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Abstract:

The non-coding genome is substantially larger than the protein-coding genome, but the lack of appropriate
methodologies for identifying functional variants limits genetic association studies. Here, we developed
analytical tools to identify rare variants in pre-miRNAs, miRNA recognition elements in 3'UTRs, and
miRNA-target networks. Region-based burden analysis of >23,000 variants in 6,139 amyotrophic lateral
sclerosis (ALS) whole-genomes and 70,403 non-ALS controls identified Interleukin-18 Receptor
Accessory Protein (IL18RAP) 3'UTR variants significantly enriched in non-ALS genomes, replicate in an
independent cohort and associate with a five-fold reduced risk of developing ALS. IL1ISRAP 3'UTR
variants modify NF-«B signaling, provide survival advantage for cultured ALS motor neurons and ALS
patients, and reveal direct genetic evidence and therapeutic targets for neuro-inflammation. This
systematic analysis of the non-coding genome and specifically miRNA-networks will increase the power

of genetic association studies and uncover mechanisms of neurodegeneration.
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One Sentence Summary: Non-coding genetics demonstrate rare variants in 1L-18 receptor 3’UTR that

modifies ALS risk and progression.
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[Main Text:]

Introduction

Genomic sequencing technologies facilitate identification of variants in open reading frames (ORFs).
Although allelic variants in non-coding regions are expected to be numerous % 2 they are largely
overlooked because current analytical approaches do not adequately prioritize variants that are likely to

be functional, over neutral background variation.

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative syndrome, primarily affecting the human
motor neuron system with a strong genetic predisposing component >4, Thus, mutations in approximately
25 protein-coding genes have been associated with ALS * > © and a hexanucleotide repeat expansion in an
intronic sequence of the C9orf72 gene is the most common genetic cause of ALS . However, non-coding

nucleotide variants in ALS have yet to be systematically explored.

MicroRNAs (miRNAs) are endogenous posttranscriptional repressors that silence mMRNA expression
through sequence complementarity. miRNA dysregulation has been implicated in ALS pathogenesis, and
ALS-associated RNA-binding proteins, TARDBP/TDP-43 and FUS, regulate miRNA biogenesis 102,
miRNA primarily act on 3’ untranslated regions (3'UTRs) 22, which are non-coding parts of messenger

RNAs (mMRNAs) and often regulate degradation and translation 23,

Burden analysis is a genetics approach that is based on the rationale that different rare variants in the same
gene may have a cumulative contribution 24, Therefore, burden analysis allows the identification of genes
containing an excess of rare and presumably functional variation in cases relative to controls. Although
de novo mutations in non-coding regions were recently shown in family-based autism studies 2, variants
in non-coding regions are not routinely included in rare-variant burden association studies. The application
of burden analysis to non-coding regulatory variation is constrained by the availability of whole genome
sequencing (WGS) data, and the ability to recognize functional variants in non-coding regulatory regions,

which is currently far less effective than for protein-coding genes.

To effectively apply burden analyses to regulatory variation, appropriate ways to determine what are the
relevant (qualifying) variants should be determined. In the case of miRNAs and miRNA recognition

elements such a framework can be achieved with relatively high confidence because of miRNA high
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conservation and wealth of mechanistic insight about sequence impact on function. Therefore, miRNA

regulatory networks make an excellent gene set to explore.

Here, we developed tools that identify, or call, qualifying variants in miRNAs and 3’'UTR of mRNAs, and
performed collapsed genetic analysis 2, to test if these regulatory RNAs are associated with ALS. We
discovered an enrichment of rare variants in the IL18RAP 3'UTR, implicating the 1L-18 pathway in ALS.
Non-coding variants analysis in miRNA networks may impact research of human traits, increase the power
of rare-variant association methods and encourage systematic exploration of non-coding regions, to

uncover genetic mechanisms of disease.
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Results

To test whether genetic variations in non-coding regulatory regions are associated with ALS, we analyzed
regions of interest WGS data from the Project MinE ALS sequencing consortium 2’ (Supplementary Fig.
1A,B and Supplemental Tables 1,2). The discovery cohort consisted of 3,955 ALS patients and 1,819 age-
and sex-matched controls, for a total of 5,774 whole-genomes from the Netherlands, Belgium, Ireland,
Spain, United Kingdom, United States and Turkey (Project MinE Datafreeze 1). We tested 295 genes,
including candidates from sporadic ALS GWAS 2 or encoding RNA-binding proteins, and analyzed both
their 3’'UTRs and open reading frames (Supplementary Table 3). In addition, we tested all 1,750 human
precursor miRNA genes (pre-miRNAs; miRBase v20) %°.

We devised a method for identifying rare genetic variants with minor allele frequencies (MAF) <0.01, in
non-coding RNA regulation that: (1) abrogate miRNA recognition elements in 3'UTRs; or (2) result in a
predicted de novo gain of miRNA binding; or (3) change the sequence of mature miRNAs and/or pre-
miRNAs (miRBase v20%°). We performed region-based burden test, in which variants within miRNA
recognition elements in 3'UTRs and within pre-miRNA genes that satisfy above criteria (qualifying

variants), were binned together to weight their contribution to disease.

We also identified rare variants in open reading frame of the 295 miRNA-relevant or ALS-relevant protein
coding genes, that are predicted to cause frameshifting, alternative splicing, an abnormal stop codon, or a
deleterious non-synonymous amino acid substitution that were detected in > 3 of 7 independent dbNSFP
prediction algorithms *° (Fig. 1A and Supplementary Table 3). In total 28,211 rare qualifying variants
were identified (Supplementary Table 4).

As positive control we performed an association analysis of rare variants in protein-coding sequences,
using the Optimized Sequence Kernel Association Test (SKAT-0) 3. SKAT-O identified a significant
excess of deleterious minor alleles in the ALS genes NEK1 (127 cases; 19 controls [3.21%; 1.04%]: P =
7.04x107; P correctea= 2.13x107#), comparable with a reported prevalence of 3% %2, and SOD1 (36 cases
[0.91%]; 0 controls: P = 2.61x10*; P corrected = 3.76x10%) ¥, which is below the reported 2% prevalence
% (Fig. 1B, Supplementary Fig. 2A and Data File S1). Other known ALS genes did not reach statistical
significance (Supplementary Table 3), consistent with reported statistical power limitations of Project
MinE WGS data in assessing the burden of rare variants 3. Our analysis did not consider C9orf72

hexanucleotide (GGGGCC) repeat expansion region.
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We determined the burden of rare variants in all autosomal pre-miRNAs in the human genome (1,750
genes). We did not identify disease association for any pre-miRNAs, nor for any of the predicted genetic
networks based on variants aggregated over specific mature miRNAs and their cognate downstream
3’UTR targets. This may be because the small size of miRNA genes makes genetic aggregation studies
particularly challenging (Supplementary Fig. 2B,C).

Finally, we tested the burden of variants that are potentially either abrogating conserved miRNA binding
sites or creating new miRNA binding sites in 3'UTRs. The strongest association was for the 3'UTR of
IL18RAP (Fig. 1B, Supplementary Fig. 2D and Data File S1). This association was higher than expected
at random (P = 3.34x107°, P corrected =9.31x107%) and from the association gained for all protein-coding
ALS genes in this cohort, with the exception of NEK1. Notably, the signal was more prevalent in controls
[9/1819, 0.49%] relative to ALS patients [4/3955, 0.10%], indicating that these variants are protective
against ALS.

Because the number of ALS genomes was ~2.17-fold larger than the number of controls, the data depict
a 4.89-fold enrichment in the abundance of variants in controls over cases. ILI8RAP 3'UTR protective
variants reduced the disease odds ratio by five-fold (OR = 0.20; Fig. 2A), and was consistent across
independent population strata (Fig. 2B), whereas NEK1 and SOD1 increased the disease odds ratio (OR =
3.14, 33.89, respectively; Fig. 2A).

ILL8RAP 3'UTR also ranked as the top hit when we relaxed the analysis by including all 3'UTR variants,
regardless of predicted miRNA recognition elements. Therefore, the robust association of IL18RAP
3'UTR is independent of the assumptions about specific miRNA binding (SKAT-O P = 1.88x107°, P corrected
=5.62x107; variant in controls [12/1819, 0.66%], cases [6/3955, 0.15%], OR = 0.23; Fig. 2A,C, Fig. 3A,
Supplementary Table 5 and Data File S1). Three other algorithms — the Sequence Kernel Association Test
(SKAT, P = 1.73x107°; permutated P-value < 10), the Combined Multivariate and Collapsing (CMC, P
= 8.66x10%) or Variable Threshold (VT) with permutation analysis (permutated P-value = 2.10x107%) —
all ranked the IL18RAP 3'UTR association above any other studied 3’UTR, suggesting that the association
does not depend on a particular statistical genetics method (Supplementary Fig. 3). Together, rare variants

in IL18RAP 3’UTR are depleted in ALS patients, suggesting that they are protective against ALS.

To determine if the rare ILLBRAP 3'UTR variants are depleted in another ALS cohort, we performed

independent replication studies. Similar results for rare ILL8RAP 3’UTR variants were reproduced in the
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New York Genome Center (NYGC) ALS Consortium cohort (2,184 ALS genomes), which was studied
against: (i) 263 non-neurological controls from the NYGC; (ii) 62,784 non-ALS genomes from NHLBI's
Trans-Omics for Precision Medicine (TOPMed); and (iii) 5,537 non-ALS genomes from gnomAD. This
replication effort yielded a joint analysis P-value = 9.58x10* (y2 with Yate’s correction; OR=0.32; 95%
Cl: 0.16 — 0.64; Fig. 2C and Supplementary Table 6). Combining this cohort with our discovery cohort
from Project MinE, yielded a superior joint P-value < 1.00x10° (y2 with Yate’s correction; OR=0.20;
95% ClI: 0.12 — 0.34; Fig. 2C). A meta-analysis of Project MinE datafreeze 1 and 2, which consisted of
5,185 ALS patients and 2,262 age- and sex-matched controls, reproduced the initial signal (p= 7.6x10%).

Together, IL18BRAP 3’UTR sequence variants contribute to a lower risk of suffering from ALS, that is
approximately one fifth of the general population, although it did not reach conventional exome-wide

multiplicity-adjusted significance threshold (a =2.6x10°, ref. 24) in our study.

Finally, genome-wide analysis of all known human 3’UTRs (RefSeq, *°) identified IL18RAP 3’UTR as
the most significant 3’UTR associated with ALS, in the Project MinE cohort (Fig. 3B), followed by the
GPATCHS8 3’UTR (SKAT-O P = 1.92x107°, P corrected =0.16; variant in controls [63/1819, 3.46%], cases
[68/3955, 1.72%)], OR = 0.49), the CDC14B 3’UTR (SKAT-O P = 3.64x10°°, P corrected =0.19; variant in
controls [112/1819, 6.16%], cases [163/3955, 4.12%], OR = 0.66), and the RAB3GAP2 3°’UTR (SKAT-O
P = 4.51x10, P corrected =0.19, variant in controls [147/1819, 8.08%], cases [485/3955, 12.26%], OR =
1.59). GPATCHS8 is involved in hyperuricemia pathophysiology, CDC14B is a dual-specificity
phosphatase involved in the DNA damage response, and RAB3GAP2 is involved in neurotransmitter and
hormone exocytosis and highly expressed in the brain, however, their potential role in neurodegeneration

is unknown.

To investigate the source of the signal in the IL18RAP 3'UTR in a post-hoc analysis, we divided the 11
variant nucleotides into two synthetic sets, of either nine singleton variants (9 variants / 3 controls / 6
patients) or two variants that were identified solely in controls (2 variants / 9 controls / 0 patients). While
the signal of the nine singleton variants was not statistically significant, analysis of the two control
variants, which were identified in multiple samples, derived an improved significance compared to the
original signal (SKAT-O P = 4.36x107%). Thus, these two rare variants (V1, Chr2:103068691 C>T; V3,
Chr2:103068718 G>A) are likely central in generating the genetic association signal in IL1BRAP 3'UTR.
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IL18RAP is a receptor subunit which dimerizes with IL18R1 upon binding of the interleukin IL-18. IL18
receptor is expressed in T-cells, neurons, astrocytes, and microglia 3 and induces NF-xB signaling. To
determine the functional impact of the IL18RAP variants we analyzed IL18RAP expression in
lymphoblastoid cell lines (LCLs) from the UK MNDA DNA Bank 3 that were originally derived from
two different individuals, one carrying the putative IL18RAP protective variant (V3, Chr2:103068718
G>A) and the other carrying the canonical IL18RAP 3’UTR (control). LCLs harboring the IL18RAP
3’UTR protective variant significantly down-regulated IL18RAP protein expression (Fig. 4A and Data
File S2), with p-NF-kB protein levels also being significantly reduced (Fig. 4B and Data File S3).
Therefore, a variant form of ILI8RAP 3’UTR attenuates its endogenous expression and downstream NF-

kB signaling.

To further establish the functional relevance of the ILI8RAP 3’UTR variants, we subcloned wild-type
IL18RAP 3’UTR (WT) and the two most prevalent 3’UTR variants, (Chr2:103068691 C>T (V1) and
Chr2:103068718 G>A (V3)), downstream of a Renilla luciferase reporter (hRluc). Variants V3 and V1
reduced luciferase activity by ~33% and ~30%, respectively, relative to the WT IL18RAP 3°UTR (Fig.
4C,D). Thus, the protective IL18RAP variants regulate ILLSRAP mRNA expression.

To determine the ability of the ILL8RAP variants V3 and V1 to induce NF-«xB activity, we co-transfected
U20S cells with different ILI8RAP coding region (CDS) and 3’UTR constructs, along with an NF-xB
activity reporter that drives luciferase (Luc2P) transcription via five copies of the NF-kB response
element. NF-xB signaling was induced by adding a human recombinant I1L-18 to the medium. Variants
V3 and V1 of the IL18RAP 3°’UTR reduced NF-«xB activity by ~10% and ~21%, respectively, relative to
the WT IL18RAP 3°UTR (Fig. 4E,F). GFP vector and a dominant negative coding mutant E210A-Y212A-
Y214A CDS + WT 3°UTR (3CDS) ¥, served as controls. We conclude that V3 and V1 3°UTR variants
affect IL18RAP capacity to induce NF-xB signaling, although physiological relevance cannot be

elucidated from a reporter assay.

Levels of the cytokine IL-18 are elevated in ALS patient tissues and biofluids %42, but the expression in
motor neurons is not characterized. To study IL-18 and IL18RAP expression levels specifically in human
motor neurons of patients with ALS, we mined human NGS data. IL18RAP and IL-18 mRNA expression
are higher in laser capture microdissection— enriched surviving motor neurons from lumbar spinal cords
of patients with sALS with rostral onset and caudal progression, relative to non-neurodegeneration

controls (Supplementary Fig. 4A,B; data from ref. 4%). Consistently, higher IL-18 mRNA levels were also

10
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in induced human motor neurons of patients with ALS (Supplementary Fig. 4C; data from ref. ). Thus,

IL-18 and IL18RAP receptor subunit are abnormally high in human ALS motor neurons.

To study the impact of IL18BRAP 3’UTR mutations in a model of human ALS motor neurons, we
performed a survival analyses using induced pluripotent stem cells (iPSCs) derived from human ALS
patients that harbor a C90rf72 hexanucleotide repeat expansion “°. iPSCs from patients and from healthy
controls were differentiated to Hb9::RFP+ human motor neurons (iMNs) *° and time-lapse microscopy
was used to quantify their subsequent survival after withdrawal of neurotrophic factors and in the presence
of the cytokine IL-18 (Fig. 5A). As expected, degeneration (cellular death) was significantly more severe
in C9orf72 patient iMNs than in iMNs derived from healthy controls (n=2 patients, n=2 controls, iMNs
from each genotype combined into a single trace for clarity; Fig. 5B). Notably, this was partially rescued
by transducing C9orf72 iPSCs with the IL18RAP 3’UTR variant V3 (including CDS) expression vector,
which ameliorated motor neuron toxicity, relative to wild-type ILL8BRAP 3°’UTR. This was similar to the
effect of a ILL8BRAP dominant negative coding mutant, 3CDS (E210A-Y212A-Y214A; one-sided log-
rank test, P<0.05, n=2 patients, n=2 controls, Fig. 5B-D). The V1 variant had a more limited effect, which
might be related to activity of V1 in cells other than motor neurons. Additionally, C9orf72 iMNs harboring
the V3 variant displayed a lower hazard ratio (cellular death propensity) than C9orf72 iMNs harboring
the wild-type IL18RAP 3’UTR, (n=2 patients, n=2 controls (Fig. 5E). Thus, both ILI8RAP and its ligand
IL-18 are upregulated in human ALS motor neurons and a rare variant of IL18RAP 3’UTR confers

protection to human C9orf72 motor neurons in tissue culture.

To determine whether the mutant IL18RAP 3’UTR is also protective in human patients with ALS, we
tested the association between age of diagnosis and age of death in ALS patients harboring wild-type or
variants of the IL18RAP 3’UTR. Of 4216 patients for whom data on age of diagnosis was available
(Project MinE and NYGC cohorts), 8 harbored IL18RAP 3°UTR variants. Of 4263 patients for whom age
of death was available, 9 harbored IL18RAP 3°UTR variants. IL18RAP variants are expected to be
depleted in ALS genomes, nonetheless in those extremely rare patients harboring IL18RAP 3°’UTR
variants, these were associated with an older age of death, on average 6.1 years after the average for
patients with canonical 1118RAP 3’UTR (one-sided Mann-Whitney test P = 0.037; Fig. 5F), and an older
age of diagnosis, on average 6.2 years after the average for patients with canonical 1118RAP 3°UTR (one-
sided Mann-Whitney test P = 0.06; Fig. 5G). Thus, variants in ILL8RAP 3’UTR are protective against

ALS and provide survival advantage for patients suffering from the disease.

11
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Discussion

Data from the ALS consortia used in this study, Project MinE and NYGC, provide unprecedented
opportunities for investigating the role of the non-coding genome in ALS, and will drive the development
of computational methodologies for weighting the effect of variants outside of protein open reading
frames. By identifying qualifying variants and performing rare variant aggregation analysis in 1,750 pre-
mMiRNA genes, and 295 protein coding ORFs and their 3'UTRs, we demonstrated that variants in the
3'UTR of IL18RAP are enriched in non-ALS genomes, indicating that these are relatively depleted in
ALS. IL18RAP 3'UTR variants reduced the chance of the disease five-fold, increased the survival of
human C9orf72 motor neurons and delayed onset and therefore age of death in people with ALS. The
discovery of functional, disease-modifying IL1L8RAP 3’UTR variants underscores the need to explore the

role of additional non-coding genomic regions in ALS.

Protective protein-coding variants have been identified in Alzheimer’s disease *6*° and implicated in ALS
as well %% and deleterious variants were suggested in VEGF promoter/5’UTR °2, However, the 3'UTR

of IL18RAP is the first protective non-coding allele associated with a neurodegenerative disease.

Neuro-inflammation is prevalent in neurodegeneration, including in ALS °3, and is often characterized by
the activation of microglia, astrocytes, and the accumulation of infiltrating T-cells at sites of
neurodegeneration >+, The soluble ligand, 1L-18, is part of this neuro-inflammatory milieu, promoting
receptor subunit (IL18RAP, IL18R1) dimerization on the membrane of T-cells, neurons, astrocytes, and
microglia *’, and activating intracellular signaling cascades, including NF-kB. Polymorphic forms of
IL18RAP are genetically associated with autoimmune / inflammatory diseases %32, suggesting that
perhaps changes to IL1I8RAP via its 3’UTR, alter ALS risk or severity in a dose or expression-dependent

manner.

Our study directly links dysregulation of IL18RAP signaling to ALS. The protective effect of ILL8RAP
3’UTR variants causes downregulation of IL-18 signaling, which might be hyperactive in ALS motor
neurons and is supported by previous observations showing that ALS patients have elevated levels of the
cytokine IL-18 in tissues and biofluids %2 and that IL-18 secretion is triggered from microglia in a model
of TDP-43 proteinopathy 3. Our data from human motor neurons further suggest that ILI8RAP may be
acting directly on motor neurons. Therefore, variants in IL18RAP 3'UTR may modify IL-18 signaling in

12
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the central nervous system of ALS patients. However, the regulatory changes affected by the IL18RAP

3'UTR variants remains to be elucidated.

A limitation of our study is that only 295 candidate genes were initially tested. However, the key findings
were reproduced in a genome-wide study of all human 3’UTRs. While IL18RAP 3’UTR signal is
comparable to that of protein-coding ALS-causing genes, such as SOD1 and NEK1, limitations in the
statistical power may be overcome with larger ALS and control cohorts, which are not currently available.
Furthermore, the genetic involvement of ILI8RAP 3’UTR in other neurodegenerative diseases remains to
be explored. Finally, the mechanism underlying IL18RAP dose sensitivity is not fully understood. While
we provide evidence that ILL8RAP 3’UTR endows neuroprotection to human motor neurons and is
associated with survival advantage in humans with ALS, additional studies should explore the mechanism
by which IL18RAP protects motor neurons and the degree to which other cell types, such has microglia,

are involved.

In summary, we have identified the ILLBRAP 3'UTR as a non-coding genetic disease modifier by burden
analysis of WGS data using ALS case-control cohorts. We show that IL-18 signaling modifies ALS
susceptibility and progression, delineating a neuro-protective pathway and identifying potential
therapeutic targets for ALS. Whereas the 3'UTR of IL18RAP is the first protective non-coding allele
associated with a neurodegenerative disease, the increasing wealth of WGS data in Project MinE, NYGC
and elsewhere, indicates that the exploration of non-coding regulatory genomic regions should reveal

further disease-relevant genetic mechanisms.
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Methods

Human genetic cohorts

All participants contributed DNA after signing informed consent at the submitting sites. Human materials
were studied under approval of the Weizmann Institute of Science Institutional Review Board (Weizmann
IRB: 1039-1).

Discovery cohort: Project MinE ALS sequencing consortium Datafreeze 1 includes 3,955 ALS patients
and 1,819 age- and sex-matched controls, free of any neurodegenerative disease, for a total of 5,774 quality
control (QC) passing whole-genomes, from the Netherlands, Belgium, Ireland, Spain, United Kingdom,
United States and Turkey. Rare variant association in cases versus controls was evaluated for regions of
interest, when we could identify >2 variants per region, by SKAT-O, SKAT, CMC and VT in RVTESTS
environment %4, with sex and the top 10 principal components (PCs) as covariates. To construct the PCs
of the population structure, an independent set of ~450,000 SNPs was sampled from WGS, (MAF >0.5%)
followed by LD-pruning.

Replication cohorts: Utilized for testing rare variant alleles (MAF < 0.01) in human IL18RAP 3’UTR
(GRCh37/hg19 chr2:103068641-103069025 or GRCh38 chr2:102452181-102452565) from Project
MinE datafreeze 2: ~1300 European heritage ALS genomes without middle eastern (Turkish and Israelis)
genomes. The New York Genome Center (NYGC) ALS Consortium (2,184 ALS Spectrum MND and 263
non-neurological control genomes from European/Americas ancestries), NHLBI's Trans-Omics for
Precision Medicine (TOPMed; 62,784 non-ALS genomes) and gnomAD (5,537 non-ALS genomes;
Europeans, non-Finnish, non-TOPMed). Joint analysis in replication cohort, was performed by Chi square
test with Yate’s correction. Meta-analysis was not possible because TOPMed and gnomAD covariate

information is not available.
Quality control procedures in Project MinE genomics

Sample selection, data merging and sample- and variant level quality control procedures for Project MinE
ALS sequencing consortium genomes are described in full previously *°. Briefly, 6,579 Project MinE ALS
sequencing consortium whole genomes sequenced on Illumina HiSeq2000 or HiSegX platforms. Reads
were aligned to human genome build hgl9 and sequence variants called with Isaac Genome Alignment
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Software and variant caller . Individual genomic variant call format files (GVCFs) were merged with
‘agg’ tool: a utility for aggregating Illumina-style GVCFs. Following completion of the raw data merge,
multiple QC filtering steps were performed: (i) setting genotypes with GQ<10 to missing; (ii) removing
low-quality sites (QUAL< 30 and QUAL< 20 for SNPs and indels, respectively); (iii) removing sites with
missingness > 10%. (iv) Samples excluded if deviated from mean by more than 6SD for total numbers of
SNPs, singletons and indels, Ti/Tv ratio, het/hom-non-ref ratio and inbreeding (by cohort). (v) missingness
> 5%, (vi) genotyping-sequence concordance (made possible by genotyping data generated on the
Illumina Omni 2.5M SNP array for all samples; 96% concordance), (vii) depth of coverage, (viii) a gender
check (to identify mismatches), (ix) relatedness (drop samples with >100 relatedness pairs). (x) Related
individuals were further excluded until no pair of samples had a kinship coefficient > 0.05. (xi) missing
phenotype information. Following QC, 312 samples with expended/inconsistent C9orf72 status were
omitted from further analysis. A total of 5,774 samples (3,955 ALS patients and 1,819 healthy controls)
passed all QC and were included in downstream analysis. Per-nucleotide site QC was performed on QC-
passing samples only, for Biallelic sites: variants were excluded from analysis based on depth (total DP <
10,000 or > 226,000), missingness > 5%, passing rate in the whole dataset < 70%, sites out of Hardy—
Weinberg equilibrium (HWE; by cohort, controls only, p < 1x10®) and sites with extreme differential
missingness between cases and control samples (Overall and by cohort, p < 1x10°%). Non-autosomal

chromosomes and multiallelic variants were excluded from analysis.
Selection of regions of interest

Discontinuous regions of interest approximating in total ~5Mb, include coding sequences and 3’
untranslated regions (3'UTRs) of 295 genes (Supplementary Table 3) encoding for proteins that were: (i)
previously reported to be associated with ALS, (ii) RNA-binding proteins including miRNA biogenesis
or activity factors [UCSC gene annotation; °°]. In addition to (iii) all 1,750 human pre-miRNA genes
[miRBase v20; %°]. In addition, genome-wide analysis of all known human 3°UTRs (RefSeq *°). Variants
in regions of interest were extracted from Project MinE ALS sequencing consortium genomes using
vcftools 87 according to BED file containing genomic coordinates of interest (hg19) +300 bp that ensures

covering splice junctions and sequence (Supplementary Table 7).
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Annotation and burden analysis

After quality control and extraction of regions of interest we performed functional annotation of all
variants. Indels were left-aligned and normalized using bcftools and multiallelic sites were removed. For
variant annotation we developed a pipeline that calculates the impact of genetic variation in coding regions
as well as in 3’UTR and miRNA regions, using ANNOVAR ®, The frequency of the variants in the general
population was assessed by screening the 1000 Genomes Project, the Exome Aggregation Consortium
(ExAC) and NHLBI Exome Sequencing Project (ESP). For protein coding ORFs, association analysis of
deleterious rare variants was performed, i.e., frameshift variants, deviation from canonical splice variant,
stop gain/loss variants or a non-synonymous substitution, as predicted by at least three prediction
programs (SIFT, Polyphen2 HVAR, LRT, MutationTaster, MutationAssessor, FATHMM, MetaLR) in
dbNSFP environment [v2.0; *°].

Non-coding sequence burden analysis included (i) 3'UTRs, (ii) variants in miRNA recognition elements
in 3'UTRs (Supplementary Table 3): Variants that impaired conserved-miRNA binding sites in 3'UTRs
(predicted loss of function) were called by TargetScan [v7.0; ®°]. Newly created miRNA binding sites in
3'UTRs (predicted gain of function) were called by textual comparison of all possible mutated seeds
around a variant to all known miRNA seed sequences in the genome, (iii) all human pre-miRNAs (mirBase
v20 2%) and (iv) miRNAs:target gene networks: mature miRNA sequences (mirBase v20 2°) and cognate

targets within the 3’UTRs (Supplementary Table 3).
Mammalian Cell Cultures

Lymphoblastoid cell lines (LCLs) from the UK MNDA DNA Bank 8 were originally derived from an
individual carrying the suggested IL18RAP protective variant (V3, Chr2:103068718 G>A) and another
individual with the canonical IL18RAP 3’UTR (Weizmann IRB: 537-1). LCLs were cultured in RPMI-
1640 (Gibco, 21875091) with 20% inactivated fetal bovine serum (FBS, Biological Industries, 04-001-
1A), 1% L-glutamine and 1% penicillin-streptomycin (Biological Industries, 03-0311B) at 37°C, 5% CO2.
Human Bone Osteosarcoma Epithelial Cells (U20S), were maintained in Dulbecco’s Modified Eagle
Medium (DMEM, Biological Industries, 01-050-1A) supplemented with 10% FBS, 1% penicillin-
streptomycin at 37°C, 5% CO2.
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Cloning

Full IL18RAP coding sequence (CDS) and 3'UTR sequence (2223bp) in pMX vector was purchased from
GeneArt (Invitrogen, Supplementary Table 8) and subcloned with V5 epitope into pcDNAS3. Different
mutants, including: WT IL18RAP CDS + mutant 3°’'UTR (V1 or V3), and a dominant negative coding
mutant E210A-Y212A-Y214A CDS + WT 3’UTR (3CDS) *° created by Transfer-PCR mutagenesis’.
Next, WT and mutants full ILL8RAP were subcloned into pUItra vector (a gift from Malcolm Moore,
Addgene plasmid #24130, for which mCherry was replaced with EGFP), downstream of the human
Ubiquitin C promoter and EGFP-P2A. Human IL18RAP 3'UTR sequences (422bp) in pMX vector were
purchased from GeneArt (Invitrogen, Supplementary Table 8) and subcloned into hRluc reporter in
psiCHECK-2 vector (Promega). All cloning procedures were done via restriction free cloning . List of

primers used for cloning and Transfer-PCR mutagenesis described in Supplementary Table 9.
Transfection and luciferase assays

Transfection to U20S Cells at 1.9 cm? Corning plates was performed at 70-80% confluence, 24 h post
plating in antibiotic- free media, using Lipofectamine 2000, 0.5 pL per well (Thermo Fisher Scientific,
Cat# 11668027). Each well was considered as a single replicate. miRNA sensor: U20S cells were
harvested 72 h post-transfection with human IL18RAP 3'UTR downstream to hRluc reporter (psiCHECK-
2 vector 500 ng / 1.9 cm? plate), for Dual luciferase reporter assay (Promega). NF-kB reporter assay:
U20S cells were induced with recombinant IL-18 (5ng/ml) 72 h post-transfection with full coding
sequence of IL18RAP coding region + 3'UTRs (pUltra vector 500 ng / 1.9 cm? plate), luc2P/NF-xB-RE
(pGL4.32 100 ng) luciferase and Renilla luciferase (hRluc 10 ng). 6 h post later cells were harvested and

luminescence quantified.

Cell lysis and Western blot

LCLs were washed in PBSx1, centrifuged at 800 x g for 5 min at 4°C, pelleted and lysed in ice-cold RIPA
buffer supplemented with cOmplete™ Protease Inhibitor Cocktail (Roche, 4693116001) and
PhosSTOP™ (Roche, 4906837001). The lysates were cleared by centrifugation at 15,000 x g for 10 min
at 4°C. Plasma Membrane Protein Extraction Kit (abcam, ab65400) was used for extraction of membrane-
bound IL18RAP.
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Protein concentrations quantified with Protein Assay Dye Reagent (Bio-Rad, 500-0006), resolved at 50ug
of total protein/well by 10% polyacrylamide / SDS gel electrophoresis at 100-120 V for 70 min. After gel
electrophoresis and transferred to nitrocellulose membrane (Whatmann, 10401383) at 250mA for 70 min.
Membranes were stained with Ponceau (Sigma, P7170), blocked for 1 hour at RT with 3% Bovine albumin
fraction V (MPBio 160069) or 5% milk protein in PBST (PBS containing 0.05% TWEEN-20) and then
incubated with primary antibodies [Rabbit anti IL-18R Beta antibody (Bioss, catalog# BS-2616R, 1:500),
mouse anti GAPDH (Thermo Fisher, catalog# AM4300, 1:5000), mouse anti p-NFxB p65 antibody (Santa
Cruz, catalog# sc-135769, 1:200), Mouse Anti-beta Actin antibody [AC-15] (abcam, catalog# ab6276,
1:9,000)] O.N. at 4°C with rocking in antibody-Solution [5% albumin, 0.02% sodium azide, 5 drops of
phenol red in 0.05% PBST]. Following primary antibody incubation, membranes were washed 3 times for
5 min at RT with 0.05% PBST then incubated for 1 hour at RT with horseradish peroxidase (HRP)-
conjugated species-specific secondary antibodies, washed 3 x 5 min in 0.05% PBST at RT and visualized
using EZ-ECL Chemiluminescence (Biological Industries, 20500-120) by ImageQuant™ LAS 4000 (GE

Healthcare Life Sciences). Densitometric analysis performed using ImageJ (NIH).

Induced neuron survival assay

Survival assay of Hb9::RFP+iMNs was conducted as described previously “°, with the following
modifications: (i) iIMNs were infected on day 2 with lentiviruses expressing the full pUItra-IL18RAP
constructs, and (ii) longitudinal microscopic tracking was performed every 48 hours, following
neurotrophic factor withdrawal and IL-18 treatment (10ng/mL), starting on day 15 for 18 additional days.
iMN survival assays were performed using three individual replicates / line / condition. iMNs were from
two independent donors for each genotype (CTRL/C9-ALS) were combined into one survival trace in the
Kaplan-Meier plots for clarity. Ichida lab human lymphocytes from healthy subjects and ALS patients
were obtained from the National Institute of Neurological Disorders and Stroke (NINDS) Biorepository
at the Coriell Institute for Medical Research and reprogrammed into iPSCs as previously described #°. The
NINDS Biorepository requires informed consent from patients. The experiment involved mouse glial
isolation, performed at University of Southern California (USC) and was done in compliance with ethical
regulations approved by the USC IACUC committee (Los Angeles, USA).

Statistical analysis

Statistics performed with Prism Origin (GraphPad). Shapiro-Wilk test was used to assess normality of the

data. Pairwise comparisons passing normality test were analyzed with Student’s t-test, whereas the Mann-
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Whitney test was used for pairwise comparison of nonparametric data. Multiple group comparisons were
analyzed using ANOVA with post hoc tests. For iMN survival experiments, statistical analysis was
performed using a one-sided log-rank test to account for events that did not occur (i.e. iMNs that did not
degenerate before the end of the experiment). For each line, the number of iMNs that were analyzed to
generate the survival curve is indicted in the figure. Statistical P values <0.05 were considered significant.

Data are shown as box plots, or as noted in the text.
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Fig. 1. Region-based rare-variant association analysis. (A) Diagram for region-based rare-variant
association studies. Collapsed region-based association analysis was performed on rare (MAF <0.01)
qualifying variants in: (i) 295 candidate protein-coding genes (Supplementary Table 3) encoding for ALS-
relevant proteins or proteins associated with miRNA biogenesis/activity. Variants were included if
predicted to cause frameshifting, alternative splicing, an abnormal stop codon, or a deleterious non-
synonymous amino acid substitution, in > 3 of 7 independent dbNSFP prediction algorithms; (ii) variants
abrogating or gaining miRNA recognition elements in 3'UTRs of the 295 genes (Supplementary Table 3);
(iii) all known pre-miRNA genes in the human genome; and (iv) predicted networks, comprised of
aggregated variants detected in a specific mature miRNA sequence and its cognhate down-stream 3’UTR
targets. (B) QQ plot of obtained and expected P-values for the burden of rare variants (log scale) gained
by collapsed region-based association analysis of all genomic regions described in (A). Data were obtained
from 3,955 ALS cases and 1,819 controls (Project MinE). Features positioned on the diagonal line
represent results obtained under the null hypothesis. Open-reading frames of 10 known ALS genes (blue).
IL18RAP 3'UTR miRNA recognition elements (red). Genomic inflation A = 1.21.
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Fig 2. Odds of ALS is reduced with rare variants in the IL18RAP 3’UTR. (A) Odds ratio (OR)
estimates with 95% confidence intervals (CI) for NEK1 (coding), SOD1 (coding), predicted miRNA
recognition elements in the IL18RAP 3'UTR, and for all variants identified in the ILL8RAP 3'UTR. P
values corrected for false discovery rate (FDR). (B) Stratification of data pertaining to miRNA recognition
elements in the IL18RAP 3'UTR in seven geographically-based sALS sub-cohorts and forest plot (Log
scale). NEK1 (grey) and SOD1 (blue) signals are from combined data of all cohorts. Vertical dotted line
denotes OR=0.2. (C) OR with 95% CI and forest plot (Log scale) across discovery and replication cohorts
and joint analysis thereof. Vertical dotted line denotes OR=0.2. P-values, calculated with SKAT-O or Chi-

squared test with Yate’s correction.
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Fig. 3. Rare variants in the IL18RAP 3'UTR. (A) Schematic of the IL18RAP transcript and 3'UTR (5’
to 3") showing the number of control (upper) or ALS (lower) samples, in which miRNA recognition
element variants (black arrow) or other variants (dashed arrow) were identified. Potentially lost (red) or
created (green) miRNA recognition elements are marked (Supplementary Table 6). (B) QQ plot of
obtained and expected P-values for the burden of rare variants (log scale) gained by collapsed region-
based association analysis for all known human 3’UTRs (RefSeq), in Project MinE cohort (3,955 ALS
cases and 1,819 non-ALS controls). Variants are not restricted to miRNA recognition elements. Features
positioned on the diagonal line represent results obtained under the null hypothesis. The IL18RAP 3'UTR
(red) is the most significant 3’UTR associated with ALS. Genomic inflation A = 0.97.
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Fig 4. IL18RAP 3’UTR variant attenuates IL-18 / NF-kB signaling. Quantification of protein
expression for ILL8RAP (n=3) (A) or p-NF-kB protein (n=4) (B) by Western blots of extracts from a
lymphoblastoid cell line harboring an endogenous IL18RAP variant (VV3, Chr2:103068718 G>A) relative
to IL18RAP protein in a line with the canonical IL18RAP 3°’UTR. Loading normalization with anti
GAPDH or anti Beta-Actin. Two-sided student t-test. Diagram (C) and quantification (D) of hRluc
I118RAP 3°UTR reporter assays, in human U20S cell line (Empty, WT, V3, V1; n=6). One-way ANOVA
followed by Dunnett’s multiple comparison test. Diagram (E) and quantification (F) of NF-kB reporter
assay in human U20S cell line (GFP, WT, V3, V1, n=9; 3CDS, n=4). One-way ANOVA followed by
Dunnett’s multiple comparison test was performed on square root-transformed data. Box plots depicting
median, upper and lower quartiles, and extreme points. * P<0.05; ** P<0.01; *** P<0.001. Experiment

repeated independently three times with similar results.

33


https://doi.org/10.1101/2021.06.03.446863

A C90RF72 patients iMNs

Percent survival

(@)

Percent survival

M

Age at death (years)

&

iPSCs

100 1

80+

60-

40+

20+

+iMN factor cocktail
+1IL8RAP lentiviruses
+Hb9::RFP reporter

Lineage
conversion
(15 days)

0 5 10 15

100+

80

60

Time (days)

0 5 10 15

100+

80

60

40

20

Time (days)

*

=L

—
ALS ALS with

Cohort IL18RAP
variants

> g ES

-Neurotrophic factors

Day0 +IL-18 (10ng/mL)

H_
>§§%\}JW

Longitudinal tracking of
w neuronal degeneration w

Hb9::RFP+ (18 days)

iMNs

LRI B |

D
100+
® go-
S 80
2
S 60-
(2}
T
S 40-
o
)
O 204
c T T T 1
0 5 10 15 20
Time (days)
p=0.06

-

o

o
1
|

©
i

IS
<

N
<

Age at diagnosis (years) ®
(2]
o

(=}
L

-
ALS ALS with
Cohort IL18RAP
variants

Hazard Ratio

Control iMN, IL18RAP WT (n=160)
C9-ALS iMN, IL18RAP WT (n=145)
C9-ALS iMN, IL18RAP V3 (n=205)
C9-ALS iMN, IL18RAP V1 (n=249)
C9-ALS iMN, IL18RAP 3CDS (n=235)

*
1259 *** '_l* |

1.004 - @=-=7=—=a=-==|--
0.75- {
0.50-
0.25-
0.00-— T T T T
WT WT V3 V1 3CDS
Control C9-ALS
iMN iMN


https://doi.org/10.1101/2021.06.03.446863

665
666
667
668
669
670
671
672
673
674
675
676
677
678
679

bioRxiv preprint doi: https://doi.org/10.1101/2021.06.03.446863; this version posted June 5, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Fig 5. IL18RAP 3'UTR variant ameliorates disease in C9orf72 patient iMNs and in patients with
ALS. Experimental setup: Time-lapse survival tracking microscopy of Hb9::RFP+ iMNs, transduced
with IL18RAP lentiviruses, after neurotrophic factors withdrawal and introduction of 1L-18 cytokine
(A). Kaplan-Meier survival plots for control (CTRL) and C9orf72 patient (C9-ALS) iMNs, with wild-
type (WT) IL18RAP, IL18RAP harboring variants in the 3’UTR (V3, V1) or an IL18RAP dominant
negative coding mutant (E210A-Y212A-Y214A) 3CDS. Traces of iMNs from 2 donors per genotype
(control/ C9-ALS lines), quantified from 3 independent iMN differentiation experiments per line.
Number of iMNs quantified per treatment denoted. One-sided log-rank test for the entire survival time
course (B-D) and corresponding hazard ratio of cellular death, relative to C9-ALS iMNs with wild-type
IL18RAP 3°’UTR (E). Association of age of death (9 patients with protective 3’UTR variants /4263
patients with available phenotypic data in Project MinE and NYGC cohorts (F) or diagnosis (8/4216
patients) (G). ILL8RAP variant is associated with delayed age of death (+6.1 years, * P<0.05) and age of
diagnosis (+6.2 years, subthreshold significance of P = 0.06), relative to the mean age of all Project
MinE and NYGC ALS patients. Box plots depicting median, upper and lower quartiles, and extreme
points, one-sided Mann-Whitney test. * P<0.05; *** P<0.001.
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680  Supplementary Fig. 1. Study design. (A) Flow chart of approach for discovery of region-based rare-
681  variants in non-coding genomic regions via association studies and (B) diagram depicting regions of
682  interest comprising of 1,750 human pre-miRNA genes, 295 open reading frames encoding for proteins of
683  interest and 295 3'UTRs.
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Supplementary Fig. 2. Region-based rare-variant association analyses. (A-D) QQ plot of obtained
and expected P-values for the burden of rare-variants (log scale) gained by collapsed region-based
association analysis of different genomic regions, comprised of (A) 295 candidate protein-coding listed
in Supplementary Table 3. These ORFs encode for ALS-relevant proteins or proteins that are associated
with miRNA biogenesis or activity. Variants were depicted if predicted to cause frameshifting, alternative
splicing, abnormal stop codon or a deleterious non-synonymous amino acid substitution, in > 3 of 7
independent doNSFP prediction algorithms (genomic inflation A=0.97), (B) All known pre-miRNA genes
in the human genome (genomic inflation A = 1.30), (C) predicted networks, comprised of aggregated
variants detected on a specific mature miRNA sequence and its cognate downstream 3°’UTR targets
(genomic inflation A = 1.17), and (D) variants abrogating or gaining miRNA recognition elements in
3'UTRs of same 295 genes listed in Supplementary Table 3 (genomic inflation A = 1.03). Data was
obtained from 3,955 ALS cases and 1,819 controls (Project MinE). Features positioned on the diagonal
line represent results obtained under the null hypothesis. Open-reading frames of 10 known ALS genes
(blue). IL18RAP 3'UTR miRNA recognition elements (red).
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Supplementary Fig. 3. 3'UTR-based rare-variant association analysis, using different algorithms.
(A-D) QQ plot of obtained and expected P-values for the burden of rare variants (log scale) gained by
collapsed region-based association analysis of genomic regions comprised of 295 3'UTRs listed in
Supplementary Table 3, in Project MinE cohort (3,955 ALS cases and 1,819 non-ALS controls). Variants
are not restricted to miRNA recognition elements. Features positioned on the diagonal line represent
results obtained under the null hypothesis. ILL8RAP 3'UTR (red) is the most significant 3’UTR associated
with ALS, using different algorithms: (A) Optimized Sequence Kernel Association Test, SKAT-O
(genomic inflation A = 0.98), (B) Sequence Kernel Association Test, SKAT (genomic inflation A = 0.98),
(C) Combined Multivariate and Collapsing, CMC (genomic inflation A = 1.27), (D) Variable Threshold

with permutation analysis, VT (genomic inflation A = 1.07).
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Supplementary Fig. 4. Evaluation of IL18RAP and IL-18 mRNA expression in motor neurons of
patients with ALS. (A-B) mMRNA expression of ILL8RAP (A) and IL-18 (B), as reads per kilobase million
(RPKM), from NGS study of laser capture microdissection—enriched surviving motor neurons from
lumbar spinal cords of patients with SALS with rostral onset and caudal progression (n = 12) and non-
neurodegeneration controls (n = 9; ** GSE76220). two-sided Student’s t test with Welch's correction on
log-transformed data. (C) IL-18 mRNA expression, as log2-normalized counts, from NGS study of
induced ALS motor neurons (n = 4 different donors in duplicates) or non-neurodegeneration controls (n=3
different donors in duplicates; ** DESeq analysis). Box plots depicting median, upper and lower quartiles,
and extreme points. *P < 0.05; **P < 0.01.
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