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ABSTRACT

Background Amyotrophic lateral sclerosis (ALS) is a
fatal neurodegenerative disease with phenotypic and
genetic heterogeneity. Approximately 10% of cases are
familial, while remaining cases are classified as sporadic.
To date, >30 genes and several hundred genetic variants
have been implicated in ALS.

Methods Seven hundred and fifty-seven sporadic

ALS cases were recruited from Australian neurology
clinics. Detailed clinical data and whole genome
sequencing (WGS) data were available from 567 and
616 cases, respectively, of which 426 cases had both
datasets available. As part of a comprehensive genetic
analysis, 853 genetic variants previously reported as
ALS-linked mutations or disease-associated alleles

were interrogated in sporadic ALS WGS data. Statistical
analyses were performed to identify correlation

between clinical variables, and between phenotype

and the number of ALS-implicated variants carried by

an individual. Relatedness between individuals carrying
identical variants was assessed using identity-by-descent
analysis.

Results Forty-three ALS-implicated variants from 18
genes, including C9orf72, ATXN2, TARDBP, SOD1,
SQSTM1 and SETX, were identified in Australian
sporadic ALS cases. One-third of cases carried at least
one variant and 6.82% carried two or more variants,
implicating a potential oligogenic or polygenic basis of
ALS. Relatedness was detected between two sporadic
ALS cases carrying a SOD1 p.I114T mutation, and among
three cases carrying a SQSTM1 p.K238E mutation.
Oligogenic/polygenic sporadic ALS cases showed earlier
age of onset than those with no reported variant.
Conclusion We confirm phenotypic associations among
ALS cases, and highlight the contribution of genetic
variation to all forms of ALS.

INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a late-onset
fatal neurodegenerative disease characterised by
the degeneration of both upper and lower motor
Patients develop muscle weakness,
wasting, spasticity and eventual paralysis. ALS
displays significant phenotypic heterogeneity, even
among cases with identical causal gene mutations.
Disease onset can occur anywhere from the second
to ninth decade of life but most frequently between
50 and 60 years of age.” Around 70% of cases
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present with limb onset and 25% with bulbar onset,
while rare cases show truncal onset.” The median
disease course is 3years,” however survival can be
as short as 12 months and may exceed 20 years.>*
Around 10%-15% of ALS cases are diagnosed with
comorbid frontotemporal dementia (FTD), with up
to 50% developing some cognitive impairment.’
Approximately 10% of ALS cases have a family
history of disease (familial ALS (FALS)) and two-
thirds of these cases carry a reported ALS gene
mutation.® 7 The remaining 90% of cases have
no apparent family history and are classified as
sporadic ALS (SALS).

Extensive genetic heterogeneity is apparent
among ALS cases. To date, at least 31 genes have
been linked or associated with ALS. Heritability
studies suggest that 40%-60% of SALS risk may be
explained by genetic factors.>'® A polygenic basis
to SALS has been implicated by the co-occurrence
of two or more ALS gene variants in a single indi-
vidual.'*** These variants likely interact with envi-
ronmental factors to trigger the development of
ALS." Alternatively, this may indicate an oligogenic
disease model,!* where an ALS mutation of large
effect, such as SOD1 or C9orf72, is inherited with
another ALS gene variant which may also contribute
to phenotype. Furthermore, a multistep hypoth-
esis has recently been postulated to explain the
late and apparently sporadic onset of ALS.'® This
hypothesis postulates that six ‘steps’ are required
to trigger ALS onset, where such steps may include
genetic predisposition, environmental exposures or
other unknown molecular alterations.'® Within this
hypothesis, known genetic mutations may account
for multiple steps, to a degree reflective of their
penetrance.'’

Previously, our laboratory described the genetic
and phenotypic heterogeneity of Australian familial
ALS.” Here, we report the extent of phenotypic
and genetic variation among Australian SALS cases.
To interrogate the genetic architecture of Austra-
lian SALS, we first compiled a list of 31 genes, and
>850 genetic variants previously reported as: 1)
ALS-linked mutations (typically identified from
family based studies); 2) functional risk alleles (vari-
ants whose functions are thought to increase disease
susceptibility) or 3) otherwise associated variants
(including variants that may be in linkage disequi-
librium with unknown functional risk alleles).
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Among a large Australian SALS cohort, 35.39% of cases carried
a variant previously reported in ALS, implicating 18 genes as
contributing to disease in this population. Polygenic inheritance
was implicated in 6.82% of SALS cases who harboured more
than one ALS-implicated variant. We also showed that the clin-
ical heterogeneity of Australian SALS is similar to that observed
in cohorts from other populations.

METHODS

Subjects

A total of 757 SALS cases were recruited from the Macquarie
University Neurodegenerative Disease Biobank, Australian
MND DNA Bank (Royal Prince Alfred Hospital) and Brain and
Mind Centre (University of Sydney). All participants provided
informed written consent as approved by the human research
ethics committees of Macquarie University, Sydney South West
Area Health District or The University of Sydney. All participants
were of Caucasian descent (as established according to online
supplementary file 1), each was clinically diagnosed with definite
or probable ALS according to El Escorial criteria,'® and had no
known relatives affected by ALS and/or FTD. Of these 757 cases,
detailed clinical data were available for 567 individuals, and
616 cases underwent whole genome sequencing (WGS), with a
total of 426 having both detailed clinical and WGS data avail-
able. Genomic DNA was extracted from peripheral blood using
standard protocols. Fifteen of these SALS cases were previously
reported to carry an expansion in C9orf72.” ™

Statistical analysis of clinical variables
Clinical records were examined for four phenotypic features:
sex, age at disease onset, site of onset (bulbar or spinal) and
duration of disease from onset (until death or last known date of
survival). All statistical analyses were performed in R (V.3.5.1).
Statistical analyses were performed in a pairwise fashion
between all four clinical variables to identify significant associa-
tions. A x* analysis was performed between sex and site of onset,
while Welch’s t-tests were performed between age of onset and
both sex and site of onset. Kaplan-Meier survival analyses were
performed between disease duration and both sex and site of
onset. Additionally, a linear regression model was fitted between
age of onset and duration (for deceased cases only). Multiple
testing was accounted for using a Bonferroni corrected signifi-
cance threshold of p<0.008, with 0=0.05 and 6 comparisons.
We also assessed whether the number of ALS-implicated vari-
ants carried by an individual influenced their clinical presenta-
tion. Multinomial logistic regression analysis was performed for
each clinical variable to compare cases carrying two or more
ALS-implicated variants with cases carrying only one ALS-
implicated variant or no ALS-implicated variants.

Generation of WGS data

DNA samples underwent library preparation using the TruSeq
PCR-free library preparation kit (Illumina, V.2.5). Prepared
libraries then underwent multiplex 150 bp paired-end sequencing
using an [llumina HiSeq X Ten instrument (Kinghorn Centre for
Clinical Genomics, Sydney, Australia). Raw sequencing reads
were processed using the genome analysis toolkit and the asso-
ciated best practices.'”!' Detailed methodology can be found in
online supplementary file 1.

Survey of reported genetic variants implicated in ALS
A list of 31 ALS genes was established (online supplementary
table 1) based on the 28 ALS genes reported by Chia et al,*

with the addition of the recently reported ALS genes TIA1* and
KIFSA,* as well as the GPX3-TNIP1 locus.” A comprehensive
literature search was conducted in order to compile an exhaus-
tive reference list of 853 genetic variants previously implicated
in ALS (online supplementary file 2), including ALS-linked
mutations, functional risk alleles and disease-associated variants.
This involved performing a PubMed (https://www.ncbi.nlm.
nih.gov/pubmed/) search for each ALS gene name and ‘amyo-
trophic lateral sclerosis’, with subsequent manual evaluation of
all resulting publications. The ALSOD database (http://alsod.iop.
kel.ac.uk/home.aspx; last updated 8 September 2015)%¢ was also
consulted.

Genetic variants were included in this reference list (online
supplementary file 2) if they were predicted to alter the amino
acid sequence of a protein (ie, non-synonymous/missense, frame-
shift and non-frameshift insertions/deletions, splicing variants)
and were named in the main text of the publication (ie, vari-
ants included in an aggregate of variants used for burden testing
were not added to the list). Details of genomic location (hg19),
the transcript accession number and cDNA and protein changes
were recorded for each variant. For variants where these details
were not reported in the original publication(s), they were deter-
mined using the University of California Santa Cruz Variant
Annotation Integrator (http://genome.ucsc.edu/cgi-bin/hgVai)
and the associated Human Genome Variation Society variant
nomenclature track. Ancillary details pertaining to the ancestry
and ALS inheritance mode for cases carrying each variant were
also recorded, as was the presence of each variant in unaffected
and unrelated control individuals, where available in the original
publication(s).

Identifying ALS-implicated variants in SALS cases
WGS data from 616 SALS cases were parsed for 31 ALS genes
(online supplementary table 1) using custom UNIX scripts.
Filtering using R was subsequently used to identify the previ-
ously reported ALS-implicated variants (online supplementary
file 2) present within this dataset. R scripts were also used to
identify cases that carried each variant and, conversely, which
variants were carried by each case. Unless otherwise specified, all
minor allele frequency (MAF) values used for comparisons were
from the ethnically matched non-neuro (ie, excluding individuals
with neurological disorders) non-Finnish European (NFE) subset
of the Genome Aggregation Database (gnomAD; n=51592).>’
C9orf72 GGGGCC and ATXN2 CAG repeat genotyping
was performed on WGS BAM files using ExpansionHunter®® >’
with default settings. These genotypes were interrogated and
combined with the VCF data obtained above using R. Vali-
dation was performed for cases with expanded (>30 repeats)
or intermediate (23-30 repeats) C9o0rf72 repeat lengths using
repeat primed PCR,* and those with intermediate ATXN2
repeat lengths (29-39 repeats) using conventional PCR.?' PCR
products were analysed by fragment length analysis using an ABI
3730XL DNA Analyser (Applied Biosystems), and size analysis
was performed using GeneMarker (V.3.0.1) software (SoftGe-
netics, Pennsylvania, USA).

Association analysis

To determine whether any of the reported ALS-implicated vari-
ants were associated with SALS in Australia, allele counts were
compared between SALS cases (n=616) and control individuals
from the non-neuro NFE subset of gnomAD (n=51592)*" using
Fisher’s exact test in R. A Bonferroni corrected significance
threshold of p<5.875x107° was applied to account for the
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851 nucleotide level variants tested for association with disease.
Control genotyping data for repeat expansions in C90rf72 and
ATXN2 were not available, therefore association testing was not
completed for these variants. In cases where an ALS-implicated
variant was not reported in gnomAD, allele counts were deter-
mined by inferring the number of gnomAD controls covered
at the site of interest, based on the number of individuals with
genotypes for variants located within 40bp. Data from SALS
cases (n=4366) and control individuals (n=1832) from Project
MiNE** were used for validation purposes.

Identity-by-descent analysis in cases carrying identical ALS-
implicated variants

Identity-by-descent (IBD) analysis was performed to investigate
whether SALS cases that carried an identical ALS-implicated
variant had inherited the variant from a recent common ancestor.
Relatedness analysis was performed on WGS data using TRIBES
with default parameter settings.*® Briefly, TRIBES filtered the
WGS data according to quality control metrics, phased the
resulting genotype calls and performed pairwise IBD inference.
IBD segments were then examined to determine if SALS cases
that carried an identical ALS-implicated variant were inferred
IBD over that locus. Graphical networks were then produced
using isoRelate®® to show putatively related cases that carried
identical variants inherited from a common ancestor.

RESULTS

Phenotypic variability of Australian SALS was consistent with

that of European cohorts

The clinical dataset of 567 SALS cases comprised 61% males
and 71% spinal onset cases. The average age of onset was 60
years (SD=12 years, Q1=54 years, median=62 years, Q3=69
years), and the average disease duration was 38 months (SD=19
months, Q1=26 months, median=35 months, Q3 =47 months),
at which time 62% of cases were deceased.

Statistical analyses were performed to identify any association
between clinical variables including sex, age at disease onset,
site of disease onset and disease duration (figure 1). A signif-
icant association was observed between sex and site of onset
(p=0.0001S5, figure 1A), where females were more likely to
develop bulbar onset while more males presented with spinal
onset. Females also had a significantly shorter life expectancy
than males (p=0.0079, figure 1C). While females tended to have
a later age of onset (figure 1B) this result was not statistically
significant. There was also evidence of a relationship between
age of onset and disease duration (p=0.00092, figure 1D),
with shorter disease duration in cases with a later onset. Cases
with bulbar onset were more likely to have a later age of onset
(p=0.00031, figure 1E) and reduced life expectancy (p<0.0001,
figure 1F).
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Figure 1  Statistical analyses of clinical variables for 573 sporadic amyotrophic lateral sclerosis (SALS) cases. P values highlighted in red are significant

at the Bonferroni-adjusted significance level p=0.008. There was a significant difference in site of onset between males and females (A), where females

presented with bulbar onset more often. Females had a later age of onset (B) and a significantly shorter life expectancy (C). There was a significant
association between age of onset and disease duration (D) and cases with bulbar onset had a later age of onset (E) as well as a shorter life expectancy (F).
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More than 30% of Australian SALS cases carried a genetic
variant previously implicated in ALS
We generated a comprehensive list of 853 genetic variants
from 31 genes that were previously implicated in ALS by peer-
reviewed publications between 1993 and February 2019 (online

supplementary file 2). This included repeat expansions in
C90rf72 and ATXN2, as well as 851 single nucleotide and inser-
tion/deletion variants in 29 additional genes. Of the 853 variants
implicated in ALS, 46 variants (from 20 genes) were identified
across the cohort of 616 Australian SALS cases (table 1). This

Table 1  ALS-implicated variants identified among 616 Australian SALS cases

Frequency in SALS (n=616) Association analysis (Fisher's exact test p value)
No.
heterozygous  No. homozygous
Gene name Nucleotide alteration  Consequence cases cases SALS vs gnomAD non-neuro NFE  Project MiNE cases vs controls
ANG cA122T p.K41l 2 0 1
ANG c.A208G p.l70v 1 0 1 .
ATXN2 CAG expansion (29-39 repeats) 10 0 N/A N/A
Q1orf2 c.G172T p.V58L 22 1 0.0140124 .
C9orf72 GGGGCC repeat expansion (>30 repeats) 4 0 N/A N/A
CCNF c.T1810A p.F6041 1 0 1 1
CCNF c.G2140A p.V714M 17 1 0.8111191
CHCHD10 c.C100T p.P34S 6 0 0.6427256
CHCHD10 c.C2397 p.P8OL 2 0 0.0377862
CHCHD10 c.T403C p.Y135H 1 0 0.3094276
DCTN1 c.C3746T p.T12491 6 0 1
ELP3* 9.28086088G>A Unknown 227 345 0.0433814
ELP3* g.28136109T>C Unknown 104 502 0.5108734
FUS CF*A1G>A Unknown 12 0 0.4211107
FUS €.833-29C>T Unknown 15 1 0.9006159
GPX3-TNIPT*  ¢.*3144C>T Unknown 248 315 0.0015471
NEFH €.2230_2247del Unknown 1 0 0.3617984
NEK1 c.G782A p.R261H 3 0 0.6387112 .
NEK1 c.C3107G p.51036X 5 0 0.0000102 0.000647562
OPTN cT293A p.M98K 26 2 0.4873868
OPTN ¢.G403T p.E135X 2 0 0.0188011
OPTN c.G476T p.G159V 1 0 0.0401598
SETX c.A431G p.N144S 1 0 0.0234651
SETX ¢.G2755C p.vo19L 1 0 0.1432519
SETX c.A2975G p.K992R 10 0 0.0065459
SETX c.C4433A p.A1478E 1 0 0.4917794
SETX ¢.T4660G p.C1554G 1 0 0.1388244
SETX ¢.T7640C p.12547T 8 0 0.7054959
sob1 c.A272C p.D91A 1 0 0.5323133 .
soD1 c.T341C p.1114T 3 0 0.0000099 0.189084762
SPG11 c.C49T p.S164L 0 1 0.0071392
SPG11 c.A6224G p.N2075S 5 0 1
SQSTM1 ¢.Co8T p.A33V 1 0 1
SQSTM1 c.A712G p.K238E 7 0 0.2207281
SQSTM1 ¢.G822C p.E274D 30 0 0.699596
SQSTM1 c.C1175T p.P392L 3 0 0.2471604
SQSTM1 9.3'+7G>C unknown 1 0 0.1246189
SQSTM1 g.5'-37CT unknown 1 0 0.510332
TARDBP c.543+112C>A unknown 2 0 1
TARDBP ¢.G859A p.G287S 1 0 0.0401616
TARDBP c.G883A p.G295S 1 0 0.0135711
TARDBP c.G1144A p.A382T 1 0 0.0292553
TARDBP c.A1147G p.1383V 2 0 0.000216
TBK1 c.A871G p.K291E 1 0 0.2670662
TBK1 c.G1073A p.R358H 1 0 0.0350117
UBQLN2 c.G1019T p.S3401 1 0 0.0557581

Variants that were significantly associated with Australian SALS are indicated in bold.
*These variants had MAF >0.2 among gnomAD non-neuro NFE controls and were removed from further analysis as common variants.
gnomAD, Genome Aggregation Database; MAF, minor allele frequency; N/A, not available; NFE, non-Finnish European; SALS, sporadic amyotrophic lateral sclerosis.

90

McCann EP, et al. J Med Genet 2021;58:87-95. doi:10.1136/jmedgenet-2020- 106866

"1ybuAdoo Aq paroalold 1sanb Agq 20z ‘0T |dy uo Jwod fwg Bwly:dny wouy papeojumod "0z20z ABIA T U0 99890T-020Z-19usabpawl/ogTT 0T Se payslgnd 1sii :18us9 pajN


https://dx.doi.org/10.1136/jmedgenet-2020-106866
https://dx.doi.org/10.1136/jmedgenet-2020-106866
http://jmg.bmj.com/

Neurogenetics

included three common population-based (MAF >0.2) intronic
SNPs, ELP3 rs2614046 and rs6985069, and GPX3-TNIP1
rs10463311. Given their high frequency in both cases and
controls, independent of their potential contribution to disease,
they were not considered in any further analyses. After removal
of these common SNPs, 43 ALS-implicated variants from 18
different genes were present among 218/616 (35.39%) SALS
cases, the majority of which were heterozygous. This included
41 cases that carried a C90rf72 hexanucleotide repeat expan-
sion (15 of which had been previously identified using repeat-
primed PCR” ™) and 10 cases that harboured intermediate-sized
repeat expansions in ATXN2. Three additional cases carried
intermediate-sized hexanucleotide repeat expansions in C9orf72,
although were not considered C90rf72 expansion positive. The
FALS-linked SOD1 p.I1114T and the SOD1 p.D91A mutations
were identified in three and one Australian SALS case(s), respec-
tively. Missense TARDBP mutations p.G287S, p.G295S and
p-A382T were each identified in a single SALS case and TARDBP
p.I383V was present in two SALS cases. The remaining ALS-
implicated variants identified in Australian SALS cases had more
limited evidence to support their role in ALS and were observed
in gnomAD non-neuro NFE controls. The relatively common
variants (MAF >0.01), CCNF p.V714M, C2lorf2 p.V58L,
OPTN p.M98K and FUS ¢.833-29C>T, were each observed
as both heterozygous and homozygous variants, and SPG11
p-S164L was exclusively observed in a homozygous state.

NEK1 and SOD1 mutations showed significant association
with Australian SALS

Fisher’s exact test determined that two variants, NEK1 p.S1036X
(p=1.020x107) and SOD1 p.I114T (p=9.871x10°) were
significantly over-represented in Australian SALS cases compared
with gnomAD non-neuro NFE controls. A further 14 variants
were over-represented among cases with nominally significant
p values (5.875x107°<p<0.05) (table 1, online supplementary
table 2). NEKI p.S1036X showed nominal association with
disease (p=6.47x10) in the Project MiNE case-control cohort,
although did not reach corrected significance (p<5.875x107,
table 1, online supplementary table 2).

Some Australian SALS cases who carried identical ALS-
implicated variants may be distantly related

Of the 23 ALS-implicated variants that were identified in multiple
SALS cases (table 1), IBD segments and an estimated degree of
relatedness were determined between 18 pairs of cases over 8
different ALS-implicated variants (online supplementary table
3, online supplementary figure 1). Other than a pair of SOD1
p.I114T positive cases, these IBD segments ranged between 3
and 12 cM, corresponding to degree of relatedness between 8th
and 11th degree. Notably, three trios shared IBD segments, one
with each of SOSTM1 p.K238E (population MAF=0.003558,
average IBD segment 9.08 cM), CCNF p.V714M (population
MAF=0.01469, average IBD segment 4.57cM) and DCTN1
p.T12491 (population MAF=0.004954, average IBD segment
3.49cM). No IBD segments >3 cM were detected between the
41 SALS cases with a C9orf72 hexanucleotide repeat expan-
sion, nor 10 cases with intermediate-sized ATXN2 expansions,
or the two SALS cases who carried TARDBP p.I1383V. As part
of an extended IBD analysis, the three cases who carried SOD1
p.I114T were linked as sixth degree relatives to existing Austra-
lian FALS families, therefore re-classifying these apparently
sporadic cases as misclassified FALS.*

Potential oligogenic/polygenic basis of ALS in Australian SALS
A total of 42/616 (6.82%) Australian SALS cases were found to
harbour more than one reported ALS-implicated variant (table 2)
(after excluding the three common variants found in this cohort).
Of these 42 individuals, 38 carried two ALS-implicated variants
and 4 carried three variants. The cases who carried additional
ALS-implicated variants together with C90rf72 (n=17) or SOD1
(n=3) mutations may represent oligogenic inheritance. Notably,
all three individuals who carried the known FALS-linked SOD1
p.I114T mutation carried at least one other ALS-implicated
variant. Potential polygenic inheritance is implicated for all
other cases who carried multiple disease-associated variants
(with population MAF values between 0.000022 and 0.02815).
SOSTM1 p.E274D and OPTN p.M98K were identified in 11
and 10 cases, respectively, including in an oligogenic state in 5
cases carrying a C9orf72 expansion.

Significant association between putative polygenic/
oligogenic SALS cases and the age at disease onset
Multinomial logistic regression analysis showed that cases with
a younger age of onset were more likely to carry multiple ALS-
implicated variants (OR 0.964, p=0.025; online supplementary
table 4). No other clinical variables were significantly associated
with polygenic/oligogenic variation.

DISCUSSION
We sought to characterise the phenotypic and genetic hetero-
geneity of sporadic ALS by surveying clinical characteristics
and the presence of sequence variants previously reported to
be pathogenic, or associated with ALS, among a large cohort
of Australian SALS cases. We also sought to determine whether
cases harbouring multiple ALS-implicated variants exhibited
more severe clinical characteristics. We demonstrated a high
degree of genetic heterogeneity among Australian SALS, with 43
different variants from 18 ALS genes identified among 35.39%
of cases. We showed that 6.82% of Australian SALS potentially
have a polygenic or oligogenic underpinning to disease, and that
patient clinical phenotype was likely influenced by the presence
of more than one ALS-implicated variant. Other significant asso-
ciations that were found between clinical variables in our Austra-
lian cohort were consistent with reported findings and confirm
the phenotypic heterogeneity of SALS.*® *” This work highlights
the genetic contribution and heterogeneity of SALS and suggests
that polygenic and/or oligogenic mechanisms may be at play.
Our literature search revealed that 853 genetic variants have
been implicated in ALS over the past 26 years. Of these, 43 vari-
ants from 18 genes were identified among 35.39% of Australian
SALS. As these sporadic cases have no known family history of
disease, this high prevalence of reported ALS-implicated variants
may reflect unrecognised false positive variants in the literature.
Indeed, the evidence supporting the pathogenicity of each ALS-
implicated variant varies significantly. While many have strong
support as pathogenic ALS mutations through genetic linkage
studies and/or extensive segregation within families, others have
less compelling evidence to support their role in ALS pathogen-
esis. For example, variants identified in single FALS or SALS
cases, or very small ALS families, have been reported as patho-
genic on the basis that they fall within an established ALS gene
despite a lack of supporting segregation data. In addition, candi-
date variants identified prior to the widespread adoption of high-
throughput sequencing technologies were typically screened
through <100 control individuals. Now that large-scale control
databases are available with next-generation sequencing data,
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Table 2 Summary of SALS cases who carried multiple ALS-implicated variants

Sample name Variant 1 Variant 2 Variant 3 Polygenic or oligogenic inheritance?
MQ140094 ATXN2 CAG repeat expansion SETX c.T7640C, p.12547T Polygenic
SALS0890 ATXN2 CAG repeat expansion SQSTM1 ¢.G822C, p.E274D Polygenic
SALS1278 ATXN2 CAG repeat expansion SQSTM1 ¢.G822C, p.E274D Polygenic
SALS0396 C21orf2 ¢.G172T, p.V58L SPG11 c.A6224G, p.N2075S . Polygenic
SALS1724 C90rf72 GGGGCC expansion ATXN2 CAG repeat expansion NEKT c.G782A, p.R261TH Oligogenic
SALS0782 C90rf72 GGGGCC expansion C21orf2 ¢.G172T, p.V58L Oligogenic
SALS1806 C90rf72 GGGGCC expansion C21orf2 ¢.G172T, p.V58L Oligogenic
MQ140100 C90rf72 GGGGCC expansion CHCHD10 ¢.C239T, p.P80L Oligogenic
SALS0846 C90rf72 GGGGCC expansion FUS c.*41G>A, intronic Oligogenic
SALS1354 C90rf72 GGGGCC expansion FUS ¢.*41G>A, intronic Oligogenic
SALS1574 C90rf72 GGGGCC expansion FUS ¢.833-29C>T, intronic . Oligogenic
SALS1488 C90rf72 GGGGCC expansion FUS ¢.833-29C>T, intronic OPTN ¢.T293A, p.M98K Oligogenic
SALS2337 C90rf72 GGGGCC expansion OPTN c.G476T, p.G159V Oligogenic
SALS0859 C90rf72 GGGGCC expansion OPTN ¢.T293A, p.M98K Oligogenic
SALS1387 C90rf72 GGGGCC expansion SETX c.T7640C, p.12547T Oligogenic
SALS0326 C90rf72 GGGGCC expansion SPG11 c.A6224G, p.N2075S Oligogenic
SALS1090 C90rf72 GGGGCC expansion SPG11 c.A6224G, p.N2075S Oligogenic
SALS0934 C90rf72 GGGGCC expansion SQSTM1 ¢.G822C, p.E274D Oligogenic
SALS1522 C90rf72 GGGGCC expansion SQSTM1 ¢.G822C, p.E274D Oligogenic
SALS1960 C90rf72 GGGGCC expansion SQSTMT1 ¢.G822C, p.E274D Oligogenic
SALS2359 C90rf72 GGGGCC expansion SQSTM1 ¢.G822C, p.E274D Oligogenic
SALS1910 CHCHD10 c.C100T, p.P34S SETX c.T7640C, p.12547T Polygenic
SALS1980 CHCHD10 ¢.C100T, p.P34S SQSTMT ¢.G822C, p.E274D Polygenic
MQ130086 FUS c.*41G>A, intronic CCNF ¢.G2140A, p.V714M Polygenic
SALS1809 FUS c.*41G>A, intronic OPTN c.G403T, p.E135X Polygenic
MQ150164 FUS ¢.*41G>A, intronic OPTN ¢.T293A, p.M98K . Polygenic
SALS0226 FUS c.*41G>A, intronic OPTN ¢.T293A, p.M98K CHCHD10 c.C239T, p.P80L  Polygenic
MQ140255 FUS ¢.833-29C>T, intronic NEKT ¢.C3107G, p.S1036X Polygenic
MN201410 FUS ¢.833-29C>T, intronic OPTN ¢.T293A, p.M98K Polygenic
SALS0312 FUS ¢.833-29C>T, intronic SETX c.A2975G, p.K992R Polygenic
SALS2282 NEKT ¢.C3107G, p.S1036X ANG c.A122T, p.K411 Polygenic
MQ160055 NEKT c.G782A, p.R261H OPTN ¢.T293A, p.M98K Polygenic
SALS1700 OPTN ¢.T293A, p.M98K NEFH ¢.2230_2247del, intronic . Polygenic
SALS2258* SOD1 ¢.T341C, p.1114T CCNF c.G2140A, p.V714M C21orf2 ¢.G172T, p.V58L Oligogenic
MN201517* SOD1 ¢.T341C, p.1114T SETX c.A2975G, p.K992R Oligogenic
SALS1259* SOD1 c.T341C, p.1114T SQSTM1 ¢.G822C, p.E274D Oligogenic
MQ140090 SQSTM1 ¢.G822C, p.E274D ANG c.A208G, p.I70V Polygenic
SALS1380 SQSTM1 ¢.G822C, p.E274D DCTNT c.C3746T, p.T12491 Polygenic
SALS0189 SQSTM1 ¢.G822C, p.E274D OPTN ¢.T293A, p.M98K Polygenic
SALS2285 SQSTM1 g.3'+7G>C, intronic OPTN ¢.T293A, p.M98K Polygenic
SALS1130 TARDBP ¢.543+112C>A, intronic C21orf2 ¢.G172T, p.V58L Polygenic
MQ140199 TBK1 c.A871G, p.K291E OPTN ¢.T293A, p.M98K Polygenic

*Reclassified as FALS in the study by Henden et a/.*®

FALS, familial amyotrophic lateral sclerosis; SALS, sporadic amyotrophic lateral sclerosis.

it has become apparent that some reported putative ALS muta-
tions are instead rare population-based variants, such as SOD1
p-N20S (online supplementary file 2). Beyond the variants anal-
ysed in the present study, it is important to note that unreported
rare and novel genetic variants in the known ALS genes may also
contribute to the development and phenotypic presentation of
SALS.

Twelve ALS genes were found to harbour more than one
unique variant in our cohort. Most notably, this included
five variants in the known ALS gene, TARDBP. Four of these
TARDBP missense mutations (p.G287S, p.G295S, p.A382T and
p.1383V) have also been reported in additional SALS cohorts of
various origins (online supplementary file 2) and are extremely

rare in the healthy population (MAF <0.00002233), observa-
tions that support the pathogenic role of these variants. It is
likely that these variants are low penetrance mutations, given
their absence from FALS cohorts as established by the liter-
ature search conducted here. Alternatively, these may be de
novo variants within mutation hot spots. Another possibility is
they may be risk alleles, which is supported by our association
analyses where all four TARDBP missense mutations showed
nominal association with SALS (table 1). IBD analysis failed to
detect a relationship between two Australian SALS cases who
carried an identical TARDBP mutation (p.I383V) suggesting
that it is either an old mutation or arose independently more
recently.
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An interesting identified variant was the homozygous SPG11
p-S164L. The original report of this rare variant also identified a
homozygous SALS case,*® although it was suggested this variant
may be a benign polymorphism.’® It is interesting to note that
no individuals in the gnomAD non-neuro control cohort (of any
ancestry) are homozygous carriers of this variant. It is possible
that homozygous SPG11 p.S164L confers increased suscepti-
bility to ALS through loss of-function.

Association testing identified just two variants that were
significantly over-represented among Australian SALS cases when
compared with controls. One of these was the FALS causal SOD1
p.I114T variant, although the putative SALS cases that carried
this variant were subsequently found to be unrecognised FALS
cases.”> The other over-represented variant, NEKI p.51036X,
was previously reported in a single FALS case, although segre-
gation was not demonstrated in the family.”” Together with our
data, this suggests that NEK1 p.S1036X is an ALS susceptibility
allele of moderate-to-high effect, with implications for other
NEK1 loss-of-function variants.

We sought to determine whether SALS cases that shared the
same rare ALS-implicated variants (MAF <0.03 in the general
population) were distantly related and potentially represented
unrecognised FALS cases. IBD analysis demonstrated that the trio
of SALS cases that carried SOSTM1 p.K238E were likely to be
distantly related, with shared IBD segments of at least 7.892cM
over SOSTM1 suggesting an estimated ninth degree of related-
ness. Indeed, one pair within this trio shared an 11.442 cM IBD
segment with relatedness estimated at the eighth degree. This
relatedness suggests SOSTM1 p.K238E is a low penetrance FALS
mutation. A sixth degree relationship was identified between
two SOD1 p.J114T mutation carriers (online supplementary
table 3; reported by Henden et al*®). The remaining putative
relationships identified were at the eighth degree or more
distant, with IBD segments between 3 cM and 8 cM. Given that
TRIBES relationship estimates greater than seventh degree are
only 13% accurate,® ** and the shared ALS-implicated variants
occur in the general population, it is less likely that these were
related individuals. For the 41 SALS cases that carried a C9orf72
repeat expansion and 10 SALS cases with an ATXN2 interme-
diate expansion, no shared IBD segments >3 cM were identified.

An oligogenic and/or polygenic basis of ALS has been suggested
by previous studies where multiple ALS gene variants have been
identified in individual FALS cases''™™ and SALS cases,'? 37 #°
whereby variants may act together to cause ALS, or influence
clinical manifestation. Our analysis showed 6.82% of SALS
carried multiple ALS-implicated variants, further supporting an
oligogenic/polygenic basis to ALS. In most reports of oligogenic
ALS cases, one reported variant has been the pathogenic expan-
sion of C9orf72.1171437 40 Seventeen of the 42 (40.48%) puta-
tive oligogenic cases in our cohort had a C9orf72 expansion.
Over 40% of C9o0rf72-positive SALS cases in our cohort (n=41)
had putative oligogenic disease. As described above, many of
the ALS-implicated variants investigated here, and identified in
a polygenic/oligogenic state, have limited evidence supporting
their pathogenicity. Similarly, many variants identified in an
oligogenic/polygenic state as part of other studies have limited
evidence to support a pathogenic role. Functional studies will be
necessary to determine whether particular variants act together
to cause or modify the presentation of ALS.

It has been hypothesised that the development of ALS is
a multistep process.’® Oligogenic and polygenic factors may
underlie steps in the development of ALS and explain the highly
variable phenotypic presentation and course of disease, including
that seen between cases who carry identical causal mutations.

As such, we sought to determine whether cases who harboured
multiple ALS-implicated variants exhibited more severe clinical
characteristics. We showed that patients with more than one
ALS-implicated variant were significantly more likely to develop
disease earlier in life than those with no known ALS-implicated
variant. This is consistent with the concept that multiple ‘hits’
are required to trigger disease onset. It will be of interest for
future studies to assess whether clinical features associate with
specific mutant genes or with a specific variant or combination
of variants. This will require large cohorts of SALS cases that
carry mutations in the same ALS gene or identical ALS gene
mutations.

Polygenic risk scores have been proposed as a tool to stratify
patients with ALS, particularly SALS. Polygenic risk scores
estimate an individual’s risk of developing disease, based on
the number of risk variants they carry and the relative disease
risk each imposes. Both the phenotypic and genetic hetero-
geneity of ALS complicate the design of clinical trials, and in
turn, the application of therapeutics to the spectrum of ALS
cases.”* Cohort stratification using polygenic risk scores has the
potential to maximise the efficacy of therapeutic trials. While
we were unable to calculate polygenic risk scores here due to
insufficient sample size, our data, particularly our demonstration
that patients carrying multiple ALS-implicated variants are more
likely to have earlier disease onset, suggest that polygenic risk
scores have potential to be useful in clinical settings and clinical
trial design.

We used ExpansionHunter to directly parse NGS data for
expansions in both C90rf72 and ATXN2. The accuracy of Expan-
sionHunter for sizing C90rf72 hexanucleotide expansions was
originally reported at over 99.9%,?® which was also reflected
by our own validation data. Nevertheless, there remains the
possibility of false negative cases. Southern blot analysis was
not feasible for precise C90rf72 expansion sizing, due to a lack
of sufficient DNA from most cases, typical of historical sample
cohorts.

In conclusion, we have explored the heterogeneity of SALS
using a comprehensive survey of implicated ALS variants. Our
data support a genetic predisposition to SALS with the pres-
ence of multiple ALS-implicated variants associated with earlier
disease onset. Future studies are likely to continue to uncover
novel genetic susceptibility and modifier variants that influence
the development, presentation and course of SALS. It is hoped
that the phenotypic and genetic characterisation of SALS will aid
the design of biomarker studies and therapeutic trials.
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