 is characterized by truncal and gait ataxia and nys-
tagmus. The syndrome is slowly progressive. Age of onset is 
during adulthood. Cerebellar atrophy in patients was docu-
mented by MRI [95].

Linkage analysis assigned the SCA38 locus to a 56.2-Mb 
interval on chromosome 6p22.2-q14.1. Sequencing of the 
critical region identified missense mutations (c.214C > G/p.
Leu72Val and c.689G > T/p.Gly230Val) in the gene ELOVL5 
in patients of two unrelated families [95].

ELOVL5 encodes ELOVL fatty acid elongase 5. This 
enzyme is involved in fatty acid metabolism by catalyz-
ing elongation of long-chain polyunsaturated fatty acids. 
ELOVL5 is highly expressed in endocrine tissues and in 
the cerebellum and other regions of the brain (https:// www. 
prote inatl as. org/ ENSG0 00001 88211- NCR3L G1/ tissue). 
While the wild-type enzyme appears to be mainly located 
in the ER, the mutant enzyme was mainly found in the Golgi 
apparatus and much less in the ER [95]. Presently, these 
findings do not contribute to a convincing understanding 
of the pathological processes that eventually result in cer-
ebellar atrophy. A more general interpretation of the role of 
mutated ELOVL fatty acid elongase is perturbation of lipid 

metabolism that might interfere with membrane formation 
and function and as a result in cell death. A possible expla-
nation of cell death is altered  Ca2+ permeability caused by 
membrane alterations that might alter  Ca2+ homeostasis. 
Significantly, apart from the ER, other organelles includ-
ing the Golgi apparatus are also actively involved in  Ca2+ 
uptake and release (albeit by different mechanism than those 
regulating  Ca2+ concentrations in the ER) [96].

SCA 39

This type of SCA has been described in one family [97]. One 
patient of this family was examined in detail. He displayed 
cerebellar ataxia, spasticity of lower limbs, dysmetria of 
upper limbs, dysarthria, ocular problems (strabismus, sac-
cades, horizontal gaze palsy), and mild mental retardation. 
Age of onset was during childhood; the patient was wheel-
chair bound by age 41. MRI showed cerebellar atrophy and 
hyperintensity of periventricular white matter.

Mode of inheritance of the disease was compatible with 
autosomal dominant. SNP genotyping revealed a 7.5 Mb 
duplication on the long arm of chromosome 11 (q21-22.3). 
The duplication that segregated in the family contains 44 
genes. The role of one or of several of these genes in the 
development of the observed phenotype is not known [97].

SCA40

SCA40 was identified in one family [98]. Two patients were 
examined in detail. The patients shared adulthood disease 
onset and slow progression. They were wheelchair bound 
17 and 18 years after disease onset owing to severe ataxia. 
Major signs and symptoms included gait ataxia, ocular dys-
metria, brisk reflexes, and dysarthria. Both patients did not 
share all these signs. MRI showed pontocerebellar atrophy. 
Mode of inheritance appeared to be autosomal dominant. 
Performing whole exome sequencing in four affected and 
two unaffected members of the family, Tsoi et al. [98] iden-
tified a point mutation (c.1391G > A/p.R464H) in the gene 
CCDC88C.

CCDC88C encodes Coiled-Coil Domain Containing 
88C (alternatively designated as KIAA1509). The mutation 
detected in the patients might result in a gain of function. 
It causes hyperphosphorylation of JNK (c-Jun N-terminal 
kinase) in cells overexpressing mutant CCDC88C. This in 
turn appears to activate caspase-3 which might result in 
apoptosis. More families need to be identified with muta-
tions in CCDC88C to establish a role of mutations in this 
gene in the development of spinocerebellar ataxia.

https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGM6
https://www.genecards.org/cgi-bin/carddisp.pl?gene=TGM6
https://www.proteinatlas.org/ENSG00000188211-NCR3LG1/tissue
https://www.proteinatlas.org/ENSG00000188211-NCR3LG1/tissue
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SCA41

The phenotype of SCA41 was described in one patient 
whose family history was incomplete [99]. Therefore, this 
patient could be a sporadic case. The main sign in this 
patient was gait ataxia. MRI revealed mild atrophy of the 
cerebellar vermis.

Performing whole exome sequencing, the authors 
detected a potentially pathogenic sequence change in the 
gene TRPC3 (Chr4:122824185G > A/ p.R762H). TRPC3 
encodes transient receptor potential cation channel sub-
family C member 3. TRPC3 can be induced to form a 
non-selective channel permeable to  Ca2+ and other cati-
ons. It may be induced by a phosphatidylinositol second 
messenger system and can also be activated by depletion 
of intracellular calcium. Intriguingly, mutations of the 
murine homologue of TRPC3, trpc3, cause ataxia in the 
mouse [100]. The mutation may disturb  Ca2+ homeosta-
sis by interfering with permeability of this cation. This 
together with the location of the R762H mutation within 
an evolutionarily highly conserved domain of the protein, 
makes TRPC3 a convincing candidate for SCA41. How-
ever, more cases have to be documented before TRPC3 can 
be established beyond doubt as the disease gene in SCA41.

SCA43

SCA43 was discovered in one family in whom late onset 
sensorimotor axonal polyneuropathy segregated as an 
autosomal dominant trait [101]. Of the six affected mem-
bers of the family, five also had cerebellar ataxia. Moder-
ate vermis atrophy was shown by MRI in one patient.

A combination of linkage analysis and whole exome 
sequencing revealed a heterozygous transition G > A in 
the gene MME on chromosome 3q25.2 (p.C143Y) that 
was neither detected in unaffected members of the fam-
ily nor present in dbSNP and EVS (exome variant server; 
https:// evs. gs. washi ngton. edu/ EVS/) thus suggesting that 
this base change is a pathogenic mutation. The MME gene 
codes for membrane metalloendopeptidase (Neprilysin). 
This peptidase is expressed in many tissues and inactivates 
various proteins including Met- and Leu-enkephalins, 
angiotensin 1–9, amyloid beta (Aβ) and atrial natriuretic 
factor (ANF) and brain natriuretic factor (BNP(1–32) 
(https:// www. genec ards. org/ cgi- bin/ cardd isp. pl? gene= 
MME). The pathological mechanism of heterozygous 
MME mutations in SCA43 is unknown [101]. Clearly 
more families with MME mutations need to be identified 
to establish that SCA43 does indeed play a role in the 
development of spinocerebellar ataxia.

SCA45

SCA45 was discovered in a large family with autosomal 
dominant ataxia. Main signs of SCA45 are late-onset limb 
and gait ataxia, dysarthria, and nystagmus. Brain MRI 
revealed atrophy of the cerebellar vermis [102].

Whole exome sequencing revealed a mutation in the gene 
FAT2 in affected members of this family (c.10758G > C/
K3586N) and another FAT2 mutation in an apparently spo-
radic case. (c.10946G > A/p.R3649Q) [102]. More recently 
another FAT2 missense mutation (c.10906 T > G/p.Y3636D) 
was discovered in two siblings [103].

FAT2 encodes the integral membrane protein FAT atypi-
cal cadherin 2 that functions as a cell adhesion protein and 
appears to bind  Ca2+ (https:// www. genec ards. org/ cgi- bin/ 
cardd isp. pl? gene= FAT2).

FAT2 is expressed in cerebellar granule cells. It appears to 
play an important role in the development of the cerebellum 
by modulating the extracellular space surrounding parallel 
fibers [104]. Thus, mutations of FAT2 might interfere with 
normal postnatal cerebellar development. A pathological 
mechanism might be disturbance of cellular  Ca2+ equilib-
rium by abnormal binding of calcium ions.

SCA46

Nibbeling et al. performed whole genome sequencing in 
various SCA families and detected a mutation in the gene 
PLD3 in one family [102]. Signs in patients of this family 
included gait and limb ataxia, dysarthria, nystagmus, and 
sensory axonal neuropathy. Onset was during adulthood.

PLD3 encodes phospholipase D family member 3. The 
gene is highly expressed in the brain, including the cerebel-
lum. PLD3 catalyzes hydrolysis of cell membrane phospho-
lipids. The mutation found in affected members of this fam-
ily was c.923 T > C/p.L308P and resulted in a decrease of 
PLD3 activity. Cellular location, expression, and stability of 
the enzyme were not affected. The function of mutPLD3 in 
the development of SCA43 is presently unknown. PLD3 was 
shown, however, to be functionally associated with estab-
lished SCA genes that may be involved in the function of 
synapses [102]. However, more families need to be found 
that will confirm mutations of PLD3 as a cause of spinocer-
ebellar ataxia.

SCA 47

SCA47 has been detected in two unrelated girls and in one 
family. Ataxia was passed on as an autosomal dominant trait 
with reduced penetrance in the family [105]. The disorder 

https://evs.gs.washington.edu/EVS/
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MME
https://www.genecards.org/cgi-bin/carddisp.pl?gene=MME
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAT2
https://www.genecards.org/cgi-bin/carddisp.pl?gene=FAT2
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was sporadic in the two affected girls. Disease onset was 
during early childhood in the girls and during adulthood in 
affected family members. Disease was progressive in both 
the two sporadic cases and in affected adults of the family. 
Of the 9 affected members of the family, all had develop-
mental delay but only 6 ataxia. Intellectual disability was 
noted in 7, and seizures occurred in 3. The girls had ataxia 
and developmental delay that affected speech and motor 
skills. In one girl first signs were severe seizures at the age 
of 5 months followed by ataxia, spasticity, intellectual dis-
ability, visual problems, and epileptic encephalopathy. MRI 
documented atrophy of the cerebellar vermis of patients.

A microdeletion within chromosome region 1p35.2 that 
included PUM1 had been previously documented in the 
less severely affected girl [106]. Furthermore, mice with 
mutations in the gene Pum1 develop ataxia. These find-
ings prompted Gennario et al. to investigate above patients 
for mutations in this gene [107]. Exome sequencing 

revealed a heterozygous de novo missense mutation in 
the more severely affected sporadic childhood-onset case 
(g31406186 G > A/p.R1147W) and in affected family mem-
bers (p.T1035S, transcript NM_001020658.1).

PUM1 codes for Pumilio RNA Binding Family Member 
1. It is a RNA-binding protein and is involved in the regula-
tion of translation of specific mRNAs and thus plays a role in 
multiple cellular processes including regulation of neuronal 
function. It binds to ATXN1 (ataxin1) encoding mRNAs. By 
downregulating ataxin1 PUM1 helps to maintain ATXN1 
levels. The missense mutations within PUM1 result in desta-
bilization of PUM1. This causes reduced binding to ATXN1 
and upregulation of translation of ATXN1 mRNA. Increased 
ATXN1 levels result in their intracellular precipitation [107]. 
ATXN1 is mutated in SCA1 (CAG expansion), a mutation 
that also results in precipitation of the mutated protein, yet 
owing to polyglutamine [108]. Significantly, the phenotype 
of SCA47 is comparable to that of SCA1.

Table 1  Genes mutated in SCAs, and their tissue expression, cellular compartments, and functions that are affected by the mutations

Gene Gene product Tissue expressionRNA and/or protein Mutation affecting

KCNC3 Potassium voltage—gated channel, sub-
family C, Kv.3.3

High in brain, less in other tissues Ca2+homeostasis, microfilament 
cytoskeleton

ITPR1 Inositol 1,4,5 triphosphate receptor 1 Highest in brain Ca2+ homeostasis
TRPC3 Transient receptor potential cation chan-

nel, subfamily 3
Brain, multiple other tissues Ca2+homeostasis

KCND3 Potassium voltage-gated channel, sub-
family D, Kv4.3

Brain, other tissues, similar level Ca2+homeostasis

FGF14 Fibroblast growth factor 14 Highest in brain Ca2+homeostasis??
FAT2 Fat atypical cadherin 2 High brain, less few other tissues Ca2+homeostasis??
SPTBN2 Beta-III spectrin Highest brain, few other tissues Micro-filament stability,cytoskeleton
TTBK2 Tau tubulin kinase 2 Many tissues Microtubuli, cytoskeleton
PRKCG Protein kinase Cγ (PKCγ) Neuron-specific Synapses, Purkinje cells,  Ca2+ 

homeostasis
TMEM240 Transmembrane protein 240 High in brain,Less in other tissues Plasma membraneSynapses
PLD3 Phospholipase D family member 3 Synapses?
ELOVL5 ELOVL fatty acid elongase 5 Brain, higher level in other tissues Membrane ER calcium homeostasis ?
ELOVL4 ELVOVL fatty acid elongase 4 Brain, higher skin, endocrine, lym-

phoid tissue
membrane ER calcium homeostasis

PUM1 Pumilio RNA Binding Family Member 1 Ubiquitous Ataxin 1
STUB1 STIP1 homology and U-box containing 

protein 1
Ubiquitous Ataxin 3

CCDC88C Coiled-Coil Domain Containing 88C Ubiquitous Cell survival (induction apoptosis)
AFG3L2 Mitochondrial AFG3 Like Matrix AAA 

Peptidase Subunit 2
Ubiquitous Mitochondrion, Purkinje cells

EEF2 Eukaryotic translation elongation factor Ubiquitous Translation
PDYN Prodynorphin Brain-specific Striatal neurons
TGM6 Transglutaminase 6 Ubiquitous ??
MME Membrane metalloendopeptidase (Nepri-

lysin)
many tissues, very low brain ??
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SCA48

SCA48 presents as adult-onset cerebellar cognitive-affective 
syndrome (CCAS) and/or late-onset SCA. Signs include gait 
ataxia, dysarthria, cognitive decline, depression, and anxi-
ety . Occasionally movement abnormalities (tremor, chorea 
etc.) are observed [109]. MRI in patients revealed atrophy of 
the posterior region of the cerebellar vermis [110]. SCA48 
has now been described in several families from different 
countries [e.g., 100, 111].

The disease gene in the family of Genis et  al. [110] 
was identified by whole exome sequencing and link-
age analysis. The authors identified a frameshift muta-
tion in the gene STUB1, located on chromosome 16p13.3 
(c.823_824delCT/p.L275Dfs*16).

STUB1 encodes STIP1 homology and U-box containing 
protein 1. Among other functions, it “collaborates with 
ATXN3 in the degradation of misfolded chaperone sub-
strates” (https:// www. genec ards. org/ cgi- bin/ cardd isp. pl? 
gene= STUB1). Given that a CAG expansion in ATXN3 
results in SCA3/MJD, this “collaboration” of STIP1 
with ATXN3 links SCA48 via its disease gene STUB1 to 
another form of SCA (SCA3). This is similar to SCA47 
that is linked to SCA1 via PUM1 that regulates ataxin 1. 
Although the exact cellular roles of ataxin 1 and 3 are not 
well understood yet, both seem to have nuclear functions: 
Ataxin1 is a chromatin binding factor and ataxin 3 binds 
to histones and regulates transcription.

Adult‑onset spinocerebellar ataxia, 
mitochondrial

In a considerable proportion of adult onset spinocerebel-
lar ataxias (~ 50%), the underlying cause has not been 
established [112]. A relatively high percentage (> 5%) of 
undiagnosed familial as well as sporadic adult-onset spi-
nocerebellar cases is caused by mutations in the mitochon-
drial gene MT-ATP6 [113]. Therefore, this mitochondrial 
type of spinocerebellar ataxia is included in this article. 
The phenotype of ataxias caused by MT-ATP6 mutations is 
clinically not different from late-onset autosomal forms of 
ataxia. Patients present with adult-onset gait ataxia, dysar-
thria, and ocular abnormalities such as nystagmus, some-
times in association with tremor and cognitive problems. 
Yet mutations in this gene can cause a wide spectrum of 
disease such as infantile-onset Leigh syndrome, NARP 
syndrome (neuropathy, ataxia, and retinitis pigmentosa), 
Charcot-Marie-Tooth syndrome, and adult onset spinocer-
ebellar ataxia [114].

MT-ATP6 encodes a subunit of mitochondrial ATP 
synthase, i.e., complex V of the mitochondrial respira-
tory chain. Mutations can interfere with mitochondrial 
ATP synthesis, increase the potential of the mitochondrial 
membrane, or interfere with ATP hydrolysis. Currently it 
is not known why the phenotype of patients with MT-ATP6 
mutations varies widely [114].

A lack of cellular energy production, i.e., reduced or 
absent synthesis of ATP, can explain many disease pheno-
types. The reason for their wide phenotypic heterogeneity, 
however, remains poorly understood. A common finding in 
mitochondrial disorders, i.e., a varying degree of hetero-
plasmy (percentage of mutant vs. wildtype carrying mito-
chondria), does not account for the pronounced phenotypic 
heterogeneity of carriers of MT-ATP6 mutations.

Fig. 2  Twenty-one genes that cause spinocerebellar degeneration 
when mutated (see text and Table 1)

https://www.genecards.org/cgi-bin/carddisp.pl?gene=STUB1
https://www.genecards.org/cgi-bin/carddisp.pl?gene=STUB1
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Conclusions

This review includes 28 SCAs that are not caused by 
repeat expansions. Of the SCAs reviewed, 27 are trans-
mitted as autosomal dominant and one as mitochondrial 
trait. Several types of SCAs have been described in one 
family only (SCAs 18, 20, 25, 26, 30, 32, 39, 40, 41,43, 
46). The disease gene is known in 21 autosomal dominant 
types (Table 1) and in the mitochondrial SCA. Mutations 
in these genes include point mutations and small deletions. 
Several disease genes have been observed in one family 
only and include EEF2 (SCA26), CCDC88C (SCA 40), 
TRPC3 (SCA 41), MME (SCA43), and PLD3 (SCA46) 
and require confirmation in additional families. In 6 types 
of SCAs (SCAs 18, 20, 25, 30, 32, 39), the disease gene 
has not yet been identified but the disease locus has been 
chromosomally mapped. Two of these SCAs (20, 39) carry 
chromosomal duplications at 11p13-q11 and 11q21-22.3, 
respectively, that contain many genes. The specific dis-
ease-causing gene(s) have not been discovered. Figure 2 
depicts the 21 nuclear genes that when mutated cause cer-
ebellar atrophy.

The SCAs discussed here differ from those caused by tan-
dem repeat expansions, most commonly of (CAG)n, in two 
major ways. (1) They lack anticipation, i.e., earlier disease 
onset and more severe signs and symptoms in subsequent 
generations caused by repeat expansions, and (2) in con-
trast to SCAs caused by (CAG)n expansions, in the SCAs 

discussed here, no cellular (cytoplasmic and/or nuclear) 
aggregation of toxic polyglutamines [115] is found that can 
explain neuronal death.

The most striking pathological mechanism in the SCAs 
described is disturbance of calcium equilibrium in cells of 
patients. In fact, of the 21 disease genes in the SCAs dis-
cussed, the majority (Table 1) operates within or upstream of 
pathways that regulate intracellular  Ca2+ levels. Significantly, 
many of the polypeptides encoded by the disease genes are 
located in cellular membranes (endoplasmic reticulum (ER) 
and cell plasma, Fig. 3). Alterations of these polypeptides due 
to mutations in the respective coding genes disturb integrity 
of the membranes. This can result in abnormal membrane 
permeability for various substances including  Ca2+.

In most cases, no close interdependence of disease genes 
within a pathway has been identified. However, in two types 
of SCA, i.e., SCA14 and SCA41, the products of the disease 
genes PRKCG (encoding PKCγ) and TRPC3 (encoding a 
transient receptor potential cation channel) closely interact 
in the maintenance of  Ca2+ homeostasis (Fig. 1). Mutations 
in TRPC3 compromise the function of the receptor thus 
reducing  Ca2+ uptake by the cell. Conversely, mutations of 
PRKCG interfere with the negative PKCγ-mediated regula-
tion of the receptor and make a larger than physiological 
amount of calcium enter the cell.

Disturbed homeostasis of  Ca2+ affects important func-
tions of neurons, such as the regulation of neurite outgrowth, 
synaptogenesis, synaptic transmission and plasticity, and cell 

Fig. 3  Subcellular location of 
polypeptides encoded by 21 
genes involved in spinocerebel-
lar degeneration. Note that one 
gene product can be present in 
more than one cell compart-
ment. Only locations assigned 
with highest confidence (levels 
4, 5 of genecards) are given. 
From: https:// www. genec ards. 
org/

https://www.genecards.org/
https://www.genecards.org/
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survival [116, 117]. In several SCAs, gene mutations directly 
affect synapses. Another group of mutations interferes with main-
tenance and function of the cytoskeleton, which eventually results 
in cell death. The cytoskeleton is physiologically regulated by 
 Ca2+. Therefore — similar to disturbed synapse development 
and function — the mutation might either affect the cytoskeleton 
directly or indirectly via disturbed  Ca2+ homeostasis.

Other disease mechanisms include dysfunction of mitochon-
dria either by mutations in nuclear (SCA28) or mitochondrial 
(adult-onset SCA, mitochondrial) genes. These mutations are 
thought to disturb mitochondrial energy production and thus 
might cause cell death. Additional possible disease mechanisms 
have been discussed above in the context of relevant SCAs.

In summary, the majority of SCAs discussed here is 
caused by mutations interfering with neuronal  Ca2+ equilib-
rium. This eventually results in cell death, e.g., by interfering 
with development of synapses or the cytoskeleton.
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