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1
“The soul cannot produce any movement in 
the body without the appropriate disposition 
of the bodily organs which are required for 
making the movement… no matter how 
much we may will this to happen.” 

The Philosophical Writings of Descartes.
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“My name is N., I am 25 years of age. Seven years ago, my 
father told me that he was diagnosed with amyotrophic 
lateral sclerosis (ALS), and that he would probably die 
within five years. While I had never heard of ALS, I 
searched the internet, and came across many devastating 
stories. I felt very angry, and started screaming and kicking. 
I could not believe this was happening to my father.”

ALS
Each year approximately 400 patients are diagnosed with ALS in The Netherlands.1 These 
patients are ~65 years of age at time of diagnosis.1 They develop progressive muscle 
weakness, frequently affecting their arms, legs and trunk, but also muscles involved in 
speech, swallowing and breathing. ALS patients usually die within three years due to 
respiratory failure.1 There is no cure for ALS and only Riluzole prolongs survival with 
two to three months.2

“Against all odds, my father is still alive: his disease 
progression was relatively slow. It started in his arms, 
and subsequently affected his legs. Although he became 
wheelchair bound, his speech is still intact. It is very 
difficult to see my father like this; he has always been 
very strong, both mentally and physically.” 

The pathogenesis of ALS is complex and involves both genetic and environmental 
factors. In ~5% of the cases more than one family member is affected.3 These patients 
are diagnosed with familial ALS (FALS). 

“Almost two years ago, my aunt developed weakness of 
her hand. She prayed that her complaints were not 
caused by ALS. Within half a year, however, she was 
also diagnosed with ALS, and we realized there was a 
genetic component in our family. This was confirmed by 
the identification of a genetic abnormality (mutation) 
in TAR DNA-binding protein (TARDBP).”
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In 1993, the first candidate gene for FALS was reported: superoxide dismutase-1 (SOD1).4 
Linkage analysis had pointed towards SOD1, and direct sequencing of thirteen FALS 
families had revealed heterozygosity in the DNA sequence, indicating one normal and 
one abnormal chromosome. In all these families single base pair changes were identified, 
which caused eleven distinct amino-acid substitutions (missense mutations). These SOD1 
changes were not detected in more than 100 chromosomes from normal individuals. SOD1 
is known to catalyze the dismutation of the toxic superoxide anion O2

- to O2 and H2O2 , and 
it was thus believed that ‘the simplest hypothesis is that the mutations in the SOD1 gene 
cause FALS’ due to the formation of free radicals that result in neuronal injury.4 Since the 
discovery of SOD1, many other genes have been shown to be causative for ALS. In the 
first part of this thesis, we will discuss eleven ALS-associated genes. 

Genetic studies; ALS

Paraoxonase (PON)

In Chapter 2 and 3 we will focus PON. PON1 was identified due to its ability to hydrolyze 
organophosphates and pesticides, including paraoxon.5;6 Many associations between 
PON1 polymorphisms and diseases have been suggested, these include neurological 
diseases, like multiple sclerosis (MS), Alzheimer’s disease (AD) and Parkinson’s disease 
(PD).7-12 Since reports that military personnel, who were deployed during the Gulf War, 
had a two-fold increased risk of developing ALS,13-16 the role of PON polymorphisms have 
been studied in ALS patients as well. Studies have described associations between PON 
polymorphisms and ALS;17-22 nonetheless, genome-wide association studies (GWAS) and 
a recent meta-analysis could not confirm this association.23 To elucidate the role of PON 
in the pathogenesis of ALS, we assessed the frequency of PON mutations in two large 
cohorts of ALS patients and control subjects. In addition, we assessed the frequency of 
PON polymorphisms. 

Optineurin (OPTN)

In 2010, six Japanese individuals from consanguineous marriages who had ALS were 
analyzed.24 These consanguineous marriages indicated a homozygous mutation (with 
two abnormal chromosomes), and this enabled usage of homozygosity mapping, 
which allows detection of a run of homozygous polymorphisms (RHSs). A region on 
chromosome ten overlapped among four subjects, and was chosen as the primary 
candidate region. This region contained seventeen candidate genes, and sequencing of 
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these genes resulted in the identification of OPTN mutations.24 OPTN normally regulates 
membrane trafficking, Golgi ribbon formation, exocytosis, and cellular morphogenesis 
due to interactions with huntingtin (Htt), Rab8 and Myosin VI.25-27 Furthermore, OPTN 
interacts with group 1 metabotropic glutamate receptors (mGluRs) that play an 
important role in regulating neuronal function.28 It also affects transcription activation 
through interactions with transcription factor IIIA-interacting protein (TFIIIA), and is 
involved in autophagy.29-31 To investigate the frequency of mutations and polymorphisms 
in OPTN, we decided to screen a large cohort of FALS patients, sporadic ALS (SALS) 
patients and control subjects of Dutch descent (Chapter 4).

Valosin-containing protein (VCP)

New technological developments accelerated the search for candidate genes. Whole-
exome sequencing, for instance, is able to cover all protein coding regions of the 
genome with massive parallel sequencing. This technique was used to investigate two 
ALS patients from a four-generation Italian family, and resulted in the identification 
of 75 heterozygous coding variants and thirteen heterozygous coding insertions/
deletions (indels).32 These variants were tested in another affected family member, 
thereby reducing this list to 24 variants and nine indels. Four of these variants were 
consistent with linkage analysis, not present in control subjects, and predicted to have 
damaging effects.32 One of them was a mutation in VCP, and sequencing of 210 FALS 
patients confirmed its involvement in ALS.32 VCP mutations were originally reported to 
cause inclusion body myopathy with Paget’s disease of the bone and frontotemporal 
dementia (IBMPFD),33 a degenerative disorder mainly affecting muscle, brain and 
bone tissue. VCP is implicated in mitosis, cell death, organelle biogenesis, membrane 
fusion, and protein degradation pathways, and, in addition, it functions in protein 
inclusion formation.34 In Chapter 5, we will report the frequency of VCP mutations in 
Dutch ALS patients.

Ubiquilin-2 (UBQLN2)

Mutations in UBQLN2, which encodes the ubiquitin-like protein ubiquilin-2, were 
identified in a five-generation family with ALS.35 In this family, ALS was transmitted in a 
dominant fashion with reduced penetrance in females and no evidence for male-to-male 
transmission. Hence, this family was screened with markers from the X-chromosome. 
A region with 191 protein-coding genes was identified, and these genes were filtered 
based on their expression profile, function, structure and potential relevance of their 
encoded proteins. Sequencing of 41 selected genes eventually revealed a mutation in 
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UBQLN2. UBQLN2 is a member of the ubiquilin family, which is thought to regulate 
the degradation of ubiquitinated proteins.36 We will report the mutation frequency of 
UBQLN2 in The Netherlands (Chapter 6).

Ataxin-2 (ATXN2)

Previous studies identified TDP-43 as the major component of ubiquitin-positive 
inclusions (UBIs) in brain tissues from ALS patients.37 To gain insight into the mechanism 
of TDP-43 pathogenesis, 5,500 yeast genes were transformed into a yeast strain 
expressing TDP-43.38 Hereby, genes were identified that influenced TDP-43 toxicity. 
Pab1-binding protein 1 (PBP1), an orthologue of the ATXN2 gene, was shown to enhance 
TDP-43 toxicity.38 Triplet-repeat expansions in ATXN2 were already known to cause 
spinocerebellar ataxia type 2 (SCA2), a neurodegenerative disease characterized by 
ataxia, dysarthria, and eye movement disorders.39 Subsequently, the presence of ATXN2 
repeat expansions was investigated in 915 ALS patients and 980 control subjects, and this 
identified an association between intermediate-length ATXN2 repeat expansions and 
ALS. In Chapter 7, we will describe the association between ATXN2 repeat expansions 
and ALS in Belgium and in The Netherlands. 

Chromosome 9 open reading frame 72 (C9orf72)

Despite the identification of novel ALS-associated genes (Chapter 2-7), less than 5% of 
the FALS cases appeared to be caused by mutations in these genes. The discovery of 
C9orf72 repeat expansions, however, introduced a major causative gene.40;41 These repeat 
expansions were located in one of the five genes on chromosome 9p21 that were revealed 
by linkage analysis.42-49 C9orf72 repeat expansions probably result in accumulation of 
repeated nucleotides in RNA foci, which sequester RNA-binding proteins and disrupt 
mRNA splicing.41 Chapter 8 reports the presence of C9orf72 repeat expansions in Dutch 
ALS patients.

Five major ALS-associated genes

In many of our Dutch FALS pedigrees, we observed individuals that were obligate 
carriers of pathogenic mutations, but did not develop ALS (incomplete penetrance). 
We hypothesized that this phenomenon might be due to polygenic inheritance of ALS, 
and therefore, we decided to screen Dutch ALS patients for mutations in five major 
ALS-associated genes: TARDBP, fused in sarcoma / translated in liposarcoma (FUS/
TLS), SOD1, angiogenin (ANG), and C9orf72. Our results will be discussed in Chapter 9. 
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“The clinical geneticist gave us more information on 
ALS and its genetic causes, and asked us whether we 
wanted to know if we had the same genetic abnormality 
in TARDBP. I had already made up my mind, and 
several months later, the clinical geneticist said she 
had bad news: I had the same genetic abnormality as 
my father.” 

Vesicle-associated membrane protein B (VAPB)

To extend our search, we also investigated our cohort of well-genotyped FALS patients 
for mutations in VAPB. VAPB is involved in many cellular processes, including lipid 
metabolism, membrane trafficking, the unfolded protein response (UPR), proteasome 
activity, microtubule organization, and endoplasmic reticulum (ER) homeostatic and 
stress signaling systems.50-53 Currently, only two VAPB mutations have been identified 
in ALS patients 54 55. In Chapter 10, we will describe the identification of a novel VAPB 
mutation.

Genetic studies; other neurodegenerative diseases
The next part of this thesis will address other neurodegenerative diseases. Chapter 11 
and 12 will cover progressive muscular atrophy (PMA). This disease is characterized by 
progressive loss of lower motor neurons, and causes severe muscle weakness. PMA 
accounts for 5-10% of the adult-onset motor neuron diseases (MND).56-58 Clinical and 
pathological similarities between PMA and ALS have already been reported,59-65 we 
investigated a possible genetic overlap. Therefore, we sequenced ALS-associated genes 
SOD1, ANG, FUS/TLS, and TARDBP in PMA patients. Moreover, we investigated the 
mutation frequency of multivesicular body protein 2B (CHMP2B). CHMP2B mutations 
mutations have been reported in patients with PMA,66;67 and were originally identified 
in a large Danish pedigree with autosomal dominant frontotemporal dementia (FTD).68 

In Chapter 12, we will investigate the mutation frequency of transient receptor potential 
cation channel, subfamily V, member 4 (TRPV4). Mutations in TRPV4 have been described 
in congenital distal spinal muscular atrophy, scapuloperoneal spinal muscular atrophy 
(SPSMA) and hereditary motor and sensory neuropathy type IIC (HMSN IIC/ CMT2C),69-71   
and have been shown to cause a predominant, or pure, lower motor neuropathy with 
axonal characterstics.72 
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Chapter 13-15 will cover PD, a common neurodegenerative disorder characterized by 
an expressionless face, monotonous speech, shaking, stiffness, slowness of movements, 
and a shuffling gait. Previous studies have revealed several similarities between ALS 
and PD. TDP-43-positive inclusions, for instance, have also been identified in PD cases,73 
and mutations in TARDBP have been detected in PD patients as well.74 We will report 
the mutation frequency of TARDBP and PON in Dutch PD patients. 

“I had just been told that I have an increased risk of 
developing ALS… In the evening I talked to my boyfriend, 
we discussed the possibility of having children . We 
would love to have children , but they would have a 
50% chance of inheriting the same genetic abnormality, 
so what should we do? We would love to have children; 
however, we do not want our children to inherit this 
genetic variant.”

Functional studies
RNA processing is of crucial importance for the expression of genetic information. In 
Chapter 16, we will review the discovery, function, and commonalities of ANG, elongator 
protein 3 (ELP3), FUS/TLS, senataxin (SETX), survival motor neuron (SMN), and TARDBP. 
Hereby, we will emphasize the essential role of RNA processing in the development of ALS. 

In Chapter 17, we will further investigate FUS/TLS. Mutations in FUS/TLS have been 
reported in ~4% of the FALS patients,75 but downstream effects and transcriptomes 
are still unknown. We have utilized RNA-Seq to investigate the normal function of 
FUS/TLS, and to identify the spectrum of RNA targets. RNA-Seq is a novel technique 
based on short-read high-throughput sequencing of the transcriptome, which involves 
conversion to cDNA fragments with adaptors followed by next-generation sequencing 
of the products, resulting in millions of reads.76 This allows construction of a genome-
scale transcription map composed of the transcriptional structure and/or the level of 
expression of each gene.76 Our results will provide additional insights into the role of 
FUS/TLS in the pathogenesis of ALS.

Chapter 18 will discuss TDP-43. While TARDBP mutations have been detected in 
approximately five percent of the patients with FALS,77-106 TDP-43-positive inclusions 
are a hallmark of ALS.37 To investigate a possible genotype (TARDBP gene mutations) - 



Introduction and outlineChapter 1

16

phenotype (plasma TDP-43 levels) relation, we performed an ELISA to investigate TDP-43 
plasma levels. Moreover, we tested the potential of these plasma levels as a biomarker.

Hereafter, we will focus SOD1. More than 160 SOD1 mutations have been reported 
to date (http://alsod.iop.kcl.ac.uk/index.aspx). These mutations probably affect the 
susceptibility to oxidation-induced misfolding, and result in mutant specific protein 
interactions, and/or altered subcellular localization, eventually leading to the formation 
of aggregates and inclusion bodies.107-110 An interesting method to reduce the toxic 
effects of extracellular modified SOD1 would be to use specific antibodies. Immunization 
and immunotherapy have already been tested in mouse models, and appeared to be 
beneficial.111-113 To our best knowledge, the presence of SOD1 antibodies in human serum 
has not yet been investigated, nor have the effects of these antibodies been verified in 
humans. Therefore, in Chapter 19, we describe the development of an ELISA to detect 
anti-SOD1 antibodies in human serum. 

The last chapter (Chapter 20), will provide an overview of all genes discussed in this 
thesis. Moreover, we will summarize the clinical characteristics, the distribution, and 
the possible effects of mutations in these eleven genes. 

“I do hope I will not develop ALS, nevertheless, ALS 
already plays a major role in my life . We do need to 
raise more money and invest in the development of new 
treatment strategies for ALS. I am sincerely hoping they 
will find a cure for ALS, and that my father and my 
aunt will be able to celebrate that moment with us.”
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Abstract
Three clustered, homologous paraoxonase genes (PON1, PON2, and PON3) have roles in 
preventing lipid oxidation and detoxifying organophosphates. Recent reports describe a 
genetic association between the PON genes and sporadic amyotrophic lateral sclerosis 
(ALS). We now report that in genomic DNA from individuals with familial and sporadic 
ALS, we have identified at least seven PON gene mutations that are predicted to alter 
PON function.
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Introduction 
The paraoxonase gene cluster (PON) consists of three adjacent genes on chromosome 
7q21.3-q22.1. Of these, PON1 is the most intensively studied. PON1 and PON3 are primarily 
expressed in the liver and secreted into the blood through their association with high-
density lipoprotein (HDL); in contrast, PON2 is ubiquitously expressed.1 The interaction 
of PON1 with HDL requires the amino terminal retained signal sequence of the PON1 
protein.2 Almost all serum PON1 protein is bound to HDL.3 PON1 has a broad spectrum of 
substrates, including organophosphates (paraoxon, chlorpyrifos oxon, and diazoxon), nerve 
toxins (soman and sarin), and aromatic esters (phenyl acetate).1 Several organophosphate 
compounds are neurotoxins commonly found in insecticides, nerve agents, foods, and 
other household items. The ability to detoxify organophosphates is not shared by PON2 
or PON3.4;5 Because organophosphates are not produced in the body, it is postulated that 
the physiological function of PON1 is to protect low-density lipoprotein from oxidation.6 
All three PON proteins share the ability to hydrolyze lactones (cyclic esters).7 Because 
the PON proteins reduce oxidation and detoxify neurotoxins, the PON cluster has been 
intensively studied for a possible role in amyotrophic lateral sclerosis (ALS). Six studies 
have shown a genetic association between single nucleotide polymorphisms (SNPs) in 
the PON genes and sporadic ALS,8-13 although a meta-analysis of all published data failed 
to detect this association.14 To extend these studies, we have sequenced the PON genes in 
familial and sporadic ALS (FALS and SALS) cases to identify potentially causal mutations.

Subjects and methods
All samples were collected with Institutional Review Board approval. The FALS cases were 
previously screened for mutations in superoxide dismutase-1 (SOD1), TAR DNA-binding 
protein (TARDBP), and fused in sarcoma / translated in liposarcoma (FUS/TLS), and 
consisted of 255 Caucasians (97.3%), three Asians (1.2%), one African American (0.38%), 
and one sample of mixed origin (0.38%). All SALS cases and control samples were Caucasian 
in origin. The coding regions of each PON gene were amplified using primers located in 
adjacent intronic or non-coding regions. Primer sequences are reported in Supplementary 
Table 2.1. Polymerase chain reactions were bi-directionally sequenced and aligned, and 
variations were identified with Polyphred software. Genotyping was performed using 
custom Taqman SNP Genotyping Assays (Applied Biosystems, Foster City, CA). Primer 
and probe sequences are reported in Supplementary Table 2.2. All samples displaying the 
mutant genotype were confirmed by bi-directional DNA sequencing. A more extensive 
description of the methods is available in Supplementary Materials and methods.
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Results
To identify DNA mutations that predispose to ALS, we sequenced the coding region of 
PON1 in 260 FALS and 188 SALS cases. Our analysis revealed eight heterozygous rare 
variants in fifteen case samples; seven variants were not present in SNP database (dbSNP) 
build 130, whereas one (c.269T>C) is reported as rs72552788. We presume that this SNP is 
rare, inasmuch as it was not detected in 591 control DNA samples included in the SNP500 
Cancer Database (http://snp500cancer.nci.nih.gov); moreover, no allele frequencies for 
this SNP are reported in dbSNP. Sequencing of PON1 in 188 controls and 188 SALS did not 
reveal additional rare variants. To test further the possibility that these SNPs are benign 
polymorphisms, we genotyped each of the eight variants by TaqMan SNP assays in a panel 
of 1,159 control DNA samples and an additional set of 996 SALS DNAs. Five of the eight 
mutations were not present in control samples, suggesting that they contribute to ALS 
pathogenesis (Table 2.1). Three variants were detected in controls (p.N19D, p.M127R, and 
p.A201V) with a frequency ~50% lower than cases; these variants demonstrated a low to 
moderate level of evolutionary conservation (Supplementary Figure 2.1).

Four of the mutations identified only in ALS cases are missense: p.C42R, p.L90P, p.M127I, 
and p.P315T. The p.M127I site displays evolutionary variation at this position. Because 
the p.M127R variant was identified in control samples, this change may likely reflect a 
benign polymorphism. In contrast, the wild-type residue for the remaining missense 
changes is highly conserved across multiple species, including zebrafish (Figure 2.1). 
Given that PON1 contains a single disulfide bridge between Cys42 and Cys353, and that 
this is required for PON1 activity,15 it is predicted that the p.C42R mutant will disrupt the 
bridge and impair PON1 function. The p.L90P and p.P315T mutations create or destroy 
a proline residue, which contains a ring structure with conformational rigidity that can 
destroy α-helices. Based on these properties, we expect these mutations to change PON1 
protein folding. The fourth mutation (c.74+3A>C) disrupts the 5′ human splice consensus 
sequence MAG|GTRAGT. The purine (R) base is present in 94% of splice sites and is highly 
evolutionarily conserved in PON1 (see Figure 2.1). The substitution with a pyrimidine 
will likely alter the primary sequence or expression of the PON1 protein. Cell lines and 
tissue were not available to directly assess the influence of this mutation. Additional DNA 
was available from an affected sibling of a FALS case harboring the p.P315T mutation. 
Genotyping demonstrated that the affected sibling also carries the mutation. DNA was 
not available from any other affected family members (Supplementary Table 2.3 and 
Supplementary Figure 2.2). All five mutations were observed in FALS, whereas only one 
mutation, p.L90P, was also observed in a single SALS case. These results suggest that 
mutations in PON1 contribute more significantly to FALS than SALS. There was also 
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no ethnic commonality between the mutated samples (see Supplementary Table 2.3), 
suggesting that alteration to PON1 is not unique to a single population.

We also sequenced the PON2 and PON3 genes in 166 FALS cases and identified five 
novel variants (two in PON2 and three in PON3; see Table 2.1 and Supplementary Table 
2.3). As in the studies of PON1, we evaluated the ALS specificity of these variants by 
genotyping each in a panel of 1,159 control and 1,184 SALS DNA samples, as well as an 
additional 94 FALS samples. One PON2 mutation, p.C42Y, was not identified in control 
samples (see Table 2.1). This mutation was homozygous in a proband whose parents 
were asymptomatic first cousins, strongly suggesting a recessive model of inheritance. 
The mutated residue corresponds to the p.C42R mutation identified in PON1, suggesting 
that this amino acid is of critical importance to PON function. Additionally, two of 
three novel PON3 mutations were not observed in control samples, but were identified 
in SALS, suggesting that they also contribute to ALS pathogenesis. In particular, a 
p.D230N mutation was observed in two distinct FALS cases and a single SALS case. 
The identification of this mutation in two unrelated FALS cases further suggests that 
this variant is pathogenic. In all three cases, the PON2 and PON3 mutations were 
highly conserved, further highlighting the importance of the mutated amino acids (see 
Figure 2.1). We also detected a frameshift variant in PON2 (c.286delA, p.R96GfxX5; see 
Supplementary Table 2.3) that is predicted to generate a truncated PON2 protein of 101 

Figure 2.1  Evolutionary conservation of PON mutations in familial and sporadic amyotrophic 
lateral sclerosis. This illustrates the evolutionary conservation of the amino acids implicated by 
the eight identified mutations. For each, the mutated amino acid (or nucleotide for the splicing 
mutation) is shown in red. Chromatograms displaying the mutation are shown below. The 
position indicates the base pair position within the cDNA. All mutations were heterozygous 
except for the homozygous p.C42Y PON2 mutation. Each mutation was confirmed by bi-
directional sequencing and 5′ nuclease assay genotyping. See Appendix page 378 for Figure 
2.1 in color.
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amino acids. Because this was heterozygously present in FALS (1/260), SALS (6/1,184), 
and controls (4/1,159), it is likely to be a benign polymorphism.

In total, from nine FALS and three SALS cases we identified eight coding sequence 
mutations that were present in the PON genes but not in controls. The overall percentage 
of PON gene mutations in our FALS panel was approximately 3.5%. Because our panel 
excluded all cases with SOD1, TARDBP, and FUS/TLS mutations, which represent ~30% 
of all FALS, we estimate that mutations in the PON gene cluster represent ~2.5% of all 
FALS cases.

Discussion
The hydrolytic activity of PON1 varies substantially (8- to 10-fold) depending on the 
genotype of PON1 coding SNPs in the population, and is influenced by exogenous factors, 
including smoking, diet, and lipid-controlling medication.1 Given this wide variation 
in hydrolytic activity, we presume that if the PON1 mutations predispose to ALS by 
reducing hydrolysis, such activity reductions must be severe. This suggests that the PON1 
mutants may act as dominant negative inhibitors by oligomerizing and inactivating wild-
type PON1. This view is consistent with the observations that native PON1 may exist in 
multiple oligomeric states,16;17 as predicted by its variable molecular mass (70–500 kDa). 
Oligomerization is promoted by the interaction of the PON1 amino terminal region with 
HDL particles.16 That these PON1 mutations exert a dominant negative influence on PON1 
activity is consistent with a report that serum from an individual with a heterozygous 
p.L90P PON1 mutation showed profoundly reduced hydrolysis of diazoxon and paraoxon.18

Because its activity, pattern of expression, localization, and incorporation into HDL 
mimics that of PON1, it is possible that the adverse consequences of PON3 mutants 
will be mechanistically similar to those of mutant forms of PON1. It is therefore of 
interest that the ALS-associated variants in both PON1 and PON3 are present on only 
one allele; heterozygous variants in either gene are potentially able to inhibit activity 
via a dominant negative mechanism. By contrast, PON2 is an intracellular enzyme that 
does not interact with HDL and that exists in a predominantly monomeric state. That 
an apparently benign, heterozygous frameshift mutation in PON2 is present within the 
general population argues that haploinsufficiency of PON2 is not obviously pathogenic. 
In turn, this argues that the PON2 mutants will only be pathogenic when they lead to 
more profound loss of function than is predicted by eliminating one functional PON2 
allele. This prediction is consistent with our finding that the ALS-associated variant in 
PON2 is present as a homozygous defect.
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As with all genetically based studies, the possibility exists that the identified changes 
represent rare variants as opposed to pathogenic mutations. This is especially true when the 
approach is based on candidate gene sequencing as opposed to linkage analysis. However, 
several lines of evidence suggest that the changes reported here are indeed pathogenic. 
With the exception of the PON1 p.M127I, all of the amino acid residues modified by the 
ALS-specific variants show a high level of evolutionary conservation. In particular, the PON1 
p.C42R mutation (and presumably, by homology, the PON2 p.C42Y mutation) destroys a 
cysteine bond essential for activity. Furthermore, the p.L90P has been previously identified 
in a heterozygous individual demonstrating very low diazoxonase/paraoxonase activity.18 
Additional evidence is derived from the presence of a homozygous PON2 p.C42Y mutation 
within FALS descendent from unaffected first cousins. The prediction that progeny of 
first cousins are homozygous for consanguineous alleles at only ~3.1% of the genome 
further suggests that this variant is pathogenic. Moreover, three variants were observed 
in unrelated ALS cases, consistent with the view that they are disease-related; the PON3 
p.D230N mutation was identified in two unrelated cases of FALS and one of SALS, and 
both PON1 p.L90P and PON3 p.D121N mutations were observed in one case each of FALS 
and SALS. Lastly, none of these variants were detected in >1,100 controls.

Although in our view these observations suggest that the identified FALS-associated 
PON variants are disease-causing mutations, with the evidence in hand we cannot 
formally exclude the possibility that they represent risk factors, especially because 
segregation could be proven only in a small pedigree. Moreover, if the penetrance of a 
disease-causing mutation is incomplete, as happens in many FALS pedigrees, it is difficult 
to distinguish between a causative mutation with low penetrance and a risk factor. One 
criterion suggesting that a rare variant influences inherited susceptibility is that it is 
over- (or under-) represented in disease versus control cohorts; this is underscored if a 
similar disease association exists for a group of variants affecting the same gene or set of 
genes with related functions.19 We observed a statistically significant difference between 
FALS and controls whether we considered variants in PON1 only (13/260 versus 8/1,159 
p-value < 0.0001; 2-tailed Fisher’s exact test), PON3 only (5/260 versus 3/1,159; p-value 
0.0069), or all the rare variants identified in the PON cluster (20/260 versus 15/1,159; 
p-value < 0.0001). We also observed a statistically significant difference between FALS 
versus SALS whether we considered variants in PON1 (p-value 0.0007), PON3 (p-value 
0.0064), or all rare variants (p-value < 0.0001), again suggesting that mutations in the 
PON genes contribute more significantly to FALS than SALS.

There are several reports of an association between SALS and the PON cluster,8-13 yet 
genome-wide association studies (GWAS) and a recent meta-analysis of all published 
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data14 failed to detect an association between SNPs in the PON locus and susceptibility 
to SALS. We believe this discrepancy reflects at least two factors. First, there is almost 
certainly heterogeneity among the different populations combined in the meta-analysis; 
if the ALS-associated variants differ in the different populations, the ALS associations 
will not be detected in an aggregate meta-analysis. Second, case-control genome-wide 
SNP studies are intended to identify common variants, on the assumption that the risk of 
complex disorders is influenced by common, weakly associated alleles.19 GWAS depend 
on the linkage disequilibrium of such common, deleterious variants to a common, linked 
polymorphic marker, which produces a differential allele frequency between cases and 
controls and will not detect rare deleterious variants or those common variants that lack 
linkage disequilibrium to a common marker. As an alternative, the identification of rare 
deleterious variants requires the sequencing of a candidate gene(s) in a large disease 
population and then testing the frequency of each in a case-control population.19 This 
approach has been taken successfully for variants influencing colorectal adenomas20;21 

and HDL cholesterol levels.22 Here, we have taken the same approach and identified 
the PON genes as contributors to ALS.

Given the multiplicity of PON substrates, it is difficult to ascertain which altered functions 
of the mutant PON genes are significant in ALS pathogenesis. Because there are ALS-
related mutations in all three enzymes, the pathogenic mechanism is likely to reflect 
some property shared by mutant PON1, PON2, and PON3 proteins. Although this might 
be the loss of some shared function (e.g., anti-oxidative capacity), we cannot exclude the 
possibility that the mutants have acquired a novel, toxic function. Because in ALS, motor 
neurons are exposed to abnormal oxidative stresses such as lipoperoxidation,23 and signs 
of endoplasmic reticulum stress are increased in the spinal cord of SALS patients,24 it is 
plausible that loss of anti-oxidative capacity of the paraoxonases could be neurotoxic. 
Alternatively, the PON mutations might contribute to the development of ALS by 
impairing metabolism of organophosphorus (OP) or other unknown exogenous toxins. 
This premise is supported by the recent discovery that mutations in the neuropathy 
target esterase, a gene coding for a protein targeted by OP in OP-induced delayed 
neuropathy, can cause motor neuron disease.25 Understanding how these mutant forms 
of PON contribute to neurodegeneration will aid in the development of novel therapeutic 
strategies to attenuate motor neuron cell death in ALS.
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Supplementary materials and methods

DNA sequencing

Primers were designed for all nine coding exons of each PON gene using the software 
application ExonPrimer, as available through the UCSC Genome Browser (http://genome.
ucsc.edu/) and tailed with M13 forward and reverse primer sequences. The position of the 
primers was selected to sequence the entire coding region and at least fifty base pairs 
beyond the intron-exon boundaries. PCR amplification for DNA sequencing was performed 
using AmpliTaq Gold 2X PCR Mix (Applied Biosystems) in 30 µL reactions containing 37.5 ng 
of template DNA and 75 nmol of each primer. All reactions were subjected to thermocycling 
with an initial denaturation at 95°C for five minutes, followed by forty cycles with annealing 
temperature starting at 65°C and decreasing 0.5°C per cycle, and ten cycles with annealing 
temperature at 50°C. PCR primer sequences are reported in Supplementary Table 2.1. 
Successful PCR reactions were confirmed by agarose gel electrophoresis on an Egel-96 
device (Invitrogen). PCR reactions were purified by Exonuclease I (NEB) and Shrimp 
Alkaline Phosphatase (USB) digestion and bi-directionally sequenced using M13 forward 
and reverse primers. Sequence traces were analyzed for quality using the Phred software 
package and visual inspection, and failed reactions were repeated. Sequence traces were 
then aligned to a reference sequence using the Phrap and Consed software packages. 
Polymorphisms were identified by using the program PolyPhred and visually confirmed.

SNP genotyping

Primers and probes for the assay were designed using the software application 
FileBuilder (Applied Biosystems). Assays were performed in 384-well format with 5 µL 
reactions containing 5 ng template DNA (genomic or whole genome amplified DNA), 
1X TaqMan Custom SNP Assay Probes, 1X TaqMan Universal PCR Master Mix, and No 
AmpErase UNG (Applied Biosystems). All reactions were subjected to thermocycling 
with an initial denaturation at 95°C for ten minutes, followed by fifty cycles of 95°C for 
fifteen seconds and 60°C for one minute. Positive controls (sample DNA containing 
the mutant genotype) were included in triplicate within each assay. An ABI 7900HT 
instrument was used to measure fluorescence and genotypes were determined using 
SDS 2.0 software (Applied Biosystems). Primer and probe sequences are reported in 
Supplementary Table 2.2. All samples displaying the mutant genotype were confirmed 
by bi-directional DNA sequencing. 
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Supplementary Table 2.1 PCR primer sequences

Primer name Sequence

PON1ex1F_2 5'-AGTAAAACGACGGCCAGTCCCATCGATCCCTTTGTCTA-3'
PON1ex1R 5'-GCAGGAAACAGCTATGACCGTTAACAGCCTGGACCCAAC-3'
PON1ex2F 5'-AGTAAAACGACGGCCAGTTTGTGGACTGCCTACCTTTG-3'
PON1ex2R 5'-GCAGGAAACAGCTATGACCTTTGGACAGAATTGAACAGGC-3'
PON1ex3F 5'-AGTAAAACGACGGCCAGTGAAATGGATCCACATCCTGC-3'
PON1ex3R 5'-GCAGGAAACAGCTATGACCTGAAAGACTTAAACTGCCAGTCC-3'
PON1ex4F 5'-AGTAAAACGACGGCCAGTTGTGGTTTGGAGCAGTCAAC-3'
PON1ex4R 5'-GCAGGAAACAGCTATGACCGAGGGTAAGTTTAAAACCCAGAG-3'
PON1ex5F 5'-AGTAAAACGACGGCCAGTGGGCTGACAGTGAGAGCTTA-3'
PON1ex5R 5'-GCAGGAAACAGCTATGACCAAGTGGATTAACTATCCGCTACAG-3'
PON1ex6F 5'-AGTAAAACGACGGCCAGTAAGGATTGTATCGGCAGGAC-3'
PON1ex6R 5'-GCAGGAAACAGCTATGACCTTTGATTTGATAAATTTCACCCC-3'
PON1ex7F 5'-AGTAAAACGACGGCCAGTTTCCTTAAGCAAAGTTCTTCCC-3'
PON1ex7R 5'-GCAGGAAACAGCTATGACCACCCACCCCAATTAAGCAG-3'
PON1ex8F 5'-AGTAAAACGACGGCCAGTATTGAAATGGGGCAGAATTG-3'
PON1ex8R 5'-GCAGGAAACAGCTATGACCATGGTGTGAACCCGGGAG-3'
PON1ex9_1F 5'-AGTAAAACGACGGCCAGTGCTTCTTATGGAGGATGACCC-3'
PON1ex9_1R 5'-GCAGGAAACAGCTATGACCCTGAACAAGACATGGCAAGG-3'
PON2e1R_2 5'-GCAGGAAACAGCTATGACCGCGGGAGTCCCACCTAC-3'
PON2ex1F_2 5'-AGTAAAACGACGGCCAGTCCGAAGGTATCTGGGGAAAT-3'
PON2ex2F 5'-AGTAAAACGACGGCCAGTTGCTGTAAGCCTCTTTAAACCC-3'
PON2ex2R 5'-GCAGGAAACAGCTATGACCTGATTTATCCACTGAAAAGCAG-3'
PON2ex3F 5'-AGTAAAACGACGGCCAGTAGAGTCCCAGTTATGCTCTGTG-3'
PON2ex3R 5'-GCAGGAAACAGCTATGACCTTTTAAAAGCAACTTACTGTTCTGC-3'
PON2ex4F 5'-AGTAAAACGACGGCCAGTGGCTTTATGCCACTACTTTAACC-3'
PON2ex4R 5'-GCAGGAAACAGCTATGACCTTGTAATGAAGAATACAGAAATCACTC-3'
PON2ex5F 5'-AGTAAAACGACGGCCAGTTTAAATGTCAGTGCCTGCCC-3'
PON2ex5R 5'-GCAGGAAACAGCTATGACCAGATGACAGGACAACCCACC-3'
PON2ex6F 5'-AGTAAAACGACGGCCAGTTTAAAGCACATGTTGCATAAATC-3'
PON2ex6R 5'-GCAGGAAACAGCTATGACCCACATTGACAAAGAAAGCAAAG-3'
PON2ex7F 5'-AGTAAAACGACGGCCAGTAGGGCCCATGATTGATTAAC-3'
PON2ex7R 5'-GCAGGAAACAGCTATGACCCAGAATAGCTACACTGGCATCC-3'
PON2ex8F 5'-AGTAAAACGACGGCCAGTGGGCGATGTGTAATTTCCTC-3'
PON2ex8R 5'-GCAGGAAACAGCTATGACCAAAATAACTAAACAAATCATCCCTG-3'
PON2ex9F 5'-AGTAAAACGACGGCCAGTGTCATTGTGGAAAACAGGGC-3'
PON2ex9R 5'-GCAGGAAACAGCTATGACCTTGCTGGTTAAATTCCCTCAG-3'
PON3ex1F 5'-AGTAAAACGACGGCCAGTCAATCCGTACGCGAGGC-3'
PON3ex1R 5'-GCAGGAAACAGCTATGACCGCAGCCCCTGACCTCAC-3'
PON3ex2F 5'-AGTAAAACGACGGCCAGTCACGAAGATGATTGAAGTCCAC-3'
PON3ex2R 5'-GCAGGAAACAGCTATGACCAATGAGCTGGTAGGGCTCAG-3'
PON3ex3F_2 5'-AGTAAAACGACGGCCAGTCTCAGGATATGCCCTGGAAA-3'
PON3ex3R_2 5'-GCAGGAAACAGCTATGACCCATGAGAGCAGCATGGAAAA-3'
PON3ex4F 5'-AGTAAAACGACGGCCAGTTCAGATCATGGAAACAGCTGAC-3'
PON3ex4R 5'-GCAGGAAACAGCTATGACCCCTGTTACATAAATATTGAGGGGC-3'
PON3ex5F 5'-AGTAAAACGACGGCCAGTACCTATCATGTAGACTGTGAGGG-3'
PON3ex5R 5'-GCAGGAAACAGCTATGACCTTTAAGAAAGCCTGCTGAACC-3'
PON3ex6F 5'-AGTAAAACGACGGCCAGTTTTTCAAATTGATGAACGTATTAGTC-3'
PON3ex6R 5'-GCAGGAAACAGCTATGACCAACTTCCTCGTAAGGAAAGGAG-3'
PON3ex7F_2 5'-AGTAAAACGACGGCCAGTTTGCAGTGGTACTTTCAAGGAG-3'
PON3ex7R_2 5'-GCAGGAAACAGCTATGACCAGGGGGCTTTGCTTCTGTAT-3'
PON3ex87R_2 5'-GCAGGAAACAGCTATGACCTTCTTCCAAGTCACCCCAAC-3'
PON3ex8F_2 5'-AGTAAAACGACGGCCAGTCCCCTTGAATGAGGAAAACA-3'
PON3ex9F 5'-AGTAAAACGACGGCCAGTTCCTAGAATGTTTGGGAAGGAC-3'
PON3ex9R 5'-GCAGGAAACAGCTATGACCAAAAGCCACACTCACTGGTTG-3'
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Supplementary Figure 2.1 Evolutionary conservation of PON1 variants found in ALS and 
controls. This illustrates the evolutionary conservation of the amino acids implicated by the 
three variants identified in both cases and controls. For each, the variant residue is shown in 
red. See Appendix page 378 for Supplementary Figure 2.1 in color.

Supplementary Figure 2.2 Pedigrees of familial ALS cases harboring PON mutations. The 
pedigree structure for all eight familial ALS cases with PON mutations is shown. Affected 
individuals are shown in black. Unaffected individuals are shown in white. Individuals 
with dementia are shown in grey and individual with ALS and dementia are shown by a 
checkerboard pattern. Arrows indicate the individual identified harboring the mutation. 
For Family 657, genotyping revealed an affected sibling (indicated by the asterisk) also 
harboring the p.P315T mutation. DNA was not available from any other affected member 
of the remaining families. 
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Abstract
Common variants in the paraoxonase family (PON) have been reported in population-
specific cohorts of patients with amyotrophic lateral sclerosis (ALS), but a recent meta-
analysis did not show a clear association. Recently, rare PON mutations have also been 
identified in ~0.3% of the sporadic ALS (SALS) cases, and ~2.5% of the familial ALS 
(FALS) cases. In this study, we assessed the frequency of rare and common PON variants 
in 1,118 patients with SALS, 93 patients with FALS, and 1,240 control subjects of Dutch 
descent. We identified PON mutations in 1.4% of SALS patients, 2.1% of FALS patients, 
and 2.5% of control subjects. A variable-threshold test was performed, and did not reveal 
significant differences in mutational burden between patients and control subjects. 
A total of 21 single nucleotide polymorphisms (SNPs) in PON were also investigated, 
and no significant differences in allele frequencies were present between patients and 
control subjects. Thus, this study does not support the premise that rare mutations or 
common variations in PON contribute to ALS susceptibility.
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Introduction 
The paraoxonase (PON) family contains three members (PON1, PON2, and PON3), which 
are located on chromosome seven.1 Their genes are approximately seventy percent 
similar and most likely derived from a common precursor.2 PON1 was identified due to 
its ability to hydrolyze organophosphates and pesticides, including paraoxon;3;4 PON2 
and PON3 lack this ability; they are lactonases/lactonizing enzymes.5-7

It has been shown that polymorphisms in PON1 influence the quantity and quality of 
PON1, thereby affecting the efficiency of organophosphates detoxification.8 Since 
exposure to solvents or chemicals may be associated with amyotrophic lateral sclerosis 
(ALS),9 PON polymorphisms have been studied in ALS patients. To date, six studies 
have reported an association between genetic variants in the PON gene cluster and 
ALS.10-15 

Nonetheless, a meta-analysis, which included genome-wide association studies (GWAS), 
could not detect a clear association between single nucleotide polymorphisms (SNPs) 
in PON and ALS, when taking the burden of multiple testing into account.16 This could 
indicate that rare deleterious variants in PON are involved in the pathogenesis of ALS.17 
A recent study investigated this hypothesis, and detected mutations that were predicted 
to alter PON’s function in ALS patients (Supplementary Table 3.1),17 however, only a 
relatively small number of control subjects were screened for PON mutations. 

Thus, to clarify the role of PON variants in ALS, we decided to investigate the frequency 
of rare and common PON variants in a large cohort of 1,211 ALS patients and 1,240 
control subjects of Dutch descent.

Methods

Cases

At national referral centers for neuromuscular diseases (University Medical Center 
Utrecht, Academic Medical Center Amsterdam, and Radboud University Nijmegen 
Medical Center), we obtained DNA of 1,118 SALS patients and 93 FALS patients from 
80 different families. These patients were diagnosed with ALS according to the El 
Escorial Criteria;18;19 baseline characteristics are shown in Table 3.1. FALS patients had 
already been screened for mutations in superoxide dismutase-1 (SOD1), angiogenin 
(ANG), fused in sarcoma / translated in liposarcoma (FUS/TLS), TAR DNA-binding 
protein (TARDBP), vesicle-associated membrane protein B (VAPB), multivesicular body 
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protein 2B (CHMP2B), optineurin (OPTN),20 valosin-containing protein (VCP)21 and 
chromosome 9 open reading frame 72 (C9orf72). Furthermore, 1,240 control subjects 
of Dutch descent were screened for variants in PON. For rs662 (PON1 exon six), a total 
of 1,498 SALS patients and 2,375 control subjects were tested. We also investigated 
Dutch GWAS data of 584 ALS patients and 7,238 control subjects for common variants 
in PON, as described previously;22 we excluded samples already described in the PON 
meta-analysis.16 All material was obtained with approval of the Institutional Review 
Board, and all participants gave informed consent.

Genetic analysis

We screened ALS patients and control subjects for mutations in PON1 (NM_000446) and 
PON3 (NM_000940). Exons and exon-intron boundaries were also screened for SNPs. 
PON2 was not included, since previous reports suggested that PON2 is not involved in 
ALS pathogenesis.17 Primers used for amplification by PCR are available upon request. We 
used BigDye Terminator 3.1 sequencing kit (Applied Biosystems, Foster City, California), 
DNA Analyzer 3730XL and PolyPhred for sequencing and data analysis.23 Mutations 
were confirmed on genomic DNA and the impact of these mutations on the structure 
and function of PON1 and PON3 were predicted using PolyPhen-2 (http://genetics.bwh.
harvard.edu/pph2/) and PMut (http://mmb2.pcb.ub.es:8080/PMut/).

Table 3.1 Baseline characteristics of study population 

Group Number 
(n)

Male/female 
(n) (%)

Age at onset 
(y) (CI)

Spinal/bulbar 
(n) (%)

Alive/deceased 
(n) (%)

Duration
(y) (CI)

SALS 1,118 672/446 
(60/40)**

60.5 
(59.8-61.2)

651/354 
(65/35)*

177/919 
(16/84)

3.8 
(3.6-4.1)

FALS 93 48/45 
(52/48)

59.1 
(56.8-61.4)

73/20 
(78/22)*

21/72 
(23/77)

3.9 
(3.2-4.5)

Total ALS 1,211 720/491 
(59/41)***

60.4 
(59.7-61.0)

724/374 
(66/33)

198/991 
(17/83)

3.8 
(3.6-4.1)

CON 1,240 643/595 
(52/48)** ***

Abbreviations: SALS = sporadic amyotrophic lateral sclerosis (ALS), FALS = familial ALS, CON = control subjects, n = number, 
y = years, and CI = 95% confidence interval. * P-value 0.0082, ** p-value < 0.0001, *** p-value 0.0002.
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Statistical analysis

For statistical analysis of baseline characteristics, Fisher’s exact test or Chi-square test 
were used to compare gender, site of onset, and current status (alive / deceased) between 
groups; a Mann-Whitney test was used to compare age at onset and disease duration 
(GraphPad Prism version 5, http://www.graphpad.com). Disease duration was defined 
as the interval between age at onset and age at death, or between age at onset and age 
last known to be alive. P-values below 0.05 were considered significant. 

The variable-threshold approach was used to analyze rare variants. This approach 
groups mutations, and is particularly valuable since it increases statistical power.24 It 
uses a threshold that separates mutations that are likely to be detrimental or non-
detrimental, based on their minor allele frequencies, applying much higher weights 
to very rare variants. Statistical significance is assessed by permutation testing with 
variable thresholds, using 100,000 permutations. Weighted PolyPhen-2 values were 
also included to incorporate the predicted effects of these mutations. This analysis 
was performed using statistical analysis program R (CRAN; http://www.Rproject.org). 

For SNPs encountered in our sequence data, a Chi-square test with Bonferroni correction 
was used to determine statistical differences in allele frequencies between patients 
and control subjects. PON SNPs that were detected in our GWAS cohort were tested in 
additive-, dominant- and recessive models, and corrected for gender and population 
stratification, as described elsewhere.22

Results

Baseline characteristics

Our cohort of 1,211 ALS patients had an average age at onset of sixty years, disease 
duration of 3.8 years, and 33% of these patients presented with bulbar symptoms (Table 
3.1). These clinical characteristics are in accordance with previous reports.25 

Frequencies of rare variants

In our population, we identified mutations in seventeen SALS patients (1.4%), two FALS 
patients (2.1%), and 34 control subjects (2.5%) (Table 3.2). Five mutations were detected 
in patients and controls (p.N19D, p.A201V, p.E19X, p.R32X and p.G324D), three mutations 
were only detected in patients (p.F293del, p.I142V and p.V345I), and six mutations were 
only detected in control subjects (p.P40L, p.M127R, p.D121N, p.T186S, p.V166M and 
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p.L258Q). With the exception of p.F293del, p.I142V and p.V345I, none of these mutations 
was more frequently encountered in ALS patients than in control subjects. 

We used in silico prediction programs to predict the effects of these mutations, and 
show that most of these mutations are predicted to be benign (Table 3.2). Mutations 
that are predicted to have damaging effects were (also) present in our control subjects, 
and therefore, unlikely to be pathogenic. Subsequently, we determined the evolutionary 
conservation of three mutations that were only detected in ALS patients, and show that 
their conservation level is moderate (Supplementary Figure 3.1).

The nineteen ALS patients with rare variants in the PON gene cluster had an average 
age at onset of 64 years, disease duration of 3.4 years, and 26% presented with bulbar 
symptoms (Supplementary Table 3.2), which is comparable to our baseline characteristics 
and previous reports.25 

We performed a variable-threshold test that included the fourteen identified mutations, 
which showed that there is no significant difference in mutational burden between 
patients and control subjects (p-value 0.92), even when the potential damaging effects 
of mutations are taken into account (p-value 0.94).

Frequencies of common variants

While screening for mutations, we encountered twelve SNPs in exons and exon-intron 
boundaries, and compared their frequencies in SALS patients, FALS patients and control 
subjects. We did not detect significant deviations of the Hardy-Weinberg equilibrium in 
our control subjects. In Table 3.3, we demonstrate that there are no significant differences 
in minor allele frequencies, and thus, none of these SNPs seems to be associated with 
ALS. In addition, we looked at thirteen PON SNPs that were included in our Dutch GWAS 
data; these included four SNPs that were also present in our sequence data. None of 
these SNPs was associated with ALS (Supplementary Table 3.3).

Discussion
In the present paper, we demonstrate that rare variants in PON1 and PON3 are present in 
1.4% of our SALS patients, 2.1% of our FALS patients, and 2.5% of our control subjects. 
Moreover, we show that there are no significant differences in allele frequencies of 21 
PON SNPs between ALS patients and control subjects. Our findings indicate that these 
PON variants are not associated with ALS.
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Speculations about the effects of PON variants on ALS started after reports that military 
personnel, who were deployed during the Gulf War, had a two-fold increased risk of 
developing ALS.26-29 This raised questions about war-related environmental triggers, like 
exposure to a wide range of biological and chemical agents. Because of PON1’s capability 
to break down nerve toxins, genetic variation in PON1 was thought to influence the 
genetic susceptibility to toxic environmental factors.30 In Gulf War Veterans, paraoxon 
hydrolysis was found to be fifty percent lower than the hydrolysis in control subjects, 
and serum PON1 concentrations were also significantly lower than in control subjects.31 
Exposure to organophosphates was already known to cause several neurological 
syndromes, including a cholinergic syndrome and intermediate syndrome (weakness 
of respiratory-, neck- and proximal limb muscles), and a delayed polyneuropathy.8 All 
these findings supported a possible link between ALS susceptibility, the Gulf War, and 
PON1. This hypothesis was strengthened by reports that two major PON SNPs, p.Q192R 
(=rs662) and p.L55M (=rs854560),32 exerted effects on paraoxonase, arylesterase and 
lactone activity.33 In addition, individuals with QQ and MM genotypes were shown to 
be more susceptible for genotoxicity, causing variation in enzyme activities and DNA 

Table 3.3 Minor allele frequencies of SNPs in PON

Gene SNP Location SALS (n = 1,118) FALS (n = 93) CON (n = 1,240)

PON1 rs854560 (=L55M) Exon 3 0.36 0.33 0.36

rs72552788 Exon 4 <0.01 <0.01 <0.01

rs13306698 Exon 5 <0.01 <0.01 <0.01

rs3917541 Intron 5-6 0.05 0.07 0.06

rs3917594 Exon 6 <0.01 <0.01 <0.01

rs662 (=Q192R) Exon 6 0.25 a 0.26 0.24 a

PON3 rs17886586 Intron 1 0.01 0.01 0.01

rs13226149 Exon 1 0.25 0.23 0.27

rs11970910 Intron 1-2 0.44 0.44 0.48

rs3735587 Intron 2-3 <0.01 <0.01 <0.01

rs1053275 Exon 4 0.46 0.42 0.49

rs17880470 Exon 6 <0.01 <0.01 0.01

No significant differences in allele frequencies were detected (Bonferroni correction: α/n = 0.05/12 = 0.0042). a A total 
of 1,498 SALS patients and 2,374 control subjects were screened.
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damage.34 Towards this end, it might be interesting to investigate whether environmental 
exposures in the context of specific PON genotypes are related to ALS susceptibility, a 
possibility we cannot exclude from this study.

Currently, several studies have already reported that common genetic variants in the 
PON gene cluster are associated with ALS; other studies have, however, contradicted 
these results.10-15;35 Importantly, a large-scale international meta-analysis of more than 
four thousand ALS patients, could not detect an association between PON and SALS.16 
These negative findings could be due to population-specific differences, which cause a 
loss of association with certain variants that differ among populations. Therefore, we 
investigated the frequency of 21 PON SNPs in the Dutch population, including p.Q192R 
and p.L55M. We were unable to detect significant differences, and thus our findings 
support studies that reported a lack of association between common PON variants and 
ALS. Our findings are also in line with a recent report that described a lack of association 
between PON SNPs and other neurodegenerative diseases, these included Alzheimer’s 
disease (AD), Parkinson’s disease (PD), and AD-PD spectrum diseases.36 

PON1 was previously sequenced in 188 SALS patient and 260 FALS patients.17 After 
additional Taqman analysis of 996 SALS patients and a total of 1,159 control subjects, 
four heterozygous missense mutations were detected that were not present in a SNP 
database (dbSNP) or in control subjects (p.C42R, p.L90P, p.M127I, p.P315T). PON2 and 
PON3 were also sequenced in 166 FALS cases, and after additional Taqman analysis, this 
resulted in the identification of p.C42Y, p.D121N and p.D230N (Supplementary Table 
3.1). Whereas these mutations could represent benign variants as opposed to causal 
mutations, we screened a large cohort of ALS patients and control subjects of Dutch 
descent. We identified novel missense mutations, three of which were only detected in 
ALS patients (p.F293del, p.I142V and p.V345I). It is important to note, however, that we 
detected the p.D121N mutation (PON3) that was previously reported in ALS patients, 
in one control subject. We also identified novel missense mutations in control subjects, 
and showed that most of the identified mutations were predicted to be benign and/or 
located in moderately conserved regions. Moreover, we performed a variable-threshold 
test on grouped mutations and did not detect significant differences between ALS 
patients and control subjects. Possibly, the previous study underestimated the number of 
rare variants in control subjects, while a small cohort of control subjects was sequenced 
and therefore, other rare variants that could have been detected by sequencing a large 
cohort of control subjects may have been missed. Because we sequenced more than 
1,200 ALS patients and control subjects, we were able to extend the number of PON 
mutations reported so far. 
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To summarize, we have identified rare PON variants in 1.5% of our ALS patients and 
2.5% of our control subjects. We did not detect significant differences in mutational 
burden for rare variants, nor did we detect differences in allele frequencies of 21 PON 
SNPs. Hence, our findings in a large population of ALS patients and control subjects 
of Dutch descent do not support the premise that rare and common variants in PON 
contribute to ALS susceptibility.
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Supplementary Figure 3.1 Evolutionary conservation of PON mutations unique for ALS 
patients. Conservation of nucleotides across species was generated using ClustalW2 online 
tool, http://www.ebi.ac.uk/Tools/msa/clustalw2/. See Appendix page 379 for Supplementary 
Figure 3.1 in color.
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Abstract
Optineurin (OPTN) mutations have been reported in a cohort of Japanese patients with 
familial (FALS) and sporadic (SALS) amyotrophic lateral sclerosis. In Caucasian patients, 
OPTN mutations have been identified in FALS patients, but were not detected in a cohort 
of 95 SALS patients. Moreover, single nucleotide polymorphisms (SNPs) in OPTN that 
could raise ALS susceptibility have not been investigated. Therefore, we screened a 
large Dutch cohort of 1,191 patients with SALS, 94 patients with FALS, and 1,415 control 
subjects for mutations and SNPs in OPTN. We identified one novel nonsense mutation 
(p.Q165X) and one unreported missense mutation (p.Q454E) in individual SALS patients. 
These patients demonstrated rapid disease progression with an average survival of 
24.5 months. No heterozygous or homozygous OPTN mutations were identified in our 
cohort of FALS patients. SNP analysis did not reveal significant differences between 
ALS patients and control subjects. Thus, variations in OPTN appear to be a rare cause 
of rapidly progressive SALS in The Netherlands.
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Introduction 
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder, affecting upper 
and lower motor neurons. Patients can experience progressive muscle weakness in their 
limbs and trunk, and in muscles involved in speech, swallowing and breathing, eventually 
causing respiratory failure in three to five years. Although Charcot once described ALS as 
“one of the most completely understood conditions in the realm of clinical neurology”,1 
its pathogenesis turned out to be complex, involving both genetic and environmental 
components. In approximately ten percent of the cases, family history suggests a 
genetic cause, but even in these familial ALS patients (FALS), most of the causes are 
still unknown. Mutations in superoxide dismutase-1 (SOD1), angiogenin (ANG), fused 
in sarcoma / translated in liposarcoma (FUS/TLS), TAR DNA-binding protein (TARDBP), 
vesicle-associated membrane protein B (VAPB), and valosin-containing protein (VCP) 
account for approximately thirty percent of these FALS patients.2-4 Nevertheless, 
mutation frequencies vary substantially among populations; for instance, although 
SOD1 mutations are generally detected in around 20% of FALS patients, they are only 
present in 1.8% of Dutch FALS patients.5 Furthermore, despite evidence for a role of 
genetic components in FALS, genetic variants that are involved in sporadic ALS (SALS) 
remain elusive.6-22 

Optineurin (OPTN) mutations were originally identified in patients with primary open-
angle glaucoma (POAG).23 Replication studies in glaucoma patients reported few novel 
mutations; however, several single nucleotide polymorphisms (SNPs) appeared to be 
associated with glaucoma.24-49 Mutations in OPTN were also detected in ALS patients 
from Japan.50 A homozygous deletion of exon five, a homozygous p.Q398X mutation, 
and a heterozygous p.E478G mutation were reported, accounting for ~4% of the FALS 
patients and less than 0.5% of the SALS patients. Interestingly, these Japanese patients 
demonstrated slow disease progression. Recently, a cohort of 221 FALS and 95 SALS 
patients of French and French-Canadian descent, were screened for mutations in OPTN 
as well. Although new mutations in FALS patients were detected in this cohort, no 
mutations were present in SALS patients (Supplementary Table 4.1).51;52 To date, SNPs 
in OPTN that could potentially raise ALS susceptibility have not been investigated. 

To assess the frequency of mutations and SNPs in OPTN, we decided to screen a large 
cohort of FALS and SALS patients and control subjects of Dutch descent. Moreover, we 
assessed clinical characteristics of patients with OPTN mutations.
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Materials and methods

Study population

We included 1,285 ALS patients; 94 from 80 different families had a family history 
of ALS. Patients were diagnosed with ALS according to the El Escorial Criteria53;54 at 
national referral centers for neuromuscular diseases (University Medical Center Utrecht, 
Academic Medical Center Amsterdam, and Radboud University Nijmegen Medical 
Center). FALS patients had already been screened for mutations in SOD1, ANG, FUS/TLS, 
TARDBP, VAPB, and VCP. We used 1,415 control subjects of Dutch descent for sequencing 
and a total of 1,894 control subjects for Taqman analysis (Applied Biosystems, Foster 
City, CA, USA). Patient material was obtained with approval of the Institutional Review 
Board, and all participants gave informed consent.

Genetic analysis

ALS patients and control subjects were screened for mutations in coding regions of OPTN 
(NM_001008213). We used previously described primers for amplification by touchdown 
PCR.50 BigDye Terminator 3.1 sequencing kit (Applied Biosystems), DNA Analyzer 3730XL 
and PolyPhred were used for sequencing and data analysis.55 Mutations were confirmed 
on genomic DNA and analyzed with PolyPhen-2 to predict the impact of these mutations 
on the structure and function of OPTN (http://genetics.bwh.harvard.edu/pph2/). 

Sequence data was also used to determine allele frequencies of SNPs. When SNP call 
rates were below eighty percent, we selected SNPs for Taqman assays on all our ALS 
patients and 1,894 control subjects. For these Taqman assays, 1 µL of ~50 ng genomic 

Table 4.1 Genetic variation found in OPTN

Mutation Exon FALS
(n = 94)

SALS
(n = 1,191)

CON
(n = 1,415)

Prediction
(PolyPhen-2)

p.L100L 5 0 0 1 N/A

p.A134A 6 0 1 0 N/A

p.G159V 6 0 1 1 Probably damaging

p.L164L 6 0 0 1 N/A

p.Q165X 6 0 1 0 N/A

p.Q454E 13 0 1 0 Possibly damaging

Abbreviations: FALS = familial amyotrophic lateral sclerosis, SALS = sporadic amyotrophic lateral sclerosis, CON = control 
subjects, n = number, and N/A = not applicable.
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DNA per sample was mixed with 2.5 µL Taqman master mix (Applied Biosystems), 0.1 µL 
assay mix (Applied Biosystems) and 1.4 µL ddH2O. We used the following PCR program: 
denaturation at 95°C for ten minutes, followed by forty cycles of denaturation at 92°C 
for fifteen seconds and annealing and extension at 60°C for one minute. We analyzed 
PCR products with an ABI Prism 7900HT Sequence Detection System and SDS 2.3 
software (Applied Biosystems). Chi-square tests were used to calculate deviations from 
the Hardy-Weinberg equilibrium in our control cohort. SNPs that were not in Hardy-
Weinberg equilibrium (p-value < 0.05) in this cohort were excluded from further analysis.

Results
One nonsense mutation (p.Q165X), two missense mutations (p.Q454E, p.G159V), and 
three silent mutations were detected in our Dutch cohort (Table 4.1/Figure 4.1). The 
p.Q165X and p.Q454E mutations were each present in one SALS patient. The p.G159V 
mutation was present in one SALS patient and one control subject. 

Figure 4.1 OPTN mutations and conservation. Conservation of amino acid residues across 
species was generated using ClustalW2 online tool, http://www.ebi.ac.uk/Tools/msa/clustalw2/. 
See Appendix page 380 for Figure 4.1 in color.
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Nonsense and missense mutations

In patient A we detected a heterozygous c.495C>T variation, changing glutamine into a 
premature stop codon at position 165 (p.Q165X). Although OPTN normally contains 577 
amino acids, this mutation causes a premature stop during translation, truncating the 
protein by 72%. The truncated protein lacks several coiled coil areas, a leucine zipper, 
zinc finger, and subsequently, binding sites for Rab8, group 1 metabotropic glutamate 
receptors (mGluR1a), transcription factor IIIA-interacting protein (TFIIIA), Myosin VI 
and huntingtin (Htt).56

In addition, we detected a heterozygous c. 1362C>G missense mutation in a SALS patient 
(B), resulting in a glutamine to glutamic acid change at codon 454 (p.Q454E). This amino 
acid change could be damaging and is located in a well conserved region (Figure 4.1). The 
second missense variant was present in another SALS patient (C): a novel heterozygous 
c.477G>T variant, substituting glycine for valine at position 159 (p.G159V). This variant 
could be damaging, and is located in a well conserved region. Nevertheless, it was also 
detected in one control subject diagnosed with hypercholesterolemia and mild chronic 
kidney disease due to hypertension. This control subject is currently 62 years of age and 
has no neurological complaints. Therefore, in spite of its localization within the binding 
site of Rab8, p.G159V most likely represents a rare but benign polymorphism.

Polymorphisms

While screening sequence data for mutations we encountered thirteen SNPs, and 
decided to compare their frequencies in FALS, SALS and control subjects. To ensure 
call rates above eighty percent, we performed Taqman assays for two SNPs: rs2234968 
(p.T34T) and rs11258194 (p.M98K). We excluded three intronic SNPs based on significant 
deviations from the Hardy-Weinberg equilibrium in our control subjects (rs765884, 
rs676302, rs7086894). As can be seen in Supplementary Table 4.2, none of the SNPs 
appears to be associated with ALS. 

Clinical characteristics 

A detailed description of signs and symptoms is given in Table 4.2 and in the Supplemen-
tary Clinical information. Briefly, one of the SALS patients with a p.Q165X or p.Q454E 
mutation was female (50%) and the average age at onset was 75 years. One of them 
presented with bulbar symptoms (50%) and the average survival time was relatively 
short at 24.5 months (range 23 – 26).
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Discussion
Here, we report two novel OPTN mutations: a nonsense mutation (p.Q165X) and one 
missense mutation (p.Q454E). Each of these mutations was detected in one SALS 
patient. Since the p.Q165X mutation would probably result in a 72% truncated OPTN 
protein, binding of Rab8, mGluR1a, TFIIIa, Htt and Myosin VI might be hindered.56 The 
p.Q454E mutation is located in a leucine zipper and coiled coil area that contains binding 
sites for Htt and Myosin VI. The localization of these two mutations, their predicted 
effects and absence in our control cohort, suggest that they are pathogenic. They could, 
therefore, affect membrane trafficking, Golgi ribbon formation, exocytosis, cellular 
morphogenesis, neuronal function, and transcription activation.57-62 

Currently, only a small number of OPTN mutations has been described in ALS patients. 
A homozygous deletion of exon five has been reported in two Japanese siblings from 
a consanguineous marriage, both of whom had ALS.50 Furthermore, a homozygous 
p.Q398X mutation was detected in another Japanese ALS patient from a consanguineous 
marriage, and also in one individual with apparently SALS.50 This nonsense mutation 
caused a premature stop during translation, truncating the protein by 31%. A 
heterozygous p.E478G and p.A93P mutation were identified in Japanese FALS and SALS 
patients as well (Supplementary Table 4.1).50;63 Thus, OPTN mutations were present 
in approximately 4% of the Japanese FALS patients and less than 0.5% of the SALS 
patients. Recently, Caucasian FALS and SALS patients (221- and 95 patients, respectively) 
were also screened for mutations in OPTN.51;52 This resulted in the identification of two 
substitutions and two insertions in their FALS patients; no mutations were present in 
their SALS patients.51;52 Whereas mutations in OPTN could be a rare cause of SALS, we 
decided to screen a large Caucasian cohort of 1,191 SALS patients, and detected two 

Table 4.2 Clinical characteristics of patients with OPTN mutations

Patient Mutation Gender El Escorial 
criteria

Age at onset 
(y)

Site of onset Survival 
(m) a  

A p.Q165X F Probable, 
lab supported

83 Cervical 23 

B p.Q454E M Probable 67 Bulbar 26 

C p.G159V F Possible 58 Lumbosacral 28 

D p.A134A M Definite 40 Bulbar 45

Abbreviations: F = female, M = male, y = years, and m = months. a All patients are deceased.
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mutations in SALS patients, accounting for less than 0.5% of our cohort. In addition, we 
screened 94 FALS patients, and showed OPTN mutations were absent in this cohort, 
indicating population-specific differences, as we previously demonstrated for SOD1.5  

The average survival of our two SALS patients with OPTN mutations was only 24.5 
months. As can be seen in Supplementary Table 4.1, one Caucasian patient with a 
previously reported c.382_383insAG variant showed a rapid disease progression of 26 
months as well.52 Japanese patients with OPTN mutations, however, showed a relatively 
slow disease progression.50 The average survival of Japanese patients (since deceased) 
was more than thirteen years; patients who were alive at the time of publication, already 
demonstrated an average disease duration of eight years. Moreover, whilst the average 
age at onset was 75 years in our two patients, it was only 48 years in these Japanese 
patients. Although the reported number of patients with OPTN mutations is relatively 
low, these findings could indicate that particular OPTN mutations are associated with a 
different survival and/or age at onset. Similar associations have been reported for SOD1 
mutations. For instance, it has been shown that p.A4V mutations predict shorter survival, 
while p.G37R, p.G41D and p.G93C mutations predict longer survival as compared to other 
ALS subgroups.64;65 Associations between SOD1 mutations (p.G37R and p.L38V) and an 
earlier age at onset have also been described.64 In the French population, one-third of 
the patients with SOD1 mutations survived for more than seven years and had an earlier 
age at onset.66 Comparable differences were also observed for FUS/TLS mutations, as 
p.R521H mutations are associated with longer disease duration, and p.P525L mutations 
with shorter disease duration and early onset.66 Hence, just like SOD1 and FUS/TLS 
mutations, there may be specific genotype-phenotype relations with regard to OPTN 
mutations. 

Mutations in OPTN were first described in patients with POAG, causing bilateral 
blindness.23 Sequence alterations were found in 16.7% of families with hereditary POAG, 
including p.E50K and a 2-base pair AG insertion.23 Currently, many cohorts of glaucoma 
patients have been screened for OPTN mutations, but only few novel OPTN mutations 
have been detected.27;45-47 Nonetheless, a number of studies have reported associations 
with OPTN SNPs and POAG.25-44 A recent meta-analysis showed a significant association 
between rs2234968 (p.T34T) and POAG in Asians and adults.24 Whereas previous articles 
have not studied OPTN polymorphisms in ALS patients, we decided to screen our 
patients and control subjects for SNPs in OPTN. We included ten SNPs in exons and 
exon-intron boundaries. For these SNPs, we compared minor allele frequencies between 
FALS patients, SALS patients and control subjects. No significant differences could be 
detected between these groups (Supplementary Table 4.2). 
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To summarize, we have identified p.Q165X- and p.Q454E mutations in a large cohort 
of SALS patients, and these patients demonstrated rapid disease progression. We did 
not detect mutations in our FALS patients, nor associations between SNPs and ALS 
susceptibility. Our findings highlight that the genetic background of ALS differs between 
different populations, and imply a modest role for OPTN in the pathogenesis of ALS in 
The Netherlands.
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Supplementary Table 4.2 Minor allele frequencies of SNPs in OPTN

  Location FALS a SALS a CON b

Sequence

rs2304706 Intron 1-2 0.13 0.15 0.15

rs41291307 Intron 1-2 0.01 0.01 0.01

rs11258191 Intron 1-2 0.00 0.01 0.01

rs41291309 Exon 2 0.01 0.01 0.01

rs2244380 Intron 6-7 0.21 0.19 0.19

GA008639 Exon 6 <0.01 <0.01 <0.01

rs77873111 Intron 14-15 0.01 0.01 0.01

rs10906310 Intron 15-16 0.23 0.25 0.23

Taqman      

rs2234968 Exon 4 0.31 0.26 0.26

rs11258194 Exon 5 0.03 0.03 0.03

Abbreviation:  CON = control subjects. a No significant differences in allele frequencies were detected (p-values not shown 
for simplicity). P-values were calculated with Chi-square test, either FALS versus CON or SALS versus CON. The following 
Bonferroni correction was used: α/n = 0.05/10 = 0.005. b Chi-square tests were calculated of control cohort for deviation 
from Hardy-Weinberg equilibrium. Only SNPs in Hardy-Weinberg equilibrium were included.
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Supplementary Clinical information
Patient A presented with complaints of her left arm at 83 years of age; she experienced 
difficulty lifting objects. A couple of months later she noticed weakness in her right arm 
as well. She did not have any sensory symptoms, nor did she experience difficulty walking 
or talking. Her family history for neurological disorders was negative. Neurological 
examination demonstrated atrophy in both her arms. Her muscle strength was 
symmetrically reduced in her arms, and her reflexes were low. No atrophy could be seen 
in her legs, but her proximal muscle strength was slightly reduced, and her knee reflexes 
were brisk in both legs. Her forced vital capacity was decreased (59% of the predicted 
value), and her serum creatine kinase activity was 149 U/L (normal: <200 U/L). An EMG 
showed involvement of peripheral motor neurons in three regions. She was diagnosed 
with probable laboratory supported ALS and died within two years of symptom onset. 
As the parents of patient A were deceased, their DNA was not available for testing.

At 67 years of age, patient B presented with difficulty swallowing and projecting his 
voice. He experienced abnormal fatigue and shortness of breath, particularly at night. 
In addition, he developed muscle cramps in his limbs, trunk and throat. He observed 
widespread twitching and perceived some weakness in his arms and legs. Neurological 
examination revealed dysarthria, fasciculations, and weakness in his tongue. 
Fasciculations were also present in his arms and legs and his reflexes were symmetrically 
high. His hands also showed atrophy and weakness. Serum creatine kinase activity was 
168 U/L. Patient B was diagnosed with probable ALS and died 26 months after his first 
symptoms. Both his parents were deceased and their DNA was not available for testing.

Patient C, presented with stiffness in her left leg at 58 years of age. Several weeks later she 
experienced clumsiness of her left arm and twitching in her muscles. Her family history 
did not reveal any neurological disorders. Neurological examination demonstrated 
fasciculations, muscle weakness and high reflexes in her arms and legs. Serum creatine 
kinase activity was 196 U/L. Nine months after diagnosis she was wheelchair-bound, 
experienced severe weakness in her arms and had developed speech difficulties. She 
died roughly one year later. Her parents’ DNA was not available for testing.
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Abstract
Mutations in the VCP gene were recently reported to cause 1-2% of the familial 
amyotrophic lateral sclerosis (ALS) cases. VCP mutations are already known to cause 
inclusion body myopathy (IBM) with Paget’s disease (PDB) and frontotemporal dementia 
(FTD). The presence of VCP mutations in patients with sporadic ALS, sporadic ALS-FTD 
and progressive muscular atrophy (PMA), a known clinical mimic of IBM, is not known. 
To determine the identity and frequency of VCP mutations we screened a cohort of 93 
familial ALS, 754 sporadic ALS, 58 sporadic ALS-FTD, and 264 PMA patients for mutations 
in the VCP gene. Two non-synonymous mutations were detected; one known mutation 
(p.R159H) in a patient with familial ALS with several family members suffering from 
FTD, and one mutation (p.I114V) in a patient with sporadic ALS. Conservation analysis 
and protein prediction software indicate the p.I114V mutation to be a rare benign 
polymorphism. Thus, VCP mutations are a rare cause of familial ALS. The role of VCP 
mutations in sporadic ALS, if present, appears limited.
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Introduction 
Amyotrophic lateral sclerosis (ALS) is a progressive adult-onset neurodegenerative 
disease that affects upper and lower motor neurons. This will eventually cause death 
mostly due to respiratory failure within three to five years after disease onset. ALS 
is familial (FALS) in 5% of cases with a Mendelian pattern of inheritance, while the 
remaining 95% are considered to be sporadic ALS (SALS) cases. Several genes have been 
linked to FALS, including superoxide dismutase-1 (SOD1), TAR DNA-binding protein 
(TARDBP), fused in sarcoma / translated in liposarcoma (FUS/TLS), optineurin (OPTN), 
and vesicle-associated membrane protein B (VAPB) with variable frequencies depending 
on the geographical location of the investigated patient samples.1-5

There is a recognized clinical and pathological overlap between ALS and frontotemporal 
dementia (FTD). Mild cognitive abnormalities indicative of frontal lobe involvement 
can be found in up to 50% of ALS patients.6 In addition, in approximately 5% of ALS 
patients, FTD is present with marked behavioral changes and language impairment.7-9 

Finally, several families have been identified with individuals diagnosed with ALS, FTD 
or both, and ALS and FTD are both characterized by TDP-43-positive, ubiquitinated 
cytoplasmatic inclusions.10-12

In a recent study, mutations in the valosin-containing protein gene (VCP) were identified 
in five ALS families by whole exome sequencing.13 VCP mutations are known to cause 
inclusion body myopathy (IBM) with Paget’s disease of bone (PDB) and FTD (IBMPFD).14 
IBMPFD is an autosomal dominant multisystem degenerative disease, primarily 
affecting muscle, brain and bone tissue. Interestingly, just as in ALS and FTD, IBMPFD 
is characterized by TDP-43-positive, ubiquitinated inclusions in muscle and frontal 
cortex neurons.15;16

It is not known whether VCP mutations are present in other populations, large samples 
of SALS patients, or families where (sporadic) ALS and FTD co-occur (SALS-FTD). To 
determine the frequency of VCP mutations in the Dutch population, we screened 93 
FALS patients and a large cohort of SALS and SALS-FTD patients for mutations in the 
VCP gene. In addition, we included patients with progressive muscular atrophy (PMA), 
since PMA is a known clinical mimic of IBM.17
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Methods

Human subjects

DNA samples were collected as part of a population-based study in The Netherlands 
(Prospective ALS study in The Netherlands (PAN)).18 Patients were diagnosed with 
ALS according to the revised El Escorial criteria.19 A total of 93 FALS patients from 80 
unrelated families were included in this study. In addition, 754 SALS patients, 264 PMA 
patients and 58 SALS-FTD patients were included. Patients were already screened 
for mutations in SOD1, VAPB, TARDBP, FUS/TLS, and angiogenin (ANG). The control 
population consisted of 713 healthy Dutch individuals with negative medical and family 
histories for neurological disease; all were of Dutch descent.

Patient material was obtained with approval of the Institutional Review Board, and all 
participants gave informed consent.

Genetic analysis

Venous blood samples were drawn using 10 ml EDTA tubes and genomic DNA was 
extracted from whole blood using standard procedures. DNA was whole genome 
amplified using a Qiagen Repli-g Mini kit according to manufacturer’s instructions using 
50 ng of input genomic DNA per reaction.

PCR for the coding sequence of VCP was performed using a touchdown thermocycling 
program (94°C for sixty seconds; fifteen cycles of 94°C for twenty seconds, 65°C for 
thirty seconds with a decrement of 0.5°C per cycle, 72°C for sixty seconds; followed 
by thirty cycles of 94°C for twenty seconds, 57°C for thirty seconds and 72°C for sixty 
seconds; 72°C for three minutes). PCR reactions consisted of 5 µL amplified DNA (5 ng/
µL), 0.2 µM of each primer, 200 µM of each dinucleotide triphosphate (dNTP), 25 mM 
Tricine, 7.0% glycerol (w/v), 1.6% dimethyl sulfoxide (DMSO, w/v), 2 mM MgCl2, 85 mM 
ammonium acetate pH 8.7 and 0.04 U Taq Polymerase in a total volume of 10 µL. Primers 
were designed using Primer 3.0 (http://frodo.wi.mit.edu/primer3/) and sequences are 
listed in Table 5.1. PCR products were checked on a 1.2% agarose gel and diluted in 25 
µL H2O; 1 µL was directly used as template for the sequencing reactions. Sequencing 
reactions, containing 0.1 µL BigDye (v3.1; Applied Biosystems, Foster City, CA, USA), 1.99 
µL 2.5× dilution buffer and 0.4 µM of the same primer used in the PCR reaction (either 
forward or reverse) in a total volume of 5 µL, were performed using cycling conditions 
as follows: forty cycles of 94°C for ten seconds, 50°C for five seconds and 60°C for two 
minutes. Sequencing products were purified by ethanol precipitation in the presence of 
40 mM sodium-acetate and analyzed on a 96-capillary 3730XL DNA analyzer (Applied 
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Biosystems), using the standard RapidSeq protocol on 36 cm array.20 Sequences were 
analyzed for the presence of mutations using PolyPhred and in-house developed software. 
All mutations were verified by independent PCR and sequence reactions on genomic DNA.

Bioinformatic analysis  

The potential consequence of the identified missense mutations was analyzed using the 
bioinformatics programs PMut (http://mmb2.pcb.ub.es:8080/PMut/) and SNAP (http://
cubic.bioc.columbia.edu/services/SNAP/). Conservation analysis of the altered amino 
acids was carried out using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/).

Results
To determine the frequency of VCP mutations in ALS patients in The Netherlands, we 
sequenced all coding exons of the VCP gene in 93 FALS, 377 SALS, 58 SALS-FTD, and 264 
PMA patients as well as 695 healthy controls. Exon four and exon five were sequenced 

Table 5.1 Primers used to sequence coding region of the VCP gene

Exon Forward Reverse

1a GAGAATTCCAATCCGTCGAG TCCTGGTCTCCACCTCTCTG

2_3a GCTTTCTGGTCTAGGGACAGC CAAGAACTTGGTCCTGCCTG

4 AAGCCATCCTGCCTTTTCTT AATAAATACAGGGGAAAAGCATAA

5 TGACACCTCTAACTGTGCTTG GTTACCACATGATGCCACAC

6 TATTCTTGCCTTCTCCTTTC TTGGCACCACTTTAGACTTG

7 AGGTGGGAACCTAATCACAC CAGCTCATAAGCCCAGTTC

8_9 GGCCAAACAAGCAAGATAAC GGCTTCAAGAGGATTAGGTG

10a AGGCCTGTCTCTTACCTCTG AGACACTGTAACGCCTGGTC

11_12 CTATTGTCTCTGAGCCTCCTG AAATGTGTTGACACCCTGAG

13 ATGTGGAGGTAGCCTTGAAC AAACAGCCTCTATTCCTTGC

14 CACGTTTGCCTAGAGACATC ATGCAAGTCTCCCACAGC

15 TCGAGAGGAGAGGCTAAATG CTGGCTCTCCATGATTGG

16_17 CTTACCTCAGGTTGGATTGG TGGCAGTAGTGCCTTGGTTC
a Long-range PCR enzyme (Fermentas) was used for the amplification of these amplicons.
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in 377 additional SALS patients. One previously identified non-synonymous mutation 
and one novel non-synonymous variant were identified (Table 5.2).

We detected a p.R159H mutation in one FALS patient (patient A) which was not present 
in any of the 713 control subjects sequenced. To further investigate the pathogenicity of 
this mutation, we also tested the unaffected brother of the patient and did not find the 
mutation. DNA of other family members was not available. We also identified a novel 
non-synonymous variant mutation (p.I114V) in one SALS patient (patient B) which was 
absent in 695 control subjects. Suggestive evidence that this amino acid change is a rare 
neutral polymorphism is found when performing conservation analysis of the amino 
acid amongst species and in silico protein prediction (Figure 5.1). No non-synonymous 
mutations were detected in PMA and SALS-FTD patients. In addition to these two 
non-synonymous mutations, several synonymous changes were detected. A total of 
six synonymous changes were detected in five SALS, one SALS-FTD, one FALS, and 
one PMA patient (Table 5.2). Interestingly, five of these synonymous mutations were 
not found in our control samples. Overall, there was no significant enrichment of non-
synonymous mutations in ALS versus controls (p-value 0.18, Fisher’s exact test). 

Table 5.2  Non-synonymous and synonymous variants detected in the VCP gene in this study

Exon Variant PMut 
prediction

SNAP 
prediction

FALS 
(n = 93)

SALS PMA SALS-FTD Controls

4 p.I114V Neutral Neutral 0/80 1/754 0/264 0/58 0/695

5 p.R159H Pathological Non-neutral 1/80 0/754 0/264 0/58 0/713

Exon Variant FALS 
(n = 93)

SALS PMA SALS-FTD Controls

9 p.T330T 0/80 0/377 0/264 1/58 0/685

11 p.L414L 0/80 1/377 1/264 0/58 0/674

12 p.I479I 1/80 0/377 0/264 0/58 0/674

13 p.A528A 0/80 2/377 0/264 0/58 5/662

14 p.L661L 0/80 1/377 0/264 0/58 0/594

17 p.D802D 0/80 1/377 0/264 0/58 0/646

Abbreviations: FALS = familial amyotrophic lateral sclerosis, SALS = sporadic amyotrophic lateral sclerosis, PMA= progressive 
muscular atrophy, FTD = frontotemporal dementia, and n = number.
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Clinical information

Patient A gradually developed weakness in her hands (Table 5.3). Within a year after 
onset of symptoms, she also noticed weakness in her left leg. Neurological examination 
demonstrated muscle atrophy in her left arm and both hands, fasciculations in her left 
arm, and weakness in proximal arm- and leg muscles. Reflexes in arms and legs were 
brisk. She was diagnosed with ALS and died approximately two years after the onset 
of symptoms. Autopsy of brain and spinal cord were consistent with classical ALS, 
characterized by p62-, ubiquitin- and TDP-43-positive inclusions. In the granular layer 
of the hippocampus and in the neocortex of the frontal and temporal lobe, a few p62- 
and ubiquitin-positive inclusions were found; this can been seen more extensively in 
ALS-FTD cases.

Figure 5.1  A. Chromatograms of wild-type and mutant alleles found in one FALS (p.R159H) 
and one SALS (p.I144V) patient. B. Conservation analysis of the mutated amino acids amongst 
several species using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/). See Appendix 
page 381 for Figure 5.1 in color.



VCP mutations in ALS patientsChapter 5

88

The family history of patient A is shown in Figure 5.2. Three of her father’s brothers 
were diagnosed with FTD (II:1, II:2, II:3), one of them was also diagnosed with multiple 
sclerosis (MS) (II:3). Her father (II:6) died due to a car accident at 31 years of age. The 
grandmother of patient A (father’s side) was not formally diagnosed with FTD, but she 
exhibited signs of dementia combined with behavioral changes. There were no other 
family members with neurodegenerative diseases.

Table 5.3 Clinical information on SALS and FALS with VCP variants

Patient Variant Gender El Escorial 
criteria

Age at 
onset (y)

Site of 
onset

Duration 
(m)

FALS A p.R159H F Possible 59 Cervical 23 b

SALS B p.I114V F Possible 52 Lumbosacral 119 a  

Abbreviations: F = female, y = years, and m = months. Patients are either alivea, or deceasedb.

Figure 5.2  Pedigree of FALS patient with p.R159H mutation. Screened individuals that did 
not have a VCP mutation are marked with ‘-‘.
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Patient B experienced weakness in her legs, stumbling, and difficulties with running 
(Table 5.2). She also developed weakness in her arms, and noticed twitching in both her 
arms and legs. Neurological examination showed brisk reflexes in arms and legs. She 
was diagnosed with SALS, since her family history did not reveal other family members 
with ALS. Her symptoms gradually progressed and currently, almost ten years later, she 
is unable to walk, has severe weakness in her arms, and has developed difficulties with 
talking and breathing. Her mother died at 82 years of age due to cancer; her father died 
at 93 years of age (he had developed dementia, without behavioral changes).

Discussion
In the present study, we screened a large cohort of patients diagnosed with FALS, SALS, 
SALS-FTD and PMA for mutations in the VCP gene. We report a p.R159H mutation in 
a FALS patient from a family in which members were diagnosed with FTD. In addition 
we identified a novel p.I114V variant in one SALS patient which was not present in 695 
control subjects. In a previous study, no mutations in the VCP gene were identified in 73 
SALS patients screened.13 We could not detect VCP mutations in ALS patients associated 
with FTD or in patients with only lower motor neuron signs. 

Mutations in the VCP gene, located on chromosome 9p13.3, have been reported in 
IBMPFD, a multi-system degenerative disease affecting brain, bone and muscle tissue. 
Recently, a whole exome sequencing study identified mutations in the VCP gene to be 
the cause of ALS in an Italian family. They identified VCP mutations in an additional 
four ALS families from the United States and Italy.13 The p.R159H mutation that was 
identified in one of our FALS cases has previously been identified in four unrelated 
IBMPFD families.21-23 These families show clinical heterogeneity between and even within 
families with a clinical presentation in patients of FTD, IBM, PDB or a combination of 
these diseases. In one family from the United States a mutation at the same amino acid 
(p.R159G) was identified in the recent whole exome sequencing study.13 Members from 
this family presented with ALS, ALS-FTD or ALS with Paget’s disease. Furthermore, a 
p.R159C mutation has been reported in a patient with IBM and FTD.24

In the other ALS families in which VCP mutations were identified, individuals within 
the same family presented with different diseases. The presence of ALS and FTD in 
individuals from the family in which a VCP mutation was identified here is consistent 
with these findings.
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Thus, mutations in VCP seem to lead to a range of clinical presentations, even within 
the same family. This observation supports the idea that ALS, FTD and PBD have an 
overlapping pathological mechanism. This overlap is already recognized for ALS and 
FTD as evidenced by TDP-43-positive, ubiquitinated cytoplasmatic inclusions found in 
both patients.11 An overlap between ALS and PDB is suggested by a recent genome-wide 
association study (GWAS) where an association was found between the OPTN gene, in 
which mutations have been identified in ALS, and PDB.4;25;26

The pathogenicity of the novel p.I114V variant identified here in a SALS patient is unknown. 
Conservation analysis and protein prediction software do not indicate this mutation to 
be pathogenic but rather to be a rare benign polymorphism. It is interesting, however, to 
note that a mutation in the same exon (p.P137L) has previously been found in one IBMPFD 
case.22 Functional studies are needed to determine the pathogenicity of this variant. 

An important pathological feature of ALS is the presence of TDP-43-positive, ubiquiti-
nated cytoplasmic inclusions.11 It has been shown that mutations in the VCP gene lead 
to TDP-43-positive, ubiquitinated cytoplasmatic inclusions in muscle and frontal cortex 
neurons of patients.14;16 Moreover, transgenic mice harboring the p.R155H or p.A232E 
mutation in VCP contain TDP-43-positive inclusions and recapitulate the brain, bone, 
and muscle pathology of IBMPFD.27-29

In summary, based on our data, the frequency of VCP mutations in FALS is ~1-2%, the 
same frequency found in the whole exome sequencing study by Johnson et al. (2010).13 
This study indicates that it is uncertain whether there are VCP mutations in SALS, and, if 
present, they are extremely rare. We could not identify a higher frequency of mutations 
in specific subpopulations of patients with ALS associated with FTD or of patients with 
only lower motor neuron signs. Additional cohorts of FALS and SALS patients will have 
to be screened to determine the frequency of VCP mutations in other populations.
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Cicero, On Academic Scepticism.



UBQLN2 in familial amyotrophic lateral 
sclerosis in The Netherlands

Perry T.C. van Doormaal, Wouter van Rheenen, Marka van Blitterswijk, 
Raymond D. Schellevis, Helenius J. Schelhaas, Marianne de Visser, 

Anneke J. van der Kooi, Jan H. Veldink*, Leonard H. van den Berg*

* Contributed equally to this work.

Neurobiol Aging. In press.



UBQLN2 mutations in familial ALS patientsChapter 6

96

Abstract
Recently, it was discovered that mutations in the ubiquilin-2 (UBQLN2) gene were a 
cause of an X-linked dominant type of familial amyotrophic lateral sclerosis (ALS). We 
investigated the frequency of mutations in this gene in a cohort of 92 families with ALS 
in The Netherlands. Eight families were excluded because of male-to-male transmission. 
In the remaining 84 familial ALS cases no mutations were discovered in UBQLN2. Hence, 
UBQLN2 was not found to be a cause of familial ALS in The Netherlands.
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Introduction 
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease with involvement 
of both upper and lower motor neurons, resulting in progressive weakness and an 
average lifespan of three years after disease onset.1 In 5-10% of the cases, ALS is 
of familial origin, with at least one close relative that is also diagnosed with the 
disease.2;3 A number of genes have been reported to be causal for familial ALS, from 
superoxide dismutase-1 (SOD1) in 19934 to chromosome 9 open reading frame 72 
(C9orf72) repeat expansions and ubiquilin-2 (UBQLN2) mutations in 2011.5-7 The latter 
gene, located on the X-chromosome, encodes the ubiquitin-like protein ubiquilin-2, 
which functions in the ubiquitinated protein degradation pathway. A previous study 
discovered five different mutations in UBQLN2 in five families out of 189 probands 
from families of non male-to-male transmitted familial ALS. In familial ALS, sporadic 
ALS and ALS with frontotemporal dementia (FTD) ubiquilin pathology was found in 
spinal and brain tissue. In France, one mutation was found in the UBQLN2 gene in a 
cohort of 130 familial ALS patients.8 This mutation did not segregate with the disease, 
and thus, did not seem to be pathogenic. No other mutations in UBQLN2 were found 
in this French cohort. 

We analyzed a cohort of familial ALS cases to determine the frequency of UBQLN2 
mutations in The Netherlands.

Methods
The study population consisted of probands from 92 different ALS families in The 
Netherlands. In 22 of these families, ALS was associated with FTD. Genomic DNA 
was extracted from whole blood using standard procedures. PCR of the complete 
UBQLN2 gene, including 125 base pairs of the 5’UTR and 293 base pairs of the 3’UTR, 
was performed on 100 ng genomic DNA with primers, as reported previously.7 BigDye 
Terminator 3.1 sequencing kit (Applied Biosystems, Foster City, California, USA), DNA 
Analyzer 3730XL and PolyPhred software9 were used for sequencing and data analysis 
(see Supplement for more information).
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Results
Probands of 92 families with ALS were available for genetic analysis. Because UBQLN2 
mediated ALS is an X-linked dominantly inherited disease, eight families with male-to-
male inheritance were excluded. In the remaining 84 families, the complete UBQLN2 
gene was sequenced. No mutations were found in any of these patients.

Discussion
UBQLN2 mutations were not identified in the 84 Dutch ALS families with possible 
X-linked inheritance. Based on this study, the contribution of mutations in UBQLN2 to 
the total spectrum of familial ALS seems small. 

In the initial report on UBQLN2, mutations were scarce: only five out of 189 probands 
(2.6%) without male-to-male transmission had mutations in this gene.7 Importantly, 
ubiquilin-2 pathology was shown in the spinal cords of ALS cases and in the brains of ALS/
dementia cases with or without UBQLN2 mutations, thus indicating a role for defects 
in the protein degradation pathway in ALS. A recent study in France, however, is well in 
line with our study: no causal mutations in UBQLN2 were found in French ALS families.8 

The frequency of specific gene mutations has already been shown to differ significantly 
between countries, for instance, SOD1 mutations are a rare cause of ALS in The 
Netherlands, but account for 23.5% of the familial cases in Scandinavia and in the 
United States.10;11 We demonstrate that the prevalence of UBQLN2 mutations also 
differs between countries.

To conclude, UBQLN2 mutations are not a cause of familial ALS in The Netherlands. 
Further studies are required to determine differences between populations.
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SuppleMeNT

Supplementary Methods
The study population consisted of probands from 92 different ALS families in The 
Netherlands. Patients were diagnosed with ALS according to the El Escorial criteria at 
a national referral center for ALS: University Medical Center Utrecht, Academic Medical 
Center in Amsterdam or Radboud University Medical Center in Nijmegen. Patients were 
diagnosed with familial ALS when one of the first- or second-degree relatives was also 
diagnosed with the disease. In 22 of these families, ALS was associated with FTD in 
patients or relatives. Patients were previously screened for mutations in superoxide 
dismutase-1 (SOD1), fused in sarcoma / translated in liposarcoma (FUS/TLS), angiogenin 
(ANG), TAR DNA-binding protein (TARDBP), vesicle-associated membrane protein B 
(VAPB), valosin-containing protein (VCP), optineurin (OPTN), and chromosome 9 open 
reading frame 72 (C9orf72). Written informed consent was obtained from all individuals, 
and the study was approved by the local ethical committee. 

Genomic DNA was extracted from whole blood using standard procedures. PCR of 
the complete UBQLN2 gene was performed on 100 ng genomic DNA with primers, as 
reported previously.1 These primers divided UBQLN2 in five overlapping amplicons, 
including 125 base pairs of the 5’UTR and 293 base pairs of the 3’UTR. The protocol for the 
second amplicon consisted of the following steps: incubation at 96ºC (two minutes), 35 
cycles of 96ºC (thirty seconds), 57ºC (45 seconds) and 72ºC (one minute), and extension 
for five minutes at 72ºC. For the other four amplicons the protocol consisted of incubation 
at 95ºC (two minutes), 35 cycles of 95ºC (thirty seconds), 55ºC (45 seconds) and 72ºC 
(one minute), and extension for five minutes at 72ºC. BigDye Terminator 3.1 sequencing 
kit (Applied Biosystems), DNA Analyzer 3730XL and PolyPhred software2 were used for 
sequencing and data analysis.
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Abstract
Objectives: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disorder of motor 
neurons that results in progressive muscle weakness and limits survival to two to five 
years after disease onset. Intermediate CAG repeat expansions in ataxin-2 (ATXN2), the 
causative gene of spinocerebellar ataxia type 2 (SCA2), have been implicated in sporadic 
ALS. We studied ATXN2 in a large cohort of patients with sporadic and familial ALS.

Methods: We determined ATXN2 CAG repeat size in 1,948 sporadic and familial ALS 
cases, and 2,002 controls from Belgium and The Netherlands.

Results: In controls, the maximal ATXN2 repeat size was 31. In sporadic ALS, a significant 
amount of longer repeat sizes (≥32, range 32–39) were encountered (in 0.5% or 10/1,845 
ALS cases, versus 0% in controls, p-value 0.0006). Receiver operating characteristic 
analysis showed that a cut-off of ≥29 appeared optimal to discriminate ALS from control 
(p-value 0.036, odds ratio [OR] 1.92, 95% confidence interval [CI] 1.04–3.64). A meta-
analysis with the previously published results from the United States showed that the 
association between a repeat length of ≥29 and ALS became stronger (p-value < 0.0001, 
OR 2.93, 95% CI 1.73–4.98). In unexplained familial ALS, we found an intermediate repeat 
expansion of 31 and a homozygous repeat expansion of 33 each in 1.1% of families. 
The phenotype of patients with ALS with expanded repeat sizes ranged from rapidly 
progressive typical ALS to slowly progressive ALS with reduced sensory nerve action 
potentials.

Conclusion: Our data reveal a novel genetic overlap between ALS and SCA2.
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Introduction 
Amyotrophic lateral sclerosis (ALS) is characterized by progressive motor neuron loss 
resulting in muscle weakness, wasting, fasciculations, spasticity, and hyperreflexia. 
Survival is limited to two to five years after disease onset. In 10% of cases, it is an 
inherited disorder. The most frequent disease-causing genes include superoxide 
dismutase-1 (SOD1),1 TAR DNA-binding protein (TARDBP),2-4 and fused in sarcoma / 
translated in liposarcoma (FUS/TLS).5;6 In about 90% the family history is negative, but 
nevertheless, it is thought that there is a genetic component to this so-called sporadic 
ALS. In most patients with ALS, accumulations of the protein TDP-43 are encountered.7 
Animal models suggest that accumulation of wild-type and mutant TDP-43 is toxic to 
neurons.8-12 In a recent study,13 a genetic screen in yeast revealed ataxin-2 (ATXN2) as a 
modifier of TDP-43 toxicity. Intermediate-length ATXN2 CAG repeats were found to be 
associated with sporadic ALS. ATXN2 (chromosome 12q24) contains a CAG repeat in 
exon one, which encodes a polyglutamine tract. The size of this repeat is usually 22–23 
in controls (normal range 14–31).14 Heterozygous repeat lengths of ≥34 typically give rise 
to spinocerebellar ataxia type 2 (SCA2). Repeat lengths of 32–33 give rise to late-onset 
disease.15;16 SCA2 is characterized by slowly progressive cerebellar ataxia and dysarthria 
with ocular findings (such as nystagmus and slow saccades).15-20 In this study, ATXN2 
CAG repeat size was studied in a large cohort of patients with sporadic and familial ALS 
and controls from Belgium and The Netherlands.

Methods

Standard protocol approvals, registrations, and patient consents

This study was approved by the local ethical committee of the University of Leuven and 
Utrecht. Subjects participated in the study after written informed consent.

Study population

A cohort of patients with sporadic ALS and controls followed at the neuromuscular 
clinic in Leuven, Belgium, and Utrecht, The Netherlands, between 1995 and 2010, was 
studied. All patients were diagnosed with ALS, fulfilling the revised El Escorial criteria. 
Blood was drawn and DNA was extracted from whole blood using standard methods. 
A total of 1,845 patients with sporadic ALS were studied (385 from Leuven and 1,460 
from Utrecht). Samples from 2,002 neurologically normal individuals (435 from Leuven, 
1,567 from Utrecht) were used as controls.
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For familial ALS, 103 patients from 91 unexplained families, i.e., no SOD1, FUS/TLS, 
TARDBP, or angiogenin (ANG) mutations, were studied (25 families from Leuven and 
66 from Utrecht).

Determination of ATXN2 CAG repeat size  

The CAG repeat region of ATXN2 was amplified using PCR. The forward primer used was 
5’ FAM-GGG CCC CTC ACC ATG TCG 3’, the reverse primer 5’ CGG GCT TGC GGA CAT 
TGG 3’. PCR cycling was as followed: four minutes 95°C, thirty cycles (twenty seconds 
95°C, twenty seconds 55°C, 45 seconds 72°C), and five minutes 72°C. The CAG repeat 
length was determined after running on an ABI3130xl sequencer, using GeneMapper 
software version 4.0 (Applied Biosystems). 

Statistical analysis

Statistical analysis was performed in StatsDirect statistical software (version 2, 7, 8) 
and JMP 6.0.0. To determine the best cut-off to discriminate ALS cases from controls, 
a receiver operating characteristic analysis was performed. A two-tailed Fisher’s exact 
test was used to calculate the significance for the genetic association of ATXN2 repeat 
lengths and ALS. For the meta-analysis of ATXN2 repeat lengths of samples from this 
study and the previously published study from the United States,13 a Mantel-Haenszel 
test was used, to take potential heterogeneity between countries into account. The 
analysis of correlation of CAG repeat size and survival and age at onset was performed 
using a Cox proportional hazards model. For survival, we adjusted for age at onset, site 
of onset, country, and gender; for age at onset, we adjusted for gender, site of onset, 
and country. Repeat length differences according to site of onset were analyzed using 
logistic regression, adjusting for gender and country.

Results
The CAG repeat size in exon one of ATXN2 was determined in patients with ALS (n = 
1,948) and controls (n = 2,002) from Belgium and The Netherlands. The characteristics 
of patients with ALS studied in this report are summarized in Table 7.1.

In controls, the repeat length was variable (range 16–31). A repeat length of 22 was most 
abundant (90.1% of control alleles), followed by a repeat length of 23 (6.1% of alleles) 
and 27 (1.7%). The maximum repeat size observed in controls was 31 (0.1% of alleles, 
encountered in the heterozygous state in 0.2% of controls). In a significant amount of 
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7patients with ALS, heterozygous longer repeat sizes (≥32) were identified (Figure 7.1A). 
In 10/1,845 sporadic patients (0.5%) and in 0/2,002 controls (0%), a repeat size of ≥32 
was found (p-value 0.0006). In seven of those patients, we observed repeat lengths of 
32–33; in three patients a repeat length of ≥34 was identified. The repeat size on the 
other allele was not associated with ALS, and was 22 (range 16–27) in 97.4 and 97.1% 
of controls and patients with ALS, respectively.

All patients with expanded ATXN2 repeats had classic ALS, with a combination of upper 
and lower motor neuron signs, a disease onset of 57.4 ± 13.6 years, and a survival after 
disease onset of 35.2 ± 15.6 months (Table 7.2). In most patients, the disease started in 
the limbs, mostly asymmetric. None of the patients had ataxia or slow saccades. Most 
parents of these patients lived beyond the age of eighty years without neurodegenerative 
diseases. No DNA samples of the parents were available for study.

Table 7.1 Characteristics of patients with ALS studied

Number 
of 

patients

Age of 
onset (year 

± SD)

Gender
(% male)

Site of onset
(% bulbar 

onset)

Diagnostic 
delay (months 

± SD)

Survival 
(months ± 

SD)

Sporadic ALS 1845 60.3 ± 12.0 59.5 30.1 14.6 ± 18.8 34.9 ± 24.9

Familial ALS 103 58.4 ± 10.3 51.5 26.2 15.6 ± 17.6 31.6 ± 20.3

Abbreviations: ALS = amyotrophic lateral sclerosis, and SD = standard deviation.

Figure 7.1  Expanded CAG repeats in ATXN2 in sporadic ALS. A) Distribution of CAG repeat 
sizes of the allele with the longest repeat in ALS patients and controls. B) Meta-analysis of the 
effect of CAG repeat sizes in ALS, a repeat size of 29 or higher was used as cut-off for analysis. 
See Appendix page 381 for Figure 7.1 in color.
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Repeat sizes ≤31 (22–31, or 27–31 or 29–31) were not significantly different between 
patients with ALS and controls. However, a receiver operating characteristic analysis 
showed that the greatest sensitivity and specificity of discriminating ALS from control 
could be achieved using a cut-off of ≥29. Repeat lengths of ≥29 were more frequently 
encountered in patients with ALS: 28 of 1,845 patients with ALS (1.5%) compared to 
16 of 2,002 controls (0.8%). This difference was statistically significant (p-value 0.036, 
odds ratio [OR] 1.92, 95% confidence interval [CI] 1.04–3.64). A meta-analysis with the 
previously published result from the United States in 915 patients with ALS and 980 
controls13 demonstrated this association to be highly significant (Figure 7.1B, p-value < 
0.0001, OR 2.93, 95% CI 1.73–4.98).

We did not find an association between ATXN2 repeat length ≥32 and disease parameters 
including survival (p-value 0.94), age at onset (p-value 0.65), or site of onset (p-value 
0.69). The analysis using a cut-off of ≥29 yielded similar results (p-value 0.46, p-value 
0.57, and p-value 0.67).

Since ATXN2 CAG repeat expansions were found in sporadic patients, we also tested 
patients with familial ALS in whom SOD1, TARDBP, FUS/TLS, and ANG mutations had 
been excluded. Samples from 103 patients belonging to 91 families were analyzed. In 
2/91 families (2.2%), long repeat sizes were found. In one of these 91 pedigrees (1.1%), 
a repeat size of 31 was observed in a patient with classic ALS with upper limb onset. 

Table 7.2 Characteristics of patients with sporadic ALS patients with ATXN2 CAG repeat 
size ≥ 32

Patient no. ATXN2 
repeat size

Gender Age of onset 
(y)

Site of onset Survival 
(m)

1 22-32 M 52 Spinal (right upper limb) 9

2 22-32 F 56 Spinal (left lower limb) 37

3 22-32 F 42 Spinal (lower limbs) 35

4 22-32 M 62 Spinal (left lower limb) 25

5 23-32 F 69 Spinal (right upper limb) Alive (38)

6 22-33 F 54 Spinal (lower limbs) Alive (29)

7 23-33 M 35 Spinal (right upper limb) Alive (13)

8 22-34 F 52 spinal (right upper limb) 45

9 22-36 F 80 Bulbar 59

10 22-39 M 71 Spinal (right upper limb) Alive (15)

Abbreviations: M = male, F = female, y = years, and m = months.
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The patient died 35 months after disease onset. DNA from other family members was 
not available. The pedigree is shown in Supplementary Figure 7.1. In one of the other 91 
pedigrees (1.1%), a repeat size of 33 was found. Remarkably, an expanded repeat size 
was present on both alleles in this consanguineous family. The pedigree of this family is 
shown in Figure 7.2. Two affected brothers had 33 repeats on one allele. One of them had 
31 repeats on the other allele (IV:1), while the other was homozygous for 33 repeats (IV:2). 
The thus far unaffected brother had 22 and 33 repeats (IV:3). The presenting phenotype 
in the two affected brothers was a slowly progressive form of ALS starting in the lower 
limbs. An atypical feature of the clinical phenotype was some sensory abnormality 

Figure 7.2  Homozygous CAG repeat expansion in ATXN2 in family classified as familial ALS.
Pedigree of consanguineous family in which first cousins were married in generation III. Black 
affected, white unaffected, gray possibly affected. – = Not applicable; D = age at death; N.A. 
= not available; O = age at disease onset; RS = repeat size.
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involvement with reduced sensory nerve action potentials on electrophysiologic testing, 
but no ataxia or cerebellar degeneration was found. III:1 experienced a progressive gait 
disorder with muscle weakness and leg stiffness spreading proximally to the bulbar 
region over a period of ten years, but medical advice was never sought. IV:1 and IV:2 
developed a progressive upper motor neuron dominant form of ALS starting in the 
lower limbs at the age of 75 and 71, respectively. DNA was only available for study from 
individuals of generation IV.

In a family classified as SCA2, two affected siblings (with a heterozygous repeat length 
of 34 and 35) presented with slowly progressive lower motor neuron degeneration, 
consisting of muscle weakness, cramps, muscle atrophy, and fasciculations, without 
ataxia or eye movement abnormalities during the first years of disease. The pedigree 
of this family is shown in Figure 7.3A. The father (I:1) died at the age of 72 years from 
cardiac disease, the mother (I:2) at the age of 83 years following a stroke. Two out of 

Figure 7.3  Expanded ATXN2 CAG repeat size with motor neuron degeneration as presenting 
phenotype in family classified as SCA2. A) Pedigree of family with two affected siblings with 
disease onset as slowly progressive lower motor neuron degeneration (Black affected). B,C) 
MRI of subject II:5 25 years after disease onset, shows mild cortical and superior vermis atrophy, 
without apparent atrophy of the cerebellar lobes or the pons on T2-weigthed images.
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eleven siblings presented with a neurodegenerative disorder (subjects II:3 and II:5, DNA 
was not available from other family members). Subjects II:2, II:4, and II:8 died before 
the age of 55 due to unrelated causes. All other siblings are healthy. The occurrence 
of cerebellar dysfunction in subject II:5 twenty years after disease onset ultimately 
led to a diagnosis of SCA2 (repeat size 34). Signs of upper motor neuron involvement 
remained absent throughout the disease course. Even 25 years after disease onset, the 
typical cerebellar and pontine atrophy, as seen in SCA2, was absent (Figure 7.3, B and 
C). Subject II:3 presented with a lower motor neuron syndrome, without ataxia or eye 
movement disorders to date.

Discussion
Despite the recent advances in genetics of familial and sporadic ALS, the heritability 
of motor neuron degeneration is only explained in a small proportion of patients.21 
Genome-wide association studies (GWAS) have identified several susceptibility loci 
for sporadic ALS,22 but only few of them appear reproducible.23;24 While GWAS are 
suitable to identify common variants with limited effect size, they are less so for low 
frequency (<5% of the population) variants even when they have a relatively large effect 
size. Structural variations other than copy number variations, such as small deletions, 
insertions, translocations, or repeat expansions, remain largely unexplored.25 In this 
study, we used a candidate gene approach and studied the occurrence of expanded 
CAG repeats in ATXN2 in patients with ALS. The occurrence of expanded CAG repeats 
in patients with sporadic and familial ALS revealed an unexpected genetic overlap 
between ALS and SCA2.

In patients with sporadic ALS, repeat lengths of 29 or higher were significantly associated 
with ALS, in line with the recent publication that identified ATXN2 gene as a candidate 
susceptibility gene for ALS.13 The repeat sizes with the most significant association 
were longer in our study: 27–33 in the study by Elden et al.,13 32–39 in our study. Repeat 
lengths ≥32 were only encountered in patients with ALS. We did not observe a correlation 
between ATXN2 repeat length and disease parameters such as age at onset or survival. 
Also in patients with an extremely variable survival time (range 24–179 months)26 but 
the same underlying cause (a p.G93C mutation in SOD1, n = 19), no correlation between 
ATXN2 repeat size and survival was found.

The repeat expansions ≥32 observed in sporadic ALS possibly are de novo mutations, 
since they were never observed in controls. Unfortunately, no DNA from parents or 
siblings from these patients was available to confirm this.
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Remarkably, long repeats were also observed in 2.2% of unexplained familial ALS. In 
one family, a homozygous repeat expansion was seen. The CAG repeat size has been 
shown to correlate with the disease phenotype in several polyglutamine disorders. 
Much less is known about the role of the repeat size on the other allele. Although it 
could be anticipated that a long repeat on the other allele would be deleterious,27 
the homozygous repeat expansion of 33 in one patient did not result in a particularly 
aggressive ALS phenotype.

The question arises whether the patients with ALS with repeat expansions of ≥32 (and 
certainly those with ≥34) should be considered as misclassified SCA2 or as proof of a 
genetic overlap between ALS and SCA2. Several arguments are in favor of the latter: the 
association of ATXN2 repeat sizes of ≥29 with sporadic ALS, the occurrence of repeat 
expansions of ≥32 in sporadic patients with ALS with a typical disease presentation 
(with asymmetric disease onset, with a combination of upper and lower motor neuron 
signs and survival after disease onset as low as nine months after disease onset), the 
occurrence of expanded CAG repeats in familial ALS, and the observation that SCA2 
can present with a pure motor neuron degeneration phenotype. Previously, three 
independent reports described the apparently coincidental occurrence of rapidly 
progressive ALS in three patients with SCA2,28-30 which further supports the existence 
of an overlap between ALS and SCA2.

Our results demonstrate that expanded CAG repeats of ≥29 in ATXN2 are associated 
with ALS, that repeat lengths of ≥32 can underlie both sporadic and familial ALS, and 
that SCA2 may present with motor neuron degeneration. This genetic overlap between 
ALS and SCA2 may contribute to our understanding of both these neurodegenerative 
disorders.
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Supplementary Figure 7.1  Pedigree of family with heterozygous CAG repeat size of 31 in 
index patient (Black affected). – = Not applicable; D = age at death; N.A. = not available; O = 
age at disease onset; RS = repeat size.
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“Never forget that every single organic being 
around us may be said to be striving to the 
utmost to increase in numbers; that each 
lives by a struggle at some period of its life; 
that heavy destruction inevitably falls either 
on the young or old, during each generation 
or at recurrent intervals.” 

Darwin, On the Origin of Species.
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Abstract
Objective: To assess the frequency and phenotype of hexanucleotide repeat expansions 
in chromosome 9 open reading frame 72 (C9orf72) in a large cohort of patients with 
familial (FALS) and sporadic (SALS) amyotrophic lateral sclerosis (ALS), progressive 
muscular atrophy (PMA) and primary lateral sclerosis (PLS) of Dutch descent.

Methods: We included 78 patients with FALS, 1,422 patients with SALS, 246 patients 
with PMA, 110 patients with PLS, and 768 control subjects. Repeat expansions were 
determined by a repeat primed PCR. Familial aggregation of dementia and Parkinson’s 
disease was examined among patients with the repeat expansion.

Results: The expanded repeat was found in 33 (37%) of all FALS, in 87 (6.1%) of SALS, 
four (1.6%) of PMA patients and in one (0.9%) PLS patient. None of the controls carried 
the mutation. ALS patients with the repeat expansion had an earlier age at onset (median 
59.3 versus 61.9 years, hazard ratio [HR] 1.55, p-value 5 x 10-5) and shorter survival 
(median 2.5 versus 2.7 years, HR 1.46, p-value 8 x 10-4). Dementia, but not Parkinson’s 
disease, occurred nearly twice as often in relatives of patients with the expansion 
compared to all ALS patients or controls (p-value 9 x 10-4).

Conclusions: The hexanucleotide repeat expansion in C9orf72 is a major cause of FALS 
and apparently SALS in The Netherlands. Patients with the repeat expansion have 
an earlier onset, shorter survival and familial aggregation of dementia. These results 
challenge the classical definition of FALS and may justify genetic testing in patients 
with SALS.
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Introduction 
Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease affecting 
both upper and lower motor neurons. On average, patients die within three years due to 
respiratory insufficiency.1 The exact disease course of ALS is, however, hard to predict 
with 10% of the patients surviving longer than ten years and others dying within months.2 
Mild to severe frontotemporal cognitive dysfunction and behavioral changes are seen in 
up to 50% of ALS patients.3 On the other hand 14% of the patients with frontotemporal 
dementia (FTD) develop symptoms and signs suggestive of motor neuron disease at a 
certain stage in the disease course.4 For these reasons, ALS and FTD might be considered 
as entities of one neurodegenerative syndrome.

Recently, an intronic hexanucleotide repeat expansion in chromosome 9 open reading 
frame 72 (C9orf72), containing an expansion ranging from thirty to hundreds of GGGGCC 
repeats, was identified in 23.5-61.5% of the FALS and FTD cases from different cohorts.5;6 
Importantly, the repeat expansion was also present in 4.1% of the 195 non-Finnish SALS 
cases, suggesting that a C9orf72 repeat expansion is the most frequent and most strongly 
associated genetic abnormality seen in ALS. 

To determine whether patients with a repeat expansion in C9orf72 exhibit a distinct 
clinical phenotype, we genotyped a large cohort of well-phenotyped patients with ALS 
and pure lower or upper motor neuron variants.

Methods

Patient selection

Patients were recruited from the out-patient clinic for neuromuscular diseases at the 
University Medical Center Utrecht, Radboud University Medical Center Nijmegen and 
Academic Medical Center Amsterdam, which are tertiary referral centers for patients 
with ALS in The Netherlands. Additionally, patients participating in the prospective 
population based study on motor neuron diseases in The Netherlands were included.7 
All patients with ALS fulfilled the revised El Escorial Criteria for ALS.8 FALS was defined 
as the presence of at least one family member with ALS, PMA or PLS. Considering the 
overlap of ALS and FTD, we also defined FALS according to more liberal criteria: the 
presence of a relative with ALS, PMA, PLS or any form of dementia. These patients 
did not have mutations in superoxide dismutase-1 (SOD1), TAR DNA-binding protein 
(TARDBP) and fused in sarcoma / translated in liposarcoma (FUS/TLS). Patients with 
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PMA showed signs and symptoms of pure lower motor neuron impairment and fulfilled 
the previously described diagnostic criteria.9 Patients with PLS exhibited progressive 
spastic paresis; other explanations (i.e. myelopathy, infectious disease, hereditary 
spastic paraplegia etc.) were ruled out, as described elsewhere.10 Control subjects 
were unrelated population-based individuals, matched for gender and age, free of any 
neuromuscular disease.7

Standard protocol approvals, registrations and patient consents

All patients and control subjects gave written informed consent, and the medical ethics 
commission of the University Medical Center Utrecht approved this study.

Genetic analysis

DNA was extracted from venous blood using standard protocols. To detect large 
expanded repeats a repeat primed PCR for the C9orf72 GGGGCC repeat was per-
formed on genomic DNA. Previous studies validated this PCR method for detection 
of the expanded C9orf72 repeat by Southern blots.5;6 The primers and protocol 
applied are described in the Supplement (Supplementary Table 8.1 and 8.2). 
Fragment analysis was performed on an ABI3730xl sequencer and visualized with 
GeneMapper software version 3.7 (Applied Biosystems, Foster City, California). 
Alleles with thirty or more GGGGCC hexanucleotide repeats were considered as 
expanded. To avoid false negative calls, we genotyped all samples at least twice. 
For the haplotype analysis, we used genotypes of the single nucleotide polymorphisms 
(SNPs) at the 9p21.2 locus derived from a previously performed genome wide associations 
study (GWAS).11 The Supplement provides further details on the haplotype analysis.

Description of the clinical phenotype

For ALS patients, age at onset was defined as age at first signs of muscle weakness in 
a limb, dysphagia or dysarthria. Survival was defined as time from age at onset until 
death, tracheostomy or requirement of continuous ventilatory assistance. Detailed 
information on the presence of cognitive and behavioral deficits was not available for 
the patients and their relatives. However, information on the presence of dementia, 
in general, among relatives of ALS patients was available through our prospective 
population based study on motor neuron diseases in The Netherlands.7 In this study, 
ALS patients and population based control subjects were asked whether dementia or 
Parkinson’s disease affected certain family members of first- or second-degree.
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Statistical analysis

For survival and age at onset a Cox proportional hazards model was used in which 
we corrected for gender and site of onset, as well as for age at onset in the survival 
analysis. An association between the C9orf72 repeat expansion and site of onset was 
assessed in a multivariate analysis by logistic regression, correcting for gender. In the 
analysis of the family history we calculated lambda values for the rate of affected 
family members per stratum: all ALS patients, ALS patients with C9orf72 expansions 
and controls. The lambda value was defined by dividing the rate of family members 
affected in the patients group by the rate of family members affected in control 
subjects, p-values were calculated by a two-tailed Fisher’s exact test. All statistical 
analyses were performed using R v2.10 software (www.r-project.org). P-values < 0.05 
were considered statistically significant.

Results
In total, we included probands with FALS from 78 apparently unrelated families, 1,422 
patients with SALS, 246 patients with PMA, 110 patients with PLS and 768 control 
subjects. The characteristics of all participants are displayed in Table 8.1, showing only 
small differences in age and gender between the different groups. All patients and 
controls subjects were Caucasian and of Dutch descent.

The repeat primed PCR revealed the C9orf72 hexanucleotide expansion in 33 families 
with FALS without earlier described mutations, accounting for 37% of all the unrelated 
families with FALS in The Netherlands (Table 8.2). When we handled the more liberal 
criteria for FALS nearly one quarter of the patients had the C9orf72 repeat expansion. 

Table 8.1 Baseline characteristics

Number of 
patients

Female 
(%)

Age at 
inclusion 

(median ± SD)

Age at onset, 
(median ± SD)

Bulbar 
onset 

(%)

Survival, years 
(median ± SD) 

Familial ALS 78 47 63.5 ± 11.2 60.6 ± 11.0 22 2.9 ± 3.1

Sporadic ALS 1422 40 65.1 ± 11.5 61.7 ± 11.7 32 2.6 ± 3.3

PMA 246 29 62.9 ± 10.8 58.8 ± 13.4 1.8 5.6 ± 7.2

PLS 110 43 61.8 ± 9.7 54.6 ± 12.0 15 8.5 ± 7.2

Controls 768 47 63.1 ± 11.8

Abbreviations: ALS = amyotrophic lateral sclerosis, PMA = progressive muscular atrophy, PLS = primary lateral sclerosis, 
and SD = standard deviation.
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In the patients with apparently SALS, e.g. without a positive family history for ALS, 
the repeat expansion was found in 87 patients (6.1%). None of the control subjects 
carried the expansion. Four PMA patients (1.6%) had a repeat containing more than 
thirty GGGGCC repeats. Reviewing their clinical data showed that none of the patients 
presented any upper motor neuron signs during follow-up, which ranged from four to 
twenty years. These four patients were still alive 4, 4.2, 5.4 and 21 years after disease 
onset. We found the repeat expansion in only one patient (0.9%) with PLS. This patient 
suffered from progressive symptoms in both arms and legs. Four years after the disease 
onset this patient is still alive and at neurological examination upper motor neuron 
signs are present exclusively. Neither the patients with PMA, nor the patient with PLS 
reported on family members affected by dementia.

The majority of the ALS patients with the C9orf72 mutation shared the haplotype at 
9p21.2 that has been associated with ALS in a previous study.12 Patients without the 
repeat expansion had this haplotype less often (66% versus 22% respectively, p-value 
4.3 x 10-18, Supplementary Figure 8.1, Supplementary Table 8.3).

Patients with a C9orf72 expansion appeared to have an earlier disease onset. On average, 
this occurred two and a half years earlier in patients with the expanded hexanucleotide 

Table 8.2 C9orf72 repeat expansion frequency

n C9orf72 expansion %

Familial ALS

Stringenta

Liberalb

78

259

33

51

42.3

19.7

Sporadic ALS

Total

+ Family history for dementiac

− Family history for dementiad

1422

181

351

87

18

16

6.1

9.9

4.6

PMA 246 4 1.6

PLS 110 1 0.9

Controls 768 0 0

Abbreviation: n = number.
a Familial ALS defined as presence of a relative with ALS, PMA or PLS. b Familial ALS defined as presence of a relative with 
ALS, PMA, PLS or dementia. c Patients with apparently sporadic ALS and positive family history for dementia. d Patients 
with apparently sporadic ALS and negative family history for dementia.
The detailed family history was available for 532 patients with sporadic ALS.
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repeat compared to patients without the repeat expansion, as shown in Table 8.3. 
The median survival was nearly two and a half months shorter in patients with the 
hexanucleotide expansion (Table 8.3 and Figure 8.1). Both differences in age at onset 
and survival reached statistical significance.

We did not observe a difference in the frequency of bulbar onset between patients with 
the repeat and those homozygous for wild-type C9orf72 (39% versus 31%, p-value 0.23, 
odds ratio [OR] 1.31, 95% confidence interval [CI]: 0.84 - 2.02).

Table 8.3 Survival and age at onset

Median (range) HR (95% CI) P-value

Age at onset, years

Wild-type 61.9 (19.5 – 88.5) - -

Expansion 59.3 (37.6 – 82.9) 1.55 (1.25 – 1.92) 0.00005

Survival, years

Wild-type 2.7 (0.13 – 31.8) - -

Expansion 2.5 (0.45 – 13.0) 1.46 (1.17 – 1.83) 0.00079

Abbreviations: HR = hazard ratio, and CI = confidence interval.

Figure 8.1 Survival for C9orf72 repeat genotype. See Appendix page 382 for Figure 8.1 in color.
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We analyzed the family history of patients with apparently SALS for the occurrence of 
dementia and Parkinson’s disease among relatives. In total, 550 patients genotyped 
for the GGGGCC repeat enrolled in the prospective population based study on motor 
neuron diseases in The Netherlands, in which they were asked if certain family members 
were affected by dementia or Parkinson’s disease.7 Data analysis showed that dementia 
occurred more frequently among first- and second-degree relatives of patients with the 
expanded C9orf72 repeat, compared to healthy controls and ALS patients in general 
(Table 8.4). This effect was not observed for Parkinson’s disease (Table 8.4).

Discussion
The discovery of the C9orf72 hexanucleotide repeat expansions has had an enormous 
impact in the field of ALS and FTD research, being the most common cause of these 
diseases occurring in families.5;6 In our large screening for the C9orf72 hexanucleotide 
repeat expansion, we detected this genetic mutation as the most common cause of FALS 
in The Netherlands, accounting for 37% of the families. Furthermore, a considerable 
percentage of the patients with sporadic ALS also have this mutation. Patients that had 
the C9orf72 repeat expansion exhibited a more aggressive disease course with an earlier 
disease debut and shorter survival, and more frequently had a positive family history 
for dementia. The clinical phenotype remained very variable, and repeat expansions 
were found in patients that exhibited slowly progressive lower motor neuron and upper 
motor neuron impairment exclusively.

Table 8.4 Family history

Proband (n) Relatives (n) Affected (n) Rate λ (95% CI) P-value

Dementia

Controls 1,616 15,690 667 0.043 - -

ALS (total) 550 5,253 251 0.048 1.12 (0.98 – 1.30) 0.13

ALS (C9orf72)a 36 320 28 0.088 2.06 (1.43 – 2.95) 0.0009

Parkinson’s disease

Controls 1,616 15,690 143 0.009 - -

ALS (total) 550 5,269 56 0.011 1.17 (0.86 – 1.59) 0.60

ALS (C9orf72)* 36 317 4 0.013 1.38 (0.52 – 3.72) 0.54
a Patients with ALS that have the C9orf72 repeat expansion.
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The repeat expansion was virtually absent in healthy unrelated control subjects. Although 
the exact penetrance of this mutation is not known yet, current and previous data support 
the notion that the C9orf72 hexanucleotide repeat expansion can be considered to be a 
highly pathogenic mutation, instead of merely a risk factor.

The high frequency of C9orf72 mutations in apparently SALS is remarkable. Although 
none of these patients report affected family members, they might be in fact FALS 
cases, which can be explained in several ways. A combination of a non-fully penetrant 
mutation and small family sizes increases the number of unrecognized families 
with ALS.13 Although the penetrance of the C9orf72 repeat expansion might not be 
comparable to SOD1 mutations, the observed rate of mutations in apparently sporadic 
ALS is substantially higher for C9orf72 (6.1% versus ± 2%).14 An additional explanation 
might be that the expansions cause both ALS and FTD exclusively. This way, families 
might not be recognized if the link between family members with ALS and FTD has 
never been made. This is supported by our observation that relatives of patients with 
the repeat expansion suffer from dementia more often. These family members could 
have had dementia caused by the C9orf72 expansion, true FTD or amnestic dementia 
resembling Alzheimer’s disease, which has been associated with the repeat expansions 
as well.15;16 Finally, the high rate of C9orf72 expansions in sporadic ALS cases can reflect 
de novo repeat expansions or anticipation of a premutation in earlier generations, a well-
described mechanism in other diseases associated with repeat expansions.17

Presently, standard genetic testing for patients with SALS is not recommended.18 The 
observed rate of C9orf72 mutations in apparently SALS may justify genetic testing in 
these patients. For improved genetic counseling, however, future studies will need to 
address the issues on mode of inheritance, penetrance and further define the clinical 
phenotype.

The identification of patients with PMA and PLS that have the repeat expansion extends 
the spectrum of diseases associated with the GGGGCC hexanucleotide repeat beyond 
classical ALS, FTD and dementia mimicking Alzheimer’s disease. Identifying genetic or 
environmental modifiers for this variety in clinical phenotype will provide greater insight 
into the etiology of ALS and may lead to new therapeutic strategies. This challenge will 
require large cohorts of extensively phenotyped and genotyped patients to ensure the 
studies have sufficient statistical power. 

The main limitation of this study is the lack of information on cognitive and behavioral 
dysfunction, which limits our ability to fully investigate FTD in relation to the repeat 
expansion. Instead, the data on dementia, in general, among relatives was available in a 
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large sample of patients and controls. Ideally, a clinician should have verified the family 
history in a personal interview so relatives with true FTD could have been identified. 
However, this approach is laborious and reduces the number of patients that can be 
included. As a consequence, this would have greatly reduced statistical power that 
was achieved by using the questionnaires. Because of the methodological limitations 
the results from the questionnaires on the family history should only be regarded as 
suggestive for the statement that FTD occurs more frequently among those related to 
apparently sporadic ALS patients with the C9orf72 repeat expansion. 

Our study identified the hexanucleotide repeat expansion in C9orf72 as a major cause 
of familial and apparently sporadic ALS with a more aggressive disease course.
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SuPPleMenT

C9orf72 repeat and the 9p21.2 haplotype

For 630 patients with ALS and a known C9orf72 genotype, SNP genotypes were available 
from genome wide association  studies (GWAS) that were performed earlier.1 For these 
patients, fourty had the repeat expansion (two FALS and 38 SALS) and 590 patients 
were homozygous for the wild-type C9orf72 gene (five FALS and 585 SALS). Quality 
control for these data was performed, as described previously.1 We tested twenty SNPs 
within the reported haplotype block at chromosome 9p21.2 (chr9:27468052-27579657) 
for an association with the C9orf72 repeat expansion.2 This was done in Haploview v4.2 
software for the detection of haplotypes.3 We used the Chi-square test to determine the 
association between different haplotypes and the C9orf72 repeat expansion.
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Supplementary Figure 8.1 Haplotype blocks. See Appendix page 382 for Supplementary 
Figure 8.1 in color.

Supplementary Figure



C9orf72 repeat expansions in MND patientsChapter 8

130

Supplementary Table 8.1 RP-PCR reaction mix

Reagent Volume Final concentration

Roche FastStart Mix (2x) 14 μL 1x

RP-PCR-F1 0.4 μL 1.4 μM

RP-PCR-R 0.2 μL 0.7 μM

RP-PCR-anchor 0.4 μL 1.4 μM

DMSO 2 μL 7%

Qiagen Q solution (5x) 5 μL 1x

NEB deazaGTP (5 mM) 1 μL 0.19 mM

MgCl2 (25 mM) 1 μL 0.93 mM

gDNA 3 μL 100 ng

MQ 1 μL -

Abbreviations: RP-PCR = repeat primed polymerase chain reaction, DMSO = dimethylsulfoxide, NEB = New England 
Biolabs, gDNA = genomic DNA, and MQ = milliQ.

Primer sequences:
RP-PCR-F1: 5' - 6FAM-AGTCGCTAGAGGCGAAAGC - 3'
RP-PCR-R: 5' - TACGCATCCCAGTTTGAGACGGGGGCCGGGGCCGGGGCCGGGG - 3'
RP-PCR-anchor: 5' - TACGCATCCCAGTTTGAGACG - 3'

Supplementary Tables
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Supplementary Table 8.2 PCR cycling conditions

Cycle Temperature Time Repeated

0 95°C 15 minutes

1 94°C

70°C

72°C

1 minute

1 minute

3 minutes

2 cycles

2 94°C

68°C

72°C

1 minute

1 minute

3 minutes

3 cycles

3 94°C

66°C

72°C

1 minute

1 minute

3 minutes

4 cycles

4 94°C

64°C

72°C

1 minute

1 minute

3 minutes

5 cycles

5 94°C

62°C

72°C

1 minute

1 minute

3 minutes

6 cycles

6 94°C

60°C

72°C

1 minute

1 minute

3 minutes

7 cycles

7 94°C

58°C

72°C

1 minute

1 minute

3 minutes

8 cycles

8 94°C

56°C

72°C

1 minute

1 minute

3 minutes

5 cycles

9 72°C 10 minutes
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“For men usually guess at new things in the 
light of things that happened before, their 
imagination being preoccupied and coloured 
by them. This way of forming opinions is very 
prone to error, since many of the waters 
we seek from the springs of Nature do 
not flow along familiar channels.” 

Francis Bacon, Novum Organum.
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Abstract
Objective: Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disorder 
with a substantial heritable component. In pedigrees affected by the familial form of this 
disease (FALS), however, incomplete penetrance is often observed. We hypothesized 
that this could be caused by complex inheritance of risk variants in multiple genes. 
Therefore, we screened five major ALS-associated genes for mutations in FALS patients, 
sporadic ALS (SALS) patients, and control subjects of Dutch descent.

Methods: 111 FALS patients from 97 families, and large cohorts of SALS patients and 
control subjects were screened for mutations in TAR DNA-binding protein (TARDBP), 
fused in sarcoma / translated in liposarcoma (FUS/TLS), superoxide dismutase-1 (SOD1), 
angiogenin (ANG), and chromosome 9 open reading frame 72 (C9orf72).

Results: Mutations were identified in 48% of FALS families, 8% of SALS patients, and 
0.5% of control subjects. In five of the FALS families (5.2%) we identified multiple 
mutations in ALS-associated genes. We detected FUS/TLS and TARDBP mutations 
in combination with ANG mutations, and C9orf72 repeat expansions with TARDBP, 
SOD1, and FUS/TLS mutations. Statistical analysis demonstrated that the presence of 
multiple mutations in five out of 97 FALS families is in excess of what is to be expected 
by chance (p-value 1.77 x 10-7). One TARDBP mutation (p.N352S) was identified in three 
SALS patients and five FALS families. Genealogical and haplotype analyses revealed 
that these individuals shared a common ancestor. In total, we obtained DNA of fourteen 
patients with this TARDBP mutation, 50% of whom had an additional mutation (ANG, 
C9orf72 or homozygous TARDBP).

Interpretation: We provide strong evidence for a polygenic etiology of ALS. This may 
have important implications for the interpretation of whole exome/genome experiments 
designed to identify new ALS-associated genes, and for genetic counseling, especially 
of unaffected family members.
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Introduction 
Amyotrophic lateral sclerosis (ALS) is a complex disorder affecting upper and 
lower motor neurons, resulting in severe muscle weakness. The incidence of ALS is 
approximately 2-3 per 100,000 per year, and on average patients die within five years 
after onset of symptoms.1-3 To date, several genes are known to be involved in the 
pathogenesis of ALS, including TAR DNA-binding protein (TARDBP), fused in sarcoma 
/ translated in liposarcoma (FUS/TLS), superoxide dismutase-1 (SOD1), and angiogenin 
(ANG).4;5

Recently, a pathogenic hexanucleotide repeat expansion in chromosome 9 open reading 
frame 72 (C9orf72) has also been identified. This repeat expansion was present in up to 
62% of the cases with both familial ALS (FALS) and frontotemporal dementia (FTD), 46% 
of the cases with FALS, and 21% of the cases with sporadic ALS (SALS).6;7 Therefore, this 
repeat expansion is currently the most important genetic risk factor for ALS. 

In many of our FALS families, we observed apparent autosomal dominant inheritance 
patterns with evidence for incomplete penetrance. We hypothesized that this pheno-
menon might be due to polygenic inheritance of ALS. This hypothesis is strengthened 
by recent reports describing two families with mutations in both FUS/TLS and ANG, and 
another patient with an SOD1 mutation and an ANG mutation.8;9 In search of evidence 
for polygenic inheritance, we, therefore, sequenced TARDBP, FUS/TLS, SOD1, ANG, 
and C9orf72 in a cohort of 97 FALS families, as well as in large cohorts of SALS patients 
and control subjects.

Patients and methods

Cases

Samples were collected at national referral centers for ALS in The Netherlands: 
University Medical Center Utrecht, Academic Medical Center Amsterdam and Radboud 
University Nijmegen Medical Center. A total of 111 FALS patients (97 different families) 
was screened for non-synonymous mutations in TARDBP, FUS/TLS, SOD1 and ANG, 
and tested for C9orf72 repeat expansions (Supplementary Table 9.1). In addition, we 
screened 1,192 SALS patients for mutations in TARDBP and FUS/TLS. A subgroup of 
these patients had already been screened for mutations in SOD1, ANG and C9orf72, as 
described elsewhere.10-13;Chapter 8 of this thesis All ALS patients were diagnosed according to 
the El Escorial criteria.14;15
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DNA was also obtained from control subjects of Dutch descent, and screened for 
mutations in TARDBP (n = 1,415) and in SOD1 (n = 1,894). These Dutch control 
subjects had previously been screened for mutations in FUS/TLS, SOD1, ANG, and 
C9orf72.10;12;13;Chapter 8 of this thesis All material was obtained with approval of the Institutional 
Review Board, and participants provided informed consent. 

Genetic analysis

Subjects were screened for non-synonymous mutations in TARDBP (NM_007375.3),  
FUS/TLS (NM_004960, exon five, six, fourteen, and fifteen), SOD1 (NM_000454), 
and ANG (NM_001145), as described previously.10-12;16 Briefly, coding regions were 
amplified by touchdown PCR with primers in adjacent intronic or non-coding regions. 
Subsequently, we used BigDye Terminator 3.1 sequencing kit (Applied Biosystems, Foster 
City, California) and DNA Analyzer 3730XL for sequencing. Data analysis was performed 
with PolyPhred and identified mutations were confirmed on genomic DNA (at least three 
times).17 PMut was used to predict the impact of these mutations on the structure and 
function of TDP-43 (http://mmb2.pcb.ub.es:8080/PMut/). Primers and protocols used 
to determine hexanucleotide repeat sizes in C9orf72 (NM_018325) have been described  
elsewhere.Chapter 8 of this thesis

Genealogical analysis

In depth genealogical analysis was performed to identify common ancestors of FALS 
patients. Lists of descendants from index patients were compiled, and thereafter, 
pedigrees were generated using civil records/registers and church records of the Dutch 
population. 

Haplotype analysis

To establish further evidence for common ancestry between families, we performed 
extended haplotype analysis on FALS families and SALS patients with the same mutation 
(TARDBP; p.N352S). For this analysis, we used six extragenic polymorphic markers 
flanking TARDBP (D1S1612, D1S503, D1S244 proximal of TARDBP, and D1S2667, 
D1S2740 and D1S1597 distal of TARDBP, Supplementary Figure 9.1). Validity of the 
constructed haplotype was determined by segregation analysis in families and patients 
whose DNA was available for testing. 
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Statistical analysis

In order to assess whether the observed frequency of samples with multiple mutations 
was in excess of what one might expect on the basis of chance, we performed a binomial 
test using the statistical analysis program R (CRAN; http://www.Rproject.org). The 
following formula was used: (pbinom([number of families with multiple mutations], [total 
number of families], [detected mutation frequency in FALS families multiplied by the 
detected mutation frequency in control subjects], lower.tail = FALSE, log.p = FALSE)).

Results
TARDBP, FUS/TLS, SOD1, ANG, and C9orf72 mutations were found in 48% of the FALS 
families, 8% of the SALS patients, and 0.5% of the control subjects. An overview of the 
identified mutations is provided in Table 9.1 and in the Supplementary Results. C9orf72 
repeat expansions were most frequently encountered, followed by mutations in TARDBP, 
FUS/TLS, ANG, and SOD1. In five out of 97 families (5.2%) we identified mutations in more 
than one ALS-associated gene (Table 9.2). Subsequently, we performed a binomial test, 
which demonstrated that the frequency of families with multiple mutations is higher 
than expected on the basis of chance (p-value 1.77 x 10-7). This result strongly supports 
a polygenic etiology of ALS. An overview of all pedigrees with multiple mutations is 
provided in Figures 9.1, 9.2A and 9.3. 

The most compelling evidence for polygenic inheritance was seen in patients with a 
p.N352S mutation in TARDBP. This mutation was identified in three apparently SALS 
patients and in five FALS families; their pedigrees are shown in Figure 9.1 and 9.2. 
Genealogical analysis showed that one SALS patient (VIII:1) was related to two FALS 
families, and formed a complex consanguineous pedigree (Pedigree 1, Figure 9.1). The 
other two SALS patients (VII:1 and VIII:1) were found to be related to a different FALS 
family (Pedigree 4, Figure 9.2C). Haplotype analysis revealed that all patients with 
p.N352S in TARDBP shared a haplotype surrounding the mutation, which suggests a 
common ancestor (Supplementary Figure 9.1). 

In Pedigree 1 (Figure 9.1), a recombination event (not spanning TARDBP) caused the 
formation of a second haplotype (Supplementary Table 9.2). In this pedigree, we iden-
tified five patients with a heterozygous p.N352S mutation, including one SALS patient 
(VIII:1). Two FALS patients also harbored a C9orf72 repeat expansion (VIII:5 and VIII:6). 
The TARDBP mutation was transmitted via their unaffected 72-years-old mother (VII:4), 
and the C9orf72 repeat expansion via their unaffected 75-years-old father (VII:3). Further-
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Figure 9.2 Pedigree 2, 3, and 4 with TARDBP (p.N352S) mutations. A: Patients III:1,III:5, III:3, 
and IV:5 have both TARDBP (p.N352S) and ANG (p.K17I) mutations. For simplicity just part of 
the pedigree is shown. Screened individuals who did not have a TARDBP or ANG mutation 
are marked with ‘-‘. B: Pedigree of additional FALS patient with TARDBP (p.N352S) mutation. 
C: Pedigree of two SALS patients with p.N352S mutations in TARDBP, which were distantly 
related to a FALS patient.
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Figure 9.3 Pedigree 5, 6, 7 with multiple mutations. A: Patient III:6 has both a SOD1 (p.D90A) 
mutation and a C9orf72 repeat expansion. DNA of other family members was not available for 
testing. B: Patient III:5 has both an ANG (p.K17I) mutation and a FUS/TLS (p.R521C) mutation. For 
simplicity just part of the pedigree is shown. C: Patient III:5 has both a FUS/TLS (p.Q210H) mutation 
and a C9orf72 repeat expansion. DNA of other family members was not available for testing.
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more, we detected one patient from a consanguineous marriage with a homozygous 
p.N352S mutation (VII:10). 

In Pedigree 2 (Figure 9.2A), another family is displayed with a p.N352S mutation. In this 
pedigree, a mutation in ANG (p.K17I) co-segregated with ALS.18  While four patients had 
both ANG and TARDBP mutations, one patient (III:2) had an ANG mutation without a 
TARDBP mutation. This patient had a somewhat different phenotype compared to his 
affected family members, since he presented with parkinsonism and also developed FTD 
and ALS.11 DNA of patient III:3 was unavailable for testing. His children, aged between 
44 and 58 years and currently without neurological complaints, did, however, have ANG 
and/or TARDBP mutations (IV:1 to IV:4). In total, we identified fourteen patients with 
p.N352S mutations, seven of whom (50%) had multiple mutations in ALS-associated 
genes.

In addition, we identified a C9orf72 repeat expansion in one patient (III:6) known to 
have a p.D90A SOD1 mutation (Pedigree 5).10 Analysis of her pedigree revealed an 
autosomal dominant pattern of inheritance, as shown previously (Figure 9.3A).10 A 
p.K17I mutation in ANG was also identified in a patient (III:5) with a p.R521C FUS/TLS 
mutation (Pedigree 6). DNA testing in ten non-affected family members of patient III:5, 
failed to detect other subjects with mutations in FUS/TLS or ANG (Figure 9.3B). Finally, 
another C9orf72 repeat expansion was present in a patient (III:5) with a p.Q210H FUS/
TLS mutation (Pedigree 7, Figure 9.3C). The p.Q210H mutation was also detected in one 
of our control subjects (Table 9.1).12

Discussion
In this study, we investigated a polygenic model for ALS, by screening TARDBP, FUS/TLS, 
SOD1, ANG, and C9orf72 for mutations in large cohorts of FALS patients, SALS patients 
and control subjects. In five out of 97 FALS families, we identified multiple mutations in 
ALS-associated genes. Statistical analysis demonstrated that the frequency of families 
with multiple mutations is higher than one might expect on the basis of chance (p-value 
1.77 x 10-7). The most compelling evidence for a polygenic basis of ALS was found in 
individuals with a p.N352S mutation in TARDBP. This mutation was detected in five 
FALS families and in three apparently SALS patients. Genealogical analysis suggested 
that these patients had a common ancestor, something that was supported by the 
identification of a shared haplotype. In total, DNA was available of fourteen patients 
with the p.N352S mutation, and we were able to detect a second mutation in 50% of 
them (ANG, C9orf72 or homozygous TARDBP). 
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To date, mutations in TARDBP are considered to cause ALS in an autosomal dominant 
manner. The p.N352S mutation is predicted to be pathogenic and has not been detected 
in over 13,000 control subjects (Supplementary Table 9.3). A heterozygous variant was 
originally reported in a German family.19 It has also been detected in one FALS patient 
and one SALS patient of Japanese origin.20;21 The previously published pedigrees 
showed incomplete penetrance.20;21 Our p.N352S pedigrees also demonstrated reduced 
penetrance, a finding substantiated by the detection of p.N352S in apparently sporadic 
cases (derived from a common ancestor). In short, our findings suggest that a second 
mutation is essential for the development of ALS.

We have identified five FALS families with mutations in multiple ALS-associated genes: 
FUS/TLS and TARDBP mutations were found in combination with ANG mutations, and 
C9orf72 repeat expansions with TARDBP, SOD1, and FUS/TLS mutations. The nature 
of the second mutations provides further evidence for a polygenic etiology of ALS. For 
instance, C9orf72 repeat expansions have been reported in families with high penetrance, 
but also in families with many unaffected carriers.6;7 This could imply that additional 
genetic factors contribute to ALS pathogenesis in some C9orf72 families. Moreover, 
these factors could also explain why some individuals with C9orf72 repeat expansions 
develop ALS, whereas others develop FTD or a combination of ALS and FTD. 

The identification of mutations in ANG is compatible with a polygenic etiology as well. 
Although ANG mutations were initially thought to be directly pathogenic, later studies 
also demonstrated ANG mutations in control subjects (p.K17I, p.M-21I, p.P-4S and 
p.I46V).13;22-25 The p.K17I mutation, however, does affect protein function. For instance, 
motor neurons transfected with p.K17I, lack the neuroprotective activity against hypoxic 
exposure shown by wild-type ANG.26 Moreover, wild-type ANG induces the formation of 
human umbilical vein endothelial cell (HUVEC) tubes, whereas p.K17I does not, indicating 
a complete loss of its angiogenic activity.27 Furthermore, p.K17I demonstrates 5% of the 
ribonucleolytic activity of wild-type ANG.27 

Importantly, a large international collaborative study has recently revealed that ANG 
mutations are not directly pathogenic, but that they are a risk factor for ALS, conferring 
a substantial risk (odds ratio [OR] = 9.2).13 Interestingly, this study also showed that ANG 
mutations are a risk factor for Parkinson’s disease (OR = 6.7).13 The combination of a 
genetic risk factor with a large effect (such as an ANG mutation) and another mutation 
with incomplete penetrance, fits the polygenic disease model well. That ANG mutations 
also confer a risk for Parkinson’s disease, suggests that multiple genetic factors influence 
phenotypic characteristics. 



147

9

Another intriguing double mutation was seen in Pedigree 3, where the p.D90A SOD1 
mutation was observed in combination with a C9orf72 repeat expansion. The p.D90A 
mutation is known to cause ALS in both an autosomal dominant and an autosomal 
recessive manner. In Scandinavia, p.D90A is a relatively common polymorphism in 
the general population (2.5%) and only homozygous individuals develop ALS. Outside 
Scandinavia p.D90A seems to cause ALS in an autosomal dominant fashion (it must be 
noted that autosomal dominant p.D90A pedigrees are rare).4;10;28-30 This discrepancy has 
been attributed to a genetic modifier on the Scandinavian haplotype, but this modifier 
has not yet been identified. An alternative explanation might be that the p.D90A 
haplotype outside Scandinavia is also recessive, and that ALS co-segregates with a 
second mutation, as in Pedigree 3. 

We also detected a p.K17I ANG mutation in a patient with a p.R521C FUS/TLS mutation, 
the most frequent FUS/TLS mutation.8;12;31-43 In another FALS family, we detected a 
C9orf72 repeat expansion and a p.Q210H FUS/TLS mutation.12 FUS/TLS mutations are 
considered to cause ALS in an autosomal dominant manner. However, incomplete 
penetrance is frequently observed, and one of the pedigrees that led to the discovery 
of FUS/TLS demonstrated an autosomal recessive pattern as well.31 The co-occurrence 
of ANG mutations and C9orf72 repeat expansions in families with FUS/TLS mutations, 
strongly suggests a complex inheritance of ALS.

SALS is considered to be a complex disease in which multiple environmental and genetic 
risk factors contribute to disease susceptibility. In this study, we provide evidence 
for a complex etiology of FALS as well. We propose that the phenotypic variability 
that is frequently detected within FALS families is due to multiple genetic factors. A 
polygenic etiology of ALS has important implications for the interpretation of whole 
exome/genome experiments, aiming at the identification of new ALS-associated genes. 
Although great progress has recently been made in unraveling the pathogenesis of ALS, 
our data suggests that many genetic risk factors are yet to be identified. 
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SuPPlEmEnT

Supplementary Results
TAR DNA-binding protein (TARDBP), fused in sarcoma / translated in liposarcoma (FUS/
TLS), superoxide dismutase-1 (SOD1), angiogenin (ANG), and chromosome 9 open 
reading frame 72 (C9orf72) variants accounted for 48% of the FALS families, 8% of the 
SALS patients, and 0.5% of the control subjects (Table 9.1). 

In TARDBP, we detected four missense mutations in twelve FALS patients from eight 
different families (8.2%), five SALS patients (0.4%), and one control subject (0.1%). The 
p.G295C mutation was novel, and predicted to be pathological. Two other amino acid 
substitutions at codon 295 have been reported. These substitutions change glycine to 
serine (p.G295S) or arginine (p.G295R), confirming the critical nature of this residue.1-3 
The most prevalent mutation was the p.N352S mutation (5.2%). Genealogical analysis 
demonstrated family relationships between patients with this mutation: one SALS 
patient was distantly related to two FALS families (Pedigree 1, Figure 9.1), and two 
other SALS patients turned out to be distantly related to another FALS family (Pedigree 
4, Figure 9.2C). In addition, haplotype analysis revealed a shared 5.5 Mb haplotype 
(haplotype 1) surrounding the p.N352S mutation (Supplementary Figure 9.1). This 
haplotype was detected in eleven ALS patients with p.N352S mutations (Supplementary 
Table 9.2), which suggests the p.N352S mutation is a founder mutation. Recombination 
resulted in a second haplotype (haplotype 2); this was only detected in three patients 
from one family (Pedigree 1). 

In FUS/TLS, six mutations were present in six FALS families (6.2%), three SALS patients 
(0.3%), and one control subject (0.1%). We identified two novel mutations: p.S115N and 
p.R487C. These novel mutations were detected in SALS patients (Supplementary Table 
9.2) and located in well conserved regions. The p.S115N mutation was predicted to be 
benign, whereas the p.R487C mutation was predicted to have pathological effects. 

Two mutations in SOD1 were detected in one FALS family (1.0%), two SALS patients 
(0.4%), and three control subjects (0.2%), these mutations have been reported 
previously.1 Four ANG mutations were present in two FALS families (2.1%), six SALS 
patients (0.6%), and two control subjects (0.1%); these mutations have been reported 
as well.2;3 C9orf72 repeat expansions accounted for 35 FALS families (36%), 87 SALS 
patients (6%), and none of the control subjects.Chapter 8 of this thesis
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Supplementary Tables

Supplementary Table 9.1 Baseline characteristics of FALS patients

Group Number 
(n)

Male/female 
(n) (%)

Age at onset 
(y) (CI)

Spinal/bulbar
 (n) (%)

Alive/deceased 
(n) (%)

Duration
(y) (CI)

FALS 111 58/53 (52/48) 59.0 (56.8-61.2) 89/22 (80/20) 30/81 (27/73) 3.9 (3.3-4.5)

Abbreviations: FALS = familial amyotrophic lateral sclerosis, n = number, y = years, and CI = 95% confidence interval. 
Disease duration is defined as the interval between age at onset and age at death, or between age at onset and age 
last known to be alive.
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Supplementary Table 9.3 SALS patients, FALS patients and control subjects screened for 
TARDBP mutations in exon six

Article  SALS FALS Control

Benajiba, 20095 71 78 400
Corrado, 20096 531 125 771
Del Bo, 20097 298 16 181
Millecamps, 20108 - 162 500
Kabashi, 20089 120 80 360
Kirby, 201010 474 42 499
Origone, 201011 27 20 158
Chio, 201012 - 36 280
Chio, 201113 104 31 156
Conforti, 201114 298 12 150
Williams, 200915 74 30 354
Sreedharan, 200816 372 154 1,262
Ticozzi, 201117 188 208 -
Rutherford, 200818 676 92 825
Tamaoka, 201019 - 1 -
Tsaj, 201120 - 15 300
Daoud, 200921 285 - 360
Kuhnlein, 200822 134 31 400
Gitcho, 200823 - 8 1,505
Guerreiro, 200824 279 - 806
Kamada, 200925 220 30 105
Iida, 201226 700 21 732
Baumer, 200927 113 15 -
Van Deerlin, 200828 86 65 1,127
Nozaki, 201029 - 1 -
Xiong, 201030 71 5 200
Yokoseki, 200831 112 16 267
Lemmens, 200932 - 20 601
Huang, 201033 165 - 400
Luquin, 200934 46 - 115
Gijselinck, 200935 237 - 459

Total (31) 5,681 1,314 13,273

Thirty-one articles published on TARDBP mutations in ALS patients. Exon six has been analyzed in 5,681 SALS patients, 
1,314 FALS patients and 13,273 control subjects. Missense mutations in exon six have been detected in 62 out of 5,681 
SALS patients (1.1%), 73 out of 1,314 FALS patients (5.6%), and zero out of 13,273 control subjects (0.0%).
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Supplementary Figures

Supplementary Figure 9.1 Schematic representation of the TARDBP gene on the short arm 
of chromosome one (1p36.22). Shown are the six polymorphic markers which were used for 
haplotype analysis, and the two haplotypes that were detected in patients with p.N352S 
mutations.



157

9

Supplementary Figure 9.2 Pedigree 8, Pedigree 9, Pedigree 10 with TARDBP mutations, 
and Pedigree 11 with a FUS/TLS mutation. The parents of patient IV:3 died at an early age 
(41- and 31-years-old).
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“Only for brief moments did the fear 
shoot through me that an idea this 
good could be wrong.” 

James D. Watson, The Double Helix.
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Abstract
Previously, we have reported amyotrophic lateral sclerosis (ALS) families with multiple 
mutations in major ALS-associated genes. These findings provided evidence for a 
polygenic basis of ALS. In our present study, we screened a cohort of 755 sporadic ALS 
patients, 111 familial ALS patients (97 families), and 765 control subjects of Dutch descent 
for mutations in vesicle-associated membrane protein B (VAPB). We have identified one 
novel VAPB mutation (p.V234I) in a familial ALS patient known to have a chromosome 9 
open reading frame 72 (C9orf72) repeat expansion. This p.V234I mutation was absent in 
control subjects, located in a region with high evolutionary conservation, and predicted 
to have damaging effects. Taken together, these findings provide additional evidence 
for a polygenic basis of ALS.
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Introduction 
Amyotrophic lateral sclerosis (ALS) is a complex neurodegenerative disorder of upper 
and lower motor neurons. Recently, we screened 97 families with familial ALS (FALS) 
for mutations in TAR DNA-binding protein (TARDBP), fused in sarcoma / translated 
in liposarcoma (FUS/TLS), superoxide dismutase-1 (SOD1), angiogenin (ANG), and 
chromosome 9 open reading frame 72 (C9orf72). In five of these families (5.2%) we 
identified multiple mutations, which is higher than one might expect on the basis of chance 
(p-value 1.77 x 10-7). We demonstrated that C9orf72 repeat expansions were combined with 
TARDBP, FUS/TLS, and SOD1 mutations, and that ANG mutations were also combined with 
TARDBP and FUS/TLS mutations. These findings supported a polygenic etiology of ALS. 

In our cohort of FALS patients, we had not yet determined the mutation frequency 
of vesicle-associated membrane protein B (VAPB). A mutation in VAPB (p.P56S) was 
initially reported in Brazilian families with motor neuron disease (MND).1 These families 
demonstrated a wide range of phenotypes: their age at onset varied from 25 to 55 years 
of age, their disease progression from two to thirty years, and they were diagnosed 
with late-onset spinal muscular atrophy (SMA), atypical ALS or typical ALS.1 Moreover, 
several patients were also described with autonomic abnormalities, including chronic 
intestinal constipation, and sexual dysfunction.2 Subsequently, this mutation has been 
described in patients of Brazilian-, Japanese- and European origin.3-5 Recently, a second 
missense mutation in VAPB (p.T46I) was identified in a cohort of FALS patients from 
the United Kingdom.6 We investigated the mutation frequency of VAPB mutations in a 
well-genotyped cohort of ALS patients and control subjects of Dutch descent.

Materials and methods
The study population consisted of 755 patients with sporadic ALS (SALS) and 111 
patients with FALS (from 97 different families). All patients were seen at national referral 
centers for neuromuscular diseases (University Medical Center Utrecht, Academic 
Medical Center Amsterdam, and Radboud University Nijmegen Medical Center) and 
diagnosed with ALS according to the El Escorial Criteria.7 Their baseline characteristics 
are shown in Supplementary Table 10.1. We also included 765 control subjects of Dutch 
descent. Patient material was obtained with approval of the Institutional Review Board, 
and participants gave informed consent. All FALS patients, and large cohorts of SALS 
patients and control subjects, had been screened for mutations in TARDBP, FUS/TLS, 
SOD1, ANG and C9orf72.Chapter 9 of this thesis
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We screened coding regions of VAPB (NM_004738) for mutations. Previously described 
primers were used for amplification by touchdown PCR.6 For sequencing and data 
analysis BigDye Terminator 3.1 sequencing kit (Applied Biosystems, Foster City, 
California), DNA Analyzer 3730XL and PolyPhred were used.8 We confirmed mutations 
on genomic DNA, and used PolyPhen-2 to predict the impact of these mutations on the 
structure and function of  VAPB (http://genetics.bwh.harvard.edu/pph2/). PolyPhen-2 
values were also used for the variable-threshold test to analyze grouped mutations.9 This 
statistical test increases statistical power, and uses a threshold that separates mutations 
that are likely to be detrimental or non-detrimental. The program R was used to perform 
this statistical analysis (CRAN; http://www.Rproject.org).

Results
In our Dutch cohort we identified VAPB variants in 3.1% of the FALS families, 1.5% of 
the SALS patients and 1.4% of the control subjects (Table 10.1). The variable-threshold 
test displayed that there was no significant difference in mutational burden between 
patients and control subjects, no matter whether we took potential damaging effects 
of mutations into account (p-value 0.49) or not (p-value 0.53). 

We used PolyPhen-2 to predict the effects of these VAPB variants, and demonstrated 
that p.S158N and p.V234I could have damaging effects (Table 10.1). Since p.S158N was 
also detected in one control subject, this variant most likely represents a benign rare 

Table 10.1 Variants found in VAPB

Variant Exon FALS families 
(n = 97)

SALS 
(n = 755)

CON 
(n = 765)

Prediction 
PolyPhen-2

p.A104T 3 0 (0.0%) 0 (0.0%) 1 (0.1%) Benign

p.D130E a 4 0 (0.0%) 1 (0.1%) 0 (0.0%) Benign

p.S158N 5 1 (1.0%) 0 (0.0%) 1 (0.1%) Possibly damaging

p.S160del a 5 1 (1.0%) 5 (0.7%) 4 (0.5%) Not applicable

p.M170I 5 0 (0.0%) 5 (0.7%) 5 (0.7%) Benign

p.V234I 6 1 (1.0%) b 0 (0.0%) 0 (0.0%) Possibly damaging

Total 3 (3.1%) 11 (1.5%) 11 (1.4%)

Abbreviations: FALS = familial amyotrophic lateral sclerosis, SALS = sporadic amyotrophic lateral sclerosis, CON = control 
subjects, and n = number. The impact of missense variants on the structure, and function of the protein was predicted 
with PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/). a The p.S160del and p.D130E variants have been reported 
previously, both were detected in patients and control subjects.5;16 b This patient also has a C9orf72 repeat expansion.
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polymorphism; p.V234I, on the other hand, was not detected in control subjects. The 
pathogenicity estimate of the p.V234I mutation was 0.79 (values above 0.5 indicate 
pathogenicity) with a sensitivity of 0.85 and specificity of 0.93. Moreover, it is located 
in a region that is highly conserved across species, and appears to cause small changes 
to α-helixes located within the VAPB protein (Supplementary Figure 10.1). This VAPB 
mutation was detected in a patient that also harbored a C9orf72 repeat expansion. She 
developed weakness in her right leg at 65 years of age, without signs of frontotemporal 
dementia (FTD), and died after 34 months (Supplementary Table 10.2). Her mother, 
uncle and grandmother had also died of ALS (Supplementary Figure 10.2). None of her 
family members had been diagnosed with FTD.

Discussion
Our study identified one novel VAPB mutation (p.V234I) that was absent in control 
subjects, located in a region with high evolutionary conservation, and predicted to be 
pathogenic. The p.V234I mutation was present in one FALS patient, which also harbored 
a C9orf72 repeat expansion. This repeat expansion has recently been identified as the 
most common genetic cause of ALS.10;11 We have already reported that C9orf72 repeat 
expansions can be detected in 37% of the FALS families in The Netherlands.Chapter 8 of this thesis 

In addition, we have shown that these repeat expansions can be identified in FALS patients 
with TARDBP, FUS/TLS or SOD1 mutations.Chapter 9 of this thesis Our present study demonstrates 
that C9orf72 repeat expansions can be detected in patients with VAPB mutations as well.

Currently, only two pathogenic VAPB mutations have been reported. The first mutation, 
p.P56S, was identified in MND families with phenotypic heterogeneity.1 The second 
mutation, p.T46I, was recently detected in one FALS patient from the United Kingdom.6 
VAPB has three conserved domains: an N-terminal immunoglobulin-like β-sheet that 
resembles the nematode major sperm protein (MSP, amino acid 1-125) and contains 
a FFAT (double phenylalanine in an acidic tract), a central coiled - coil domain (CCD, 
amino acid 158-211), and a C-terminal transmembrane domain (TMD, amino acids 220-
243).12 The p.P56S and p.T46I mutations are both located within the MSP; the p.V234I 
mutation is located in the TMD. VAPB is known to be involved many cellular processes, 
including lipid metabolism, membrane trafficking, the unfolded protein response 
(UPR), microtubule organization, and homeostatic- and stress signaling systems in 
the endoplasmic reticulum (ER).12-14 Mutations in VAPB have already been shown to 
cause cytoplasmic TDP-43 accumulations, lead to ER disorganization, and increase the 
vulnerability of motor neuron cells to ER stress-induced death.6;15 
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In our present study, we report a novel VAPB mutation in a patient with a C9orf72 repeat 
expansion. This repeat expansion has previously been reported in patients with a range 
of clinical phenotypes, including FTD, ALS, ALS-FTD and progressive muscular atrophy 
(PMA).10;11;Chapter 8 of this thesis VAPB mutations have been detected in patients with phenotypic 
heterogeneity as well.1 We, therefore, hypothesize that these phenotypic differences can 
be attributed to interactions between ALS-associated genes, emphasizing the complex 
polygenic etiology of neurodegenerative diseases. 
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Supplementary Table 10.2 Clinical characteristics of patients with VAPB variants

Variant Group Gender Age at onset (y) Site of onset Survival (m) c  

p.D130E SALS M 67 Cervical 28

p.S158N FALS F 50 Bulbar 12 

p.S160del FALS M 29 Lumbosacral 33

p.S160del SALS F 54 Cervical 40

p.S160del SALS F 52 Cervical 104

p.S160del SALS M 80 Lumbosacral 28

p.S160del SALS F 56 Bulbar 20

p.S160del SALS M 76 Cervical 53

p.M170I SALS M 55 Lumbosacral 32

p.M170I SALS M 58 Lumbosacral 24

p.M170I SALS M 41 Cervical 32

p.M170I SALS M 69 Lumbosacral 17

p.M170I SALS M 70 Bulbar 14

p.V234I a FALS F 65 Lumbosacral 34

Average 36% female 59 y 21% bulbar 2.8 y

Abbreviations: M = male, F = female, and m = months. a This patient also has a C9orf72 repeat expansion. b All patients 
are deceased.
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Supplementary Figure 10.1 Evolutionary conservation and predicted protein structure. A) 
The identified p.V234I mutation in VAPB. B) Conservation of amino acids across species was 
generated using ClustalW2 online tool, http://www.ebi.ac.uk/Tools/msa/clustalw2/. B) PSIPRED 
Protein Structure Prediction Server was used to predict the effects of the p.V234I mutation 
on the protein structure, http://bioinf.cs.ucl.ac.uk/psipred/. This mutation appears to cause a 
small elongation of the first α-helix and a small shortening of the second α-helix, as shown 
above. See Appendix page 384 for Supplementary Figure 10.1 in color.

Supplementary Figures
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Supplementary Figure 10.2 Pedigree of FALS patient with VAPB mutation and C9orf72 repeat 
expansion. The mother of this patient died of ALS at 61 years of age. Furthermore, an uncle 
and grandmother also died of ALS. DNA of other family members was not available for testing.





PART II

Genetic studies;
 other neurodegenerative diseases



11
“Verbindingen zijn gehelen en geen gehelen, 
overeenkomst is onderscheid, samenklank 
wanklank, uit alles één en uit één alles.” 

Herakleitos, Alles Stroomt.



Genetic overlap between apparently 
sporadic motor neuron diseases

Marka van Blitterswijk, Lotte Vlam, Michael A. van Es, W.-Ludo van der Pol, 
Eric A.M. Hennekam, Dennis Dooijes, Helenius J. Schelhaas, Anneke J. van der Kooi, 

Marianne de Visser, Jan H. Veldink*, Leonard H. van den Berg*

* Contributed equally to this work.

Submitted for publication.



Genetic overlap sporadic PMA and ALSChapter 11

178

Abstract
Objective: To compare mutation frequencies in genes known to be associated with 
motor neuron disease (MND) between patients with apparently sporadic progressive 
muscular atrophy (PMA) and amyotrophic lateral sclerosis (ALS).

Design: Sanger sequencing of coding regions of superoxide dismutase-1 (SOD1), 
angiogenin (ANG), fused in sarcoma / translated in liposarcoma (FUS/TLS), TAR DNA-
binding protein (TARDBP), and multivesicular body protein 2B (CHMP2B).

Setting: Three national referral centers for neuromuscular diseases in The Netherlands.

Patients: 261 patients with adult-onset sporadic PMA were compared to patients with 
sporadic ALS and control subjects of Dutch descent. 

Main outcome measure: Mutation frequencies.

Results: In our cohort of PMA patients we identified two SOD1 mutations (p.D90A, 
p.I113T), one ANG mutation (p.K17I), one FUS/TLS mutation (p.R521H), one TARDBP 
mutation (p.N352S), and one novel CHMP2B mutation (p.R69Q). The mutation frequency 
of these genes was similar in sporadic PMA (2.7%) and ALS (2.0%) patients.

Conclusions: Our findings demonstrate a genetic overlap between apparently sporadic 
PMA and ALS.
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Introduction 
Motor neuron diseases (MNDs) are a heterogeneous group of disorders characterized by 
muscle weakness and/or spasticity due to degeneration of motor neurons. Progressive 
muscular atrophy (PMA) refers to a subgroup of the MND patients with rapidly or 
gradually developing muscle weakness. PMA accounts for 5-10% of adult-onset MNDs, 
and is caused by a progressive loss of lower motor neurons (LMNs).1-3 Differentiation 
of PMA from ALS is important, since the median survival of patients with PMA is 
significantly longer than that of patients with ALS.4;5 Whether PMA is a distinct disease 
entity or should be considered a subtype of ALS is, however, a matter of debate. Firstly, 
more than twenty percent of the patients with isolated LMN signs will develop upper 
motor neuron (UMN) signs within six years, especially in the first years after symptom 
onset.5-7 Secondly, pathological studies of PMA patients have shown ubiquitinated 
inclusions and involvement of the corticospinal tract, which can also be observed in 
ALS patients.8;9 Thirdly, familial ALS patients have been reported with mutations in 
MND-associated genes without UMN signs.8;10-15 

The etiology of MNDs is complex. Most of the ALS cases, for instance, are sporadic in 
nature and thought to be caused by an interaction of genetic and environmental factors. 
Less than two percent of the ALS cases is associated with mutations in superoxide 
dismutase-1 (SOD1), angiogenin (ANG), fused in sarcoma / translated in liposarcoma 
(FUS/TLS) or TAR DNA-binding protein (TARDBP / TDP-43).Chapter 9 of this thesis The combined 
mutation frequency of these genes is unknown for sporadic PMA patients. Mutations 
in charged multivesicular body protein 2B (CHMP2B) have, however, been reported 
in sporadic PMA patients.16;17 Moreover, we have recently shown that chromosome 9 
open reading frame 72 (C9orf72) repeat expansions can also be detected in apparently 
sporadic PMA patients.Chapter 8 of this thesis

The objective of this study is to determine the mutation frequency of MND-associated 
genes in patients with sporadic PMA, and to compare their mutation frequencies to 
those in a large cohort of patients with sporadic ALS.

Methods

Cases

We included 261 patients with apparently sporadic PMA and screened their DNA for 
mutations in SOD1, ANG, FUS/TLS, TARDBP, and CHMP2B. PMA patients had already 
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been screened for repeat expansions in C9orf72.Chapter 8 of this thesis Their diagnosis was 
based on clinical and electrophysiological examination at time of referral, using criteria 
described previously.2 We excluded patients with a family history of PMA, a history 
of acute poliomyelitis, spinal radiculopathy, diabetic amyotrophy, thyrotoxicosis, or 
hyperparathyroidism, clinical signs of UMN involvement, sensory signs on neurological 
examination, structural lesions on magnetic resonance imaging or computed 
tomography of head and spine, and motor conduction block on extensive standardized 
nerve conduction studies.18 

Cohorts of sporadic ALS patients had already been screened for mutations in SOD1 
(n = 451), ANG (n = 941), FUS/TLS (n = 1,192), TARDBP (n = 1,192), vesicle-associated 
membrane protein B (VAPB, n = 755), optineurin (OPTN, n = 1,191), valosin-containing 
protein (VCP, n = 754), and C9orf72 (n = 1,422).11;19-22;Chapters 8 and 9 of this thesis We screened 
1,002 sporadic ALS patients for mutations in CHMP2B. All ALS patients were diagnosed 
according to the El Escorial Criteria at national referral centers for neuromuscular 
diseases (University Medical Center Utrecht, Academic Medical Center Amsterdam, or 
Radboud University Nijmegen Medical Center).23;24 

Mutations in SOD1 (n = 1,894), ANG (n = 1,582), FUS/TLS (n = 970), and TARDBP (n = 1,415) 
had previously been reported in Dutch control subjects.11;20;Chapter 9 of this thesis We screened 
a total of 750 control subjects of Dutch descent for mutations in CHMP2B. All material 
was obtained with approval of the Institutional Review Board, and all participants gave 
informed consent.

Genetic analysis

Coding regions of SOD1, ANG, FUS/TLS (exon five, six, fourteen, and fifteen), TARDBP 
(exon six), and CHMP2B were screened for mutations using touchdown PCR, as described 
previously.11;19;25-27 Sanger sequencing and data analysis were performed with BigDye 
Terminator 3.1 sequencing kit (Applied Biosystems, Foster City, California), DNA Analyzer 
3730XL and PolyPhred.28 Each mutation was confirmed on genomic DNA and its impact 
on the structure, and function of the protein was predicted with PolyPhen-2 (http://
genetics.bwh.harvard.edu/pph2/) and PMut (http://mmb.pcb.ub.es/PMut/PMut.jsp).

Genealogical analysis  

Lists of descendants were compiled for index patients. Based on these lists, civil records/
registers, and church records of the Dutch population, pedigrees were generated 
(containing two parents, four grandparents, eight great-grandparents, etc.). This 
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information was then used to determine whether index patients were related, and 
detailed family trees were constructed. 

Haplotype analysis  

Extended haplotype analysis, using six extragenic polymorphic markers flanking 
TARDBP (D1S1612, D1S503, D1S244 proximal of TARDBP, and D1S2667, D1S2740 and 
D1S1597 distal of TARDBP), was performed to construct a haplotype segregating with 
the identified p.N352S mutation in TARDBP. Validity of the constructed haplotype was 
determined by segregation analysis in families and patients whose DNA was available 
for testing.

Statistical analysis

A Fisher’s exact test or Chi-square test was used to compare mutation frequencies, 
gender, site of onset, and current status (alive/deceased) between PMA and ALS 
patients; a Mann-Whitney test was used to compare age at onset and disease duration 
(GraphPad Prism version 5, http://www.graphpad.com). P-values below 0.05 were 
considered significant.

Results and clinical analysis

Study population

Baseline characteristics of the 261 sporadic PMA patients and 1,002 sporadic ALS 
patients are shown in Table 11.1. Patients with PMA were more likely to be male (72% 
versus 59%); furthermore, they lived longer (7.6 year versus 3.8 year), and had a lower 
age at onset (58.0 year versus 60.6 year) than patients with ALS. 

Table 11.1 Baseline characteristics of study population 

Cohort Number 
(n)

Male/female 
(n) (%)

Age at onset 
(y) (CI)

Alive/deceased 
(n) (%)

Duration 
(y) (CI)

PMA 261 187/74 (72/28) 58.0 (56.4-59.7) 137/116 (54/46) 7.6 (6.7-8.5)

ALS 1,002 593/409 (59/41) 60.6 (59.8-61.3) 135/854 (14/86) 3.8 (3.6-4.1)

Abbreviations: PMA = progressive muscular atrophy, ALS = amyotrophic lateral sclerosis, n = number, y = years, and CI = 
95% confidence interval. Disease duration is defined as the interval between age at onset and age at death, or between 
age at onset and age last known to be alive. Patients with sporadic PMA are more likely to be male (p-value 0.0010), to 
have a lower age at onset (p-value 0.0100), to be alive (p-value < 0.0001), and to have a longer disease duration than 
patients with sporadic ALS (p-value < 0.0001).
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Mutation frequencies

Table 11.2 summarizes the mutations found in patients and control subjects. In our cohort 
of PMA patients we detected heterozygous mutations in SOD1 (p.D90A, p.I113T), ANG 
(p.K17I), FUS/TLS (p.R521H) and TARDBP (p.N352S), accounting for 2.3% of the patients. 
Missense mutations in SOD1, ANG, FUS/TLS, and TARDBP were also present in 1.7% of 
the ALS patients, and 0.4% of the control subjects. Furthermore, we identified four novel 
CHMP2B mutations, one of which was present in a PMA patient (p.R69Q), and three 
in ALS patients (p.R22Q, p.N54T, p.T83I). All four CHMP2B mutations are located in a 
domain that is important for the formation of multivesicular bodies (MVBs), involved in 
sorting of cargo proteins to intraluminal vesicles.29;30 These mutations are located in well 
conserved areas (Supplementary Figure 11.1) and predicted to be pathological (Table 
11.2). They account for 0.38% of the sporadic PMA patients and 0.30% of the sporadic 
ALS patients. None of these CHMP2B mutations was present in our control subjects; 
however, in one control subject (0.13%) we did detect a mutation (p.S194L) that had 
previously been reported in a patient with frontotemporal dementia (FTD).31

Clinical characteristics

The average age at onset of PMA patients with missense mutations was 48 years, and five 
of them were male (71%). Although one of these patients had died, their average disease 
duration already exceeded 114 months (range 37 - 316). These clinical characteristics of 
sporadic PMA patients with missense mutations were consistent with the characteristics 
of our entire PMA cohort. More detailed signs and symptoms are provided in Table 11.3.

Genealogical- and haplotype analyses

Previously, we have shown that the p.N352S mutation in TARDBP is a founder mutation 
in the Dutch ALS population.Chapter 9 of this thesis Hence, we performed a thorough genealogical 
analysis and demonstrated that our PMA patients with p.N352S mutations had common 
ancestors, dating back to the 17th century in the north of France (Supplementary Figure 
11.2). Haplotype analysis revealed that these patients also shared the haplotype that 
was previously reported in Dutch ALS patients.Chapter 9 of this thesis
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Discussion
Patients with isolated LMN signs represent a subgroup of the patients with MND.1-3 To 
assess the mutation frequency of MND-associated genes in this subgroup, we compared 
261 apparently sporadic PMA patients to apparently sporadic ALS patients. Our PMA 
patients were more likely to be male and lived significantly longer than ALS patients, 
as reported previously.5 We detected two SOD1 mutations (p.D90A, p.I113T), one ANG 
mutation (p.K17I), one FUS/TLS mutation (p.R521H), one TARDBP mutation (p.N352S), 
and one novel CHMP2B mutation (p.R69Q) in individual PMA patients. For each of these 
genes we compared mutation frequencies between our PMA patients and ALS patients, 
and did not detect significant differences. Clinical and pathological similarities between 
PMA and ALS have already been reported.5-9;32;33 Furthermore, in familial ALS patients 
without UMN signs, mutations in MND-associated genes have been described.8;10-15 In 
addition, we have recently shown that C9orf72 repeat expansions are also present in 
sporadic PMA patients (1.6%).Chapter 8 of this thesis Hence, we have demonstrated that apart 
from clinical and pathological similarities, sporadic PMA and ALS demonstrate a genetic 
overlap, suggesting that PMA is a subtype of ALS.

Mutations in SOD1, ANG, FUS/TLS, TARDBP and CHMP2B have been identified in patients 
with a range of clinical phenotypes, including FTD (FUS/TLS, TARDBP, CHMP2B),27;34-36 
ALS-FTD (ANG, FUS/TLS, TARDBP, CHMP2B),16;25;37-42 Parkinson’s disease (ANG, 

Table 11.3 Clinical characteristics of newly identified patients with missense mutations

Group Gene Variant Gender LMN a  
signs

UMN a   
signs

Age at 
onset (y)

Site of onset Duration 
(m)   

PMA SOD1 p.D90A M 1 0 17 Cervical 316

p.I113T F 2 0 48 Lumbosacral 108

ANG p.K17I M 1 0 66 Lumbosacral 52

FUS/TLS p.R521H M 3 0 47 Cervical 68

TARDBP p.N352S F 2 0 68 Cervical 37

p.N352S M 4 0 61 Lumbosacral 101 b

CHMP2B p.R69Q M 1 0 26 Cervical 116

ALS CHMP2B p.R22Q M 3 2 57 Cervical 68

p.N54T F 3 2 68 Bulbar 28 b

p.T83I M 2 1 71 Cervical 75

Abbreviations: M = male, F = female, LMN = lower motor neuron, UMN = upper motor neuron, and m = months. 
Clinical characteristics of ALS patients with SOD1, ANG, FUS/TLS and TARDBP mutations have been described 
elsewere.11;19;20;Chapter 9 of this thesis a Number of affected body regions at time of diagnosis (maximum four: bulbar, cervical, 
thoracic or lumbosacral). b Deceased.
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TARDBP),20;43 FTD and parkinsonism (TARDBP),43 ALS and parkinsonism with dementia 
(FUS/TLS),42 ALS-FTD with chorea (SOD1),44 ALS with parkinsonian features, motor- 
and vocal tics and FTD (TARDBP),45 FTD-supranuclear palsy with chorea (TARDBP),46 
progressive anarthria (TARDBP),47 and a progressive sensory disorder, followed by a 
motor disorder (TARDBP).48 CHMP2B mutations have also been described in sporadic 
PMA patients, while SOD1 and FUS/TLS mutations have been detected in familial ALS 
patients with predominantly LMN signs.11;12;17 Our findings demonstrate that mutations 
in SOD1, ANG, FUS/TLS, TARDBP and CHMP2B are also associated with apparently 
sporadic PMA and ALS, thus expanding the wide range of clinical phenotypes.

We detected a SOD1 mutation (p.D90A) in a patient with sporadic PMA, a patient 
with classical sporadic ALS, and a control subject. This is the most common SOD1 
mutation, and causes both autosomal dominant and recessive ALS.49;50 Although it 
behaves dominantly in many families, it is a polymorphism in the Swedish population, 
primarily causing ALS when in the homozygous state.51 Another SOD1 mutation (p.I113T) 
was also present in a PMA patient; it is known for its clinical heterogeneity, including 
asymptomatic subjects, patients with mild fasciculations, patients with typical ALS, and 
patients with ALS-FTD and chorea.44;52 

In addition, we identified an ANG mutation (p.K17I) in one PMA patient, and in two out 
of 1,582 Dutch control subjects. The p.K17I mutation has already been reported in ALS 
patients and in control subjects.20 Despite its presence in control subjects, it does affect 
the neuroprotective-, angiogenic- and ribonucleolytic activity of ANG.15;53 It seems likely 
that this mutation raises ALS susceptibility and/or acts as a genetic modifier, a hypothesis 
supported by recent reports of families that harbor a p.K17I mutation in combination 
with TARDBP- or FUS/TLS mutations.54;Chapter 9 of this thesis 

In one PMA patient, we identified a FUS/TLS mutation (p.R521H); one of the most 
common FUS/TLS mutations with a disease duration of approximately four years.55;56 
In two other PMA patients, we detected a TARDBP mutation (p.N352S) which has 
been described in German and Japanese ALS patients.57-59 We have recently reported 
that p.N352S is a founder mutation in the Dutch ALS population.Chapter 9 of this thesis In the 
present study, we revealed that our PMA patients had common ancestors and shared 
a haplotype also detected in Dutch ALS patients.

The four CHMP2B mutations we detected (p.R69Q, p.R22Q, p.N54T, p.T83I) are 
novel, absent in control subjects, located in well conserved areas, and predicted to be 
pathogenic. One of these was identified in a patient with sporadic PMA (0.38%), three 
in patients with sporadic ALS (0.30%). These mutation frequencies demonstrate that 
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CHMP2B mutations are not specific for PMA, but are present in patients with PMA, 
FTD, ALS-FTD, and ALS. We also detected one previously reported mutation (p.S194L) 
in a control subject.31 Since this variant is located within an area of low complexity and 
predicted to have neutral effects, it probably represents a rare but benign polymorphism. 

To summarize, we have detected comparable mutation frequencies in patients with 
apparently sporadic PMA and ALS, indicating a genetic overlap between these two 
diseases. Thus, our findings favor the hypothesis that PMA is a subtype of ALS and not 
a distinct entity,3;5 thus broadening the disease spectrum of ALS.
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SuppleMenT

Supplementary Figures

Supplementary Figure 11.1 CHMP2B mutations and conservation. Conservation of amino-
acid residues across species was generated using ClustalW2 online tool, http://www.ebi.ac.uk/
Tools/msa/clustalw2/. See Appendix page 385 for Supplementary Figure 11.1 in color.
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Human              V I K E Q N R  E L R G T Q         K M A K I G N K E A C K V         K Q L V H L R  K Q K T R T        A V S S K V T  S M S T Q T 
Chimpanzee     V I K E Q N R  E L R G T Q         K M A K I G N K E A C K V         K Q L V H L R  K Q K T R T        A V S S K V T  S M S T Q T 
Mouse               V I K E Q N R  E L R G T Q         K M A K I G N K E A C R V         K Q L V H L R  K Q K T R T        A V S S K V T  S M S T Q T 
Cow                    V I K E Q N R  E L R G T Q         K M A K I G N K E A C R V         K Q L V H L R  K Q K T R T        A V S S K V T  S M S T Q T 
Opossum           V I K E Q N R  E L R G T Q         K M A K I G N K E A C R V         K Q L V Q L R  K Q K T R T        A V S S K V T  S M S T Q T 
Zebrafish            I  I K E Q  S K  E L R G T Q        K  M A K T G N R E A C K I          K Q L V Q L R  K Q K N R T       A V S S K V T  S M S T Q T 
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Supplementary Figure 11.2 Pedigree of two PMA patients with p.N352S mutations in TARDBP.
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“De meest beschamende reden voor gebrek 
aan kennis is dat zij die wel op de hoogte 
zijn die kennis niet willen doorgeven, 
alsof zij zelf zouden kwijtraken wat 
ze aan anderen overdragen.” 

Plinius, De wereld, Naturalis Historia.



Mutations in the TRPV4 gene are not 
associated with sporadic progressive 

muscular atrophy

Lotte Vlam, Helenius J. Schelhaas, Marka van Blitterswijk, 
Paul W.J. van Vught, Marianne de Visser, Anneke J. van der Kooi, 

W.-Ludo van der Pol, Leonard H. van den Berg

Arch Neurol. In press.



TRPV4 mutations in PMA patientsChapter 12

194

Introduction 
Progressive muscular atrophy (PMA) is an adult-onset neurodegenerative disease 
characterized by progressive loss of lower motor neurons (LMNs). Its disease course 
ranges from slowly progressive in many years to rapid progression rates, similar to 
those observed in patients with amyotrophic lateral sclerosis (ALS).1 Whether PMA is 
a distinct disease identity separate from ALS remains questionable, especially since 
upper motor neuron signs may develop over time1 and mutations in the superoxide 
dismutase-1 (SOD1) gene, which are a known cause of ALS, have also been identified 
in patients with familial PMA.2 Moreover, mutations in the charged multivesicular 
protein 2B (CHMP2B) gene have been reported in three patients with sporadic LMN 
predominant ALS.3 Non-synonymous mutations in the transient receptor potential 
vanilloid 4 (TRPV4) gene, which encodes a calcium permeable protein channel, have 
recently been identified in patients with LMN disorders, such as congenital distal spinal 
muscular atrophy, scapuloperoneal spinal muscular atrophy (SPSMA), and Charcot-
Marie-Tooth (CMT)/ hereditary motor and sensory neuropathy (HMSN) type 2c.4;5 These 
disorders are characterized by predominant LMN degeneration. The TRPV4 gene is 
of special interest since mutations may lead to neurotoxicity induced by intracellular 
hypercalcemia, and therefore, pharmacological blockade of TRPV4 channels may offer 
a target for therapy of TRPV4-associated disorders.6 We hypothesized that TRPV4 may 
be a candidate gene for susceptibility to PMA, and screened a Dutch cohort of patients 
with sporadic PMA and controls for non-synonymous mutations.

Methods
A total of 264 patients with sporadic PMA and 768 healthy controls, all Caucasian and 
from Dutch descent, were included in the study. Patients were seen by experienced 
neurologists at the Dutch national referral center for ALS. Diagnosis was based on LMN 
involvement on neurological and electrophysiological examination. Exclusion criteria 
included a history of acute poliomyelitis, spinal radiculopathy, diabetic amyotrophy, 
thyrotoxicosis, or hyperparathyroidism, sensory signs on neurological examination, 
structural lesions on magnetic resonance imaging or computed tomography of head and 
spine, motor conduction block on extensive standardized nerve conduction studies and 
clinical signs of upper motor neuron involvement–that is, pseudobulbar symptoms, clonus 
of the masseter reflex, hyperreflexia (including brisk reflexes in weakened muscles), or 
extensor plantar response.1 The Medical Ethical Committee of the University Medical 
Center Utrecht approved the study protocol and all patients gave informed consent. 
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Genomic DNA was extracted from peripheral blood using standard methodology. 
Coding regions of TRPV4 were screened for mutations by direct sequencing. Primers 
for PCR amplification were designed using LIMSTILL (http://limstill.niob.knaw.nl) and 
are available on request. The PCR amplification fragments were sequenced with BigDye 
Terminator 3.1 sequencing kit (Applied Biosystems, Foster City, California), and analyzed 
on a 3730XL DNA Analyzer. Each identified mutation was confirmed by an independent 
PCR and sequencing reaction. Impact of the mutation on the structure and function of the 
protein was predicted with PolyPhen-2 (http://genetics.bwh.harvard.edu/pph2/) and PMut  
(http://mmb.pcb.ub.es/PMut/PMut.jsp).

Results
Patient characteristics and the results of the TRPV4 gene analysis are shown in Table 
12.1. None of the previously described mutations (p.R232C, p.R269H, p.R269C, p.R315T, 
p.R316C, p.V620I)4;5 were identified in our patients with PMA. We did, however, identify a 
novel heterozygous c.2337G>A mutation in exon fourteen, changing valine to isoleucine 
at position 750 (p.V750I). Nonetheless, the estimated impact of this mutation was neutral 
or benign, and it was also present in two control subjects. 

Table 12.1 Study population characteristics and results of TRPV4 analysis

Patients Controls 

Characteristics

No. of subjects 264 768

Age, median, y 63 62

Gender, male/female, No. 189/75 426/340

Results

Mutation p.V750I, No. (%) 2 (0.8) 2 (0.3)

PolyPhen Benign

PMut Neutral

P-value* 0.27

Abbreviations: no. = number, and y = years. * Using Fisher's exact test
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Comment
Recent studies have demonstrated that mutations in the TRPV4 gene are associated with 
a heterogeneous group of diseases characterized by LMN or axonal degeneration. We 
evaluated genetic variance in this gene as possible risk factor for PMA, but none of the 
previously described mutations could be identified. One novel mutation was detected 
at similar frequencies in patients and controls (p-value 0.27), and thus, most likely 
represents a rare benign polymorphism. Hence, we conclude that genetic heterogeneity 
of TRPV4 is not associated with PMA.
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“Ik zal niet mijn best doen om de aanwezigen 
te overtuigen dat wat ik zeg waar is, of het 
moest terloops gebeuren, maar om zelf 
zoveel mogelijk te geloven dat het zo is.” 

Plato, Faidon.
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Abstract
Neurodegenerative diseases are often characterized by the presence of misfolded 
protein aggregates. TDP-43 is a major component of these aggregates in amyotrophic 
lateral sclerosis (ALS), but has also been observed in Alzheimer’s (AD) and Parkinson’s 
(PD) diseases. In addition, mutations in the TAR DNA-binding protein (TARDBP) gene, 
encoding TDP-43, have been found to be a significant cause of familial ALS (FALS). All 
mutations, except for one, have been found in exon six. To confirm this observation in 
ALS, and to investigate whether TARDBP may play a role in the pathogenesis of AD 
and PD, we screened for mutations in exon six of the TARDBP gene in three cohorts 
composed of 376 AD, 463 PD (18% familial PD) and 376 ALS patients (50% FALS). We 
found mutations in ~7% of FALS and ~0.5% of sporadic ALS (SALS) patients, including 
two novel mutations, p.N352T and p.G384R. In contrast, we did not find TARDBP 
mutations in our cohort of AD and PD patients. These results suggest that mutations 
in TARDBP are not a significant cause of AD and PD.
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Introduction 
Neurodegenerative diseases are often characterized by the presence of intracellular or 
extracellular protein aggregates in the central nervous system. An evolving molecular 
classification of these disorders is based upon the biochemical nature of the proteins 
forming the inclusions. The presence of tau-negative, ubiquitinated inclusions (UBIs) in 
the perikaryon and proximal axons of surviving motor neurons is the neuropathological 
hallmark of amyotrophic lateral sclerosis (ALS) and indicates a failure of the proteasome 
to recycle damaged proteins.1 UBIs are also observed in cortical neurons of patients 
with tau-negative and ubiquitin-positive frontotemporal dementia (FTD-U), the most 
common neuropathological presentation of FTD.2

TDP-43 is a protein of 43 kDa (414 residues) encoded by the TAR DNA-binding protein 
(TARDBP) gene that has been identified as the major component of UBIs in brain tissues 
from ALS and FTD-U patients.3 Its involvement in both disorders is consistent with the 
view that these two neurodegenerative conditions share common molecular pathways. 
TDP-43 belongs to the family of heterogeneous nuclear ribonucleoproteins (hnRNPs) 
and has been identified as a transcriptional repressor4 and as promoting exon skipping.5 
Interestingly, mutations in the TARDBP gene have been described as major cause of 
familial ALS (FALS) and have also been identified in sporadic ALS cases (SALS) and FTD 
with associated motor neuron disease.6-9 With only one exception, the mutations have 
been found in exon six.

By contrast with TARDBP gene mutations, which have been described only in ALS and 
FTD-U, TDP-43-positive inclusions have been observed in diverse neurodegenerative 
disorders, including not only FTD and ALS, but also Alzheimer’s disease (AD), alpha-
synucleinopathies (such as Parkinson’s disease [PD] and dementia with Lewy bodies), 
and tauopathies (corticobasal degeneration). In autopsy studies, it is estimated that as 
many as 20% of AD10 and ~7% of PD11 cases reveal evidence of TDP-43 immunoreactivity 
in the central nervous system. These findings raise the hypothesis that primary 
germline TARDBP mutations may be present in neurodegenerative diseases other 
than ALS and FTD-U. Although no TARDBP mutations have been identified so far in 
those populations,9;12;13 it is possible that the cohorts studied were underpowered. To 
investigate this hypothesis, we screened the TARDBP gene for exon six mutations in two 
cohorts of AD and PD patients. To better assess the role of TARDBP in the pathogenesis 
of these disorders, we also screened a set of FALS and SALS patients.
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Materials and methods

Study population

To determine whether TARDBP mutations are present in AD and PD, we obtained two 
cohorts of 376 AD patients and 463 PD patients, with Institutional Review Board approval. 
All AD samples were diagnosed with definite AD according to the NINCDS-ADRDA 
criteria14 and were obtained from the Massachusetts General Hospital Alzheimer Disease 
Research Center Tissue Repository. No information is available regarding the family 
history of the AD cases screened. PD samples were collected at the Coriell Institute for 
Biomedical Research Cell Repositories (panels NDPT005, NDPT015 and NDPT016) and 
at the Massachusetts General Hospital Institute for Neurodegenerative Diseases. The 
PD cohort included 82 patients (18%) with a positive family history for Parkinsonism. 
All the patients met the UK Brain Bank Criteria for idiopathic PD,15 and clinical records 
were reviewed by a neurologist with expertise in movement disorders. Additionally, we 
screened DNA from 397 ALS patients (208 FALS and 188 SALS) who had been diagnosed 
with ALS, according to the revised El Escorial criteria.16 All FALS patients tested negative 
for mutations in the superoxide dismutase-1 (SOD1) and fused in sarcoma / translated 
in liposarcoma (FUS/TLS) genes.

Molecular analysis

Mutational screening of exon six of TARDBP was performed by touchdown PCR using 
primers TDP43Ex6F (agtaaaacgacggccagttgaatcagtggtttaatcttctttg) and TDP43Ex6R 
(gcaggaaacagctatgaccaaaatttgaattcccaccattc). These primers anneal to adjacent intronic 
and 3′UTR regions of exon six and contain 5′ tails encoding M13 forward and reverse. 
PCR-products were subsequently purified by incubation with Exonuclease I and Shrimp 
Alkaline Phosphatase, sequenced with M13 primers using the BigDyeTerminator v3.1 
Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA) and then resolved by 
capillary electrophoresis on an ABI 3730XL DNA Analyzer (Applied Biosystem). Sequence 
analysis was performed using the PHRED/PHRAP/Consed software suite (http://www.
phrap.org/) and variations in the sequences were identified with the Polyphred v6.15 
software (http://droog.gs.washington.edu/polyphred/).

Results
In our ALS cohort, the screening of exon six of the TARDBP gene revealed ten different 
heterozygous missense mutations in fourteen patients (Table 13.1 and Supplementary 



203

13
Table 13.1). Three of the mutations observed were novel (p.N352T, p.N378D and 
p.G384R), although the substitution of asparagine 352 with a serine has been previously 
described in a German kindred.17 In contrast, the screening of both the PD and AD cohorts 
did not reveal any mutations within the coding region of exon six.

With the exception of p.G295R, which has been identified in a single SALS individual, 
all other mutations have been found exclusively in FALS cases. Thus, the frequency of 
TARDBP mutations in our cohort is more than ten-times higher in FALS than SALS. Our 
observation that TARDBP mutations account for ~6.3% of all SOD1 and FUS/TLS negative 
FALS patients is consistent with the results of previous studies.18 On the contrary, we 
observed a lower-than-expected TARDBP mutational frequency in SALS (~0.5%) in 
comparison with other screenings that reported mutations in ~2% of sporadic cases.9;18;19

Three variants (p.I383V, p.G348C, and p.N352T) account for half of the TARDBP muta-
tions identified in our cohort and are present in ~1% of FALS patients respectively. The 
majority of the thirty TARDBP mutations described so far have been identified in isolated 
kindred or sporadic cases. The most frequently observed mutation, p.A382T, has been 
reported in nine patients of French and Italian origin.7;18 We did not detect p.A382T in 
our cohort, possibly due to a different ethnic background of our patients.

Table 13.1 TARDBP mutations within familial and sporadic ALS

Nucleotide change Amino acid mutation FALS SALS 

n % n %

883G > C p.G295R 0 0 1 0.5

943G > A p.A315T 1 0.5 0 0

1035C > A p.N345K 1 0.5 0 0

1042G > T p.G348C 2 1.0 0 0

1055A > G p.N352T 2 1.0 0 0

1132A > G p.N378D 1 0.5 0 0

1135T > C p.S379P 1 0.5 0 0

1147G > A p.I383V 3 1.4 0 0

1150G > C p.G384R 1 0.5 0 0

1168A > G p.N390D 1 0.5 0 0

Total 13 6.3 1 0.5

Abbreviations: FALS = familial amyotrophic lateral sclerosis, SALS = sporadic amyotrophic lateral sclerosis, and n = number.
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With the exception of p.I383V, all the detected mutations change residues that are 
conserved throughout evolution. Accordingly, they are predicted to have a deleterious 
effect on protein structure or function by at least one of the two following in silico 
software applications: SNAP (http://cubic.bioc.columbia.edu/services/SNAP/) and PMut 
(http://mmb2.pcb.ub.es:8080/PMut/). Although not fully conserved, we hypothesize 
that the substitution of isoleucine 383 with valine is pathogenic, since the mutation has 
been observed in four FALS cases,13 including ours, but not in 4,252 healthy controls 
from different populations.7-9;17;18

Discussion
Our mutational screening failed to identify TARDBP exon six mutations within a cohort 
of 376 AD and 463 PD patients. However, within ALS samples we identified seven 
previously described TARDBP mutations and three novel mutations, p.N352T, p.N378D 
and p.G384R, all affecting residues conserved throughout evolution and predicted to be 
pathogenic by in silico analyisis. The TARDBP mutations represent ~6.3% of our FALS 
cohort. Since SOD1 and FUS/TLS mutations are observed in ~25% of ALS pedigrees, we 
estimate a mutational frequency for TARDBP of 4.7%. These findings are consistent with 
previous reports,18 and substantiate the observation that TARDBP mutations represent 
the second most frequent cause of FALS after SOD1.

In the SALS cohort, we observed a p.G295R mutation in a single patient, for a mutational 
frequency of ~0.5%. Our observations thus differ from other studies that report TARDBP 
mutations in ~2% of all SALS cases.9;18;19 The discrepancy may reflect the differing ethnic 
backgrounds among the patient cohorts studied to date. Alternatively, it may reflect 
a statistically insignificant variant; because TARDBP variants are much less frequent in 
SALS than FALS, larger cohorts are likely required to correctly assess their mutational 
frequency in SALS.

Although TDP-43-positive inclusions have been described in neurons of patients affected 
with AD, PD and other neurodegenerative diseases, TARDBP mutations have been 
observed only in ALS with or without associated FTD. Three previous reports could not 
find mutations in 46 AD,13 125 PD,12 and 41 patients with neurodegenerative diseases 
other than ALS or FTD-U.9 Given the low mutational frequency of TARDBP in sporadic 
cases, we attempted to validate these results in two larger AD and PD cohorts. Given that 
we also failed to find exon six mutations in our cohort, it seems unlikely that TARDBP 
mutations in exon six are involved in the pathogenesis of AD and PD. Our rationale in 
screening only exon six of the TARDBP gene relies on the observation that almost all the 
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ALS-associated mutations are clustered in the C-terminal region of the gene. Moreover, 
in neuronal inclusions, TDP-43 is abnormally cleaved to generate 25 kDa C-terminal 
fragments,3 suggesting that the region encoded by exon six is crucial for the formation 
of aggregates. We cannot, however, exclude that mutations in other regions of the gene 
may be associated to AD and PD pathogenesis. Also, since the frequency of TDP-43 
inclusions in idiopathic PD is ~7%, it is possible that our PD cohort, while considerably 
larger than those previously studied, is still underpowered to detect TARDBP mutations. 
Further studies are necessary to determine if TDP-43 is an innocent bystander that is 
co-precipitated in aggregates or, more interestingly, if the protein is actively involved 
in the pathogenic pathways leading to AD and PD. Supporting the latter hypothesis is 
the evidence that the presence of a TDP-43 abnormal immunoreactivity is associated 
with a modified AD phenotype characterized by a greater cognitive impairment and a 
more pronounced hippocampal atrophy.20
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SuppleMenT

Supplementary Table

Supplementary Table 13.1 Clinical information on patients with TARDBP mutations

Bp change Mutation Diagnosis Diagnosis-
ALS

Gender Ethnicity Age at 
onset

Site of 
onset

Survival

883G>C p.G295R SALS Definite M Caucasian 37 LE 152

943G>A p.A315T FALS Suspected M Caucasian N/A N/A N/A

1035C>A p.N345K FALS Probable M Caucasian 41 B 20

1042G>T p.G348C FALS Probable 
lab 
supported

M Caucasian 43 LE 67

1042G>T p.G348C FALS Definite F Caucasian 53 N/A N/A

1055A>G p.N352T FALS Definite M Caucasian 66 N/A 36

1055A>G p.N352T FALS Possible F Caucasian 67 UE 33

1132A>G p.N378D FALS Probable M Caucasian 37 B 33

1135T>C p.S379P FALS Definite M Pacific 
Islander

40 B 38

1147G>A p.I383V FALS Probable M Caucasian 66 B 42

1147G>A p.I383V FALS Definite M Caucasian 25 LE N/A

1147G>A p.I383V FALS Probable F Caucasian 57 UE 50

1150G>C p.G384R FALS Definite F Caucasian 45 UE 60

1168A>G p.N390D FALS Definite M Caucasian 72 B 33

Abbreviations: ALS = amyotrophic lateral sclerosis, SALS = sporadic ALS, FALS = familial ALS, M = male, F = female, B = 
bulbar, LE = lower extremity, UE = upper extremity, and N/A = not available.
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“De kwaal van de meeste boeken is dat 
ze te dik zijn. Wie het verstand aan 
zijn zijde heeft houdt het kort.” 

Voltaire en de Replubliek.
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Brief communication 
Parkinson’s disease (PD) is an incurable neurodegenerative disorder, which results 
from an interaction between multiple genetic and environmental factors, causing a 
loss of dopaminergic cells in the substantia nigra of the midbrain. Approximately 15-
20% of the PD patients report a positive family history, and mutations in several genes 
are associated with PD, including α-synuclein (SNCA), parkin (PARK2), PTEN-induced 
putative kinase 1 (PINK1), DJ-1 (PARK7), leucinerich repeat kinase 2 (LRRK2), and vacuolar 
protein sorting 35 (VPS35).1-3 

Recently, PD patients and control subjects of Sardinian descent were also screened 
for mutations in TAR DNA-binding protein (TARDPB), which encodes TDP-43.4 In 
eight apparently unrelated PD patients (2.5%) a heterozygous p.A382T mutation was 
identified. None of their first- or second- degree relatives was affected by PD, dementia, 
or motor neuron disease (MND). While six of these patients displayed classical PD 
symptoms, two presented with a postural instability- gait disturbance predominant type 
of PD, combined with mild cognitive impairment and psychotic phenomena.4 

Mutations in TARDBP were initially reported in patients with amyotrophic lateral 
sclerosis (ALS), the most frequent form of MND.5;6 In Sardinia, the p.A382T mutation has 
been identified in approximately 30% of the ALS patients.7;8 Furthermore, it has been 
shown to originate from a common founder.8 Several of these ALS patients developed 
extrapyramidal symptoms after their presentation with motor weakness.8 One Italian 
patient has also been described with a complex neurological syndrome, consisting 
of ALS, parkinsonian features, motor- and vocal tics, and frontotemporal dementia 
(FTD).9 In addition, Italian families with p.A382T mutations have been reported with 
cognitive abnormalities and ALS; these patients developed FTD after the onset of  
ALS.10 

In The Netherlands, we have shown that TARDBP mutations are present in 8.2% of the 
FALS families.Chapter 9 of this thesis One mutation, p.N352S, accounted for more than half of 
these TARDBP mutations. Consequently, we performed extended genealogical analysis 
and haplotype analysis, and revealed a founder effect, similar to the p.A382T mutation 
in Sardinia.8 While the p.A382T mutation was also identified in PD patients of Sardinian 
descent, we decided to investigate the presence of p.N352S mutations in PD patients 
of Dutch descent. 

Hence, we screened a cohort of 429 PD patients for TARDBP mutations in exon six. 
These PD patients were diagnosed according to the UK Brain Bank criteria,11 and were 
obtained at Leiden University Medical Center, and Radboud University Nijmegen Medical 
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Center. Their clinical characteristics are shown in Table 14.1. In this cohort, we detected 
one silent mutation (p.S332S); missense mutations were not identified. 

Previously, screening of several other PD cohorts also failed to identify patients with 
TARDBP mutations.12;13 TARDBP mutations have, however, been detected in patients 
with a wide range of clinical phenotypes. For instance, TARDBP mutations (p.N267S 
and p.M359V) have been identified in Italian patients with the behavioral variant of FTD 
without signs of MND.14;15 In addition, a patient with a TARDBP mutation (p.K263E) has 
been described, who developed FTD, supranuclear palsy, and chorea.16 Moreover, in a 
cohort of French FTD-MND patients, two FTD-MND patients with TARDBP mutations 
(p.G295S) were discovered. One of these patients had the behavioral variant of FTD, the 
other patient had semantic dementia, and both these patients developed MND two years 
after the appearance of FTD symptoms.17 A patient with a TARDBP mutation (p.S393L) 
and a family history of ALS and parkinsonism has been reported as well, this patient 
presented with progressive anarthria.18 Another case report described a patient with a 
TARDBP mutation (p.A382P) and a progressive severe sensory disorder, followed by a 
motor disorder, which evolved over nine years, and showed mixed sensory and motor 
neuronopathy.19 Furthermore, a TARDBP variant (p.A90V) has been detected in patients 
with both ALS and FTD, patients with ALS, and patients with Alzheimer’s disease (AD); 
however, this mutation has also been described in control subjects.20-25 

To summarize, while TARDBP mutations are relatively common in ALS patients, and 
can be detected in a wide range of phenotypes, our results demonstrate that they do 
not appear to be a cause of PD in The Netherlands.

Table 14.1 Characteristics of study population 

Diagnosis Number 
(n)

Male/female 
(n) (%)

Age at onset 
(y) (CI)

Early/late 
(n) (%)

Positive/negative 
family history (n) (%)

Parkinson’s 
disease

429 280/149 (65/35) 51.9 (50.8-53.0) 204/225 (48/52) 141/280 (33/67)

Abbreviations: n = number, y = years, and CI = 95% confidence interval.
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“Waar plaats is voor optellen en aftrekken, 
is plaats voor rede.” 

Thomas Hobbes, Leviathan.



Paraoxonase gene mutations are not 
associated with Parkinson’s disease

Marka van Blitterswijk, Anna Blokhuis, Pamela Keagle, Ashley Lyn LeClerc, 
Michael A. van Es, Paulina A. Rowicka, Dagmar Verbaan, Jacobus J. van Hilten, 

Hans Scheffer, Bart P. van de Warrenburg, Jan H. Veldink*, 
Leonard H. van den Berg*, John E. Landers

* Contributed equally to this work.

In preparation.



PON mutations in PD patientsChapter 15

218

Abstract
Previously, we have detected paraoxonase (PON) mutations in patients with amyotrophic 
lateral sclerosis (ALS). Mutations in other ALS-associated genes have also been identified 
in patients with Parkinson’s disease (PD). Therefore, we decided to screen a large cohort 
of PD patients (n = 710) and control subjects (n = 1,522) for PON mutations. We identified 
PON mutations in 3.2% of the PD patients and 2.2% of the control subjects (p-value 0.16), 
and thus, we demonstrate that PON mutations are not associated with PD susceptibility.
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Introduction 
Parkinson’s disease (PD) is one of the most common neurodegenerative diseases, and 
characterized by bradykinesia, muscular rigidity, resting tremor, and postural instability. 
Less than ten percent of the PD cases can be attributed to mutations in reported loci; 
the vast majority of the cases are due to complex interactions between genes and 
environmental factors.1-4 

Recently, we have identified paraoxonase (PON) mutations in patients with amyotrophic 
lateral sclerosis (ALS).5;6 Previous studies have already revealed similarities between 
ALS and PD. TDP-43, for instance, has been identified as the major component of 
ubiquitinated inclusions (UBIs) in brain tissues from ALS patients,7 but TDP-43-positive 
inclusions have also been identified in approximately 7% of the PD cases.8 Furthermore, 
mutations in the gene encoding TDP-43 (TAR DNA-binding protein [TARDBP]) that 
were originally reported in ALS patients,9;10 have also been detected in PD patients.11 
In addition, we have recently shown that angiogenin (ANG) mutations are a risk factor 
for both ALS and PD.12 

To investigate whether PON mutations contribute to the development of PD as well, 
we decided to screen a large cohort of PD patients (n = 710) and control subjects (n = 
1,522) for mutations in PON.

Methods

Cases

We obtained 281 PD samples at the Coriell Institute for Biomedical Research Cell 
Repositories and the Massachusetts General Hospital Institute for Neurodegenerative 
Diseases (United States [US] cohort). All patients met the UK Brain Bank Criteria for 
PD,13 and clinical records were reviewed by a neurologist with expertise in movement 
disorders. DNA was also obtained from 282 control subjects. In addition, we collected 
DNA of 429 Dutch PD patients at Leiden University Medical Center, and Radboud 
University Nijmegen Medical Center (Dutch cohort). These patients were also diagnosed 
according to the UK Brain Bank criteria. Their baseline characteristics are shown in Table 
15.1. Control subjects of Dutch descent had already been screened for PON mutations.6 
Samples were collected with Institutional Review Board approval, and all participants 
gave informed consent. 
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Genetic analysis

PD patients and control subjects were screened for mutations in coding regions of 
PON1 (NM_000446) and PON3 (NM_000940). Methods and primers used to screen 
these subjects have been described elsewhere.5;6 The impact of identified mutations on 
the structure and function of PON1 and PON3 was predicted with PolyPhen-2 (http://
genetics.bwh.harvard.edu/pph2/) and PMut (http://mmb2.pcb.ub.es:8080/PMut/). 

Results
In the US cohort, ten PON mutations were present in 5.3% of the PD patients (Table 
15.2) and 1.4% of the control subjects (p-value 0.01). Six of these mutations were only 
detected in PD patients (in PON1: p.R32X, p.G51S and p.M127R; in PON3 p.G18A, p.C42F 
and p.V166M). 

In PD patients and control subjects of Dutch descent eleven PON mutations were 
detected, accounting for 1.9% of the PD patients and 2.4% of the control subjects 
(p-value 0.58). Five of these mutations were detected in PD patients (in PON1 p.N19D, 
p.P40L and p.M127R; in PON3 p.R32X and p.G324D); however, all these mutations were 
also present in control subjects (Table 15.1). Furthermore, the p.M127R and p.V166M 
mutations that were detected in PD patients in the US cohort were also present in control 
subjects of Dutch descent (Table 15.2).

When both cohorts were combined, PON mutations were detected in 3.2% of the PD 
patients and 2.2% of the control subjects (p-value 0.16). Although in silico prediction 
programs predicted that some of these mutations could have damaging effects, most 
these mutations were (also) present in control subjects. In addition, we determined the 
evolutionary conservation of four mutations that were only detected in PD patients, 
and thereby, we demonstrated that their conservation level is moderate (Figure 15.1).

Table 15.1 Baseline characteristics of study population 

Diagnosis Number 
(n)

Male/female 
(n) (%)

Age at onset 
(y) (CI)

Early/late 
(n) (%)

Positive/negative 
family history (n) (%)

Dutch PD 
patients

429 280/149 (65/35) 51.9 (50.8-53.0) 204/225 (48/52) 141/280 (33/67)

Abbreviations: n = number, PD = Parkinson’s disease, y = years, and CI = 95% confidence interval.
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Figure 15.1  Evolutionary conservation of PON mutations unique for PD patients. Conservation 
of nucleotides across species was generated using ClustalW2 online tool, http://www.ebi.ac.uk/
Tools/msa/clustalw2/. See Appendix page 386 for Figure 15.1 in color.
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Discussion
In our present study, we have detected PON mutations in 3.2% of the PD patients 
and 2.2% of the control subjects (p-value 0.16). Therefore, we demonstrate that PON 
mutations are not associated with PD. Because of its positive effects on oxidation and the 
detoxification of neurotoxins,14-16 single nucleotide polymorphisms (SNPs) in PON have 
already been investigated in PD patients. It has been shown, for instance, that carriers of 
MM genotypes in a major PON SNP (p.L55M) that were exposed to organophosphates, 
exhibited a greater than two-fold increase in PD risk as compared to persons who had 
the wild-type or heterozygous genotype without exposure.17 Moreover, lower PON1 
activities were detected in PD patients, than in control subjects and carriers of the risky 
polymorphisms as compared to other PD patients.18 A meta-analysis of all available 
studies relating p.Q192R and p.L55M and the risk of developing PD, showed that there 
was an association with the M allele at position 55 (odds ratio 1.32 (confidence interval 
[CI] 1.1-1.6)), but no significant association for p.Q192R.19 A recent study that assessed 
a large cohort of PD patients, however, contradicted these results, and reported a lack 
of association between the two major PON SNPs and PD.20

In ALS patients, several studies have also reported that PON SNPs are associated with 
ALS, while others, including a large-scale international meta-analysis, contradicted 
these results.21-28 Previously, we have also detected PON mutations in ~2.5% of the 
familial ALS cases and ~0.3% of the sporadic ALS cases.5 In a large cohort of Dutch ALS 
patients, however, we were unable to replicate these findings.6

Thus, although associations between PON and neurodegenerative diseases have been 
reported, most studies that investigated larger cohorts of patients could not confirm 
these findings. Our present study supports these negative studies, and demonstrates 
that PON mutations are not associated with PD. 
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Summary
RNA processing is a tightly-regulated, highly complex pathway, which includes RNA 
transcription, pre-mRNA splicing, editing, transportation, translation and degradation 
of RNA. Over the past few years, several RNA processing genes have been shown to be 
mutated or genetically associated with amyotrophic lateral sclerosis (ALS), for instance, 
RNA-binding proteins TDP-43 and fused in sarcoma / translated in liposarcoma (FUS/TLS). 
This suggests that RNA processing may represent a common pathogenic mechanism 
involved in the development of ALS. In this review, we will discuss six ALS-related RNA 
processing genes, including their discovery, function, and commonalities.
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Introduction 
Amyotrophic lateral sclerosis (ALS) is a devastating fatal neurodegenerative disease, 
which typically develops in the fifth or sixth decade of life and has a survival of less 
than five years.1-3 The etiology of ALS is complex, combining both environmental- 
and genetic factors. Since the discovery of superoxide dismutase-1 (SOD1) in 1993 
as a cause of ~20% of familial cases,4 several genes have been identified as a cause 
or risk-factor for ALS.5 Interestingly, a common theme for several ALS-related genes 
is a role in RNA processing pathways. RNA processing is a highly-regulated pathway 
that includes RNA transcription, removal of non-coding introns by pre-mRNA splicing, 
editing, transportation, translation and degradation (Figure 16.1). Numerous proteins 
and regulatory RNAs are involved in RNA processing; splicing, for instance, is mediated 
by the spliceosome, consisting of small nuclear ribonucleoprotein complexes (snRNPs) 
and splicing factors like RNA-binding proteins (RBPs, e.g. heterogeneous nuclear RNPs 
[hnRNPs]) and enzymes (e.g. helicases). In this review we will discuss the role of six 
RNA processing genes implicated in ALS and other motor neuron diseases (Table 16.1).

Figure 16.1 ALS-related genes in the RNA processing pathway. See Appendix page 387 for 
Figure 16.1 in color.
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Angiogenin (ANG)
ANG is a 14.1 kDa protein that belongs to the pancreatic ribonuclease superfamily. 
Mutations in ANG were originally identified in both familial and sporadic ALS cases in 
the Irish and Scottish population.6 Subsequently, more than fifteen variants in the ANG 
gene have been reported.7-12 ANG is a downstream effector of Vascular Endothelial 
Growth Factor (VEGF) in endothelial cells and is up-regulated in response to hypoxic/
ischemic events.13 The expression of ANG is widespread, including vascular endothelial 
cells, fibroblasts, mast cells and tumor cells.14;15 Recently, ANG was also shown to be 
expressed by neurons in rat brain and motor neurons in humans.16 

Endothelial cells are capable of endocytosing ANG; subsequently, ANG is translocated 
to the nucleus and accumulates in the nucleolus.17;18 ANG contains four Ribonuclease 
A (RNase A) residues that are critical for enzymatic activity; three residues form the 
catalytic apparatus (His-13, Lys-40 and His-114), and a fourth (Thr-44) is present within a 
pyrimidine-binding component.19 In addition, ANG contains a nuclear localization signal 
(NLS [residue 31-35]) and a signal peptide (residue 1-24). The ribonucleolytic activity of 
ANG is weak; approximately 100-fold lower than bovine RNase A. 

Several lines of evidence demonstrate that the ANG protein promotes motor neuron 
survival. Knockdown of ANG expression causes excitotoxic motor neuron death, 
whereas increased expression of ANG protects against stress-induced cell death.20 In 
the SOD1G93A ALS mouse model, ANG delivery increases lifespan and motor neuron 
survival, possibly through the Akt-1 signaling pathway.20 The neuroprotective effects of 
ANG are absent when ANG is mutated.20;21 Hypoxic/ischemic events appear to activate 
ANG,13;21 and ANG is a known target gene of hypoxia-inducible factor-1 (HIF-1), which 
causes up-regulation of both ANG mRNA and ANG protein in motor neurons.21 It has 
also been shown that a modest elevation in serum ANG in ALS patients can be seen at 
time of diagnosis.22 Interestingly, a lack of up-regulation of ANG has been shown during 
hypoxemia in cerebrospinal fluids (CSF) of ALS patients.23 ANG can also be detected in 
growth cones and neurite outgrowths and plays an important role in neurite extension 
and pathfinding. Mutations in ANG, or exposure to the ANG inhibitor 65828, have even 
been shown to inhibit neurite pathfinding.24;25 Interestingly, ANG has been extensively 
genetically associated with numerous disorders including many carcinomas,26-34 diabetes 
mellitus,35-37 asthma,38;39 chronic heart failure40 and endometriosis.41-43

ANG can also act as a cytotoxic transfer RNA (tRNA)-specific RNase44 capable of 
degrading tRNAs in vivo.45 This function is thought to eliminate redundant tRNA 
molecules. Furthermore, it has been shown that ANG is required for tRNA derived 
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production of stress-induced small RNAs (tiRNAs), and that knockdown of ANG inhibits 
arsenite-induced tiRNA production and causes translational arrest.46 Consequently, 
secreted ANG may activate a stress response program that allows stressed cells to warn 
for noxious stimuli.46 ANG is also a regulator of ribosomal RNA (rRNA) transcription.47;48 
Since rRNA transcription is the rate-limiting step in ribosome biogenesis and a supply 
of ribosomes, and protein synthesis is required to allow sustained cell growth and new 
blood vessel formation, ANG mutations could potentially cause deregulation of protein 
synthesis, and thereby, neoplastic transformation.49 It has already been shown that 
mutant ANG proteins are unable to induce angiogenesis because of a deficiency in RNase 
activity or nuclear translocation.12 Thus, this loss-of-function most likely contributes to 
ALS as well.

Elongator protein 3 (ELP3)
The ELP3 gene has been associated with an increased susceptibility to sporadic ALS 
(SALS), and risk-associated ELP3 alleles correlate with lower ELP3 expression in 
human brain tissues.50 Supporting this association, two loss-of-function mutations in 
the Drosophila ELP3 result in abnormal axonal targeting and synaptic development. 
Additionally, ELP3 knockdown in zebrafish-embryos results in shortening and abnormal 
branching of motor neurons.50 Lastly, silencing of ELP3 in mice results in delayed 
migration and impairs the branching of projection neurons.51 

ELP3 is part of the Elongator-complex, also known as holo-Elongator.52 Elongator is a 
component of the RNA polymerase II complex and consists of a core unit of ELP1, ELP2 
and ELP3, and a smaller unit of ELP4, ELP5 and ELP6.53 Elongator can acetylate histone 
H3 and to a lesser extent H4 to make DNA accessible for transcription.54 In addition, 
Elongator is also necessary for post-transcriptional processing of tRNA, and ELP1 to 
ELP3 are especially important for uridine modification at the wobble position in tRNA.55 
Interestingly, mutations in IkB kinase complex-associated protein (IKAP), a component 
of Elongator and a homologue of ELP1 in humans, lead to the development of familial 
dysautonomia (FD), a hereditary sensory and autonomic neurodegenerative disease.56

ELP3 is crucial for the integrity of holo-Elongator and essential for RNA-binding.57-59 

It possesses an N-terminal iron-sulfur (FeS) cluster motif and a C-terminal histone 
acetyltransferase (HAT) elongation domain. ELP3 also regulates the expression of heat 
shock protein 70 (HSP70) by acetylation of histone H3.60 HSP70 is implicated in several 
processes, including stabilization of protein structure, prevention of aggregation, 
regulation of protein activity and protection against apoptosis.60 These observations 
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suggest that the association of lower ELP3 expression with SALS, may be due to an 
increase of motor neuron susceptibility to cellular stress.

Fused in sarcoma / translated in liposarcoma (FUS/TLS)
Mutations in FUS/TLS have been reported in familial ALS (FALS) patients.61;62 Kwiatkow-
ski et al. described a loss-of-heterozygosity (LOH) cluster on chromosome sixteen in a 
family of Cape Verdean origin. The p.H517Q variant in exon fifteen of the FUS/TLS gene 
was revealed by genomic sequencing, and additional sequencing resulted in thirteen 
different mutations in seventeen FALS families, ten of which are located in exon fifteen. 
Vance et al. previously reported linkage to a 42-Mb region on chromosome sixteen in a 
large multigenerational British kindred,63 and subsequently detected a p.R521C muta-
tion in exon fifteen of FUS/TLS. Additional screening resulted in detection of the same 
mutation in four other families, and detection of two other mutations in another four 
families, one in exon fifteen and one in exon thirteen. Currently, FUS/TLS mutations 
(including five novel mutations) have been identified in families of Italian, Japanese, 
Dutch and German origin, and in SALS and FALS in the French and French-Canadian 
population.64-69 Combining data from these studies results in a FUS/TLS mutation fre-
quency of approximately ~4% of FALS patients. 

FUS/TLS is 526 amino acids long, and characterized by an N-terminal serine, tyrosine, 
glycine and glutamine (SYGQ)-rich region, an RNA-recognition motif (RRM), a C2/C2 
zinc finger motif, multiple RGG-repeat regions and a NLS at the extreme C-terminus. A 
vast majority of the ALS mutations occur in the NLS and result in cytoplasmic retention 
of the FUS/TLS protein.61;62 The zinc finger motif binds the DGP-bound form of Ran 
GTPase, participates in trafficking through the nuclear membrane and is also able to 
bind GGUG-containing RNA both in vitro and in vivo.70-72 The specificity of this RNA 
interaction is mediated by RGG boxes and the RRM.71 Originally, FUS/TLS was identified 
as translocation t (12; 16) (q13: p11) in myxoid liposarcoma, consisting of N-terminal 
parts of FUS/TLS juxtaposed to the DNA-binding parts of transcription factor CHOP.73 
The FUS/TLS domain is a key determinant in developing human liposarcomas, since 
transgenic mice expressing a fusion of FUS/TLS domain to CHOP develop liposarcomas, 
whereas a lack of FUS/TLS activation domain does not generate tumors.74 

FUS/TLS is also known as hnRNP P275 and belongs to a family with Ewing’s sarcoma 
(EWS) and TATA-binding protein-associated factor (TAFII68) called TET or FET (FUS/TLS, 
EWS, TAFII68). Both FUS/TLS and TAFII68 are present in Polymerase II transcription 
complexes suggesting a role in the transcription process.76 Furthermore, it has been 
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shown that FUS/TLS and EWS associate in vivo with products of RNA polymerase II 
transcription to form complexes with hnRNPs like A1 and C1/C2.77 FUS/TLS is also a 
component of RNA granules that transport dendritic mRNAs78 and associates with 
an actin-dependent motor protein myosin Va (MyoVa).79;80 Additionally, FUS/TLS 
associates with the N-methyl-D-aspartate receptor 1 (NMDA receptor 1 (NR1)) complex 
that is translocated in neurites and appears to play a role in its trafficking.79 The 
hypothesis that FUS/TLS functions as a chaperone of RNA is supported by analysis of 
interspecific heterokaryons formed between human and mouse or Xenopus cells that 
confirms FUS/TLS engages in rapid nucleocytoplasmic shuttling.72 

In addition, FUS/TLS is a partner of Spi-1, required for the development of myeloid and 
B-lymphoid lineages, and influences the alternative splice sites in erythroid cells, thus 
interfering with gene transcription regulation and maturation of pre-mRNA.81 FUS/TLS 
also interacts with the transcription factor nuclear factor kB (NF-kB), regulating 
transcriptionally active members such as c-Rel, RelA (p65) and RelB and DNA-binding 
subunits NF-kB1 (p50/105) and NFfB2 (p52/p100).82;83 Furthermore, FUS/TLS inhibits 
the acetyltransferase activities of CREB-binding protein (CBP) and p300 on cyclin D1 
(CCND1) in human cell lines. Both CBP and p300 are co-activators of multiple classes 
of signal dependent transcription factors and FUS/TLS-CPB/p300 interactions could 
result in the inhibition of HAT and the repression of transcription.84 Moreover, FUS/TLS 
forms a complex with splicing factors like serine-arginine (SR) proteins (SC35, SRp75 
and TLS-associated SR protein [TASR]), SRm160 and PTB; and removal of FUS/TLS 
from the nuclear extract causes a disturbance of the splicing factor equilibrium, thereby 
interrupting the splicing machinery.85;86 Cells over-expressing Green Fluorescent Protein 
(GFP)-tagged FUS/TLS show cytoplasmic aggregates that co-localize with the stress 
granule marker TIA-1, indicating involvement in the cellular stress response.87 FUS/TLS 
also modulates the stress-induced Y-box binding-1 (YB-1) transcription factor by 
activation of the MMP-1 gene. YB-1 is involved in transcriptional regulation and mRNA 
processing, and is activated by cytotoxic and genotoxic stress, whereby it binds to the 
single stranded response element (RE-1), the Y-box or inverted CCAAT box.88

Senataxin (SETX)
Mutations in the SETX gene result in an autosomal dominant form of juvenile ALS,89 
with slow progressive distal muscle weakness and an onset prior to 25 years of age. In 
addition, a novel mutation in SETX was recently identified in a Chinese patient with 
SALS.90 Mutations in SETX were originally reported in another neurodegenerative 
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disease called ataxia-oculomotor apraxia type 2 (AOA2).91 AOA is an autosomal recessive 
disease characterized by a slowly progressive degeneration of the cerebellum, spinal 
cord and peripheral nerves, causing ocular apraxia, cerebellar ataxia and sensory-motor 
neuropathy. To date more than fifty mutations in AOA patients have been reported.91-98

SETX encodes a 302.8-kDa protein consisting of 2677 amino acids that is ubiquitously 
expressed.65;89 SETX is diffusely present in the cytoplasm and discrete regions in the 
nucleus.99 The C-terminus of SETX contains a classical seven-motif domain characteristic 
for RNA/DNA helicases. DNA helicases can unwind long double stranded DNA, while RNA 
helicases have the ability to unwind folded RNAs and modify RNA-RNA interactions. RNA 
helicases are frequently found in large ribonucleoprotein (RNP) complexes with a generic 
catalytic core and a specific external surface. In comparison with DNA helicases, processive 
unwinding activity of RNA helicases is uncommon, since continuous double stranded 
RNA is rare. In general, helicases maintain the genome integrity and are involved in many 
processes including replication, transcription, ribosome biogenesis, pre-mRNA editing 
and splicing, RNA export to the cytoplasm, translation initiation and termination, RNA 
degradation, organelle gene expression, recombination, repair and virus propagation.100;101 
Helicases could potentially function in these processes by modification of protein 
interactions or conformations, or as energy-dependent enzymes to drive reactions.101 

SETX has strong homology to Regulator of Nonsense Transcripts-1 (RENT1 or UPF1), 
Immunoglobulin Mu-Binding Protein 2 (IGHMBP2) and Splicing endonuclease 1 (Sen1p), 
all involved in RNA processing. RENT1/Upf1 is involved in mRNA nuclear export and non-
sense mediated mRNA decay. Inhibition of RENT1/Upf1 expression results in abrogation 
of both nonsense-mediated mRNA decay (NMD) and nonsense-mediated altered splicing 
(NAS),102 which alters gene expression by affecting the amount of cytoplasmic mRNA.103 
IGHMBP2 is a 993 amino acid protein that is ubiquitously expressed, predominantly 
in the cytoplasm, and contains a RNA/DNA helicase domain. It has been shown that 
IGHMBP2 is both involved in ATP-dependent unwinding of DNA and RNA.104 IGHMBP2 
mutations have been detected in an autosomal recessive neurodegenerative disease, 
called spinal muscular atrophy with respiratory distress type 1 (SMARD1) that affects 
the unwinding activity and can therefore lead to severely reduced steady-state protein 
levels in vivo.104-106 Sen1p is a 252 kDa protein that is exclusively nuclear and has helicase 
activity. It is involved in processing tRNA, rRNA and small nuclear RNA (snRNA), and 
in addition, it is essential for growth.107 Mutations in Sen1p alter the genome-wide 
distribution of RNA polymerase II and cause transcription termination.107;108 Furthermore, 
Sen1p interacts with RNA polymerase II subunit Rpo21p and endonuclease Rad2p, 
both required for nucleotide excision repair after DNA damage. It has been shown that 



RNA processing and ALSChapter 16

238

Sen1p and Rad2p double mutants are hypersensitive to ultraviolet (UV) radiation,107 and 
interestingly, AOA2 SETX cells have an increased sensitivity to hydrogen peroxide (H2O2), 
camptothecin (CPT) and mitomycon C (MMC), proposing a role for SETX in DNA repair.109

Survival motor neuron (SMN)
Spinal muscular atrophy (SMA) is an autosomal recessive neurodegenerative disease that 
affects motor neurons in the anterior horns of the spinal cord, causing muscular atrophy 
and paralysis. SMN has been identified as the SMA determining gene, encoding the SMN 
protein.110 Humans contain two copies of the SMN gene; SMN1 and SMN2 are located 
on chromosome 5q13 with SMN1 on the telomeric side. SMN2 differs from SMN1 by a 
C to T transition in exon seven.110-112 This transition results in a predominant skipping of 
exon seven in the SMN2 transcript, and is regulated by hnRNP A1-dependent splicing 
silence elements (ESSs), hnRNP Q and TDP-43.113-115 The protein product of the exon 
seven-skipped SMN2 transcript has a decreased ability to oligomerize and is rapidly 
degraded.110;116-119 Mutations or deletions of the SMN1 results in SMA, due to the fact 
that SMN2 cannot compensate for impaired SMN production.110 Interestingly, patients 
with milder forms of SMA generally carry more copies of the SMN2 gene compared 
to patients with more severe SMA, possibly enhancing their ability to compensate.120 

Abnormal copy number of the SMN1 gene has also been genetically associated with 
the risk of developing ALS.121-123 In contrast, differing results have been reported for 
an association between SMN2 deletions and the risk of developing ALS.121;123 These 
conflicting results could be due to variable phenotype definitions, inclusion criteria, 
random fluctuations, relatively rare polymorphisms, ethnic differences, cohort sizes 
and variations in control populations.121;123;124 

The SMN protein is 294 amino acids long and found in the cytoplasm and nucleus, 
especially in discrete Gemini of Cajal bodies (Gems).125 In these Cajal bodies, RNA 
maturation and snRNA modification takes place.126 SMN is part of an assemblyosome 
called the SMN complex, consisting of SMN and Gemin2-7 proteins. Gemin2 is tightly 
associated with SMN, Gemin3 is a DEAD-box RNA helicase, Gemin4 a component of 
microRNPs, Gemin5 a multi-domain WD-repeat-containing protein that recognizes 
snRNAs, and Gemin6 and 7 contain a Sm-fold domain.127;128 The assembly function of the 
SMN complex is chaperoned by pICIn, part of the protein arginine methyltransferase 5 
(PRMT5) complex. pICIn prevents the association of Sm proteins with snRNA,129 allowing 
binding of the SMN complex to a common set of seven Sm proteins (SmB/B’, SmD1, 
SmD2, SmD3, SmE, SmF and SmG). Subsequently, the SMN complex transfers these 



239

16

proteins to the uridine-rich Sm site of snRNAs to create the ring-shaped core domain of 
snRNPs. After hypermethylation of the 5’ cap, the newly formed snRNPs are imported 
into the nucleus by snurportin and importin beta to Cajal bodies for further maturation and 
utilization in splicing.130 This assemblyosome activity is up-regulated by overexpression of 
wild-type SMN and decreases in cells expressing SMN mutants.131 It has also been shown 
that the SMN complex interacts with nuclear phosphatases PPM1G/PP2Cgamma and 
PPP4, which influence the localization of snRNPs and SMN.132;133 In addition, SMN interacts 
with proteins such as Sm-like (Lsm) proteins, fibrillarin, GAR1, nucleolin, hnRNP-R, 
gry-rbp/hnRNP-Q, coilin and KH-type splicing regulatory protein (KSRP), involved in 
processes like mRNA editing, transport, splicing, transcriptional regulation, mRNA decay 
and post-transcriptional processing and modification of rRNA.134-138 Therefore, it is not 
surprising that SMN deficiency alters the stoichiometry of snRNAs and causes widespread 
pre-mRNA splicing deficits in numerous transcripts of diverse genes.59

In SMA mice, the role of SMN has been intensively studied. The earliest structural 
defects in SMA mice appear distally and involve the neuromuscular synapse, impairing 
maturation of acetylcholine receptors (AChR) and leading to poor terminal arborization 
and filament aggregates.139;140 Furthermore, a significant increase in synapses lacking 
motor axon input has been detected, indicating denervation in embryogenesis.141 It 
has also been shown that snRNP assembly and the expression of Gemin proteins are 
dramatically reduced in spinal cord of severe SMA mice, and that the extent of this 
reduction correlates with disease severity.142 Additionally, two novel SMN mutations 
also cause nonsense-mediated mRNA decay, a decrease in SMN protein levels and the 
development of a SMA phenotype.143 Transgenic mutant SOD1 mice on a SMN deficient 
background have been generated as well. These mice demonstrated a significant 
decrease in motor performance and survival compared to transgenic SOD1G93A mice. In 
contrast, transgenic SOD1 wild-type overexpression in SMA type I mice is incapable of 
modulating SMN protein levels or disease progression, suggesting that SMN deficiency 
acts as an enhancing genetic modifier in ALS.144

TAR DNA-binding protein (TARDBP)
The presence of protein aggregates in the central nervous system is a neuropathological 
hallmark of neurodegenerative diseases. In ALS patients, the major component of these 
aggregates is hyper-phosphorylated, ubiquitinated and abnormally cleaved TDP-43.145;146 
TDP-43 is a 43 kDa protein of 414 amino acids encoded by the TARDBP gene. TARDBP 
mutations are the most frequent cause of FALS after SOD1, with a frequency of ~7%.147 
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In SALS, TARDBP mutations occur less frequent, accounting for 0.5-2% of the cases.147-150 

To date more than thirty mutations in TARDBP have been reported in ALS patients, and 
all mutations, except for one, have been found in exon six.145;147;148;150-160

TDP-43 is intrinsically aggregation-prone, and several ALS-linked TARDBP mutations 
within the C-terminal domain increase the number of TDP-43 aggregates and promote 
toxicity in vivo.161-163 Furthermore, TDP-43 appears to be recruited to cytoplasmic 
ag gregates of TDP-43 fragments and causes redistribution to the cytoplasm and 
possibly a loss-of-function, eventually leading to ALS and other neurodegenerative 
diseases.164;165 TDP-43 inclusions and mutations have also been identified in patients with 
frontotemporal dementia (FTD).146;150;151;153 Additionally, TDP-43 inclusions have been 
observed in Parkinson’s disease (PD), Alzheimer’s disease (AD), Lewy Body Dementia, 
Huntington, Parkinsonism-Dementia complex and ALS of Guam, and familial British 
dementia.166-174 

TDP-43 is a hnRNP that contains four regions: a N-terminal sequence with a NLS, 
two RRMs (RRM1 and 2), containing a nuclear export signal (NES), and a Glycine-
rich C-terminal that can mediate protein-protein interactions.175;176 TDP-43 has been 
shown to promote skipping of exon nine within the Cystic Fibrosis Transmembrane 
conductance Regulator (CFTR) gene as well as to interact with hnRNP family proteins, 
which are implicated in splicing inhibition.177;178 Recently, residues 321 to 366 of the 
TDP-43 C-terminal region were identified as the binding domain for hnRNP A2 and are 
also required for the splicing inhibitory activity of TDP-43.179 In general, hnRNPs are 
known as transcriptional activators and repressors and are involved in telomere length 
maintenance, mRNA translation and splicing.180 

Although TDP-43 is predominantly located in the nucleus, TDP-43 continuously shuttles 
between the nucleus and cytoplasm, and might even play a role in the regulation 
of mRNAs transport and local translation in dendrites upon neuronal stimuli.181 This 
hypothesis is supported by the presence of DNA- and RNA-binding motifs, a strong 
nuclear export sequence,182 and an association with β-actin mRNA and CaM-KIIa 
mRNA.183 Furthermore, TDP-43 has been localized in the processing body or P-body,183 
cytosolic substructures, which contain components involved in mRNA degradation, 
storage and microRNA-mediated repression of translation.184;185 Interestingly, inhibition 
of RNA polymerase II with actinomycin D causes TDP-43 to accumulate in the cytoplasm, 
suggesting that continuous mRNA synthesis is required to signal TDP-43 import.186 

As mentioned above, TDP-43 is also involved in SMA. Overexpression of TDP-43 promotes 
inclusion of exon seven during splicing of human SMN2 pre-mRNA.113 Moreover, TDP-43 



241

16

has been identified as a factor capable of stimulating a two-fold increase of the relative 
level of SMN2-derived full-length SMN mRNA, suggesting TDP-43 plays a dual role in 
alternative splicing, promoting both exon in- and exclusion.113 

TDP-43 is also able to bind to and stabilize neurofilament (NFL) mRNA.182;187 The 
interaction between TDP-43 and NFL mRNA 3’-untranslated region (UTR) involves the 
RRM1 and RRM2 of TDP-43.182;187 In an analogous manner, mutant SOD1 has been shown 
to also bind to the NFL mRNA 3’-UTR and destabilize the transcript.188 NFL aggregates 
are frequently observed in ALS patients and since both TDP-43 and NFL have been 
detected in stress- and degradation granules,187;189 TDP-43 might be responsible for 
translational silencing and/or degradation of NFL. Interestingly, p190 Rho guanine 
nuclear exchange factor (p190RhoGEF) was previously identified as a NFL mRNA 
stability regulator in mice, and shown to enhanced binding with a 43-kDa protein in 
brain extracts.190 Aggregation of p190RhoGEF appears to trigger neurotoxicity191 and 
mutations lead to disruption of axonal arborization.192 Moreover, the human homologue 
of p190RhoGEF, RGNEF, was shown to interact with NFL mRNA in ALS-derived lysates 
but not within control lysates.193 Thus, this data suggests that NFL and TDP-43 are 
likely to be involved in the pathogenesis. Similar degradation mechanisms might also 
be implicated in sequestration of other proteins in motor neurons of ALS patients. For 
instance, it has already been shown that mutant SOD1 is able to bind the VEGF mRNA 
3’-UTR, causing post-transcriptional dysregulation of VEGF mRNA.194;195 

Additional evidence
Apart from the six genes discussed, there is additional support for a role of RNA 
processing in ALS. One example comes from peripherin (PRPH), a type II neuronal 
intermediate filament. Currently, only two mutations have been described in SALS: a 
228delC frame shift mutation predicting a truncated PRPH species of 85 amino acids 
and a homozygous p.D141Y mutation.196;197 The mutant proteins disrupt assembly of the 
neurofilament network and are aggregation-prone. Significant elevations of PRPH have 
been reported in ALS cervical and lumbar spinal cords.198 Furthermore, overexpression 
of PRPH slows down the axonal transport of neurofilamental proteins, results in 
intermediate filament (IF) inclusions and causes death of motor neurons.199-201 Particularly 
interesting are the three peripherin isoforms generated by alternative splicing in mice: 
Per 58, Per 56 and Per 61. One of the isoforms, Per 61, is neurotoxic and induces motor 
neuron degeneration.202 A novel PRPH transcript that results in a 28 kDa splice isoform 
has been identified as well.203 This isoform is normally expressed at low levels, but up-
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regulated in ALS patients and is able to induce aggregation. PRPH is known to co-localize 
with TDP-43 in round inclusions,204 and since TDP-43 acts as a regulator of alternative 
splicing, these splicing abnormalities could be related to TDP-43 dysfunction.

In addition, proteins involved in RNA transport (e.g. dynein, dynactin (DCTN1) and 
kinesin-associated protein 3 (KIFAP3)) have been shown to have a role in ALS pathoge-
nesis.205-209 Dynein is the major motor driving retrograde transport, but is also essential 
for endoplasmic reticulum (ER) to Golgi trafficking, endosome and lysosome motility 
and spindle assembly.206 Furthermore, dynein may remove misfolded or degraded 
proteins from the cell periphery and transport them to the cell body for degradation.206 
Noteworthy is dynein’s role as the motor driving the minus end-directed movement 
of RNA granules along microtubules.206;207 Many of these mRNAs encode cytoskeletal 
proteins involved in axon regeneration, including β-actin, tau and neurofilament sub-
units.209 Dynein requires the accessory activator complex dynactin for most of these 
functions possibly acting as an adaptor for dynein, linking the motor to membrane 
bound vesicles and organelles.210 

Mutations in dynactin have been detected in patients with neurodegenerative disorders. 
A p.G59S mutation, which is predicted to distort the folding of dynactin’s microtubule-
binding domain was present in a family with slowly progressive lower motor neuron 
disease (MND).211 Heterozygous missense mutations of the DCTN1 gene have also 
been identified in a single SALS case (p.T1249I), an individual with FALS (p.M571T), 
and two FALS patients along with two unaffected relatives (p.R785W).212 Lastly, a 
heterozygous p.R1101K mutation of the p150 subunit of dynactin has been reported 
in a family with ALS and co-occurrence of FTD.213 In autopsies from patients with ALS, 
DCTN1 is markedly down-regulated in residual motor neurons and appears to be an early 
sign of degeneration.214 Overexpression of the p150 subunit of dynactin in cell cultures 
abolishes the association between aggregation-prone SOD1 mutants and the dynein/
dynactin complex, and decreases inclusion formation and improves cell survival.215 
Inhibition of the dynein/dynactin complex leads to focal accumulation of neurofilaments 
within axonal neurites and causes neurite retraction,216 stressing the importance of the 
dynein/dynactin complex in neurons. Mice with neuron-specific expression of Bicaudal 
D2 N-terminus (BICD2-N) to impair dynein/dynactin function do not develop signs 
of motor neuron degeneration or motor abnormalities.217 However, mice expressing 
mutant dynactin p150 demonstrate defects in vesicular transport in cell bodies of 
motor neurons, axonal swelling and axo-terminal degeneration.218 Overexpression of 
dynamitin to disassemble dynactin in mice, causes late-onset progressive motor neuron 
degeneration with decreased strength and endurance, and denervation of muscles.219 
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A single nucleotide polymorphism (SNP; rs1541160) located within the KIFAP3 gene 
was found to associate with survival of SALS in a genome-wide association study 
(GWAS).220 Homozygosity for the favorable allele results in a fourteen month survival 
advantage and correlated with reduced expression of the KIFAP3 gene. Kinesins are 
a family of microtubule-binding proteins that act as motors for transport of vesicles, 
organelles, RNA, and protein complexes.205;207;208;221-223 KIFAP3 forms a trimeric kinesin 
motor complex (KIF3) with KIF3A and KIF3B. The KIF3-complex is abundantly expressed 
in neuronal tissue, and is known to function as motor for anterograde transport of 
membrane-bound organelles and neurite extension. The role of KIFAP3 is thought to 
mediate the binding to cargo. Interestingly, KIFAP3 has been shown to associate with 
misfolded SOD1 species and incorporates into SOD1 aggregates of FALS patients.224 In 
SOD1G86R mice, KIFAP3 is up-regulated during the asymptomatic phase in the lumbar 
spinal cord, long before axonal degeneration. The KIFAP3 protein also accumulates in 
large motor neurons of the ventral spinal cord.225 Down-regulation of other kinesins has 
also been detected in SALS.226

RNA processing is also implicated with the proganulin gene (PGRN). Over fifty mutations 
in PGRN have been identified in patients with FTD who have tau-negative, ubiquitin-
positive inclusions.227-232 PGRN is a secreted high molecular weight growth factor, which 
regulates cell division, survival, migration, early embryogenesis, adult tissue repair and 
inflammation.233 The PGRN gene is highly expressed by motor neurons within the mouse 
spinal cord, and located within compartments of the secretory pathway including the 
Golgi apparatus. It is cytoprotective over prolonged periods when overexpressed in 
neuronal cell lines.234 A common genetic variant (rs5848) in the PGRN gene is located on 
the 3’-UTR in a binding site for microRNA (miR-569), which regulates PGRN expression 
in vitro. This genetic variant is a major susceptibility factor for FTD in the North American 
population: homozygous carriers of the T-allele have a 3.2-fold increased risk of 
developing FTD compared to homozygous C-allele carriers.235 Although replication in 
other populations has proven to be challenging, translational regulation by microRNAs 
could represent a common mechanism involved in neurodegenerative disorders.236-238 
Mutations in PGRN have been detected in patients with ALS and ALS-FTD as well,227;239;240 
and common variants were significantly associated with a reduction in age of onset and 
shortened survival.240 In spinal cord and brainstem sections of ALS patients, increased 
staining for PGRN in motor tracts with vacuolar degeneration and glial cells has been 
detected, as well as variable upper motor neuron staining and reactive glia in motor 
cortex samples.241 PGRN has also been shown to mediate proteolytic cleavage of TDP-
43 to generate ~35 and ~25 kDa species, and suppression of PGRN expression leads to 
caspase-dependent accumulation of TDP-43 fragments.242 
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Finally, RNA oxidation may play a role in a variety of neurodegenerative disorders as 
well. It has been shown that both mRNA and rRNA are damaged in ALS and AD, and 
many of the oxidized mRNAs are implicated in the pathogenesis of these diseases.243 
In transgenic mice expressing ALS-linked mutant SOD1, increased mRNA oxidation 
predominantly occurs in the motor neurons and oligodendrocytes of the spinal cord at an 
early, pre-symptomatic stage.244 Oxidative modifications can influence the translational 
process and cause reduced protein expression. Therefore, RNA oxidation could be a 
common factor in the pathogenesis of neurodegenerative disorders.

Conclusions
The recent identification of two RNA-binding proteins, TDP-43 and FUS/TLS, that, 
when mutated, cause ALS has lead researchers to further evaluate the RNA processing 
pathway as a common pathogenic pathway. Within this review, we have focused on 
six RNA processing genes implicated in ALS. The pathway of RNA processing is indeed 
complex, and understanding how alterations can lead to ALS will be a challenging goal. 
However, knowing that this pathway is involved in ALS will undoubtedly be beneficial 
in identifying additional genetic components of ALS. 
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Abstract
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease resulting in severe 
muscle weakness and eventual death by respiratory failure. Although little is known 
about its pathogenesis, mutations in fused in sarcoma / translated in liposarcoma 
(FUS/TLS) are causative for familial ALS. FUS/TLS is a multifunctional protein that is 
involved in many aspects of RNA processing. To elucidate the role of FUS/TLS in ALS, we 
overexpressed wild-type and two mutant forms of FUS/TLS in HEK-293T cells, as well as 
FUS/TLS knockdown. This was followed by RNA-Seq to identify genes which displayed 
differential expression or altered splicing patterns. Pathway analysis revealed that 
overexpression of wild-type FUS/TLS regulates ribosomal genes, whereas knockdown 
of FUS/TLS additionally affects expression of spliceosome related genes. Furthermore, 
cells expressing mutant FUS/TLS displayed global transcription patterns more similar 
to cells overexpressing wild-type FUS/TLS than to the knockdown condition. This 
observation suggests that FUS/TLS mutants do not contribute to the pathogenesis of 
ALS through a loss-of-function. Finally, our results demonstrate that the p.R522G and 
p.R521G mutations display differences in their influence on transcription and splicing. 
Taken together, these results provide additional insights into the function of FUS/TLS 
and how mutations contribute to the development of ALS.
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Introduction 
Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease affecting upper 
and lower motor neurons causing progressive muscle weakness. Patients typically die 
within three to five years after onset of symptoms due to respiratory failure.1-3 Although 
most cases are sporadic, approximately 10% of ALS cases are familial (FALS). Mutations in 
several genes are causative for FALS, including fused in sarcoma / translated in liposarcoma 
(FUS/TLS), superoxide dismutase-1 (SOD1), TAR DNA-binding protein (TARDBP), 
angiogenin (ANG), vesicle-associated membrane protein B (VAPB), optineurin (OPTN), 
and valosin-containing protein (VCP).4-8 Recently, an expanded hexanucleotide repeat 
(GGGGCC) within chromosome 9 open reading frame 72 (C9orf72) has been identified in a 
large percentage (23.5-46%) of patients with ALS and frontotemporal dementia (FTD).9;10

Mutations in FUS/TLS have been reported in ~4% of FALS patients and infrequently in 
sporadic ALS cases.11 FUS/TLS is also known as heterogeneous nuclear ribonucleoprotein 
P2 (hnRNP P2) and is involved in numerous aspects of RNA processing.12;13 The FUS/TLS 
protein is 526 amino acids long and contains an N-terminal serine, tyrosine, glycine 
and glutamine (SYGQ)-rich region, an RNA-recognition motif (RRM), a C2/C2 zinc 
finger motif, multiple RGG-repeat regions and a nuclear localization signal (NLS) at the 
extreme C-terminus.14 Together with Ewing’s sarcoma (EWS) and TATA-binding protein-
associated factor (TAFII68/TAF15), FUS/TLS belongs to a family called TET or FET. Since 
the vast majority of the ALS mutations occur in the NLS (amino acids 514-526) and result 
in cytoplasmic retention of the FUS/TLS protein, mutations could impair its function or 
lead to a toxic gain-of-function.15;16 Even though mutations in FUS/TLS account for only 
a small fraction of FALS and sporadic ALS (SALS) patients, it has been suggested that 
FUS/TLS protein may be a common component of the cellular inclusions in non-SOD1 
ALS and other neurodegenerative conditions, implying a shared pathogenic pathway 
underlying SALS, non-SOD1 FALS, ALS/FTD, and related disorders.17 

Given the role of FUS/TLS in RNA processing, it could be hypothesized that mutant 
FUS/TLS contributes to ALS by altering expression of numerous genes. However, the 
influence of wild-type and mutant FUS/TLS on global expression has yet to be studied. 
Therefore, we have utilized RNA-Seq to investigate the normal function of FUS/TLS and 
to identify the spectrum of wild-type and mutant FUS/TLS targets. RNA-Seq is based on 
short-read high-throughput sequencing of the transcriptome which overcomes several of 
the limitations of microarrays, including relatively high background noise, small dynamic 
range, and a limited ability to distinguish different isoforms and allelic expression.18 
Towards this goal, we have performed RNA-Seq on cells expressing exogenous wild-
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type FUS/TLS, two mutant forms of FUS/TLS (p.R521G, p.R522G) or small interfering 
RNA (siRNA) against FUS/TLS.

Materials and methods

Plasmid constructs

Human wild-type FUS/TLS (clone MGC-8537, Invitrogen), was inserted into a pcDNA3.1 
vector containing an N-terminal V5 (Invitrogen) epitope tag BP and LR Clonase kits 
(Invitrogen). Mutations located in exon fifteen (p.Arg521Gly (p.R521G) and p.Arg522Gly 
(p.R522G)) were generated by using QuikChange II Site-Directed Mutagenesis kit 
(Stratagene). Sequencing was used to verify the orientation of the inserts and absence 
of PCR-induced mutations. 

Cell culture

HEK-293 cells optimized for transfections (HEK-293T) were cultured in Dulbecco’s 
Modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum and 4 mM 
L-glutamine. Transfections were performed with Lipofectamine 2000 transfection 
reagent (Invitrogen) according to the manufacturer’s recommendations. Cells were 
transfected with either 4 μg of expression constructs or 50.0 ρmol Silencer pre-designed 
siRNA directed against FUS/TLS (s5402, Applied Biosystems). To test the efficiency of 
transfections, cells were co-transfections with 0.4 μg pEGFP-C1 plasmid which expresses 
Green Fluorescent Protein (GFP, Clontech). After 24 hours, the medium was changed to 
DMEM and cells were analyzed at 48 hours post-transfection. Transfection efficiencies 
for all conditions were greater than 75%, as determined by immunofluorescence staining.

Preparation of cell lysates

Transfected cells were washed in phosphate-buffered saline (PBS) and then detached 
with a cell scraper. An aliquot of the cell suspension was centrifuged, resuspended in 
TENN buffer ((50 mM Tris-HCl [pH 7.4], 5 mM EDTA, 150 mM NaCl, 0.5% Nonidet P-40) 
with Protease Inhibitor Cocktail (Roche) and analyzed by Western blot. Western blot 
analysis was performed using the following antibodies: rabbit anti-FUS/TLS (1:5,000, 
Bethyl Laboratories, A300-302A), mouse anti-V5 (1:5,000, Invitrogen, catalog # 37-
7500), rabbit anti-GAPDH (1:15,000; Abcam, catalog # Ab22555), Odyssey IRDye 
anti-rabbit IgG (1:20,000) and Odyssey IRDye anti-mouse IgG (1:20,000). The Odyssey 
Infrared Imaging System (Li-cor) was used for quantification of the western blots. 
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RNA was isolated from the remaining cell suspension according to the RNeasy Mini 
Kit protocol (Qiagen). 

RNA-Seq and data analysis

RNA-Seq libraries were generated as described previously.19 Briefly, polyA+ RNA was 
reverse transcribed using Superscript III and converted to double strand cDNA. Illumina 
adapters were ligated and libraries were amplified by PCR and size selected by gel 
electrophoresis prior to sequencing on an Illumina Genome Analyzer. Analysis of RNA-
Seq was performed utilizing the software package ExpressionPlot:20 gene expression 
levels were estimated by counting the number of reads mapping to constitutive exons 
for each gene and determining RPKM values (reads per kilobase of exon model per 
million uniquely mapped reads). P-values were calculated using Fisher’s exact test 
for pairwise comparison between samples. For skipped exon analysis, p-values were 
determined based on the ratio of inclusion reads to the sum of skipping and flanking 
reads (Supplementary Materials and methods) using Fisher’s exact test, which is shown 
to be conservative, as described elsewhere.20 For intron retention analysis, p-values 
were based on the Fisher’s exact test of inclusion and flanking reads between conditions 
(Supplementary Materials and methods). We generated MA plots per condition 
comparison to check for expression level dependent differential signals, which were 
absent (Supplementary Figure 17.1).

Events with Ensemble gene identifiers were subjected to further analysis. For the 
differential expression analysis, events without RPKM units were excluded. After 
Bonferroni multiple test correction, significant events (p-value < 0.05) were selected 
and used to perform functional annotation and functional domain analysis by KEGG 
pathway analysis. To avoid length-dependent bias,21 two different background lists 
were initially utilized: the Homo sapiens background list as supplied by DAVID Functional 
Annotation Tool (http://david.abcc.ncifcrf.gov/home.jsp) and the list we generated 
for cells transfected with the vector. However, the results from the two approaches 
displayed few differences. Therefore, only analysis using the Homo sapiens background 
list is reported for all conditions. 

RT-PCR

To confirm gene expression levels detected by RNA-Seq, we performed RT-PCR for a 
subset of genes with SYBR Green PCR mix (Qiagen), according to the manufactures 
guidelines. For each of these genes the expression was compared between our five 
conditions (wild-type FUS/TLS, siRNA, mutants and vector). Ct values were collected 
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in quadruplicate for each condition, and delta-Ct values were normalized using GAPDH 
values for the same condition. Hereafter, the average Ct value for the vector condition 
was subtracted from the normalized Ct values (delta delta Ct) and the fold decrease 
change was calculated (2^(delta delta Ct)). Subsequently, the relative expression was 
calculated (1/fold decrease change). For analysis of alternative splicing, quadruplicate 
PCR products of our five conditions ran on a 2% gel, and bands were analyzed with 
ImageJ (http://rsbweb.nih.gov/ij/). For each condition, an unspliced:spliced ratio was 
calculated (average between quadruplicates).

Results
To investigate the global effects of wild-type and mutant FUS/TLS protein on cellular 
transcription and splicing, HEK-293T cells were transfected with expression vectors 
encoding wild-type FUS/TLS, two FUS/TLS mutants (p.R521G and p.R522G) or siRNA 
directed against FUS/TLS. Transfection with an empty vector served as a control 
condition. RNA-Seq resulted in 24 to 31 million reads for each transfection condition 
(Supplementary Table 17.1). Quality control assessments revealed that >69.9% of 
reads uniquely mapped to the genome and less than 2.72% of reads were derived from 
ribosomal RNA (Supplementary Table 17.1). Analysis of the RNA-Seq data demonstrated 
that cells expressing either the wild-type or mutant FUS/TLS displayed a ~2-fold increase 
in expression whereas harboring cells siRNA displayed a ~4-fold decrease in FUS/TLS 
expression (Supplementary Figure 17.2). Interestingly, western blot analysis of an aliquot 
of the transfected cells used for RNA-Seq displayed lower levels of overexpression of 
the FUS/TLS mutants relative to the wild-type, suggesting that post-transcriptional 
regulation may influence FUS/TLS protein levels (Supplementary Figure 17.3).

To investigate the global influence on transcription, pathway analysis was performed 
for differential expressed genes using the DAVID Functional Annotation Tool. This 
analysis revealed that overexpression of wild-type FUS/TLS (wild-type FUS/TLS versus 
vector) influences expression of ribosomal related genes, whereas knockdown of FUS/
TLS expression (siRNA versus vector) influences expression of both ribosome and 
spliceosome related genes (Table 17.1, Supplementary Table 17.2). The differentially 
expressed genes encoded several ribosomal proteins, DEAD box proteins, RNA-binding 
motif proteins, hnRNPs, and splicing factors (Supplementary Table 17.3). Further analysis 
revealed that the differentially expressed genes often encoded proteins containing RNA 
recognition motifs, endoplasmic reticulum (ER) targeting sequences, and nucleotide-
binding with alpha-beta plaits (Supplementary Table 17.4). 



269

17

To understand the mechanism by which FUS/TLS mutants may contribute ALS 
pathogenesis, we determined whether the expression patterns induced by mutant  
FUS/TLS were more similar to reduced FUS/TLS expression or overexpressed wild-type 
FUS/TLS. Similarity to the reduced expression of FUS/TLS would suggest that the mutants 
act by a loss-of-function mechanism whereas similarity to overexpressed wild-type FUS/
TLS would suggest a gain-of function for the mutants. Towards this end, the number of 
differentially expressed genes between each of the two FUS/TLS mutants and either 

Table 17.1 Functional pathway analysis of differentially expressed genes

Group KEGG Pathway Count P-value
Benjamini and Hochberg, 
FDR, p-value

WT-FUS vs. vector Ribosome 14 5.1 x 10-5 6.6 x 10-3

siRNA vs. vector Spliceosome 34 1.4 x 10-8 2.2 x 10-6

Ribosome 26 1.2 x 10-7 1.0 x 10-5

p.R521G vs. vector Spliceosome 18 1.0 x 10-8 9.2 x 10-7

p.R522G vs. vector Ribosome 15 4.0 x 10-7 4.0 x 10-5

Spliceosome 15 3.5 x 10-5 1.8 x 10-3

Mismatch repair 6 8.0 x 10-4 2.7 x 10-2

DNA replication 7 9.1 x 10-4 2.3 x 10-2

Abbreviations: WT-FUS = wild-type FUS/TLS, and FDR = False Discovery Rate.

Table 17.2 Functional pathway analysis of differentially expressed genes

WT-FUS (n) siRNA (n) Fisher’s exact, p-value

p.R521G Significant 566 863
5.4 x 10-17

Non-significant 17,122 16,511

p.R522G Significant 1,198 1,938
7.4 x 10-47

Non-significant 16,610 15,582

p.R521G Up-regulated 509 423
1.3 x 10-62

Down-regulated 57 440

p.R522G Up-regulated 112 88
1.6 x 10-7 

Down-regulated 1,086 1,849

Abbreviation: n = number.
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siRNA or wild-type FUS/TLS conditions was calculated. As shown in Table 17.2, both the 
p.R521G and p.R522G mutants displayed an increased number of differentially expressed 
genes when compared to reduced FUS/TLS expression than to overexpressed wild-type 
conditions (p-value < 0.0001 for both). In other words, the transcriptional profiles of cells 
expressing this FUS/TLS mutant more closely resembled that of overexpressed wild-type 
FUS/TLS than of reduced levels of FUS/TLS. These results suggest that the FUS/TLS 
mutants do not contribute to ALS pathogenesis through a loss-of-function. 

To investigate whether the two FUS/TLS mutants differed in their influence on 
transcription, the direction of change for differentially expressed genes was compared. 
Interestingly, although the total number of genes that was regulated by p.R521G and 
p.R522G was not significantly different, there was a significant difference in the number 
of genes that was up/down-regulated. As shown in Table 17.3, p.R521G dramatically 
favored up-regulation of the differentially identified genes, whereas p.R522G favored 
down-regulation. Despite the fact that the two FUS/TLS mutants appeared to have 
opposite effects on differential gene expression, pathway analysis revealed that both 
mutants significantly influenced spliceosome related genes (Table 17.1). Additionally, 
the p.R522G mutant also altered ribosome, mismatch repair and DNA replication related 
genes. The identified genes encoded, amongst others, DEAD box proteins, hnRNPs, 
splicing factors, ribosomal proteins, exonuclease, replication factors, mini-chromosome 
maintenance complex components, and proliferating cell nuclear antigen (Supplementary 
Table 17.3). The top most differentially expressed gene (increased) in both mutants 
versus vector was nucleolin (NCL, ENSG00000115053), which was validated using RT-
PCR (Supplementary Figure 17.4). In addition, eukaryotic translation elongation factor 2 
(EEF2, ENSG00000167658) was the third most differentially expressed gene (increased) 
in p.R521G, and less so in p.R522G, which validated as well using RT-PCR (Supplementary 
Figure 17.4).The most significantly enriched protein domains were RNA recognition 
motifs, nucleotide-binding alpha-beta plaits and helicases (Supplementary Table 17.4). 

Table 17.3 The FUS/TLS p.R521G mutant causes increased up-regulation of genes as compared 
to the p.R522G mutant

p.R521G (n) p.R522G (n) Fisher’s exact, p-value

Vector Significant 332 328
0.78

Non-significant 17,052 17,214

Vector Increased expression 297 8
3.7 x 10-134

Decreased expression 35 320
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We extended our analysis to investigate the influence on alternative splicing, in particular 
skipped exons. Comparison of overexpressed wild-type FUS/TLS to vector transfected 
cells resulted in only 32 significant events and did not reveal any functional pathways 
enriched by these events (Supplementary Table 17.2). In contrast, knockdown of FUS/TLS 
expression resulted in 579 significant changes in skipped exons splicing patterns, 
regardless of the relative amount of exon skipping between conditions (LORG, 
Supplementary Materials and methods). These changes were enriched in ribosome 
and spliceosome related genes (Supplementary Table 17.2). Pathway analysis of the 
p.R521G mutant revealed involvement of the ribosome related genes, whereas the 
p.R522G mutant also affected spliceosome related genes (Supplementary Table 17.2). 
Additionally, we detected a small significant difference in the number of genes that were 
affected by the p.R521G and p.R522G mutations, but there was no significant difference 
in the direction of this change (Table 17.4). 

To further investigate the influence of FUS/TLS on alternative splicing, we similarly 
analyzed our results for genes displaying changes in retained introns. Overexpression of 
wild-type FUS/TLS revealed 3,116 significant retained intron events. Pathway analysis 
revealed these event were enriched in spliceosome, Huntington’s disease, proteasome, 

Table 17.4 The FUS/TLS p.R521G mutant induces increased skipping of exons relative to the 
R522G mutant

p.R521G (n) p.R522G (n) Fisher’s exact, p-value

Vector Significant 106 64
0.0031

Non-significant 65,812 63,215

Vector Increased skipping 42 30
0.35

Decreased skipping 64 34

Table 17.5 The FUS/TLS p.R522G mutant induces increased retention of introns relative to 
the R521G mutant

p.R521G (n) p.R522G (n) Fisher’s exact, p-value

Vector Significant 2,932 2,521
5.2 x 10-8

Non-significant 109,789 109,655

Vector Increased retention 621 1,086
6.3 x 10-68

Decreased retention 2,311 1,435
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Parkinson’s disease, oxidative phosphorylation, cell cycle, DNA replication, and pyrimidine 
metabolism related genes (Supplementary Table 17.2). Down-regulation of FUS/TLS 
resulted in 3,054 significant retained intron events that were involved in the same 
pathways. There was a significant difference in the number of genes that was affected 
by p.R521G and p.R522G (p-value 5.2 x 10-8). There was also a significant difference in 
the direction of this change. The p.R522G mutant displayed increased intron retention 
relative to the p.R521G mutant (Table 17.5). Pathway analysis revealed enrichment for 
genes related to the spliceosome, Huntington’s disease, proteasome, DNA replication, 
cell cycle, pyrimidine metabolism oxidative phosphorylation, and RNA polymerase 
(Supplementary Table 17.2). If we restricted this analysis to the most differentially retained 
intron events (absolute LORF value above two (20)) then the number of events dropped 
to 75 for wild-type FUS/TLS. These 75 events included spliceosomal gene pre-mRNA-
processing-splicing factor 8 (PRPF8, ENSG00000174231). We validated the RNA-Seq data 
for this gene by RT-PCR, and demonstrated similar splicing patterns across conditions 
between RT-PCR and RNA-Seq (Supplementary Figure 17.5).

Discussion
To study the effects of wild-type and mutant forms of FUS/TLS, we utilized RNA-Seq 
analysis to investigate alterations in gene expression and alternative splicing. Our results 
show that wild-type FUS/TLS affects ribosomal and spliceosome related genes and that 
proteins containing RNA recognition motifs and nucleotide-binding alpha-beta plaits 
were most frequently influenced, confirming the important role of FUS/TLS in RNA 
processing pathways.12 This role is strengthened by previous reports; it has already 
been shown that FUS/TLS associates with products of RNA polymerase II transcription, 
forms complexes with hnRNPs, and represses RNA polymerase III transcription.22-24 
Furthermore, FUS/TLS inhibits the acetyltransferase activities of CREB-binding protein 
(CBP) and p300 on cyclin D1 (CCND1),25 and regulates the transcription factor nuclear 
factor kB (NF-kB).26;27 FUS/TLS also engages in rapid nucleocytoplasmic shuttling,28 
associates with actin-dependent motor protein myosin Va (MyoVa),29;30 and is a 
component of RNA granules that transport mRNAs.31 Splicing factors, such as serine-
arginine (SR) proteins form complexes with FUS/TLS and removal of FUS/TLS from the 
nuclear extract causes disturbances of the splicing factor equilibrium.32 

FUS/TLS shows several structural and functional similarities with TDP-43. Mutations in 
TAR DNA-binding protein (TARDBP), which encodes TDP-43, have been identified in 
~5% of the ALS patients.33 Similar to FUS/TLS, the role of TDP-43 is diverse and includes 
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transcriptional regulation, splicing inhibition, regulation of mRNA transport, repression of 
translation, and mRNA degradation.12 Recently, it has been shown that TDP-43 interacts 
with a diverse spectrum of RNAs with important functions in the brain.34 Depletion of 
TDP-43 from mouse adult brain resulted in a reduction of long introns, which encode 
proteins involved in synaptic activity.35 Deep sequencing further identified more than 
4,300 TDP-43 RNA-binding partners in rat cortical neurons.36 These RNA partners were 
particularly enriched for genes related to synaptic function, RNA metabolism, and 
neuronal development.36 Thus, the RNA targets of both FUS/TLS and TDP-43 emphasize 
that alterations in RNA processing pathways play a central role in neurodegenerative 
diseases.33

In the present study, we have also revealed that FUS/TLS mutants are more similar to 
overexpression of wild-type FUS/TLS than to our knockdown condition. These results 
suggest that mutants do not contribute to ALS pathogenesis through a loss-of-function. 
These observations are supported by the recent finding that mutant phenotypes in 
Caenorhabditis elegans could not be rescued by overexpression of wild-type FUS/TLS.37 
In addition, our analysis identified differences between p.R521G and p.R522G FUS/TLS 
mutants. Differential expression analysis demonstrated that these mutations appeared 
to have opposite effects on transcriptional regulation. Moreover, both mutations 
influenced the spliceosome, but the p.R522G mutation also altered genes involved in 
ribosomal processes, mismatch repair, and DNA replication. Analysis of skipped exons 
revealed that both FUS/TLS mutants affected ribosomal genes; however, the p.R522G 
mutant additionally influenced spliceosome related genes. Retained intron analysis 
displayed that intron retention was more frequently detected for p.R522G than for 
p.R521G. These findings suggest that p.R522G mutations cause more profound changes 
than p.R521G mutations. 

Previously, p.R521G and p.R522G mutations have been studied in several experimental 
models. Yeast strains have been developed expressing wild-type and mutant FUS/TLS.38-41 

Overexpression of both resulted in punctuate aggregates in the cytoplasm; p.R521G 
aggregated with very similar kinetics to wild-type FUS/TLS in protein aggregation 
assays.38-41 In vitro studies, demonstrated that the p.R521G mutant caused a relatively 
mild cytoplasmic mislocalization, whereas p.R522G caused a strong mislocalization.42 
The p.R522G mutant was also investigated in neuroblastoma cells, and was shown to 
predominantly accumulate in the cytoplasm and formed aggregates varying in size 
and shape.43 In Caenorhabditis elegans, the motor function and lifespan of the animals 
expressing p.R521G mutations was indistinguishable from wild-type FUS/TLS, whereas 
the p.R522G mutations caused a significant decrease in motor function and lifespan.44 
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These observations suggest that FUS/TLS mutants may act through differing but 
converging mechanism leading to ALS.

Among the specific molecular targets that were affected by the FUS/TLS mutants, we 
displayed that NCL and EEF2 were in the top most differentially expressed genes. Both 
NCL and EEF are crucial for ribosomal and spliceosomal function, as are many other 
targets of the FUS/TLS mutants. We were able to validate the expression pattern of 
both NCL and EEF2 using RT-PCR. In the skipped exons and retained introns analysis, 
we also identified proteins with spliceosomal and ribosomal functions among the most 
prominent molecular targets. These results underscore the function of FUS/TLS in the 
translation of mRNA to proteins and splicing of introns from pre-mRNAs, respectively. 
No overrepresentation was observed of other targets that are not directly involved in 
these pathways.

To summarize, we have shown that FUS/TLS is implicated in the regulation of ribosomal 
and spliceosome related genes, highlighting the importance of RNA processing pathways 
in the pathogeneses of ALS. Furthermore, the expression changes induced by the FUS/
TLS mutants suggest that they do not contribute to ALS pathogenesis through a loss-
of-function. Finally, our results demonstrate that the p.R522G and p.R521G mutations 
display differences in their influence on transcription and splicing. Taken together, these 
observations provide additional insights into the normal function of FUS/TLS and how 
mutations lead to the development of ALS. 
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SuppleMeNT

Supplementary Materials and methods 

Formulas used for RNA-Seq analysis

Exon skipping: Log2(Inclusion:Skip+General Ratio) in the two groups, respectively. In 
formula LISGR1 = log2((jup1 + eal1 + jdn1) / (eup1 + jsk1 + edn1)) and analogously for 
LISGR2.

Intron retention: Log2(Intron:Flank Ratio). Log-Odds-Ratio (Flanking). In formula LORF 
= LIFR2 − LIFR1. The sign convention means that higher value indicates more intron 
retention (unspliced isoform) in the second group. This indicates the level of the intron 
relative to the flanking exons. 
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Supplementary Table 17.3 Differentially expressed genes present within identified KEGG 
pathways

Group KEGG pathway Name Description

WT-FUS vs. vector Ribosome RPL13 ribosomal protein L13
RPL18 ribosomal protein L18
RPL26 ribosomal protein L26
RPL29 ribosomal protein L29
RPL37A ribosomal protein L37a
RPL8 ribosomal protein L8
RPS11 ribosomal protein S11
RPS16 ribosomal protein S16
RPS19 ribosomal protein S19
RPS3 ribosomal protein S3
RPS4X ribosomal protein S4X
RPS6 ribosomal protein S6
RPLP0 ribosomal protein, large, P0
RPLP2 ribosomal protein, large, P2

siRNA vs. vector Spliceosome DDX23 DEAD (Asp-Glu-Ala-Asp) box polypeptide 23
DDX46 DEAD (Asp-Glu-Ala-Asp) box polypeptide 46
BAT1 HLA-B associated transcript 1
LSM2 LSM2 homolog, U6 small nuclear RNA 

associated
PRP19 PRP19/PSO4 pre-mRNA processing factor 19 

homolog
PRPF40A PRP40 pre-mRNA processing factor 40 

homolog A
PRPF8 PRP8 pre-mRNA processing factor 8 homolog
RBM17 RNA-binding motif protein 17
RBM25 RNA-binding motif protein 25
THOC2 THO complex 2
THOC4 THO complex 4
U2AFBP U2 small nuclear RNA auxiliary factor 1
SR140 U2-associated SR140 protein
ACIN1 apoptotic chromatin condensation inducer 1
EFTUD2 elongation factor Tu GTP binding domain 

containing 2
HSPA1A heat shock 70kDa protein 1B
HSPA8 heat shock 70kDa protein 8
HNRNPA1 heterogeneous nuclear ribonucleoprotein 

A1-like 3
HNRNPM heterogeneous nuclear ribonucleoprotein M
HNRNPU heterogeneous nuclear ribonucleoprotein U
SNRNP200 similar to U5 snRNP-specific protein, 200 kDa
SNRPD1 small nuclear ribonucleoprotein D1 

polypeptide 16kDa

Supplementary Table 17.3 continues on next page
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Group KEGG pathway Name Description

SNRPB small nuclear ribonucleoprotein polypeptides 
B and B1

SF3B1 splicing factor 3b, subunit 1, 155kDa
SF3B2 splicing factor 3b, subunit 2, 145kDa
SFRS1 splicing factor, arginine/serine-rich 1
SFRS2 splicing factor, arginine/serine-rich 2
SFRS4 splicing factor, arginine/serine-rich 4
SFRS6 splicing factor, arginine/serine-rich 6
SFRS7 splicing factor, arginine/serine-rich 7, 35kDa
TXNL4A thioredoxin-like 4A
TCERG1 transcription elongation regulator 1
USP39 ubiquitin specific peptidase 39
ZMAT2 zinc finger, matrin type 2

Ribosome RPL10 ribosomal protein L10
RPL10A ribosomal protein L10a
RPL13 ribosomal protein L13
RPL14 ribosomal protein L14
RPL15 ribosomal protein L15
RPL18 ribosomal protein L18
RPL23 ribosomal protein L23
RPL24 ribosomal protein L24
RPL26 ribosomal protein L26
RPL28 ribosomal protein L28
RPL29 ribosomal protein L29
RPL30 ribosomal protein L30
RPL35A ribosomal protein L35a
RPL36AL ribosomal protein L36a-like
RPL38 ribosomal protein L38
RPL3 ribosomal protein L3
RPL5 ribosomal protein L5
RPL7A ribosomal protein L7a
RPS11 ribosomal protein S11
RPS16 ribosomal protein S16
RPS19 ribosomal protein S19
RPS20 ribosomal protein S20
RPS23 ribosomal protein S23
RPS29 ribosomal protein S29
RPS3 ribosomal protein S3
RPS6 ribosomal protein S6

p.R521G vs. vector Spliceosome DDX23 DEAD (Asp-Glu-Ala-Asp) box polypeptide 23
PRPF8 PRP8 pre-mRNA processing factor 8 homolog
RBM25 RNA-binding motif protein 25
THOC4 THO complex 4

Supplementary Table 17.3 Continued 
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Group KEGG pathway Name Description

U2AF2 U2 small nuclear RNA auxiliary factor 2
SR140 U2-associated SR140 protein
ACIN1 apoptotic chromatin condensation inducer 1
CTBL1 catenin, beta like 1
HSPA8 heat shock 70kDa protein 8
HNRNPU heterogeneous nuclear ribonucleoprotein U
PCBP1 poly(rC) binding protein 1
PRPF6 similar to U5 snRNP-associated 102 kDa 

protein
SNRNP200 similar to U5 snRNP-specific protein, 200 kDa
SF3A1 splicing factor 3a, subunit 1, 120kDa
SFRS4 splicing factor, arginine/serine-rich 4
SART1 squamous cell carcinoma antigen recognized 

by T cells
TCERG1 transcription elongation regulator 1
ZMAT2 zinc finger, matrin type 2

p.R522G vs. vector Spliceosome CDC5L CDC5 cell division cycle 5-like
DDX46 DEAD (Asp-Glu-Ala-Asp) box polypeptide 46
DDX5 DEAD (Asp-Glu-Ala-Asp) box polypeptide 5
DDX15 DEAH (Asp-Glu-Ala-His) box polypeptide 15
FUSIP1 FUS interacting protein (serine/arginine-rich) 

1
PRPF38B PRP38 pre-mRNA processing factor 38 (yeast) 

domain containing B
THOC2 THO complex 2
HNRNPM heterogeneous nuclear ribonucleoprotein M
HNRNPU heterogeneous nuclear ribonucleoprotein U
NCBP1 nuclear cap binding protein subunit 1, 80kDa
RNRPB small nuclear ribonucleoprotein polypeptides 

B and B1
SF3B1 splicing factor 3b, subunit 1, 155kDa
SFRS2 splicing factor, arginine/serine-rich 2
SFRS5 splicing factor, arginine/serine-rich 5
SFRS7 splicing factor, arginine/serine-rich 7, 35kDa

Ribosome RPL10 ribosomal protein L10
RPL11 ribosomal protein L11
RPL23 ribosomal protein L23
RPL26 ribosomal protein L26
RPL29 ribosomal protein L29
RPL34 ribosomal protein L34 
RPL4 ribosomal protein L4
RPS16 ribosomal protein S16
RPS19 ribosomal protein S19

Supplementary Table 17.3 continues on next page
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Group KEGG pathway Name Description

RPS20 ribosomal protein S20
RPS24 ribosomal protein S24
RPS29 ribosomal protein S29
RPS3 ribosomal protein S3
RPS4X ribosomal protein S4, X-linked
RPS6 ribosomal protein S6

Mismatch repair EXO1 exonuclease 1 
MSH2 mutS homolog 2, colon cancer, nonpolyposis 

type 1
PCNA proliferating cell nuclear antigen
RFC1 replication factor C (activator 1) 1, 145kDa
RFC5 replication factor C (activator 1) 5, 36.5kDa
SSBP1 single-stranded DNA binding protein 1 

DNA replication MCM4 minichromosome maintenance complex 
component 4

MCM6 minichromosome maintenance complex 
component 6

MCM7 minichromosome maintenance complex 
component 7

PCNA proliferating cell nuclear antigen
RFC1 replication factor C (activator 1) 1, 145kDa
RFC5 replication factor C (activator 1) 5, 36.5kDa
SSBP1 single-stranded DNA binding protein 1 

Cell cycle CDC25A cell division cycle 25 homolog A (S. pombe)
HDAC2 histone deacetylase 2
MCM4 minichromosome maintenance complex 

component 4
MCM6 minichromosome maintenance complex 

component 6
MCM7 minichromosome maintenance complex 

component 7
PLK1 polo-like kinase 1 (Drosophila)
PCNA proliferating cell nuclear antigen
YWHAE similar to 14-3-3 protein epsilon (14-3-3E)
PRKDC similar to protein kinase, DNA-activated, 

catalytic polypeptide
STAG2 stromal antigen 2
YWHAQ tyrosine 3-monooxygenase/tryptophan 

5-monooxygenase activation protein, theta 
polypeptide

Supplementary Table 17.3 Continued 
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Supplementary Table 17.4 Significant protein domains present in differentially expressed genes

Group INTERPRO Count P-value Benjamini

WT-FUS vs. vector RNA recognition motif, RNP-1 20 7.2 x 10-7 6.0 x 10-4

Endoplasmic reticulum, targeting 
sequence 

10 9.2 x 10-7 3.8 x 10-4

Nucleotide-binding, alpha-beta plait 17 5.2 x 10-5 1.4 x 10-2

siRNA vs. vector Nucleotide-binding, alpha-beta plait 48 3.2 x 10-14 5.4 x 10-11

RNA recognition motif, RNP-1 46 4.1 x 10-13 3.5 x 10-10

Zinc finger, PHD-type 19 1.2 x 10-5 6.6 x 10-3

Zinc finger, PHD-finger 18 2.1 x 10-5 8.6 x 10-3

Helicase, superfamily 1 and 2, ATP-
binding 

20 4.0 x 10-5 1.3 x 10-2

DEAD-like helicase, N-terminal 20 5.2 x 10-5 1.5 x 10-2

Actinin-type, actin-binding, conserved site 9 5.4 x 10-5 1.3 x 10-2

Zinc finger, PHD-type, conserved site 18 6.9 x 10-5 1.4 x 10-2

K Homology 11 7.4 x 10-5 1.4 x 10-2

DNA/RNA helicase, C-terminal 19 1.3 x 10-4 2.2 x 10-2

p.R521G vs. vector RNA recognition motif, RNP-1 28 1.9 x 10-15 1.2 x 10-12

Nucleotide-binding, alpha-beta plait 27 2.0 x 10-14 6.3 x 10-12

DNA/RNA helicase, C-terminal 12 4.3 x 10-6 8.9 x 10-4

Helicase, superfamily 1 and 2, ATP-
binding 

12 4.3 x 10-6 8.9 x 10-4

DEAD-like helicase, N-terminal 12 5.2 x 10-6 8.0 x 10-4

Zinc finger, PHD-finger 10 2.6 x 10-5 3.2 x 10-3

Zinc finger, PHD-type 10 4.1 x 10-5 4.2 x 10-3

DNA-binding SAP 6 5.2 x 10-5 4.6 x 10-3

SNF2-related 6 2.7 x 10-4 2.1 x 10-2

K Homology, type 1 6 3.1 x 10-4 2.1 x 10-2

K Homology, type 1, subgroup 6 4.2 x 10-4 2.5 x 10-2

K Homology 6 5.4 x 10-4 3.0 x 10-2

p.R521G vs. vector Nucleotide-binding, alpha-beta plait 20 9.2 x 10-9 6.3 x 10-6

RNA recognition motif, RNP-1 19 4.6 x 10-8 1.6 x 10-5

HEAT 10 5.0 x 10-7 1.1 x 10-4

Armadillo-like helical 13 3.1 x 10-6 5.3 x 10-4

RNA helicase, ATP-dependent, DEAD-box, 
conserved site 

7 1.9 x 10-5 2.6 x 10-3

Chaperonin TCP-1, conserved site 5 1.9 x 10-5 2.2 x 10-3

Helicase, superfamily 1 and 2, ATP-
binding 

11 2.1 x 10-5 2.1 x 10-3

DNA/RNA helicase, C-terminal 11 2.1 x 10-5 2.1 x 10-3

DEAD-like helicase, N-terminal 11 2.5 x 10-5 2.1 x 10-3

Chaperone, tailless complex polypeptide 1 5 3.0 x 10-5 2.2 x 10-3

Nucleic acid-binding, OB-fold 8 4.1 x 10-5 2.8 x 10-3

Supplementary Table 17.4 continues on next page
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Group INTERPRO Count P-value Benjamini

RNA helicase, DEAD-box type, Q motif 7 4.5 x 10-5 2.8 x 10-3

DNA/RNA helicase, DEAD/DEAH box type, 
N-terminal 

8 1.0 x 10-4 5.8 x 10-3

Importin-beta, N-terminal 5 1.2 x 10-4 6.1 x 10-3

Chaperonin Cpn60/TCP-1 5 1.2 x 10-4 6.1 x 10-3

DNA-dependent ATPase MCM, conserved 
site 

4 2.9 x 10-4 1.4 x 10-2

DNA-dependent ATPase MCM 4 4.4 x 10-4 2.0 x 10-2

ATPase, F1/V1/A1 complex, alpha/beta 
subunit, nucleotide-binding domain, 
active site 

4 1.1 x 10-3 4.6 x 10-2

Heat shock protein Hsp90 4 1.1 x 10-3 4.6 x 10-2

Supplementary Table 17.4 Continued 
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Supplementary Figure 17.1 MA plots per condition comparison. MA plots per comparison 
where  M=log(rpkmcondition) – log(rpkmvector) and A= 0.5*(log(rpkmcondition)+log(rpkmvector)). See 
Appendix page 388 for Supplementary Figure 17.1 in color.

Supplementary Figures

MA plot of WT-FUS vs. vector MA plot of p.R521 vs. vector

MA plot of p.R522 vs. vectorMA plot of siRNA vs. vector
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Supplementary Figure 17.2 FUS/TLS gene expression levels measured by RNA-Seq. Reads per 
kilobase of exon model per million uniquely mapped reads (RPKM) counts are displayed for 
each condition. Transfections with wild type FUS/TLS, p.R521G and p.R522G resulted in a ~2-fold 
increase in expression level, transfections with siRNA in a ~4-fold decrease in expression level.

Supplementary Figure 17.3 FUS/TLS protein levels measured by Western blot. We performed 
quantitative Western blot analysis and demonstrated siRNA caused a decrease in the FUS/TLS 
expression, whereas transfections with wild type FUS/TLS and the two mutants caused an 
increase in the FUS/TLS expression. Antibodies against FUS/TLS and the V5-tag were used 
(Materials and methods). See Appendix page 389 for Supplementary Figure 17.3 in color.
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Supplementary Figure 17.4 Correlation of RT-PCR with RNA-Seq data is shown for nucleolin 
(NCL) and eukaryotic translation elongation factor 2 (EEF2).

Supplementary Figure 17.5 Correlation of RT-PCR with RNA-Seq data is shown for pre-mRNA-
processing-splicing factor 8 (PRPF8).
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“Als inzicht ontstaat door ervaring, wie heeft 
er dan meer recht op zo’n eervolle kwalificatie: 
de wijze, die deels door schaamte en deels 
door zijn angstige karakter niets aanpakt, of 
de dwaas, die door geen schaamte – want die 
heeft hij niet – en door geen risico – want dat 
weegt hij niet – ooit wordt geremd?” 

Desiderius Erasmus, Lof der Zotheid.
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Abstract
Objective: TDP-43 has been identified as a major component of protein inclusions in 
the brains of patients with amyotrophic lateral sclerosis (ALS), and mutations in the 
corresponding gene (TAR DNA-binding protein [TARDBP]) have also been identified. 
Increased TDP-43 levels have been reported in the cerebrospinal fluid (CSF) of patients 
with ALS; however, plasma levels have not yet been assessed. We investigated TDP-43 
plasma levels and examined a possible genotype-phenotype relation.

Methods: TDP-43 levels were quantified by sandwich ELISA in plasma of 219 patients and 
100 controls. In addition, we sequenced exon six of TARDBP, and performed longitudinal 
TDP-43 plasma measures in a subset of patients.

Results: TDP-43 plasma levels were significantly increased in patients with ALS (p-value 
0.023) compared to healthy controls, and showed a positive correlation with age at 
sampling. Longitudinal measures of TDP-43 plasma levels showed an increase in only one 
patient, with stable levels in five other patients. Three TARDBP mutations were identified 
in the ALS group (1.7%), but the association with TDP-43 plasma levels is ambiguous.

Conclusions: Our data indicate that TDP-43 plasma levels may have potential as 
biomarker in ALS. In addition, TDP-43 levels were found to increase with age, however, 
a genotype-phenotype relation could not be established in this cohort.
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Introduction 
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease characterized by the 
loss of motor neurons from the brain and spinal cord. Patients suffer from progressive 
muscle weakness, eventually leading to respiratory failure and death, on average, 
within three to five years.1 Approximately one out of three patients with ALS develop 
behavioural and personality changes besides motor symptoms, 5-15% actually meets 
the criteria for frontotemporal dementia (FTD).2 Vice versa, 10% of the patients with 
FTD will develop clinical or electrophysiological signs of motor neuron disease.3 Taken 
together, there is an apparent clinical overlap between ALS and FTD. 

A characteristic feature of degenerating motor neurons in ALS is the presence of 
cytoplasmic inclusions positive for ubiquitin. In 2006, the RNA processing protein TDP-43 
was discovered to be the major component of these protein inclusions,4 and therefore, 
characteristic for sporadic and most of the familial cases of ALS. Other proteins that have 
been found in these inclusions are superoxide dismutase-1 (SOD1) and fused in sarcoma / 
translated in liposarcoma (FUS/TLS).5 The mechanisms leading to TDP-43 accumulation 
and neurodegeneration have not yet been elucidated. Mutations in the TAR DNA-binding 
protein (TARDBP), which encodes TDP-43, have been identified in a subset of patients 
with ALS and cerebral TDP-43 accumulation.6;7 These mutations account for 4% of all 
familial and 1-5% of sporadic ALS cases. Most mutations have been detected in exon 
six of TARDBP and affect the C-terminal region of TDP-43, suggesting to affect normal 
protein-protein interactions.6 TDP-43-positive protein inclusions have been detected in 
most cases of tau-negative FTD, providing pathological evidence for the clinical overlap 
between ALS and FTD.5 

In patients with FTD, TDP-43 protein levels have been assessed in plasma by use of ELISA, 
showing increased levels in 46% of the patients with clinical FTD compared to 8% of 
the control subjects.8 Nonetheless, pathological studies were unable to correlate these 
plasma levels of TDP-43 with either the presence or the amount of TDP-43 protein brain 
pathology.9 As yet, the significance of increased TDP-43 in plasma needs to be elucidated. 

A biochemical marker for the diagnosis and prognosis of ALS is currently lacking, but is 
urgently needed to shorten diagnostic delay and to optimize patient care. The TDP-43 
protein, as a key player in ALS pathogenesis, is an obvious candidate marker. 

We hypothesized that a subset of ALS patients would show increased TDP-43 plasma 
levels, in analogy to FTD patients. TDP-43 plasma levels were measured using ELISA, and 
cross-sectionally compared between patients with ALS and control subjects. In addition, 
longitudinal measures were performed in a subset of patients. As mutations in TARDBP 
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can cause ALS, we also screened ALS patients and control subjects for mutations in 
TARDBP and examined the association with TDP-43 plasma levels.

Materials and methods

Subjects

Plasma samples of 219 patients with ALS were studied and compared with 100 age- and 
gender-matched healthy control samples. All subjects gave written informed consent, 
in line with the Declaration of Helsinki, as approved by the medical ethics committee 
for research in humans of the University Medical Center Utrecht, The Netherlands. 
Patients were recruited from a national referral center for motor neuron disease, the 
University Medical Center Utrecht, and diagnosed with possible, probable or definite 
ALS according the El Escorial criteria.10 The demographic and key clinical features of 
the participants are outlined in Table 18.1. 

Plasma was separated from whole blood samples (10 ml blood with EDTA acting as 
anti-coagulant) by routine methods, and stored at minus 80°C until the assay. 

Recombinant TDP-43 protein

The full open reading frame of human TDP-43 was obtained by PCR using an IMAGE clone 
as template and subcloned into the pET-46-EK/LIC system (Novagen, EMD chemicals, 
Darmstadt, Germany), introducing a N-terminal polyhistidine tag. The protein was 
expressed in E.coli BL21 (DE3) pLysS (Novagen), and purified using Ni-NTA agarose 
(Qiagen, Venlo, The Netherlands) according to the manufacturers instructions. The 

Table 18.1 Demographic and clinical characteristics of the patients and healthy subjects

Healthy control subjects (n = 100)
Mean ± SD (range)

ALS patients (n = 219)
Mean ± SD (range)

Age (y) 61.2 ± 10.4 (28-84) 62.6 ± 12.3 (24-89)

Male / Female 62 / 38 141 / 79

Site of onset (n) Bulbar 67 (30%)

  Spinal 153 (70%)

Disease duration (m)* 13.3 ± 1.2 (1-173)

Abbreviations: y = years, n = number, m = months, SD = standard deviation, and ALS = amyotrophic lateral sclerosis.
* At time of sampling. 
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protein concentration was determined by BCA protein assay (Pierce, Thermo Scientific, 
Rockford, Illinois, USA) and the purified protein (estimated purity > 90%) was used as 
a standard in the ELISA.

TDP-43 ELISA

The ELISA for TDP-43 was performed essentially as described previously.8;11 In brief, a 
mouse monoclonal antibody directed against TDP-43 (clone 2E2-D3, Abnova, Taipei 
City, Taiwan) was coated over night at 4°C in 0.1 M NaHCO3 buffer pH 9.6, followed by 
blocking with 1% bovine serum albumin (BSA) in phosphate-buffered saline (PBS) during 
one hour at room temperature. Plasma and standard samples were incubated for two 
hours at 37°C, followed by incubation with a rabbit polyclonal antibody directed against 
TDP-43 (Proteintech Group, Manchester, UK) for one hour at 37°C. A goat anti-mouse 
horseradish peroxidase conjugated secondary antibody (Jackson Immunoresearch 
Laboratories, Suffolk, UK) was incubated for one hour at 37°C, followed by detection of 
luminescence using SuperSignal ELISA femto maximum sensitivity substrate (Pierce, 
Thermo Scientific) and a Lumistar Optima instrument (BMG Labtech, Ortenberg, 
Germany). 

Sequencing exon six of TARDBP

A subset of ALS patients and control subjects was available for sequencing (175 and 83 cases 
respectively), and these subjects were screened for mutations in exon six of TARDBP.6;7 
Primers have been described previously.7 We used BigDye Terminator 3.1 sequencing 
kit (Applied Biosystems, Foster City, California, USA) and a DNA Analyzer 3730XL for 
sequencing. Data analysis was performed with PolyPhred and identified mutations were 
confirmed on genomic DNA.12 PMut was used to predict the impact of these mutations 
on the structure and function of TDP-43 (http://mmb2.pcb.ub.es:8080/PMut/). 

Statistical analysis

All data was analysed using the R software package for statistical computing (http://
www.R-project.org, R Version 2.12-0 GUI 1.35); TDP-43 plasma levels were tested for 
normality with the Kolmogorov-Smirnov test. As the data was skewed, normality 
requirements were not met and log-transformation was performed. Subsequently, 
normality was reached and the difference between patients and healthy control subjects 
was assessed using a linear model, including covariables such as age, gender and disease 
duration (at the time of sampling).
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Results

TDP-43 concentration in plasma

TDP-43 levels were significantly increased in patients with ALS as compared to healthy 
control subjects (p-value 0.023; Figure 18.1). In 28% of ALS patients the absolute TDP-
43 concentration was above the detection limit (0.31 μg/L; defined as two standard 
deviations above the mean background signal) versus 21% of the control subjects. It is 
important to note that whereas the highest measure in control subjects was 3.76 μg/L 
it was up to 10.85 μg/L in ALS patients.

A linear model examining TDP-43 levels and age at sampling showed a significant positive 
correlation (p-value 0.029; Figure 18.2), but disease duration and gender were not related 
to TDP-43 levels (respectively p-value 0.53 and p-value 0.86; data not shown). Including 
both disease status (as factor) and age at sampling in a linear model was statistically 
significant (F-statistic; p-value 0.008).

Longitudinal measures

Samples, collected longitudinally at two to eight time points, were available from six 
patients. In five patients, the TDP-43 plasma levels were relatively consistent in time. 
However, in one patient, four consecutive measurements showed a marked increase 
over time (Figure 18.3). This particular subject was a 61-years-old female patient with 
a bulbar onset who died a few months after the last measurement. Other subjects who 
died during a similar follow-up did not show an increase in TDP-43 level. There was one 
other subject with bulbar onset, however, in this case TDP-43 plasma levels were not 
detectable. 

Figure 18.1 TDP-43 plasma levels in patients with ALS and healthy control subjects. TDP-43 
protein levels were determined using ELISA in plasma of ALS patients and healthy controls (con). 
The horizontal bar indicates the mean TDP-43 level per group. TDP-43 levels are significantly 
increased in ALS plasma as compared to controls.
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Figure 18.2 Correlation between TDP-43 plasma levels and age at sampling for patients 
with ALS and control subjects (con). It is noticeable that a small number of relatively young 
patients have increased TDP-43 levels (encircled in plot).

Figure 18.3 Longitudinal TDP-43 plasma measures. In six patients we performed two to eight 
longitudinal measures. This graph displays the TDP-43 plasma levels measured at different time 
points during the disease course. All patients were deceased at the time we analysed the data. 
The survival is indicated per subject in the legend. In five out of six patients these measures 
are relatively stable over time, except for one patient (F 61 bulbar) who had a rising plasma 
TDP-43 level. Abbreviations: Legend (gender (F = female; M = male); age of onset (years); site 
of onset (spinal/bulbar); survival (months)); TDP-43 conc. = TDP-43 plasma concentrations.
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TDP-43 genotyping

In the group of patients we identified three patients (1.7%) with a TARDBP mutation. 
In two of these patients we found a non-synonymous mutation in exon six of TARDBP, 
most likely pathogenic based on the PMut analysis. One patient had a silent mutation. 
The clinical characteristics of patients with TARDBP variants are displayed in Table 18.2. 
The two patients with a pathogenic mutation had a measurable TDP-43 concentration 
in plasma, respectively 0.47 and 1.01 μg/L.

Discussion
In this study, we investigated whether TDP-43 plasma levels are a suitable biomarker 
for ALS, especially since nearly all ALS patients, apart from those with FUS/TLS or SOD1 
mutations, exhibit TDP-43 protein inclusions as pathological entity in the brain. We show 
that plasma TDP-43 levels were significantly increased in patients with ALS, compared 
to healthy control subjects. Furthermore, TDP-43 plasma levels positively correlated 
with age. In addition, we identified TARDBP mutations in three ALS patients, but these 
were not associated with TDP-43 protein levels in plasma. Longitudinally performed 
measurements appeared to be consistent over time except for one subject showing a 
marked increase with disease progression. 

With the development of disease modifying therapies, an in vivo assessment of the 
type and extent of neuropathological changes in the brain (e.g. by means of a blood 
test) is of increasing importance and would facilitate diagnosis and drug discovery. 
Our finding of significantly increased TDP-43 levels in plasma might be related to the 
TDP-43 accumulation in the brain, and is supported by a positive relation with age. 

Table 18.2 Clinical characteristics of patients with TARDBP variants. PMut was used to predict 
the impact of the identified variants on the function of TDP-43. The p.G295C and p.N352S 
variants were predicted to be pathogenic.

Variant PMut Group Gender Age at 
onset (y)

Site of 
onset

Survival 
(m)

TDP-43 plasma 
level (μg/L )

p.A315A Silent SALS M 54 Cervical >48* 0.00

p.G295C Pathogenic FALS F 80 Bulbar 43 1.01

p.N352S Pathogenic SALS M 53 Cervical 180 0.47

Abbreviations: FALS = familial amyotrophic lateral sclerosis, and SALS = sporadic amyotrophic lateral sclerosis. 
* Alive at the time of data-analysis.
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In previous studies raised plasma TDP-43 levels have been found in FTD patients,8 as 
well as patients with inclusion body myositis (IBM), an important mimic of ALS.13 FTD 
patients had detectable TDP-43 levels in 46% of cases, which is a higher number than 
in our study (28% of ALS patients).8 This could be due to minor technical differences 
in assay performance or more extensive protein accumulation in the brains of patients 
with FTD as compared to ALS. This difference could indicate that TDP-43 plasma levels 
correlate with neuropathological changes. However, a study in patients with FTD that 
focused on this issue did not confirm this hypothesis.9 Similar studies in ALS are currently 
lacking, so the pathological correlate of elevated TDP-43 in plasma of patients with ALS 
needs to be established. 

Previous studies in ALS have shown increased TDP-43 levels in cerebrospinal fluid 
(CSF).11;14;15 One of these studies suggests that patients with a short disease duration 
(of up to ten months) have higher TDP-43 levels in CSF,11 as compared to patients with 
longer disease duration. Another study suggested a relation between increased TDP-
43 levels and longer survival.15 In this study we could not confirm a relation between 
plasma TDP-43 and disease duration or survival. However, we observed an association 
of plasma TDP-43 with age. 

The small subset of patients in which longitudinal measures were performed revealed 
stable levels over time in all but one patient. This particular subject did not have any 
specific characteristics compared to the other patients. The increase in TDP-43 protein 
levels was not a sign of impeding death, since other patients also died within a similar 
follow-up and did not show increasing plasma TDP-43 levels. Nevertheless, this finding 
stresses the importance for future studies to include longitudinal analyses on a larger 
scale.

Mutational analysis of TARDBP revealed a mutation in three patients (1.7%), two of 
which were most likely pathogenic. This percentage is in accordance with previous 
studies on TARDBP gene mutations in sporadic ALS patients.6;7 The numbers in this 
cohort are too small to establish a genotype-phenotype relation as was reported in 
studies on progranulin. Mutations in the progranulin gene (PGRN) cause FTD and were 
found related to plasma levels of progranulin protein.16 In this context it is relevant 
to note that, despite overlapping pathological characteristics in ALS and FTD, both 
showing cerebral TDP-43 accumulation, mutations in TARDBP have been identified in 
only few cases of FTD without signs of motor neuron disease.17 Taken together, a genetic 
mutation in TARDBP might be associated with an abnormal plasma concentration, 
however, vice versa an abnormal plasma concentration in most cases is not associated 
with a mutation in TARDBP.
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We conclude from this study that patients with ALS, as a group, have significantly raised 
plasma levels of TDP-43 compared to healthy controls, and this finding could possibly 
be related to the cerebral accumulation of this protein. Based on analysis of the current 
small group of patients with TARDBP mutations, we did not find a correlation between 
TDP-43 plasma levels and these mutations. Future studies should include pathological 
assessments to find a potential correlation between TDP-43 plasma levels and cerebral 
protein accumulation. Finally, quantification of the pathological, phosphorylated form 
of TDP-43 in plasma may help to improve differentiation of ALS patients from healthy 
control subjects. 
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Abstract
Our objective was to test the hypothesis that aberrantly modified forms of superoxide 
dismutase-1 (SOD1) influence the disease course for sporadic amyotrophic lateral 
sclerosis (SALS). We probed for anti-SOD1 antibodies (IgM and IgG) against both the 
normal and aberrantly oxidized-SOD1 (SODox) antigens in sera from patients with 
SALS, subjects diagnosed with other neurological disorders and healthy individuals, and 
correlated the levels of these antibodies to disease duration and/or severity. Anti-SOD1 
antibodies were detected in all cohorts; however, a subset of ~5–10% of SALS cases 
exhibited elevated levels of anti-SOD1 antibodies. Those SALS cases with relatively high 
levels of IgM antibodies against SODox exhibit a longer survival of 6.4 years, compared 
to subjects lacking these antibodies. By contrast, SALS subjects expressing higher levels 
of IgG antibodies reactive for the normal WT-SOD1 antigen exhibit a shorter survival 
of 4.1 years. Anti-SOD1 antibody levels did not correlate with disease severity in either 
the Alzheimer’s or Parkinson’s disease cohorts. In conclusion, the association of longer 
survival with elevated levels of anti-SODox antibodies suggests that these antibodies 
may be protective. By extension, these data implicate aberrantly modified forms of 
WT-SOD1 (e.g. oxidized SOD1) in SALS pathogenesis. In contrast, an immune response 
against the normal WT-SOD1 appears to be disadvantageous in SALS, possibly because 
the anti-oxidizing activity of normal WT-SOD1 is beneficial to SALS individuals.
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Introduction 
Amyotrophic lateral sclerosis (ALS) is the most common motor neuron disease, marked 
by progressive degeneration of motor neurons.1 Approximately 20–25% of familial ALS 
(FALS) cases are due to mutations in superoxide dismutase-1 (SOD1), of which more 
than 150 have been reported to date (http://alsod.iop.kcl.ac.uk/index.aspx). While 10% 
of ALS cases are classified as FALS, the vast majority of cases are sporadic in nature 
(SALS). Although FALS and SALS are clinically similar, the causative factors involved 
with SALS remain largely unknown.

An abundance of evidence supports the view that FALS-linked mutations alter 
the conformational stability of the SOD1 protein and render it neurotoxic through 
mechanisms that involve misfolding,2;3 mutant specific protein interactions,4 and/
or altered subcellular localization.5 Recent studies suggest that similar cytotoxic 
mechanisms may be implicated in SALS as a consequence of adverse post-translational 
modifications of wild-type (WT) SOD1.6 For example, using a monoclonal conformation-
specific antibody (C4F6),7 we showed that an oxidized form of WT-SOD1 (SODox)8 is 
conformationally similar to FALS-linked mutant SOD1 proteins, and that aberrant WT-
SOD1 proteins are present in post mortem SALS spinal cord tissues.9 Moreover, SODox 
and FALS-linked mutant SOD1 proteins exert a similar toxic effect in an in vitro assay 
for fast-axonal transport.9;10 These observations suggest that a common link between 
FALS and SALS is the presence of toxic variants of the SOD1 protein, arising respectively 
from germline mutations and aberrant post-translational processing.

To further address the role of aberrantly modified WT-SOD1 in SALS pathogenesis, we 
performed an ELISA for the detection of anti-SOD1 antibodies against both normal WT-
SOD1 and SODox, and determined whether the levels of these anti-SOD1 antibodies 
correlate with SALS patient survival. Although SOD1 is normally an intracellular protein, 
data indicate that mutant SOD1 interacts aberrantly with chromogranin proteins and 
is thereby secreted into the extracellular milieu where it is potentially accessible to 
the immune system.3 Since modified forms of WT-SOD1 (e.g. SODox) in SALS mimic 
mutant SOD1 in FALS, we hypothesized that the modified WT-SOD1 protein is also 
secreted, and that SALS individuals may generate antibodies against the modified 
protein. If the putative antibodies reduce the level and toxicity of the offending 
modified WT-SOD1, then the antibody levels are expected to correlate with phenotypic 
features of the disease. That these antibodies could be neuroprotective is suggested by 
immunization and immunotherapy studies in ALS mouse models,7;11 including a recent 
report demonstrating a neuroprotective effect in SOD1G93A transgenic mice that were 
vaccinated with misfolded WT-apo SOD1.12
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Materials and methods

Human subjects

Sera from 298 ALS patients with probable or definite sporadic ALS according to revised 
El Escorial criteria, were obtained from the Clinical Trials Unit, Massachusetts General 
Hospital (MGH, Table 19.1). MGH also provided sera from 61 healthy controls (HC) and 
thirteen disease controls with neurological disorders (OND) other than ALS. Additionally, 
the sera for fifty individuals with a definite diagnosis of Alzheimer’s disease (AD), fifty 
patients with Parkinson’s disease (PD) and fifty age-matched HC from the Harvard 
NeuroDiscovery Center Biomarker Study, Brigham and Women’s Hospital, Cambridge, 
MA, USA (HBS, Table 19.4) were obtained. All subjects signed an informed consent. 
More information is provided in the Supplementary Materials and methods.

Production of SOD1 antigens

WT-SOD1 was expressed as a glutathione-S-transferase (GST)-fusion protein in 
Escherichia coli as described.13 GST-SOD1 was purified with glutathione- agarose (Sigma) 
according to the manufacturer’s instructions. Cleavage of the GST tag was accomplished 
with the PreScission Protease (GE Healthcare Life Sciences), and glutathione-agarose 
was subsequently employed to remove the protease and cleaved GST. Q-sepharose 
fast-flow was used as the final step in the purification of WT-SOD1 as described.14 
Recombinant SODox was then prepared from purified WT-SOD1 as described.9

Table 19.1 Demographic characteristics of the study subjects from Massachusetts General 
Hospital

  SALS Healthy controls Other neurological diseases

Number of subjectsa 298 61 13

Ratio white/other (%) 92/8 97/3 85/15

Ratio male/female (%) 38/62b 62/38 54/46

Age of collection (mean years, ± SE) 56.6 ± 3.5c 47.3 ± 1.7 50.9 ± 4.0

Abbeviations: SE = standard error, and SALS = sporadic amyotrophic lateral sclerosis. 
a Sera samples for all subjects reported in this table were obtained through the Clinical Trials Unit at Massachusetts 
General Hospital (Methods).
b The difference in male/female ratio between the SALS and healthy control cohorts is statistically significant (p-value 
0.0005) as determined by the Chi-square test.
c The difference in mean age of serum sample collection (years) between the SALS and healthy control cohorts is statistically 
significant (p-value < 0.0001) as determined by the Wilcoxon Z-test.
b,c Statistically significant differences between cohorts are highlighted in bold.
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ELISA  

Immulux medium binding flat bottom plates (Dynex Technologies, USA) were coated 
(50 µL/well) with 5 µg/ml WT-SOD1 or SODox in NaCO3 buffer (pH 9.6).15 Coated 
plates were incubated for three hours at 37°C, after which they were stored at 4°C 
overnight, and then washed in 0.01 M phosphate-buffered saline (PBS, pH 7.4) with 
0.05% Tween-20 (polysorbant-20, Fisher Scientific) (PBS-T) for one hour to block the 
non-specific binding.16 Serial dilution of human serum was prepared in PBS-T and 50 
µL of the diluted serum was added to SOD-WT or SODox-coated wells. The remainder 
of the assay was performed as described.17-20 A detailed description is given in the 
Supplementary Materials and methods.

Statistical analysis  

All statistical tests used in this study are listed in the tables and figures. Parametric 
methods were used in the analyses where distributional assumptions were met, using 
the SAS Statistical Package (SAS Institute Inc., V9.1). Where normality, variance, or 
sample size requirements were not met, comparable non-parametric methods available 
in SAS, the StatXact Statistical Package,21 or GraphPad Prism software were employed. 
For all analyses, p-values below 0.05 were considered significant. More information can 
be found in the Supplementary Materials and methods.

Results

Anti-SODox IgG antibodies are elevated in SALS  

The first ELISA screen quantified anti-SOD1 antibodies against the normal WT-SOD1 
and aberrantly oxidized SOD1 (SODox)8;9 antigens in sera obtained through the MGH 
Clinical Trial Unit (Table 19.1 and Methods). WT-SOD1 and SODox were used to probe 
levels of IgM antibodies, which are generated during the primary antibody response 
upon acute exposure to antigens, as well as IgG antibodies that are produced during the 
secondary antibody response.22 Anti-SOD1 antibodies were detected in all three cohorts 
(Figure 19.1, Table 19.2), and those cases with the highest concentrations of anti-SOD1 
antibodies tested were consistently within the SALS cohort (Figure 19.1). Mean levels 
of anti-SODox IgG antibodies are significantly higher in SALS patient sera (0.11 µg/ml) 
compared to healthy controls (0.07 µg/ml; p-value 0.03), with approximately 5–10% of 
subjects from the SALS cohort exhibiting anti-SODox IgG levels above those detected 
in the HC and OND cohorts.
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We were able to detect SOD1 antigens by a western blot analysis, but only under native 
(non-denaturing) conditions (data not shown). Under native conditions the specific 
three-dimensional segment of the SOD1 antigen that is recognized by the antibody 
(conformational epitope) is conserved, as opposed to a denaturing western blot analysis 
that disrupts this conformation and only allows recognition of linear sequences. Thus, 
our findings indicate that human anti-SOD1 antibodies in these cases are reactive for a 
conformational epitope of SOD1. Native western blot analysis are inherently insensitive 
and the biological samples employed here were limited, and thus, only those serum 
samples with the highest levels of anti-SOD1 antibodies were able to detect SOD1 
antigens by a native western blot analysis (data not shown).

We subjected a subset (n = 7) of cerebrospinal fluid (CSF) samples to our ELISA, and 
included CSF from individuals who exhibited relatively high levels of serum anti-SOD1 

Figure 19.1 Serum antibody levels are elevated in SALS cases compared to healthy controls 
(HC) and subjects with other neurological disorders (OND). Sera samples for all subjects reported 
in this figure were obtained through the Clinical Trials Unit at Massachusetts General Hospital 
(Methods). Sera concentrations (µg/ml) of IgG antibodies against the SODox antigen (A) and 
WT-SOD1 antigen (B), and concentrations of IgM antibodies against the SODox antigen (C) 
and WT-SOD1 antigen (D), are shown in a dot-graph representation for the SALS, HC and OND 
cohorts. Each dot denotes the antibody concentration for a single subject; multiple subjects 
with the same concentration are represented by horizontal rows of dots. Mean antibody 
concentrations (Table 19.2) for the specified cohort are represented by gray bars. *Mean levels 
of anti-SODox IgG antibodies are significantly higher in SALS patient sera (0.11 µg/ml) compared 
to controls (0.07 µg/ml, p-value 0.03).
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antibodies. Anti-SOD1 antibodies were not detected in any of our CSF samples (data not 
shown). Since antibody levels in CSF are approximately 1000-fold lower than in human 
serum,23 it is likely that potential anti-SOD1 antibodies in our CSF samples are below 
the limit of detection of our ELISA.

Demographic analyses confirmed that race and gender are not confounders for the 
mean anti-SOD1 antibody levels (Table 19.1, Supplementary Tables 19.1, 19.2). Although 
the mean age for sera-sample collection is higher for the SALS compared to HC cohort 
(Table 19.1), this difference is not a confounder for the elevated levels of anti-SODox IgG 
detected in SALS because these antibody levels do not correlate with age of collection 
(Supplementary Table 19.2).

Moreover, in the healthy controls cohort, anti-SOD1 antibody levels do not correlate 
with age of collection. For the SALS cohort, we have also analyzed the interval between 
age of collection and onset of symptoms. The mean interval between these time-points 
was 2.1 years (± 0.11) and no correlation with the antibody level was detected.

Anti-SOD antibodies levels predict survival

For those SALS subjects with detectable levels of anti-SOD1 antibodies, we sought to 
determine whether their antibody levels have an impact on the SALS disease course. 
First, we investigated whether anti-SOD1 antibody levels correlate with SALS disease 
duration (survival). The 153 (55%) SALS subjects that expressed SODox IgM antibodies 
(IgM > 0) were compared to the 127 (45%) SALS subjects without SODox IgM antibodies 
(IgM = 0) for which survival data were available, and the survival analysis (Figure 19.2A) 
revealed that subjects expressing SODox IgM antibodies have a longer survival of 6.4 
years (confidence interval [CI] 4.1–12.5) compared to those SALS subjects without SODox 
IgM antibodies, who have a mean survival of only 4.0 years (CI 3.5–5.5). This 2.4-year 
difference results in a hazard ratio of 1.3, and indicates that higher IgM SODox antibody 
levels may confer a survival advantage.

In contrast, there is an inverse correlation between survival and WT-SOD1 IgG antibody 
levels. The 182 (65%) SALS subjects expressing WT-SOD1 IgG antibodies (IgG > 0) exhibit 
significantly shorter survivals than the 97 (35%) SALS subjects who lack WT-SOD1 IgG 
antibodies (IgG = 0). The median survival for SALS patients without WT-SOD1 IgG 
antibodies is 5.6 years (CI 4.5–16.0), whereas survival is only 4.1 years (CI 3.6–5.8) for 
subjects with WT-SOD1 IgG antibodies (Figure 19.2B). This 1.5-year difference in the 
mean survival corresponds to a hazard ratio of 0.6, and suggests that antibodies against 
the normal, WT-SOD1 protein may be disadvantageous to individuals with SALS.
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We note the difference in antibody isotype (IgM versus lgG) for the aforementioned 
antibodies. An analysis of IgM versus IgG antibody levels revealed an inverse correlation 
between anti-SODox IgM and IgG antibodies (Spearman’s rank = –0.46, p-value < 
0.0001), and between WT-SOD1 IgM and IgG antibodies (Spearman’s rank = –0.13, 
p-value 0.02). Thus, SALS individuals express elevated levels either of anti-SOD1 IgM 
or IgG antibodies, but rarely elevated levels of both antibody isotypes. The differential 
expression of anti-SOD1 IgM and IgG antibodies suggests that the immune repertoires 
of these SALS patients are bimodal, exhibiting either predominantly primary (IgM) or 
secondary (IgG) responses to SOD1 antigens.

Correlation of anti-SOD1 antibodies with age and site of SALS onset

Subsequently, we evaluated additional clinical features, including age of disease onset 
and site of onset, for SALS individuals expressing anti-SOD1 antibodies (IgG, IgM > 0) 
compared to individuals lacking these antibodies (IgG, IgM = 0). There was no significant 
difference in age of onset or site of onset for SALS individuals expressing anti-SODox and 
WT-SOD1 IgM antibodies compared to individuals lacking these antibodies (Table 19.3).

Figure 19.2 Anti-SOD1 antibody levels predict disease duration in the SALS cohort. Sera 
samples for all subjects reported in this figure were obtained through the Clinical Trials Unit 
at Massachusetts General Hospital (Methods). (A) SALS subjects with SODox IgM antibodies 
(IgM >0; n = 153) exhibit significantly longer median survival (6.4 years; confidence interval 
[CI] 4.1–12.5; gray curve) compared to subjects without SODox IgM antibodies (IgM = 0; n = 
127) (median survival 4.0 years; CI 3.5–5.5; black curve). The parameter corresponding with IgM 
rank in a Cox proportional hazards model of survival had a p-value of 0.05. (B) SALS subjects 
with WT-SOD1 IgG antibodies (IgG >0; n = 182) exhibit significantly shorter median survival (4.1 
years; CI 3.6–5.8; gray curve) compared to subjects without WT-SOD1 IgG antibodies (IgG = 0; 
n = 97) (median survival 5.6 years; CI 4.5–16; black curve). The parameter corresponding with 
IgG rank in a Cox proportional hazards model of survival had a p-value of 0.04. The p-value 
remained significant when age was included in the model. (A,B) Black arrows indicate the 
impact of elevated anti-WT SOD1 IgG or anti-SODox IgM antibody levels on survival.
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Sera samples containing anti-SODox and WT-SOD1 IgG antibodies corresponded to a 
mean age of onset of 55.8 ± 1.0 and 56.2 ± 0.9 years, respectively, whereas the respective 
mean age of onset for individuals lacking these antibodies was 52.1 ± 1.1 and 51.1 ± 1.3 
years (Table 19.3). The age of onset for these four groups is similar to the mean age 
of onset (55 years) for this disease,24 and thus, it is unlikely that the age differences 
alone could make a significant impact on the disease course. There were no significant 
differences for site of onset between groups expressing anti-SOD1 IgG antibodies and 
those that do not (Table 19.3).

Anti-SOD1 antibodies do not correlate with disease severity for OND  

The small sample size and heterogeneous nature of the initial OND cohort precluded 
us from evaluating whether anti-SOD1 antibodies are significantly elevated in non-ALS 
cases. Therefore, a second ELISA screen was performed with sera from fifty AD, fifty PD, 
and fifty HC cohorts, obtained through the HBS (Methods and Table 19.4). A separate 
HC cohort was screened to account for potential differences in sample handling/storage 
between the MGH and HBS facilities. Anti-SOD1 antibodies were detected in all HBS 
cohorts (Table 19.5 and Supplementary Figure 19.1) as observed for the MGH cohorts 

Table 19.3 Clinical parameters for the SALS cohort as a function of anti-SOD1 antibody levels

    Mean age of onsetb Site of onsetc

    Ab>0 Ab = 0 Ab>0 Ab = 0

Antibody   Years n Years n % limb/
% bulbar

n % limb/
% bulbar

n

SALSa IgG, 
SODox

55.8 ± 1.0 
(0.01)

189 52.1 ± 1.1 106 72/28 86 81/19 204

  IgG, 
WT-SOD1

56.2 ± 0.9 
(0.001)

196 51.1 ± 1.3 99 78/22 194 76/20 96

  IgM, 
SODox

53.4 ± 1.1 136 55.4 ± 1.0 159 82/18 131 75/24 159

  IgM, 
WT-SOD1

54.1 ± 0.7 272 59.1 ± 3.4 23 79/21 267 70/30 23

Abbreviation: Ab = antibodies. 
a Sera samples for all subjects reported in this table were obtained through the Clinical Trials Unit at Massachusetts 
General Hospital (Methods).
b The mean age of onset is compared between SALS patients expressing the indicated antibody and SALS-patients 
without detectable antibodies.
c The ratio of limb/bulbar onset is compared between SALS-patients with- and without detectable antibodies.
b,c The Wilcoxon Z-test was used to determine statistically significant differences in mean age; for differences in site of 
onset a Fisher’s exact test was used. Significant comparisons are highlighted in bold, and the corresponding p-values 
are shown in parentheses within the ‘Ab>0’ column.
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(Figure 19.1, Table 19.2). The mean level of anti-SODox IgG antibodies is higher in PD 
patient sera (0.09 µg/ml) compared to HC (0.04 µg/ml, p-value 0.02; Table 19.5). However, 
this statistical significance is dependent upon one case (IgG = 3.8 µg/ml; Supplementary 
Figure 19.1) and is not statistically significant after a Bonferroni correction (Table 19.5).

When we combined data from both ELISA screens, we observed that cases with the highest 
(top 10%) anti-SOD1 antibodies are consistently within the SALS cohort (n = 298) relative 
to all other cohorts (n = 224) (Supplementary Figure 19.2 and Supplementary Table 19.3).

In contrast to the correlations observed between SALS survival and anti-SOD1 antibodies 
(Figure 19.2), there are no statistically significant correlations between anti-SOD1 
antibodies and AD or PD disease severity, as measured by the Mini Mental State Exam 
(MMSE) and the lower Unified Parkinson’s Disease Rating Scale (UPDRS), respectively. 
Therefore, the clinical impact of anti-SOD1 antibodies is more relevant to SALS survival 
than to the disease severity measures of other neurodegenerative diseases.

Discussion

Aberrant WT-SOD1 is associated with SALS 

SOD1 mutations acquired through Mendelian inheritance play an unequivocal role in 
FALS pathogenesis, and recent lines of evidence suggest an analogous role for WT-SOD1 
in the more common SALS. In vitro studies document that aberrant post-translational 
modifications to the WT-SOD1 proteins, including oxidation,8;9;25 de-metallation,26;27 

disulfide reduction,28 and loss of dimer-subunit integrity29 can induce the WT-SOD1 protein 
to acquire mutant-like properties. Moreover, misfolded WT-SOD1 has been detected in 
post mortem human SALS spinal cord tissues by immunohistochemistry.5;9 Vaccination 

Table 19.4 Demographic characteristics of the study subjects from the Harvard NeuroDiscovery 
Center

  Alzheimer's disease Parkinson's disease Healthy controls

Number of subjectsa 50 50 50

Ratio male/female (%) 54/46 54/46 54/46

Age of collection (mean years, ± SE) 74.8 ± 1.1 74.6 ± 1.1 74.6 ± 1.1
a Sera samples for all subjects reported in this table were obtained through the Harvard NeuroDiscovery Center (Methods). 
There is no significant difference in male/female ratio or mean age of serum sample collection (years) between subjects 
with Alzheimer’s disease, Parkinson’s disease or healthy controls, as determined by Chi-square test and the Wilcoxon 
Z-test respectively.
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against WT-apo SOD1 has been shown to reduce the load and toxic effects of FALS-linked 
SOD1G93A in the respective transgenic ALS mouse model,12 further demonstrating that 
modified WT- and mutant-SOD1 proteins share a similar ‘toxic’ conformation.

Our ELISA screen revealed that the mean levels of anti-SODox IgG antibodies are 
significantly higher in SALS patient sera (Table 19.2). We note that while the significance 
of this result is diminished with a Bonferonni correction, the correlations between anti-
SODox antibodies and SALS both in Figure 19.1 and the survival analysis (discussed 
below) provide cumulative evidence that implicate modified WT-SOD1 species in SALS 
pathogenesis. That anti-SOD1 antibodies are not detected in all SALS samples suggests 
that modified WT-SOD1 may be involved in a subset of SALS cases, consistent with 
previous immunohistochemical results.9

Anti-SOD1 antibody production and antibody isotypes  

Since SOD1 is intracellular, it is somewhat surprising a priori that the immune system 
should mount a response to this protein. At least three factors may be important in this 
regard. First, it is conceivable that the process of cell death simply releases the SOD1 
protein within the CNS, which would account for the presence of anti-SOD1 antibodies 
in healthy control cohorts, as well as in the disease (SALS and OND) cohorts. Secondly, 
recent data indicate that SOD1 is actively secreted.30;31 The neurosecretory chromogranin 
proteins promote the selective secretion of mutant SOD1 over WT-SOD1 in cultured 
cells.3 In light of the observation that SODox mimics FALS-linked SOD1 mutants,8;9 

enhanced secretion of SODox or other modified WT-SOD1 species by chromogranins 
may explain the elevated levels of anti-SODox IgG antibodies detected in our SALS 
cohort (Table 19.2). Finally, a third factor that may contribute to the genesis of anti-SOD1 
antibodies is neurodegenerative disease-dependent loss of integrity of the blood-brain 
and blood-spinal cord barriers, which has been documented in ALS mouse models.32

Given that there appears to be a robust humoral immune response to SOD1 in ALS, can 
we understand the patterns of immunoglobulin isotypes that we detect? Our ELISAs 
reveal that SALS subjects differentially express IgG and IgM anti-SOD1 antibodies, 
indicative of an isotype class-switch. In addition, younger SALS subjects express higher 
levels of anti-SOD1 IgM antibodies, whereas older subjects express higher levels of anti-
SOD1 IgG antibodies (Supplementary Table 19.2).

A longitudinal study, like that reported by Zhang et al.,33 is needed to further address 
the possibility that the differential expression of IgM and IgG antibodies reflects early 
and late stages, respectively, of a SALS immune response to SOD1.
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The impact of anti-SOD1 antibodies on disease course  

Anti-SOD1 antibodies can potentially play a therapeutic or pathogenic role in SALS. Both 
active and passive immunization with the recombinant SOD1 antigens have delayed 
disease onset and/or prolonged survival in ALS mouse models.7;12 Intracerebroventricular 
infusion of monoclonal anti-SOD1 antibodies also prolongs the lifespan of ALS mice.11 
These studies support a therapeutic role for anti-SOD1 antibodies. By contrast, several 
reports have described aberrant accumulation34;35 and toxicity of IgG isolated from SALS 
samples. For instance, purified human ALS IgG is toxic to neural cells in culture,36;37 and 
induces profound ultrastructural changes to spinal motor neurons when injected into 
mice.38

Our results are consistent with the view that some categories of anti-SOD1 antibodies 
may attenuate the rate of progression of ALS. Specifically, SALS subjects with anti-
SODox IgM antibodies survive longer than subjects lacking these antibodies (Figure 
19.2A). A possible mechanism for this beneficial influence is that anti-SODox IgM 
antibodies reduce SODox levels in the CNS, which in turn permits longer survival, 
reminiscent of the studies by Urushutani et al..7 Therefore, the correlation between 
anti-SODox antibodies and prolonged survival further supports the hypothesis that 
aberrant WT-SOD1 proteins exhibit toxicity in SALS pathogenesis. In contrast, WT-SOD1 
IgG antibody levels correlate with reduced survival for the SALS cohort (Figure 19.2B). 
By analogy, it may be disadvantageous to reduce levels of WT-SOD1, which may play a 
role in ameliorating the high levels of oxidative stress associated with SALS.39

The role of anti-SOD1 antibodies: SALS versus non-SALS

An important issue in understanding the biological significance of the anti-SOD1 
antibodies we have detected is their specificity. Our data clearly show that anti-SOD1 
antibodies are present in subjects with other neurological diseases, and to a lesser extent 
in healthy control subjects. While anti-SOD1 antibodies correlate with SALS survival, 
they do not appear to impact disease severity measures associated with AD and PD. The 
results of our study indicate that the influence of anti-SOD1 antibodies may be more 
significant to ALS than other neurodegenerative diseases.

Conclusion

We found that auto-antibodies against an aberrant form of SODox are associated with 
SALS, and that levels of anti-SOD1 antibodies correlate with ALS disease duration. 
These findings have important therapeutic implications in light of the observations 
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that aberrant WT-SOD1 proteins are associated with SALS pathogenesis, and that 
immunotherapeutic approaches against aberrant SOD1 proteins exhibit beneficial 
effects in mice. Therefore, it may be possible to implement immunotherapeutic 
strategies against misfolded SOD1 for both SALS and FALS.
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SuppleMenT

Supplementary Materials and methods

Human subjects

The clinical features of the sporadic amyotrophic lateral sclerosis (SALS) cohort studied 
here are consistent with ALS:1 the mean age of onset and diagnosis is 54.5 and 55.6 years, 
respectively; 226/289 (78%) of SALS patients presented with a limb onset compared to 
63/289 (22%) with a bulbar onset; the mean duration of disease (from the age of onset 
to the age of death) is 3.3 years. Massachusetts General Hospital (MGH) also provided 
sera from 61 healthy controls and thirteen disease controls with neurological disorders 
other than ALS, including three with lower motor neuron disease (LMN), two with 
upper motor neuron disease (UMN), two with multiple sclerosis (MS), and one each with 
aseptic meningitis, demyelinating disease not otherwise specified, diagnostic lumbar 
puncture (LP), microangiopathic cerebrovascular disorder, peripheral neuropathy (PN) 
and primary lateral sclerosis (PLS). All healthy controls and 155 ALS patients participated 
in clinical trials for biomarkers; the remaining 143 ALS patients participated in a non-
steroidal anti-inflammatory drug (NSAID) trial of Celebrex. Blood samples were obtained 
before treatment with Celebrex and, therefore, NSAIDs did not influence the antibody 
levels. All subjects participating in these studies signed an informed consent approved 
by the MGH Institutional Review Board (IRB) at the time of enrollment and the further 
use of their samples for research related to ALS has also been approved by the IRB.

The fifty individuals with a definite diagnosis of Alzheimer’s disease (AD), and fifty 
patients with Parkinson’s disease (PD), were obtained with IRB approval. Results of 
the Mini Mental State Exam (MMSE) were provided for 94% (141/150) of the cases, and 
results of the lower Unified Parkinson’s Disease Rating Scale (UPDRS) were provided 
for 94% of the PD cases (47/50).

ELISA 

Wells coated with 1 µg/mL affinity-purified goat anti-human IgG (or IgM) in NaCO3 buffer 
(pH 9.6) were used to establish standard curves for the change in optical density as a 
function of IgG or IgM concentration.2 The bound IgG (or IgM) was detected by using 
alkaline phosphatase conjugated to affinity purified goat anti-human IgG (or IgM) diluted 
1:1,000 in phosphate-buffered saline with 0.05% Tween-20 (PBS-T).  p.Nitrophenyl 
phosphate (Sigma) was used as the substrate and absorbance at 405 nm was measured at 
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time points between 0-30 minutes with a Victor X5 Multilabel Plate Reader (PerkinElmer). 
All antibodies used for this ELISA were purchased from Sigma-Aldrich. Each ELISA 
experiment was performed in duplicate on 2-3 separate occasions and the standard error 
of the mean of these experiments was used as a measure of variance. The classification 
of all sera samples were blinded to the experimentalist performing the ELISAs until after 
all replicate experiments were completed. 

Statistical analysis

The Spearman correlation between IgG and IgM isotypes for SOD1 antigens included 
those SALS cases with non-zero levels of both anti-SOD1 IgM and IgG antibodies. 
Parametric methods were used in the analyses as described below where distributional 
assumptions were met, using the SAS Statistical Package (SAS Institute Inc., V9.1). 
Where normality, variance, or sample size requirements were not met, comparable 
nonparametric methods available in SAS, the StatXact Statistical Package,3 or GraphPad 
Prism software were employed. For the correlation of anti-SOD1 antibodies with SALS 
duration (SALS survival analysis), a Cox proportional hazards model was employed 
using the rank transforms of the anti-SOD1 antibody concentrations in order to create 
a uniformly-distributed explanatory variable. A Spearman’s rank test was used to 
investigate correlations between anti-SOD1 antibody concentrations and the MMSE 
scores for the AD cohort, and UPDRS scores for the PD cohort.

Supplementary References
(1)  Tandan R, Bradley WG. Amyotrophic lateral sclerosis: Part 1. Clinical features, pathology, and ethical 

issues in management. Ann Neurol 1985;18:271-280.

(2) Engvall E, Perlmann P. Enzyme-linked immunosorbent assay, Elisa. 3. Quantitation of specific antibodies 

by enzyme-labeled anti-immunoglobulin in antigen-coated tubes. J Immunol 1972;109:129-135.

(3) Mehta C, Patel N. StatXact8. In: Software CS, editor. Cambridge, MA 2008.
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Supplementary Table 19.1 Demographic and clinical features of anti-SOD1 antibodies for 
SALS and healthy control cohorts

Feature Groupa Number

IgG, SODox IgG, WT-SOD1 IgM, SODox IgM, WT-SOD1

µg/mL ± SE µg/mL ± SE µg/mL ± SE µg/mL ± SE

Raceb

White 333 0.11 ± 0.02 0.23 ± 0.03 0.11 ± 0.02 0.50 ± 0.03

Other 25 0.09 ± 0.04 0.21 ± 0.06 0.05 ± 0.03 0.42 ± 0.06

Genderc

Male 207 0.12 ± 0.03 0.24 ± 0.04 0.12 ± 0.02 0.51 ± 0.05

Female 151 0.09 ± 0.03 0.20 ± 0.03 0.10 ± 0.02 0.47 ± 0.04

Site of onsetd

Limb 226 0.10 ± 0.03 0.21 ± 0.03 0.12 ± 0.02 0.52 ± 0.05

Bulbar 63 0.17 ± 0.07 0.27 ± 0.07 0.05 ± 0.01 0.36 ± 0.04

Abbreviations: WT-SOD1 = wild-type SOD1, SODox = oxidized WT-SOD1, and SE = standard error. a Sera samples for all 
subjects reported in this table were obtained through the Clinical Trials Unit at Massachusetts General Hospital (Methods). 
b Antibody levels were compared for SALS and healthy control subjects within the white-race categories compared to 
all other race categories. c Antibody levels were compared between male and female subjects belonging to the SALS 
and healthy control cohorts. d Antibody levels of SALS are compared between subjects who presented with a limb site 
of onset versus a bulbar site of onset. b-d None of the comparisons are significant.

Supplementary Table 19.2 Correlation of anti-SOD1 antibodies with ages of serum collection 
and with the interval between serum collection and onset of symptoms

Feature Numbera Spearman correlation coefficientb

IgG, 
SODox

IgG, 
WT-SOD1

IgM, 
SODox

IgM, 
WT-SOD1

Age of collectionc SALS 298 0.09 0.15 (0.01) -0.11 (0.05) -0.19 (0.0009)

Healthy 
controls

61 0.11 0.15 0.17 -0.08

Interval between 
age of collection 
and age of onset

SALS 294 -0.06 -0.10 0.01 0.03

Abbreviation: SALS = sporadic amyotrophic lateral sclerosis. a Sera samples for all subjects reported in this table were 
obtained through the Clinical Trials Unit at Massachusetts General Hospital (Methods). b The Spearman coefficients are 
shown correlating levels of each antibody type with age of collection or with the interval between age of collection and 
onset of symptoms. Statistically significant correlations are highlighted in bold, and the corresponding p-values are shown 
in parentheses. c The mean ages of collection for SALS and healthy control cohorts are shown in Supplementary Table 19.1.

Supplementary Tables



325

19

Su
pp

le
m

en
ta

ry
 T

ab
le

 1
9.

3 
M

ea
n 

se
ru

m
 a

nt
i-S

O
D

1 
an

ti
bo

dy
 c

on
ce

nt
ra

ti
on

s 
fo

r 
th

e 
to

p 
10

%
 S

A
LS

, h
ea

lt
hy

 c
on

tr
ol

 a
nd

 o
th

er
 n

eu
ro

lo
gi

ca
l 

di
se

as
e 

ca
se

s

 C
oh

or
ta

   
Ig

G
, S

O
D

ox
Ig

G
, W

T-
SO

D
1 

 
Ig

M
, S

O
D

ox
  

Ig
M

, W
T-

SO
D

1 
 

µg
/m

L 
± 

SE
N

um
be

r
µg

/m
L 

± 
SE

N
um

be
r

µg
/m

L 
± 

SE
N

um
be

r
µg

/m
L 

± 
SE

N
um

be
r

SA
LS

0.
99

 ±
 0

.2
0 b

30
1.

31
 ±

 0
.2

0 c
30

0.
75

 ±
 0

.1
1

30
1.

82
 ±

 0
.2

0 d
30

H
ea

lt
hy

 c
on

tr
ol

s
0.

34
 ±

 0
.0

5
11

0.
76

 ±
 0

.1
3

11
0.

70
 ±

 0
.1

1
11

1.
45

 ±
 0

.1
2

11

O
th

er
 n

eu
ro

lo
gi

ca
l d

is
ea

se
s

0.
86

 ±
 0

.3
1

11
1.

27
 ±

 0
.3

5
11

0.
61

 ±
 0

.1
2

11
1.

01
 ±

 0
.1

7
11

a  S
er

a 
sa

m
pl

es
 fo

r s
ub

je
ct

s r
ep

or
te

d 
in

 th
is

 ta
bl

e 
w

er
e 

ob
ta

in
ed

 th
ro

ug
h 

th
e 

Cl
in

ic
al

 T
ri

al
s U

ni
t a

t M
as

sa
ch

us
et

ts
 G

en
er

al
 H

os
pi

ta
l a

nd
 H

ar
va

rd
 N

eu
ro

D
is

co
ve

ry
 C

en
te

r (
M

et
ho

ds
 a

nd
 

Su
pp

le
m

en
ta

ry
 F

ig
ur

e 
19

.2
). 

St
at

is
ti

ca
l s

ig
ni

fi
ca

nc
e 

fo
r e

ac
h 

co
m

pa
ri

so
n 

w
as

 d
et

er
m

in
ed

 b
y 

th
e 

W
ilc

ox
on

 Z
-t

es
t,

 a
nd

 th
os

e 
co

m
pa

ri
so

n’
s t

ha
t r

em
ai

n 
si

gn
if

ic
an

t a
ft

er
 th

e 
Bo

nf
er

on
ni

 
co

rr
ec

ti
on

 (α
=0

.0
5/

3=
0.

01
67

) a
re

 in
 b

ol
d 

fo
nt

. b  T
he

 d
if

fe
re

nc
e 

in
 m

ea
n 

le
ve

ls
 o

f a
nt

i-S
O

D
ox

 Ig
G

 a
nt

ib
od

ie
s b

et
w

ee
n 

SA
LS

 a
nd

 h
ea

lt
hy

 c
on

tr
ol

 c
oh

or
ts

 is
 si

gn
if

ic
an

t (
p-

va
lu

e 
0.

01
53

). 
c  T

he
 d

if
fe

re
nc

e 
in

 m
ea

n 
le

ve
ls

 o
f 

W
T-

SO
D

1 
Ig

G
 a

nt
ib

od
ie

s 
be

tw
ee

n 
SA

LS
 a

nd
 h

ea
lt

hy
 c

on
tr

ol
 c

oh
or

ts
 is

 s
ig

ni
fi

ca
nt

 (p
-v

al
ue

 0
.0

01
). 

d  T
he

 d
if

fe
re

nc
e 

in
 m

ea
n 

le
ve

ls
 o

f 
W

T-
SO

D
1 

Ig
M

 
an

ti
bo

di
es

 b
et

w
ee

n 
SA

LS
 a

nd
 o

th
er

 n
eu

ro
lo

gi
ca

l d
is

ea
se

s 
is

 s
ig

ni
fi

ca
nt

 (p
-v

al
ue

 0
.0

23
) b

y 
th

e 
W

ilc
ox

on
 Z

-t
es

t,
 b

ut
 n

ot
 a

ft
er

 B
on

fe
rr

on
i c

or
re

ct
io

n.



Anti-SOD1 antibodies in sporadic ALSChapter 19

326

Supplementary Figure 19.1 Anti-SOD1 antibodies are not generally elevated in Alzheimer’s 
or Parkinson’s disease cohorts. Sera samples for all subjects reported in this figure were 
obtained through the Harvard NeuroDiscovery Center (Methods).This figure illustrates anti-
SOD1 antibody concentrations (µg/mL) in sera from Alzheimer’s disease (AD), Parkinson’s 
disease (PD) and healthy control (HC) subjects. Sera concentrations are shown in a dot-graph 
representation as described in Figure 19.1. *By virtue of a single elevated sample, the mean 
concentration of SODox IgG antibodies are significantly higher in the PD cohort (0.09 µg/ml) 
compared to HC (0.04 µg/ml, p-value 0.02), however this comparison is no longer significant 
after a Bonferroni correction. No other comparisons are statistically significant (Table 19.5).

Supplementary Figures
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Supplementary Figure 19.2 The cases with the highest anti-SOD1 antibodies are within the 
SALS cohort, compared to HC and other neurologic disease (OND) cohorts. For this figure, 
the SALS cohort samples were from Massachusetts General Hospital (Table 19.1), the healthy 
control cohort is comprised of samples from Massachusetts General Hospital (Table 19.1) and 
Harvard NeuroDiscovery Center Biomarker Study (Table 19.4), and the OND cohort comprised 
of OND samples from Massachusetts General Hospital (Table 19.1) and AD and PD samples 
from Harvard NeuroDiscovery Center Biomarker Study (Table 19.4). Those cases within the 
highest 10% for anti-SOD1 antibody levels are plotted for each cohort, and are represented 
in a dot-graph format as in Figures 19.1 and 19.3. This figure illustrates that the cases with the 
highest anti-SODox IgG (A) and IgM (C) as well as WT-SOD1 IgG (B) and IgM (D) are consistently 
within the SALS cohort. The mean antibody concentration (Supplementary Table 19.2) is 
represented by a gray bar. *Mean levels of auto-SODox IgG antibodies are significantly higher 
in SALS patient sera (0.99 µg/ml) compared to controls (0.34 µg/ml, p-value 0.02). **Mean 
levels of WT-SOD1 IgG antibodies are significantly higher in SALS patient sera (1.31 µg/ml) 
compared to controls (0.76 µg/ml, p-value 0.001). **Mean levels of WT-SOD1 IgM antibodies 
are significantly higher in SALS patient sera (1.82 µg/ml) compared to other neurological 
diseases (0.01 µg/ml, p-value 0.02).
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“No one should be alarmed by the great 
number of particulars, but think them 
rather a reason for hope.” 

Francis Bacon, Novum Organum.
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“I got worried during my pregnancy at the end of 2010. 
It took me several months, before I told my sister that I 
experienced difficulties in reaching my car navigation 
system, and that it became harder to drive my car as 
well . Normally, I would commute to my work five days 
a week, but I could not cope with it anymore. It became 
challenging to lift my right arm; it did not hurt, nor 
did my arm feel numb. I knew what the diagnosis might 
be, and that I had to see a doctor.”

Genetic studies; amyotrophic lateral sclerosis (ALS)
Twenty years ago, we could only speculate about the causes of ALS. Since 5-10% of the 
ALS families demonstrated an autosomal dominant inheritance pattern, we did know 
that there had to be a genetic component. The discovery of mutations in superoxide 
dismutase-1 (SOD1), in 1993, catalyzed a search for other ALS-associated genes.1 
Although many genes were found to increase ALS susceptibility, most of these genes 
accounted for a small percentage of the cases. The recent detection of repeat expansions 
in chromosome 9 open reading frame 72 (C9orf72),2;3 however, revealed the major genetic 
cause of familial ALS (FALS).

Only few FALS populations have been thoroughly screened for mutations in most of the 
ALS-associated genes. Toward this end, we have studied eleven genes in FALS patients 
of Dutch descent (Chapter 3 – 11). We demonstrated that they account for ~55% of the 
FALS families, and additionally, for ~12% of the apparently sporadic SALS (SALS) cases 
and ~5% of the control subjects (Table 20.1). The most frequent cause of FALS in The 
Netherlands was the repeat expansion in C9orf72 (36%), followed by mutations in TAR 
DNA-binding protein (TARDBP; 8%) and fused in sarcoma / translated in liposarcoma 
(FUS/TLS; 6%).

C9orf72, TARDBP and FUS/TLS

In this chapter, we will compare patients with mutations in C9orf72 (n = 42), TARDBP 
(n = 13), and FUS/TLS (n = 6) to patients with mutations in other genes (both known 
and unknown [n = 55]). Table 20.2 demonstrates that FUS/TLS mutations resulted in an 
earlier age at onset as compared to patients with other mutations (41.8 years versus 
60.6 years, p-value 0.001). Furthermore, the mean disease duration of patients with FUS/
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TLS mutations was shorter than the disease duration of patients with other mutations 
(21.0 months versus 53.9 months, p-value 0.013). To further investigate the effects of 
C9orf72, TARDBP and FUS/TLS mutations, we used a Cox proportional hazards model 
to assess survival, and adjusted for gender, age at onset, and site of onset (Figure 20.1). 

This analysis revealed that the survival of patients with FUS/TLS mutations was significantly 
reduced (p-value 0.001, hazard ratio 6.5 [confidence interval [CI] 2.1-20.3]). Previously, a 
study already reported a relatively low age at onset of 44 years (n = 54) for patients with 
FUS/TLS mutations, and a fairly short disease duration of 3.4 years (n = 44), which is well 
in line with our findings.4 Furthermore, another study also showed that patients with 
FUS/TLS mutations had a lower age at onset (45 years; n = 23) than other FALS patients 
(58 years; n = 115).5 Moreover, they demonstrated that FALS patients with FUS/TLS 
mutations had a shorter disease duration of 2.5 years as compared to 3.8 years for other 
FALS patients (n = 100). Similar to our findings (Supplementary Table 20.2) none of these 
FUS/TLS patients demonstrated a slow disease progression of more than seven years.5

Table 20.1 Overview of variants reported in this thesis

Gene FALS (%) SALS (%) CON (%) Chapter

PON 2.5 1.4 2.5 3

OPTN 0.0 0.3 0.1 4

VCP 1.3 0.1 0.0 5

UBQLN2 0.0 - - 6

ATXN2 1.5 0.5 0.0 7

C9orf72 36.1 6.1 0.0 9

TARDBP 8.2 0.4 0.1 9

FUS/TLS 6.2 0.3 0.1 9

SOD1 1.0 0.4 0.2 9

ANG 2.1 0.6 0.1 9

VAPB 3.1 1.5 1.4 10

CHMP2B 0.0 0.3 0.1 11

Total 55 a 12 5

Abbreviations: FALS = familial amyotrophic lateral sclerosis families, SALS = sporadic amyotrophic lateral sclerosis, 
and CON = control subjects. a Families with variants in multiple genes were detected (Chapter 9 and 10), therefore, 
variants were identified in ~55% of the families (instead of 62%). A more detailed overview of the identified 
mutations is provided in Supplementary Table 20.1.
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“When my maternity leave started, I felt very relieved, 
as if I had completed a mission . I was amazed by my 
own strength , and how long I had kept on working.” 

Although detailed information on cognitive and behavioral deficits was not available for 
all Dutch FALS families, we were able to add information from the prospective population 
based study on motor neuron diseases (MNDs) in The Netherlands, which registered the 
occurrence of dementia in family members of ALS patients.6 As shown in Table 20.2 and 
Figure 20.2, dementia was more frequently encountered in FALS families with C9orf72 
repeat expansions than in FALS families with other mutations (p-value 0.023). 

In Chapter 8, we already discussed that patients with C9orf72 repeat expansions also 
appeared to have an earlier disease onset (2.5 years earlier) than patients without a 
C9orf72 repeat (hazard ratio 1.5 [CI 1.2-1.8]). The same trend was observed for FALS 
patients with C9orf72 repeat expansions as compared to FALS patients with other 

Figure 20.1 Survival of FALS patients. Patients with C9orf72, TARDBP and FUS/TLS mutations, 
were compared to patients with other mutations. A Cox proportional hazards model was used, 
which corrected for gender, age at onset and site of onset (R v2.10 software [www.r-project.
org]). The survival of patient with FUS/TLS mutations was significantly reduced (p-value 0.001, 
hazard ratio 6.5 [confidence interval [CI] 2.1-20.3]). See Appendix page 389 for Figure 20.1 
in color.



333

20

mutations (58.8 years versus 60.6 years). In addition, we reported (Chapter 8) that 
the median survival was nearly 2.5 months shorter in patients with C9orf72 repeat 
expansions than in patients without this expansion. Within our FALS population we also 
detected a difference of 2.5 months between patients with C9orf72 repeat expansions 
and patients with mutations in other genes (hazard ratio 1.6 [CI 0.9-2.5]). Because of 
the relatively small number of FALS patients, however, these differences between FALS 
patients with C9orf72 repeat expansions and FALS patients with other mutations, did 
not reach significance. 

Recently, another study reported a characterization of patients with C9orf72 repeat 
expansions.7 C9orf72 repeat expansions were detected in ~41% of the FALS cases (n = 
20) and ~5% of the SALS cases (n = 19). Phenotypic data was available for 21 of these 
patients and was compared to a cohort of 170 patients without this repeat expansion. 
They also reported that patients with C9orf72 repeat expansions had an earlier age at 
disease onset (56.3 years versus 61.3 years), and they had significantly more co-morbid 
frontotemporal dementia (FTD) than patients without these repeats (50% versus 
12%). Furthermore, they demonstrated a shortened survival in patients with C9orf72 
repeat expansions as compared to patients without these repeats (20 months versus 

Table 20.2 Overview of variants reported in this thesis

C9orf72
n = 42

TARDBP
n = 13

FUS/TLS
n = 6

Other
n = 55

Gender % female / % male 52/48 46/54 33/67 44/56

Site of onset % spinal / % bulbar 79/21 85/15 100/0 80/20

Dementia % positive / % negative 52/48 a 38/62 0/100 29/71

Age at onset Mean (y) 58.8 60.7 41.8 b 60.6

Median (y) 60.1 59.7 37.8 60.0

95% confidence Interval 55 – 62 53 – 68 29 – 54 57 – 64

Duration Mean (m) 39.4 49.1 21.0 c 53.9

Median (m) 35.4 52.6 21.2 37.9

95% confidence Interval 32 – 47 32 – 66 12 – 30 41 – 67

Abbreviations: n = number, y = years, and m = months. Clinical characteristics of ALS patients with C9orf72 repeat 
expansions, TARDBP mutations and FUS/TLS mutations, were compared to patients with mutations in other genes. 
Disease duration was defined as the interval between age at onset and age at death or age last known to be alive.  
When patients with dementia in general (including frontotemporal dementia [FTD]) were reported in FALS families, 
these families were considered to be positive for dementia. Significant differences are indicated by the bold font. Bar 
graphs are shown in Figure 20.2. a P-value 0.023 (Fisher’s exact test). b P-value 0.003 (Mann Whitney test). c P-value 
0.013 (Mann Whitney test). P-values were calculated with GraphPad Prism version 5 (http://www.graphpad.com).



General discussion and summaryChapter 20

334

26 months).7 Taken together, these findings suggest that patients with C9orf72 repeat 
expansions are more frequently diagnosed with FTD, exhibit an earlier disease onset, 
and demonstrate reduced survival. 

We also compared patients with TARDBP mutations to patients with mutations in other 
genes, but we did not detect significant differences in any of the clinical characteristics.

“Thereafter, my symptoms progressed rapidly, and it 
became increasingly difficult to lift my head. During 
child birth , my husband had to hold my head, because 
I was unable to do so. Within seven minutes I held my 
son in my arms. I was exhausted.”

Mutations in other ALS-associated genes

We also investigated eight other ALS-associated genes (Table 20.1, Figure 20.3). In 
Chapter 2, we described the identification of paraoxonase (PON) mutations in ALS 
patients.8 To further investigate these PON mutations, we studied a large cohort of ALS 
patients (n = 1,211) and control subjects (n = 1,415) of Dutch descent (Chapter 3). In this 

Figure 20.2 Bar graphs of clinical characteristics. Differences in gender (A), site of onset 
(B), dementia (C), and age at onset (D) are displayed. Patients with mutations in C9orf72, 
TARDBP, FUS/TLS, and other genes are shown. More information is provided in Table 20.2 
and Supplementary Table 20.2.
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cohort, however, we did not detect significant differences between ALS patients and 
control subjects (1.5% versus 2.5%), and therefore, we demonstrate that PON mutations 
are not associated with ALS in The Netherlands. 

In addition, we assessed the mutation frequency of three novel ALS-associated genes, 
namely, optineurin (OPTN), valosin-containing protein (VCP) and ubiquilin-2 (UBQLN2). 
Apart from the first report on OPTN mutations in Japanese ALS patients,9 few other 
mutations have been described. In Chapter 4, however, we report two novel OPTN 
mutations in SALS patients (p.Q165X and p.Q454E).10 One of these mutations (p.Q165X) 
has recently been shown to segregate with ALS in a Danish FALS family.11 Other OPTN 

Figure 20.3 Pie chart with frequencies of non-synonymous mutations (%). For FALS (A), SALS 
(B) and control subjects (C), the distribution of mutations in ALS-associated genes is shown. 
We refer to Table 20.1 and Supplementary Table 20.1 for more detailed information. See 
Appendix page 390 for Figure 20.3 in color.
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mutations have been described in a cohort of Italian ALS patients (p.T282P, p.Q314L, 
p.K557T, and p.G23X).12 Moreover, two mutations have been reported in FALS patients 
of French descent (c.382_383insAG and p.R96L) and of mixed European descent 
(c.1242+1GA_insA and p.A481V).13;14 

Mutations in VCP are rare as well, and after the discovery of a VCP mutation (p.R191Q) in 
an Italian FALS patient,15 not many mutations have been detected in other populations. 
In cohorts of Australian and Italian descent, for instance, no missense mutations in VCP 
were present in coding regions.16;17 We did detect one VCP mutation in a FALS patient 
(p.R159H) and a SALS patient (p.I114V; Chapter 5).18 To date, only one other mutation 
(p.I151V) has been described, this mutation was present in an African American SALS 
patient.19 

In Chapter 6, we focused on UBQLN2, and showed that UBQLN2 mutations were absent 
in FALS patients of Dutch descent. Since the first description of UBQLN2 mutations as a 
cause of chromosome-X-linked ALS and ALS/dementia,20 only one p.G502_I504del has 
been reported in one French FALS patient, however, this variant did not segregate with 
the disease and was also present in one control subject.21 Hence, mutations in OPTN, 
VCP and UBQLN2 appear to be very rare causes of ALS.

We have already mentioned that C9orf72 repeat expansions are the most common cause 
of ALS in The Netherlands. In 2010, an association between another repeat expansion, 
ataxin-2 (ATXN2), and ALS was reported.22 We have investigated this repeat expansion 
in SALS patients from Belgium and The Netherlands (Chapter 7), and in this cohort, we 
detected a significant amount of intermediate repeat expansions in SALS patients as 
compared to control subjects (0.5% versus 0%).23 Furthermore, ATXN2 repeat expansions 
were also identified in 1.1% of the FALS families (1.5% of our Dutch FALS families).23 

Other cohorts have been screened for ATXN2 repeat expansions as well, and positive 
associations have been reported in Flanders-Belgian ALS patients,24 French and French-
Canadian ALS patients,25 Chinese ALS patients,26 and ALS patients from Central Europe 
and of general Caucasian ancestry.27;28 In addition, the specificity of this association 
has been investigated, and while no association was detected between ATXN2 repeat 
expansions and FTD-ALS, FTD, Parkinson’s disease (PD) or Alzheimer’s disease (AD),24;27;28 
there was an association with progressive supranuclear palsy (PSP).28

Polygenic basis

Many of the FALS families in The Netherlands demonstrate a dominant inheritance 
pattern with incomplete penetrance. We hypothesized that this might be caused by 
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a polygenic inheritance of ALS, and therefore, we studied five major ALS-associated 
genes (TARDBP, FUS/TLS, SOD1, angiogenin (ANG), and C9orf72) in a cohort of 97 FALS 
families. In five of these families (5.2%) we detected two mutations (Chapter 9), which is 
in excess of what is expected by chance (p-value 1.77 x 10-7). Subsequently, we screened 
this cohort for mutations in vesicle-associated membrane protein B (VAPB; Chapter 10). 
We detected one novel VAPB mutation in a patient that was known to harbor a C9orf72 
repeat expansion. A complete overview of all patients detected with multiple variants 
in ALS-associated genes is provided in Table 20.3.  

Mutations in these ALS-associated genes, have already been reported in patients 
with a wide range of clinical phenotypes, including (combinations of) FTD, PD, PSP, 
progressive muscular atrophy (PMA), primary lateral sclerosis (PLS), late-onset spinal 
muscular atrophy (SMA), chorea, motor- and vocal tics, sensory disorders, anarthria, and 
autonomic abnormalities.2;3;29-37;37-39;39-47 We postulate that this phenotypic heterogeneity 
could be explained by a polygenic disease model, in which individual genes raise disease 
susceptibility and/or act as disease modifiers. In this model, the combined effects of 
variants in multiple genes result in the development of a particular clinical phenotype.

Genetic studies; other neurodegenerative diseases
In PART II, we assessed the mutation frequency of ALS-associated genes in other 
neurodegenerative diseases. Chapter 11 and 12 addressed PMA; a disease that affects 
lower motor neurons and accounts for 5-10% of the adult-onset MNDs.48-50 Previously, 
clinical and pathological similarities have been reported between PMA and ALS.51-57 We 
have already shown that C9orf72 repeat expansions were present in 1.6% of the sporadic 
PMA patients (Chapter 8), and therefore, we decided to further investigate a potential 
genetic overlap between sporadic PMA and SALS. Towards this end, we screened 
apparently sporadic PMA patients for mutations in SOD1, ANG, FUS/TLS, and TARDBP. 
We detected mutations in 2.3% of the sporadic PMA patients, which was comparable 
to SALS patients (1.7%). In addition, we screened sporadic PMA patients and SALS 
patients for mutations in multivesicular body protein 2B (CHMP2B), these mutations had 
previously been identified in patients with PMA.58;59 We identified CHMP2B mutations 
in 0.38% of the sporadic PMA patients and 0.30% of the SALS patients. Taken together, 
these findings provide strong evidence for a genetic overlap between PMA and ALS, 
and suggest that PMA should probably be considered a subtype of ALS. 

In Chapter 13 and 14, we focused on PD, one of the most common neurodegenerative 
diseases. Commonalities between ALS and PD have been reported, for instance, mutations 
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in ANG have been described in both ALS and PD patients (including Dutch PD patients).40 
Moreover, TARDBP mutations have infrequently been described in PD patients,39 and 
TDP-43-positive inclusions have also been observed in ~7% of the PD cases.60 To assess 
mutation frequency of TARDBP mutations in PD patients, we screened two cohorts of PD 
patients (n = 462 and n = 429). In none of these cohorts we detected TARDBP mutations, 
which emphasizes that TARDBP mutations are uncommon in PD patients. 

“Because my father had died of ALS, I already knew that 
I could develop ALS as well , but when I was diagnosed 
with ALS in June 2011, it hurt me. Currently (several 
months later), I am in constant need of help: with 
showering, getting dressed, lacing shoes, brushing my 
hair, eating, drinking…”

After our initial identification of PON mutations in ALS patients (Chapter 2), we set out 
to investigate its mutation frequency in PD patients (Chapter 15), especially because 
of reports that showed an association between PON polymorphisms and PD.61 We did 
detect PON mutations in PD patients; however, there was no significant difference 
between PD patients and control subjects (3.2% versus 2.2%). These findings indicate 
that PON mutations do not contribute to PD pathogenesis.

Functional studies
PART III covered functional studies on the effects of ALS-associated mutations. In 
Chapter 16, we reviewed the role of ANG, elogator protein 3 (ELP3), FUS/TLS, senataxin 
(SETX), survival motor neuron (SMN) and TDP-43 in RNA processing pathways. Thereby, 
we showed that RNA processing is a common pathogenic pathway. To understand how 
alterations of this pathway can lead to ALS, we used HEK-293T cells to create a model 
for overexpression of wild-type FUS/TLS, knockdown of FUS/TLS, and two FUS/TLS 
mutations (Chapter 17). Subsequently, we performed RNA-Seq to identify differentially 
expressed genes or alternative splicing patterns. Our analysis demonstrated that FUS/
TLS mainly affected ribosomal genes and spliceosome related genes. Moreover, we 
revealed that global transcription patterns of FUS/TLS mutations were more similar 
to our overexpression model than to FUS/TLS knockdown, which indicates that these 
mutations do not contribute to ALS pathogenesis due to a loss-of-function.
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In Chapter 18, we used an ELISA to determine TDP-43 plasma levels in ALS patients and 
control subjects (n = 219 and n = 100). Our findings demonstrated a significant increase 
of plasma levels in ALS patients as compared to control subjects (p-value 0.023), and 
thereby, we showed that TDP-43 has potential as a biomarker, which could facilitate 
diagnosis of ALS and drug discovery. In the next chapter (Chapter 19), we investigated 
the hypothesis that aberrantly modified forms of SOD1 influence the disease course for 
SALS. We developed an ELISA to detect anti-SOD1 antibodies against wild-type SOD1 
and aberrantly oxidized-SOD1 (as a model for mutated SOD1) in serum of ALS patients 
and control subjects. In 5-10% of the SALS cases we detected elevated antibody levels. 
Patients with IgM antibodies against aberrantly oxidized-SOD1, showed increased 
survival (6.4 years), indicating that these antibodies were protective. On the other hand, 
patients with IgG antibodies against wild-type SOD1 demonstrated reduced survival (4.1 
years), highlighting the important role of wild-type SOD1 in reducing free radicals that 
can cause neuronal injury. Hereby, we have identified a potential immunotherapeutic 
target for ALS patients.

While ALS is a complex disease and many different genes appear to be involved in its 
pathogenesis, it is important to determine whether mutations lead to a final common 
pathway: another promising therapeutic target? 

Protein degradation

OPTN has been shown to regulate membrane trafficking, neuronal function, Golgi 
ribbon formation, exocytosis, transcription activation, and cellular morphogenesis.62-67 

It contains a motif to bind ubiquitin,68 and is involved in the removal of intracellular 
components in lysosomes (autophagy).69 OPTN-positive inclusions have been reported 
in ALS patients, and these inclusions co-localized with TDP-43 or SOD1.70 Other studies 
have confirmed the presence of OPTN in ubiquitin- and TDP-43-postitive spinal cords 
of ALS patients (without SOD1 mutations).71;72

TDP-43-positive inclusions have also been detected in patients with VCP mutations, 
both in patients with ALS and in patients with inclusion body myopathy and Paget 
disease of bone with frontotemporal dementia (IBMPFD).73-75 Interactions between 
VCP and TDP-43 have been detected as well, and VCP mutations have been shown to 
cause redistribution of TDP-43 to the cytoplasm, resulting in cytotoxicity.76 VCP plays 
an essential role in autophagy and the endoplasmic reticulum associated degradation 
(ERAD),77;78 which is necessary for the recognition of misfolded or mutated proteins for 
subsequent ubiquitination. In addition, VCP has been shown to deliver ubiquitinated 
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substrates to the proteasome and links them with ubiquitin machineries of the ubiquitin-
proteasome system (UPS).77;78 Consequently, mutations in VCP lead to non-degradable 
autophagosome accumulation, and impaired proteasome activity,79;80 which seems to 
explain the formation of TDP-43 aggregates. 

In X-linked ALS patients, inclusions have been detected that contained UBQLN2, 
ubiquitin, p62, TDP-43, FUS/TLS and OPTN.20 These UBQLN2-positive inclusions have 
also been identified in patients with SOD1 and TARDBP mutations, and in patients 
without SOD1, TARDBP and FUS/TLS mutations.20 UBQLN2 has an amino-terminal 
ubiquitin-like domain (UBL) that interacts with the proteasome, and a carboxyl-terminal 
ubiquitin-associated domain (UBA) that interacts with ubiquitin.81 These domains 
allow UBQLN2 to function as a chaperone that shuttles ubiquitinated substrates to 
the proteasome; mutations have previously been shown to impair this process.20;82 

Furthermore, UBQLN2 regulates autophagy, and disruption of autophagy could 
contribute to the formation of TDP-43-positive inclusions.83 

Thus, OPTN, VCP and UBQLN2 are all involved in the degradation of proteins. Inte-
restingly, overexpression of wild-type VAPB and mutated VAPB, lead to the aberrant 
accumulation of ubiquitin and ubiquitin-like proteins as well.84 Treatment with an endo-
plasmic reticulum (ER) stress inhibitor (salubrinal) diminished the burden of ubiquitinated 
proteins, and it was thus suggested, that ER stress and disruption of the proteasome 
function contributed to the abnormal protein homeostasis.84 Moreover, VAPB has also 
been shown to interact with unfolded protein response (UPR)-related transcription factor 
ATF6. Mutant VAPB impaired this interaction, and subsequently lead to deregulation 
of the UPR, resulting in protein accumulation.85;86

RNA foci

We have discussed two repeat expansions: in ATXN2 and in C9orf72. RNAs with repeat 
expansions form complex secondary structures that affect processing, transport and 
translation of these RNAs, and in addition, interactions with RNA-binding proteins.87 
Subsequently, these RNAs form nuclear RNA foci, which contain flawed RNA, overloaded 
with RNA-binding proteins.88 The entrapment of these proteins can disrupt many cellular 
processes, including mRNA splicing, and could result in a toxic gain-of-function.87 Repeat 
expansions are already known to cause at least 22 inherited neurological diseases.89

The intermediate ATXN2 repeat expansions identified in ALS patients are interrupted 
CAG repeats, which contain one to three CAA codons.90 These interruptions play 
an important role in conferring stability to the repeat, since interrupted repeats are 
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more stable.91 Spinocerebellar ataxia type 2 (SCA2), for instance, is caused by ≥34 
uninterrupted CAG repeats that form slippery hairpins.91;92 ATXN2 has also been shown to 
enhance TDP-43 toxicity.22 In spinal cord neurons from six ALS patients, the localization 
of ATXN2 was altered, and demonstrated cytoplasmic accumulations.22 

Pathological examination of ten brains from Dutch patients with C9orf72 repeat 
expansions, revealed TDP-43-positive inclusions in all brains.93 Other studies have also 
detected TDP-43-positive inclusions,94-98 and additionally, observed ubiquitin-positive, 
TDP-43-negative inclusions in a variety of neuroanatomical regions (e.g. cerebellar 
cortex), and p62 pathology in the cerebral cortex, hippocampus and cerebellum.95-97 

These findings highlight the common role of protein aggregation in the pathogenesis 
of ALS.

Common pathway

Previously, we have mentioned that SOD1 mutations probably affect the susceptibility 
to oxidation-induced misfolding, causing mutant specific protein interactions, and/
or altered subcellular localization, which results in the formation of aggregates and 
inclusion bodies.99-102 In addition, we have addressed the neuroprotective role of ANG,103 
the hydrolyzation of organophosphates and pesticides by PON, and how mutations in 
these genes could increase their vulnerability to stress.104;105 Finally, we have reported the 
important role of TDP-43 and FUS/TLS in RNA processing pathways, and described the 
formation of TDP-43 and FUS/TLS aggregates.106 In Figure 20.4, we propose a possible 
interaction between the eleven ALS-associated genes that have been addressed in this 
thesis, and thereby, we emphasize the complex etiology of ALS. 

“My son is nine months old now, and I have been unable 
to breastfeed him, nor can I change his diapers. My 
husband takes care of us, as if we are twins.”
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Figure 20.4 Common pathways involved in the pathogenesis of ALS. The suggested effects 
of eleven ALS-associated genes are shown. Mutations in OPTN, VCP, UBQLN2 and VAPB could 
impair protein degradation, which subsequently results in the accumulation of proteins (e.g. 
TDP-43) and aggregate formation. Repeat expansions in ATXN2 and C9orf72 probably lead 
to entrapment of flawed RNAs that attract many RNA-binding proteins (e.g. TDP-43), and 
thereby result in aggregate formation as well. SOD1 and PON mutations appear to cause 
oxidative stress; mutant SOD1 is also aggregation prone, and oxidation-induced misfolding 
most likely results in aggregate formation. Aggregation of mutant TDP-43 and FUS/TLS seems 
to disrupt the normal function of these proteins in RNA processing pathways, and additionally, 
could cause a toxic gain-of-function. ANG mutations probably raise ALS susceptibility, while 
they increase the vulnerability of neurons. To summarize, via diverse pathways these mutants 
lead to the formation of aggregates, which could be deleterious (neurotoxic) and/or impair 
cellular processes due to entrapment of proteins (loss-of-function). Eventually, this will result in 
degeneration of motor neurons, causing ALS. See Appendix page 391 for Figure 20.4 in color.

ALS 
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SuppLemenT

Supplementary Tables 

Gene Mutation Exon FALS families 
(%)

SALS 
(%)

CON 
(%)

Chapter

PON1 p.N19D 1 0/80 (0.0) 1/1,118 (0.1) 2/1,240 (0.2) 3
p.P40L 2 0/80 (0.0) 0/1,118 (0.0) 1/1,240 (0.1)
p.M127R 5 0/80 (0.0) 0/1,118 (0.0) 6/1,240 (0.5)
p.A201V 6 0/80 (0.0) 4/1,498 (0.3) 7/2,375 (0.3) 

p.F293del 8 0/80 (0.0) 1/1,118 (0.1) 0/1,240 (0.0)

PON3 p.E19X 1 0/80 (0.0) 1/1,118 (0.1) 2/1,240 (0.2) 3
p.R32X 2 1/80 (1.3) 3/1,118 (0.3) 5/1,240 (0.4)
p.D121N 4 0/80 (0.0) 0/1,118 (0.0) 1/1,240 (0.1)
p.I142V 5 0/80 (0.0) 1/1,118 (0.1) 0/1,240 (0.0)
p.T186S 6 0/80 (0.0) 0/1,118 (0.0) 1/1,240 (0.1)
p.V166M 6 0/80 (0.0) 0/1,118 (0.0) 1/1,240 (0.1)
p.L258Q 7 0/80 (0.0) 0/1,118 (0.0) 1/1,240 (0.1)
p.G324D 9 1/80 (1.3) 5/1,118 (0.4) 7/1,240 (0.6)
p.V345I 9 0/80 (0.0) 1/1,118 (0.1) 0/1,240 (0.0)
Total PON 2 (2.5) 17 (1.4) 34 (2.5)

OPTN p.G159V 6 0/80 (0.0) 1/1,191 (0.1) 1/1,415 (0.1) 4
p.Q165X 6 0/80 (0.0) 1/1,191 (0.1) 0/1,415 (0.0)
p.Q454E 13 0/80 (0.0) 1/1,191 (0.1) 0/1,415 (0.0)
Total OPTN 0 (0.0) 3 (0.3) 1 (0.1)

VCP p.I114V 4 0/80 (0.0) 1/754 (0.1) 0/695 (0.0) 5
p.R159H 5 1/80 (1.3) 0/754 (0.0) 0/713 (0.0)
Total VCP 1 (1.3) 1 (0.1) 0 (0.0)

UBQLN2 none 0/84 (0.0) 6

ATXN2 Repeat >31 1/66 (1.5) 8/1,460 (0.5) 0/1,567 (0.0) 7

C9orf72 Repeat >29 35/97 (36.1) 87/1,422 (6.1) 0/748 (0.0) 8

TARDBP p.A90V 3 1/97 (1.0) 1/1,192 (0.1) 1/1,415 (0.1) 9
p.G295C 6 1/97 (1.0) 0/1,192(0.0) 0/1,415 (0.0)
p.N352S 6 5/97 (5.2) 3/1,192(0.3) 0/1,415 (0.0)
p.I383V 6 1/97 (1.0) 1/1,192(0.1) 0/1,415 (0.0)
Total TARDBP 8 (8.2) 5 (0.4) 1 (0.1)

Supplementary Table 20.1 Variants reported in this thesis

Supplementary Table 20.1 continues on next page
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Gene Mutation Exon FALS families 
(%)

SALS 
(%)

CON 
(%)

Chapter

FUS/TLS p.S115N 5 0/97 (0.0) 1/1,192 (0.1) 0/970 (0.0) 9
p.Q210H 6 1/97 (1.0) 0/1,192 (0.0) 1/970 (0.1)
p.R487C 14 0/97 (0.0) 1/1,192 (0.1) 0/970 (0.0)
p.R495X 14 0/97 (0.0) 1/1,192 (0.1) 0/970 (0.0)
p.R521H 15 1/97 (1.0) 0/1,192 (0.0) 0/970 (0.0)
p.R521C 15 4/97 (4.1) 0/1,192 (0.0) 0/970 (0.0)
Total FUS/TLS 6 (6.2) 3 (0.3) 1 (0.1)

SOD1 p.D90A 4 1/97 (1.0) 1/451 (0.2) 3/1,894 (0.2) 9
p.I113T 4 0/97 (0.0) 0/451 (1.0) 0/1,894 (0.0)
p.I99V 4 0/97 (0.0) 1/451 (0.2) 0/1,894 (0.0)
Total SOD1 1 (1.0) 2 (0.4) 3 (0.2)

ANG p.G(-10)D 2 0/97  (0.0) 1/941 (0.1) 0/1,582 (0.0) 9
p.K17I 2 2/97  (2.1) 3/941 (0.3) 2/1,582 (0.1)
p.T80S 2 0/97 (0.0) 1/941 (0.1) 0/1,582 (0.0)
p.F100I 2 0/97 (0.0) 1/941 (0.1) 0/1,582 (0.0)
Total ANG 2 (2.1) 6 (0.6) 2 (0.1)

VAPB p.A104T 3 0/97 (0.0) 0/755 (0.0) 1/765 (0.1) 10
p.D130E 4 0/97 (0.0) 1/755 (0.1) 0/765 (0.0)
p.S158N 5 1/97 (1.0) 0/755 (0.0) 1/765 (0.1)
p.S160del 5 1/97 (1.0) 5/755 (0.7) 4/765 (0.5)
p.M170I 5 0/97 (0.0) 5/755 (0.7) 5/765 (0.7)
p.V234I 6 1/97 (1.0) 0/755 (0.0) 0/765 (0.0)
Total VAPB 3 (3.1) 11 (1.5) 11 (1.4)

CHMP2B p.R22Q 2 0/80 (0.0) 1/1,002 0/750 11
p.N54T 3 0/80 (0.0) 1/1,002 0/750
p.R69Q 3 0/80 (0.0) 0/1,002 0/750
p.T83I 3 0/80 (0.0) 1/1,002 0/750
p.S194L 6 0/80 (0.0) 0/1,002 0/750
Total CHMP2B 0 (0.0) 3 (0.3) 1 (0.1)

Combined Total (%) 52 (54.7) 146 (12.0) 54 (4.6)

Abbreviations: FALS = familial amyotrophic lateral sclerosis, SALS = sporadic amyotrophic lateral sclerosis, and CON 
= control subject. Variants in genes discussed in this thesis accounted for 54.7% of the FALS families, 12.0% of the 
SALS patients, and 4.6% of the control subjects. a Families with variants in multiple genes were detected, therefore, 
variants were identified in 54.7% of the families, instead of 62.0%. A summary is provided in Table 20.1. Clinical 
characteristics of identified FALS patients are shown in Supplementary Table 20.2.

Supplementary Table 20.1 Continued 
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“Ik merk dat u een peroratie verwacht, maar 
als u denkt dat ik me nog iets herinner van wat 
ik gezegd heb, van heel die woordenbrij die ik 
eruit heb gegooid, bent u wel erg dwaas.” 

Desiderius Erasmus, Lof der Zotheid.
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Amyotrofische laterale sclerose (ALS) is een zeer ernstige aandoening, die resulteert in 
progressieve spierzwakte van de ledematen, het gelaat en de romp. Over het algemeen 
overlijden ALS-patiënten binnen vijf jaar door problemen met de ademhaling. Er is 
slechts een medicijn, riluzole, dat de overleving met enkele maanden kan verlengen.

“Mijn naam is N., toen ik 18 jaar was kreeg ik te horen 
dat bij mijn vader de diagnose ALS gesteld was. Ik was op 
die dag bij een vriend en moest van mijn moeder direct 
naar huis komen , eenmaal thuis gekomen kreeg ik van 
mijn vader te horen dat hij de ziekte ALS heeft en dat 
de artsen verteld hadden dat hij minder dan vijf jaar 
te leven had. Vooral die laatste woorden kwamen hard 
aan en ik werd ontzettend boos: ik begon te schreeuwen 
en heb tegen een aantal meubels in huis aangeschopt. 
Mijn sterke hardwerkende vader ALS, binnen vijf jaar 
zou hij zijn overleden? Ik kon het niet geloven . Net als 
veel mensen nu, had ik toen ook nog niet eerder van 
ALS gehoord. Ik ben direct op het internet gaan zoeken 
en kwam de meest vreselijke verhalen tegen . Ik werd 
er ontzettend verdrietig van en kon niet bevatten dat 
mijn vader deze ziekte ineens had gekregen .” 

“Inmiddels zijn we zeven jaar verder en we mogen van 
geluk spreken: mijn vader is nog steeds bij ons. De ziekte 
verliep bij hem gelukkig minder snel dan bij de meeste 
ALS-patiënten . Wel zijn stukje voor stukje veel functies 
uitgevallen . Het begon met zijn armen en vervolgens 
kwamen zijn benen aan de beurt. Op dit moment zit hij 
in een rolstoel , al probeert hij in huis nog wel te lopen 
met behulp van een rollator. Dit gaat heel langzaam, 
het is echter goed te zien dat hij hier nog kracht voor 
heeft. Het is voor mij heel moeilijk dat mijn vader, die 
vroeger hard werkte en zowel geestelijk als lichamelijk 
heel sterk was, zo achteruit gaat. Dit doet me erg veel 
pijn .”
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ALS wordt veroorzaakt door een ingewikkeld samenspel van erfelijke factoren en 
invloeden uit de omgeving, waardoor motorische neuronen afsterven. In vijf tot 
tien procent van de gevallen komen er meerdere ALS-patiënten in de familie voor 
(familiaire ALS); in dit proefschrift hebben we ons toegelegd op deze familiaire vorm. 
We bestudeerden het erfelijk materiaal (DNA) van patiënten en brachten daarmee 
bepaalde gebieden (genen) in kaart.

“Ongeveer twee jaar geleden kreeg mijn tante problemen 
met haar hand. Ze kon bijvoorbeeld het bestek niet goed 
meer vastpakken . Mijn tante hoopte zo dat het niet door 
ALS kwam, maar helaas kreeg zij binnen een half jaar 
dezelfde diagnose als mijn vader. Dit was wederom een 
harde klap voor mij, nu was immers duidelijk dat ALS 
erfelijk was binnen onze familie, en dit werd nog eens 
bevestigd doordat een genetische afwijking aangetoond 
kon worden bij zowel mijn vader als bij mijn tante.”

Deel I Genetische onderzoeken; ALS

Een kleine twintig jaar geleden werd het eerste kandidaat gen voor ALS beschreven: 
superoxide dismutase-1 (SOD1). Sinds deze veelbelovende ontdekking zijn vele andere 
genen in verband gebracht met ALS. In het eerste deel van dit proefschrift behandelden 
we elf kandidaat genen.

In Hoofdstuk 2 en 3 bespraken we paraoxonase (PON), dat betrokken is bij de verwerking 
van giftige stoffen. Nadat gebleken was dat veteranen uit de Golf Oorlog een verhoogde 
kans hadden op ALS, werden veelvoorkomende variaties (polymorfismen) in PON 
nauwkeurig onderzocht. Hoewel enkele studies daadwerkelijk een verband aan konden 
tonen, werd dit niet bevestigd door een groot internationaal onderzoek. Wij bepaalden 
daarom of zeldzamere variaties (mutaties) een belangrijkere bijdrage leverden. In 
Hoofdstuk 2 beschreven we de ontdekking van deze mutaties in ALS-patiënten; het 
daaropvolgende hoofdstuk (Hoofdstuk 3) werd besteed aan PON variaties in Nederland. 
We lieten zien dat PON mutaties aanwezig waren in 1,5% van de Nederlandse ALS-
patiënten en 2,5% van controle personen, waaruit voortvloeide dat deze mutaties in 
Nederland niet geassocieerd zijn met ALS.
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Hierna schreven we over drie recent ontdekte genen: optineurine (OPTN), ‘valosin-
containing protein’ (VCP) en ubiquiline-2 (UBQLN2). OPTN mutaties werden in 2010 voor 
het eerst beschreven bij ALS-patiënten. Deze mutaties werden opgespoord door Japanse 
patiënten met verwante (consanguine) ouders te vergelijken, waardoor specifiek gezocht 
kon worden naar variaties die van beide ouders afkomstig waren (homozygote mutaties). 
Wij bestudeerden OPTN mutaties in een grote groep Nederlandse ALS-patiënten en 
rapporteerden twee nieuwe mutaties in patiënten zonder een duidelijke familiaire 
component (sporadische ALS; Hoofdstuk 4). In het volgende hoofdstuk (Hoofdstuk 
5) stond VCP centraal. VCP mutaties werden in ALS-patiënten aangetoond met een 
nieuwe techniek, ‘whole-exome sequencing’, waarmee alle coderende gedeeltes van 
het DNA onderzocht konden worden. Wij troffen VCP mutaties aan in een familiaire- 
en een sporadische ALS-patiënt uit Nederland. Vervolgens gingen we in op UBQLN2 
mutaties. Deze mutaties in het X-chromosoom kwamen aan het licht in een ALS-familie 
waarin geen overdracht van vader op zoon plaatsvond. In Hoofdstuk 6 screenden wij 
Nederlandse ALS-patiënten op UBQLN2 mutaties en lieten zien dat deze afwezig waren. 
Bovenstaande hoofdstukken onderschreven dan ook de lage frequentie van mutaties 
in OPTN, VCP en UBQLN2.

Zowel in Hoofdstuk 7 als 8, bespraken we genen waarvoor herhalingen van een stuk 
DNA kenmerkend zijn: ataxine-2 (ATXN2) en ‘chromosome 9 open reading frame 72’ 
(C9orf72). Bij ATXN2 betreft het een verlenging van een reeks glutamines (CAG). Gezonde 
personen hebben meestal 22 glutamines; ALS-patiënten lijken vaker een hoger aantal 
glutamines te hebben. In Hoofdstuk 7 bestudeerden wij deze aantallen in ALS-patiënten 
uit Nederland en België. Ons onderzoek liet inderdaad een associatie zien tussen ALS en 
een verhoogd aantal glutamines, zo kwamen we bij 1,1% van de familiaire ALS-patiënten 
verhoogde aantallen tegen. Hierna bekeken we herhalingen in C9orf72, deze herhalingen 
bevinden zich in een deel van het DNA dat niet codeert voor eiwitten en wel dertig tot 
honderden GGGGCC’s kan beslaan. Wij bepaalden deze herhalingen in Nederlandse 
ALS-patiënten (Hoofdstuk 9). In meer dan 35% van de ALS-families vonden we een 
verhoogd aantal GGGGCC’s, waarmee C9orf72 in Nederland de belangrijkste oorzaak 
van ALS op zijn conto mag schrijven.

In Hoofdstuk 9 lag de nadruk op de complexe pathogenese van ALS. Omdat wij in veel 
van onze stambomen familieleden aantroffen zonder klachten maar met genetische 
afwijkingen, vermoedden we een combinatie van genetische factoren. Het zou 
bijvoorbeeld kunnen dat een specifieke mutatie alleen ALS veroorzaakt wanneer deze 
samengaat met een andere mutatie. Indien deze hypothese correct is, kan dit verklaren 
waarom familieleden met slechts één bepaalde mutatie geen ALS ontwikkelen, terwijl 
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hun familieleden met meerdere mutaties dit wel doen. Bovendien volgt uit deze 
combinatie van mutaties waarom er zo veel verschillen worden waargenomen in de 
klachten en het ziekteverloop van patiënten. We besloten hierom 97 ALS-families te 
screenen op het gelijktijdig voorkomen van mutaties in de voornaamste ALS-genen: ‘TAR 
DNA-binding protein’ (TARDBP), ‘fused in sarcoma / translated in liposarcoma’ (FUS/
TLS), SOD1, angiogenine (ANG), en C9orf72. In vijf families vonden we meerdere mutaties 
(5,2%), wat significant meer is dan op basis van kans verwacht mag worden (p-waarde 
1,77 x 10-7), waarmee onze hypothese bevestigd werd. In Hoofdstuk 10 probeerden we 
meer bewijs te leveren voor onze hypothese en screenden we dezelfde groep patiënten 
ook op zeldzamere mutaties in ‘vesicle-associated membrane protein B’ (VAPB). We 
ontdekten een nieuwe VAPB mutatie, die bovendien aanwezig was in een patiënt met 
een verhoogd aantal herhalingen in C9orf72. Onze bevindingen ondersteunden daarmee 
de polygenetische hypothese.

Bovenstaande hoofdstukken beschreven elf genen, die verantwoordelijk bleken te zijn 
voor meer dan de helft van de ALS-families in Nederland (Figuur S.1). In Hoofdstuk 20 
werden de klinische kenmerken van geïdentificeerde patiënten gedemonstreerd. We 
vergeleken patiënten met mutaties in C9orf72, TARDBP en FUS/TLS, met de overige 
familiaire ALS-patiënten. Hieruit kwam naar voren dat patiënten met FUS/TLS mutaties 
eerder klachten ontwikkelden en tevens een kortere levensduur vertoonden. Ook lieten 
we zien dat dementie vaker aangetroffen werd in families met een verhoogd aantal 
GGGGCC’s in C9orf72.

Figuur S.1 Verdeling van de aangetoonde variaties in familiaire ALS-patiënten, sporadische 
ALS-patiënten en controle subjecten. Zie de Appendix pagina 392 voor Figuur S.1 in kleur.
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“Enige tijd later vond het eerste gesprek met de klinisch 
geneticus plaats. Zij heeft uitgelegd wat ALS is en in 
hoeverre dit erfelijk is. Aan het einde van het gesprek 
werd gevraagd of we wilden laten onderzoeken of wij 
diezelfde genetische afwijking hadden . Ik ben bij mijn 
standpunt gebleven en wilde echt weten of ik het gen 
had. Tussen het bloedprikken en de uitslag zat bijna 
drie maanden . “Wat nou als...” ging meerdere malen 
door mijn hoofd heen . Deze gedachte probeerde ik weer 
snel opzij te zetten , zodat ik me niet gek zou maken . Op 
de dag zelf werd mijn gevoel direct bevestigd: de klinisch 
geneticus vertelde dat ze niet zulk goed nieuws had en 
dat hetzelfde afwijkende gen bij mij aangetroffen was.”

Deel II Genetische onderzoeken; andere neurodegeneratieve aandoeningen

In het volgende deel van dit proefschrift onderzochten we genetische overeenkom-
sten tussen ALS en andere neurodegeneratieve aandoeningen. Hoofdstuk 11 en 12 
werden gewijd aan sporadische progressieve spinale musculaire atrofie (PSMA). Deze 
aandoening wordt gekenmerkt door een toenemend verlies van perifere motorische 
neuronen en gaat gepaard met een betere prognose dan ALS. In Hoofdstuk 8 hadden 
wij reeds laten zien dat een verhoogd aantal GGGGCC’s in C9orf72 ook aanwezig kan zijn 
bij PSMA-patiënten. Om de genetische overlap nader te bepalen, onderzochten we de 
frequentie van mutaties in SOD1, ANG, FUS/TLS en TARDBP in sporadische PSMA- en 
ALS-patiënten (2,3% versus 1,7%). Hiernaast screenden we deze groepen op mutaties 
in ‘multivesicular body protein 2B’ (CHMP2B), welke voorheen beschreven werden in 
patiënten met PSMA. We vonden CHMP2B mutaties in 0,38% van de PSMA-patiënten 
en 0,30% van de ALS-patiënten. Ons onderzoek toonde hiermee een aanzienlijke 
genetische overeenkomst aan tussen PSMA en ALS.

Hoofdstuk 13, 14 en 15 stonden voornamelijk stil bij het optreden van mutaties 
in TARDBP en PON bij patiënten met de ziekte van Parkinson, een van de meest 
voorkomende neurodegeneratieve aandoeningen. Eerder onderzoek had TARDBP 
mutaties reeds aangetoond in een klein aantal van deze patiënten, en tevens waren 
associaties met PON polymorfismen beschreven. Wij konden in Nederland echter geen 
aanwijzingen vinden voor een verband tussen deze genen en de ziekte van Parkinson.
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“Ik had zojuist te horen gekregen dat ik een hogere kans 
heb op ALS. ‘s Avonds hebben mijn vriend en ik er voor 
het eerst samen over gesproken , deze uitslag betekent 
namelijk ook dat onze kinderen later 50% kans hebben 
het gen te erven . Dit is een behoorlijk percentage: wat 
nu? Onze kinderwens is groot maar we willen niet dat 
onze kinderen dit gen erven .”

Deel III Functionele onderzoeken

In het laatste deel van dit proefschrift lag de nadruk op de functionele gevolgen van 
de besproken mutaties. In Hoofdstuk 16 gaven we een overzicht van zes ALS-genen 
en beschreven we hun ontdekking, functies en overeenkomsten. Hieruit kwam hun 
essentiële rol in de verwerking van RNA prominent naar voren. Hoofdstuk 17 bracht 
de normale functie en aangrijpingspunten van FUS/TLS verder in kaart. We maakten 
hiervoor gebruik van een celkweekmodel en RNA-Seq, een innovatieve nieuwe techniek. 
Zodoende konden we aantonen dat FUS/TLS voornamelijk invloed heeft op genen die 
betrokken zijn bij de opbouw van eiwitten (ribosomale genen) en bij het splitsen van 
RNA (RNA ‘splicing’).

In Hoofdstuk 17 en 18 maakten we gebruik van ‘Enzyme-Linked Immuno Sorbent Assays’ 
(ELISA’s). Hiermee bepaalden we de plasma spiegels van het eiwit dat gecodeerd wordt 
door TARDBP: TDP-43 (Hoofdstuk 17). ALS-patiënten bleken significant hogere TDP-43 
spiegels te vertonen dan controle personen, wat aangeeft dat deze spiegels mogelijk 
gebruikt kunnen worden om het stellen van de diagnose en het ontwikkelen van nieuwe 
medicijnen te vergemakkelijken. In het volgende hoofdstuk, Hoofdstuk 19, gingen we 
terug naar de bron: SOD1. We ontwikkelden een ELISA om antistoffen tegen SOD1 te 
detecteren, zowel tegen de normale vorm van SOD1 als tegen de veranderde vorm, als 
model voor gemuteerd SOD1. In vijf tot tien procent van de sporadische ALS-patiënten, 
konden we verhoogde spiegels aantonen. Bovendien zagen we dat patiënten met IgM 
antistoffen tegen veranderd SOD1 een verlengde levensduur hadden, wat onderschrijft 
dat deze antistoffen een beschermend effect lijken te hebben. Aan de andere kant 
vertoonden patiënten met IgG antistoffen tegen de normale vorm van SOD1 een verkorte 
levensduur, hetgeen mogelijk verklaard kan worden doordat ze de anti-oxidatieve functie 
van SOD1 beperken en daarmee neurologische schade berokkenen. Ons onderzoek 
schetst hiermee een nieuw immunotherapeutisch aangrijpingspunt voor ALS.
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“Ik zou andere mensen (in een soortgelijke situatie) 
aanraden zich ook te laten testen . Hiermee draag je 
niet alleen bij aan de wetenschap, je kunt voor jezelf 
ook verstandige keuzes maken; al begrijp ik natuurlijk 
dat een negatieve uitslag je leven ook op zijn kop kan 
zetten .”

Ten slotte, hebben we in Hoofdstuk 20 onze bevindingen samengevat en bediscussieerd. 
We hebben daarmee de Nederlandse ALS-populatie kunnen karakteriseren en tevens een 
uitvoerig overzicht geboden van de genetische afwijkingen die kunnen leiden tot ALS. 
Verder hebben we getracht verlichting te verschaffen door verbanden aan te dragen. Zo 
beschreven we hoe mutaties in OPTN, VCP, UBQLN2 en VAPB de afbraak van eiwitten 
verstoren, waardoor eiwitten zich ophopen. Ook verwoordden we hoe herhalingen 
in ATXN2 en C9orf72 kunnen zorgen voor een samenklontering van misvormd RNA 
dat allerlei RNA-bindende eiwitten aantrekt. Eveneens gaven we aan hoe mutaties 
in SOD1 en PON oxidatieve stress veroorzaken, en dat SOD1 ook gevoelig is voor 
samenklontering. Daarnaast schreven we hoe TDP-43 en FUS/TLS aangetoond kunnen 
worden in een behoorlijk percentage van deze ophopingen, en hoe gemuteerde vormen 
van deze eiwitten de verwerking van RNA ontwrichten. ANG, op zijn beurt, lijkt met 
name de kwetsbaarheid van neuronen te vergroten, waardoor ze gevoeliger zijn voor 
ALS. Dit zeer complexe samenspel zorgt voor een cruciale samenklontering van eiwitten, 
waardoor fundamentele cellulaire processen verstoord raken. Uiteindelijk resulteert dit 
in het afsterven van motorische neuronen en dientengevolge in het ontstaan van ALS.

“ALS speelt een grote rol in mijn leven . Ik probeer zelf 
onder andere via de sociale media meer bekendheid 
aan ALS te geven . Er is namelijk hard geld nodig voor 
onderzoek en voor de ontwikkeling van een (eventueel 
genezend) medicijn . Ik hoop op een dag te horen dat 
er een medicijn is uitgevonden tegen ALS, en hoop van 
harte dat mijn vader en tante deze dag mee mogen 
maken .”



365

*



“Leef honderd jaar en lach in uw vuistje, 
niet alleen om alle artsen, maar ook 
om de rest van de wereld.” 

Voltaire en de Republiek.
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ALS. Dankzij hun hulp hebben we een grote sprong kunnen maken, waardoor we vele 
oorzaken op hebben kunnen sporen. In het bijzonder erken ik de bijdrage van de twee 
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Voorts zou ik het belangrijke speurwerk van Eric en Dennis willen benadrukken, net als 
de goede genetische voorlichting van dr. Eva Brilstra. Tevens zou ik prof.dr. Marianne 
de Visser, dr. Anneke van der Kooi, dr. Jurgen Schelhaas, dr. Bart van de Warrenburg en 
dr. Dagmar Verbaan willen danken voor hun kritische revisie van mijn manuscripten en/
of het delen van hun materiaal en hun klinische informatie. Insgelijks ben ik de leden 
van mijn beoordelingscommissie dankbaar voor het vellen van hun deskundige oordeel 
over deze, toch enigszins excessieve, bundel. 

Dit proefschrift was niet tot stand gekomen zonder een uitlaatklep in de vorm van 
atletiek. Ik wil Fred daarom uiterst danken voor zijn vertrouwen, zijn geduld, en zijn 
geweldige trainingen en schema’s. Tevens wil ik mijn waardering uitspreken voor de 
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hen waren bovendien die honderden kilometers in de week en die verrassende marathon 
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Tot slot, zou ik al mijn familieleden, vrienden, collega’s en deelnemers (nogmaals) willen 
bedanken en wens ik hen allen een leven toe zoals Voltaire dat prachtig wist te vangen.



“There is no more fruitful exercise than 
attempting to know ourselves. I believe that 
we would have been able to find many very 
reliable rules, both for curing illness and for 
preventing it, if only we had spent enough 
effort on getting to know the 
nature of our body.” 

The Philosophical Writings of Descartes.
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Figure 2.1  Evolutionary conservation of PON mutations in familial and sporadic amyotrophic 
lateral sclerosis. This illustrates the evolutionary conservation of the amino acids implicated by 
the eight identified mutations. For each, the mutated amino acid (or nucleotide for the splicing 
mutation) is shown in red. Chromatograms displaying the mutation are shown below. The 
position indicates the base pair position within the cDNA. All mutations were heterozygous 
except for the homozygous p.C42Y PON2 mutation. Each mutation was confirmed by bi-
directional sequencing and 5′ nuclease assay genotyping.

 

Supplementary Figure 2.1 Evolutionary conservation of PON1 variants found in ALS and 
controls. This illustrates the evolutionary conservation of the amino acids implicated by the 
three variants identified in both cases and controls. For each, the variant residue is shown in red.
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Supplementary Figure 3.1 Evolutionary conservation of PON mutations unique for ALS 
patients. Conservation of nucleotides across species was generated using ClustalW2 online 
tool, http://www.ebi.ac.uk/Tools/msa/clustalw2/.
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Figure 4.1 OPTN mutations and conservation. Conservation of amino acid residues across 
species was generated using ClustalW2 online tool, http://www.ebi.ac.uk/Tools/msa/clustalw2/.

p.G159V  p.Q165X  p.Q454E 

Figure 1. OPTN mutations and conservation  

 

   
 
Human             K A D L L G I V S E L Q L K L N S  E  M K Q T I A K  Q E E  D L E T M  T 
Rhesus            K A D L L G I V S E L Q L K L N S  E  M K Q T I A K  Q E E  D L E T M  T 
Mouse             K A D L L G I V S E L Q L K L N S  E  M K Q T L A K  Q E E  D L E T M  A 
Rat                K A D L L G I V S E L Q L K L N S  E  M K Q T I A K  Q E E  D L E T M  A 
Cow               K A D L L G I V S E L Q L K L N S  G M K Q T I A K   Q E K  D L E T M  A 
Opossum           K A D L L G I V S E L Q L K L N S  E  M K Q T I A K  Q E E  D L E T M  S 
Lizard            K A D L V A I I  S E L Q L K L N  ‐  E  M K Q T I A K  Q E E  E L E T V   A 
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Figure 5.1  A. Chromatograms of wild-type and mutant alleles found in one FALS (p.R159H) 
and one SALS (p.I144V) patient. B. Conservation analysis of the mutated amino acids amongst 
several species using ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/).

Figure 7.1  Expanded CAG repeats in ATXN2 in sporadic ALS. A) Distribution of CAG repeat 
sizes of the allele with the longest repeat in ALS patients and controls. B) Meta-analysis of the 
effect of CAG repeat sizes in ALS, a repeat size of 29 or higher was used as cut-off for analysis. 
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Figure 8.1 Survival for C9orf72 repeat genotype.
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Supplementary Figure 8.1 Haplotype blocks.
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Supplementary Figure 10.1 Evolutionary conservation and predicted protein structure. A) 
The identified p.V234I mutation in VAPB. B) Conservation of amino acids across species was 
generated using ClustalW2 online tool, http://www.ebi.ac.uk/Tools/msa/clustalw2/. B) PSIPRED 
Protein Structure Prediction Server was used to predict the effects of the p.V234I mutation on 
the protein structure, http://bioinf.cs.ucl.ac.uk/psipred/. This mutation appears to cause a small 
elongation of the first α-helix and a small shortening of the second α-helix, as shown above.

4 
 

A 

C 

B

Supplementary Figure 1. Evolutionary conservation and predicted protein structure 

 

 

             

 

                 Wild type                       p.V234I       

 

Supplementary Figure 1. Evolutionary conservation and predicted protein structure. A) The  identified p.V234I mutation  in 

VAPB.  B)  Conservation  of  amino  acids  across  species  was  generated  using  ClustalW2  online  tool, 

http://www.ebi.ac.uk/Tools/msa/clustalw2/. B) PSIPRED Protein Structure Prediction Server was used to predict the effects 

of the p.V234I mutation on the protein structure, http://bioinf.cs.ucl.ac.uk/psipred/. This mutation appears to cause a small 

elongation of the first α‐helix and a small shortening of the second α‐helix, as shown above.  
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Supplementary Figure 11.1 CHMP2B mutations and conservation. Conservation of amino-
acid residues across species was generated using ClustalW2 online tool, http://www.ebi.ac.uk/
Tools/msa/clustalw2/.

 p.R22Q  p.N54T  p.T83I   p.R69Q 
 
 
      
 
 
 
 
 
 
 
 
 
 

  
 
Human              V I K E Q N R  E L R G T Q         K M A K I G N K E A C K V         K Q L V H L R  K Q K T R T        A V S S K V T  S M S T Q T 
Chimpanzee     V I K E Q N R  E L R G T Q         K M A K I G N K E A C K V         K Q L V H L R  K Q K T R T        A V S S K V T  S M S T Q T 
Mouse               V I K E Q N R  E L R G T Q         K M A K I G N K E A C R V         K Q L V H L R  K Q K T R T        A V S S K V T  S M S T Q T 
Cow                    V I K E Q N R  E L R G T Q         K M A K I G N K E A C R V         K Q L V H L R  K Q K T R T        A V S S K V T  S M S T Q T 
Opossum           V I K E Q N R  E L R G T Q         K M A K I G N K E A C R V         K Q L V Q L R  K Q K T R T        A V S S K V T  S M S T Q T 
Zebrafish            I  I K E Q  S K  E L R G T Q        K  M A K T G N R E A C K I          K Q L V Q L R  K Q K N R T       A V S S K V T  S M S T Q T 
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Figure 15.1  Evolutionary conservation of PON mutations unique for PD patients. Conservation 
of nucleotides across species was generated using ClustalW2 online tool, http://www.ebi.ac.uk/
Tools/msa/clustalw2/. 

Figure 1. Evolutionary conservation of PON mutations unique for PD patients 
 

                        p.R32X 

 

                p.G51S 

 

        p.G18A 

 

           p.C42F 

 

Conservation of nucleotides across species was generated using ClustalW2 online tool, 
http://www.ebi.ac.uk/Tools/msa/clustalw2/. 
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Figure 16.1 ALS-related genes in the RNA processing pathway.
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Supplementary Figure 17.1 MA plots per condition comparison. MA plots per comparison 
where  M=log(rpkmcondition) – log(rpkmvector) and A= 0.5*(log(rpkmcondition)+log(rpkmvector)).
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Supplementary Figure 17.3 FUS/TLS protein levels measured by Western blot. We performed 
quantitative Western blot analysis and demonstrated siRNA caused a decrease in the FUS/TLS 
expression, whereas transfections with wild type FUS/TLS and the two mutants caused an 
increase in the FUS/TLS expression. Antibodies against FUS/TLS and the V5-tag were used 
(Materials and methods).

Figure 20.1 Survival of FALS patients. Patients with C9orf72, TARDBP and FUS/TLS mutations, 
were compared to patients with other mutations. A Cox proportional hazards model was used, 
which corrected for gender, age at onset and site of onset (R v2.10 software [www.r-project.
org]). The survival of patient with FUS/TLS mutations was significantly reduced (p-value 0.001, 
hazard ratio 6.5 [confidence interval [CI] 2.1-20.3]).
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Figure 20.3 Pie chart with frequencies of non-synonymous mutations (%). For FALS (A), SALS 
(B) and control subjects (C), the distribution of mutations in ALS-associated genes is shown. 
We refer to Table 20.1 and Supplementary Table 20.1 for more detailed information.
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Figure 20.4 Common pathways involved in the pathogenesis of ALS. The suggested effects 
of eleven ALS-associated genes are shown. Mutations in OPTN, VCP, UBQLN2 and VAPB could 
impair protein degradation, which subsequently results in the accumulation of proteins (e.g. 
TDP-43) and aggregate formation. Repeat expansions in ATXN2 and C9orf72 probably lead 
to entrapment of flawed RNAs that attract many RNA-binding proteins (e.g. TDP-43), and 
thereby result in aggregate formation as well. SOD1 and PON mutations appear to cause 
oxidative stress; mutant SOD1 is also aggregation prone, and oxidation-induced misfolding 
most likely results in aggregate formation. Aggregation of mutant TDP-43 and FUS/TLS seems 
to disrupt the normal function of these proteins in RNA processing pathways, and additionally, 
could cause a toxic gain-of-function. ANG mutations probably raise ALS susceptibility, while 
they increase the vulnerability of neurons. To summarize, via diverse pathways these mutants 
lead to the formation of aggregates, which could be deleterious (neurotoxic) and/or impair 
cellular processes due to entrapment of proteins (loss-of-function). Eventually, this will result 
in degeneration of motor neurons, causing ALS.
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Figure S.1 Verdeling van de aangetoonde variaties in familiaire ALS-patiënten, sporadische 
ALS-patiënten en controle subjecten.


