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Summary
Although the best-known spinocerebellar ataxias (SCAs) are triplet repeat diseases, many SCAs are not caused by repeat expansions. The

rarity of individual non-expansion SCAs, however, has made it difficult to discern genotype-phenotype correlations. We therefore

screened individuals who had been found to bear variants in a non-expansion SCA-associated gene through genetic testing, and after

we eliminated genetic groups that had fewer than 30 subjects, there were 756 subjects bearing single-nucleotide variants or deletions

in one of seven genes: CACNA1A (239 subjects), PRKCG (175), AFG3L2 (101), ITPR1 (91), STUB1 (77), SPTBN2 (39), or KCNC3 (34).

We compared age at onset, disease features, and progression by gene and variant. There were no features that reliably distinguished

one of these SCAs from another, and several genes—CACNA1A, ITPR1, SPTBN2, and KCNC3—were associated with both adult-onset

and infantile-onset forms of disease, which also differed in presentation. Nevertheless, progression was overall very slow, and STUB1-

associated disease was the fastest. Several variants in CACNA1A showed particularly wide ranges in age at onset: one variant produced

anything from infantile developmental delay to ataxia onset at 64 years of age within the same family. For CACNA1A, ITPR1, and

SPTBN2, the type of variant and charge change on the protein greatly affected the phenotype, defying pathogenicity prediction algo-

rithms. Even with next-generation sequencing, accurate diagnosis requires dialogue between the clinician and the geneticist.
Introduction

The autosomal-dominant spinocerebellar ataxias (SCAs) are

a clinically and genetically heterogeneous group of progres-
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sive neurological diseases characterized by cerebellar

atrophy that can be accompanied by dysfunction in the

brainstem, basal ganglia, cerebral cortex, spinal cord, or pe-

ripheral nervous system.1 There are three major classes of
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SCA, defined bymolecular mechanism. Themost common

are thepolyglutamineSCAs,whichare causedby the expan-

sion of a translated CAG repeat;2 together these account for

�60% of SCAs worldwide, with geographical variations.3

The two remaining classes are non-coding repeat expan-

sions and non-expansion SCAs caused by single-nucleotide

variants (SNVs) or genomic rearrangements such as micro-

deletions, duplications, or insertions.4 CACNA1A (MIM:

601011) is the exception to the rule: it containsCAGrepeats

that can undergo expansion, causing SCA6 (MIM: 183086)

but it canalso carry SNVs.5Nonetheless, themolecular basis

of many SCAs has yet to be identified, and it seems likely

that new mutational classes will emerge, as suggested by

the recent discovery of splice variants in PNPT1 (MIM:

610316) (SCA25 [MIM: 608703]).6

One of the great challenges of the ataxias is their pheno-

typic heterogeneity, which has been easiest to appreciate

amongst the polyglutamine SCAs. Because the CAG repeat

tends to expand upon intergenerational transmission, each

subsequent generation develops a more severe phenotype

that appears at earlier ages, a phenomenon known as antic-

ipation.7 In some cases, the presentation in the child is very

different from the ataxia that afflicted the parent inmiddle

age; the child of an adult with SCA7 (MIM: 164500), for

example, might first present with vision loss or mood

changes.8 Not only is there phenotypic heterogeneity

within families, but the same repeat length can cause age

of onset to vary by decades in different families. Some het-

erogeneity has been observed in the non-expansion SCAs,

but their rarity has made it difficult to assess genotype-

phenotype correlations.

To better understand the clinical and genetic features of

non-expansion SCAs, we formed an international collabo-

ration to gather the greatest number of affected individuals

that we could. The phenotypic heterogeneity we observed

among non-expansion SCAs far exceeds even that seen in

the polyglutamine SCAs: in some cases, the very same
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variant can cause either a late-onset pure ataxia or a com-

plex infantile syndrome with intellectual disability.
Subjects and methods

Subjects
This multicenter cross-sectional study was initiated (by P.C., A.B.,

and A.D.) in October 2020 with neurologists, clinical geneticists,

and pediatricians (Figure S1) under the following institutional re-

view board approvals: Paris Brain Institute (SPATAX RBM01-29/

BIOMOV APH210069 Sud-est IV. 2021-A00989-32); Fondazione

IRCCS Istituto Neurologico Carlo Besta (Care4NeuroRare CP 20/

2018); University of Brescia (SCA OBSERVE NP 4506); University

of Tubingen (598/2011BO1); University of Bonn (ATAXIE/HSP

176/16); University of Düsseldorf (ATAXIE 2020-981); University

of Cincinnati (2017-5985). Anonymized information on affected

individuals diagnosed with non-expansion mutations in known

SCA-associated genes was obtained from genetic centers in

Europe, the US, Israel, and the French West Indies (Table S1).

We used REDCap electronic data capture tools to collect and

manage data, which were hosted and insured by the Paris Brain

Institute (Institut du Cerveau, ICM).9 Collaborators were granted

database access and an internal ID by formal request. As required

by the respective institutional review boards of all centers, all per-

son information in the database is anonymized (no name, date or

place of birth, or ethnicity information). We performed quality

control for missing or aberrant data. Of 1,316 potential subjects,

353 had incomplete data, which left 963 subjects in November

2021.

Classification of genetic variants
The 963 subjects carried either a missense, null, frameshift, or

splice site variant or an in-frame deletion or a large deletion in

one of 22 SCA-associated genes (Table S2). To increase the robust-

ness of our phenotypic characterization, we excluded genes that

were represented by fewer than 30 affected individuals. For the re-

maining seven genes, investigators met regularly via video confer-

ence to perform data complementation with quality control to

ensure correct classification of variants (Table S3). We adopted
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American College of Medical Genetics and Genomics (ACMG)

guidelines10 and performed manual curation by using the gno-

mAD database to refine the public frequency threshold (https://

gnomad.broadinstitute.org; <0.01% for heterozygous variants).

We used multiple algorithms to predict pathogenicity: BayesDel_

addAF, DANN, DEOGEN2, EIGEN, SIFT, FATHMM-MKL, LIST-S2,

M-CAP, MVP, MutationAssessor, MutationTaster, and PrimateAI.

Among the remaining 963 affected individuals, there were 297

pathogenic variants (189 missense, 37 large deletions, 24 frame-

shift, 21 nonsense and 16 splice site variants and ten in-frame de-

letions), of which 291 were initially classified as ACMG class V or

IV. There were eight class I/II variants and 92 variants of unknown

significance (VUSs, class III). Six VUSs were then reclassified as

pathogenic or likely pathogenic following functional testing for

two variants in AFG3L2 (MIM: 604581), protein modeling for

three variants in PRKCG (MIM: 176980) by SwissModel web-

server,11 and recurrence among different index cases with pheno-

types compatible with one previously published variant in STUB1

(MIM: 607207).12 Carriers of the remaining 86 VUSs were not

included in this study, leaving 756 subjects in the final cohort,

of which 449 are familial cases (164 in the CACNA1A group; 83

in PRKCG; 51 in AFG3L2; 48 in STUB1; 63 in ITPR1 [MIM:

147265]; 20 in SPTBN2 [MIM: 604985]; and 20 in KCNC3 [MIM:

176264]).
Phenotypic characterization
We perused the clinical information associated with each subject

to gather information pertaining to phenotypes. We defined age

at onset (AO) as the age of ataxia onset reported by the affected in-

dividual, parent, or clinician, even though ataxia was not always

the first abnormality detected. We assessed cerebellar signs

by the scale for the assessment and rating of ataxia (SARA),13 other

neurological signs by the Inventory of Non-Ataxia Signs (INAS),14

and functional impairment by the spinocerebellar degeneration

functional score (SDFS).15 Pyramidal signs include hyperreflexia

in four limbs and/or Babinski and/or Hoffmann signs. Intellectual

disability (ID) refers to developmental cognitive delay, and cogni-

tive deterioration refers to the loss of acquired cognitive skills. Psy-

chiatric symptoms included anxiety, depression, obsessive-

compulsive behavior, and psychotic episodes. Epilepsy in this

study was defined as at least two unprovoked seizures and there-

fore excluded febrile seizures in infancy.
Statistical analysis
Demographic data and phenotypic features were summarized as

frequencies with percentages for qualitative variables andmedians

with interquartile ranges ([IQR Q1–Q3]) for quantitative variables.

Genetic groupswere compared with chi-square tests for qualitative

variables and Kruskal-Wallis orWilcoxon tests for quantitative var-

iables, with a conventional two-tailed type I error of 0.05.

Disease duration was defined as the number of years between

ataxia onset and age at examination. For affected individuals with

at least 3 years of disease, we calculated annual functional and

SARA progression as the SDFS and the SARA scores, respectively,

dividedby the disease duration.We observed very large age at onset

heterogeneity for each gene and aimed to identify significant age

groups. We first tested for the presence of multimodality by using

the R multimode package, with the excess mass test.16 If there

was a significant multimodality, we estimated the Gaussian mix-

tures by using the expectation maximization algorithm for up to
1100 The American Journal of Human Genetics 110, 1098–1109, July
ten groups with the mixtools R package. We then selected the

best fit on the basis of Bayesian information criteria.

We attempted to develop an AI decision tree to classify genes ac-

cording to clinical features by using the R rpart package, which en-

ables the use of data with missing values. All variables described in

Table S4 were included in the model. We determined the best

‘‘splits’’ (separation of affected individuals according to clinical

features) in the tree with the Gini index and pruned the tree by us-

ing the optimal complexity parameter with 10-fold cross-valida-

tion. Data were analyzed with R version 3.6.2.
Results

Cohort characteristics

The most salient feature of these seven genetic groups is

that the ages at onset (AOs) ranged widely (Figure 1A),

but the overall progression is slow (Figure S2). There was

no detectable influence of sex on AO (Figure S3) or any

other aspect of the clinical presentation (p > 0.50 after

correction for multiple comparisons). Most disease-related

features occurred in less than a quarter of the affected indi-

viduals in each group, meaning that it would be hard to

distinguish one of these SCAs from another on a clinical

basis alone (Figure 1B). Clinical diagnosis would be made

even more challenging by the substantial phenotypic dif-

ferences within certain SCAs (see below) (Table S4). Below

we outline the main findings by genetic group, in descend-

ing order of cohort size.
CACNA1A

Different mutations in CACNA1A, which encodes the

voltage-dependent P/Q-type calcium channel subunit

alpha-1A (Cav2.1), have already been associated with a

variety of phenotypes (familial hemiplegic migraine,

episodic ataxia, and several types of epilepsy in addition

to polyglutamine-expanded SCA6).17 The phenotypic het-

erogeneity in our cohort became more coherent when we

grouped subjects by AO, which fell into three peaks deter-

mined by multimodality testing at 0.8 (50.7), 9.2 (55.2),

and 33.7 (516.1) years (for infantile, juvenile, and adult

onset, respectively) (Figure 2A). The infantile form was

most strongly associated with epilepsy and intellectual

disability (Table S5). The juvenile form was the mildest in

terms of SARA, the least likely to involve ophthalmoplegia

or cognitive deterioration, but the most likely to include

psychiatric symptoms. Adult affected individuals typically

had pure cerebellar disease, although pyramidal signs

developed with longer disease duration (Table S6). SARA

and SDFS progression rates were the slowest in the whole

cohort (Figure S2).

AO did not dependmuch on variant type, although large

deletions and altered splicing tended to produce symptoms

beforemidlife (Figure 2B). Three variants presented a partic-

ularly wide range of onsets: c.1082G>A (p.Gly361Glu)

(GenBank:NM_001127221.2) (0–64 years in six affected in-

dividuals from one family); c.1748G>A (p.Arg583Gln)

(GenBank: NM_001127221.2) (5–63 years in 37 affected
6, 2023
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Figure 1. Age at onset distribution and disease features beyond ataxia in seven non-expansion SCAs
(A) Age at onset distribution for each of the seven genetic groups in our cohort, in descending size of group from top to bottom. The
lower and upper hinges correspond to the first and third quartiles (the 25th and 75th percentiles).
(B) The percentage of affected individuals in each group with signs beyond cerebellar ataxia. The majority of disease features affect fewer
than one in four members of a given genetic group, indicating considerable heterogeneity.
individuals from ten families); and c.5251C>T

(p.Arg1751Trp) (GenBank: NM_001127221.2) (1–59 years

in seven affected individuals from two families) (Table S3).

This led us to examine variant types and location more

closely (Figures 2C–2E). The variants in our cohort clustered

in areas most pertinent to Cav2.1’s function as a calcium

channel: four homologous repeat domains (I–IV) each

contain six helical transmembrane segments (S1–S6), of

which segment S4 serves as a voltage sensor, while the S5

and S6 segments and the S5–S6 loops form the channel

pore that governs the passage of ions.18 Most variants in

our cohort were located in segment S4 of repeat II

(Figure 2C), which showed a six-decade range of AOs.

Most infantile presentations were associated with variants

in transmembrane segment S5 of repeat IV that affected

non-polar amino acids without causing a change in charge.

A large proportion ofmutations caused a change of polarity

(Figure 2D) and were associated with later onset.

PRKCG (SCA14)

SCA14 (MIM: 605361) had a wide range of AO (3–66 years)

and showed such phenotypic heterogeneity that no single

disease feature manifested in even one-fifth of affected in-
The Americ
dividuals (Figure 1B; Table S4). The most frequent signs

were psychiatric symptoms, decreased ankle vibration

sense, cognitive deterioration, and the cluster of dystonia,

chorea, myoclonus, or parkinsonism. This cluster also

tended to correlate with pyramidal signs, whereas cogni-

tive deterioration often co-occurred with ophthalmoplegia

(Table S7).

PRKCG encodes protein kinase C gamma, whose phos-

phorylation function is activated by calcium. Most patho-

genic variants (54/59) weremissensemutations; there were

three in-frame deletions and two frameshift mutations. No

correlationwas found between clinical features and variant

type or location, although most variants altered non-polar

amino acids and clustered in the phorbol-ester/diacylgly-

cerol-binding region (Figure 3A, bottom).

AFG3L2 (SCA28)

SCA28 (MIM: 610246) presented a large range in AO (0–74

years), but only one affected individual had infantile

onset. The two most prevalent features were ophthalmo-

plegia (50%) and ptosis (31%) (Figure 1B; Table S4), which

could develop before ataxia but were typically associated

with 7–10 years longer disease duration (Table S6).
an Journal of Human Genetics 110, 1098–1109, July 6, 2023 1101



Figure 2. Infantile, juvenile, and adult-onset CACNA1A phenotypes and their correlations with variant location and amino acid prop-
erties
(A) Infantile, juvenile, and adult-onset phenotypes differed in their clinical presentations, but no single feature was exclusive to one
category.
(B) Distributions of ages at onset for each of the variant type observed in CACNA1A. The lower and upper hinges correspond to the first
and third quartiles (the 25th and 75th percentiles) for all boxplots in the figure.
(C) Distributions of ages at onset for eachCACNA1Amissense variant according to their location in the protein by repeat region. Variants
within transmembrane segment S4 were found in all the repeats, but in segment S5 they were located only in repeats IV (n ¼ 7) and III
(n ¼ 1) and exclusively associated with very-early-onset disease.
(D) Amino acid change properties also influence age at onset. On the left are the initial amino acid properties and at the bottom are the
amino acid properties post-mutation. The majority of mutations affected positive residues.
(E) Diagram of CACNA1A shows the locations of missense and loss-of-function variants (above and below the gene, respectively) in this
cohort.

1102 The American Journal of Human Genetics 110, 1098–1109, July 6, 2023



Figure 3. Amino acid properties and variant characteristics in PRKCG (SCA14) and AFG3L2 (SCA28)
(A) Top: distributions of ages at onset for each type of mutation observed in PRKCG. The lower and upper hinges correspond to the first
and third quartiles (the 25th and 75th percentiles) in all the boxplots in the figure. Frameshifts and indels seem to have a narrower range
of onset, but the number of subjects is too small to judge with certainty. Middle: the majority of variants in PRKCG (70%) affected non-
polar residues. Bottom: diagram of PRKCG showing the locations of variants in this cohort.
(B) Top: AFG3L2missense variants produce a wide range of ages at onset. Middle: nearly half the AFG3L2 mutations affected non-polar
residues. Bottom: diagram of AFG3L2 showing the locations of variants in our cohort.
Pyramidal symptoms were also seen in affected individuals

with greater (7.6 years) disease duration. Cognitive deteri-

oration tended to co-occur with psychiatric symptoms and

dystonia, chorea, myoclonus, and parkinsonism (Table S8).

Only two affected individuals had ID.

AFG3L2 encodes AFG3-like matrix AAA peptidase sub-

unit 2, part of an ATP-dependent complex of the mito-

chondrial inner membrane that regulates ribosome assem-

bly and degrades misfolded proteins. Loss of function

impairs respiratory chain activity and mitochondrial

gene expression.19 Homozygous mutations in AFG3L2

can cause spastic ataxia 5 (SPAX5 [MIM: 147265]), which

has similar features to SCA28.20 Thirty of the 31 variants

were missense; one was a nonsense variant. There was no

clear correlation between mutation type and polarity or

charge, but most mutations occurred in the proteolytic

domain (exons 15 and 16), while two were located in the

exon 10 catalytic domain. (Figure 3B, bottom).

ITPR1 (SCA15/29)

Although only a handful of infantile SCA15/29 (MIM:

606658)/(MIM: 117360) cases have been reported in the
The Americ
literature,21 in our cohort ITPR1mutations were associated

with a one in three chance of infantile presentation (at

0.5 5 0.5 years). Even the adult onset was relatively early

(33.4 5 14.9 years). Ophthalmoplegia and the cluster of

dystonia, chorea, myoclonus, or parkinsonism were more

likely to occur with infantile onset andmissensemutations

(Figure 4A, top; Table S9). Depression or anxiety, which

developed with longer disease duration (11.5 years), were

more likely with deletions. AO strongly correlated with

the variant type: deletions were associated only with adult

onset, but more than three-quarters of missense carriers

had infantile disease (Figure 4A, middle; Table S9).

ITPR1 encodes the inositol 1,4,5-triphosphate receptor 1

(also known as IP3R1), which mediates calcium release

from the endoplasmic reticulum. This in turn leads to cyto-

solic and mitochondrial calcium spikes that stimulate

mitochondrial energetics22; indeed, too much ITPR1 activ-

ity can cause mitochondrial Ca2þ toxicity.23 We found

both deletions (>5 Mb) and missense variants distributed

throughout the gene (Table S3, Figure 4A, bottom). One

in-frame deletion (c.7786_7788del [p.Lys2596del] [Gen-

Bank: NM_001168272.2]) and two missense variants
an Journal of Human Genetics 110, 1098–1109, July 6, 2023 1103



Figure 4. Missense variants dominate infantile onset in ITPR1 (SCA15/29), but no pattern is discernible with STUB1 (SCA48)
(A) Top: infantile- and adult-onset ITPR1-affected individuals were differentiated primarily by the presence of intellectual disability. Mid-
dle: missense mutations in ITPR1 were strongly associated with infantile cases. Bottom: diagram of variant locations in ITPR1.
(B) Top: age at onset in STUB1-associated disease did not correlate with variant type. Middle: two-thirds of variants affected non-polar
residues. Bottom: diagram of variant locations in STUB1.
(c.7727A>T [p.Asn2576Ile] [GenBank: NM_001168272.2];

c.7616G>T [p.Gly2539Val]) presented a Gillespie syn-

drome phenotype (congenital hypotonia, bilateral aniri-

dia, ataxia, and ID [MIM: 206700]) and were located in

the transmembrane domain, like all Gillespie missense var-

iants published so far.24

STUB1 (SCA48)

SCA48 (MIM:618093)hadamedianageat onsetof40years;

therewere no cases of infantile or juvenile onset or ID inour

cohort. The STUB1 group were the most likely out of the

entire cohort, however, to suffer cognitive deterioration

(65%) and psychiatric symptoms (44%), which tended to

co-occur (Table S10). These features could precede the

ataxia by a decade or more, but it was the rapid disease pro-

gression that best predicted that an affected individual had

a mutation in STUB1 (Table S4).
1104 The American Journal of Human Genetics 110, 1098–1109, July
STUB1 (STIP1homology andU-box containingprotein1)

encodes the CHIP protein, an E3 ubiquitin ligase that influ-

ences autophagy andmitochondrial biogenesis.25 The pro-

tein contains tetratricopeptide repeats and a U-box, but the

33 heterozygous variants were distributed throughout the

protein, with no discernible hotspots or correlations with

particular disease features (Table S3, Figure 4B).

SPTBN2 (SCA5)

SCA5 (MIM: 600224) showed a bimodal distribution in

AOs, with the multimodality distributions peaking at

0.7 5 0.3 years (20%) and 33.3 5 14.7 years (80%). Infan-

tile-onset cases were associated with ID (80%), but 6% of

the adult-onset group also showed ID (recall that we

defined AO by ataxia) (Figure 5A, Table S11). Ophthalmo-

plegia was equally prevalent among infantile- and adult-

onset individuals (24%) and associated with longer disease
6, 2023



duration (Table S6). Oculomotor symptoms were the

initial feature in the few persons that did not present

with ataxia.

SPTBN2 (spectrin beta non-erythrocytic 2) encodes the

beta-III spectrin protein that stabilizes the glutamate trans-

porter EAAT4 at the surface of the plasmamembrane. Beta-

III spectrin contains a calponin-homology domain, a series

of spectrin repeats, and a pleckstrin homology domain.

Heterozygous intragenic deletions and missense variants

have been associated with infantile-onset disease (homo-

zygosity leads to SCAR14 [MIM: 615386]).26 Most of the

previously published variants were present in our cohort.27

We found no correlation between disease features and

variant types but noted a strong correlation between loss

of charge and earlier onset and a tendency for mutations

to occur in the calponin homology domain or the first

three spectrin repeats (Figure 5A). A change from a positive

to a non-polar or polar amino acid in the helical spectrin

repeats nearly always led to infantile onset.

KCNC3 (SCA13)

Overall, the SCA13 (MIM: 605259) group had the earliest

median age at onset (5.5 years) (Table S4). Infantile onset

was associated with intellectual disability (71% versus 6%

of adult-onset individuals) and further cognitive deteriora-

tion (25%). Adult-onset individuals weremore likely to pre-

sent pyramidal signs (35%) as well as dystonia, chorea,

myoclonus, and parkinsonism (28%) or decreased ankle vi-

bration sense (26%) (Figure 5B, Table S12). Overall progres-

sionwas slow (median 0.11 point of SDFS and 0.66 point of

SARA per year).

KCNC3 encodes the potassiumvoltage-gated channel sub-

family Cmember 3 (Kv3.3), which consists of six transmem-

brane segments and a pore re-entrant loop. There were only

four missense pathogenic variants, all in exon 2, leading to

amino acid substitutions in highly conserved domains in

transmembrane segments S4 (the main voltage-sensing

element) and S5 (ion-selective pore) (Figure 5B). Although

these two variants are only three residues apart, the age at

onset for c.1268G>A (p.Arg423His) (GenBank: NM_0049

77.3) is much earlier than for c.1259G>A (p.Arg420His)

(GenBank: NM_004977.3), which is consistent with a previ-

ous report.28

Decision tree

Weusedamachine learningclassifier tocreate adecision tree

to aid diagnostic discrimination among these seven genes.

The algorithm had a genotype-phenotype correlation accu-

racy of 48%, as opposed to 20% for random selection, based

on five variables: onset before 16 years of age, presence of

ophthalmoplegia, intellectual disability, cognitive deterio-

ration, and either slow (<0.08/year) or fast (>0.13/year) dis-

ease progression, asmeasured by the SDFS (Figure S2).Onset

before age 16 suggested CACNA1A, because it accounts for

one-third of our cohort and themajority of early-onset indi-

viduals. Among the 71% of our sample with onset after 16

years, ophthalmoplegia suggested AFG3L2. When ophthal-
The Americ
moplegia was absent, cognitive deterioration suggested

STUB1. The absence of a distinctive feature led to heteroge-

neous groups populated by PRKCG, which was the second-

most numerous group after CACNA1A. To improve the

result, we tried using a random forest classifier, but this

required imputingmanymissing values; even so, themodel

achieved only �54% accuracy.
Discussion

This study has uncovered two crucial features of the non-

expansion SCAs. First, these diseases are remarkably het-

erogeneous in presentation. The AFG3L2 variants in our

cohort together presented a six-decade range in AOs, and

three specific variants in CACNA1A achieved a comparably

wide range. Infantile-, juvenile-, and adult-onset pheno-

types for the same gene can differ considerably. This vari-

ability is particularly noteworthy given that neither imag-

ing nor neuropathological studies in these SCAs have yet

been able to discern structural abnormalities beyond the

cerebellum. This distinguishes non-expansion SCAs from

polyglutamine disorders and also raises the intriguing pos-

sibility that cerebellar dysfunction may be sufficient to

cause cognitive decline or even intellectual disability.

Second,wecannotpredictpathogenicity solelyon theba-

sis of the amino acid change. We were quite surprised that

infantile-onset individuals in theCACNA1A group had var-

iants that didnot even change the charge of the residues. All

these variants were located within the pore, which is the

most sensitive region of the protein29,30; here, even seem-

ingly inconsequential change leads to infantile-onset dis-

ease. Only electrophysiological studies can determine the

functional consequences of amino acid changes. There

were similarly conservative changes in SPTBN2. Proteinpre-

diction algorithms therefore cannot be relied on for clinical

decision-making, evenwhenmultiple algorithmsagree: the

clinical presentationmust inform our interpretation of var-

iants of uncertain pathogenicity.21

Although certain variant types or locations were strongly

associated with earlier-onset disease, the extreme heteroge-

neity we observed foiled our attempts to derive a diagnostic

algorithm. We expect that genetic modifiers or at least ge-

netic background effects explain much of this variability.

For example, an interaction between STUB1 (SCA48) and

TBP [MIM: 600075] (SCA17 [MIM: 607136]) has recently

been identified in two studies. In STUB1-affected individ-

uals, the cognitive phenotype and overall survival are

driven by the size of the intermediate TBP allele (41–46 re-

peats, which are not pathogenic on their own).31,32 In this

study, we were unable to test whether TBP was responsible

for the more rapid progression of STUB1-affected individ-

uals, but this question is relevant not only for nosology

but for genetic counseling. We were also unable to analyze

geographic or ethnic specificities because we did not

include this information; future studies should shed light

on genetic background effects.
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Figure 5. Correlations between variant type and amino acid changes in SPTBN2 (SCA5) and KCNC3 (SCA13) with early- and later-
onset phenotypes
(A) Left: the majority of infantile-onset SCA5-affected individuals have intellectual disability, which is strongly associated withmissense
variants and charge loss in the spectrin repeats. The majority of mutations changed the residue from one non-polar amino acid to
another. Right: missense mutations were associated with the earliest age at onset (top) and with charge loss in a spectrin repeat (middle
panel). The bottom right shows the location of variants, which favored the calponin homology domain and early spectrin repeats.
(B) Intellectual disability is also prominent in SCA13 infantile-onset disease (left), which is strongly associated with mutations affecting
amino acids in the region following c.1259G>A (p.Arg420His) (GenBank: NM_004977.3) (right). Mutations clustered in the S4 and S5
domains (right, bottom).

1106 The American Journal of Human Genetics 110, 1098–1109, July 6, 2023



Notwithstanding the overall clinical heterogeneity, the

phenotype of these seven non-expansion SCAs can

resemble that of mitochondrial ataxias, which are usually

slowly progressive and often include loss of reflexes, oph-

thalmoplegia, ptosis, and sometimes cognitive impair-

ment and seizures. Interestingly, AFG3L2, ITPR1, and

STUB1 all influence mitochondrial function (AFG3L2,

ITPR1, and STUB1), while the other proteins involved in

these SCAs are involved in neurotransmission through

transport of or response to calcium (CACNA1A, PRKCG),

potassium (KCNC3), or glutamate (SPTBN2). It is conceiv-

able that polymorphisms in mitochondrial or neurotrans-

mission-related genes could act as genetic modifiers

influencing the tremendous range in AOs, as has been

found in subjects with polyglutamine SCAs33 and particu-

larly in SCA7.34 The clear dominance of CACNA1A vari-

ants in our cohort certainly confirms the prevalence of

channelopathies among the SCAs35 and the exquisite

sensitivity of channels to even slight alterations in

structure.

Last but not least, given the extreme heterogeneity and

the difficulty of ascribing pathogenicity to variants via ex-

isting prediction tools, it may be that these non-expan-

sion SCAs are not as rare as we imagine. It is conceivable

that many individuals with isolated disease features or

presentations that are non-standard for ataxia would be

overlooked or not tested with an ataxia panel. Thus,

despite being by far the largest study on non-expansion

SCAs, there are likely many more affected individuals

and disease features to be discovered in these diseases.

The diagnostic reality is that affected individuals

who do undergo testing will be missed by typical com-

mercial ataxia panels. (Most of our subjects were tested

in research settings: approximately 35% in our cohort

were diagnosed by Sanger sequencing, 24% by panel

screening, and 31% by whole-exome or whole-genome

sequencing.) The results of the current study argue that

sequencing should become standard practice if we are to

improve diagnosis for ataxias. Even so, we must be alert

to the fact that some variants that one would expect to

be benign, such as those that do not alter the charge of

the affected amino acid, can be pathogenic. The specific

context of the affected domain needs to be taken into ac-

count when interpreting pathogenicity, as well as the

possible presence of an additional modifying variant in

another gene.
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