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Objective: Autosomal recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) is caused by mutations in the SACS
gene. SACS encodes sacsin, a protein whose function remains unknown, despite the description of numerous protein
domains and the recent focus on its potential role in the regulation of mitochondrial physiology. This study aimed to
identify new mutations in a large population of ataxic patients and to functionally analyze their cellular effects in the
mitochondrial compartment.

Methods: A total of 321 index patients with spastic ataxia selected from the SPATAX network were analyzed by
direct sequencing of the SACS gene, and 156 patients from the ATAXIC project presenting with congenital ataxia
were investigated either by targeted or whole exome sequencing. For functional analyses, primary cultures of fibro-
blasts were obtained from 11 patients carrying either mono- or biallelic variants, including 1 case harboring a large
deletion encompassing the entire SACS gene.

Results: We identified biallelic SACS variants in 33 patients from SPATAX, and in 5 nonprogressive ataxia patients
from ATAXIC. Moreover, a drastic and recurrent alteration of the mitochondrial network was observed in 10 of the
11 patients tested.

Interpretation: Our results permit extension of the clinical and mutational spectrum of ARSACS patients. Moreover, we
suggest that the observed mitochondrial network anomalies could be used as a trait biomarker for the diagnosis of
ARSACS when SACS molecular results are difficult to interpret (ie, missense variants and heterozygous truncating variant).
Based on our findings, we propose new diagnostic definitions for ARSACS using clinical, genetic, and cellular criteria.

First described 40 years ago in the regions of Charle-

voix and Saguenay-Lac-St-Jean in Quebec, Canada,

autosomal recessive spastic ataxia of Charlevoix—Saguenay
(ARSACS) (Online Mendelian Inheritance in Man data-
base [OMIM] #270550) is classically characterized by a

wisd of slowly progressive carly onset cercbellar araxia,
S signs), 14 axonal-demyelinating sensorimror periph-
Eralneiropathy. ' > The clinical spectrum of typical

Features also_includes [ EMIRAINCHANGES MR ISpIONS

which are considered hallmarks of the disease.®® Studies

have revealed that ARSACS is present worldwide with
4,5,9

variable prevalence and phenotypic expression.

ARSACS is caused by mutations in SACS, a large
gene with a coding region >12kb, located on chromo-
some 13q12.12.""'"" More than 100 mutations have
been described to date, essentially leading to a premature
stop codon.”'? The encoded protein sacsin is composed
of several domains: ubiquitin-like, Hsp90-like, XPCB,
DnaJ, HEPN, and the sacsin repeating region,"'™"* but
its precise function remains largely unknown. Sacsin was
first shown to be cytoplasmic, with 30% localized at or
near the cytoplasmic face of the mitochondria in SHSY-
5Y cells."> A colocalization with mitochondrial markers
was confirmed in cultured hippocampal neurons, COS-
7, and Hela cells."> The presence of baloon-like or
bulbed mitochondria indicative of a hyperfused mito-
chondrial phenotype was also observed in immortalized
fibroblasts of 2 patients homozygous for the truncating
mutation ¢.8844delT, the major founder mutation in
Quebec. Using 3-dimensional confocal reconstructions
coupled to fluorescence recovery after photobleaching in
SHSY-5Y, sacsin knockdown led to a more intercon-
nected mitochondrial network. Moreover, a moderate
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decrease in tetramethylrhodamine methyl ester (TMRM),
fluorescence intensity, and a slower MitoTracker fluores-
cence recovery compared to control suggested impaired
mitochondrial energetic functions. Finally, knockdown of
sacsin in cultured hippocampal neurons revealed aberrant
clustering and accumulation of mitochondria in the soma
and proximal dendrites as well as reduced dendritic den-
sity. Very recently, spinal cord motor neurons cultured
from Saes '~ knockout mice exhibited abnormal accu-
mulation of non-phosphorylated neurofilament bundles
with significant reduction in mitochondrial motility and

elongated mitochondria. 16

targeted and whole genome sequencing, 1n addicion

refining the description of the clinical and mutational

spectrum of ARSACS patients, we also analyzed the
functional consequences of various mutations on the
mitochondrial compartment. Our results prompted us to
propose new practical diagnostic definitions aimed at val-
idating variants of uncertain clinical significance (VUS)
as pathogenic mutations to establish a definite diagnosis

of ARSACS.

Subjects and Methods
Subjects

A cohort of 321 patients with spastic ataxia was selected from
the collection of the European and Mediterranean network for
spinocerebellar degenerations (SPATAX, http://spatax.wordpress.
com). Clinical criteria for inclusion of the patients were the
presence of cerebellar ataxia and lower leg pyramidal tract
involvement with an age at onset younger than 45 years and
the absence of ataxia in the parental generation. In all cases,
Friedreich ataxia was previously excluded.

In parallel, 156 patients suffering from congenital ataxia

were investigated through the ATAXIC research project.
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Clinical criteria for inclusion of the patients were early onset
ataxia before age 2 years with stable evolution or progressive
improvement at the time of inclusion.

One additional patient, 12436B-JAM-001, a 12-year-old
gitl suffering from congenital ataxia diagnosed at age 1.5 years,
was included. Examination revealed severe ataxia with very slow
ocular saccades. She had no intellectual deficiency. Brain MRI
was normal. The course of neurological anomalies was stable
over the years. Walking without support was possible, but run-
ning was impossible. A genomic 13q12.12 deletion of approxi-
mately 1.5Mb encompassing the whole SACS gene was
identified on routine pan-genomic array comparative genomic
hybridization (CGH; Human660-Quad v1.0 DNA Analysis
BeadChip; Illumina, San Diego, CA). The diagnosis of
ARSACS was then suspected.

All patients gave written informed consent to participate
in genetic studies, according to the Declaration of Helsinki.
The investigations fulfilled our institutions’ ethical rules for
human studies (RBM 01-29, RBM 03-48 for SPATAX and
Patient 12436B-JAM-001 and Ile de France IX ethics commit-
tee approval No. IDRCB 2010-A00715-34 for ATAXIC).

Cell Cultures

Fibroblasts were obtained from arm skin biopsies in 11 patients
and in 8 healthy controls including 5 females (18, 25, 26, 27,
and 46 years old) and 3 males (21, 43, and 54 years old). Pri-
mary culture cells (patient and control fibroblasts) were cul-
tured at 37°C in 5% CO, in glucose medium consisting of
Dulbecco modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum and 100U/ml penicillin/strepto-
mycin. All the experiments were performed on cultures between
the 3- and 5-passage stages. For mitochondrial analysis, subcon-
fluent cells were trypsinized and counted on a Malassez cell
counter and 20,000 cells were grown in glucose medium on a
4-well Lab-Tek (Thermo Scientific, Waltham, MA) plate for 24

hours prior to the experiments.

Mutation Screening

SACS DIRECT SEQUENCING. The coding sequence and
exon—intron boundaries of the 9 coding exons of SACS (Gen-
Bank accession number NM_014363.5) were amplified by poly-
merase chain reaction (PCR). The amplicons were sequenced in
both directions using the Big Dye Terminator Cycle Sequencing
Kit v1 (Applied Biosystems [ABI], Foster City, CA) by using an
ABI Prism 3130XL automated sequencer. The electrophoretic
profiles were analyzed with Seqscape v2.7 (ABI). Primers sequen-
ces and conditions for PCR and sequencing are available from
the authors upon request. After identification of a variant, ream-
plification and resequencing were systematically performed in a
new DNA aliquot, and segregation with the disease was verified
by direct sequencing of the mutated amplicons in additional
family members when available. Variant nomenclature was based
on the SACS transcript reference NM_014363.5. The mutation

numbering system was based on cDNA or protein sequence as
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suggested by the internationally agreed mutation nomenclature

(www.hgvs.org/).
NEXT GENERATION SEQUENCING. To search for disease-

causing mutations in patients presenting with congenital ataxia,
cither targeted (144 patients) or whole exome (12 patients born
from consanguineous parents) sequencing was used.

Targeted sequencing intended to search for mutations in
35 genes (GRID2, WDR81, ABCB7, ATCAY, CAMTAI, CAS,
ZNF592, CACNAIA, ADCK3, SACS, SILI, KIAA0226,
ATP2B3, GRM1, ITPRI, SLC2A1, SPTBN2, KCNC3, TSEN54,
POLG, KCNJ10, POLR3A, POLR3B, TSEN2, TSEN34,
EXOSC3, and 9 candidate genes) involved in various forms of
ataxia was performed by using the Access Array device from Flu-
idigm (South San Francisco, CA; PCR multplex method using a
microfluidic support) optimized by IntegraGen to increase the
level of multiplexing. Thus, 48 pools of 48 PCRs for 48 samples
were designed, allowing us to obtain 110,592 amplifications by
Access Array and 2,304 amplicons per sample. PCR products
from each sample corresponding to the different libraries were
sequenced on a MiSeq Sequencer (Illumina).

Whole exome sequencing was performed using Agilent
in-solution enrichment methodology to capture 50Mb exons
(SureSelect Human All Exon v5 kit; Agilent Technologies,
Santa Clara, CA), followed by 75 paired-end bases massively
parallel sequencing on an HiSEQ 2000 (Illumina). The Illu-
mina pipeline used for bioinformatics analysis included
CASAVA1.8.2 allowing alignment of reads to a reference
genome (hgl9), calls of single nucleotide polymorphisms
(SNPs) based on the allele calls and read depth, and detection
of variants (SNPs and indels). The alignment algorithm used
was ELANDv2 (which performs multiseed and gapped align-
ments). Only the positions included in the bait coordinates
were conserved. Genetic variations annotation was performed
from an IntegraGen in-house pipeline and consists of gene
annotations (RefSeq), known polymorphisms (dbSNP [http://
www.ncbi.nlm.nih.gov/SNP/] 132, 1000 Genomes, Exome
Variant Server [EVS]), followed by a mutation characteriza-
tion (eg, exonic, intronic, silent, nonsense). For each position,
the exomic frequencies (homo- and heterozygotes) were deter-
mined from all the exomes already sequenced at IntegraGen,
and the exome results provided by 1000 Genomes Project,
EVS, and HapMap. Results were provided per sample in
tabulated text files. We also performed a coverage/depth statis-
tical analysis for the whole exome and exon per exon. Mini-
mum average depth in the exome was around X50. All the
data could be visualized and filtered in ERIS (Exome Rese-
quencing Intelligent Sorter), the Web interface developed by
IntegraGen (http://eris.integragen.com/).

mRNA and cDNA Analyses

Extraction of total RNA from primary culture cells was per-
formed using the RNeasy Mini Kit (Qiagen, Valencia, CA),
using the separation method with QIAzol-chloroform following
the manufacturer’s instructions. Reverse transcription of 1 pg of
total RNA was performed with the SuperScript double-strand
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kit (Invitrogen, Carlsbad, CA) to obtain double-strand ¢cDNA.
cDNA was amplified by PCR in a thermal cycler (VWR Inter-
national, Radnor, PA). Primer sequences and PCR conditions
are available from the authors upon request. PCR products

were separated on a 3% agarose gel.

Mitochondrial Morphology Analysis

The analysis of mitochondrial morphology was performed on
living cells stained with MitoTracker Green (Invitrogen). Briefly,
the cells were stained with MitoTracker Green 150 nM for 20
minutes at 37°C, and Z-stack imaging (1,000 tm) was per-
formed on a Zeiss microscope (AxioVision) with a X63 objec-
tive. The number of images was adapted to the width of each
individual cell. Cells were grown in glucose medium on a 4-
well Lab-Tek plate. One hundred cells per experimental condi-
tion (ARSACS patients vs control) were selected randomly, and
the global mass of the mitochondrial network was evaluated.
The fluorescence intensity of the mitochondrial network was
measured with morphometric software (ImageJ; National Insti-
tutes of Health, Bethesda, MD). This allowed the region of
interest to be manually selected and the area occupied by the
selected pixels to be calculated.

Measuring Mitochondrial Membrane Potential
Mitochondrial membrane potential (A¥m) was measured by
quantification of TMRM (Invitrogen) fluorescence as described
by Chazotte.'”” TMRM is a potential-sensitive dye used to mea-
sure. AWm, which is generated by oxidative phosphorylation
and is thus an indicator of mitochondrial function."®? The
probe, used here at a concentration of 5nM, was added to the
cell medium and incubated for 20 minutes at 37°C. Cells were
washed in phosphate-buffered saline, and fluorescence was
quantified with MorphoPro software (Safran Morpho, Issy-les-
Moulineaux, France).

Measuring Mitochondrial Respiration

The rate of mitochondrial respiration was measured in skin
fibroblasts by polarography (OXY1; Hansatech Instruments,
Norfolk, UK). The routine (endogenous) respiration was meas-
ured in 1 million cells placed in DMEM. The inhibition of the
respiration was performed by the addition of 2 drugs, antimy-
cin (5 uM) and rotenone (0.1mM).

Real-Time Quantitative PCR

Extraction of DNA from primary culture cells was performed
using a blood and tissue kit (Qiagen), following the manufac-
turer’s instructions.

The measurement of mitochondrial DNA content by
real-time quantitative PCR was performed using IQTM SYBR
Green Supermix (Bio-Rad Laboratories, Hercules, CA) on a
thermocycler CFX96 Touch Real-Time PCR system (Bio-Rad),

as described previously.*

In Silico Interpretation of Genetic Variants

Synonymous, missense, and splice site variations were systemati-
cally evaluated for modifications of exonic splicing enhancer
(ESE; ESE Finder 3.0 algorithm available at rulai.cshl.edu/cgi-
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bin/tools/ESE3/esefinder.cgi) or splicing consensus sequences
(Splice Site Prediction by Neural Network at www.fruitfly.org/
seq_tools/splice.html and Splice Score Calculation at rulai.cshl.edu/
new_alt_exon_db2/HTML/score.html). Multiple alignments of
SACS orthologs in various species (Homo sapiens, Macaca
mulatta, Canis lupus familiaris, Ailuropoda melanoleuca, Equus
caballus, Mus musculus, Rattus norvegicus, Bos taurus, Ornitho-
rhynchus anatinus, Gallus gallus, Anolis carolinensis, Danio rerio)
were performed using ClustalW software (www.ebi.ac.uk/Tools/
msa/clustalw2/) for the analysis of the conservation of affected
amino acids. The possible impact of missense variations was
predicted with PolyPhen-2 (genetics.bwh.harvard.edu/pph2/),
Mutation Taster (www.mutationtaster.org/), SIFT (sift.jcvi.org/
www/SIFT_enst_submit.html), and PROVEAN software (pro-
vean.jcvi.org/genome_submit.php).

Detection of Gene Dosage Anomalies

We used a custom targeted 44K Agilent array to fine map the
breakpoints of the deletions. Custom arrays comprised 40,582
probes, with 2,939 probes covering 800kb of the 13q12 region
including the SACS gene (median resolution of 270 base pairs
between 2 probes). Array CGH analyses were performed as

described previously.*!

Microsatellite Markers Analysis

Haplotypes of 3 patients carrying the same p.R272H missense
homozygous variant were defined using 4 microsatellite markers
flanking SACS on chromosome 13 (D13S232, D13S292,
D13S787, and D1351243), and 1 intragenic marker. The intra-
genic marker was searched for in the complete SACS genomic
sequence using Repeat Masker software (www.repeatmasker.org/).
We found a GT repeat in the first intron. Specific primers were
then designed with primer3 (forward 5'-CACACCCTTTTTGCT
GAAGG-3' and reverse 5'-CGCATGGCAATATCACAGTC-3' at
biotools.umassmed.edu/bioapps/primer3_www.cgi). Following
amplification by PCR, fluorescently labeled products were ana-
lyzed on an ABI Prism 3130XL automated sequencer. Peak analysis
was performed by Genemapper Analysis Software (ABI).

Results

Identification of Point Mutations

Direct sequencing of SACS performed in 321 index
patients from the SPATAX network allowed us to iden-
tify 60 variants not referred to as polymorphisms in the
databases (dbSNP, 1000 Genomes) in 50 patients
(15.6%, n=50 of 321) and in 7 of their relatives
also included in this study (Table 1, Supplementary
Tables 1-3). According to earlier recommendations on
variant classification graded in a S5-class system,”* 29
nonsense or indel variants expected to lead to a prema-
ture termination codon were classified as VUS class 5
(definitely ~pathogenic), all of them novel except
p.R2119%, p.Y3430*, and p.R3792*.***> One variant
was a new splicing mutation in intron 5 (c.457 + 3A>C)
that dramatically decreased the score of the donor splice
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TABLE 1. Molecular Genotype and Main Clinical Data for the 39 Index Cases

SPATAX Protein
Patients change
Nonsense homozygous variants
AAD-366-003 p.E36*
AAR-270-006 p-G209VEs*6
AAR-330-018 p-L950Lfs*20
AFT-079-003 p-RIG1*
AAR-321-004 p.E1974*
AAR-104-008 p.Y2210*
MAR-7444-007" p.Y3430*
AAR-509-001 p-K3867Nfs*1
Missense homozygous variants
AAR-456-005 p.R272H
FSP-269-006 p.R272H
AAR-437-014" p.R272H
AAR-242-003" p.I513V
AARSIIGSR0I3Z ..o pMI31IK
FSP-770-010 ~ pY1921D
AAR-519-001° p.P2099L
AAR-599-001 p.R2703H
AAR-235-003 p-G3843V
NOﬂX{,’ﬂJ‘C’ compound /Jetemzygou; variants
AARZGOIZ003" - - . o p.L143LE*10  p.Q4356*
019 et pas 003
AAR-230-005 NA p-R2119*
AAR-246-003 pI1110Nfs*1  p.E4309*
BOR-090711-003" p.L1180Lfs*7  p.K3747*
AAR-225-008 p.R1645* p.Y1671L£s*20
AUS-553090795-003  p.L1922Rfs*2  p.T2316Nfs*6
AAR-545-003" p-V3545Efs*3  p.R3792*

Age at

onset, yr

Infancy
3

8

1

0

1.5

1

1.5

1.5
25

Disease
Duration, yr

29-32
33

22

27

18
32.5
30
14.5

20
33
25
30
39
36
31
13
51

28
23
14.5
23
33
15
18

Triad

=~
7]

+ o+ + + o+ o+ + + + + + + + +

+ o+ o+ o+ o+

>

+ + + + + + + o+ + + + + + o+ + o+

+ + + + + + o+

ND

ND

Additional
Signs

Deafness

ID; altered AEP
Hearing loss
ID; retinopathy
Mild ID

ND

Mild ID

ID

ID; hearing loss
Mild ID
Dystonia
Hearing loss
1D

ND

1D

ND

Epilepsy; hearing loss
ID
ND

Mild ID; epilepsy

Dystonia

class®

Class 5
Class 5
Class 5
Class 5
Class 5
Class 5
Class 5
Class 5

Class 4
Class 4
Class 4
Class 2
Class 4
Class 4
Class 4
Class 4
Class 4

Class 5
Class 5
Class 5
Class 5
Class 5
Class 5
Class 5

Class 5
Class 5
Class 5
Class 5
Class 5
Class 5
Class 5

sisouBelq SOVSYHY (e 19 polj|id
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TABLE 1: Continued

SPATAX
Patients

Protein
change

Nonsense and missense compound heterozygous variants

AAR-410-001 p.R276C p.S4440*
SAL-399-003 p-S365Af5*6 p.Q2605H
AAR-334-009° p-R9G1* p-R2703H
AAD-399-077 p.M1573R p.-H2743Tfs*10
AAR-491-001 p.P1583R p.V2033Vfs*5
AFT-068-005" p.F2056Ffs*21  p.P2217Q
AAR-429-003 p.S2101£5*13 p.L4451P
FSP-084-009 p.Y2210* p.P2849L
FSP-1171-001 p.R2425P p.I3755Mfs*7

Nonsense heterozygous variant

ANG-120054380-003" p.C1285Lfs*8

ATAXIC Protein

Patients change
Nonsense homozygous variants
01017AI-003 p-V590Afs*55
13003TL-003 p.Y1564*

Nonsense compound heterozygous variants
10012RB-003 p-V590A£s*55 p-K1717Nfs*8
13006CD-003 p-G435* p-R3546Rfs*4

Nonsense and missense compound heterozygous variants
01023MO-003 p-Q4413Hfs*38  p.A4469D

*Pathogenicity class according to Plon et al.**
PPatients investigated for mitochondrial network.

Age at

onset, yr

5

30

0
Infancy
18

1

1

1

12

1

Age at

onset, yr

1.5

Disease
Duration, yr

37
12
32

6

52
15
28
24

15

Disease
Duration, yr

13
11

6.5

Triad
PS A PNP
+ o+ o+
+ o+ 1
+ o+ o+
o+ 1
+ o+ o+
+ o+ o+
+ o+ o+
+ o+ o+
o+ 1
+ + ND
Triad
PS A PNP
+ o+ o+
o+ 1
o+ 1
-+ ND
- + ND

Additional
Signs

ND
ID; altered AEP
Mild ID

Mild ID

ND
Mild ID
ND

Retinopathy

Additional
Signs

Altered AEP
ND

Epilepsy, hypotonia

ID

Altered AEP

VUS

class®
Class 4 Class 5
Class 5 Class 4
Class 5 Class 4
Class"2  Class 5
Class 4 Class 5
Class 5 Class 4
Class 5 Class 4
Class 5 Class 4
Class 4 Class 5
Class 5

VUS

class®
Class 5
Class 5
Class 5 Class 5
Class 5 Class 5
Class 5 Class 3

+ = present; — = absent; A = ataxia; AEP = auditory evoked potential; ID = intellectual disability; NA = not applicable, splice site variant; ND = no data; PNP = polyneuropathy;

PS = pyramidal signs; VUS = variants of uncertain clinical significance.

(Bojo.inapr Jo STYNNV







site of exon 5 (0.57 vs 1 for the wild type), when analyzed
with Splice Site Prediction by Neural Network. Moreover,
Mutation Taster analysis predicted this variant as patho-
genic; therefore, we classified it as a VUS class 5. The
remaining 30 variants were 25 missense variants (including
14 classified as VUS class 4 [likely pathogenic], 3 variants
as VUS class 3 [uncertain pathogenicity], and 8 as VUS
class 2 [likely not pathogenic]) and 5 synonymous variants
classified as VUS class 1 (not pathogenic). Four of the
VUS class 4 variants were reported previously: p.R272H,
p.R276C, p.M1311K, and p.P1583R."****® In our
series, p.R272 was substituted in 3 unrelated index patients
with different geographical origins (AAR-456-005, AAR-
437-014, and FSP-269-006). Analyses of microsatellite
markers located in or close to SACS revealed 3 different
haplotypes (Table 2), arguing against a founder effect
related to an ancestral mutation. In 17 patients, variants
were in the homozygous state, whereas 16 patients were
compound heterozygous (see Supplementary Table 1). In
addition, we noted a single heterozygous variant in 17
patients, missense variants in 11 patients, and synonymous
variants in 5 patients (see Supplementary Table 2). Patient
ANG-120054380-003 carried a single heterozygous fra-
meshift of VUS class 5, with normal customized array
CGH (Fig 1) and mRNA analyses (data not shown). This
truncating mutation was maternally inherited and also
present in his affected sister. The segregation of mutations
was demonstrated in all 7 available SPATAX families, in
whom index cases carried 2 VUS class 4 and 5, adding 6
affected relatives to our large series of patients (see Supple-
mentary Table 3).

Next generation sequencing in 156 patients with
congenital ataxia from the ATAXIC project led us to iden-
tify 7 mutations in 5 index patients (3.2%, n =5 of 156)
and in 1 relative (see Table 1, Supplementary Table 1). All
mutations were confirmed by Sanger direct sequencing
and included 6 truncating mutations, either nonsense or
ins/del, and 1 missense VUS class 3. The substituted resi-
due was highly conserved during evolution, and in silico
prediction showed modification of ESE scores. Mutations
were demonstrated to segregate in the 2 available ATAXIC
families (see Supplementary Table 3).

Sanger direct sequencing of DNA and ¢cDNA of
Patient 12436B-JAM-001, carrying the genomic deletion
(see Fig 1), failed to find a second point mutation.

Characterization of the Mitochondrial Network
Morphology

Primary culture of skin fibroblasts was performed from 8
controls, 5 females and 3 males of various ages. We first
mitochondrial

compared  the network morphology

between all the controls. The observed proportions of cells
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with abnormal fused mitochondria were very similar in all
the experiments, demonstrating that mitochondrial mor-
phology could be reliably analyzed and did not vary
according to sex and age (Fig 2B). Thus, we used 1 male
and 1 female control to compare their mitochondrial net-
works with 11 patients carrying different types of varia-
tions: 8 patients carrying biallelic VUS exclusively of class
5 and 4 (MAR-7444-007, BOR-090711-003, AAR-545-
003, AAR-601-003, AAR-437-014, AAR-519-001, AAR-
334-009, and AFT-068-005), 1 patient (AAR-242-003)
with a homozygous VUS class 2 (mutation p.I513V),
Patient ANG-120054380-003 with a cosegregating mono-
allelic VUS class 5, and Patient 12436B-JAM-001 with a
genomic deletion. Skin fibroblasts of all patients but 1
(12436B-JAM-001) displayed altered mitochondrial mor-
phology, with a significant increase of bulbed mitochon-
dria as compared to controls (see Fig 2). We also
performed a relative quantification of the global mass of
the mitochondrial network using fluorescence intensity
measurement of the MitoTracker labeling, except on
Patient AAR-437-014 (Fig 3A). All patients, except
12436B-JAM-001, displayed a decrease of the mitochon-
drial mass ranging from 17% to 55% (see Fig 3B). To con-
firm this decrease, we quantified the mitochondrial and
nuclear DNAs using quantitative PCR assays. The
mtDNA/nDNA ratio analysis revealed a decrease of
mtDNA quantity ranging from 14% to 67%, concordant
with the results of fluorescence experiments (see Fig 3C).

We observed a defect in MitoTracker incorporation
in fibroblasts of Patient AAR-437-014 (see Fig 3E). The
abnormal fluorescence in these fibroblasts was possibly
related to AWm anomalies. To measure AWm, the
potential-sensitive dye TMRM is classically used. Fibro-
blasts of Patient AAR-437-014 revealed a decrease of
30% £ 4% in TMRM fluorescence (see Fig 3F). This
result suggests an impaired mitochondrial energetic func-
tion in this patient.

To verify any mitochondrial energetic deficiency, we
analyzed mitochondrial oxygen consumption in 5 patients
(AAR-242-003, AAR-437-014, AAR-545-003, AFT-068-
005, and ANG-120054380-003) carrying different classes
of VUS. No modification of basal oxygen consumption
rate was observed in 4 of them, but the mitochondrial
oxygen consumption was strongly reduced (51% * 5%) in
the fibroblasts of AAR-437-014 (see Fig 3D), in agree-

ment with the observed alteration of A¥m.

Clinical and Paraclinical Characteristics of
ARSACS Patients

The diagnosis of ARSACS was finally established in 34
index patients from SPATAX (10.6%, n— 34 of 321)

and in 5 index patients from the ATAXIC cohort (3.2%,
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TABLE 2. Haplotype Analysis around SACS
Haplotype Patient
AAR-456-005 AAR-437-014 FSP-269-006
D13S§232 118-118 106-106 118-118
SACS 233-233 235-235 232-232
D13§292 130-130 134-134 130-130
D13S§787 256-256 253-253 256-256
D13S1243 253-253 255-255 250-253
Haplotype analysis using 4 flanking and 1 intragenic microsatellite markers on 3 patients carrying the same mutation, p.R272H.
Numbers for haplotypes represent the size of polymerase chain reaction products in bp.

n=>5 of 156). In addition, 8 affected relatives (including
the sister of Patient ANG-120054380-003) were also
included in our clinical study. Overall, a total of 47
ARSACS patients from 39 families were included (Sup-
plementary Table 4). Twenty-two probands were from
France, including 2 patients with origins associated with
either Maghreb or Poland; 8 were from Algeria; 2 from
Morocco; 2 from Portugal; 1 each from Australia, Italy,
and Turkey; and 2 of unknown origin. Consanguinity
was reported in 26% (n=10 of 39); 62% of affected
individuals (n =29 of 47) were females, and 38%
(n =18 of 47) were males.

The mean age at onset was 5.1 £ 7.4 years, ranging
from birth to age 30 years; 83% had onset before the
age of 10 years and 72% before 5 years of age (Supple-
mentary Tables 4 and 5). Notably, 5 index patients and
1 relative displayed a phenotype of congenital ataxia and
2 patients presented an atypical late onset after 25 years.
Unsteadiness was the most frequent feature at onset
(96%; n = 43 of 45) either isolated (82%; n = 37 of 45)
or associated with stff legs (11%; n =35 of 45). Only 2
patients complained of isolated stiff legs at onset (5%,
n=2 of 42). The mean age of patients at examination
was 29.7 = 12.9 (range = 8-53) years, and the mean dis-
case duration was 24.3 = 12.5 years. According to the
Spinocerebellar Degeneration Functional Score (SDES),
which rates the disability stages from 0 (asymptomatic)
to 7 (bedridden),”” 17% of our patients (n=7 of 42)
were mildly (SDFS =1-2) affected (mean
age = 21.3 * 14.6 years), 28% (n = 12 of 42) were mod-
erately (SDFS =3) affected (mean age=27.7*12.0
years), and 55% (n=23 of 42) were severely
(SDFS =4-7) affected (mean age =35.2 % 10.5 years),
including 8 wheelchair bound and 1 bedridden (mean
age = 36.5 £ 12.6 years, range = 16-53). After age 30
years, 25% of the patients (n = 6 of 24) were wheelchair

bound. Frequencies of the different fearures ae presented
in’Supplementary ' Tablels! All patients had static and
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kinetic atwxia. SISV IPRSETRIGGHRNIONE

fitedl Difficulties at school possibly related  tojiiild
but

neuropsychological evaluations were very rarely available

(see Supplementary Tables 4 and 5). Fundus examination

was available for 16 patients and detected [EfiRaINTERE

REmN([99%). In these patients, retinal nerve fiber hyper-

trophy was more pronounced close to the optic disk in
its superior and inferior parts rather than the nasal and
temporal regions (Fig 4). In 2 of them (Patients ANG-
120054380-003 and AUS-553090795-003), these clini-
cal data were confirmed by optical coherence tomogra-
ol Brsin MRI was performed in 41 patients and was
considered normal lin 2 TofEhem(AAR-491-001 and
AAR-321-007, but performed at age 7 years in the latter
case). Vermis atrophy with upper predominance was
found in 39 patients, whereas cerebellum hemispheres
were affected in 23. T2/fluid-attenuated inversion recov-
ery (FLAIR) linear hypointensities were detected in the
pons in 19 patients, and lateral hyperintensities and
enlargement of middle cerebellar peduncles were present
in 7 and 9 patients, respectively. Perithalamic T2/FLAIR
hyperintensities were noted in 5 patients (see Fig 4).

Electromyoneurography  revealed sensorimoror polyneu-
Fopathy in 97% of ‘patients (n = 36/37), ecither Xomal
(n=9/36, 25%), demyelinating (n = 19/36, B3%), or
both (n=5/36, 14%); no precise data were available for
the 3 remaining patients.

Among the 6 patients with a phenotype of congeni-
tal ataxia, mean age at onset was 1.1 £0.1 years and
mean age at evaluation was 10.7 £ 2.3 years. The mean
disease duration was 9.6 * 7.4 years, leading to a mild
disability score (SDFS =2) in the 3 patients for whom
the data were available. The oldest patient from this
group was a 14-year-old boy (10012RB) who manifested
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FIGURE 1: Array comparative genomic hybridization analysis on Patient ANG-120054380-003 (carrying 1 truncating mutation)
and Patient 12436B-JAM-001. (A) Chromosomal view showing a deviation of the baseline for Patient 12436B-JAM-001 consist-
ent with a deletion in the 13q12 region, which is absent in the control and Patient ANG-120054380-003. (B) Close-up of the
13912.12 region. For Patient 12436B-JAM-001, the light gray points indicate the deleted region comprising the SACS gene,
where the average log2 ratio is about —1. For the control and Patient ANG-120054380-003, the lines show the absence of
alteration in this region.
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FIGURE 2: Mitochondrial network using MitoTracker labeling. (Upper panel A) The mitochondrial network of the autosomal
recessive spastic ataxia of Charlevoix-Saguenay (ARSACS) patients’ skin cells was observed by fluorescence microscopy (C-K)
and revealed hyperfused tubules as compared to control skin fibroblasts (A, B). Magnified images are presented (a—k) and
show the balloon-like (arrows) and the bulbed mitochondria (arrowheads) characteristic of a hyperfused phenotype. (Lower
panel B) Around 100 cells from 3 independent experiments were analyzed. (Left) Balloon-like and bulbed mitochondria were
counted for 8 different controls, 5 females (F) and 3 males (M) of various ages. Because similar results were obtained for all
the controls, only 2 of them (46F and 21M), were used to compare with patients. (Right) Balloon-like and bulbed mitochondria
were counted for 2 controls and 10 patients. The 95% confidence interval around the mean was computed for each control
and the percentage of patients’ cells presenting more abnormal fused mitochondria than the upper limit of the 95% confi-
dence interval is presented as mean =+ standard error of the mean. A Mann-Whitney test was used for statistical analysis
*p < 0.05.
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FIGURE 3: Mitochondrial abnormalities in skin fibrobasts. Cells obtained from the patients (A) and the control were labeled
using MitoTracker Green to measure the whole cell surface. (B) Fluorescence intensity was measured for 10 ARSACS patients
and 1 control. The quantification was performed with ImageJ (n = 3; >100 cells). (C) The mtDNA was quantified by quantitative
polymerase chain reaction in 11 ARSACS patients and the control (n = 3). (D) The mitochondrial respiration (oxygen consump-
tion rate [OCR]) was quantified by oxygraphy in 5 patients (n = 3). (E) Following the abnormal fluorescence observed with the
MitoTracker labeling, fibroblasts of the control and Patient AAR-437-014 were incubated with tetramethylrhodamine methyl
ester (TMRM), and (F) the fluorescence intensities were quantified by ImageJ software (n=3; >100 cells). Data are presented
as mean = standard error of the mean; **p<0.01, ***p<0.001. Significance was determined using a 1-tailed unpaired t test.

only a very early nonprogressive mild static and kinetic Discussion

ataxia (Scale for the Assessment and Rating of Ataxia ARSACS is currently [EonSideredptoNbeRamongReheRmost

evaluated at 6/40 at age 14 years) associated with parial frequent types of spastic ataxia worldwide after Friedreich

epilepsy that occurred at age 10 years, demyelinating sen-
sorimotor neuropathy, and linear hypointensities in the
pons and upper vermis atrophy on brain MRL
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Ataxia and ataxia elangiectasia. > Most of the SACS
mutations described outside Quebec are private, with an

increasing number of missense variants described since
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2008.%>7 Because a deleterious effect of these missense
variants has rarely been demonstrated through functional
assays, " they would have been classified as VUS rather
than pathogenic mutations.”*> Because false assignments
of pathogenicity can bring about serious consequences
for patients, in terms of prognostic, therapeutic, and/or
reproductive advice, most of the guidelines for implicat-
ing sequence variants in human disease more often advise
experimental approaches to investigate the impact of a
sequence variant on gene function or cell or organism
phenotype. Moreover, the guidelines strongly suggest that
evidence derived directly from patient tissue or cells,

rather than model systems, could be particularly informa-
31

tive.

In the first step, we identified biallelic SACS var-
iants in 38 families, with 33 of 321 index cases (10.2%)
presenting with sporadic or autosomal recessive ataxia

and spasticity with onset at <45 years and 5 of 156 pro-
bands with congenital ataxia (3.2%), that is, patients pre-
senting with very early onset nonprogressive ataxia or
with a tendency to improve with age (see Table 1).
Importantly, half of these variants were VUS <class 4,
leading to uncertain interpretation. A great majority were
novel, although we also found some recurrent variants,
including p.R272H identified in 3 unrelated families.
Our findings, together with the previous reports of
p.R272C in 4 Canadian families®>** and p.R272H in an
Ttalian family,”® reveal p.R272 as a mutational hotspot in
SACS. Alternatively, we also identified some patients who
carried a single heterozygous SACS variant (see Supple-
mentary Table 2). Notably, a unique patient (ANG-
120054380-003) was demonstrated to carry a heterozy-
gous nonsense mutation (VUS class 5) inherited from his
mother and also carried by his affected sister (see Supple-
mentary Table 1). Finally, Patient 12436B-JAM-001, car-
rying a heterozygous genomic deletion encompassing the
whole SACS gene, had no additional point mutation on
the second allele. These results may suggest that the sec-
ond mutation remained undetected because it is located
in parts of the gene that have not been analyzed, that is,
regulatory regions upstream of the gene or deep in the
introns. However, because array CGH analysis could not
be performed on these patients, we cannot rule out a
possible deletion in the second allele, even if we checked
the heterozygous state of the numerous SNPs present in
SACS. Finally, we cannot exclude the possibility that
these patients may be affected by other ataxias.

882

According to the suggested role of sacsin in the
maintenance of mitochondrial morphology and func-

. 13,15,16
tion, !>

we analyzed whether morphological and
functional alterations of mitochondria occurred in pri-
mary cultures of skin fibroblasts. We found a drastically
altered mitochondrial network with numerous balloon-
like or bulbed mitochondria in 10 of the 11 studied
patients, including 8 patients harboring 2 VUS of class 4
or higher, Patient AAR-242-003 carrying a homozygous
VUS class 2, and Patient ANG-120054380-003 harbor-
ing a single heterozygous VUS class 5 (see Table 1, Fig
2). Conversely, in Patient 12436B-JAM-001, carrying a
heterozygous genomic deletion comprising the SACS
gene, we did not find any mitochondrial abnormalities.
These results confirm previous observations in other cell
types including immortalized skin fibroblasts from 2
ARSACS patients,''” and more recently in fibroblasts
from a patient carrying missense compound heterozygous
variants,>* and strongly suggest that an abnormally fused
mitochondrial network is a distinctive phenotype in pri-
mary culture of fibroblasts of ARSACS patients.

Together with the alteration of mitochondrial mor-
phology, we also measured a concomitant decrease of
mitochondrial mass. However, these alterations had no
impact on the global mitochondrial respiratory function.
Girard et al'® reported that sacsin is required for normal
mitochondrial function but not for mitochondrial respi-
ratory function. However, we observed that fibroblasts
carrying the p.R272H homozygous missense mutation
(AAR-437-14) displayed altered mitochondrial respira-
tion, membrane potential, and morphology. This muta-
tion is located in the sub-repeat 1 (sr1) domain of sacsin.
Sacsin contains 3 sr domains (sr1-3),'* which form the
SIRPTs (Sacsin Internal RePeaTs).'* This srl contains a
histidine kinase-like adenosine triphosphatase, and muta-
tions in this domain display a higher SPAX score, which
evaluates phenotype severity.'> These data support our
findings that p.R272 might play an important role in the
sacsin-dependent mitochondrial phenotype. It would be
interesting to analyze whether the 2 other families carry-
ing this mutation display the same severe mitochondrial
phenotype.

Strong evidence has emerged to indicate disturbed
mitochondrial fusion and fission as central pathological
processes involved in several childhood and adult onset
neurodegenerative disorders.’® Such abnormalities have
been reported in the dominant form of spinocerebellar
ataxia SCA28 (OMIM #614206), in which inactivation
of AFG3L2 in mouse cortical neurons resulted in mito-
chondrial fragmentation.’® Opposite observations of an
elongated mitochondrial network have been demon-
strated in patients fibroblasts with hereditary spastic
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FIGURE 4: Brain magnetic resonance imaging of several ARSACS patients exhibiting characteristic features and ophthalmologi-
cal findings in Patient ANG-120054380-003. T1 sagittal cross-sections demonstrate predominant upper vermis atrophy in
Patients 01017Al at age 6 years (A) and BOR-090711-003 at age 45 years (B). T2 axial cross-sections show linear pons hypoin-
tensities in Patients BOR-090711-003 at age 42 years (C) and 10012RB at age 14 years (D). Note the mild enlargement of the
middle cerebellar peduncles (MCP) in BOR-090711-003 (C) and mild hyperintensity of the MCP in 10012RB (D). (E) T2 axial
cross-section at the level of basal ganglia showing peripheral hyperintensities surrounding thalami in 10012RB at age 14 years.
Retinal fundus images in the right (F) and left (G) eye disclose abnormally visible retinal axons, due to ganglion cell and retinal
nerve fiber hyperplasia, detectable close to the optic disk. (H) Optical coherence tomography of the optic nerve heads (ONH),
displaying thickening of the retinal nerve fiber layers (RNFL), in the right eye (OD) and the left eye (OS), in Patient ANG-
120054380-003. C/D = cup-to-disk.
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Definition

Possible
ARSACS

Probable
ARSACS

Definite
ARSACS

TABLE 3. New Definitions for Establishing a
Diagnosis of ARSACS

Diagnostic Criteria

Spastic ataxia or congenital ataxia
or spastic paraplegia

2 VUS <class 4 in SACS

Spastic ataxia or congenital ataxia
or spastic paraplegia

1 VUS class 5 with 1 VUS < class 4
in SACS

Spastic ataxia or congenital ataxia
or spastic paraplegia

AND
2 VUS class 5 in SACS

OR

at least 1 VUS class 5 or 2 VUS <
class 4 in SACS and altered mito-
chondrial network in fibroblasts

VUS = variants of uncertain clinical significance.

Patients

SPATAX

O

Sanger SACS

ATAXIC

12436B-JAM

CGH

VUS-dependent
diagnosis

n = 34 families
31 POSITIVE

3 INCONCLUSIVE
AAR-242, ANG-120054380

AAD-399

n =5 families - \
4 POSITIVE

1 INCONCLUSIVE
01023M0

n =1 family

1 INCONCLUSIVE
12436B-JAM

paraplegia type 7 (SPG7; OMIM #607259),” (SPG31;
OMIM #610250),>® and SPG56 (OMIM# 615030,
named SPG49 by the HUGO nomenclature).”” The
potential direct or indirect roles in the dysregulation of
fission or fusion of the mutated proteins paraplegin,
REEP1, and CYP2UI, respectively, are still unknown.
The clinical spectrum of these latter conditions, generally
dominated by a pyramidal syndrome of the lower legs
with progressive spasticity, is somewhat distinguishable
from ARSACS clinical presentation. A clinical picture of
spastic ataxia may be observed in SPG7 with either pro-
gressive external ophthalmoplegia or ptosis and a mid-
adult onset, although mild cerebellar ataxia has only been
reported in a few patients with SPG31 after long dura-
tion of the disease.’”**4

Regarding the clinical data, our study clearly con-
firms in a large series that most ARSACS patients manifest
with the typical presentation following a very slowly pro-
gressive course with unsteadiness as a sign at onset, some-
times responsible for mild motor milestone delay,
childhood  and

associated  with  spasticity  during

New grading dependent diagnosis

FIGURE 5: Evolution of ARSACS diagnosis in this study. Following Sanger sequencing, next generation sequencing (NGS), or
array comparative genomic hybridization (CGH) analysis, 40 families were retained. Based on the VUS classification, 35 were
positive and 5 were inconclusive regarding ARSACS diagnosis. According to our new definitions, including the presence of an
altered mitochondrial network, 25 families were validated as definite ARSACS, 8 as probable, 6 as possible, and 1 as negative.
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neuropathy during the teenage years (see Supplementary
Table 5).*" Alternatively, our findings highlight that atypi-
cal ARSACS with late onset, atypical features (such as
hearing loss, increased auditory evoked potential latencies,
and epilepsy), or at least 1 of the core features missing
may occur (see Table 1, Supplementary Table 5).>%*
Notably, the disease of 2 patients (AAR-334-009 and
AAR-519-001) initiated with early onset lower limb spas-
ticity that remained isolated for 16 and 8 years, respec-
tively, before the occurrence of ataxia. We also extend the
spectrum of atypical ARSACS to congenital ataxia (see
Supplementary Table 5). The course of the disease was
dramatically stable for all these patients, with the longest
disease duration being 14 years. However, ARSACS
patients originally described in Quebec had early onset
ataxia with slow progression leading to wheelchair depend-
ence after an average of 40 years.'” It is possible that
patients with congenital ataxia resemble this common
course in Quebec. In such atypical cases, the diagnosis of
ARSACS, even in the presence of 2 murtations in SACS,
may be particularly challenging, illustrating the interest in
a trait biomarker that can help lead to the diagnosis.

In summary, the classical triad associating early onset
ataxia, lower limb spasticity, and peripheral polyneurop-
athy is frequentdy but not systematically found in all
ARSACS patients.” We have expanded the spectrum of
ARSACS-related phenotypes (which now encompass con-
genital ataxia) and mutations in SACS, highlighting the
potential difficulties of interpreting molecular results fac-
ing atypical presentations in a routine diagnosis practice.
However, VUS class <4 are frequently identified in SACS,
leading to inconclusive molecular diagnosis in routine
practice. Moreover, brain MRI and electroneuromyogra-
phy anomalies—highly, but not exclusively, suggestive fea-
tures of ARSACS—may be missing in some patients, and
for this reason cannot be systematically used as a trait bio-

markes. We. therefore recommend analysing SACS. in

disease, and the results of paraclinical examinations. We

propose new practical definitions integrating, in addition

to identification of variants in SACS, the presence of an
altered mitochondrial network in primary culture of fibro-
blasts as a major criterion helping to definitely establish
the diagnosis of ARSACS (Table 3). Based on these new
definitions, we retained the diagnosis of definite ARSACS
in 31 patients (from 25 families), probable ARSACS in 8
patients (from 8 families), and possible ARSACS in 8
patients (from 6 families; Fig 5). Specifically, the presence
of an altered mitochondrial network prompted us to vali-
date the diagnosis of definite ARSACS in 2 families
(AAR-242 carrying a homozygous VUS class 2 and ANG-
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120054380 carrying only 1 VUS class 5) and to exclude
it in Patient 12436B-JAM-001, for whom molecular
results would have been quite difficult to interpret in a
routine diagnosis practice. It is likely that those families
would have been diagnosed as not having ARSACS at all.
Because next generation sequencing will become the most
common molecular diagnostic tool, leading to the identifi-
cation of an increasing number of VUS class <4 variants,
it will be very appealing to link our proposed system to it.
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