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ABSTRACT: BackgroundBackground: Cerebellar atrophy is a nonspecific imaging finding observed in a number of
neurological disorders. Genetic ataxias associated with cerebellar atrophy are a heterogeneous group of
conditions, rendering the approach to diagnosis challenging.
ObjectivesObjectives: To define the spectrum of genetic ataxias associated with cerebellar atrophy in a Canadian cohort
and the diagnostic yield of exome sequencing for this group of conditions.
MethodsMethods: A total of 92 participants from 66 families with cerebellar atrophy were recruited for this multicenter
prospective cohort study. Exome sequencing was performed for all participants between 2011 and 2017 as part
of 1 of 2 national research programs, Finding of Rare Genetic Disease Genes or Enhanced Care for Rare
Genetic Diseases in Canada.
ResultsResults: A genetic diagnosis was established in 53% of families (35/66). Pathogenic variants were found in
21 known genes, providing a diagnosis for 31/35 families (89%), and in 4 novel genes, accounting for 4/35
families (11%). Of the families, 31/66 (47%) remained without a genetic diagnosis. The most common diagnoses
were channelopathies, which were established in 9/35 families (26%). Additional clinical findings provided
useful clues to specific diagnoses.
ConclusionsConclusions: We report on the high frequency of channelopathies as a cause of genetic ataxias associated with
cerebellar atrophy and the utility of exome sequencing for this group of conditions.

Cerebellar atrophy is a nonspecific imaging finding observed in a
number of acquired and genetic neurological disorders in both
pediatric and adult populations.1–3 It is characterized by a loss of
cerebellar tissue, with evidence on brain imaging of enlarged
interfolial spaces compared to the foliae, in a posterior fossa of
normal size.2,4–6

Genetic ataxias associated with cerebellar atrophy are a clini-
cally and genetically heterogeneous group of conditions, which

makes the approach to diagnosis challenging.1–3 Possible causes
include chromosomal abnormalities; repeat expansions; inborn
errors of metabolism, in particular mitochondrial disorders; and
other single gene disorders.1,2,7–9 Genetic ataxias were historically
classified based on their mode of inheritance, with early-onset
autosomal recessive conditions being the most common.10,11

Additional clinical and neuroimaging findings are essential to
selecting appropriate genetic investigations.1,3,12,13 Specific
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etiologies for genetic ataxias associated with cerebellar atrophy
are distinct from those for genetic ataxias without this imaging
finding.

The goal of this study was to define the spectrum of genetic
ataxias associated with cerebellar atrophy in a Canadian cohort
and the diagnostic yield of exome sequencing (WES) for this
group of conditions.

Methods
A total of 92 participants from 66 families with ataxia and cere-
bellar atrophy of suspected genetic etiology were recruited from
6 centers across Canada between 2011 and 2017 in the context
of a prospective cohort study. Patients of all ages were included
in the study. Atrophy of the cerebellar vermis and/or hemi-
spheres on brain imaging was assessed by the referring clinicians.
Not all patients had a family history of ataxia, and participants
were not selected based on suspected mode of inheritance.

WES was performed as part of 1 of 2 national research pro-
grams, Finding of Rare Genetic Disease Genes or Enhanced Care
for Rare Genetic Diseases in Canada. Genetic investigations
obtained by the referring clinicians prior to enrollment in the
study included biochemical, cytogenetic, and molecular investi-
gations (including for expansion-related ataxias), depending on
provincially funded clinical testing. Diagnostic tests prior to
recruitment were based on clinical indication. Acquired causes of
ataxia were also excluded.

Patients from 15 families were previously published as part of
a brief report on utility of WES in pediatric-onset ataxia and in
separate publications reporting novel genes or expanding the
phenotypic spectrum associated with known genes.14–23

WES was performed on total genomic DNA from the 92 par-
ticipants. DNA was extracted from peripheral blood following
standard procedures. Target enrichment was performed using the
Agilent SureSelect 50 Mb (V3, V4, or V5) All Exon Kit
(Agilent, Santa Clara, CA). Sequencing was performed on
Illumina Hiseq 2000 and generated 6 Gbp of 100 bp paired-end
reads per sample (Illumina, San Diego, CA). Read alignment,
variant calling, and annotations were performed as previously
described.24 The mean sequencing coverage depth was
80 to 120x.

A systematic approach was used for data interpretation. Rare
(allele frequency of <1% in Exome Variant Server and 1000
Genomes Project) and nonsynonymous variant splicing as well as
coding indels were examined first. Pathogenicity and conserva-
tion of affected residues were predicted using tools such as SIFT,
Polyphen-2, Mutation Taster, and GERP.25–28 Genes relevant
to the phenotype were examined based on a Human Phenotype
Ontology–driven gene list. All known disease-causing genes
included in Online Mendelian Inheritance in Man (approxi-
mately 4500) were reviewed. Finally, all rare variants were exam-
ined to identify possible novel disease-causing genes. Candidate
variants were manually visualized using the Integrative Genomics
Viewer. Variants in candidate genes were confirmed by Sanger

sequencing, and segregation was documented when parental
samples were available. The American College of Medical
Genetics and Genomics variant classification guidelines were used
to determine pathogenicity of the variants.29

Clinical, radiologic, and molecular information for all 92 par-
ticipants was provided by the referring clinicians. The available
information was collected and analyzed using Phenotips.30 This
study was approved by the ethics committees of all participating
centers. Informed consent was obtained from the patients or
their legal representatives to participate in this study.

Data Availability Statement
All data presented in this study are available upon reasonable
request.

Results
Diagnostic Yield of WES
A total of 92 individuals from 66 families were included in this
study. A genetic diagnosis was established in 52/92 patients
(57%) from 35 families (35/66 families, 53%). Pathogenic variants
were found in 21 known genes, providing a diagnosis for 45 par-
ticipants from 31 families (31/35 families, 89%), and in 4 novel
genes (LAMA1, PUM1, SLC39A8, XRCC1), accounting for
7 participants from 4 families (4/35 families, 11%). Of the
patients, 40 from 31 families (31/66 families, 47%) remained
without a genetic diagnosis.

Inheritance was autosomal recessive for the majority of the
diagnoses for which a genetic cause was established, accounting
for 34 individuals from 21 families (21/35 families, 60%). Auto-
somal dominant inheritance was documented in 18 individuals
from 14 families (14/35 families, 40%). There were 9/14 families
(64%) with de novo and 3/14 families (21%) with inherited domi-
nant variants. Segregation information was not available for 2/14
families (14%) with autosomal dominant disorders.

The most common diagnoses were channelopathies in
12 patients from 9 families (9/35 families, 26%). There were
9 patients from 5 families (5/35 families, 14%) with autosomal
recessive mitochondrial disorders, 8 patients from 5 families
(5/35 families, 14%) with metabolic disorders (congenital disor-
ders of glycosylation and peroxisomal fatty acid beta-oxidation
defects), and 4 patients from 4 families (4/35 families, 12%) with
classic autosomal recessive ataxias caused by pathogenic variants
in genes well known to cause cerebellar ataxia (SACS, SYNE1,
or SETX).12

In the remaining 19 patients from 12 families (12/35 families,
34%), pathogenic variants in 10 different genes were identified.
These conditions included rare spinocerebellar ataxias,
lamininopathy disorders, pontocerebellar hypoplasia subtypes,
Gordon Holmes syndrome, and Warburg Micro syndrome. We
classified these disorders based on prominent ancillary clinical
findings in addition to cerebellar ataxia; 11 patients from 6 fami-
lies (6/12 families, 50%) had a syndromic presentation with
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significant systemic manifestations and/or extracerebellar symp-
toms (RAB3GAP1, RNF216, EXOSC3, LAMA1, KIF1A),
3 patients from 2 families (2/12 families, 17%) had ataxia with
ocular motor apraxia (BRAT1, XRCC1), 3 patients from 2 fami-
lies (2/12 families, 17%) had a relatively pure spinocerebellar
ataxia (PUM1, PRKCG), and 2 unrelated patients (2/12 families,
17%) had prominent seizures (SPTAN1). Diagnostic yield, mode
of inheritance, and diagnostic categories are summarized in
Figure 1 and Table 1.

Genetically Diagnosed
Subgroup: Clinical
Characteristics
Age at onset of ataxia ranged from the neonatal period to adult-
hood (middle age). Overall, onset of ataxia was reported to occur
in the neonatal period, infancy, or childhood in 29/52 patients
(56%) and in adulthood in 11/52 individuals (21%). This infor-
mation was not available for 12/52 participants (23%). Patients
with dominant de novo variants tended to have earlier onset of
symptoms, ranging from infancy to 6 years of age. Early age at
onset was also observed in patients with autosomal recessive con-
ditions, with ataxia presenting in infancy or childhood in 21/34
participants (62%) and in adulthood in 3/34 (9%) patients with
autosomal recessive disorders.

Ataxia was reported by the referring clinicians to be progres-
sive over time in 19/52 patients (36%) and nonprogressive in
32/52 (62%). This information was not available for 1/52
patients (2%). The clinicians reported that 26 patients (26/52,
50%) had cognitive impairment, 24/52 (48%) had normal cogni-
tion, and cognitive status was not documented for 1/52 patients
(2%). Cognitive impairment appeared to correlate with earlier

onset of symptoms; 20/25 patients (80%) with cognitive impair-
ment had onset of ataxia in infancy or childhood, and informa-
tion on age of onset was not available for the other 5 patients
with cognitive impairment. For patients who were reported to
have normal cognition, onset of ataxia was in infancy or child-
hood in 9/24 (38%), in adulthood in 8/24 (33%), and was not
reported in 7/24 (29%).

Other neurological manifestations and systemic findings, such
as neuromuscular symptoms and ophthalmological abnormalities,
provided useful clues to some of the diagnoses. There were
5 patients from 2 families with Perrault syndrome caused by
biallelic variants in HSD17B4, encoding a peroxisomal fatty acid
beta-oxidation enzyme (MIM number 233400). Of the patients,
2 had sensorineural hearing loss, retinal abnormalities, and evi-
dence of peripheral neuropathy. The other 3 patients were
reported to have ophthalmoparesis.

The patient with Warburg Micro syndrome also had evidence
of peripheral neuropathy, as did the patient with autosomal
recessive ataxia with ocular motor apraxia type 5 (AOA5, AOA-
XRCC1; MIM number 617633). Myopathy was described in
autosomal recessive MSTO1-related disorder (3 individuals from
1 family, MIM number 617675) and in 1 patient with autosomal
recessive spinocerebellar ataxia 8 (Beauce ataxia, MIM number
610743) caused by biallelic variants in SYNE1.

Patients with pontocerebellar hypoplasia type 1B caused by
biallelic variants in EXOSC3 (4 patients from 2 families, MIM
number 614678) had unique clinical characteristics. In addition
to severe developmental delay, they showed a combination of
upper and lower motor neuron signs with appendicular spastic-
ity, hyperreflexia, extensor plantar response, and tongue
fasciculations.

Retinal changes were also seen in 1 of the 2 unrelated
patients with congenital disorder of glycosylation type Ia

FIG 1. Diagnostic yield of exome sequencing (WES) in genetic ataxias associated with cerebellar atrophy. Diagnostic yield of WES in
66 families with genetic ataxias associated with cerebellar atrophy (A), mode of inheritance (B), and diagnostic categories (C) for
35 molecularly diagnosed families.
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(PMM2-CDG, caused by biallelic variants in PMM2, MIM
number 212065). Optic atrophy was identified in the 2 sib-
lings with mitochondrial PNPT1-related disorder (MIM

number 614932). Cataracts were present in Warburg Micro
syndrome caused by biallelic variants in RAB3GAP1
(1 patient, MIM number 600118).

TABLE 1 Molecular characteristics of 35 families with confirmed diagnoses of genetic ataxias associated with cerebellar
atrophy, classified by diagnostic categories

Identification Diagnostic Category Gene Pathogenic Variant(s)
Age(s) at Last
Examination, yr

254b Channelopathies ITPR1 Heterozygous, de novoc.7748T>C, p.Ile2583Thr 11
423a Channelopathies ITPR1 Heterozygous, de novo c.800C>T, p.Thr267Met 10
521 Channelopathies CACNA1A Heterozygousc.593G>A, p.Arg198Gln 61
552 Channelopathies ITPR1 Heterozygous, de novoc.7727A>C, p.Asn2576Thr 14
614 Channelopathies KCNC1 Heterozygous, de novo c.959G>A, p.Arg320His 17
620 Channelopathies CACNA1A Heterozygous, de novo c.1999G>A, p.Glu667Lys 20
671 Channelopathies CACNA1G Heterozygousc.5144G>A, p.Arg1715His 33, 53, 65
800 Channelopathies CACNA1A Heterozygous, de novo c.4055G>A, p.Arg1352Gln 8
895 Channelopathies CACNA1A Deletion of exons 23 to 47 29, 32
59a Mitochondrial MSTO1 c.706G>C, p.Asp236His

c.836G>A, p.Arg279His
7, 8, 10

287a Mitochondrial
(pontocerebellar
hypoplasia type 6)

RARS2 c.1432G>A, p.Gly478Arg c.997C>G, p.Arg333Gly 0.5, 1

301a Mitochondrial PNPT1 c.2234T>C, p.Met745Thr c.1748dupA, p.Glu584Glyfs*17 60, 62
483 Mitochondrial PMPCA Homozygousc.766G>A, p.Val256Met 34
517 Mitochondrial LONP1 Homozygousc.1387G>A, p.Asp463Asn 20
78a IEM(congenital disorder of

glycosylation, type Ia)
PMM2 c.422G>A, p.Arg141Hisc.722G>C, p.Cys241Ser 18

171a IEM(Perrault syndrome) HSD17B4 c.101C>T, p.Ala34Val c.1547T>C, p.Ile516Thr 18, 22
324a IEM(congenital disorder of

glycosylation, type IIn)
SLC39A8b Homozygousc.112G>C, p.Gly38Arg 13

330 IEM(Perrault syndrome) HSD17B4 c.1537C>A, p.Pro513Thr c.1628G>C, p.Arg543Pro 13, 16, 21
611 IEM(congenital disorder of

glycosylation, type Ia)
PMM2 c.430T>C, p.Phe144Leu c.459A>G, p.Ile153Met 22

109a Classic AR ataxias SACS Homozygousc.9284dupC, p.Ala3096Cysfs*2 42
254a Classic AR ataxias SETX Homozygousc.6139G>T, p.Gly2047Cys 24
326 Classic AR

ataxias(autosomal
recessive spinocerebellar
ataxia 8)

SYNE1 c.17407A>G, p.Lys5803Glu c.12511A>G, p.Met4171Val 16

C1026a Classic AR
ataxias(Charlevoix-
Saguenay spastic ataxia)

SACS Homozygousc.5151dupA, p.Ser1718Ilefs*20 9

242d Other, syndromic
presentation

KIF1A Heterozygous, de novo c.650C>T, p.Ser217Phe 12

545a Other, syndromic
presentation

LAMA b Homozygousc.588+2T>G 3, 5

615a Other, ataxia with ocular
motor apraxia

XRCC1b c.1293G>C, p.Lys431Asn c.1393C>T, p.Gln465* 47

843a Other, syndromic
(pontocerebellar
hypoplasia type 1B)

EXOSC3 Homozygousc.395A>C, p.Asp132Ala 6, 8

843b Other, syndromic
(pontocerebellar
hypoplasia type 1B)

EXOSC3 Homozygousc.395A>C, p.Asp132Ala 4, 10

619 Other, ataxia with ocular
motor apraxia

BRAT1 Homozygous c.185T>A, p.Val62Glu 7, 24

661d Other, with seizures SPTAN1 Heterozygous, de novo c.6899A>T, p.Asp2300Val 11
661e Other, with seizures SPTAN1 Heterozygous, de novo c.6605_6607delAGC, p.

Gln2202del
10

108a Other, syndromic(Gordon
Holmes Syndrome)

RNF216 Homozygousc.2056C>T, p.Arg686* 26, 30

242ba Other, syndromic(Warburg
Micro syndrome)

RAB3GAP1 Homozygousc.363G>A, p.Trp121Ter 10

407la Other, pure spinocerebellar
ataxia (spinocerebellar
ataxia 47)

PUM1b Heterozygousg.31414862T>A, p.Thr1035Ser 52, 58, 59

407 m Other, pure spinocerebellar
ataxia (spinocerebellar
ataxia 14)

PRKCG Heterozygousc.220C>A, p.His74Asn 53

aPreviously reported families.14–23
bNovel genes.

MOVEMENT DISORDERS CLINICAL PRACTICE 2020; 7(8): 940–949. doi: 10.1002/mdc3.13086 943

GAUQUELIN L. ET AL. RESEARCH ARTICLE



TA
B
LE

2
C
lin

ic
al

ra
d
io
lo
g
ic

an
d
m
ol
ec

ul
ar

ch
ar
ac

te
ri
st
ic
s
of

12
p
at
ie
nt
s
d
ia
g
no

se
d
w
ith

ch
an

ne
lo
p
at
hi
es

Id
en

tifi
ca

tio
n

52
1

62
0

80
0

89
5_

M
T0

18
18

95
_M

T0
18
2

67
1

67
12

67
13

25
4b

42
3

55
2

61
4

G
e
n
e

C
A
C
N
A
1
A

C
A
C
N
A
1
A

C
A
C
N
A
1
A

C
A
C
N
A
1
A

C
A
C
N
A
1
A

C
A
C
N
A
1
G

C
A
C
N
A
1
G

C
A
C
N
A
1
G

I
T
P
R
1

I
T
P
R
1

I
T
P
R
1

K
C
N
C
1

P
a
t
h
o
g
e
n
i
c
v
a
r
i
a
n
t

c
.
5
9
3
G
>
A

(
p
.
A
r
g
1
9
8
G
l
n
)
c
.
1
9
9
9
G
>
A

(
p
.
G
l
u
6
6
7
L
y
s
)
c
.
4
0
5
5
G
>
A

(
p
.
A
r
g
1
3
5
2
G
l
n
)
D
e
l
e
t
i
o
n

o
f
e
x
o
n
s

2
3
t
o
4
7

D
e
l
e
t
i
o
n

o
f
e
x
o
n
s

2
3
t
o
4
7

c
.
5
1
4
4
G
>
A

(
p
.
A
r
g
1
7
1
5
H
i
s
)
c
.
5
1
4
4
G
>
A

(
p
.
A
r
g
1
7
1
5
H
i
s
)
c
.
5
1
4
4
G
>
A

(
p
.
A
r
g
1
7
1
5
H
i
s
)
c
.
7
7
4
8
T
>
C

(
p
.
I
l
e
2
5
8
3
T
h
r
)
c
.
8
0
0
C
>
T

(
p
.
T
h
r
2
6
7
M
e
t
)
c
.
7
7
2
7
A
>
C

(
p
.
A
s
n
2
5
7
6
T
h
r
)
c
.
9
5
9
G
>
A

(
p
.
A
r
g
3
2
0
H
i
s
)

D
e
n
o
v
o

N
/
A

+
+

−
−

−
−

−
+

+
+

+

S
e
x
/
a
g
e
,
y
r

F
/
6
1

M
/
2
0

F
/
8

M
/
2
9

F
/
3
2

F
/
6
5

M
/
3
3

F
/
5
3

F
/
1
1

F
/
1
0

M
/
1
4

F
/
1
7

A
g
e
a
t
o
n
s
e
t
o
f

a
t
a
x
i
a
,
y
r

3
5

1
1

T
e
e
n
s

T
e
e
n
s

3
0

2
8

2
0
s

1
.
5

1
2

4

P
r
e
s
e
n
t
i
n
g
s
y
m
p
t
o
m
s
A
t
a
x
i
a

G
D
D
,

H
y
p
o
t
o
n
i
a

G
D
D
,

H
y
p
o
t
o
n
i
a

A
t
a
x
i
a

A
t
a
x
i
a

A
t
a
x
i
a

A
t
a
x
i
a

A
t
a
x
i
a

H
y
p
o
t
o
n
i
a

G
D
D

H
y
p
o
t
o
n
i
a

A
t
a
x
i
a

G
a
i
t
a
t
a
x
i
a
/

l
i
m
b
a
t
a
x
i
a

+
/
-

+
/
+

+
/
+

+
/
+

+
/
+

+
/
+

+
/
-

+
/
+

+
/
+

+
/
+

+
/
+

+
/
+

P
r
o
g
r
e
s
s
i
v
e
a
t
a
x
i
a

+
−

−
+

+
+

+
+

+
−

+
−

W
a
l
k
i
n
g
a
i
d

r
e
q
u
i
r
e
d

+
−

+
+

−
−

−
−

+
+

+
−

D
e
v
e
l
o
p
m
e
n
t
a
l
d
e
l
a
y
−

+
+

−
−

−
−

−
+

+
+

−

C
o
g
n
i
t
i
v
e

i
m
p
a
i
r
m
e
n
t

−
+

+
+

−
−

−
+

+
+

+
+

N
y
s
t
a
g
m
u
s

+
+

+
+

+
−

−
+

+
−

+
+

D
y
s
a
r
t
h
r
i
a

+
+

+
+

−
+

+
+

+
+

+
+

B
u
l
b
a
r

s
y
m
p
t
o
m
s

+
−

−
−

−
+

−
−

−
−

−
−

E
p
i
s
o
d
i
c

s
y
m
p
t
o
m
s

−
−

−
+

+
−

−
−

+
−

−
−

H
e
a
d
a
c
h
e

+
+

−
−

+
−

−
−

−
−

−
+

M
u
s
c
l
e
w
e
a
k
n
e
s
s

+
−

+
−

−
−

−
+

+
−

+
−

U
p
p
e
r
m
o
t
o
r
n
e
u
r
o
n

s
i
g
n
s

−
−

+
−

−
−

−
−

−
−

−
−

S
e
i
z
u
r
e
s

−
+ F
S

−
−

−
−

−
+
G
T
C

−
−

−
+
M
,
G
T
C

I
s
o
l
a
t
e
d
c
e
r
e
b
e
l
l
a
r

a
t
r
o
p
h
y
o
n

n
e
u
r
o
i
m
a
g
i
n
g

+
+

+
+

−
+

N
/
A

+
+

+
+

+

N
/A
,n

ot
av

ai
la
b
le
;F

,f
em

al
e;

M
,m

al
e;

G
D
D
,g

lo
b
al

d
ev

el
op

m
en

ta
ld

el
ay

;F
S,

fe
b
ri
le

se
iz
ur
es

;G
TC

,g
en

er
al
iz
ed

to
ni
c–

cl
on

ic
se

iz
ur
es

;M
,m

yo
cl
on

ic
se

iz
ur
es

.

944 MOVEMENT DISORDERS CLINICAL PRACTICE 2020; 7(8): 940–949. doi: 10.1002/mdc3.13086

RESEARCH ARTICLE CHANNELOPATHIES ARE FREQUENT IN CEREBELLAR ATROPHY



Seizures were reported in the 2 siblings with pontocerebellar
hypoplasia type 6 caused by biallelic variants in RARS2 (MIM
number 611523), in the single patient with KCNC1-related dis-
order (MIM number 616187), in 1 of the patients with
CACNA1G-related disorder (MIM number 616795), and in 1 of
the patients with SPTAN1-related disorder (MIM number
613477). SPTAN1-related disorder was also associated with
prominent spasticity and upper motor neuron signs. The patient
with autosomal dominant KIF1A-related disorder (MIM number
614255) had a history of febrile seizures.

Genetically Diagnosed
Subgroup: Neuroimaging
Characteristics
Brain imaging revealed isolated cerebellar atrophy in the majority
of patients with an established genetic diagnosis (44/52 patients,
85%). Additional imaging findings were reported in a few
patients (8/52, 15%). Hyperintensities of the cerebellar cortex on
T2-weighted and fluid-attenuated inversion recovery sequences
were observed in 1 patient with BRAT1-related disorder and
the 2 unrelated patients with SPTAN1-related disorder. There
were nonspecific supratentorial white matter signal changes on
brain magnetic resonance imaging of the patient with KCNC1-
related disorder and in 2 unrelated patients with pontocerebellar
hypoplasia type 1B caused by biallelic variants in EXOSC3.
Another patient with pontocerebellar hypoplasia type 1B had
cortical and corpus callosum anomalies. Thinning of the corpus
callosum was noted in the patient with Warburg Micro syn-
drome caused by biallelic variants in RAB3GAP1.

Genetically Diagnosed
Subgroup: Channelopathies
A total of 12 patients from 9 families were diagnosed with
channelopathies, which was the most common diagnosis in this
cohort (9/36 families, 25%). Their clinical, radiologic, and
molecular characteristics are summarized in Table 2.

Pathogenic variants were identified in CACNA1A (3 unrelated
patients with different missense variants and 2 patients from
1 family with an intragenic deletion), CACNA1G (3 patients
from 1 family with a missense variant), ITPR1 (3 unrelated indi-
viduals with different missense variants), and KCNC1 (1 partici-
pant with a missense variant). In half of the patients, variants
were de novo.

Overall, age of onset ranged from 1 to 35 years, with a mean
of 12 years. Patients with de novo variants tended to have earlier
onset of symptoms (between 1 and 4 years of age), often with
global developmental delay and/or hypotonia as their first clinical
manifestations. The other patients presented with ataxia. Half of
the patients required a walking aid, and clinicians reported that
ataxia progressed over time in 8/12 patients (67%). Episodic
symptoms were reported in 3/12 (25%) patients. Additional clin-
ical features included muscle weakness on physical examination
(5/12, 42%), headaches (4/12, 33%), and seizures (3/12, 25%).

Of the patients with channelopathies, 8 (8/12, 67%) had cogni-
tive impairment and had early onset of symptoms (between age
1 and 20 years).

The 5 patients with CACNA1A-related disorder had highly
variable phenotypes. Age of onset ranged from 1 to 35 years.
Those with early onset (at age 1 year) had developmental delay
and hypotonia. Three patients had cognitive impairment. Only
the 2 siblings with intragenic deletions were reported to have
episodic symptoms. Two patients exhibited muscle weakness.

The 3 patients with CACNA1G-related disorder were from a
single family. All 3 had an onset of symptoms in early adulthood.
Of the 3 patients, 2 had a relatively pure, slowly progressive cer-
ebellar syndrome, whereas the third also had cognitive impair-
ment, muscle weakness, and seizures.

The 3 unrelated patients with ITPR1-related disorder pres-
ented between 1 and 2 years of age. All 3 had developmental
delay and cognitive impairment. They required a walking aid
before adolescence. Two of them exhibited muscle weakness.

The patient with KCNC1-related disorder presented at age
4 years with ataxia. This patient also had myoclonic and general-
ized tonic–clonic seizures.

Neuroimaging was available for 11/12 patients (92%) with
channelopathies and was characterized by isolated cerebellar atro-
phy in 10 patients (10/11, 91%). There were no additional imag-
ing findings suggestive of the specific diagnoses. One patient
with CACNA1A-related disorder did not have significant cere-
bellar atrophy. Brain magnetic resonance imaging characteristics
of patients with channelopathies are illustrated in Figure 2.

Undiagnosed Subgroup
Limited clinical information was available for the 40 patients
from 31 families for whom a genetic diagnosis was not
established (31/66 families, 47%). Symptom onset was in child-
hood in 13/40 patients (33%) and in adulthood in 9/40 patients
(23%). Information on age of onset was not available for 18/40
patients (45%). Referring clinicians reported the ataxia to be pro-
gressive in 10/40 patients (25%) and nonprogressive in 28/40
(70%), and this information was not available for 2/40
patients (5%).

The referring clinicians reported that 17 patients (17/40, 43%)
had cognitive impairment and 22 (55%) had normal cognition,
and this was not reported for 1 patient (1/40, 3%). About one
third of the undiagnosed patients (14/40, 35%) were reported to
have at least 1 additional clinical feature, including headaches,
hearing loss, high myopia, myopathy, neuropathy, or dystonia.
Information on the presence or absence of additional clinical fea-
tures was not provided for 22/40 participants (55%).

A total of 8 patients (8/40, 20%) had other neuroimaging
findings in addition to cerebellar atrophy: T2/fluid-attenuated
inversion recovery hyperintensities in the cerebellar cortex, cere-
bellar calcifications, supratentorial white matter signal changes or
volume loss, abnormalities of the corpus callosum, or atrophy of
the basal ganglia. Information on the presence or absence of
additional neuroimaging features was not available for 27/40
patients (68%).
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Discussion
Our results are consistent with previously published diagnostic
rates in patients with genetic ataxias associated with cerebellar
atrophy.1,6,8,13,31–34 Channelopathies were more frequent in our
cohort compared with previously published studies and likely
represent an under-recognized cause of cerebellar atrophy in
both adults and children. One large cohort study recently
reported the frequency of channelopathies in patients with auto-
somal dominant cerebellar ataxias, in particular CACNA1A-
related disorder.7,35,36 Our cohort was not limited to patients
with autosomal dominant conditions, and our study focused on
cerebellar atrophy as a specific clinical feature, which supports
the applicability of our results to this population. Our results
highlight cerebellar atrophy as being an early sign of
CACNA1A-related disorder and other channelopathies.

No chromosomal abnormalities were identified in our cohort,
as these disorders were excluded prior to enrollment in the study.
The classic autosomal recessive ataxias were also less common,
which could be attributed to the fact that some of these disor-
ders, for example, ataxia telangiectasia, are clinically recognizable
and were identified prior to considering WES. Of note, patient
selection appears to significantly impact the diagnostic yield in
many studies of genetic ataxias associated with cerebellar atrophy.
For example, in a retrospective study of 300 patients with cere-
bellar atrophy in a pediatric tertiary care center in Canada,

mitochondrial disorders were found to be most common,
followed by neuronal ceroid lipofuscinoses.1 This was likely due
to the exclusive inclusion of pediatric patients. In our study,
patients of all ages were recruited, and they were not selected
based on suspected mode of inheritance. This reflects a realistic
approach to clinical practice, as patients do not always have a
family history of ataxia that is suggestive of a specific inheritance
pattern.

In our study, pathogenic variants in 25 different genes were
identified in 35 families, highlighting the genetic heterogeneity
in this group of conditions. Clinical features were also highly
variable; as our study included both pediatric and adult patients,
onset of symptoms ranged from the neonatal period to adulthood
(middle age). The majority of patients in our cohort had
pediatric-onset disorders, often presenting with global develop-
mental delay and/or hypotonia as the initial clinical manifesta-
tions. Patients with pediatric-onset disorders had higher
frequencies of cognitive impairment and additional neurological
and/or systemic features. Conversely, adults with later onset dis-
orders tended to have gait difficulties as the predominant
symptom.

Younger age of onset in patients with autosomal dominant de
novo variants was striking. For example, among patients diag-
nosed with channelopathies, symptom onset in patients with de
novo variants ranged from age 1 to age 4 years, whereas in
patients with inherited autosomal dominant variants, onset was

FIG 2. Neuroimaging characteristics of 4 patients diagnosed with channelopathies. Brain magnetic resonance imaging of patients 620 (A,
E; CACNA1A), 671 (B,F; CACNA1G), 423 (C,G; ITPR1), and 614 (D,H; KCNC1). Sagittal T1 (A–D) and axial fluid-attenuated inversion recovery
(E–H) images show atrophy of the cerebellar vermis and hemispheres.
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in adolescence or adulthood. Clinical heterogeneity was also par-
ticularly notable in patients with channelopathies. The most
severely affected individuals presented with childhood-onset gait
and limb ataxia, with additional clinical features such as develop-
mental delay, cognitive impairment, and seizures. At the milder
end of the spectrum, other patients with channelopathies pres-
ented in adulthood with isolated gait difficulties. The patients
with CACNA1A-related disorder illustrated this broad pheno-
typic range, with age of onset ranging between 1 and 35 years in
those 5 patients alone.

Even within the same family, clinical features were variable.
For example, 2 of the 3 patients with CACNA1G-related disor-
der had a relatively pure cerebellar syndrome, whereas the third
also had cognitive impairment, muscle weakness, and seizures.
We cannot exclude that this patient could have a second, distinct
condition, however. Episodic symptoms, classically associated in
the literature with channelopathies, were reported in only a few
participants (3/12, 25%). Of them, 2 were siblings with intra-
genic deletions in CACNA1A. Deletions in this gene have pre-
viously been associated with the episodic ataxia type
2 phenotype.37

Channelopathies accounted for the majority of the autosomal
dominant conditions. The diagnostic yield of WES is typically
thought to be better for de novo variants compared with inherited
dominant variants, as filtering the proband’s variants against those
of their unaffected parents facilitates interpretation. In our study,
64% of families with autosomal dominant disorders carried de
novo variants and 21% had inherited dominant variants.

Several of the 25 different genes identified in our cohort are
not considered classical ataxia genes. It is therefore probable that
WES was an important diagnostic tool for a subset of patients, as
these genes would not have been included in commercially
available ataxia gene panels. For example, variants in KCNC1
are typically associated with a progressive myoclonic epilepsy
phenotype, with cerebellar atrophy as an additional manifesta-
tion.38 Our patient with KCNC1-related disorder, however, first
presented with ataxia and later developed myoclonic and gener-
alized tonic–clonic seizures. The BRAT1 gene is another exam-
ple; it is typically associated with a lethal neonatal disorder, but
our patients’ phenotype was characterized by nonprogressive cer-
ebellar ataxia with ocular motor apraxia.23

Our results also reveal that not all patients with genetic ataxias
present with gait or limb ataxia initially, especially when there is
early onset of symptoms. The first clinical manifestations can be
nonspecific, such as global developmental delay and hypotonia.
Clinicians may not choose an ataxia gene panel in this context.

Only partial clinical information was available for several
participants in our cohort, which represents a limitation of the
study. This was most striking for the patients in the
undiagnosed subgroup and may have contributed to the inabil-
ity to define a genetic diagnosis. Missing information included
age of onset (45%), the presence or absence of additional clini-
cal manifestations (55%), and the presence or absence of addi-
tional neuroimaging features (68%). We suggest that these are
key features in the evaluation of patients with genetic ataxias
associated with cerebellar atrophy. We observed that more

detailed clinical information correlated with a higher diagnostic
yield of WES.

It is well established that WES remains of limited use for large
deletions and duplications, repeat disorders, deep intronic vari-
ants, other forms of noncoding variants, and mosaicism. Some of
the patients could have also had nongenetic causes of ataxia and
cerebellar atrophy. In our study, investigations obtained by the
referring clinicians prior to WES were based on clinical indica-
tion, which reflects a realistic diagnostic approach to genetic
ataxias associated with cerebellar atrophy, and a practical clinical
use of WES for this population. Given the genetic heterogeneity
in this group of conditions and the contribution of chromosomal
abnormalities and repeat disorders as causative mechanisms, we
suggest that a multimodal approach is best, with a focus on
detailed clinical evaluation and neuroimaging.

In summary, we report a high frequency of channelopathies
in our large cohort of pediatric and adult patients with cerebellar
atrophy. We suggest that WES is an important tool in the diag-
nostic approach for patients with genetic ataxias associated with
cerebellar atrophy given the clinical and genetic heterogeneity in
this group of conditions, especially when isolated cerebellar atro-
phy is the only imaging finding identified. WES is most useful in
conjunction with a detailed clinical assessment and targeted
investigations to identify additional neurological and systemic
manifestations. Channelopathies are more common than previ-
ously reported in genetic ataxias associated with cerebellar atro-
phy, and likely represent an under-recognized cause of these
disorders.
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