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Arﬁc{e history: Amyotrophic lateral sclerosis is a heterogeneous, fatal neurodegenerative disease, characterized by motor
Received 11 May 2022 neuron loss and in 50% of cases also by cognitive and/or behavioral changes. Mendelian forms of ALS

Revised 23 October 2022
Accepted 8 November 2022
Available online 17 November 2022

comprise approximately 10-15% of cases. The majority is however considered sporadic, but also with a
high contribution of genetic risk factors. To explore the contribution of somatic mutations and/or epige-
netic changes to disease risk, we performed whole genome sequencing and methylation analyses using
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a lethal neurodegenerative
disorder characterized by the loss of motor neurons, resulting in
progressive muscle weakness, spasticity, and ultimately respiratory
failure (Brown and Al-Chalabi, 2017; van Es et al., 2017). Approx-
imately, 50% of patients also exhibit cognitive and/or behavioral
changes within the spectrum of frontotemporal dementia (FTD).

In 5%-15% of patients there is a positive family history. Over
the past 15 years many familial ALS genes have been identified
and currently about 70% of all familial cases can be explained mu-
tations in >20 genes (Andersen and Al-Chalabi, 2011). Thus, the
genetics of familial ALS are now relatively well understood. The
majority of patients are however sporadic (with a negative fam-
ily history), which is thought to be a multifactorial disease caused
by both environmental and genetic risk factors. Twin and family
heritability studies have estimated the genetic contribution to the
risk of sporadic ALS to be between 40 and 60% (Al-Chalabi et al.,
2010; Ryan et al., 2019; Wingo et al., 2011). Mutations in famil-
ial ALS genes are found in 410% of apparently sporadic patients,
but these are likely mislabeled familial cases due to factors such
as non-penetrance, incomplete family histories, small family sizes
and phenotypic heterogeneity. Genome-wide association studies
(GWAS) have also successfully identified multiple common genetic
risk factors, but which unfortunately only partially explain its her-
itability.

So despite the many discoveries and the relatively large heri-
tability of sporadic ALS its genetic underpinnings remain incom-
pletely understood. Recent germline mutations might form an ex-
planation for the “missing heritability” in GWAS and somatic mo-
saicism resulting from post-zygotic mutations could explain the
sporadic nature of the disease (Acuna-Hidalgo et al., 2015).

Indeed, de novo mutations have been identified in other neu-
rological and psychiatric disorders with a substantial genetic com-
ponent, especially in young-onset diseases such as autism, intel-
lectual disability, epilepsy and schizophrenia (Gilissen et al., 2014;
Wang et al.,, 2019), and to lesser extent in late-onset diseases such
as Parkinson’s disease (Kun-Rodrigues et al., 2015). In ALS, there
are reports of de novo mutations in known ALS genes in sporadic
cases (Chio et al., 2011; DeJesus-Hernandez et al., 2010; Kim et al.,
2015; Laffita-Mesa et al.,, 2013) and similarly copy number vari-
ant (CNV), whole exome (WES) and genome sequencing (WGS)
ALS trio studies also found de novo mutations (Chesi et al., 2013;
Pamphlett and Morahan, 2011; Steinberg et al., 2015; van Doormaal
et al., 2017).

In order to further assess the contribution of de novo mutations
and epigenetic changes to ALS, we set up a large international co-
hort of 21 monozygotic twins discordant for ALS and compared
their WGS and DNA methylation data and replicated the findings
in an additional set of 5 twin pairs.

2. Materials and methods
2.1. Monozygotic twins

Monozygotic twins were selected from an ongoing prospective,
population-based study on ALS in The Netherlands as well as from
ALS databases throughout Europe and the United States of Amer-
ica. Monozygosity was later on confirmed using obtained whole
genome sequencing data. Discordancy was based on evaluation by
a neurologist of the unaffected twin confirming the absence of
motor neuron disease after a period of at least 5 years after dis-
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ease onset in the affected sibling. Sporadic patients had no first or
second-degree relatives with motor neuron disease. Genomic DNA
was extracted from whole blood, saliva and or fibroblast biopsy by
means of standard procedures. All material was obtained with the
ethical approval of the relevant institutional review boards. All sub-
jects provided written informed consent.

2.2. Whole genome sequencing, variant detection and validation

DNA samples were sequenced using PCR free library prepa-
ration and paired-end (100bp) sequencing on the HiSeq 2000
platform (Illumina, San Diego, Illumina). Reads were aligned to
the hgl9 human genome build using BWA alignment software.
Three different variant callers were used to obtain variants; Isaac’s,
Strelka2, and GATK. Illumina Isaac’s Variant Calling and Illumina
Strelka2 Somatic Variant Calling (v2.0.14) were performed by Illu-
mina and filtered on standard Illumina criteria. For variant calling
using the Genome Analysis Toolkit (https://www.broadinstitute.
org/gatk) aligned files were first preprocessed and then called us-
ing the HaplotypeCaller (v3.4) method followed by Variant Recal-
ibration according to best practice recommendations and parame-
ters with Truth Sensitivity Tranche at VSQ 99.5 for SNVs and 99.0
for Indels and coverage threshold >10. Detected SNVs were com-
pared per twin pair and SNVs with discordant genotypes were se-
lected after variant filtering according to best practice guidelines,
per pair comparison for 21 twins resulted in a list of over 8 million
discordant single nucleotide variants (Supplementary Figure 1a).
We excluded multi-allelic SNVs, homozygous variant versus ho-
mozygous reference and homozygous variant versus heterozygous
variant from further analysis, given the uncertainty as to which
one would be de novo and high probability of genotyping errors.
To minimalize failed variant detection in the reference call we
additionally filtered for reference genotype quality using genome
variant files (Phred Scaled Qualityscore of 30 or higher) and if the
same SNV was detected in one of the other twins of the opposite
phenotype it was excluded, since it could not only be considered
highly unlikely, but also be considered as not contributing to the
phenotypic discordance. This resulted in a list of almost 150,000
SNVs.

We performed 2 separate validation steps using 2 different
methods of next generation sequencing. First, the obtained list of
SNVs was validated on a custom designed 650K Affymetrix Axiom
myDesign Genotyping Array after exclusion of SNVs in ambiguous
regions. Array results were analyzed using standard quality con-
trol and genotyping parameters with AxiomGTv1 algorithm. These
results provided us with a possible true variant dataset of 1,124
SNVs. Give the high performance status of the Strelka2 somatic
variant calling, but the limited Quality control data available from
the VCF files for further filtering, we subsequently re-analyzed the
entire data set using another somatic calling method GATK - The
Mutect2 (v3.4). This provided us with additional quality control
data and potential new candidates not picked up by Strelka2.

With a “candidate de novo” list available, we re-evaluated the
discordant WGS data (now including Mutect2) and applied addi-
tional filters based on 4 “confidence” criteria: (1) Multiple caller
criteria: Somatic variant calling method + 1 other method; (2) Ad-
ditional quality criteria: Mapping quality score (MAPQ) > 50 &
Genotype quality score (GQ) > 80; (3) Strandbias criteria: Strand
Odds Ratio (SOR) < 2 & FisherStrand (FS) < 10; and (4) Al-
lelic fraction (AF) criteria: allelic fraction of variant in variant call
above 0.1 & allelic fraction of variant in reference call below 0.1.
For Indels only, we additionally excluded Indels positioned in low
complexity regions (LCR) (obtained from UCSC Genome Browser,
https://genome.ucsc.edu/). We additionally selected SNVs and in-
dels using the following 4 “impact criteria”: (1) Previously vali-
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dated in the genotyping array; (2) Consequence prediction based
on the Ensembl Variant Effect Predictor (VEP) annotation (tran-
script ablation, frameshift, splice acceptor/donor, missense, stop
gain, stop/start lost, in frame insertion/deletion, protein altering
or incomplete terminal codon variants); (3) High allelic fraction
of variant (AF > 0.3) (meaning possible early post-zygotic). Last,
we designed a Agilent SureSelect XT custom bait library for tar-
get sequencing of regions in which SNVs were located and subse-
quently performed a high-depth targeted sequencing using paired-
end (150bp) sequencing on the Illumina HiSeq 4000 platform and
performed somatic variant calling using best practice guidelines of
GATK-Mutect2 and Strelka?2.

2.3. Regulatory function analysis

Variants were mapped to a gene using gene regulatory net-
works that were derived from Hi-C and ATAC sequencing data from
central nervous system cell-types from different sources and com-
bined with Genehancer (Fishilevich et al., 2017). Transcription fac-
tor (TF) binding sites were identified using FIMO (p-value thresh-
old 10-4) with TF motifs from the JASPAR database.

2.4. Mutation signature analysis

Mutation signature analysis and graphs were performed using
and according to the publicly available methods of the R package
MutationPattern (Blokzijl et al., 2018).

2.5. WGS de novo mutation prediction

In order to determine all possible de novo calls in the second
twin WGS dataset, we used a random forest classifier using the
caret model and randomForest R libraries. First, since all of possible
de novo SNVs were detected by a somatic variant caller and 95%
(948/995) were detected by both, we selected all discordant vari-
ants that were picked up by both Mutect2 and Strelka2 (n=9413).
This provided us with the following features (and a minimum of
missing data (n = 5)): QSS = Quality score for any somatic SNV,
that is, for the ALT allele to be present at a significantly different
frequency between twins (Mutect2 & Strelka2); QSS_NT = Qual-
ity score reflecting the joint probability of a somatic variant and
genotype of the normal sample (Strelka2); QSS_REF = Quality score
in reference call (Mutect2); NLOD = Normal LOD score (Mutect2);
TLOD = Tumor LOD score (Mutect2); AF_ALT = Allelic fraction of
variant in variant call (Mutect2 & Strelka 2); AF_REF = Allelic frac-
tion of variant in reference call (Mutect2); AF_RATIO = AF_ALT of
Mutect2 divided by AF_ALT of Strelka2; AD_REF = Allelic depths
for ref alleles (in both variant & ref call)(Mutect2); AD_ALT = Al-
lelic depths for alt alleles (in both variant & ref call)(Mutect2). We
then performed recursive feature elimination to extract a set of
most informative features. The entire set of 9408 validated SNVs
were used for training and 10 iteration rounds were run using a
5-fold cross-validation. Through this procedure, we identified the
following set of 6 optimal features: TLOD, AF_ALT, AD_REF (in both
variant and reference sample), AF_RATIO and NLOD. Next we ran-
domly split (70/30) the dataset into a training (n = 6562) and eval-
uation (n = 2846) set. Using the training set, we trained a ran-
dom forest classifier, again using 10 iterations with 5-fold cross-
validation, resulting in average model with a classification accuracy
of 92.4% (kappa = 0.64). When we applied the prediction model
to our evaluation set we found a similar accuracy, namely 92.6%.
Lastly we applied the prediction model on the discordant SNVs
identified by both Strelka2 and Mutect2 from the WGS data ob-
tained from the replication cohort.

2.6. DNA methylation, QC & Normalization

The following metrics were used to exclude samples: Median
methylated or unmethylated intensity <1500; Median red/green
intensity ratios <0.5 or >2 as calculated in type I probes; Dis-
cordance between reported sex and predicted sex based on the
getSex function in the minfi R package (Aryee et al., 2014). The
OP (non-polymorphic controls) and Hyb (hybridization controls)
metrics as implemented in the MethylAid R package (van Iterson
et al., 2014); Incomplete bisulfite conversion rate (<80%) based
on the bscon metric as implemented in the wateRmelon R pack-
age (Pidsley et al., 2013); >5% of probes with detection p-value >
1 x 10716 and/or >5% of probes measured by <3 beads.

After removing samples that failed on any of the steps listed
above, we performed PCA on the control probes present on the
array. Samples that had values larger than 3 standard deviations
from the mean on the first two PCs were excluded. After removing
samples that failed on any of the steps listed above, we performed
PCA on the normalized B-values (described in next section), and
excluded samples that had values larger than 3 standard devia-
tions from the mean of the first two PCs. The omicsPrint R package
was used to confirm the relation between twin pairs (van Iterson
et al., 2018). We performed identity-by-state (IBS) using the allele-
sharing function on 263 probes that reliably measured underlying
common SNPs. Pairs were considered twins when the intra-pair
IBS was greater than 1.9.

After quality control, signal intensities were normalized using
the dasen function as implemented in the wateRmelon R pack-
age (Pidsley et al., 2013). After normalization, we set all the mea-
surements with detection p-value >1 x 106 or measured by <3
beads to missing. We then removed probes with >5% missing data.

Probes were further filtered based on the following criteria: (1)
a >14bp 3’-subsequence inexact match to the C9 repeat expan-
sion (Hop et al., 2020); (2) a >30bp 3’-subsequence inexact off-
target match to the reference genome; and (3) low mapping qual-
ity based as determined by Zhou et al.(Zhou et al., 2017).

2.7. Power analyses

Given the complexity of calculating power for the Wilcoxson
signed-rank test, we performed power analyses for a paired t-test
instead, as has been previously suggested (Souren et al., 2019).
Power was calculated using the pwr.t.test function implemented
in the pwr R package with a sample size of 20 (number of twin
pairs that passed QC), and a genome-wide significance level of
2.4 x 1077 (Saffari et al., 2018).

2.8. Differential methylation analysis

To account for the confounding effects of white blood cell com-
position (WBC), we regressed the B-values of each site on the es-
timated WBC fraction and used the residuals from this regression
for subsequent analyses. At each site we tested for an association
using a 2-sided Wilcoxson-signed rank test (Souren et al.,, 2019).
Sites with p < 2.4 x 10~7 were considered genome-wide signifi-
cant (Saffari et al., 2018).

2.9. Polymethylation scores

We imputed white blood cell fractions (CD8T cells, CD4T cells,
Monocytes, Granulocytes, B-cells, and NK-cells) using the EpiDish
package, where we used the 'RPC’ (Robust Partial Correlations) al-
gorithm (Teschendorff et al., 2017). Since the WBC fractions always
add up to one, we dropped 1 cell-type (B-cells) in the analyses
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to prevent multicollinearity among the WBC covariates. Methyla-
tion age was predicted using the multi-tissue Horvath clock and
the blood-based clock developed by Zhang et al. (Horvath, 2013;
Zhang et al., 2019). We calculated a smoking score as previously
described in Elliot et al. and implemented in the EpiSmoker pack-
age (Bollepalli et al., 2019; Elliott et al., 2014).

3. Results
3.1. Study population

We obtained DNA from 21 monozygotic twins, of which only
one was affected by ALS, with at least a 5-year period between on-
set of the disease and inclusion in this study. Twin characteristics
are listed in Supplementary Table 1a. Notably, one of the subjects
that was not affected by ALS had a medical history of chronic lym-
phatic leukemia (CLL). This twin was intentionally not excluded, as
whole blood DNA from a CLL patient could serve as a positive con-
trol for increased post-zygotic mutations. Monozygosity was con-
firmed in all twins using the WGS data. None of the reported un-
affected twin siblings developed ALS during the additional 5-year
course of this study. All twins had a negative family history for mo-
tor neuron disease. One twin pair reported a distant family mem-
ber with unspecified muscle weakness and another twin pair had
a first degree relative with FTD. We screened all twins variants
in known ALS genes. In the twin pair, with a positive family his-
tory for FTD, both twins carried an intronic hexanucleotide repeat
expansion in C9orf72. Unfortunately, attempts to determine possi-
ble repeat expansion size differences with Southern blot analysis
failed, probably due to insufficient amount of high quality DNA. In
another pair, both twins carried a missense mutation in TARDBP
(1:11082610:G>A | p.Ala382Thr), previously reported in several fa-
milial ALS patients (Chio et al, 2010). Three other twin pairs had
rare amino-acid changing variants of unknown clinical significance
in known ALS genes (NEK1, TBK1 and UNC13A) (Supplementary Ta-
ble 1).

3.2. Detection and validation of early post-zygotic mutations

WGS has many advantages over WES when it comes to vari-
ant detection, such as its breadth of coverage (even in exonic
regions) and its potential to additionally detect non-exonic and
various structural variants. However, de novo mutation identifica-
tion from WGS twin or trio data relies on complex computational
prediction and filtering, mostly due to limited validation capacity
(Francioli et al., 2015). We analyzed our ~30x coverage Illumina
HiSeq2000 WGS twin datasets using both the Genome Analysis
Toolkit Haplotype Caller (GATK-HC) as well as Isaac Variant Caller
and added a somatic variant caller, Strelka2, considering the ALS
affected twin a somatic variant of the healthy one and vice versa
(allowing for potentially protective mutations as well). The discor-
dant single nucleotide variants (SNVs) that were identified in the
WGS data were subsequently validated using a different technique
(custom Axiom arrays) which resulted in 1,124 single nucleotide de
novo mutations. A total 95% (n = 1,067) of these validated SNVs
were detected using a somatic variant calling method. whereas ap-
plication of the other variant calling methods resulted in the addi-
tional identification of 57 potential de novo mutations.

Next, we added a second validation method using targeted en-
richment and sequencing, increasing coverage to at least ~70-80x
for regions of interest, in order to confirm the identified variants
and evaluate variants that failed custom genotyping array design,
such as small base pair insertions and deletions (Indels).

This 2-step validation resulted in the identification of 998 defi-
nite post-zygotic single nucleotide mutations (pSNM) (validated by

both methods) and 181 possible pSNM (validated with a single
method). Using targeted sequencing only, we validated 91 small
deletions and 39 small insertions. There were another 175 SNVs
that had a discordant genotype using targeted sequencing, but not
on the genotyping array, possibly due to sequencing artifacts or a
low allelic fraction not picked up using an array due to late post-
zygotic events; these were excluded from further analysis. Thus,
through extensive 2-tier validation, we uncovered a high number
of post-zygotic mutations for further analysis.

3.3. A skewed distribution of post-zygotic mutations between twins

As expected, the majority of the 1179 uncovered definite or pos-
sible pSNMs were detected in the control twin that suffered from
chronic leukemia (1-CON: 868 mutations). After its exclusion, we
observed a non-significant difference in the average of 11.6 (SD:
26.8) post-zygotic mutations in ALS twins compared to 3.3 (SD:
3.97) in non-affected twins. However, the number of mutations
was significantly unevenly distributed (K-S test: p < 0.001) with
2 ALS affected outliers (2-ALS: 111 mutations; 8-ALS: 66 muta-
tions) (Fig. 1A). Importantly, their unaffected twin sibling did not
share the same vulnerability (2-CON: 0 mutations; 8-CON: 2 mu-
tations). This same pattern was identified in the distribution of In-
dels (Fig. 1B).

3.4. Post-zygotic mutations can occur at early stage of development

To identify early pSNMs we additionally analyzed WGS data ob-
tained from fibroblast (available in Twin 1, 2, 6, 7, 8, 10, and 11)
and saliva (available in Twin 6, 8, 10, and 11). For Twin 2, none
of the identified mutations could be additionally identified in DNA
obtained from fibroblasts, which could indicate either late pSNMs.
In contrast, 95% of the possible and definite pSNMs in Twin 8 were
identified in DNA obtained from saliva (63/66), 6 of which were
additionally detected in fibroblast. In all twins combined, there
were ten pSNMs detected in all tissues (ALS: 5, CON: 5). Over-
all, the allelic fraction (AF) was not significantly different between
saliva and whole blood, which could be explained by the pres-
ence of leukocytes in saliva (Fig. 2A and B). We did observe sig-
nificantly higher AFs in the pSNMs picked up in all tissues com-
pared to blood and saliva only (0.48 vs. 0.22, p = 0.004), close to
the germline AF of 0.5 (Fig. 2C) confirming that these detected mu-
tations occurred at an early stage during embryonic development
and potentially affect the nervous system.

3.5. Mapping of identified post-zygotic mutations

After exclusion of the twin with CLL, we identified only
one confident pSNM with possible amino-acid changing con-
sequences; a stop-gain mutation in an ALS twin (8) in the
exonic region of LMXI1A (p.R208*). This variant does not oc-
cur in public exome/WGS databases such as gnomAD (http:
//gnomad.broadinstitute.org) or the online databrowser of Project
MinE (http://databrowser.projectmine.com), containing WGS data
of 4366 ALS cases and 1832 controls (van der Spek et al, 2019).
A gene-based burden test on the 11 coding variants identified in
LMX1A in the Project MinE database does not show a significant as-
sociation with ALS (p = 0.797; Firth logistic regression) and given
a low AF of 0.145 in whole blood, its’ clinical relevance remains
unknown. Second, we evaluated the genomic distribution of post-
zygotic mutations identified in ALS or control twins, which did not
show a clear clustering, except for a small locus on chromosome 8
(S1 Fig); this clustering however, appears to be more twin specific
rather than phenotype specific as all three mutations can be
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Fig. 2. Detection of post-zygotic mutation in DNA obtained from multiple tissue samples. (A) Per mutation comparison of detected allelic fraction of post-zygotic mutations
that were identified in WGS data obtained from whole-blood and saliva (orange). Variants that were additionally detected in DNA obtained from fibroblast are shown in
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1 given a post-zygotic mutation in a male on the X-chromosome outside the pseudo-autosomal region.

attributed to a single twin. Lastly, we analyzed whether gene pro-
motor or enhancer regions could be affected using the GeneHancer
database (Fishilevich et al.,, 2017) (Supplementary Table 2). Inter-
estingly, one ALS twin we identified a mutation within a predicted
regulatory element for UGTS8, of which the promotor region has
been previously linked to ALS in a CNV trio-study (Pamphlett and
Morahan, 2011). This post-zygotic mutation was picked up in
both blood as well as saliva. Another post-zygotic mutation in an
ALS twin with a high mutation rate is located in the regulatory
region of TDP2, a DNA repair gene implicated in neurodegenerative

diseases such as spinocerebellar ataxia (Errichiello et al., 2020;
Zagnoli-Vieira et al., 2018).

3.6. Mutational signature analysis implies accelerated aging

To evaluate if the increased number of post-zygotic single
nucleotide mutations in the ALS samples could be caused by an
underlying problem in DNA-repair, we performed a mutational
signature analysis. We compared the characteristics of the post-
zygotic mutations identified in the 2 ALS hypermutation outliers
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with both the mutations identified in the twin affected by
leukemia, which served as a positive control, and those iden-
tified in all the other twins combined, and additionally with a
list of validated de novo mutations publicly available from the
Genome of the Netherlands (GoNL) project (Francioli et al., 2015;
Genome of the Netherlands, 2014). We identified 3 different signa-
tures distinguishing the de novo mutations identified in leukemia
and those in GoNL, but found no signature distinguishing the
ALS outlier and all other mutations (S2 Fig). Next, we calculated
the contribution of known COSMIC mutational signatures (S3
Fig) (Tate et al., 2019). As expected, in the mutation profile of
the twin with chronic lymphatic leukemia there was a relatively
high contribution (35%) of COSMIC signature 9, which is derived
from a dataset with chronic lymphocytic leukemias and malignant
B-cell lymphomas(Alexandrov and Stratton, 2014). In the GoNL
de novo set the largest contribution is signature 5 (31%), whereas
in both the ALS outliers and all other twin identified mutations
this was signature 1 (resp. 29% and 34%). Signature 1 has been
linked to age at cancer diagnosis and is most likely the result
of somatic mutational processes, whereas the GoNL combination
with signature 5, fits the pattern of de novo mutations found in
the human germline (Alexandrov et al., 2015). Thus, the increased
number of mutations in ALS seems to be the result of mutational
processes that occur during aging, despite the fact that these
twins were the same age at sampling as their twin siblings and
were not significantly older than the other monozygotic twins.
In support, we found a significant transcription bias of C>A |
G>T transversions in the ALS twins with an increased mutation
rate (p = 0.016, 2-sided Poisson test; S4 Fig), indicative of DNA
damage caused by oxidative stress and linked to accelerated aging
(Shibutani et al., 1991; Zhang et al., 2017).

3.7. Increased mutation rate replicates in second ALS-discordant
monozygotic twin set

During the study, an additional 5 ALS-discordant monozygotic
twins that met the inclusion criteria were collected, resulting in
a smaller replication cohort . Samples were analyzed using WGS,
but were not taken into account for the custom genotyping array
and targeted sequencing design. To determine likely de novo SNVs
from the WGS data, we first build a prediction model by apply-
ing a random forest machine-learning algorithm (trained on the
validated 1052 true positives and 8186 false positive post-zygotic
single nucleotide mutations with complete data by both somatic
variant callers) with an estimated accuracy of 93.1% and a positive
predictive value of 72.4%. We then analyzed the WGS data of the
replication twins with Strelka2 and Mutect2, and applied the pre-
diction model to 1870 discordant SNVs identified with both call-
ing algorithms. This resulted in a total of 300 possible post-zygotic
mutations (Fig. 3). Again, we found an ALS-affected twin to have
a high number of mutations in comparison to the other samples.
WGS analysis of DNA obtained from saliva from the same twin pair
confirmed 202 out of 233 post-zygotic mutations (ALS: 186, Con-
trol: 16). Functional annotation of identified mutations revealed
three missense mutations (Supplementary Table 3). Two pSNMs
were identified in ALS twins in the OR52J3 and OR4N2 genes re-
spectively and are predicted to be deleterious by SIFT, although one
is predicted to be benign by Polyphen. Interestingly, both genes are
involved in olfactory transduction and this pathway showed a sig-
nificant association in a KEGG analysis (p = 0.006). One pSNM was
identified in an unaffected twin in the PBX4 gene and was pre-
dicted to be benign by both SIFT and Polyphen. However, due to
the unique status and that there is no clear increased gene-burden
in the Project MinE ALS databrowser, the clinical relevance of these
variants remains uncertain (van der Spek et al., 2019).
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Fig. 3. Distribution of predicted post-zygotic mutations in a replication set of ALS
discordant monozygotic twin pairs. Number of predicted post-zygotic single nu-
cleotide mutations from WGS data per twin pair and per phenotype (blue: ALS af-
fected twin; orange: unaffected control twin) in a second set of disease discordant
monozygotic twins.

3.8. Analysis of CAG trinucleotide repeats shows overall repeat
stability

DNA repeat expansions are an important part of the genetic ar-
chitecture of ALS.; Intronic hexanucleotide repeats in C9orf72 are
is the most frequent genetic cause of ALS. Additionally, CAA trin-
ucleotide expansions in NIPAT and CAG expansions in ATXN1 and
ATXN2 have been associated with the disease (Blauw et al., 2012;
DeJesus-Hernandez et al., 2011; Elden et al., 2010; Tazelaar et al.,
2020; Tazelaar et al., 2019). Repetitive elements comprise a large
part of the human genome, but despite recent advances, accu-
rate repeat-length detection from WGS-data remains challenging
(de Koning et al., 2011; Dolzhenko et al., 2020; Dolzhenko et al.,
2019). Therefore, in addition to the hexanucleotide expansion in
C9orf72, we used PCR to screen for a group of seven CAG trin-
ucleotide repeats, given their role in neurodegenerative disease
with pyramidal symptoms: ATXN1, ATXN2, ATXN3, CACNA1A, ATXNZ,
PPP2R2B and TBP (Holmes et al., 2001; Paulson et al., 2017). Over-
all, we found similar repeat sizes for all determined CAG repeats
in 24 out of 26 monozygotic twins (Supplementary Table 4). In one
twin pair however, we found five out of seven repeats to be discor-
dant on one or both alleles. Although CAG repeat length instability
is common in expanded repeats, this observed high variability of
normal length alleles is rare and could indicate defects in DNA re-
pair.

3.9. Differential DNA methylation analysis

Since phenotypic discordance in monozygotic twins has re-
cently been (partially) attributed to epigenetic differences in neu-
rological diseases such as multiple sclerosis and ALS (Souren et al.,
2019; Tarr et al., 2019; Young et al., 2017), we performed a DNA
methylation analysis using the Infinium HumanMethylation450
DNA methylation array (450K) on whole blood DNA obtained from
22 ALS-discordant (20 from the original set, excluding the twin
with CLL, plus two from replication set). After quality control,
probe filtering and adjustment for predicted white blood cell pro-
portions, we performed a pair-wise analysis using a Wilcoxon
singed-rank test on the mean within-pair B-value differences (Ap)
to detect differentially methylated CpG positions (DMPs). We ap-
plied a stringent p-value threshold of 2.4 x 10~7 and a sugges-
tive threshold of 5.0 x 10-6 (Saffari et al., 2018; Souren et al,
2019; Tsai and Bell, 2015). We found no DMP reaching genome
wide significance while three DMPs reached a suggestive p-value:
LBX1 (cg13112154, mean Apf-value = -0.019), SND1 (cg11857142,
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Fig. 4. Differential DNA methylation analysis on 22 ALS-discordant monozygotic twin pairs. (A) Volcano plot of the p-values resulting from the nonparametric two-tailed
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<5 x 1075, (B) Q-Q plot of the p-values resulting from the nonparametric two-tailed Wilcoxon signed-rank test shown in (A).

mean ApB-value = -0.015) and GRN (cgl16500497, mean ApB-
value = 0.037) (Fig. 4 and S5 Fig). We found no significant differ-
ences in methylation in known ALS genes (S6 Fig).

DNA methylation patterns can also be used to predict certain
biomarkers such as smoking, body mass index (BMI) as well as ag-
ing. The difference between the epigenetic age and true chrono-
logical age serves as an indicator for age acceleration. Previous
monozygotic twin studies in ALS have shown increased predicted
age for ALS-affected twins using the Horvath age prediction model
(Tarr et al., 2019; Young et al., 2017). We used the recently pub-
lished predictor from Zhang et al. and compared this to other
models, including Horvath and Hannum predictors (Hannum et al.,
2013; Horvath, 2013; Zhang et al., 2019). Since precision can de-
crease with increased chronological age, we only used the twin
pairs which were sampled at the same age. Overall, we found the
highest correlation using the Zhang model (r = 0.95) (Fig. 5A)
and found no evidence of age acceleration for ALS-affected twins
in comparison with their non-affected siblings (6 out of 14 pairs,
Fig. 5B). We did find more ALS dependent acceleration using Han-
num and Horvath prediction models (with resp. 11 and 9 out of
14 pairs, S7 Fig). However, all three models show inconsistency
when it comes to which twin shows acceleration, which indicates
a lack of precision to predict subtle differences in a relatively small
dataset. Using other prediction models, we also did not find ALS-
dependent differences in other predicted biomarkers: BMI, smok-
ing, HDL-cholesterol, CRP and alcohol use (S8 Fig).

4. Discussion

Multiple studies have demonstrated a linear relationship be-
tween the log incidence and log age of onset of ALS, which is
consistent with a multistep model of disease (Al-Chalabi et al.,
2014). The model assumes there is a genetic predisposition and
that subsequent downstream events (environmental exposures,
(epi)genetic changes) trigger the disease. Data from these studies
suggest that 6 steps are required to trigger ALS (Al-Chalabi et al.,
2014; Vucic et al.,, 2020). Interestingly, it has been demonstrated
that in familial ALS, multiple steps are also required (albeit fewer),
suggesting that the presumed pathogenic mutation itself is not
solely responsible for the disease (Chio et al., 2018). This is a pos-
sible explanation for the frequent observation of non-penetrance
and high phenotypic variability in familial ALS pedigrees as well
as the identification of pathogenic mutations in apparently spo-
radic cases and is also compatible with the findings of this study,
in which we identified (potentially) pathogenic mutations (C9orf72

repeat expansions, TARDBP, NEK1, TBK1, and uncl3a) within twin
pairs of which only one developed disease. In line with the multi-
step model, this implies that additional event(s) have taken place
in one, but not the other twin. Discordant monozygotic twins
both carrying C9orf72 repeat expansions have been reported pre-
viously (PMID: 25209579, PMID: 31164693) and even a triplet
carrying a p.114T SOD1 mutation, of which only was affected
(Tarr et al., 2019). Similarly, there are multiple reports of famil-
ial ALS pedigrees with pathogenic mutations in >2 ALS genes and
sporadic cases carrying pathogenic mutations in combination with
ALS risk factors (e.g. both C9orf72 and ATXN2 repeat expansions)
(McCann et al., 2020; van Blitterswijk et al., 2012). Moreover, GWAS
results also show that the genetic risk for ALS is driven by variants
with a low frequency (1%-10%)(van Rheenen et al., 2021). There-
fore, ALS is considered to be an oligogenic disease.

Given the oligogenic and multistep model of disease, the aim
of this study was to identify novel (epi)genetic risk factors that
might increase risk for ALS by identifying variants present in one
twin but not the other. By performing in-depth sequencing and
extensive validation we identified post-zygotic mutations of high
confidence leading to 3 exonic candidates in the LMX1A, OR52J3
and OR4N2I genes. Burden testing in the larger Project MinE co-
hort did not provide further evidence for association with ALS.
It must be noted however, that the variant in LMX1A is a stop-
gain mutation whereas burden testing was performed using non-
synonymous variants. Loss-of-function mutations were not identi-
fied in LMX1A in the Project MinE database and gnomAD contains
only 1 LoF mutation.

We also considered variants outside of coding genome, which
yielded 8 post-zygotic mutations in predicted transcriptional bind-
ing sites of gene enhancers. We identified a mutation in blood as
well as saliva within a predicted regulatory element for UGT8. An
unbiased genome-wide screen for de novo DNA mutations in ALS
trios previously identified rare and potentially pathogenic CNVs in
the promotor region of UGT8 (Pamphlett and Morahan, 2011). UGT8
plays a role in the biosynthesis of galactocerebroside, which is a
sphingolipid that forms myelin membranes in both the central and
peripheral nervous system. Transgenic mice that lack the UGTS8 or-
thologue have a motor phenotype with disrupted nerve conduc-
tion and degeneration of myelin (Bosio et al., 1996; Coetzee et al.,
1996). UGTS is also a molecular marker for breast cancer and lung
metastases (Dziegiel et al., 2010). One of the ALS twins with a
high mutation rate carried a post-zygotic mutation in the regula-
tory region of TDP2, which is a DNA repair gene. We cannot com-
ment on whether the high mutation rate is a direct consequence
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Fig. 5. Individual age prediction using methylation data. (A) Correlation between biological age and epigenetic age for each subject using Zhang prediction model shows
high correlation (r = 0.95) for both phenotypes (orange: ALS, blue: control). (B) Plot of methylome age differences for each twin pair based on the difference in epigenetic
age of ALS sibling minus that of the unaffected sibling (only for twins which were same age at sampling).

of impaired TDP2 function. Interestingly, homozygous mutations
in TDP2 cause autosomal recessive spinocerebellar ataxia type 2,
has been functionally implicated in other neurodegenerative dis-
eases such as Parkinson’s disease and is also an oncogenic factor
(Li et al., 2011; Zoghi et al., 2021).

Our methylation analysis identified three candidate genes
(SND1, LBX1, and GRN), all of which have been well-established to
play a role in multiple forms of cancer. Two of these can be di-
rectly linked to ALS: SND1 was enriched for de novo mutations
in a previous ALS trio-study (Steinberg et al., 2015), whereas GRN
(Granulin Precursor) has been extensively linked to FTD and GRN
mutations have been identified in ALS-FTD patients (Cannon et al.,
2013).

Another important finding is the skewed distribution of the
mutation rate amongst twins with a very high number in a subset
of the affected siblings. This finding replicated in the second in-
dependent twin cohort and was present in multiple tissues, ruling
out sample contamination or environmental mutagenic exposure.

In support, prediction of environmental risk factors, such as smok-
ing, from methylation profiles did not indicate clear epigenetic dif-
ferences amongst siblings. A possible explanation for the observed
relative hypermutation in ALS could be accelerated aging, which is
backed-up by previous studies investigating epigenetic differences
in ALS discordant monozygotic twins (Tarr et al., 2019; Young et al.,
2017). However, we were unable to replicate these findings as
age prediction between twins from methylation data seems to
be method-dependent and probably lacks precision for detecting
small epigenetic age differences in a pair-wise analysis, especially
at old(er) age. We did however, find an ALS-hypermutation depen-
dent transcriptional bias in C>A | G>T transversions, which can be
attributed to DNA damage caused by oxidative stress. Interestingly,
high levels of DNA oxidation have been identified in mice lacking
Sod1, the first identified ALS gene, which also suffer from an ac-
celerated aging phenotype (Zhang et al., 2017). Differences in ag-
ing processes might additionally explain the observed CAG repeat
length differences in one twin pair, as aging and oxidative dam-
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age are known to influence the somatic stability of CAG repeats
(Kovtun et al., 2007; Sanchez-Contreras and Cardozo-Pelaez, 2017).

This study has several limitations. Firstly, the sample size is
small, which means that the statistical power to detect associa-
tions was low. The underlying assumption for this study was how-
ever that the effect of discordant variants would be large. Although
this indeed may be the case, the ultra-rare nature of the identified
variants makes replication challenging and thus complicates inter-
preting their relevance.

The other major limitation of this study was that we did not
have access to tissue from the nervous system. We attempted to
(partially) overcome this by additionally analyzing DNA isolated
from dermal fibroblast and/or saliva in some twin pairs. Taken into
consideration that the embryonic origin of dermal fibroblasts de-
pends on site of biopsy, but often taken from ventral / limb which
derives from lateral plate mesoderm (Driskell and Watt, 2015), and
saliva consists of a mixed population of leukocytes of mesodermal
origin and epithelial cells of ectodermal origin (Theda et al., 2018),
we were able to confirm that several mutations were present in
multiple tissues and indeed had higher allelic fractions, indica-
tive of very early post-zygotic events. This is an important find-
ing, as it demonstrates that, at least in some twins, genetic dif-
ferences already occur at an early stage and are therefore more
likely to affect the central nervous system. Vulnerability to somatic
mutations might also explain why were unable to identify obvi-
ous pathogenic variants in whole blood DNA, as somatic mutations
could also have occurred in the nervous system itself and were
therefore not picked up in this study.

If indeed ultra-rare and randomly induced mutations are one
of the factors that trigger ALS, this will pose a huge challenge to
the field. Even more so, if these triggering events only take place
in certain tissues or cells. Studies using readily accessible tissues
(such as blood, fibroblasts or muscle) would not be able to detect
these changes and they could even be missed in autopsy mate-
rial from brain or spinal cord due to sampling. However, a somatic
mutation in the nervous system that triggers disease would fit well
the frequently very focal onset of the disease.

In conclusion, our findings support the multi-step hypothesis
for ALS, which is not limited to predisposing genetic factors and
subsequent environmental factors, but could also be the result of
ongoing (epi) genetic changes. Intriguingly, our analyses identified
several genes that have been implicated in ALS and neurodegen-
eration previously, including GRN, SND1, TDP2 and UGTS. Strikingly,
these genes all play a role in multiple forms of cancer, which also
the result of a multi-step process. The skewed distribution of the
mutation rate amongst twins with a very high number in a subset
of affected siblings as well as CAG repeat the length differences in
1 twin pair are in line with these findings.

5. Conclusions

In summary, this study implicates several mechanisms in ALS
pathophysiology, which include a role for de novo mutations, de-
fects in DNA damage repair and accelerated aging. Although it is
difficult to pinpoint a single post-zygotic downstream events re-
sponsible for disease discordancy in monozygotic twins, the vari-
ety in discordant factors support a multistep model of disease that
trigger the onset of ALS.
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