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Genetic analysis of three patients from two
unrelated Chinese families with autosomal
recessive spastic ataxia of Charlevoix-
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Abstract

Autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) is a rare early-onset neurodegenerative
disorder characterized by progressive cerebellar ataxia, spasticity, and sensorimotor peripheral neuropathy. This
disorder is caused by homozygous or compound heterozygous variants in the sacsin (SACS) gene on chromosome
13912.12. Three patients with ARSACS from two unrelated Chinese families were recruited for this study. Patient

#1 was an 18-year-old male who had been walking unstably for 12 years. Patient #2, the younger sister of Patient
#1, was a 5-year-old girl who had been walking unstably for 2 years. Patient #3 was a 19-year-old female who

had been walking unstably and a tendency to fall for 17 years. For Patient #1, whole-exome sequencing (WES)
identified a hemizygous variant c.8310_8313delAGAT (p.Asp2771fs4*) in SACS (NM_014363.6), with the father being
heterozygous, the mother wild-type, and Patient #2 hemizygous, as verified by Sanger sequencing. Additional
copy number variant analysis of the WES data indicated that Patient #1 had a heterozygous gross deletion of
chr13g12.12 (chr13:23,808,732 —24,890,322). Low-coverage whole-genome sequencing results revealed that Patient
#2 carried a chr13g12.12 deletion (chr13:23,520,000-24,940,000). Together with Sanger sequencing results, this
gross deletion was speculated to have been inherited from the mother, further explaining the hemizygous state
of c.8310_8313delAGAT (p.Asp2771fs4*) in Patients #1 and #2. Through WES, Patient #3 was identified as having
suspected compound heterozygous variants of 2881 C>T (p.Arg961*) and c.6409 C>T (p.GIn2137%), inherited
from the father and mother, respectively, as confirmed by Sanger sequencing. This study identified three variants
in SACS. The c.8310_8313delAGAT (p.Asp2771fs4¥) is novel, whereas c.2881 C>T (p.Arg961*) and c.6409 C>T
(p.GIN2137%) have been reported previously. Moreover, this study highlights the growing trend that ARSACS has
become increasingly prevalent worldwide rather than being localized to a specific region or race. As an increasing
number of patients with ARSACS are diagnosed, the genetic spectrum of ARSACS will gradually broaden, providing
an accurate genetic basis for prenatal diagnosis of mothers in the years ahead, if possible.
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Introduction

Autosomal recessive spastic ataxia of Charlevoix-
Saguenay (ARSACS, online Mendelian inheritance in
man [OMIM]: #270550), a rare early-onset progressive
neurodegenerative disease, was originally identified in
the 1970s in a French Canadian population from Char-
levoix—Saguenay in Quebec [1]. Since then, ARSACS
cases outside Quebec populations, such as Italy [2],
Japan [3], Spain [4], Turkey [5], and China [6], have also
been reported. The clinical phenotypes of ARSACS are
highly diverse owing to the increasing number of patients
worldwide. ARSACS is characterized by three main clini-
cal phenotypes, including early-onset cerebellar ataxia,
spasticity, and sensorimotor peripheral neuropathy,
accompanied by other atypical clinical phenotypes, for
instance, weakness of limbs, skeletal abnormalities, flex-
ion deformity of fingers, dental abnormalities, hearing
loss, and mental retardation [7].

ARSACS is caused by homozygous or compound het-
erozygous variants in the sacsin (SACS, OMIM: #604490)
gene mapping on chromosome 13q12.12. SACS consists
of 10 exons. The last exon, spanning exactly 12.8 kb, is
the largest exon found in vertebrates [8]. To date, more
than 600 SACS variants have been registered as likely
pathogenic or pathogenic in the public databases of Clin-
Var (https://www.ncbi.nlm.nih.gov/clinvar/) and OMIM
(https://www.omim.org/), with most of the variants
located in exon 10 [9]. The vast majority of SACS variants
are single nucleotide variants (SN'Vs) or small insertions
and deletions (indels), although copy number variants
(CNVs) have also been reported.

Sacsin, a large multidomain protein (520 kDa) encoded
by SACS, consists of an internal repeat region (termed
SACS repeated region), three large internal repeats
(SIRPTs 1-3), and three smaller domains, including the
ubiquitin-like, J-domain, and higher eukaryotic—pro-
karyotic nucleotide-binding domain [10]. Sacsin is highly
expressed in skin cells, skeletal muscles, and large neu-
rons of the brain, particularly in the motor systems and
cerebellar Purkinje cells [11]. However, its function has
not been fully elucidated. Parfitt et al. indicated that sac-
sin protects against mutant ataxin-1 and recruits Hsp70
chaperone action [12].

Here, we present three patients with ARSACS from
two unrelated Chinese families. Two patients from one
family had a hemizygous frameshift variant in SACS
(NM_014363.6), ¢.8310_8313delAGAT (p.Asp2771fs4*),
probably owing to the heterozygous gross deletion of
chr13q12.12. The third patient had compound het-
erozygous variants of ¢.2881 C>T (p.Arg961*) and

€.6409 C>T (p.GIn2137*). To the best of our knowledge,
¢.8310_8313delAGAT (p.Asp2771fs4*) is novel, whereas
c.2881 C>T (p.Arg961*) and c.6409 C>T (p.Gln2137%)
have been reported previously.

Materials and methods

Ethics statement

Three patients with ARSACS from two unrelated Chinese
families were recruited at our center. Written informed
consent forms were obtained from the legal guardians or
next of kin of the minors for the publication of any poten-
tially identifiable images or data included in this study.
The study was approved by the ethical committee of the
First Affiliated Hospital of Zhengzhou University (Ethics
No. 2022-KY-0892-001).

DNA extraction

The genomic DNA from peripheral blood was obtained
using the Lab-Aid 824s Nucleic Acid (DNA) Isolation Kit
(Lot#: 606001, Zeesan, Xiamen, China) in accordance
with the manufacturer’s instructions.

Quantitative fluorescent polymerase chain reaction
(QF-PCR)

The genetic relationship was confirmed using the Gold-
eneye™ DNA ID System 20 A Kit (Peoplespot, Beijing,
China) through QF-PCR.

Whole-exome sequencing (WES)

Whole-exome sequencing (WES) was performed using
[lumina library construction and capture kits (Illumina,
San Diego, CA, United States) in accordance with stan-
dard instructions and 150 bp pair-end sequencing with
300 cycles was conducted on NovaSeq 6000 (Illumina).
The methods of mapping, variant calling, and variant
annotation have been described in detail in our previous
study [13]. After filtering, the candidate variants in SACS
(NM_014363.6) were verified by Sanger sequencing using
the primer pairs in Table 1.

Low-coverage whole-genome sequencing (WGS)

The experimental methods and data analysis of low-
coverage WGS have been previously described [14, 15].
CNVs (GRCh37.p13) were analyzed and queried against
the public databases, including database of genomic vari-
ants (DGV), gnomAD, DECIPHER, OMIM, UCSC, and
ClinGen. Pathogenicity was assessed according to the lat-
est guidelines outlined by the American college of medi-
cal genetics and genomics (ACMG).
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Table 1 Primer sequences used for Sanger sequencing
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Primer name

Primer sequence (Forward)

Primer sequence (Reverse)

SACS-c.2881 C>T-Sequencing
SACS-c.6409 C>T-Sequencing
SACS-8310_8313delAGAT-Sequencing

5'-TGCCCTGAGGAAGTTCTTGG-3!
5-TGGTTCAGCAGCCTTCAAGA-3’
5'-AATGGTCCAGAATCTTTTG-3'

5-GGACAAGCACCGACCTGTAA-3’
5-TGGTTCAGCAGCCTTCAAGA-3'
5'-GAGCTGATATGACACTTTTAGA-3’

Results

Case presentation

Patient #1, the proband of Family 1, was an 18-year-old
male from Zhumadian, Henan, who had been experienc-
ing walking unstably and articulation disorders for nearly
12 years (Supplementary video S1). Moreover, the calves
were pseudohypertrophic (Fig. 1C). Patient #2, a 5-year-
old female and the younger sister of Patient #1, had been
experiencing unstably walking for nearly 2 years (Supple-
mentary video S2). Their learning ability, height, weight,
memory, and comprehension were not abnormal com-
pared with their peers. Both parents were normal, with
no abnormal clinical manifestations and no other sus-
pected family members with similar symptoms.

Living in a remote and under-served area, Patients
#1 and #2 remained undiagnosed until March 19, 2022,
when they visited the Zhengzhou Orthopedic Hospital.
As outpatients, they did not undergo detailed tests such
as the Romberg test, finger-to-nose test, heel-knee-shin
test, and imaging examinations. Based on the clinical
symptoms and family history, Professor Shang prelimi-
narily suspected that the two patients might have heredi-
tary ataxia. However, the genetic pathogenetic cause
could not be verified because the department was not
equipped to perform genetic testing. As a result, on the
same day, Professor Shang recommended that the family
visit our center to seek additional information about the
genetic etiology. The family tree is presented in Fig. 1A.

Patient #3, the proband of Family 2, was a 19-year-
old female from Nanyang, Henan. She first presented
with symptoms of walking unstably, falls, and fatigue in
her lower limbs 17 years before presentation. She was
admitted to the neurology department of our hospital
on October 3, 2022, with the chief complaint of general
weakness and walking unstably for over 15 years, with
symptoms worsening over the past 2 months. Born pre-
mature, she began walking at 20 months of age and has
been prone to falls since then. Although the height and
weight development were normal, her academic perfor-
mance was poor. Both her grandparents had a history
of hypertension; however, her younger brother was in
good health. She is currently alert and oriented, with an
average mental status. She exhibited unclear speech and

articulation disorders but had normal memory and com-
prehension. Muscle atrophy or pseudomuscular hyper-
trophy was absent, and the limb muscle tone was normal.
She performed poorly on various physical tests, includ-
ing bilateral finger-nose test, rapid rotation test, and
heel-knee-tibial tests. She also exhibited a positive Rom-
berg’s sign. The knee tendon reflex (++++) and Achilles
tendon reflex (++++) were hyperactive. Brain magnetic
resonance angiography (MRA) conducted on October 4,
2022, revealed the typical linear “tigroid” T2 hypointense
stripes in the pons (Fig. 1J). Thoracic spine magnetic
resonance imaging (MRI) on October 8, 2022, revealed a
thin thoracic spinal cord (Fig. 1K). The family tree is pre-
sented in Fig. 1B.

Genetic findings

The genetic relationships between the two unrelated
families in this study were confirmed by QF-PCR (Sup-
plementary Tables S1-S3 and Supplementary Figs. S1—
S3). Quality control of the WES data for Patients #1
and #3 is summarized in Supplementary Table S4. Can-
didate gene variants related to the clinical symptoms of
Patients #1 and #3 were screened to identify potential
pathogenic variants. After filtering, Patient #1 was iden-
tified with a hemizygous variant ¢.8310_8313delAGAT
(p-Asp2771fs4*) in SACS (NM_014363.6) (reference
allele/alternative allele, ref/alt: 0/31) (Supplemen-
tary Excel S1_rawSnp, line 11279), and Patient #3 was
suspected with compound heterozygous variants of
c.2881 C>T (p.Arg961*) (ref/alt: 57/47) (Supplemen-
tary Excel S2_rawSnp, line 14373) and c.6409 C>T
(p-GIn2137*) (ref/alt: 35/33) (Supplementary Excel S2_
rawSnp, line 14372) in SACS (NM_014363.6).

For Patient #1, Sanger sequencing results confirmed
that the father was heterozygous, the mother was wild-
type, and Patient #2 was hemizygous (Fig. 1D). For
Patient #3, Sanger sequencing results confirmed that
c.2881 C>T (p.Arg961*) was inherited from the father
and c.6409 C>T (p.GIn2137*) from the mother (Fig. 1H
and I). The pathogenicity of these three variants was
assessed in accordance with the guidelines of the Ameri-
can College of Medical Genetics and Genomics (ACMG)
and also assessed as pathogenic (Table 2).
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Fig. 1 Genetic analysis of three patients from two unrelated Chinese families with autosomal recessive spastic ataxia of Charlevoix-Saguenay. (A) The
family tree of Family 1. (B) The family tree of Family 2. (C) For Patient #1, the calves were pseudohypertrophic. (D) Sanger sequencing results confirmed
that Patients #1 (I11) and #2 (I12) were hemizygous for ¢.8310_8313delAGAT (p.Asp2771fs4*) in SACS (black arrow), the mother (12) wild type, and the father
(17) heterozygous. (E) Copy number variant analysis of the whole-exome sequencing (WES) data revealed a large chromosome 13 deletion in Patient #1.
X-axis: the position on the chromosome corresponding to the region of variation currently displayed. Y-axis: ratio of target sample reads per kilobase per
million mapped reads (RPKM) value to the mean value of background library RPKM. (F) Overview of the low-coverage whole-genome sequencing (WGS)
of Patient #1. The red arrow indicates the region with abnormal copy numbers in Patient #1. (G) Low-coverage WGS result of chromosome 13 in Patient #2.
The red arrow shows the chr13q12.12 deletion. (H) Sanger sequencing results confirmed that Patient #3 (I11) was heterozygous for 2881 C>T (p.Arg961%)
in SACS (black arrow), the little brother (I12) wild type, the mother (12) wild type, and the father (1) heterozygous. (I) Sanger sequencing results confirmed
that Patient #3 (II1) was heterozygous for 6409 C>T (p.GIn2137%) in SACS (black arrow), the little brother (112) wild type, the mother (I12) heterozygous, and
the father (I1) wild type. (J) For Patient #3, brain magnetic resonance angiography conducted on October 4, 2022, revealed the typical linear “tigroid”T2
hypointense stripes in the pons. (K) For Patient #3, thoracic spine magnetic resonance imaging on October 8, 2022, revealed a thin thoracic spinal cord.

CNV analysis of the WES data

For Patient #1, Sanger sequencing results were not
consistent with the expected recessive inheritance of
ARSACS, which may be attributed to either a uniparen-
tal disomy or a partial heterozygous deletion of chromo-
some 13.

Additional CNV analysis of the WES data was con-
ducted to investigate the cause of this non-Mendelian
inheritance. The result revealed that Patient #1 car-
ried approximately 1.082 Mb heterozygous deletion of
chr13q12.12 (chr13:23808732-24890322, probes num-
ber: 73) (Fig. 1E), including seven OMIM genes: SACS,
CIQTNF9B, C1QTNF9, MIPEP, SGCG, SPATA13, and
TNFRSF19. This deletion might explain the hemizygous
state of ¢.8310_8313del AGAT (p.Asp2771fs4*).

chr13q12.12 heterozygous deletion verified by low-
coverage WGS

Since the economic conditions of this family were
poor, low-coverage WGS was performed in Patient #2
to save costs and to further identify the source of the
chr13q12.12 deletion revealed by CNV analysis of the
WES data. The low-coverage WGS result confirmed
that Patient #2 had 142 Mb heterozygous deletion of
chr13q12.12  (chr13:23520000-24940000)  (x1.051)
(Fig. 1F and G). This region contains seven OMIM genes,
including SACS, suggesting that the gross deletion in
Patient #1 may have been inherited from the mother.

Discussion and conclusion

ARSACS is a rare multisystemic neurodegenerative
disease characterized by progressive cerebellar ataxia,
spasticity, and peripheral neuropathy. The disease typi-
cally presents from early childhood to early adulthood
and is considered one of the most common types of
spastic ataxia globally after Friedreich ataxia and ataxia
telangiectasia [16, 17]. The first ARSACS case was identi-
fied in Quebec, Canada and was initially believed to be

geographically limited [1]. With advancements in medi-
cal research and diagnostic tools, individuals with vari-
ous genetic variants and clinical presentations have been
being identified worldwide. In China, the number of
patients diagnosed with ARSACS has been increasing [6].

The combination of early-onset cerebellar ataxia,
lower-extremity spasticity, and peripheral neuropathy is
common in most patients with ARSACS [16]. However,
the clinical phenotypes of ARSACS vary among patients,
and not all patients exhibit this triad. Some patients
experience intellectual disabilities, seizures, voiding
dysfunction, or hearing loss [6, 16, 18]. The presence of
T2-hypointensities in the pons on radiographic imaging
[19] and the evolving clinical phenotypic spectrum may
aid the diagnosis of patients with unexplained ARSACS
for timely clinical intervention. In this study, the brain-
stem slices of the MRI indicated that Patient #3 has the
typical linear “tigroid” T2 hypointense stripes in the pons
that is a classic ARSACS finding.

Loss-of-function variants in SACS result in ARSACS.
The first exon of SACS does not encode a protein, and
the remaining exons are the coding regions. Most SACS
variants are located in the gigantic exon 10, and only a
few variants are located upstream of this exon. All three
variants reported in this study are located in exonlO.
The ¢.8310_8313delAGAT (p.Asp2771fs4*) is novel,
whereas ¢.2881 C>T (p.Arg961*) and c.6409 C>T have
been reported in a 39-year-old Italian patient [20] and
Patient #2 with ARSACS [21], respectively. Addition-
ally, c.2881 C>T (p.Arg961*) has been documented
as a disease mutation (DM) in the human gene muta-
tion database (HGMD) (ACC number: CM131362)
and is pathogenic in ClinVar database (Variation ID:
640122, Accession: VCV000640122.8). The ¢.6409 C>T
(p-GIn2137*) is documented as DM in HGMD (ACC
number: CM105605) and is likely pathogenic in Clin-
Var database (Variation ID: 551526, Accession:
VCV000551526.1).
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Table 2 The pathogenicity of the three variants in this study according to the latest ACMG guidelines

Patient ID Variant information Evidence of pathogenicity ACMG classification
Patient #1 €.8310_8313delAGAT (p.Asp2771fs4*) PVS1+PM2_Supporting +PP4 Pathogenic
Patient #2
Patient #3 c.2881 C>T (p.Arg961%) PVST+PM2_Supporting + PS4 +PM3 + PP4 Pathogenic
6409 C>T (p.GIn2137%) PVS1+PM2_Supporting + PS4+ PM3 + PP4 Pathogenic

Chr13q12.12 (chr13:23520000-24940000), identified in
Patient #2, contains seven OMIM genes, including SACS,
but there is insufficient evidence for a haploid gene dos-
age effect. The DECIPHER database included two simi-
lar cases with overlapping deletions. Case ID (337666,
46XX,  heterozygous)  (chr13:22992950-24336636,
1.34 Mb) presented with iris, optic disc, and retinal colo-
bomas. Case ID (264434, 46XY, de novo, heterozygous)
(chr13:22992950-24336636, 1.34 Mb) showed a promi-
nent ear helix, 2-3 toes cutaneous syndactyly, macro-
cephaly, and autistic behavior. The proportion of similar
cases included in the DGV gold standard database was
approximately 0.08% (2 out of 2,373, gssvl28916). The
pathogenicity of the chr13q12.12 deletion was ini-
tially assessed as uncertain significance. However, since
this region contains SACS, and given Sanger sequenc-
ing results, the pathogenicity was finally re-evaluated
as pathogenic, which may further explain the hemizy-
gous state of ¢.8310_8313delAGAT (p.Asp2771fs4*) in
Patients #1 and #2.

The most previously reported variants in patients with
ARSACS are either SNVs or small indels in SACS. To
date, only a few ARSACS cases caused by the deletion of
chr13q12.12 have been reported (Table 3). In 2008 and
2009, two large deletions (1.54 Mb/1.5 Mb) including six
genes (SGCG, SACS, TNFRSF19, MIPEP, SPATA13, and
CIQTNFY9) were identified in a Belgian and two Italian
patients with ARSACS with hearing loss, respectively
[22, 23]. Excepted for these three patients, the others,
including two patients (Patients #1 and #2), did not have
hearing loss. Notably, the calves of Patient #1 showed

pseudohypertrophy. To the best of our knowledge, this
clinical phenotype has not been reported previously.
Therefore, the calf state of Patient #1 is probably a rare
clinical phenotype, which may further expand the clinical
phenotype spectrum of ARSACS. In addition, although
Patient #2 does not currently have an articulation disor-
der, regular clinical observations should be conducted to
monitor when this clinical symptom may appear in the
future.

One major limitation of this study was the lack of clar-
ity regarding the specific pathogenic mechanisms of the
three variants that cause ARSACS, which will be the
focus of future research.

In conclusion, we described three patients with
ARSACS from two wunrelated Chinese families,
caused by hemizygous variant ¢.8310_8313delAGAT
(p-Asp2771fs4*) in SACS probably owing to an approx-
imately 1.42 Mb heterozygous gross deletion of
chr13q12.12 and compound heterozygous variants of
¢.2881 C>T (p.Arg961*) and c.6409 C>T (p.Gln2137*).
The ¢.8310_8313delAGAT (p.Asp2771fs4*) is novel,
whereas ¢.2881 C>T (p.Arg961*) and c.6409 C>T
(p.GIn2137*) have been reported previously. These three
variants will expand the genetic spectrum of SACS, aid
in the early screening and diagnosis of ARSACS, pro-
vide a theoretical basis for prenatal genetic diagnosis for
the mothers in these two families, and potentially help
improve the efficiency of genetic diagnosis in the future,
if possible. Additionally, in clinical settings, when the
clinical symptoms are consistent with those of ARSACS,
WES remains the preferred genetic testing method.
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