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Materials and Methods
Samples

Subjects for whole exome analysis were drawn frRi-&pproved genetic studies of
ALS subjects at Consortium member institutions:@odumbia University Medical
Center (which included Coriell samples), UnivergsifyMassachusetts at Worchester,
Stanford University (which included contributionsrh Emory University School of
Medicine, the Johns Hopkins University School ofdiégne, and the University of
California, San Diego), Massachusetts General Halsdeurogenetics DNA Diagnostic
Lab Repository, Duke University, McGill Universifwhich included contributions from
Saint-Luc and Notre-Dame Hospital of the Centrepitatier de I'Université de Montréal
(CHUM) (University of Montreal), Gui de Chauliac kjgital of the CHU de Montpellier
(Montpellier University), Pitié Salpétriere Hospjteleurimont Hospital of the Centre
Hospitalier Universitaire de Sherbrooke (CHUS) (imsity of Sherbrooke), Enfant-
Jésus Hospital of the Centre hospitalier affiliévarsitaire de Québec (CHA) (Laval
University), and Montreal General Hospital and Meat Neurological Institute and
Hospital of the McGill University Health Centrena&Washington University in St.
Louis (which included contributions from Houston tkedist Hospital, Virginia Mason
Medical Center, University of Utah, and Cedars Bvtedical Center). Subjects for
follow-up sequencing came from the same centerstplel University of Pennsylvania
and University of Amsterdam. Genotypes for the &deasg used in the replication analysis
were also provided for FALS exomes sequenced asousy described(7). All patients
were diagnosed according to El Escorial revisega as suspected, possible, probable,
or definite ALS by neuromuscular physicians. Sutgj@eere considered sporadic if no
first or second-degree relatives had been diagnegbdALS or died of an ALS-like

syndrome. Details are presented in Table S1.

All samples known to be carriers of t68orf72 expansion were excluded from all
analyses. There were 886 case exomes used insitwvdry phase that were not screened
for this variant. Additionally, prior to exome semcing, some samples were screened
for variants in known ALS genes and were only seged if they were found to be

negative for a mutation in that gene. The numbgrefscreened discovery samples for



each gene were 430 f8DD1, 334 forTARDBP andFUS, and 143 foWAPB, DCTN1,
ANG, FIG4, OPTN, VCP, UBQLN2, EWSR1, DAO, SQSTM1, SETX, andTAF15. The
543 exomes used in the replication stage weresalgened for variants iIPARDBP,
FUS SOD1, VCP, PFN1, andTUBA4A prior to use in this study.

Control samples were sequenced as part of othdiestat Duke University,
HudsonAlpha, and McGill University and were notiehed for (but not specifically
screened for) ALS or other neurodegenerative dessrdControl samples were matched
to case samples in terms of similar capture kitk@verage levels (Tables S2 and S3).
Except for the exome cases used in the replicat@se, all samples used within each

analysis subset were processed using identicalipgse

Only genetically European ethnicity samples weoduided in the analysis. Samples were
also screened with KINGH) to remove duplicate samples between the custqtuiea

and exome datasets and to remove second-degregher helatives in the exome
datasets; exomes with incorrect sexes accordiXgMaoverage ratios were removed, as

were contaminated samples according to VerifyBarséD(

Sequencing

Sequencing of DNA was performed at Duke UniverdtgGill University, Stanford
University, HudsonAlpha, and University of Massas#iis, Worcester. Samples were
either exome sequenced using the Agilent All EX3MB, 50MB or 65MB) or the
Nimblegen SeqCap EZ V2.0 or 3.0 Exome Enrichmenbkivhole-genome sequenced
using lllumina GAIlIx or HiSeq 2000 or 2500 sequasaaccording to standard protocols
(see Table S2). Follow-up custom capture sequeneasgperformed using the same
methods as the exome sequencing with the Nimbl8ge&ap EZ Choice to an average
coverage of 144.60x within the capture regionshwit average of 99.37% bases covered

at least 5x.

Case and control samples were processed at Duketdity (discovery Duke and
McGill/Stanford datasets and replication custonmt@agpdataset), HudsonAlpha
(discovery HudsonAlpha dataset) and University aefsBhchusetts, Worcester

(replication exome dataset) as follows. The Illluaiane-level fastq files were aligned to
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the Human Reference Genome (NCBI Build 37) usiegBbrrows-Wheeler Alignment
Tool (BWA)(57). We then used Picard softwalgtp://picard.sourceforge.rjeb remove

duplicate reads and process these lane-level Skl fiesulting in a sample-level BAM
file that is used for variant calling. We used GAlirecalibrate base quality scores,
realign around indels, and call variab®( The Duke, McGill/Stanford, custom capture
and replication exome variants were required tehaguality score (QUAL) of at least
20 (30 for replication exomes), a genotype qudld()) score of at least 20, and at least
10x coverage. Additionally, Duke, McGill/Stanforddacustom capture variants were
required to have a quality by depth (QD) scoretdéast 2 and a mapping quality (MQ)
score of at least 40. For Duke and McGill/Stanfexdmes and custom capture samples,
indels were also required to have a maximum stiaasl (FS) of 200 and a minimum
read position rank sum (RPRS) of -20. Other vasiavere restricted according to VQSR
tranche (calculated using the known SNV sites fitapMap v3.3, dbSNP, and the Omni
chip array from the 1000 Genomes Project): theftsufor Duke, McGill/Stanford and
custom capture variants were a tranche of 99.99% s in genomes and exomes and
99% for indels in genomes; the cutoffs for Hudsqgi? were a 99% tranche for SNVs
and 95% tranche for indels; and the cutoff forrgy@ication exomes was a 97% tranche
for SNVs and indels. Variants were excluded if thayre determined to be sequencing,
batch-specific or kit-specific artifacts; they wetlso excluded in the Duke,
McGill/Stanford and custom capture datasets if reday EVS as being failurés).

Variants were annotated to Ensembl 73 using SnpEff.

Predisposition analysis

This study first analyzed whole exome sequencefdatdiscovery purposes and then
performed follow-up custom capture sequencing ofj&ies and interrogated these 51
genes in additional case exomes. We analyzed sitevkry samples in separate groups
to control for differences in sequencing methods @vverage levels. The Duke analysis
used genomes and Nimblegen and Agilent 65MB examitbsat least 90% of the
consensus coding sequence (CCDS) bases coverek&stal Ox, the HudsonAlpha

analysis used Nimbelgen exomes with at least 90#e0€CCDS bases covered to at least



10x, and the McGill/Stanford University analysigdggenomes and Agilent 37MB and
50MB exomes with 75% of the CCDS covered at le@xt 1

Our study focused on gene-based collapsing anallygss, the number of bases with at
least 10x coverage was calculated for each CCD8 pkrs 10 bp into each intron for
each sample. Because differences in coverage cae téased results, exons with
coverage differences (cutoff tailored to each asial{see Table S3)) between cases and

controls were excluded from analysis.

For each gene, each sample was then indicatedrgggeor not carrying a qualifying
variant. Qualifying variants were defined for doamn (one qualifying variant per gene;
minor allele frequency (MAF) cutoff of 0.05% intalty and 0.005% in EXAC) and
recessive (two qualifying variants per gene, intigchomozygous and potentially
compound heterozygous samples as carriers; MAHRfc#®) models. These allele
frequency thresholds used a leave-one-out methatiédocombined sample of cases and
controls in each analysis group (where the MAFamhevariant was calculated using all
samples except for the sample in question). Vasiatre also required to pass this MAF
cutoff in the publically available EXAC global fregncies; HudsonAlpha analyses
additionally required a MAF below 0.01 in the 10B6nomes Dat&b(, 60). We
performed analyses of CCDS genes using three methadentify qualifying variants:

1) all non-synonymous and canonical splice variéraging model), 2) all non-
synonymous coding variants except those predicgeeidbyPhen-2 HumVat@) to be
benign (not benign model), and 3) only stop gaiieshift and canonical splice variants
(loss-of-function [LoF] model). Qualifying variantgere identified using Analysis Tools
for Annotated Variantshttp://humangenome.duke.edu/softwaaeDuke and an in-house

pipeline at HudsonAlpha.

The total number of cases and controls with qualgfywariants in each gene for each
model were calculated, and a Cochran-Mantel-Ha¢(Sk&H) test was performed in R
to generate a combined, stratified p-value acribdbrae discovery groups. Genes were
only considered if they were assessed in all thieeovery cohorts and had more than
one case or control sample with a genetic variagting the inclusion criteria for the

genetic model being tested. A Breslow-Day test ajgdied to assess homogeneity of
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effects across different groups, and p>0.05 wasired for the gene to be considered.
The adjusted alpha after correcting for the nuntlbgienes tested over all six genetic
models is p<9.07x10 The p-values in the replication dataset wereutated separately,
and combined p-values using the discovery anda&jobn dataset were also calculated

using a Cochran-Mantel-Haenszel test.

The 51 genes for custom capture sequencing follpwwere chosen by identifying genes
that were of statistical and/or biological intersinitial exome sequencing results
utilizing 2,843 cases and 4,310 controls and empéplgoth a singleton and 0.5% MAF
dominant model as well as a 1% MAF recessive mQicible S4). Specifically, after
restricting to genes below the"™percentile for intolerance to functional mutatiéiy(
removing associations driven by artifacts, and iraggisignals to be consistent between
the HudsonAlpha and Duke analyses and not supgastintrol enrichment in the
McGill/Stanford University analysis, we chose tlgenes with the lowest p-values by
any model, the 23 genes with the lowest p-valuesrding to the singleton not benign
model, the 4 genes with the lowest p-values inraogssive model, the 8 genes with the
lowest p-values in any LoF model, and at&oNT1, UBE2D2, andSCEL, which

received encouraging association statistics buhdidneet the above criteria. Overlap
between the lists resulted in a total of 51 gembs. processing of custom capture

samples was performed as described above for the Batasets.

The variants in each gene shown in Figures 2, d S$hwere created using our in-house

software DV-auto.

Clinical phenotype analysis

Detailed phenotypic information was available frma medical records of a subset of
the participants. We focused on the clinical phgpes of age at onset (n=2,190 cases),
site of onset (n=2,096 cases; bulbar vs. spinaf),saurvival time in months from age at
onset (n=1,828 cases).

Carriers of qualifying variants in each gene welentified using the same method as that
described above, but here the dominant model uéesba instead of 0.05% MAF cutoff,

and MAF screening used the information from thedpean and African EVS
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samples§9). Linear regression analysis was performed toyaeahge at onset, Firth
logistic regression was used to analyze the sitneét, and Cox Proportional-Hazards
Regression was used to analyze survival B2R(These analyses always included sex,
analysis group and EIGENSTRAT axes (which wereutated for EIGENSTRAT-
pruned whites only and were created using the gpasetfor variants from the lllumina
HumanCore chip that overlap exons and were notdaare influenced by sequencing
or genotyping method) as covariates, and the asalysurvival additionally included
age at onset as a covariate and required at |I@asf tases to have variants in a given
gene for it to be included in the analysis (with #xception of previously reported ALS

genes, which we analyzed separately and includgatdiess of the number of carriers).

Cell Culture, Transfection, and Reagents

All cell lines were grown in Dulbecco’s modified gla’'s medium supplemented with

10% fetal calf serum (FBS) and maintained at 5%9B@C. Plasmid were transfected

using lipid-based reagents (Lipofectamine 2000htiveuses were made in 293T cells
and used to infect 293T cells followed by selectorpuromycin.

Immunoprecipitation and Proteomic Analysis

AP-MS andCompPASS analysis using the (Comparative Proteomics Analgsiftware
Suite) were performed as previously describ8gdgd). Briefly, 10’ cells were lysed in
lysis buffer [50 mM Tris-HCI (pH 7.5), 150 mM Nadl,mM EDTA, 1% NP-40 and
supplemented with protease inhibitors (Roche)B@min on ice to obtain whole cell
extracts. Lysates were incubated with{3f anti-HA resin (Covance) and after
extensive washing with lysis buffer, proteins wehaed with HA peptide prior to
trichloroacetic acid precipitation, trypsinizatiand stage tipping. Samples were ran in
technical duplicate on an LTQ Velos (Thermo) mamscgometer, and spectra search
with Sequest prior to target-decoy peptide filtgriand linear discriminant analy$§j.
Protein Assembler was used to convert spectraltsdoraverage protein spectral
matches (APSMs), which takes into account peptibgsh match more than one protein
in the database. Peptides were identified witHsefdiscovery rate of < 1.0% and the

protein false discovery rate was <4.85% (Table $5& following MS conditions were



used: Activation Type — Collision induced dissooiai Minimum Signal Required -
2000.0; Isolation width (m/z) - 1.00; NormalizedllZon Energy - 35.0; Default Charge
State — 2; Activation Q - 0.250; Activation Timeg) 10.000. Peptide data (APSMs)
were uploaded into theompPASS algorithm housed within the CORE environment. For
CompPASS analysis, we employed a stats table of 170 ura@laait proteins analyzed in
an analogous manner, including deubiquitinatingyeres and autophagy
component$§3, 64). TheCompPASS system identifies high confidence candidate
interacting proteins (HCIPs) based on the normdlizeighted D (NWD)-score, which
incorporates the frequency with which they ideatifwithin the stats table, the
abundance (APSMs, average peptide spectral matatnes) found, and the
reproducibility of identification in technical raphtes, and also determines a z-score
based on APSM8B, 64). Proteins with NWD-scores >1.0 are consideredR4CI
although we also note that some proteins that nedopiha fide interacting proteins may
not reach the strict threshold set by a NWD-scére hO.

For IP of endogenous NEK1, VAPB or ALS2 in NSC-&lixexpressing either HA-
ALS2, HA-VAPB or FLAG-NEK1, respectively, ~0.5 mg bfsate was incubated with
0.5ug of the indicated antibody (anti-HA Abcam ab9140ti-Nek1 Bethyl Labs A304-
570A, anti-FLAG Sigma F1804, anti-ALS2 Sigma SAB@207, anti-VAPB Bethyl
Labs A302-894A) or control IgG (Cell Signaling Tedhogies) overnight at 4°C. Protein
G resin (25ul) was then added to the IP reaction and incubiated further 2 hours at
4°C. Beads were washed three times with lysis buffier washing, 4x SDS loading
buffer was added and the samples were boiled fon5 Samples were separated on a
SDS-PAGE gel prior to immunoblot analysis accordimgtandard procedures using
primary antibodies at 1:1000 overnight at 4°C, HRiRjugated secondary antibodies
(Promega) at 1:5000 for 1 hour at room temperatnd,chemiluminescent detection
(PerkinElmer).
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Fig. S1. QQ plot of discovery results for dominanhot benign model

Shown are the results for the analysis of 2,874 easl 6,405 control exomes. There

were 16,335 covered genes passing QC with moredharcase or control carrier for this

test, and the genes with the top 10 associatiankbeled. The lambda quantifying

inflation is 1.060. The association wiBdD1 passes correction for multiple tests.
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2 TP53: OR(0.1) 1/2874 (0.03%) vs 21/6405 (0.33%)
37 TBK1: OR (17.9) 8/2874 (0.28%) vs 1/6405 (0.02%)
- 4% TSC2:  OR(N/A) 0/2874 (0.00%) vs 15/6405 (0.23%)
5t NF2: OR (N/A)  0/2874 (0.00%) vs 13/6405 (0.20%)
6" OPA1: OR (N/A)  7/2874 (0.24%) vs  0/6405 (0.00%)
7% WDR35:  OR (6.7) 9/2874(0.31%)vs 3/6405 (0.05%)
8 MPL: OR (6.1) 11/2874 (0.38%) vs 4/6405 (0.06%)
— 9" KRTAP4-7: OR (0.1) 2/2874 (0.07%) vs 45/6405 (0.70%)
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Fig. S2 QQ plot for the discovery results from thelominant LoF model

Shown are the results for the analysis of 2,874 easl 6,405 control exomes. There
were 9,816 covered genes passing QC with moredhartase or control carrier for this
test, and the genes with the top 10 associatiankbeled. The lambda quantifying
inflation is 0.958.
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Fig. S3 Variants InNEK1 and ALS2

Dominant LoF variants are shown f§EK1 (combined dataset), and recessive coding
variants are shown fkLS2 (discovery dataset). LoF variants are filled id, neon-
synonymous variants are filled in blue, and spliagants are filled in purple. Case
variants are shown with red lines, control variaares shown with blue lines, and variants

found in both cases and controls are shown withethines.
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Fig. S4 NEK1 interacts with ALS2 and VAPB

NEK1 interacts with ALS2 and VAPB. (A,B) HEK293TIksestably expressing HA-
NEK1 or HA-NEK1®R (K/R) were subjected to AP-MS analysis using@oenpPASS
platform and proteins with a normalized weighte¢NWD)-score > 1.0 identified.
Among the 51 proteins identified with NEK1 and 8&proteins identified with
NEK1“**R 17 were in common (panel A). The major classeatefacting proteins found
with both bait proteins are shown in panel B. Anstéendicated with asterisks were
identified but with a sub-threshold NWD-score. {f§K293T cells stably expressing
either HA-ALS2 or ALS2-HA were subjected to AP-MBdaNEK1 as well as the NEK1
associated protein C21orf2 were identified. APSWgrage peptide spectral matches.
(D,E) NCS-34 neuronal cells expressing either HASRL HA-VAPB, or FLAG-NEK1
were subjected to immunoprecipitation using eitdr@i-NEK1, anti-VAPB or anti-
ALS2, as indicated, to immunoprecipitate the endoge protein and complexes then
immunoblotted with the indicated antibodies. Simylaanti-FLAG or anti-HA
immunoprecipitations were performed to demonstratgrocal interactions.
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Table S1. Patient Demographics for Discovery Sanmgs

Total ALS Patients Analyzed 2,874

Family History of ALS 6.7% (105/1563)
Male Sex 58.9% (1693/2874)
Bulbar symptom onset 26.8% (661/2467)
If limb onset, proportion upper limb onset 51.29%9a.774)
Cognitive impairment noted at any time 14.4% (1264)
Mean age at symptom onset in years (Stdev, n) (83.0,2521)
Range of ages at symptom onset 13-90

Median disease duration in months (IQR, n) 36 682)

Because data collection varied across centersiuimerators and denominators are
shown. Disease duration was only calculated fojesiio with complete follow-up and
known durations to death or full-time positive ma® ventilation. All patients analyzed
were of white ethnicity.
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Table S2. Sequencing methods and groups

Kit 37MB 50MB 65MB Nimblegen| Genome
Analysis group Cases/CtrlsCases/Ctrls Cases/Ctrls Cases/Ctrls Cases/Ctrlg
Duke University 0/0 0/0 0/676 1137/2915 36/423
McGill/Stanford 0/335 248/227 0/165 1/1 2/61
University

HudsonAlpha 0/0 0/0 0/0 1450/1602 0/0
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Table S3. Number of CCDS bases covered in each aysik

Analysis group Cases Ctrls Cutoff

Duke University 32,233,687 32,165,079 5%
(91%) (91%)

McGill/Stanford | 28,272,224 27,737,938 27%

University (80%) (78%)

HudsonAlpha 30,969,984 31,367,279 20%
(88%) (90%)

Replication- Duke | 111,821 112,423 5%

University custom

capture

Replication- 102,359 N/A N/A*

University of

Massachusetts

exomes

Shown is the average number of bases coveredsatllea. Numbers are n(%). The
cutoff refers to the difference allowed betweeresaand controls in their average exonic
coverage; exons with differences above this valeeewot included in the analysis.
*Exomes used in the replication dataset were isttito the same exons used in the

custom capture samples.
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Table S4. The 51 genes chosen for targeted folloyp-based on initial exome

sequencing results.

TET3

ALYREF

TMEMS55B

TAF6

CYGB

ADCYAPIR1

NEK1

CYP1/7Al1

YBX3

ATP6V1F

CEL

KCNT1

ZNF296

PCDHGA9

CAMK2A

UBE2D2

LGALSL

LRRC73

DOCK3

PDLIM2

S100A2

TBK1

LENG9

HAS?

TRAF4

C190rf25

ZNF837

OPTN

PAMR1

ILS

GRID2IP

SPSB3

MPL

Cl6orfll

DNMT3A

S C15A2

PFKFB1

SH3KBP1

PPCS

BTBD11

SPG11

HIVEP3

ENAH

ZNF432

TGM3

TBC1D30

AP1G2

SCEL

TNNT3

MADD

GPR162
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Table S5. NEK1-Interacting proteins

INTERACTOR | NEK1 (APSM) | NEK1K33R NEK1 (NWD) | NEK1K33R
(APSM) (NWD)
ZXDC 10 4 2.75 1.56
VPS29 1 3 0.08 1.35
VPS26B 2 7 1.06 2.19
VAPA 9 4 1.5 1.04
SGPL1 21 4 1.74 0.39
RPS6KA3 4 1 3 0.12
PIPSL 2 0 2.12 0
PDF 1 3 0.12 2.71
NOSIP 2 1 1.06 0.78
NEK1 592 269 17.15 11.95
MYO5A 2 0 1.06 0
MAP4 2 1 1.06 0.78
LRP2 1 2 0.08 1.1
KIFC1 4 1 3 0.12
KIF2C 13 11 3.27 3.06
KIF2A 25 15 2.35 1.72
KIAA0562 15 8 2.77 1.78
KATNB1 2 3 1.06 1.35
KATNA1 4 1 3 0.12
JUN 4 4 1.5 1.56
CREB5 5 0 1.68 0
CEP97 2 1 2.12 1.56
CEP78 5 1 1.12 0.52
CEP290 24 3.75 1.78
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CAMK2G 4 6 15 1.93
CAMK2D 7 10 1.19 1.7
CAMK2B 4 4 1 1.04
C21orf2 10 8 4.74 4.42
ATF7 5 1 3.35 0.12
ATF2 6 1 1.86 0.08
ANKRD27 0 3 0 2.71
ALS2 19 23 2.52 3.01
ALG11 1 0 15 0
VPS35 7 13 0.23 0.4
YWHAG 12 13 0.2 0.21
YWHAZ 27 23 0.2 0.19
YWHAQ 22 10 0.15 0.1
YWHAE 104 91 0.48 0.46
YWHAB 28 24 0.46 0.43
YWHAH 10 16 0.36 0.48

23




