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The genetic basis combined with the sporadic occurrence of amyotrophic lateral sclerosis (ALS) 

suggests a role of de novo mutations in disease pathogenesis. Previous studies provided some 

evidence for this hypothesis; however, results were conflicting: no genes with recurrent occurring 

de novo mutations were identified and different pathways were postulated. In this study, we 

analyzed whole-exome data from 82 new patient-parents trios and combined it with the datasets of 

all previously published ALS trios (173 trios in total). The per patient de novo rate was not higher 

than expected based on the general population (P = 0.40). We showed that these mutations are not 

part of the previously postulated pathways, and gene-gene interaction analysis found no 

enrichment of interacting genes in this group (P = 0.57). Also, we were able to show that the de 

novo mutations in ALS patients are located in genes already prone for de novo mutations (P < 1 × 

10−15). Although the individual effect of rare de novo mutations in specific genes could not be 

assessed, our results indicate that, in contrast to previous hypothesis, de novo mutations in general 

do not impose a major burden on ALS risk.
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1 | INTRODUCTION

Amyotrophic lateral sclerosis (ALS) is a heterogeneous disease in which many of the 

contributing genetic factors are still unknown. The identification of the underlying genetic 

factors is not only important for the understanding the disease pathogenesis, but also for 

individualized genetic counseling of patients and their families.

In recent years, de novo mutations have been implicated in the pathogenesis of a growing 

number of different diseases, for example, type 1 Charcot-Marie-Tooth (Motley et al., 2016), 

specific congenital syndromic disorders (Hoischen et al., 2011), nonsyndromic intellectual 

disability (de Ligt et al., 2012), and autism (Neale et al., 2012; O’Roak et al., 2012). In 

contrast to these disorders, ALS manifests later in life with peak incidence in the seventh 

decade (Huisman et al., 2011). Therefore, it is often not possible to obtain DNA from both 

parents, and thus it is difficult to acquire a large cohort of patient-parent trios. Recently, two 

studies (Chesi et al., 2013; Steinberg, Yu, Koboldt, Mardis, & Pamphlett, 2015) suggested a 

possible role of de novo mutations in the pathogenesis of ALS and hypothesized that genes 

with a function in either chromatin or transcription regulation might be mutated. In this 

study, we aimed to verify this role of de novo mutations in ALS, using next-generation 

sequencing data from, to our knowledge, the largest international cohort of ALS patients 

with healthy parents (patient-parent trios) and combining this data with the previously 

published data.
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2 | MATERIALS AND METHODS

2.1 | Patients

All patients fulfilled the revised El Escorial criteria for possible, probable laboratory-

supported, probable or definite ALS (Brooks, Miller, Swash, Munsat, & World Federation of 

Neurology Research Group on Motor Neuron Diseases, 2000). The patients had no first- or 

second-degree relatives with motor neuron disease or dementia.

The patients were recruited in The Netherlands from an ongoing prospective, population-

based study (Huisman et al., 2011) (21 trios), in Germany by the MND-NET (18 trios), in 

Italy by the IRCCS Istituto Auxologico Italiano (39 trios), and in Sweden by the Department 

of Pharmacology and Clinical Neuroscience, Umea University (four trios). All participants 

gave written informed consent and local ethical committees have prospectively reviewed and 

approved this research at the participating centers.

Genetic prescreening encompassed at least testing of the C9orf72 repeat expansion. For the 

Dutch, Italian, German, and Swedish trios mutations in SOD1 and FUS were excluded. In 

Italian trios, mutations in TARDBP were excluded as well. In one patient from a Dutch trio 

(trio NL21), a C9orf72 repeat expansion was found, which was inherited by the mother. No 

first- or second-degree family member of this patient was diagnosed with ALS or 

frontotemporal dementia. The mother was over 60 years old, and her medical history 

reported only gastric acid- related problems and thus contained no neurological or 

psychiatric diseases. She reported no use of medication. Because the C9orf72 repeat 

expansion is known to co-occur with other mutations in ALS genes (van Blitterswijk et al., 

2012; van Blitterswijk et al., 2013), we included this trio for further analysis.

2.2 | Whole-genome/exome sequencing and variant detection

Genomic DNA was obtained from whole blood using standard procedures. In the Dutch 

samples, whole-genome sequencing was performed at Complete Genomics (Mountain View, 

CA) using DNA nanoball arrays and combinatorial probe-anchor ligation reads. Sequence 

reads were mapped to the National Center for Biotechnology Information (NCBI) reference 

genome 36. The mean coverage was 57×, and 97.7% of the genome was assessed by >10 

individual reads per base. Variant calling confidence scores were provided by Complete 

Genomics, based on a likelihood model for true variant calls. Variants not passing the 

standard confidence score threshold were discarded. CGAtools 1.6.0 (Complete Genomics) 

was used to call de novo variants. Variants that were present in other nonrelated parental 

genomes or in 69 publicly available Complete Genomics genomes were considered to be 

platform-specific variants and also discarded. Passing variants were annotated using 

Annovar software 2013–08-24 (http://www.openbioinformatics.org/annovar) and 

nonsynonymous exonic SNVs were selected. SNVs had to be called in more than 10% of the 

reads at that base position. Due to platform-specific false-positive variant calling in simple 

tandem repeat regions and near indels (Reumers et al., 2012), variants in simple tandem 

repeat regions (UCSC table browser, http://genome.ucsc.edu) and within five bases of an 

indel were excluded. Liftover from NCBI build 36 to human reference genome hg19 was 

performed by the NCBI remap tool (https://www.ncbi.nlm.nih.gov/genome/tools/remap).
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In the Italian samples, whole-exome sequencing was performed using the SeqCap EZ 

Human Exome Library 2.0 (Roche Nimblegen, Madison, WI) on a HiSeq2000 platform 

(Illumina, San Diego, CA). Reads were aligned to a human reference (hg19) using Burrows-

Wheeler Aligner (BWA) and processed using the Genome Analysis ToolKit (GATK). After 

removal of duplicate reads, indel realignment (GATK IndelRealigner), and base quality 

recalibration (GATKTableRe-calibration) was performed. The average percentage of target 

bases with 10x coverage per sample was 93.11%. Variant detection and genotyping were 

performed using the UnifiedGenotyper (UG) tool from GATK. Variants not passing quality 

control criteria were eliminated (QD3, MQ60.0, HaplotypeScore> 13.0, MQRankSum<

−12.5, ReadPosRankSum<−8.0). Outlying heterozygosity analyses were performed using 

PLINKv1.0734. This was a two-step procedure where we first established an LD pruned 

(R2<0.5, window size = 50, step = 5) set of autosomal markers with minor allele frequency 

(MAF) > 0.01 and P > 0.001 for deviation from Hardy-Weinberg equilibrium. These 

markers were then used to calculate per sample coefficients of an inbreeding (F), and 

samples were excluded where these fell outside the expected range (F < −0.1 or F > 0.1) 

(Cirulli et al., 2015). Samples were also discarded in case of genotypes with low quality (GQ 

0.2 or clinically reported) or if the gender determined by genotypes did not match the 

clinically reported gender.

In the German and Swedish samples, whole-exome sequencing was performed using the 

enrichment kits SeqCap EZ Human Exome v.2.0 or v3.0 and an Illumina HiSeq2000 

sequencer with a paired-end 100 bp protocol or for the last batch SureSelect Human All 

Exon V6 and an Illumina Hiseq4000 sequencer with a paired-end 75 bp protocol. Data 

analysis was performed with VARBANK exome pipeline of the Cologne Center for 

Genomics. In detail, reads were aligned to the human reference genome (hg19) with BWA-

aln (version 0.6.2) followed by duplicate marking (Picard version 1.64), base quality score 

recalibration, and local indel realignment (both GATK version 1.6–11). Mean average 

coverage was 91.9 and at least 92.9% of the target sequences were covered 10×. For the de 

novo calling, BCF files were generated from the resulting BAM files for each trio using 

SAMtools mpileup (version 0.1.18), and variants were called with the open source program 

DeNovoGear (version 0.5.1; Ramu et al., 2013). The detection filters were set to a posterior 

probability >0.5. All de novo variants, compound heterozygous rare variants, and 

homozygous rare variants were uploaded to the ClinVar database (https://

www.ncbi.nlm.nih.gov/clinvar/).

2.3 | Sanger sequencing

All possible nonsynonymous de novo SNVs were validated by Sanger sequencing. Primer 

sequences and reaction conditions are available upon request. Sanger sequencing was 

performed using BigDye Terminator 3.1 sequencing kit (Applied Biosystems, Foster City, 

CA), DNA Analyzer 3700 or 3730XL (Applied Biosystems). PolyPhred (Nickerson, Tobe, 

& Taylor, 1997) version 6.18 or the DNASTAR Lasergene software (DNASTAR, Madison, 

WI) were used for data analysis.
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2.4 | Publicly available datasets

The Exome Aggregation Consortium (ExAC) dataset version 0.3 was downloaded from the 

Website (exac.broadinstitute.org); European (non-Finnish) subjects were included. The 

Genome of The Netherlands (GoNL) dataset release 4, and the de novo mutation rate map 

was downloaded from the Genome of The Netherlands Website (www.nlgenome.nl). A list 

of human genes with coding region size was obtained from the CCDS project (release 18, 

http://www.ncbi.nlm.nih.gov/CCDS/CcdsBrowse.cgi).

2.5 | Functional enrichment analysis

The functional annotation chart of the Database for Annotation, Visualization and Integrated 

Discovery (DAVID) v6.7 (Huang, Sherman, & Lempicki, 2009) was used for functional 

annotation, with homo sapiens as background. Pathways with Bonferroni-adjusted P values 

below 0.05 and false discovery rates below 0.1 were considered significant.

2.6 | Protein-protein interaction networks

For network analysis between proteins, the Disease Association Protein-Protein Link 

Evaluator v0.17 (Rossin et al., 2011) (DAPPLE, http://genepattern.broadinstitute.org) was 

used with genes of interest as input and 1,000 permutations. The ALS Online Database 

(ALSoD, http://alsod.iop.kcl.ac.uk) was consulted on May 3, 2015.

2.7 | Statistical analysis

Statistical analysis was performed using the statistical analysis program R version 3.1.0 

(http://www.r-project.org/). Independent sample t-tests were used for comparison of de novo 

mutation rates between studies; a one-sample t-test was used for comparison with the 

general population. Wilcoxon rank sum tests were used to compare distributions of de novo 

rate, gene size, and de novo probability. All tests were two-tailed. Power calculations were 

performed using G*Power (V.3.1; Heinrich Heine Universität, Düsseldorf, Germany).

3 | RESULTS

3.1 | De novo mutations

We collected a total of 82 patient-parent trios from four different European populations for 

whole-exome or whole-genome sequencing. The rate of successful Sanger sequencing 

validation after computational de novo mutation-filtering steps was 52% for the Dutch 

cohort, 59% for the German/Swedish cohort, and 61% for the Italian cohort. In total, 69 

nonsynonymous de novo mutations were found in the index patients; however, all of them in 

different genes (Table 1).

This resulted in an average of 0.84 coding de novo mutations per trio, which is higher 

compared with previous studies in ALS with de novo mutation rates of 0.53 (Chesi et al., 

2013) and 0.39 (Steinberg et al., 2015) (mean difference with previous studies combined 

0.38, 95% confidence interval [CI] 0.14–0.62, P = 0.003), but consistent with the expected 

distribution in the general population (Samocha et al., 2014) (mean difference 0.14,95% CI 

−0.06 to 0.34, P = 0.16).
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The number of de novo mutations per patient follows a Poisson distribution (Supp. Fig. S1; 

P = 0.17) indicating that the occurrence of multiple de novo mutations in certain individuals 

does not differ from what one would expect based on a de novo mutation rate of 0.84. There 

was no gene in which homozygous mutations were identified more than once when filtering 

our datasets for exonic variants with a MAF < 0.01 (Supp. Table S1). Compound 

heterozygous alterations were identified in OBSCN and VCAN in two trios each; however, 

no other gene had biallelic alterations in more than one trio (Supp. Table S2).

When we combined our trios with the previously published ALS trios (Chesi et al., 2013; 

Steinberg et al., 2015) (173 trios in total), the overall de novo mutation rate in ALS was 

0.64. This also does not differ from the mutation rate in the general population (mean 

difference −0.058, 95% CI −0.18 to 0.067, P = 0.40).

3.2 | Pathway enrichment analysis

Next, we investigated whether genes containing de novo mutations were enriched for certain 

functional pathways as has been shown in previous studies, using DAVID functional 

annotation analysis (Huang et al., 2009). Our 69 de novo mutation genes showed enrichment 

for phosphoproteins (P = 0.0086; Supp. Table S3).

We next combined our gene list with the previously published genes with de novo mutations 

in ALS (Chesi et al., 2013; Steinberg et al., 2015) to determine whether the total set of genes 

was enriched for specific pathways (111 de novo mutations in 110 genes; Supp. Table S4). 

The combined genes showed enrichment for phosphoproteins (P = 0.0004); however, the 

“chromatin,” “transcription regulation,” and “cell cycle” pathways showed no significant 

association in our or in the combined dataset.

3.3 | Protein-protein interaction analysis

To analyze whether the de novo mutations have occurred randomly or in genes that are 

interconnected, we used the Disease Association Protein-Protein Link Evaluator (DAPPLE) 

(Rossin et al., 2011). This program analyzes the connectivity between genes using known 

protein interaction networks, and determines by permutation the likelihood of such 

interaction. Our total set of 110 genes with denovo mutations showed no more direct 

interactions than one would expect by chance (1,000 permutations, P = 0.57; Fig. 1A). 

Subsequently, we added major ALS genes from the ALS Online Database (ALSoD) and 

three recently discovered ALS genes (TUBA4A [Smith et al., 2014], TBK1 [Cirulli et al., 

2015; Freischmidt et al., 2015], and NEK1 [Brenner et al., 2016; Kenna et al. 2016]) to the 

de novo mutation dataset (Supp. Fig. S2A). Although the known major ALS genes do show 

a network with higher connectivity than expected by chance (P = 0.03; Supp. Fig. S2B), 

combining these genes with our de novo mutation genes did not lead to an increase in 

connectivity (P = 0.41; Fig. 1B). This indicated that there is no overall increased interaction 

between the genes harboring de novo mutations in our study and known ALS genes.

3.4 | Comparison with de novo mutations in a control population

To further investigate whether the observed de novo mutations in ALS are likely to 

contribute to the disease, we used de novo mutation data from the GoNL, a whole-genome 
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genotyping database of 769 healthy individuals including 250 child-parents trios from The 

Netherlands (Genome of the Netherlands Consortium, 2014). Using this database, we 

examined whether the de novo mutations identified in our study have occurred in genes that 

are relatively prone to de novo mutations or not. The GoNL mutation rate map (Francioli et 

al., 2015) was used to calculate the likelihood for each gene of having a de novo mutation in 

respect to the per-base mutation rate and gene size. We compared our de novo mutation 

genes to this population-based null distribution using the nonparametric Wilcoxon rank sum 

test, and found that the 69 genes identified by us have a higher overall probability for the 

occurrence of de novo mutations (P = 1.7 × 10−11). In addition, the previously reported 

genes with de novo mutations in ALS showed a similar pattern (Chesi et al., 2013; P = 1.4 × 

10−4; Steinberg et al., 2015; P = 3.0 × 10−4), with both studies implicating genes with 

intrinsically elevated de novo mutation rates. The three studies combined also showed a 

clear shift toward genes with a higher de novo mutation rate (P < 1.0 × 10−15; Fig. 2). This 

demonstrates that the identified de novo mutations in ALS patients are within genes that in 

general are more likely to harbor de novo mutations, thus challenging the view that these de 

novo mutations are disease-specific or disease-causing.

4 | DISCUSSION

In this large international cohort of ALS patient-parent trios, we discovered that pattern and 

rates of de novo mutations in ALS patients in general do not differ from the general 

population. We could not find evidence for the previously reported role for de novo 

mutations in the development of ALS.

Due to the high mean age of symptom onset in ALS patients, it is more difficult to acquire 

DNA from unaffected parents compared with disorders with an earlier onset, for example, 

autism and schizophrenia. Therefore, this study included multiple international cohorts and 

combined this with previously published ALS trios. With these 173 trios, we could detect a 

de novo rate increase of 0.15 with a power of 0.8. A limitation of this study is that a 

potential smaller effect size could be missed due to sample size, although the clinical 

consequence of such a small effect can be questioned. Therefore, we also used DAVID, 

DAPPLE, and the GoNL de novo mutation data to further look into these mutations but 

found no differences between de novo patterns between patients and controls.

Using DAVID pathway analysis, we found no evidence for the previous reported association 

of de novo mutations with ALS via chromatin regulation, transcription regulation, or cell 

cycle pathways. This indicates again that the results of DAVID pathway analyses should be 

interpreted with caution if only a small number of genes are analyzed (Elbers et al., 2009).

De novo mutation rates increase with paternal age (Kong et al., 2012) and indeed a higher 

mean paternal age could be observed in patients with intellectual disability (Hehir-Kwa et 

al., 2011) and autism spectrum disorders (Neale et al., 2012; O’Roak et al. 2012). The 

average paternal age in our 82 trios was 28.8 years (data missing in seven trios), which is 

lower than in autism and intellectual disability where de novo mutations do play a role. A 

previous study also showed that paternal age of ALS patients is not higher than the paternal 

age of controls (de Jong et al., 2013), which is in line with our findings.
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The trios in this research are sequenced on either Complete Genomics (cohort from The 

Netherlands) or Illumina (other cohorts) sequencing platforms. Although these platforms 

have different methods to assess the genome, comparative research showed these methods to 

have a large overlap in called SNVs, with a high false-positive rate in the platform-specific 

calls (Lam et al., 2012). Therefore, SNVs found with these two methods can be combined.

This study does not analyze de novo structural variants. Although structural variants could 

be important for explaining the missing heritability in ALS, analysis of structural variants 

from exome data is still challenging. Also, compared with SNVs, structural variants have a 

larger variation between different sequencing platforms (Lam et al., 2012). Therefore, these 

structural variants were not included in this study and further research is needed to assess 

their role on ALS development.

Our results do not rule out that individual de novo mutations in specific genes, as is reported 

for de novo mutations in FUS (Hübers et al., 2015), can be pathogenic in specific patients. 

However, these seem only to represent a minority of cases. In general, our results thus 

challenge a major role of de novo mutations in the development of ALS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Protein interaction network of genes with de novo mutations by DAPPLE. Interacting genes 

are connected by a line, color represents the origin of the genes, genes found to harbor de 

novo mutations in this and previous studies are represented in orange, genes with a known 

association with development of ALS are represented in blue. A: The connectivity of the de 

novo mutation genes in the total network is not higher than one would expect by chance (P = 

0.57). B: Protein interaction network after addition of the 34 known ALS genes. Two larger 

networks can be identified: one centered around FUS and one around TUBA4A.The 

connectivity in the total network is not significant (P = 0.41)
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FIGURE 2. 
Distribution of the genes with de novo mutations compared with all genes in the genome. 

Genes with de novo mutations are from the combined data from this study, the study by 

Chesi et al. (2013) and the study by Steinberg et al. (2015). A: Average de novo mutation 

rate (DNM rate) per base of the genes with de novo mutations (blue) compared with the 

GoNL de novo database distribution (red); in general, the genes with de novo mutations have 

a higher per-base mutation rate (P < 1.0 × 10−15). B: Gene size (in base pairs) of the genes 

with de novo mutations (blue) compared with gene size of all genes from the genome (red); 

the genes with de novo mutations are on the whole larger (P < 1 × 10−15). C: Probability of 

de novo mutations per gene (the product of de novo mutation rate per base and gene size, 

blue) compared with the GoNL de novo database distribution (red); the genes with de novo 

mutations have, in general, a higher probability of de novo mutations (P < 1.0 × 10−15)
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