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Supplementary Tables

Supplementary Table 1 | Variant effect predictions for variants identified in either the

exome-wide single variant analysis or the targeted single variant analysis among GCEP-

curated genes. D: damaging,

exome-wide discovery

GCEP

Variant Gene
9:133154147:C:A  GBGT1
7:44206388:A:G  YKT6
1:223762207:A:G  CAPN2
3:184057041:A:G  HTR3C
12:122547457:T:A KNTC1
21:31667359:T:C  SOD1
21:44333234:C:A CFAP410
21:31667290:A:C  SOD1
4:169424668:G:C NEK1
21:31659783:C:T SOD1
4:169585374:C:T NEK1
12:57681917:C:T  KIF5A
12:64488537:T:C TBK1
1:11022464:A:G  TARDBP
3:35738257:C:T  ARPP21
16:31191418:C:T  FUS
12:64481900:A:G  TBK1
1:11022556:A:G  TARDBP
3:35792484:C:T  ARPP21
10:80170859:C:T  ANXA11
4:169580841:C:G  NEK1
16:31191431:C:T  FUS

X:56565398:C:T UBQLN2

Consequence
¢.455G>T/p.R152L
c191A>G/p.Y64C
¢.1588A>G/p.I530V
¢.556A>G/p.T186A
¢.859T>A/p.W287R
€.341T>C/p.1114T
c172G>T/p.V58L
¢.272A>C[p.D91A
¢.3107C>G/p.S1036*
c14C>T/p.ABYV
c.782G>A/p.R26TH
€.2957C>T/p.P986L
cA391T>ClpV4GAA
¢.1055A>G/p.N352S
€.1688C>T/p.P563L
¢1561C>T/p.R621C
c.871A>G/p.K291E
c.1M47A>G/p.I383V
€.2240C>T/p.P747L
c.112G>A/p.G38R
c.868+1G>C
¢.1574C>T/p.P525L

¢1625C>T/p.P509S

B: benign, P: possibly damaging.

Effect
missense_variant
missense_variant
missense_variant
missense_variant
missense_variant
missense_variant
missense_variant
missense_variant
stop_gained
missense_variant
missense_variant
missense_variant
missense_variant
missense_variant
missense_variant
missense_variant
missense_variant
missense_variant
missense_variant
missense_variant
splice_donor_variant&intron_variant
missense_variant

missense_variant

CADD Polyphen2HDIV Polyphen2HVAR MutationTaster SIFT

0.192
31.000
19.310
17.710
26.300
27.400
10.340
14.850
36.000
31.000
28.200
20.500
22.100
18.270
26.700
26.300
27.900
16.460
24.000
24.200
32.000
23.700

18.920
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W U U U U U U O

D

D

REVEL
0.18567
0.91371
0.19193
0.70276
0.69696
0.99931
0.04649

0.81659

0.95470
0.57090
0.37995
0.30369
0.59130
0.59375
0.86636
0.74657
0.69527
0.13305

0.56562

0.90764

0.756143

AlphaMissense

0.5892 (likely_pathogenic)
0.0949 (likely_benign)
0.1091 (likely_benign)
0.8073 (likely_pathogenic)
0.2771 (likely_benign)
0.1784 (likely_benign)

0.1494 (likely_benign)

0.8401 (likely_pathogenic)
0.6029 (likely_pathogenic)
0.0745 (likely_benign)
0.1748 (likely_benign)

0.0523 (likely_benign)

0.9881 (likely_pathogenic)
0.3415 (ambiguous)
0.0722 (likely_benign)
0.1727 (likely_benign)

0.9022 (likely_pathogenic)

0.9952 (likely_pathogenic)

0.2195 (likely_benign)



Supplementary Table 2 |

Representative Gene Ontology (GO) terms for the candidate

genes. Terms were summarized using the rrvgo R package, where terms were clustered by
semantic similarity and a representative term was selected for each cluster based on its

uniqueness score. *A full list of terms is available in Supplementary Data 11.

Gene symbol GO BP

UNC13C

KIF4A

TTC3

HTR3C

YKT6

KNTC1

GBGT1

CAPN2*

protein-containing complex organization
neurotransmitter transport

synaptic transmission, glutamatergic
dense core granule exocytosis

synaptic vesicle docking

chromosome organization
intracellular transport
microtubule-based movement
spindle midzone assembly
cell division

proteolysis
modification-dependent macromolecule catabolic process

ligand-gated ion channel signaling pathway
nervous system process

regulation of postsynaptic membrane potential
synaptic signaling

transmembrane transport

response to oxygen-containing compound

membrane organization
vesicle localization
membrane docking

cell division

organelle assembly

protein-containing complex organization
protein localization to organelle
kinetochore assembly

exit from mitosis

organelle localization

glycosylation

carbohydrate metabolic process
lipid glycosylation

liposaccharide metabolic process

reproductive process

positive regulation of developmental process
multi-multicellular organism process

behavior

interleukin-6 production

cellular response to stress

cellular response to interferon-beta

positive regulation of cellular component organization

GO MF

calmodulin binding
calcium ion binding
diacylglycerol binding
syntaxin-1 binding

isomerase activity

metal cluster binding
microtubule motor activity
cytoskeletal protein binding

aminoacyltransferase activity

serotonin receptor activity
transporter activity

SNAP receptor activity
cell adhesion molecule binding
S-acyltransferase activity

GTPase binding

acetylgalactosaminyltransferase activity

protein-containing complex binding

cytoskeletal protein binding

calcium ion binding

calcium-dependent cysteine-type endopeptidase activity

Gocc

neuromuscular junction
vesicle membrane
plasma membrane region
neuron projection

nuclear matrix

midbody

neuron projection

microtubule associated complex
cytoplasmic region
supramolecular complex

nucleolus
Golgi apparatus

neuron projection

synapse

serotonin receptor complex
transporter complex
plasma membrane region

mitochondrion
cell body

neuron projection
SNARE complex
vesicle membrane
Golgi membrane
apical dendrite

endoplasmic reticulum-Golgi intermediate compartment membrane

actin cytoskeleton
kinetochore microtubule

Golgi membrane

vacuole

membrane microdomain

Golgi apparatus

cell surface

cell body

chromatin

pseudopodium

perinuclear region of cytoplasm



Supplementary Figures
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Supplementary Figure 1 | Uniform reprocessing of sequencing datasets overcomes
systematic technical biases. a, Proportion of variance explained (R?) of total number of
synonymous variants per individual by ALS status among 28,582 samples that were either
uniformly processed and aligned to GRCh38 or non-uniformly processed and aligned to
GRCh37 respectively. It shows that the proportion of variance explained by total synonymous
variant count was substantially reduced by uniformly processing the sequencing data. b,
Distribution of the total number of ultra-rare (<5 carriers; left) and singleton-only (right)
synonymous variants among two ancestry-matched cohorts in the uniformly processed
(GRCh38) callset (WGS: Project MinE UK, WXS: UK Biobank). The distributions of exome-wide
ultra-rare counts are aligned between these two cohorts, indicating that sequencing
technologies are comparable after joint processing and quality control.
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Supplementary Figure 2 | Sample quality control in the discovery cohort. a-b, Samples
were projected onto the PCA coordinates of a reference ancestry space consisting of 1000



Genomes samples. The 94,545 samples included in this study are represented by grey dots,
the colored dots indicate the 1000 Genomes samples (colored by superpopulation label) on
which the study samples were projected. ¢, Distribution of sample call-rates, samples having
a call rate < 0.9 were excluded. d, Inbreeding coefficient, samples with F-values <-0.1 or >0.1
were excluded. e, X-chromosome homozygosity (inbreeding coefficient), samples with
ambiguous sex (0.4 < F < 0.6) or where genetically predicted sex did not match reported sex
were excluded (F < 0.4 = female; F > 0.6 = male). f, Principal component analysis (PCA). A
distinct cluster was identified on the fifth principal component, leading to the exclusion of
samples with PC5 values less than -0.02. g, Total variant counts distributions. Samples were
excluded if they exceeded one of the following thresholds: nSNV > 4000, nINDEL > 400, nSNV

(Singletons) > 250, nINDEL (Singletons) > 100, Ti/Tv ratio < 2.4 or > 3.7, or INDEL/SNV ratio >
0.165.



Initial cohort 15,862 78,683
Ancestry 14,857 75,587
Call-rate 14,439 75,466

Heterozygosity 14,349 75,386
Sex check 14,285 75,327
Total counts 14,195 73,879
Relatedness 13,140 70,007
PCA 13,138 69,775

Final cohort 13,138 69,775
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Supplementary Figure 3 | Discovery analysis cohort including 13,138 ALS cases and
69,775 controls. a, Successive sample quality control (QC) steps. First, individuals of broad
European ancestry were retained. Subsequently, individuals were excluded if they exhibited
low call rates (< 0.9), outlying heterozygosity rates (inbreeding F<-0.1 or F>0.1), a genetic sex
prediction inconsistent with reported sex, outlying counts of SNVs, INDELs, or singletons, as
well as outlying values in Ti/Tv or SNV/INDEL ratios. Finally, individuals with <2nd degree
relatedness (one member of each pair is kept) or with outlying values on the first five principal
components were excluded. b, Principal component analysis of the final cohort consisting of
13,138 patients with ALS and 69,775 controls.
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Supplementary Figure 4 | Variant quality control in the discovery cohort. a-d, Calibration
of quality score thresholds for variants passing basic quality control (VQSR-pass, per-
supercohort call-rate > 0.9 and Hardy-Weinberg equilibrium P-value in controls > 0.0001). The
figures show the cumulative fraction of variants, grouped by case-control P-value (two-tailed)
estimated using Firth's logistic regression with profile penalized likelihood confidence
intervals. Thresholds were chosen to retain the majority of variants while excluding a
significant proportion of low-quality variants strongly associated with case-control status.
Specifically, the following thresholds were set: QD > 6, MQRankSum > -0.5, FS < 14, and ctrl-
ctrl minimum P-value > 0.0001. e, Overview of variant quality control steps. The first row
shows the total number of called variants, the second row shows the number of variants
passing basic QC, and the third row shows the number of variants that passed strict QC and
were used in subsequent analyses.
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Supplementary Figure 5 | Single variant geographical carrier distributions. Density
contours of the first two principal components are shown for the full study cohort. Overlaid
on this background are the individuals carrying the respective variant, with points colored by
their cohort of origin.
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Supplementary Figure 6 | Ultra rare variant burden geographical carrier distributions.
Density contours of the first two principal components are shown for the full study cohort.
Overlaid on this background are the individuals carrying at least one ultra-rare variant in the
respective gene, with points colored by their cohort of origin.
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Supplementary Figure 7 | Ultra-rare gene set burden analyses. a, Forest plots depicting
the odds ratio (OR) and 95% confidence intervals (y-axis) estimated using Firth's logistic
regression of ultra-rare gene burden results for the ten most significant genes within the
exome-wide significant gene sets ('GOBP: regulation of mRNA splicing via spliccosome' and
'GOBP: regulation of RNA splicing'). b-c, Forest plots depicting the odds ratio (OR) and 95%
confidence intervals (y-axis) estimated using Firth's logistic regression for gene set burden of
qualifying variants stratified by evidence level (x-axis). b, Analysis of all 51 genes curated for
ALS spectrum disorders. ¢, Analysis restricted to 42 genes specifically associated with ALS.
The ‘Disputed’ and ‘Strong’ categories were excluded from the analysis as they each contained
only one gene.
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Supplementary Figure 8 | Cumulative burden analyses of age of onset and survival.
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Cumulative burden of carrying multiple high- or moderate-impact variants among Definitive

ALS genes as curated by the GCEP. a, age of onset: shown are the effect estimates in years

(center) and 95% confidence intervals (Cl; error bars) (x-axis), stratified by the number of risk

variants carried (y-axis). b, survival: shown are the log-transformed hazard ratios (center)

and 95% confidence intervals (error bars) stratified by the number of risk variants carried (y-

axis).
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Supplementary Figure 9 | Variant co-occurrence heatmap and interaction analyses.

Heatmap displaying the observed co-occurrences in ALS patients among variant pairs. For

genes identified in the URV burden analysis, an individual is considered a carrier if they had

at least one qualifying variant in that gene. Statistical interactions were estimated using Firth's

logistic regression in the full case-control cohort. For each pair of variants, we fitted a model

including their main effects and their interaction term, adjusting for the same covariates as

used in the single variant analyses.The lower triangle shows the log-transformed odds-ratio,

where red indicates a synergistic effect (positive interaction term) and blue indicates an

antagonistic effect (negative interaction term). The upper triangle shows the statistical

significance (-logio(P-value)), with darker green indicating a more significant P-value. Pairs for

which there was no co-occurrence in the full dataset (cases and controls) are greyed out. P-

values are two-tailed and presented uncorrected for multiple testing.
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Supplementary Figure 10 | Variant cooccurrence power analyses. Co-occurrence power
analyses among all tested pairs, with varying co-occurrence odds-ratios. Empirical cumulative
distribution of statistical power (x-axis) to detect a significant excess or absence of co-
occurrence between variant pairs. Each line represents the distribution of power across all
tested pairs for a given co-occurrence odds ratio (OR). The y-axis shows the cumulative
proportion of pairs with power at or below the corresponding power.
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Supplementary Figure 11 | Sample quality control in the replication cohort. a-b,
Samples were projected onto the PCA coordinates of a reference ancestry space consisting of
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1000 Genomes samples. The 139,227 samples included in this cohort are represented by grey
dots, the colored dots indicate the 1000 Genomes samples (colored by superpopulation label)
on which the study samples were projected. ¢, Distribution of sample call-rates, samples
having a call rate < 0.9 were excluded. d, Inbreeding coefficient, samples with F-values <-0.1
or >0.1 were excluded. e, X-chromosome homozygosity (inbreeding coefficient), samples with
ambiguous sex (0.4 < F < 0.6) or where genetically predicted sex did not match reported sex
were excluded (F< 0.4 = female; F> 0.6 = male). f, Principal component analysis (PCA). g, Total
variant counts distributions. Samples were excluded if they exceeded one of the following
thresholds: nSNV > 7500, nINDEL > 400, nSNV (Singletons) > 250, nINDEL (Singletons) > 100,
Ti/Tv ratio < 2.4 or > 3.7, or INDEL/SNV ratio > 0.165.
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Supplementary Figure 12 | Power analyses and final replication analysis cohort
including 4,781 patients with ALS and 130,928 controls.

a, Power analyses for the presented replication cohort including 4,781 patients with ALS and
130,928 controls. Bars represent statistical power, which was calculated through 10,000
simulations in which alleles were drawn from the binomial distribution, using Firth's logistic
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regression to test for association with disease status. Of note, these power analyses assume
no covariate adjustment, and actual power may be lower due to covariate inclusion. Orange
bars indicate power analyses based on odds-ratios estimated from the discovery cohort, blue
bars indicate power analyses where these odds-ratios were adjusted for winner’s curse bias.
The upper panel indicates the power analyses for the candidate single variants, and the lower
panel indicates the power analyses for the candidate genes from the URV gene burden
analyses.

b, Successive sample quality control (QC) steps. First, individuals of broad European ancestry
were retained. Subsequently, individuals were excluded if they exhibited low call rates (< 0.9),
outlying heterozygosity rates (inbreeding F < -0.1 or F > 0.1), a genetic sex prediction
inconsistent with reported sex, outlying counts of SNVs, INDELs, or singletons, as well as
outlying values in Ti/Tv or SNV/INDEL ratios. Finally, individuals with <2nd degree relatedness
were excluded (one member of each pair is kept). Additionally, individuals that were
duplicates or related up to the second degree to any sample in the discovery cohort were
excluded. ¢-d, Principal component analysis of the final cohort consisting of 4,781 patients
with ALS and 130,928 controls.
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