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Abstract

Amyotrophic lateral sclerosis (ALS) is a fatal neurological disorder characterized by progressive muscular atrophy and
respiratory failure. The G4C2 repeat expansion in the C9orf72 gene is the most prevalent genetic risk for ALS. Mutation
carriers (C9ALS) display variability in phenotypes such as age-at-onset and duration, suggesting the existence of additional
genetic factors. Here we introduce a three-step gene discovery strategy to identify genetic factors modifying the risk of both
C9ALS and sporadic ALS (sALS) using limited samples. We first identified 135 candidate genetic modifiers of C9ALS using
whole-genome sequencing (WGS) of extreme C9ALS cases diagnosed ∼30 years apart. We then performed an unbiased
genetic screen using a Drosophila model of the G4C2 repeat expansion with the genes identified from WGS analysis. This
genetic screen identified the novel genetic interaction between G4C2 repeat-associated toxicity and 18 genetic factors,
suggesting their potential association with C9ALS risk. We went on to test if 14 out of the 18 genes, those which were not
known to be risk factors for ALS previously, are also associated with ALS risk in sALS cases. Gene-based-statistical analyses
of targeted resequencing and WGS were performed. These analyses together reveal that rare variants in MYH15 represent a
likely genetic risk factor for ALS. Furthermore, we show that MYH15 could modulate the toxicity of dipeptides produced
from expanded G4C2 repeat. Our study presented here demonstrates the power of combining WGS with fly genetics to
facilitate the discovery of fundamental genetic components of complex traits with a limited number of samples.
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Introduction
Amyotrophic Lateral Sclerosis (ALS) is a complex neurodegener-
ative disease that can develop at any age, but most commonly
occurs between the ages of 40 and 70 years (at a mean age of
55 years) (1). This rare neurological disorder is characterized by
progressive degeneration of the upper and lower motor neurons
and leads to weakness and death an average of 2–5 years
after initial clinical symptoms develop (2,3). Approximately
5–20% of ALS patients exhibit a discernible family history
defined as familial ALS (fALS) (4). Genetic factors are considered
as obvious drivers for the pathogenesis in fALS cases (5), but
a number of twin and other large-scale genomic studies have
also shown a substantial genetic contribution in sporadic
ALS (sALS), estimating ∼60% of the heritability of sALS (6–
8). Given this, many genetic studies have been conducted to
understand the genetic etiology of ALS and have identified
rare genetic variants in multiple genes such as superoxide
dismutase 1 (SOD1), FUS and TAR DNA binding protein (TARDBP)
(3,9).

Among the known pathogenic mutations, the recently
identified hexanucleotide (G4C2) repeat expansion in the C9orf72
gene is the most common genetic cause of ALS (C9ALS),
although this mutation has an intermediate effect on ALS risk
compared to traditional pathologic mutations (3,10). C9ALS has
a wide range of phenotypic variability in terms of age-at-onset,
duration and regions of motor neuron involvement (11,12),
suggesting the burden of genetic variants in multiple genes
may contribute to modulating ALS risk even in the patients
sharing the same genetic alteration (3,13,14). However, the
successful identification of novel genetic components involved
in ALS pathogenesis is limited by only using genome-wide
association study (GWAS) or whole-genome sequencing (WGS)
if pathogenic mutations have a moderate or small effect on
ALS risk (3).

In this study, we hypothesized that a gene differentially iden-
tified among C9ALS groups who have extremely distinct age-
at-onset can be a novel genetic factor implicated in ALS. Using
functional screening, we were able to prioritize candidate genes
more biologically relevant to ALS causality. Here we performed
a hypothesis-driven genetic association study using WGS to
identify novel genetic candidates associated with ALS risk (step
1), followed by a genetic screen using a Drosophila model stably
expressing the G4C2 repeat expansion (step 2). Prioritized can-
didate genes were further assessed by a candidate gene asso-
ciation study using sALS cases and non-ALS controls (step 3),
consequently leading to the identification of rare variants in
MYH15 as a novel genetic factor of ALS. Furthermore, we show
that MYH15 could modulate the toxicity of dipeptides produced
from the expanded G4C2 repeat. Our data together demonstrate
the utility of combining WGS with fly genetics to facilitate the
discovery of fundamental genetic components of complex traits
with a limited number of samples.

Results
Candidate gene discovery through WGS

To facilitate the identification of novel genetic factors of ALS risk
with a limited sample size, we employed a stepwise approach of
candidate gene selection based on the assumption that genetic
risk factors can be identified in even a small number of ALS
patients who have the same G4C2 repeat expansion but develop
clinical symptoms at different ages (Fig. 1). Therefore, in the
discovery phase, we performed WGS on two distinct age-at-

onset groups of four unrelated G4C2 repeat expansion carriers.
Two of the individuals developed ALS at 31 and 41 years old
[and referred to here as young ALS (YALS)], and the other two
individuals developed ALS at 72 years old [and referred to as
old ALS (OALS)] (Supplementary Material, Table S1). To identify
disease-relevant variants, we selected rare and deleterious sites
that were unique to either the YALS or OALS groups on the
basis of the following criteria: variants that had a minor allele
frequency (MAF) < 1% in the Genome Aggregation Database
(gnomAD) (15) and variants that had a combined annotation-
dependent depletion (CADD) (16) score higher than 10 (17,18).
In total, we identified 190 variants (159 variants from YALS, 31
variants from OALS) and 135 unique genes (105 genes from YALS
and 30 genes from OALS) (Supplementary Material, Table S2).

Drosophila genetic screen

Given transgenic fly lines expressing G4C2 repeats display pro-
gressive neurodegeneration in eye and motor neurons similar
to ALS patients (19,20), we performed a genetic screen using
a transgenic fly expressing 30 repeats of G4C2 under a GMR-
Gal4 driver (eye-specific) as reported previously (19) and tested
whether the 135 selected genes could modulate G4C2 repeat-
associated toxicity (Fig. 1). Of the 135 genes, 89 genes (65.9%) had
a functional homolog in the fly genome with at least a moderate
rank score according to the Drosophila RNAi Screening Cen-
ter (DRSC) Integrative Ortholog Prediction Tool [DIOPT, Version
6.0.2 (June 2017)] (21), (Fig. 1; Supplementary Material, Table S3).
A total of 90 RNAi lines corresponding to 49 fly genes were
crossed with the (G4C2)30 repeat transgenic line to determine
the genetic interaction between the G4C2 repeat and candi-
date genes (20) (Fig. 1, Supplementary Material, Table S4). All
RNAi lines crossed with flies carrying the GMR-Gal4 driver alone
showed no pathological eye findings (data not shown). However,
11 RNAi/G4C2 lines suppressed the (G4C2)30-related toxicity, and
7 lines showed an evident enhancement of the disrupted eye
morphology accompanied by severe necrosis (Fig. 2A, Table 1).
Thin-section analysis of (G4C2)30 flies crossed with suppressors
verified the recovery of photoreceptor cells and fewer vacuo-
lated materials compared to the (G4C2)30 flies itself (Fig. 2B).
The genes identified in this screening are involved in various
cellular functions including cell adhesion, DNA or RNA bind-
ing, and regulation of oxidative stress (Table 1). Interestingly,
the WGS and Drosophila screen identified homeodomain inter-
acting protein kinase 2 (HIPK2) as a candidate gene of inter-
est (Table 1; Supplementary Material, Table S2). This gene was
recently implicated in ALS neurodegeneration, lending validity
to our approach (22).

Targeted resequencing of prioritized gene lists

To further understand the contribution of the genes resulting
from WGS analysis and functional screening to ALS without
the G4C2 repeats and known ALS associated genes, we tested
whether individuals with sALS were enriched for rare, likely
deleterious variants at selected genes compared to non-ALS
controls. For a novel gene finding, we excluded 4 candidate genes
which were already known for ALS association in the literature
[DBF4, early growth response 3 (EGR3) and HIPK2] and other
neurological disorders (FXR2), and then performed targeted rese-
quencing that focused on exonic regions of 14 candidate genes
and 5 known ALS-associated genes [(i.e. FUS, granulin precursor
(GRN), SOD1, TARDBP and TANK-binding kinase 1 (TBK1)] in a col-
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Figure 1. Three-step strategy to identify genetic factors associated with ALS risk using a hypothesis-driven and targeted genetic association study (steps 1 and 3) and

fly genetics (step 2).

lection of ALS subjects who were negative for the G4C2 expanded
repeat (12) (Fig. 1; Table 1; Supplementary Material, Table S5).
After filtering outliers from principal-component analysis
(PCA) and samples with low sequencing quality, 489 samples
(272 sALS and 217 non-ALS) were included in the analysis
(Supplementary Material, Fig. S1A and B). We filtered the 1447
variants by those predicted to cause coding changes (e.g.
missense, nonsense and frameshift mutations) and having MAF
< 1% among controls (Supplementary Material, Fig. S1A). Two
known pathogenic mutations in SOD1 (Ile114Thr) and TARDBP
(Gly287Ser mutation) were identified in ALS cases (SOD1 carrier:
female, the age of onset: 36 years; TARDBP carrier: female, the age
of onset: 76.3 years) (23); these cases were excluded from further
analysis. We performed sequence kernel association test (SKAT)
analysis (24,25) using all variants from each gene, controlling
for population structure using eigenvectors from PCA. Using
bootstrap to estimate empirical P-values, we found two
genes, DLG2 (10 variants; P = 0.04180) and MYH15 (16 variants;
P = 0.01950), which showed suggestive evidence of association
with ALS (Fig. 3A; Table 2; Supplementary Material, Tables S6
and S8). MYH15 also showed suggestive association with ALS in

the unified rare variant association test, optimized SKAT (SKAT-
O; P = 0.03697, Table 2).

To examine whether the DLG2 and MYH15 genes that
showed suggestive association in the targeted resequencing
dataset replicated in a validation dataset, we obtained WGS
data of 212 people recruited at Emory University School
of Medicine (Fig. 1). We followed the same quality con-
trol procedures as were used for the targeted resequencing
(Supplementary Material, Fig. S1C and D), which resulted in the
removal of four individuals (two were outliers for ancestry
and two were carriers of known pathogenic mutations in
SOD1). The same selection criteria for variants were applied,
which were tested for the resequencing experiment. We
performed gene-based analysis using SKAT and SKAT-O
and found significant association between ALS and MYH15
(six variants; P = 0.01233 and 0.01708, respectively) after
adjustment for multiple testing using a Bonferroni correc-
tion (Fig. 3B; Table 2; Supplementary Material, Table S7). We
observed no association between ALS and DLG2 (two vari-
ants; P = 0.30207; Table 2; Supplementary Material, Tables S7
and S8).
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Figure 2. Functional screen identifies multiple genetic modifiers of (G4C2)30 toxicity. (A) The expression of (G4C2)30 driven by the GMR-Gal4 driver causes rough

eye phenotypes as shown in light microscope image and ommatidial disruption as shown in scanning electron microscope image. In screening the flies, we selected

genes with rescued phenotypes as a suppressor and genes with aggravate phenotypes as an enhancer. (B) A representative thin section for GMR-Gal4 flies with either

(G4C2)30 alone or both the (G4C2)30 and RNAi of suppressor genes. The (G4C2)30 flies showed a loss of photoreceptor cells (arrowheads) and vacuolated material

(arrows). However, (G4C2)30 flies crossed with RNAi of suppressor exhibited rescued phenotypes regarding recovered photoreceptor cells (circle) and smaller size of

vacuolated material (arrows) although there are an abnormal number of photoreceptor cells (open arrowheads) and polarity defects (bars).

Figure 3. Coding variants of MYH15 identified in either ALS cases or controls during the targeted resequencing (A) and validation dataset (B). Black arrow indicates

heterozygous variant while red arrow indicates homozygous variant.

Meta-analysis
To improve statistical power, we performed a SKAT-based meta-
analysis of the two independent datasets using the MetaSKAT
(26) package. Since all samples used in this meta-analysis had

the same ethnicity, we expected homogeneous genetic effects

across the samples. The genomic coordinates from the WGS

dataset were converted from hg19 to hg38 using LiftOver to pool

individual-level genotype data from the two datasets mapped
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Table 1. The 18 candidate genes in the table either suppress or enhance the neuronal toxicity, which resulted in a repeat expansion

Patient type Gene symbol Fly ortholog Fly screening
result

Targeted
resequencing

Biological function

YALS ABCC2 MRP Enhancer Yes Protein transporter and regulation of
oxidative stress

YALS MYH15 Mhc Enhancer Yes Tight junction pathway
YALS PLEKHG2 GEFmeso Enhancer Yes Postsynaptic signaling pathway
YALS PPARD Eip75B Enhancer Yes Peroxisome
YALS SVEP1 uif Enhancer Yes Cell adhesion process
YALS UTP20 CG4554 Enhancer Yes 18 s rRNA processing
OALS CDK11A Pitslre Enhancer Yes Cell cycle and apoptosis
YALS CELF5 bru-3 Suppressor Yes mRNA editing and translation
YALS DBF4 chif Suppressor No Cell Cycle Checkpoints in DNA

replication
YALS DLG2 dlg1 Suppressor Yes Postsynaptic signaling pathway
YALS EGR3 sr Suppressor No Transcriptional regulator in mitogenic

stimulus
YALS FAM98B CG5913 Suppressor Yes tRNA processing and gene expression
YALS FXR2 Fmr1 Suppressor No RNA binding
YALS HIPK2 Hipk Suppressor No Endoplasmic reticulum (ER) stress
YALS HK3 Hex-A Suppressor Yes Metabolism
YALS PDK3 Pdk Suppressor Yes Metabolism
OALS KDM2A Kdm2 Suppressor Yes Epigenetic modification
OALS KIF27 cos Suppressor Yes Cytokinesis

Among the 18 genes, 14 genes which are previously unknown for ALS and other neurological association were validated by targeted resequencing.

Table 2. Gene-based analysis of rare variants for targeted resequencing dataset, replication (WGS) dataset, and meta-analysis which combines
two datasets

Group Genes

Targeted resequencing Replication (WGS) Meta-Analysis

variant
number

SKAT
P-value

SKAT-O
P-value

variant
number

SKAT
P-value

SKAT-O
P-value

variant
number

SKAT
P-value

SKAT-O
P-value

Suppressors DLG2 10 0.0418 0.09971 2 0.30207 0.30207 12 0.23962 0.37744
Enhancers MYH15 16 0.0195 0.03697 6 0.01233 0.01708 20 0.02511 0.0472

Empirical P-values based on resampling techniques are provided.

with different assemblies (27). Consistent with SKAT results for
each dataset, MYH15 showed borderline significant association
with ALS in the SKAT test (20 variants; adjusted P = 0.02511,
Table 2). Two variants in MYH15 were shared in MYH15 by
both datasets, one of which (rs61744539; R1141∗) is a nonsense
mutation potentially leading to downregulation of MYH15 gene
expression (Fig. 3; Supplementary Material, Table S8).

MYH15 modulates dipeptide-mediated toxicity
associated with G4C2 repeat expansion

The G4C2 expansions exert neuronal toxicity through direct
accumulation of G4C2 containing RNA transcripts (19,28) and
repeat-associated non-AUG (RAN) translated dipeptide repeat
proteins (29–31). Of the dipeptides, the arginine-rich proteins,
proline-arginine (PR) and glycine-arginine (GR), leads to a
significant decrease in survival and aggregate eye phenotypes
in the Drosophila model (32). To determine whether MYH15
could modulate PR-mediated toxicity, we performed a functional
assay using a transgenic fly expressing 36 repeats of either PR
or GR under GMR-Gal4 driver (32). The knockdown of MYH15
Drosophila ortholog, Mhc, resulted in enhancing retinal toxicity
when crossing with both G4C2-repeat line and PR repeat line
(Fig. 4A). We also observed substantial lethality in GR repeat line
when crossed with Mhc-KD line (data not shown). In addition

to a fly model, the downregulation of Myh15 in Neuro2A cell
line could enhance poly(PR)- and poly(GR)-mediated cell toxicity
(33) (Fig. 4B). Recent report identified the moderate interaction
between PR50 and MYH9 as well as MYH10 (34), consistent with
our findings. Given that myosin heavy chain genes are involved
in vesicle transport (35), MYH15 can potentially modulate PR
aggregate-mediated toxicity via the impairment of vesicle
trafficking.

Discussion
Here we present a three-step strategy to identify ALS risk-
associated genes by integrating fly genetics with WGS (Fig. 1).
Our hypothesis is that genetic factors modulating phenotypic
variability of G4C2 expansion carriers are associated with ALS
risk. As such, initial candidate genes were selected by WGS
on four unrelated G4C2 expansion carriers who developed ALS
∼30 years apart, identifying 135 potential risk genes (step 1).
To prioritize candidate genes from WGS of a small number of
C9ALS individuals, we used a Drosophila genetic screen to test
for genetic interactions between candidate genes and the G4C2

model of neurodegeneration (step 2). Through this unbiased
screen, we identified novel genetic interactions as well as a
known interaction with G4C2 toxicity (HIPK2), which supports
that our approach is suitable for novel gene identification.
Finally, rather than sequencing all genes most of which are

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz063#supplementary-data
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Figure 4. MYH15 is a potential genetic modifier of dipeptide-mediated toxicity. (A) Left: transgenic lines expressing either (G4C2)30 or (PR)36 under GMR-Gal4 driver

cause progressive neurodegeneration in eye. Both transgenic lines displayed aggravate phenotypes when crossing with a RNAi line of Mhc, a drosophila ortholog of

MYH15, implying MYH15 can modify RNA- and dipeptide-mediated toxicity. Right: the knockdown efficiency of Mhc RNAi lines crossed with ELAV-Gal4 driver was

confirmed by quantitative RT–PCR (qPCR). (B) Left: relative Myh15 expression after siRNA treatment (50 nM) in Neuro2A cell line. Right: relative cell viability measured

3 days after plasmid and siRNA co-transfection. Control: GFP, PR50: GFP-(PR)50, GR50: GFP-(GR)50.

irrelevant to ALS risk, only targeted candidate genes were
analyzed to investigate their association with ALS without any
known pathogenic mutations in C9orf72, FUS, GRN, SOD1, TARDBP
and TBK1 (step 3). Gene-based statistical testing of targeted
resequencing and WGS on sALS cases and controls suggests rare
variants in MYH15 represent a likely genetic risk factor for ALS.
A further functional assay revealed that MYH15 can a genetic
modifier of dipeptide-mediated toxicity of C9ALS (Fig. 4).

MYH15, myosin heavy chain 15, was a recently character-
ized as a slow-type myosin involved in muscle contraction and
cytoskeleton remodeling (36,37). Well-known class-II MHC genes
are considered to be divergent products from an ancestral gene
through the series of gene duplications due to structural sim-
ilarity of myofilaments within the same class genes (36,38).
However, MYH15, along with MYH14 and MYH16, displayed unre-
lated structural features from classical MYH genes. In particu-
lar, loop domains of MYH15 are highly divergent; for instance,
the N-terminal positive charge cluster in loop 1 is lost and
there is no matched sequence in loop 2 (36). In addition, the
unexpected large size of MYH15 (>142 000 bp) provides greater
possibility of having genetic variants in both exons and introns
(36). Indeed, recent genetic studies identified a common male-
specific association of single-nucleotide polymorphisms (SNPs)
in MYH15 with increased coronary microvascular dysfunction
risk the nominal association of variants in MYH15 with increased
risk of stroke and coronary heart disease (39,40). One of the
notable variants in MYH15 identified in aforementioned studies
is Thr1125Ala (rs3900940), which is located in the coiled-coil
tail domain of MYH15 (39). In our study, aside from R1748Q
(rs56118396), variants identified in the ALS population of our
study are distributed within the rod-like tail sequence while
variants at N-terminus skew toward the non-ALS population
(Fig. 3). Given that the combination of van der Walls forces and
electrostatic interactions between proper amino acids is critical

for home-dimerization of the tail domain, the disruption of the
coiled structure resulting from nonsynonymous variants is likely
associated with ALS progression.

In addition to genetic association studies in cardiovascular
diseases, the association of variants in MYH15 was investigated
in a study of common mental disorders, schizophrenia and
bipolar disorder (41). GWAS was performed a statistical
association analysis using two independent data sets: the
International Schizophrenia Consortium data set including 3322
schizophrenia cases and 3587 controls from the same ethnic
population and the Genetic Association Information Network
(42) data set, including 1351 cases and 1378 controls. Among
associated genes involved in a tight junction pathway, a SNP in
MYH15 (rs16854665, MAF = 0.1287, gnomAD) displayed statistical
significance in both studies (41), suggesting that genetic variants
in MYH15 can be associated with other brain disorders. In
addition, MYH15 is highly expressed in brain–spinal cord tissues
compared to other organs (Supplementary Material, Fig. S2) (43).
However, there is no previous evidence about the implication of
MYH15 variants in ALS pathogenesis. This is a first report that
links MYH15 to ALS.

In summary, we have identified MYH15 as a potential genetic
factor associated with ALS risk. Our analyses demonstrate that
the combination of WGS with fly genetics facilitates the discov-
ery of fundamental genetic components of complex traits with
a limited number of samples.

Materials and Methods
Study subjects

In the discovery phase, we performed WGS on DNA samples
from four unrelated patients carrying the G4C2 expansion muta-
tion. We included two patients with an early age of onset (31.3

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddz063#supplementary-data
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and 41.7 years old; YALS) and two with late age of onset (72.4
and 72.9 years old; OALS). All patients in this phase are unre-
lated to each other (Supplementary Material, Table S1). In the
replication phase, 576 samples, including 310 sALS patients and
266 unaffected individuals, were used for targeted resequenc-
ing (Supplementary Material, Table S5). Validation of candidate
genes using an independent WGS dataset was done with 170
sALS patients and 42 non-ALS controls. The protocols and con-
sent forms for enrollment were approved by the Institutional
Review Board at Emory University. Written and informed con-
sent were obtained for all participants.

Genotyping G4C2 repeat size of study subjects

Genomic DNA from human white blood cells was extracted with
the Gentra Puregene kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocols. The C9orf72 hexanucleotide
repeat for study subjects was determined using the repeat-
primed protocol, as described previously (12). Briefly, four
primers (two forward primers, one reverse primer and a
fluorescently labeled primer) were used for PCR amplification
of DNA. Amplified products incorporating a fluorescently
labeled primer were separated using a capillary electrophoresis
DNA system (ABI3730; Thermo Fisher, Waltham, MA, USA).
Based on a cutoff of 30 repeats as a positive indicator and
DNA from a C9Pos control from Coriell Institute for Medical
Research (6769B1), the status of C9Pos for each sample was
determined using amplified fragment length polymorphism
analysis in GeneMarker software (Softgenetics, State College,
PA, USA).

WGS and candidate gene identification

The Hudson Alpha Institute for Biotechnology provided sequenc-
ing services (Huntsville, AL, USA). Raw sequencing data were
aligned to the hg38 build of the human genome using PEMapper,
and variants called using PECaller with default settings
(18). Variant annotation and summary sequencing statistics
were performed using Bystro (44). To identify candidate ALS
phenotypic modifying genes, rare genetic variants (MAF < 0.01)
commonly found in either YALS or OALS were considered
along with a CADD phred-scaled score above 10 (16). We
selected 89 candidate modifiers (67 genes from YALS and 22
genes from OALS), which have Drosophila orthologues searched
by DRSC DIOPT (21), to determine the genetic interaction
between G4C2 repeat-associated ALS and genes with rare,
potentially damaging variants in both groups of patients
(Supplementary Material, Table S3).

Genetic screen using fly model

The G4C2 repeat stable line was established by crossing
a GMR-Gal4 driver with a UAS-(G4C2)30 repeat transgene
(19). The RNAi lines were obtained from either the Bloom-
ington Stock Center or the Vienna Drosophila RNAi Center
(Supplementary Material, Table S4). The knockdown efficiency
of RNAi lines crossed with the ELAV-Gal4 driver was measured
by quantitative RT–PCR (qPCR) (Fig. 4A, right). To determine the
genetic interaction between G4C2 repeat and candidate genes,
eye phenotypes of RNAi lines mated with the G4C2 repeat stable
line were compared with the eye phenotype of the G4C2 repeat
stable line, and images were obtained by light microscopy. Eye
phenotypes in the figure are representative images of functional
screening. All crosses were conducted at 25◦C, replicated three

times to validate the specific phenotype, and a minimum of
10 flies were used to determine phenotypic change. Scanning
electron microscopy images of whole flies were obtained after
dehydrating them in an ethanol gradient (25%, 50%, 75% and
100%) followed by incubation with hexamethyldisilazane for
1 h (Electron Microscopy Sciences, Hatfield, PA, USA). After the
removal of all chemicals by drying overnight in the fume hood,
the flies were coated with argon gas under an electric field and
analyzed with a Topcon DS-130F and DS-150F Field Emission
Scanning Electron Microscope. For further morphological
analysis to confirm the recovery of organized ommatidia in
the case of RNAi showing suppressed toxicity when crossing
with the G4C2 repeat stable line, thin-section analysis of adult
Drosophila eyes was conducted according to standard protocols
(45). In brief, fly heads were exposed to 2% glutaraldehyde in
0.1 M PO4 on ice followed by 2% OsO4 in 0.1 M PO4 on ice. After
dehydration in an ethanol gradient (30%, 50%, 70%, 80%, 90%
and 100%), 100% ethanol was replaced with propylene oxide,
and an equal volume of resin was added. The fixed heads were
transferred to a silicone rubber flat mold for embedding with
resin. One μm sections were mounted on glass slides and stained
with toluidine blue.

Targeted resequencing

Genomic DNA was extracted from white blood cells of 310 ALS
patients and 266 non-ALS subjects using the Gentra Puregene
kit (Qiagen, Hilden, Germany) according to the manufacturer’s
protocols. For targeted resequencing, two sets of primers were
designed by using the multiplex primer design software with
>90% coverage for each gene (46) and optimal multiplex design
for the Access Array System (Fluidigm, South San Francisco,
CA, USA). The first set was designed to capture 14 candidate
genes including DLG2, MYH15, KIF27 and ABCC2, and 5 known
ALS genes (GRN, SOD1, FUS, TARDBP and TBK1) (Table 1). The
second set covered 400 ancestrally informative and 25 common
X chromosome markers. The samples were randomly plated
concerning affectation, sex and age to minimize batch effects.
Sequence capture was performed using the Access Array with
48 samples per batch according to the manufacturer’s protocol.
All samples were barcoded according to the manufacturer’s
protocol and 250 bp paired-ended sequencing was performed
on an Illumina MiSeq.

Base calling and quality control

Mapping of raw targeted resequencing reads to the hg38 of
the human genome was performed with PEMapper followed
by variant calling using PECaller with default values (18).
Variants were annotated and summarized using Bystro (44).
As a quality control, samples with apparently different ethnicity
according to demographic information were removed (n = 18)
(Supplementary Material, Fig. S1A). Using unlinked ancestrally
informative markers for PCA with EIGENSOFT, we excluded sam-
ples whose eigenvectors were >6 standard deviation (SD) away
from the mean (n = 25) (Supplementary Material, Fig. S1A and B)
(44). Samples within batches having amplicons with >3 SD
missing sites and batches with >3 SD sample failure were
eliminated from further analysis. Moreover, samples with
>3 SD excess heterozygosity or genotype rate <95% were
further dropped (n = 44) (Supplementary Material, Fig. S1A). Two
samples with known ALS-associated mutations in TARDBP and
SOD1 were excluded from further analysis as well. In total, 270
ALS and 217 non-ALS samples were used for further statistical
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analysis. Variants that failed Hardy–Weinberg filtering at 10−7

and >1% of MAF were excluded.

Genotype identification of target genes from replication
dataset

The WGS replication dataset is based on whole genome
sequencing with approximately 100 maxdepth of coverage
for each chromosome and mapped to hg19 of the human
genome. Individual 212 vcf files were obtained and combined
using bcftools with −0 flag. Variants of merged vcf files were
intersected using intersectBed, with genomic regions of interest
converted from the hg38 to the hg19 using LiftOver to obtain
variants of targeted genes and PCA markers (27). A total of 571
variants for PCA markers and 1294 variants for targeted genes
were identified resulting in 208 samples for analysis. Through
PCA, samples of outliers (n = 2) with known ALS-associated
mutations in SOD1 were excluded from the further analysis
(Supplementary Material, Fig. S1C and D).

Statistical analysis

We performed gene-based testing of rare variants in the targeted
resequencing and the whole genome sequencing datasets using
SKAT and SKAT-O implemented in the R package SKAT v1.2.1.
We adjusted for population stratification by incorporating the
top 2 eigenvectors from PCA as covariates within the analysis.
For multi-allelic sites, the two minor alleles were combined to
convert the site to a bi-allelic site using a custom R script (n = 9)
prior to analysis. Since our genetic interaction screening with
a Drosophila model is based on the interaction of genes, not
regulatory regions, we focused our analysis on those that alter
coding sequence including missense or nonsense changes. In
addition, we employed a CADD phred-scaled score above 20
(16), which is a more rigorous way to identify genetic variants
leading to protein changes. We derived P values for SKAT/SKAT-
O adjusted for a sample size of less than 2000 and binary traits
with asymptotic and efficient resampling methods (24,25). In the
targeted resequencing project, we used an unadjusted Type-I
error rate of 0.05 to identify genes with suggestive evidence of
association with ALS risk. For those genes passing this sugges-
tive threshold, we interrogated replication using Emory ALS WGS
dataset and identified those genes significantly associated with
ALS risk using a Type-I error rate adjusted for multiple testing
based on a Bonferroni correction.

For Meta-analysis for the gene-based association test, we
used MetaSKAT (26), v0.6.0, with individual level genotype data
of targeted resequencing and Emory ALS WGS dataset. We
adjusted for the top 2 eigenvectors of PCA within each dataset.
The genomic coordinates of the Emory ALS WGS dataset was
converted from hg19 to hg38 using LiftOver to unify genotype
assembly (27).

Toxicity assay using poly-dipeptides constructs

To determine the role of Myh15 in mammalian system, we gen-
erated the constructs expressing 50 repeats of either PR or GA
peptides (33). CellTiter-Blue Cell viability Assay (Promega, Madi-
son, WI, USA) was used to assess cell viability on 3 days after
transfection with poly-dipeptide constructs (150 ng) and siRNA
(50 nM). Briefly, 20 μl of solution was added to each well directly
1 h before measurement. The fluorescence was measured using
FLUOstar Omega (BMG Labtech, Ortenberg, Germany) microplate

reader. All measurements were taken in triplicate and each
experiment was replicated at least three times.

Data availability

Targeted resequencing data from this study have been deposited
in the NCBI Sequence Read Archive under accession number
SRP136672. Whole genome sequencing data and supporting data
are available on request from the corresponding author.

Supplementary Material
Supplementary Material is available at HMG online.
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