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Supplementary Methods

Whole Genome Sequencing Data Processing
Australian ALS cohort

Genomic DNA was extracted using whole blood according to standard protocols. Samples underwent
library preparation using the TruSeq PCR free library prep kit (Illumina V2.5). Prepped libraries
underwent multiplex 150-bp paired-end whole genome sequencing (WGS) on the Illumina HiSeq X
Ten instrument (Kinghorn Centre for Clinical Genomics, Sydney, Australia and Macrogen Oceania).
Sequencing data was aligned to the GRCh38 reference genome using BWA-MEM1. Variant calling
and joint genotyping were generated using GATKs Haplotypecaller and genotypeGVCF pipeline2 .

Project MinE Data Freeze 2

Sequencing and data processing have been described previously3–5. Briefly, case and control samples
were sequenced using PCR-free library preparation on the Illumina HiSeq 2000 and HiSeq X plat-
forms to∼35-fold coverage with 100 bp reads and∼25-fold coverage with 150 bp reads, respectively.
Sequencing data was aligned to the GRCh38 reference genome and variant calling were performed
using the Illumina Isaac pipeline6.

Variant Catalogue for ZFHX3 GGC Expansion Detection using Expansion-
Hunter v5

{ "LocusId": "ZFHX3",
"LocusStructure": "(GCC)*",
"VariantType": "Repeat",
"ReferenceRegion": "chr16 :72787694 -72787757",
"RepeatUnit": "GCC",
"Gene": "ZFHX3",
"GeneRegion": "coding:␣polyglycine",
"GeneId": "ENST00000268489",
"DiscoveryMethod": "L,␣WGS",
"DiscoveryYear": 2023,
"Diseases": [

{
"Symbol": "SCA4",
"Name": "Spinocerebellar␣ataxia␣4",
"Inheritance": "AD",
"OMIM": "600223",
"NormalMax": 26,
"PathogenicMin": 41

}
],
"MainReferenceRegion": "chr16 :72787694 -72787757",
"Inheritance": "AD"

}



Supplementary Figures 1–3
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Supplementary Figure 1: ROC analysis and Youden’s J statistic of ZFHX3 repeat expansions
(22-30). A) ROC analysis of ZFHX3 GGC repeat expansions (22-30). Sensitivity is the true positive
rate and specificity is the true negative rate. The optimal sensitivity and specificity is indicated by
a black dot (n=24 repeats). B) Youden’s J statistic calculated for each repeat length (22-27). The J
statistic assess the sensitivity and specificity from the ROC analysis to find the optimal threshold that
can discriminate cases from controls. The maximum Youden’s J statistic was observed at a ZFHX3
repeat length of 24 (J= 0.0186), indicating the optimal threshold.
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Supplementary Figure 2: Motif composition of ZFHX3 repeat alleles in the Australian ALS
cohort (n = 802). Motif composition of the long and short alleles from 802 Australian ALS patients.
Alleles are ordered by increasing repeat length. The left panel shows alleles with 21 repeats or fewer.
The right panel shows alleles with 22 repeats or more. Colours denote distinct repeat motifs, with
grey indicating the canonical GGC repeat motif. The y-axis has been scaled according to the number
of alleles with repeats either ≤21 (n = 1, 460) or ≥21 (n = 144).
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Supplementary Figure 3: Motif composition of ZFHX3 repeat alleles in the project MinE con-
trol cohort (n = 800). Motif composition of the long and short alleles from 800 healthy controls
sourced from project MinE. Alleles are ordered by increasing repeat length. The left panel shows
alleles with 21 repeats or fewer. The right panel shows alleles with 22 repeats or more. Colours
denote distinct repeat motifs, with grey indicating the canonical GGC repeat motif. The y-axis has
been scaled according to the number of alleles with repeats either ≤21 (n = 1, 525) or ≥21 (n = 75).



Supplementary Tables 1–6

Supplementary Table 1 Summary of participants from Project MinE DF2 and contributing
countries.

Country ALS Controls
Belgium 552 183
France 246 39
Ireland 462 232
Israel 100 -
Italy 55 -
Netherlands 586 393
Portugal 45 16
Spain 370 165
Sweden 241 112
Switzerland 44 -
Turkey 608 141
United Kingdom 1,409 443
United States of America 450 77



Supplementary Table 2 ALS-causal or -associated genetic variants present in ALS cases in this
cohort7

Gene Accession cDNA change Protein change sALS fALS
number Male Female Male Female

C9orf72 NM_001256054 GGGGCCRE 197 155 - 1
TARDBP NM_007375 c.146A>G p.Gln49Arg - 1 - -
TARDBP NM_007375 c.269C>T p.Ala90Val 2 1 - -
TARDBP NM_007375 c.859G>A p.Gly287Ser 2 1 - -
TARDBP NM_007375 c.928G>A p.Gly310Arg - 1 - -
TARDBP NM_007375 c.1028A>G p.Gln343Arg 1 - - -
TARDBP NM_007375 c.1055A>G p.Asn352Ser 3 1 - -
TARDBP NM_007375 c.1144G>A p.Ala382Thr 2 - - -
TARDBP NM_007375 c.1169A>G p.Asn390Ser - 1 - -
FUS NM_004960 c.14A>G p.Asp5Gly - 1 - -
FUS NM_004960 c.188A>G p.Asn63Ser 2 3 - -
FUS NM_004960 c.730C>T p.Arg244Cys - 1 - -
FUS NM_004960 c.731G>A p.Arg244His - 1 - -
FUS NM_004960 c.820C>T p.Arg274Cys 1 - - -
FUS NM_004960 c.1292C>T p.Pro431Leu 2 1 - -
FUS NM_004960 c.1375C>G p.Pro459Ala 1 - - -
FUS NM_004960 c.1390A>G p.Met464Val 1 - - -
FUS NM_004960 c.1520G>A p.Gly507Asp 1 - - -
FUS NM_004960 c.1561C>T p.Arg521Cys - 2 - 1
FUS NM_004960 c.1574C>T p.Pro525Leu 1 2 - -
SOD1 NM_000454 c.14C>T p.Ala5Val - 2 - -
SOD1 NM_000454 c.25C>G p.Leu9Val 1 - - -
SOD1 NM_000454 c.44T>G p.Val15Gly 1 - - -
SOD1 NM_000454 c.59A>G p.Asn20Ser 2 - - -
SOD1 NM_000454 c.65A>G p.Glu22Gly - 2 - -
SOD1 NM_000454 c.68A>T p.Gln23Leu 1 2 - -
SOD1 NM_000454 c.112G>A p.Gly38Arg 2 - - -
SOD1 NM_000454 c.123A>C p.Glu41Asp - 1 - -
SOD1 NM_000454 c.197A>G p.Asn66Ser - 1 - -
SOD1 NM_000454 c.260A>G p.Asn87Ser - 1 - -
SOD1 NM_000454 c.280G>T p.Gly94Cys 2 2 - -
SOD1 NM_000454 c.281G>C p.Gly94Ala 1 - - -
SOD1 NM_000454 c.302A>G p.Glu101Gly - - 1 1
SOD1 NM_000454 c.317C>T p.Ser106Leu 1 - - -
SOD1 NM_000454 c.341T>C p.Ile114Thr 4 6 9 8
SOD1 NM_000454 c.358G>C p.Val120Leu 1 1 - -
SOD1 NM_000454 c.403A>G p.Ser135Gly 1 - - -
SOD1 NM_000454 c.442G>A p.Gly148Ser 1 - - -
SOD1 NM_000454 c.446T>G p.Val149Gly - - 2 -
SOD1 NM_000454 c.457G>A p.Ala153Thr 1 - - -



Supplementary Table 3 Reported thresholds for ZFHX3 GGC repeat expansions in literature.

Resource Normal Intermediate Pathogenic
gnomAD Tandem Repeats: ZFHX38 ≤ 26 - ≥ 41
STRchive: SCA4 ZFHX39 14–26 27–45 46–74
STRipy: SCA4 ZFHX310 14–31 - ≥ 42
Wallenius et al., 202411 14–26 - 42–74
Figueroa et al., 202412 ≤21 - 42–74
Paucar et al., 202413 ≤26 - 46–64

Supplementary Table 4 Distribution of ZFHX3 GGC allele lengths in ALS cases and controls,
including overall allele counts and allele counts stratified by sex.

ZFHX3 repeat length Total Males Females
ALS Control ALS Control ALS Control

4 1 0 1 0 0 0
5 0 2 0 1 0 1
6 1 2 0 1 1 1
7 1 0 0 0 1 0
8 1 1 1 0 0 1
9 1 1 1 1 0 0
13 13 15 5 9 8 6
14 17 15 9 12 8 3
15 16 16 13 9 3 7
16 7 22 3 15 4 7
17 7 10 5 6 2 4
18 323 458 204 260 117 198
19 50 91 24 52 26 39
20 195 263 124 151 71 112
21 10352 14295 6255 8322 4085 5973
22 476 584 290 343 186 241
23 76 161 49 89 27 72
24 15 14 12 6 3 8
25 2 4 1 0 1 4
26 7 2 3 2 4 0
27 5 6 2 6 3 0
28 2 0 2 0 0 0
29 1 2 1 1 0 1
30 1 0 1 0 0 0

Total 11570 15964 7006 9286 4550 6678



Supplementary Table 5 Distribution of longest ZFHX3 allele lengths in ALS cases and controls,
including overall counts and counts stratified by sex.

ZFHX3 long allele repeat length Total Males Females
ALS Control ALS Control ALS Control

15 1 0 0 0 1 0
18 4 15 2 8 2 7
19 4 2 3 1 1 1
20 12 17 8 6 4 11
21 5202 7195 3139 4194 2056 3001
22 457 565 282 331 175 234
23 72 160 47 88 25 72
24 15 14 12 6 3 8
25 2 4 1 0 1 4
26 7 2 3 2 4 0
27 5 6 2 6 3 0
28 2 0 2 0 0 0
29 1 2 1 1 0 1
30 1 0 1 0 0 0

Total 5785 7982 3503 4643 2275 3339

Supplementary Table 6 Association of ZFHX3 GGC repeat expansion status with ALS and
clinical phenotypes after excluding carriers of pathogenic ALS variants.

Outcome Statistical
model

Effect
measure for
ZFHX3 ≥24

repeats

Effect
estimate

95% CI P-value

ALS
case–control
status

Logistic
regression

OR 1.62 0.97–2.71 0.064

Age at disease
onset

Linear
regression

β, years 4.71 0.24–9.18 0.039

Site of disease
onset

Logistic
regression

OR 1.1 0.48–2.34 0.814

Disease
duration

Cox
proportional
hazards
regression

HR 0.85 0.56–1.30 0.46

Note: Abbreviations: β, regression coefficient; CI, confidence interval; HR, hazard ratio; OR, odds ratio.
Analyses excluded ALS cases carrying a pathogenic C9orf72 repeat expansion or pathogenic variants in SOD1,
TARDBP or FUS. Individuals were classified as ZFHX3 repeat carriers when their longest allele contained≥24
GGC repeat units. All models were adjusted for sex. For the site-of-onset model, the OR represents the odds
of bulbar rather than spinal onset, assuming spinal onset was the reference category.
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