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Abstract

Objective. Mutations in superoxide dismutase 1 gene (SOD1), encoding copper/zinc
superoxide dismutase protein, are the second most frequent high penetrant genetic cause for
Amyotrophic Lateral Sclerosis (ALS) motor neuron disease in populations of European
descent. More than 200 missense variants are reported along the SOD1 protein. To limit the
production of these aberrant and deleterious SOD1 species, antisense oligonucleotide
approaches have recently emerged and showed promising effects in clinical trials. To offer the
possibility to any patient with SOD1-ALS to benefit of such a gene therapy, it is necessary to
ascertain whether any variant of unknown significance (VUS), detected for example in SOD1

non-coding sequences, is pathogenic.

Methods. We analyzed SOD1 mutation distribution after SOD1 sequencing in a large cohort

of 470 French familial ALS (fALS) index cases.

Results. We identified a total of 27 SOD1 variants in 38 families including two SOD1 variants
located in nearsplice or intronic regions of the gene. The pathogenicity of the ¢.358-10T>G
nearsplice SOD1 variant was corroborated based on its high frequency (as the second most
frequent SOD1 variant) in French fALS, the segregation analysis confirmed in eight affected
members of a large pedigree, the typical SOD1-related phenotype observed (with lower limb
onset and prominent lower motor neuron involvement), and findings on post-mortem tissues

showing SOD1 mis-accumulation.

Conclusions. Our results highlighted nearsplice/intronic mutations in SOD1 are responsible
for a significant portion of French fALS and suggested the systematic analysis of the SOD1
MRNA sequence could become the method of choice for SOD1 screening, not to miss these

specific cases.



Muratet et al
JNNP 2021

INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative motor neuron disease that usually
develops in the sixth decade and is uniformly fatal, with a median of survival of 36 months.! It
leads to limb paralysis, swallowing/speech impairments and ultimate respiratory failure. In
10% of cases it is associated with family history (familial ALS, fALS), with multiple genes
involved.! Superoxide dismutase 1 gene (SOD1) was the first genetic cause discovered more
than 25 years ago.® In the discovery study, eleven missense variants were identified at the
heterozygous state in 13 families with ALS, supporting the autosomal dominant implication of
SODL1 in this motor neuron disease.? Exception for this dominant transmission is known for the
recessive D90A (corresponding to the p.Asp91Ala) variant with either frequent homozygosity
in ALS populations of Swedish and Finnish origin* or compound heterozygosity with the D96N
(corresponding to the p.Asp97Asn) variant.” Incomplete penetrance has been observed for
dominant SOD1 variants, including the 1113T mutation, and the unaffected transmitters were
more frequently women than men in those pedigrees.® Rare de novo occurrence has also been
reported for sporadic case.” To date, about 200 variants,® most of them being missense, have
been identified, distributed all along the SOD1 gene which encodes the superoxide dismutase
1 protein (SOD1), a 32 kDa homo-dimeric metalloenzyme composed of 154 amino acids
highly conserved among species (however, as the methionine start codon was not previously
considered as part of SOD1, the number of amino acids is also considered to be 153 and the
numbering of mutations is, in this case, shifted of one amino acid). It is well admitted that
mutant SOD1 forms are deleterious through a gain of toxic function although the exact
mechanisms leading to neurodegeneration are not fully elucidated.® SOD1 variant frequency in
ALS patients is different according to the studied population: they account for 30% of fALS

patients in Asia, while they explain 23.5% of US fALS'® ! and 12% of French fALS.*? This
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therefore makes variants in SOD1 either the first or second most frequent familial cause of ALS

in these regions.

ALS patients with SOD1 variants usually have disease onset in the lower limbs, prominent
lower motor neuron signs resembling progressive muscular atrophy and rarely present
frontotemporal dementia (FTD).!2 13 Disease duration is bimodal with patients having rather
rapid (<3 years) ALS while others having rather slow (>7 years) disease course,!2 with a
either consistent prognosis for all patients carrying a specific mutation across all families (for
example the short survival conferred by the p.Ala5Val, A4V mutation) or with a significant
intra-family variability in survival, documented for example, for the p.Asp84Gly, D83G or the
p.Leul45Phe, L144F mutations, the latest with the longest survival reported to date in SOD1

linked family (44 years).}?1°

Neuropathological analysis of post-mortem tissues with SOD1 variants showed that TDP-43
inclusions, the pathological hallmark usually detected within motor neurons of most ALS
patients,’® are often missing.}” Ubiquitinated SOD1 aggregates and neurofilament

conglomerates are typically detected in these tissues.®

However, whether all rare variants in the nearsplice/intronic regions of SOD1 can cause the
disease, which is of prime importance for new gene therapy opportunities, remained unsolved.
In this study, we documented a frequent SOD1 nearsplice variant in French fALS localized
10 bp upstream of SOD1 exon 5 for which we aimed to undoubtedly prove the pathogenicity

before considering SOD1 targeted therapeutic strategy® in these families.

METHODS

Methods for patient and control cohorts, genetic analyses, mRNA extraction and splicing
analysis, prediction for the protein secondary structure, neuropathological examination and

protein level analysis in patient spinal cord are detailed in supplementary material.
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RESULTS

The ¢.358-10T>G is the second most frequent variant in French fALS and segregates with

the disease in a large pedigree.

We identified a total of 27 SOD1 variants in 38 families in our cohort of French fALS,
accounting for a frequency of 8.1%. These variants are detailed in Fig.S1. Among these
variants, the ¢.280G>T, p.Gly94Cys (G93C), occurred in 5 different families and was the most
frequent (Fig.S1). The second most frequent SOD1 variant was the nearsplice ¢.358-10T>G,
which was recurrently observed in 4 different families with no obvious family relationship,
with a frequency of 10.5%, in these rankings. This ¢.358-10T>G variant has a frequency of
0.0018% in gnomAD non Finnish (NFE) population, is recorded in doSNP (rs1197141604)
and Clinvar (RCV000015893.26) databases. In addition, the c.443G>A, p.Glyl48Asp
(G147D) occurred in 3 families and both ¢.124G>A, p.Gly42Ser (G41S) and c.418A>G,
p.Asn140Asp (N139D) variants were identified in two different families. None of the exonic,
nearsplice or intronic SOD1 variants we identified in ALS patients (Fig.S1) was detected in

our cohort of 525 healthy French controls.

One of these four ¢.358-10T>G families extends on 6 generations and includes 22 affected
members: we could gather the DNA collected in different French ALS reference centers for 8
affected patients, over 4 generations, and the ¢.358-10T>G variant was identified at the
heterozygous state in all of them (Fig.1). Obligate carriers were evidenced in this pedigree,
however missing information about the cause and the age of death for most of them did not
allow to firmly conclude about incomplete penetrance for the ¢.358-10T>G variant. For
example one of these obligate carriers (FALS1112) deceased with no motor neuron symptom
at 50 years and could have developed the disease if he would have lived longer. Nevertheless

the penetrance of the ¢.358-10T>G variant seems to be high in the three last generations (with
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full knowledge about the cause of death and no censored data) which is an important
information for genetic counselling to be delivered to the concerned families. Pedigrees of the
three other unrelated fALS are presented in Fig.1. Overall, the ¢.358-10T>G variant was
identified in 11 French fALS patients of four unrelated families. The most extended family
(FALS1) was included in a linkage analysis using the genotype at the mutation site as marker.
This analysis resulted in a LOD score of 3.67 which exceeds the genome-wide significance
threshold confirming the association of the disease with the nearsplice SOD1 variant in this
pedigree. Whole Exome Sequencing (WES) analysis was performed for all patients carrying
the ¢.358-10T>G variant (with available DNA) to check for the absence of other pathogenic

variants in any other ALS-linked genes (Table S1).

Clinical presentation of the patients with the ¢.358-10T>G variant is typical of SOD1-

linked ALS.

Age at onset and site at onset could be retrieved for 17 members of these ¢.358-10T>G families
(10 males and 7 females). Mean age at onset was 60 years old (+3 years), with a range from 41
to 83 years of age. No difference was noticed between males (60+4y, range 41-83y) and
females (59+5y; range 42-71y). The first symptoms appeared in legs for most (14 out of 17;
82%) of these patients (Table 1). Mean disease duration was 43 months (+£7 months) ranging
from 8 to 96 months with no gender effect. Age at death was available for 20 patients (11 males
and 9 females) and mean was 65+4y for both gender groups. Transcranial magnetic stimulation

(TMS) recordings performed for some ¢.358-10T>G patients did not show any abnormality

(Table 1).
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Ageat Disease Post-
Pedigree Patient Sex onset,  Site of duration, TMS. DNA - Lymphpplast “?O”em
(range onset mo recordings availability availability tlssge -
of y) availability
FALS1 IlI1 M 61-80 LL 96 - -
118 M >81 UL 30 normal + +
V1 F 61-80 LL 36 - +
V12 M 61-80 UL 35 normal + +
V13 F 41-60 LL 84 - -
V14 M 41-60 LL 57 normal +
V20 F 61-80 LL 80 normal +
V1 F 41-60 LL 60 - -
V2 M 41-60 UL 17 - + +
V3 F 41-60 LL 16 - +
VIl M 41-60 LL - - +
FALS2 112 M 41-60 LL 24 - -
13 F 61-80 LL 12 - -
11 M 41-60 LL 8 - + +
FALS3 11 F 61-80 LL 48 - -
11 M 61-80 LL 30 - +
FALS4 111 M 41-60 LL 53 - + +

Table 1. Clinical features of patients with the SOD1 ¢.358-10T>G variant.

Age at onset is indicated as a range of years to preserve individual anonymization. fALS,

familial amyotrophic lateral sclerosis; LL, lower limb; TMS, Transcranial Magnetic

Stimulation UL, upper limb.

Analysis of the splicing effect of the ¢.358-10T>G variant on patient tissue and cells

The variant is a nearsplice point substitution 10 bp upstream exon 5, ¢.358-10T>G (Fig.2A)

which is presumed to affect the intron 4 acceptor splicing site according to prediction software

tools accessed through Alamut Visual 2.15 (Interactive Biosoftware): it is predicted to abolish

the natural acceptor splice site according to SSF-like and GeneSplicer and to create a new

acceptor splice site according to SSF-like, MaxEntScan and Human Splicing Finder system.

We used the post-mortem tissue available for one of the patient with ¢.358-10T>G variant

(FALS2III1, Fig.1) to confirm these predictions and analyzed the mRNA products after

amplification of a fragment spanning exon 4 and 5 from the SOD1 cDNA: two longer additional

8
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bands were visualized for tissue carrying the ¢.358-10T>G variant compared to the single
expected band amplified for other patients (Fig.2B). The longest one is presumably a
heteroduplex formed between the wild-type (WT) and the mutant strands because only two
strands were detected by the fluorescent fragment-length analysis used to determine the exact
length of these amplified products (Fig.2C). A similar heteroduplex DNA structure was
previously detected after amplifying mRNA produced in ALS fibroblasts carrying the c.240-
7T>G, another nearsplice/intronic SOD1 variant.*® Thus using patient post-mortem tissue, we
showed this nearsplice variant alters the splicing of SOD1. Sequencing of the amplified
products revealed that this ¢.358-10T>G substitution led to a 9 nucleotide insertion between
exon 4 and 5 in the mRNA, resulting in the insertion of 3 amino acids (Phe-Leu-GlIn, FLQ) in
the protein sequence (Fig.2A). Similar results were obtained on mMRNA products extracted from
lymphoblasts available for 6 other ALS patients carrying this SOD1 nearsplice variant
(including 5 members of FALS1 and the index case of FALS4, Table 1). For these patients, the
PCR products spanning exon 4 and 5, amplified from the SOD1 cDNA, migrated with a “three
band” profile (Fig.S2A) and the presence of the 9 nucleotide insertion could be confirmed after
sequencing these fragments (Fig.S2B). Thus the insertion of the 3 amino acids FLQ in SOD1
sequence could be ascertained in cells/tissue for 7 patients from 3 different families. No cell or

tissue were available for the last family (FALS3).

This 3 amino acid insertion is predicted to modify the secondary structure of the resulting
mutant SOD1 protein according to JPred 4 analysis, turning a beta sheet into an alpha helix,

which could directly impact a dimerization site and a copper binding site (Fig.2D).
Neuropathological analysis of spinal cord carrying the SOD1 ¢.358-10T>G variant.

The most characteristic lesions found at autopsy in one SOD1 ¢.358-10T>G patient

(FALS2I111) was severe neuronal loss associated with numerous swollen neurites in the
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anterior and lateral horns of the spinal cord and in motor nuclei of the medulla. Bulky SOD1
intracytoplasmic inclusions with grape cluster shape were found in the neuronal cell bodies and
in the proximal part of swollen axons (Fig.3D, 3H). There were some diffuse positivities in
some interneurons and glial cells. Diffuse staining was also present in posterior and
intermediate columns of the spinal cord. No staining was observed in the white matter of the
posterior cords. Using the same antibody, SOD1 aggregates were observed in the motor
neurons with the ¢.251A>G, p.Asp84Gly, D83G (Fig.3B, 3F) or c.281G>A, p.Gly94Asp,
G93D (Fig.3C, 3G) SOD1 exonic variant. No SOD1 aggregates were found in the cell bodies
of patient tissue with no SOD1 variant (Fig.3A, 3E). Some perivascular SOD1 positive
swellings were observed in SOD1 mutated patients and controls. Typical inclusions were
observed with phosphorylated or non-phosphorylated neurofilament immunohistochemistry in
SODL1 variant carriers (Fig.31-J, M-N). Most of these inclusions were slightly labeled with p62.
Cystatin C immunohistochemistry showed some Bunina bodies (Fig.30) and numerous large
granular aggregates (Fig.3P). TDP-43 immunohistochemistry showed no abnormal positivity

in the regions tested for patients with nearsplice or exonic SOD1 mutation (Fig.3K-L).

There were no visible abnormalities in the motor cortex where large Betz cells were present.
Nevertheless inconspicuous axonal rarefaction was found in the corticospinal tracts. Rare
intracytoplasmic SOD1 diffuse positive inclusions were observed in the frontal associative
cortex (Fig.S3A-B) and in the cerebellum (Fig.S3C). A punctiform, neuropil positivity was

observed in the frontal, motor and associative cortices examined.

Analysis of SOD1 forms expressed in spinal cord with the SOD1 ¢.358-10T>G variant.

In mouse models of ALS expressing human mutant SOD1, the formation of SOD1 aggregates

was proposed to be triggered by the disulfide-reduced forms of SOD1, more sensitive to

10
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oxydative stress and having the property to misfold and oligomerize.?’ We hypothesized that
these detergent-resistant, disulfide linked complexes could represent a significant proportion
of SOD1 in the aggregates detected in motor neurons of ALS patients with SOD1 mutation.
These disulfide cross-linked SOD1 forms are not detectable using classic Western blot
procedures. We adapted a previously reported protocol combining the omission of reducing
agents (expected to reduce disulfide cross-linked species) and the use of iodoacetamide, a thiol-
specific modifying reagent capable of preventing degradation of these disulfide-reduced forms
of SOD1 during insoluble protein extraction, to maximize their detection during the western
blot procedure. We compared SODL1 levels in the soluble and insoluble fractions of protein
extracts prepared from spinal cords of the FALS2III1 carrying the nearsplice ¢.358-10T>G
SODL1 variant, a patient carrying the D83G SOD1 mutation and a patient without any SOD1
variant. In the soluble fraction, a single band of 16 kDa was detected using the anti-SOD1
antibody. The level of expression of this soluble SOD1 monomeric form was similar for all
patients, carrying or not a SOD1 mutation. In contrast, in the iodoacetamide treated insoluble
fraction, the level of expression of the 16 kDa SOD1 was decreased for the patients with the
nearsplice SOD1 variant and the D83G mutation. After overexposure of the signal, additional
species (between 30 and 60kDa) were observed. These bands could be oligomerized disulfide-
reduced forms of SOD1 and some of them are shared for the D83G SOD1 exonic mutation,
suggesting their contribution to the SOD1 toxicity.

DISCUSSION

The development of therapeutic strategies against SOD12 2! have modified the appreciation
level for SOD1 variants. The validation of the pathogenicity of all SOD1 variants, including
nearsplice/intronic ones, has become a paradigm before envisaging any gene therapy
intervention targeting SOD1 by antisense oligonucleotide or microRNA delivered by adeno-

associated virus (AAV) to prevent SOD1 accumulation.®?* Our study was dedicated to a variant

11
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in the last intron of the gene, the ¢.358-10T>G substitution, particularly frequent in French
patients. Even if the distribution of SOD1 variants is known to be heterogeneous depending on
geographic area, illustrated for instance for the most frequent A4V variant in the U.S. rarely
found in other world areas,?4 22 the frequency of the ¢.358-10T>G variant among French fALS
deserves to be highlighted. Additional arguments in favor of the pathogenicity of this nearsplice
variant is the segregation and the linkage analyses provided, the typical SOD1-linked disease
presentation,*? and our observations in post-mortem tissue. Our mRNA product analyses are in
line with a previous study having detected the ¢.358-10T>G variant in a single fALS case and
performed analyses on cDNA extracted from lymphoblastoid cell lines.?* Moreover, the JPred4
analysis we performed predicts that FLQ introduction impacted the SOD1 secondary structure
by creating a new alpha helix. We showed strong SOD1 accumulation in FLQ-SOD1 patient
motor neurons. Moreover using a method that preserve the disulfide status of proteins, to
analyze the SOD1 forms in spinal cord protein extracts, we observed a decreased in insoluble
SOD1 monomer levels in patients carrying mutations in SOD1 (either the nearsplice variant or
a validated exonic SOD1 mutation) with a concomitant appearance of high molecular weight
species of SOD1, that could be disulfide cross-linked multimers of SOD1, the misfolding and
oligomerization of which are proposed to lead to the formation of insoluble aggregates.?’ Such
SODL1 aggregates are proposed to be pathogenic and to contribute to the initiation and the
spreading of the disease through prion-like properties.?* The design of an antibody specific for
the FLQ-SOD1 could be valuable to ascertain the presence of this specific form of SOD1 within
the aggregates we observed in motor neurons. However our findings are strongly supportive of
the pathogenicity of this variant, comfort the SOD1 diagnosis and suggested that gene therapy
intervention targeting SOD1 by antisense oligonucleotide to prevent SOD1 accumulation,

would be valuable for these patients.

12
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At least ten nearsplice/intronic SOD1 variants, affecting all the SOD1 introns, have been
reported in ALS patients (Fig.S4A-B). The impact on mRNA and/or protein sequence was
determined for only 4 of them (Fig.S4C), ascertaining 2 in-frame introductions of few amino
acids in the SOD1 sequence or 2 frameshifts leading to the synthesis of a truncated SOD1
protein missing the last 33 amino acids with a modified C-terminal part compared to the WT
sequence.'® 22 2 % Other insertions/deletions within the SOD1 coding sequence are also
frameshift variants identified in ALS patients (Fig.S4C). Most of the SOD1 forms with
premature stop codon, notably those identified in the last 5™ exon of SOD1, are not supposed
to be targeted by the Nonsense-mediated MRNA Decay (NMD) ensuring the rapid degradation
of MRNAs containing premature translation termination codon.?” Thus the resulting truncated
SODL1 proteins are supposed to be toxic through abnormal aggregation within neurons and the
therapeutic strategy would be to reduce the production of these abnormal SOD1 forms. In line
with this assumption, deposits of SOD1 were detected in the spinal cord and the brainstem of
two patients carrying the truncated p.Gly142* (G141X) variant showing these truncated forms

accumulated in neurons and glial cells.?®

Nevertheless two recent studies have nuanced this paradigm and reported a new homozygous
truncating variant: ¢.335dupG, p.Cysl12Trpfs*11 in 2 different families with
consanguinity.?®*° Analysis on patient lymphoblasts showed this mutant mMRNA escapes the
NMD process: the resulting protein misses 43 amino acids at the end of the 4™ exon and
contains 10 additional ones.?® However, parents, heterozygous for the variant, did not present
any motor phenotype. In contrast all infants, homozygous for the variant, presented severe
spastic motor neuron phenotype with mild cerebellar atrophy, which was suggested to be due
to the complete loss of SOD1 enzymatic activity.?>*° These observations on recessive SOD1
variants transmittance make more complex the genetic counseling and the design of therapeutic

strategies based on the SOD1 silencing.

13
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Nowadays SOD1 genetic screening is performed through targeted gene panels, exome or even
genome sequencing. However attention should be drawn on filters applied to select variants of
interest. Many nearsplice/intronic variants not directly qualified as “splicing site” and with a
supposed “low impact” can be missed with a too drastic filter query on those targeted gene
panel, exome and genome sequencing databases. Indeed “splice variant” is often selected as a
change occurring within the region of the splice site. Splice site region definition is therefore
crucial. For example, if this splicing region query covers only, the 1-3 bases of the exon and 3-
8 bases of the intron, most nearsplice/intronic SOD1 variants reported to date would not be
selected and would be missed (Fig.S4A). Previous analyses performed on exome sequencing
data did not report such nearsplice/intronic variants in ALS genes: for example a ¢.2993-
14G>T variant in the intron 26 of the KIF5A gene and affecting KIF5A exon 27 splicing,
recently identified after genome sequencing, was not selected, after the exome sequencing
initially performed in the same patient DNA.3! 32 Indeed a p.Phe115Cys variant in MATR3 was
rather initially proposed as the causing variant in this individual and conclusions have changed,
after the segregation analysis could recently be performed in this family, to incriminate the

KIF5A variant.32

Novel variants could be identified in under explored intronic regions of the SOD1 gene. As it
becomes crucial to avoid excluding any SOD1-linked patients from upcoming clinical trial
studies targeting the SOD1 gene,® ! a genetic screening based on the amplification of the entire
SODL1 transcript prepared from patient blood cells could become an alternative approach for
SOD1 diagnosis. Indeed SOD1 transcript is short and encompasses only 465 pb. We designed
specific primers and PCR amplification conditions to optimize the direct detection of abnormal
SOD1 transcripts using a single step amplification (Fig.4). These conditions allowed the perfect
detection of both ¢.358-10T>G and ¢.358-304C>G frameshifts on cDNA sequence and would

be useful for the detection of novel deep intronic SOD1 mutants. Such an approach in routine

14
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diagnosis could (i) rapidly give, to the concerned ALS patients, the possibility to beneficiate
from antisense therapeutic proposals, (ii) identify undiscovered nearsplice/intronic variants in
SOD1 responsible for the disease in broader populations and, (iii) as the mRNA sequence
would be precisely defined, it would specify whether the available antisense strategy is

designed for these patients or if they would need other specific antisense.

Altogether, our results undoubtedly evidence the pathogenicity of the ¢.358-10T>G SOD1
variant and point out the attention to be payed on variants detected in nearsplice/intronic
regions of the SOD1 gene, even if they are not qualified as evident splice site by interfaces
developed to analyze targeted gene panel, exome or genome sequencing data. Our study further
suggests that systematic analysis of the complete SOD1 cDNA sequence could become the
method of choice for SOD1 gene screening in diagnosis to avoid missing these specific cases.
This could be performed for example on mMRNA prepared from any tissue available including
blood, collected on PAXgene™ Blood RNA Tube. Indeed a complete and detailed screening
of the SOD1 transcript would be useful to maximize the number of patients and pre-
symptomatic carriers to be part of ongoing or future clinical trials targeting SOD1 by antisense
oligonucleotide (ASO)® or microRNA delivered by AAV?! and would be beneficial to design
future strategy if required. A similar approach could be applied for the screening of the FUS
gene in which many frameshifts in the C-terminal part of the protein have been reported to

cause early onset ALS.*
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Fig.1. Pedigrees of French fALS with the SOD1 ¢.358-10T>G variant.

The variant segregates in 8 affected members of the FALS1 family with available DNA (pointed by a STAR).
When available, the age at death is indicated below the symbol representing the patient (in brackets). Arrows
indicate index cases. Black fill: Amyotrophic Lateral Sclerosis (ALS) case; black dot: unaffected obligate carrier.
To ensure de-identification of the families diamonds for some individuals/branches hide the corresponding gender.
#: post-mortem tissue analyzed.
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Fig.2. The SOD1 ¢.358-10T>G variant disturbs splicing and SOD1 protein secondary structure.

(A) Parts of chromatograms showing the position of the ¢.358-10T>G variant (red arrows) in the DNA and the
spinal cord cDNA sequences (amplified from mRNA) compared to that of a control. The ¢.358-10T>G variant
creates a new acceptor splice site leading to the addition of three amino acids Phenylalanine-Leucine-Glutamine,
(Phe-Leu-GIn, FLQ) between exons 4 and 5. (B) PCR products amplified from patient spinal cord cDNA with
primers located in exons 4 and 5 of the SOD1 gene. Three fragments were detected in the SOD1 ¢.358-10T>G
patient and a single fragment of 165 bp in other ALS patients, including one sporadic ALS, sALS, and one fALS
carrying the ¢.251A>G, p.Asp84Gly, D83G, SOD1 variant. (C) Fluorescent fragment length analyses of the PCR
fragments, requiring formamide addition to destabilize double-stranded DNA structures and visualized using Peak
Scanner software v1.0, revealed the presence of two fragments of 165 bp and 174 bp, in the SOD1 ¢.358-10T>G
patient (left), and one fragment of 165 bp in the other patients (right). Thus the longest PCR band detected in (B)
is presumably a heteroduplex formed between the wild-type (WT) and the mutant strands. The red line shows the
GeneScan 500 LIZ dye Size standard (Applied Biosystems). (D) Schematization of WT and mutated SOD1
protein secondary structure compiled from the Jpred4 consensus prediction scores (provided by the JPred4
website) and 2. The insertion of the three amino acids changes a beta sheet (green arrow) into an alpha helix (red
rectangle), affecting a dimerization site (orange) and a copper binding site (blue). Zinc binding (purple) and
disulfide bonds (pink) sites are also indicated.SOS1, superoxide dismutase 1.
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Fig.3. SOD1 accumulates and multimerizes in spinal cord of patient with the ¢.358-10T>G nearsplice SOD1
variant.

Spinal cord sections of ALS patients with no SOD1 mutation (A, E) or carrying the D83G (B, F, J), the G93D (C,
G, K) or the V118 _V119insFLQ SOD1 (D, H, I, L-P) variant (FALS2I111 patient) were stained with anti-SOD1
(A-H), anti-SMI 310 (I-J), anti-TDP-43 (K-L), anti-SMI 32 (M-N) and anti-Cystatin C (O-P) antibodies.
Cytoplasmic SOD1 accumulations (A, arrows) were observed in the motor neurons with the D83G (B, F, arrows)
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and the G93D (C, G, arrows) SOD1 exonic mutations. Clusters of immunopositive SOD1 were noted in the motor
neurons of the patient (FALS2I111) with the nearsplice SOD1 variant (D, H, arrows). No such SOD1
accumulations were visible in patients with no mutation in SOD1 (A, E). Phosphorylated (I, arrow) or
unphosphorylated (M, N, arrow) neurofilament inclusions were stained in the axonal swellings for the patient with
the nearsplice SOD1 variant as well as for SOD1 exonic mutations (J). Anti-Cystatin C staining showed Bunina
bodies (O, arrow) and large round deposits (P, arrow). A normal nuclear localization of TDP-43 was noted for
SOD1 patients (K-L, arrowhead). Scale bar: 20 um (A-D, 1,-N), 10 um (E-H, O-P). Immunoblot analyses of
soluble (Q) and insoluble (R) protein extracts from transversal sections of spinal cord prepared from one ALS
patient with no variant in SOD1, patient FALS2I111 with the nearsplice SOD1 variant (V118_V119insFLQ) or
patient carrying the D83G SOD1 mutation, using anti-SOD1 and anti-GAPDH antibodies. In insoluble fraction,
the band of SOD1 monomers (16 kDa) was decreased in patients with SOD1 variants (R, left panel). Prolonged
exposition (R, right panel) revealed the presence of additional SOD1 multimers in extracts prepared from patient
spinal cord with SOD1 variants compared to those observed without mutation in SOD1.

3'UTR forward primer:
GCGGAGGTCTGGCCTATAAAGTAGT

Exon 1 Exon2 @ Exon 3

3'UTR reverse primer:
TAACAGATGAGTTAAGGGGCCTCAG
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Fig.4. One-step SOD1 mRNA amplification allows the identification of SOD1 frameshift variants.

Schematic representation of the position of primers, localized in the 5’UTR and 3’UTR regions, used for the
amplification of the SOD1 cDNA prepared from the mRNA extracted from patient lymphoblasts. Part of
chromatograms showed the c.251A>G, p.Asp84Gly (D83G); ¢.358-304C>G, p.Vall20GInfs*8 and c.358-
10T>G, p.Vall19 Vall20insPheLeuGlIn variants obtained after sequencing the resulting fragments with the
forward primer.
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SUPPLEMENTARY MATERIALS

1. Supplemental methods
1.1. Cohorts

DNA samples from fALS index cases (n=470) were collected during 20 years (between 1994-
2014) at 10 French ALS National Reference Centers (including Bordeaux, Clermont-Ferrand,
Lille, Limoges, Lyon, Marseille, Nancy, Paris, St-Etienne and Strasbourg). DNA of some
relatives of these families have then been gathered for segregation analysis. Control samples
were obtained from 525 healthy Caucasian individuals matched to the sex and age of the
patients. All patients signed a consent form for the genetic research and protocols were
approved by the Medical Research Ethics Committee of “Assistance Publique HOpitaux de
Paris” (#A75). Autopsied patients were enrolled in the NeuroCEB brain donation program
declared to the Ministry of Research and Universities, as requested by French Authorities
(#AC-2013-1887). An explicit consent was signed by the patient himself, or by the next of kin,
in the name of the patient, in accordance with the French Bioethical Laws. This document
includes consent for genetic analyses. No recognizable individual data are presented in this
study and, to ensure de-identification of the families, only abbreviated pedigrees are presented

with diamonds for some individuals/branch hiding the corresponding gender.

1.2. Genetic analyses

1.2.1. Sanger sequencing

All SOD1 variants are referred according to NM_000454.4 transcript. In addition to the
standard HGVS nomenclature, all SOD1 variants are also indicated according to the alternative
nomenclature commonly found in the literature reported in the ALS Online Database lacking
the methionine start codon. SOD1 variant screening or confirmation was performed by Sanger
sequencing as described.!? Screening of the SOD1 rs1555836889 in intron 4%° was performed
using the following primers: 5’-TCTTGAGCCATAGTTGTAAAGCAGAAAAATC-3’ and
5’-AAACATTAGGTAAGTGTTGCTGTCTAAATGAAATA-3’ in all patients. All these
patients were also systematically screened for C9orf72 expansions, TARDBP, FUS, and
UBQLN2 variants.133

1.2.2. Whole exome sequencing analysis

Whole exome sequencing analysis was performed as previously described® for all patient with

the SOD1 nearsplice variant and available DNA. These exome databases were interrogated for
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37 ALS related genes (including ALS2, ANG, ANXA11, CCNF, CHCHD10, CHMP2B, DAO,
DCTN1, DNAJC7, ERLIN2, FIG4, FUS, GLE1, GLT8D1, HNRNPA1, HNRNPA2B1, KIF5A,
MAPT, MATR3, NEK1, OPTN, PFN1, PRPH, SETX, SIGMAR1, SOD1, SPG11, SQSTM1,
SS18L1, TAF15, TARDBP, TBK1, TIA1, TUBA4A, UBQLN2, VAPB and VCP) to select variants
with a minor allele frequency (MAF) <0.005% in dbSNP, Hapmap, 1000genome, Exome

Variant Server and gnomAD databases.
1.2.3. Linkage analysis

Linkage analysis was performed using MERLIN (Multipoint Engine for Rapid Likelihood
Inference) interface (version 1.1.2).>® We assumed an autosomal dominant model for the
analysis. The phenocopy rate was set at 0.003, the penetrance at 0.7, the frequency of the

deleterious allele at 0.0001 and the marker allele frequency at 0.001.
1.3. mRNA extraction and splicing analysis

The splicing prediction score was provided by Alamut Visual 2.15 (Interactive Biosoftware).
These predictions are compiled from SpliceSiteFinder-like (SSF-like) based on Shapiro-
Senapathy algorithm,®” GeneSplicer Web interface,®® MaxEntScan algorithm,®* Human
Splicing Finder system*® and NNSPLICE Web interface.*!

Total RNAs were extracted from patient lymphoblasts and post-mortem tissue (whole
transverse sections of spinal cord) using the Trizol reagent (ThermoFisher). First strand cDNA
synthesis was performed using SuperScript IV First-Strand system (ThermoFisher) according

to the manufacturer’s instructions.

The exon 4 and 5 junction of SOD1 cDNA sequence was amplified using the following primers:
5’-TGTGACTGCTGACAAAGATGGTG-3’ (exon 4) and 5’-
CCAGCGTTTCCTGTCTTTGTACT-3’ (exon 5) with annealing temperature of 56°C and
sequenced by Sanger method. Amplification of the complete cDNA SOD1 transcript was
performed using the following primers: 5’-GCGGAGGTCTGGCCTATAAAGTAGT-3’
(5’UTR) and 5’-TAACAGATGAGTTAAGGGGCCTCAG-3’ (3’UTR) with annealing
temperature of 56°C and sequenced using forward primer. To determine the length of amplified
fragments, a Genescan fluorescent fragment length analysis was performed using forward
primer in SOD1 exon 4 labelled with FAM (Fluorescein AMidites) and reverse primer in SOD1

exon 5. Amplified fluorescent fragments were separated on an ABI 3730 XL sequencer after
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adding GeneScan500LIZ dye Size standard and HIDI formamide (Applied Biosystems).

Resulting data were analyzed with Peak Scanner Software (v1.0).
1.4. Prediction for the protein secondary structure

Secondary structures were provided by the JPred4 Protein Secondary Structure Prediction
Server (http://www.compbio.dundee.ac.uk/jpred/), performed on a multiple alignment of 15
SODL1 orthologues (including NP_000445.1 Homo sapiens, XP_004062735.1 Gorilla gorilla
gorilla, NP_001027976.1 Macaca mulatta, NP_001272335.1 Macaca fascicularis,
NP_001009025.1 Pan troglodytes, NP_777040.1 Bos taurus, NP_035564.1 Mus musculus,
NP_058746.1 Rattus norvegicus, NP_001075295.1 Equus caballus, NP_001003035.1 Canis
lupus familiaris, NP_001177351.1 Sus scrofa, XP_003467296.1 Cavia porcellus,
NP_990395.1 Gallus gallus, NP_001016252.1 Xenopus tropicalis, NP_571369.1 Danio rerio)
using MultAlin interface.*?

1.5. Neuropathological examination

The brain and spinal cord were sampled following the usual protocol for analysis of cases of
ALS. Samples were taken from orbitofrontal and midfrontal gyrus, motor cortex, temporal,
parietal and occipital cortices, hippocampus, amygdala, striatum, thalamus, mesencephalon,
pons, medulla, cerebellum and three levels of spinal cord (cervical, thoracic and lumbar), fixed
in formaldehyde and sampled for neuropathological examination. After inclusion in paraffin,
the slides were cut to 3 pm thick and stained with hematoxylin—eosin and Luxol fast blue.
Immunohistochemical detections were performed on motor cortex, frontal, temporal, parietal
and occipital cortices, hippocampus, mesencephalon, cerebellum, medulla and spinal cord.
Three sections were stained for each region. Immunostainings against SOD1 (#07-403-1,
Merck Millipore, 1:1000) were performed after deparaffinization of 2 um thick sections by an
automatic slide stainer (Benchmark XT Ventana staining system). Slides were pre-treated at
95°C in CC1 (pH 8) proprietary retrieval buffer (Ventana Medical Systems). Antibodies were
targeted with a biotin-free detection system (Ventana Medical Systems ultraView universal
DAB Detection Kit). Additional antibodies used included rabbit anti-TDP-43 (10782-2-AP,
ProteinTech Group), Phosphorylated TDP-43 pS409/410-2 (TIP-PTD-P02, Cosmo Bio Co,
LTD), Cystatin C (HPA013143, Sigma Aldrich), mouse anti-p62 (610833, BD Transduction
Laboratories), Neurofilament H (NF-H), non-phosphorylated (clone SMI32, 801703,
Biolegend) and Neurofilament H & M (NF-H/NF-M), phosphorylated (SMI 310, 837701,

Biolegend). All slides were examined blinded to the genotype.
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1.6. Protein level analysis in patient spinal cord

Procedure for detection of multimerized SOD1 was adapted from 20. Transversal sections of
spinal cords were successively homogenized with Polytron PT1200E (Kinematica) to extract
the soluble fraction then, after centrifugation, to extract the insoluble fraction, in a buffer
containing 50 mM HEPES, 0.1ImM EDTA, cOmplete Mini EDTA-free protease inhibitor
cocktail and PhosStop phosphatase inhibitors with 1% NP40 at room temperature (for soluble
fraction) or 2% Sodium dodecyl sulfate (SDS), 0.1M iodoacetamide and one hour incubation
at 37°C (for insoluble fraction). All reagents mentioned above are from Sigma-Aldrich. Both
soluble and insoluble tissue extracts were centrifuged at 13,000 rpm for 10 min and protein
concentration of the corresponding supernatants was estimated by the bicinchoninic acid assay
(Sigma-Aldrich). Soluble and insoluble proteins (20 pg) were separated on NUPAGE 4%-12%
Bis-Tris Gel in reducing buffer (for soluble) or non reducing buffer (for insoluble) conditions
(Life Technologies). After electrophoresis, gel with insoluble protein fraction was shaken for
15 min in 25 ml of the SDS/PAGE running buffer with 5 mM Tris(2-carboxyethyl) phosphine
(Sigma-Aldrich) to reduce disulfide bonds of SOD1 proteins in the gel and enhance the
detection of SOD1 band intensities. Proteins were electrophoretically transferred to
nitrocellulose (for soluble) or poly(vinylidene difluoride), PVDF, (for insoluble extract)
membranes. Membranes were incubated overnight with rabbit anti-SOD1 (#07-403-I
MerckMillipore) and anti-GAPDH (#D16H11, Cell Signaling Technology) antibodies in
phosphate-buffered saline (dilution: 1/5000), 5% milk, and 0.1% Tween 20, followed by one
hour of incubation with peroxidase-conjugated goat anti-rabbit with minimal cross-reaction to
human serum proteins (the Jackson Immunoresearch Laboratories). Signals were detected
using ECL Prime Western Blotting Detection Reagent (GE Healthcare SA) coupled with
Clarity Max Western ECL Substrate (Biorad) to enhance the signal in insoluble conditions.

Signal intensity was analyzed with ImageJ 1.53 software.
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2. Supplemental Table
. . SOD1 . . rsnumberin  MAF in MAF in Project
Pedigrees  Patients variants Variants in other ALS genes dbSNP gnomAD (%) MinE (%)
FALS1 s c.358-10T>G  No
SPG11, c.4274A>G, ALL: 0.0053 Cases: 0.0115
p.Asn1425Ser s142567993  \rg: 0,011 Controls: 0.0273
V1 ¢.358-10T>G
TAF15, ¢.1692_1715del, ALL:0.026
p.Gly565_Gly572del s537726014  \rg: 0.026
ALS2, ¢.4261C>T, ALL: 0.0004
V14 C358-10T>G 1 o1 Ter rs863225293 |\ e 00009
V20 c.358-10T>G  No
V2 c.358-10T>G  No
V3 €.358-10T>G  No
Vi1 .358-10T>G  No
SETX, c.3347A>G, .
FALS2 1 c388-10T>6 % o aser rs148550755  ALL:0.0004
FALS3 11 c.358-10T>G  No
ALL:0.011
FALS4 11 €.358-10T>G  DCTNI, ¢.3029+19G>A 1201665169\ 0021

Table S1. Variants identified in ALS genes after Whole Exome Sequencing (WES)
analysis

All variants identified are heterozygous. Four software packages (SIFT, Polyphen2, CADD
Phred score, Mutation Taster) investigating in silico pathogenicity have been used to classify
variants identified in other ALS genes after whole exome sequencing: none of them predicted
a pathogenic effect of these variants. Minor allele frequency (MAF) in gnomAD control
populations and dbSNP identification number are indicated. MAF for ALS patients in Project
MinE is specified. All identified variants are absent of ALSdb (ALS Data Browser) database.
dbSNP, Single Nucleotide Polymorphism Database; MAF, minor allele frequency; NFE, Non-
Finnish European; -: absent.
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3. Supplemental figures
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Fig.S1. The SOD1 ¢.358-10T>G variant was frequent in French FALS.

Distribution of the 27 SOD1 variants identified among the French FALS (n=38): the ¢.358-10T>G variant (grey)
was identified in 4 different French pedigrees presented in Fig.1.
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Fig.S2. The SOD1 ¢.358-10T>G variant
SOD1
lymphoblasts.

(A) PCR products amplified from cDNA

prepared from patient lymphoblasts with

affects splicing in  patient

primers located in exons 4 and 5 of the SOD1
gene. Three fragments were detected in the 6
patients with the ¢.358-10T>G SOD1 variant
and a single fragment of 165 bp was
amplified in 4 other ALS patients devoid of
any SODL1 variant or in one healthy control.
(B) Parts of chromatograms showing the
position of the ¢.358-10T>G variant (red
arrow) which creates a new acceptor splice
site leading to the addition of three amino

acids (FLQ) in the coding sequence.

31



Muratet et al
JNNP 2021

Fig.S3. Immunodetection of SOD1 in brain regions of the FALS2I1111 patient with the SOD1 ¢.358-10T>G

variant.

Rare diffuse SOD1 positivities were observed in neurons (A, arrow) and neuropils (B, arrows) in the frontal

associative cortex and in some Purkinje cells of the cerebellum (C, arrow). Scale bar: 10 pm.
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Fig.S4. SOD1 amino acid sequence length is altered by nearsplice, intronic, frameshift and nonsense

variants.

(A) Schematic representation of the SOD1 gene with the position of rare nearsplice/intronic variants reported in
the literature. Impact on mRNA and/or protein sequences have been experimentally studied for those in black. (B)
SOD1 nearsplice/intronic variants reported in ALS patients. Single Nucleotide Polymorphism Database (dbSNP)
identification number and Minor Allele Frequency (MAF) in gnomAD total control populations are indicated. +,
predicted to impact splicing using Alamut software; -, no predicted splicing impact. None of these rare variants
were reported in ALS data browser (ALSdb) or Project MinE database. SOD1 nearsplice/intronic variants with a
MAF>1% were not included in this Table. (C) Representation of WT and mutated SOD1 proteins resulting from
nearsplice/intronic (black), frameshift (blue) and nonsense (black underlined) variants indicated on the left.
Variant detailed in the present study is boxed. Blue blocks indicate that the SOD1 sequence was validated at the
MRNA levels on patient cells. Red parts represent the mutated amino acid sequence modelized by Mutalyzer
software (https://mutalyzer.nl/) for each variant. Total amino acid (AA) length is indicated for each SOD1 form
in blue, as well as the number of WT amino acids deleted (in black) and mutated amino acids inserted (in red), in
brackets. Dark blue mutant protein was reported as responsible of a particular recessive motor neuron syndrome
in infants. Data are compiled from publications indicated at the right. For better reading, in-frame insertions and
deletions in the SOD1 coding sequence are not represented. Some of the variants included in this figure were
renumbered according to HGVS nomenclature. Thus the initial reported numbering has changed from ¢.18_35
dup18, p.19 248 to ¢.37_54dup, p.Gly13_lle18dup; c.275_276delAA, p.Lys91ArgfsTer8%°to c.275 276delAA,
p.Lys92Argfs*9; ¢.320_321insT, p.Ser108LeufsTer15% to ¢.320dupT, p.Serl08LeufsTer15; Gly127insd TGGG®®
% to ¢.380_383dup, p.Lys129Glyfs*6; c.392_393insGCAAAGGTGG, p.N132Qfs*557 to ¢.383_392dup,
p.Asn132GInfs*5; 132insTT*® to ¢.383_392dup, p.Asn132GInfs*5; G141X® to ¢.424G>T, p.Gly142*; and
L144FVX5'to ¢.435delinsCGTTTA, p.Leul45Phefs*3.
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