VCP mutations are not a major cause of Familial Amyotrophic Lateral Sclerosis in the UK
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Abstract
Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease causing loss of motor neurons in the spinal cord, brain stem and cerebral cortex. Mutations in the Valosin containg protein (VCP) gene have recently been identified in Familial ALS (FALS) patients, accounting for ~ 1% of all FALS cases. In order to study the frequency of VCP mutations in UK FALS patients, we have screened the exons known to harbour mutations together with 3’ and 5’ UTR sequences. No coding changes were identified in this UK cohort and no common polymorphisms were associated with FALS. However, we identified an imperfect hexanucleotide expansion (8 repeats), c.-221_-220insCTGCCACTGCCACTGCCG, in the 5’UTR of a FALS case and a 7-repeat hexanucleotide repeat in a Sporadic ALS case (SALS) that were not present in 219 UK controls. Subsequent screening of sequence data from 1844 controls (1000 genomes Phase 3) revealed the presence of the 7-repeat (0.3%) and a single individual with an 8-repeat containing a homogeneous insert [CTGCCG]3 but no individuals with the heterogeneous insert found in FALS ([CTGCCA]2[CTGCCG]). Two novel single base pair substitutions, c.-360G>C and c.2421+94C>T, were found in FALS cases in the 5’ and 3’ UTRs respectively. The hexanucleotide expansion and c.-360G>C were predicted to be pathogenic and were found in FALS cases harbouring C9orf72 expansions. The SALS case with a 7 repeat lacked a C9orf72 expansion. We conclude that VCP mutations are not a major cause of FALS in the UK population although novel rare variations in the 5’ UTR of the VCP gene may be pathogenic.  
















1. Introduction

Amyotrophic lateral sclerosis (ALS) is a lethal neurodegenerative disease characterised by the presence of both upper and lower motor neuron symptoms. Mutations in at least 18 genes have been identified in Familial ALS (FALS) cases, providing important information about the cellular pathways that are disturbed in disease. Many of these identified pathogenic mutations are located in genes that play a major part in protein quality control (e.g. SQSTM1, VAPB and VCP) and others encode RNA binding proteins (e.g. TARDBP and FUS) that are major constituents of  the ubiquitinated protein inclusions, characteristic of ALS and tau-negative cases of fronto-temporal lobar degeneration (FTLD) [1]. 
Valosin containing protein (VCP) mutations were first identified in ALS pedigrees by Johnson et al [2] using exome sequencing but were already known to be a cause of an autosomal dominant form of Inclusion body myopathy with Paget’s disease of bone and fronto-temporal dementia (IBMPFD), also characterised by TDP-43 inclusions [3] as seen in ALS cases with VCP mutations [2]. In fact, a family history of cognitive impairment, dementia, myopathy or Paget’s disease of bone (PDB) is not uncommon in ALS and coexistence of FALS and PDB has been reported in pedigrees with p62/SQSTM1 mutations [4]. Importantly, VCPR155H/+ knock-in mice develop slow-progressive motor neuron degeneration and extensive TDP-43 pathology [5]. 
VCP is a ubiquitously expressed protein involved in a variety of cellular activities but the most well established roles lie in the translocation of misfolded proteins from the endoplasmic reticulum (ER) during ER-associated protein degradation (ERAD) and their subsequent degradation by the proteasome and through autophagy. VCP mutations induce ER stress and the unfolded protein response (UPR) [6], impair ERAD function causing accumulation of misfolded proteins in the ER [7], decrease proteasomal activity and impair autophagy [8]. VCP mutations have also been shown to cause mitochondrial dysfunction and impaired ATP production [9]. Most recently, the essential role of VCP in autophagy has been linked to the removal of stress granules (SGs), which are formed in cellular stress and accumulate RNA binding proteins such as TDP-43 and FUS. Indeed the accumulation of cytoplasmic inclusions containing stress granule constituents is widespread in ALS, FTLD and other neurodegenerative conditions. Furthermore, overexpression of ALS-associated mutations in VCP, e.g. R155H, leads to the formation of SG-like structures containing the SG markers, eIF3, TDP-43 and VCP, suggesting a common effect of mutations in TARDBP, FUS and VCP to promote SG formation, that may contribute to ALS pathogenesis [10].
In order to further investigate the prevalence of VCP mutations and potentially identify ALS multigenerational pedigrees in which VCP mutations segregate with disease, we screened a UK cohort of FALS cases for mutations/ DNA variants in VCP. Although no mutations were identified in coding regions, we report an unusual 5’UTR hexanucleotide expansion. In addition, a novel single nucleotide substitution, c.-360G>C, was also identified in the 5’UTR. Both of these DNA variants were predicted to be pathogenic. 

2. Materials and methods

2.1 Sample collection and DNA extraction

A cohort of 102 FALS index cases and 90 SALS cases were obtained with consent (Imperial College NHS Healthcare Trust). The FALS cohort lacked mutations in SOD1, TARDBP, FUS, VAPB and DAO. The diagnosis of ALS was made according to revised El Escorial criteria, which requires the presence of both upper motor neuron and lower motor neuron symptoms. An additional cohort of 96 FALS cases obtained from King’s College London (Kings College NHS Healthcare Trust), in which mutations in SOD1, TARDBP, FUS, VAPB and DAO had been excluded, was screened for the hexanucleotide repeat and rs10972300. Subsequently both FALS cohorts were screened for the C9orf72 hexanucleotide repeat expansion and a total of 73 cases were positive for these expansions. DNA samples from 184 healthy individuals were used as controls. DNA was extracted from whole blood or buffy coats using QIAmp DNA Mini Kit (QIAGEN, UK) according to the Manufacturer’s instructions. 

2.2 DNA Sequencing

Exons 1, 2, 3, 5, 6, 7, 10, 13, 14, 17, including ~400bps of the 5’ and 3’ UTRs and ~100bps flanking regions of VCP were amplified using Platinum Taq DNA Polymerase (Invitrogen, UK) and sequenced. PCR Primers (Invitrogen, UK) were designed using Primer 3 program (http://frodo.wi.mit.edu/) (Table S1). PCR products were purified using SureClean (BIOLINE, UK) and sequenced using an ABI 3730XL sequencer (Imperial College Genomics laboratory). Sequences were aligned and analyzed using Condon Code Aligner (http://www.codoncode.com/aligner/) and Seqdoc programs (http://research.imb.uq.edu.au/seqdoc/). 

2.3 Gel electrophoresis

Long electrophoresis was used to discriminate between DNA fragments of similar size using 2.8% agarose (Electran®, VWR BDH Prolabo, UK) gels. Electrophoresis was carried out for 16 hours at 140V, 55mA and data analysed using a Gel Doc 2000 (BIO-RAD, UK) system. 

2.4 Total RNA extraction and RT-PCR

Expression of VCP was studied using RT-PCR. RNA was extracted from whole blood or buffy coats using Direct-zolTM RNA Mini-Prep Kit (Zymo Research) and cDNA was generated using SuperScript® III First-Strand Synthesis System (Invitrogen, UK) according to the Manufacturer’s instructions. PCR reactions were carried out using cDNA primers shown in Table S1.

2.5 Statistics and Bioinformatics

Genotypic and allelic associations of SNPs were tested by 2 x 3 and 2 x 2 Fisher’s tests respectively. The genotypic frequencies of hexanucleotide repeats between cases and controls were compared using 2 x 4 Fisher’s tests. To obtain a frequency of the hexanucleotide repeat in the general population, raw DNA/RNA sequencing data for the 1000 genomes project (http://www.1000genomes.org) and the Geuvadis project (http://www.geuvadis.org) were retrieved using SAMTools (http://samtools.sourceforge.net) and called for indels using the Dindel (https://www.sanger.ac.uk/resources/software/dindel) programs. Depth and Breadth of coverage were evaluated using the BEDTools program (https://github.com/arq5x/bedtools2/releases). Haploview (http://www.broadinstitute.org/haploview) was used to reconstruct haplotypes and calculate r2 values. Survival data was analyzed using Kaplan-Meyer curves and compared using a log-rank test. The Bioinformatic programs, SIFT (http://sift.jcvi.org), Polyphen 2 (http://genetics.bwh.harvard.edu/pph2) and Mutation taster (http://www.mutationtaster.org) were used to predict the effect of DNA variants. Phylogibbs (http://www.phylogibbs.unibas.ch/cgi-bin/phylogibbs.pl), a Gibbs sampler incorporating phylogenetic information, was used to analyse the 5’ region.


3. Results

Twelve non-synonymous DNA variants have been detected to-date in ALS (FALS and SALS) cohorts (Table 1). In this study, we screened VCP in a further UK cohort of FALS and SALS cases. As most pathogenic mutations in VCP that have been detected in IBMPFD and ALS are found in the N-terminal domain, the L1 linker and the D1/ ATPase domain (Figure 1a), we screened ten exons (1, 2, 3, 5, 6, 7, 10, 13, 14, 17) harbouring most known mutations found in ALS and IBMPFD together with 5’UTR and 3’UTR regions of the gene that have not been extensively studied before. The FALS cohort consisted of 102 index cases, from which known mutations in SOD1, VAPB, TARDBP, FUS and DAO genes had been previously excluded. No coding mutations in VCP were detected. 
However, three novel variants were found in regulatory regions in three separate index cases, a single base pair substitution c.-360G>C located in the 5’UTR, a c.2421+94C>T substitution located in the 3’UTR and an 18bp insertion, c.-221_-220insCTGCCACTGCCACTGCCG, present in the 5’UTR. The latter sequence was inserted in the middle of a repeat sequence of imperfect CTGCCR hexanucleotide repeats, in which the last nucleotide could either be A or G, and this is equivalent to an expansion of 3 additional hexanucleotide repeats (i.e. an 8-repeat variant) within the control sequence that contains 5 repeats (Figure 1b). These variants are not present in any public databases. All three index cases harbouring these variants were heterozygous and also positive for the C9orf72 hexanucleotide expansion.
The c.-360G>C substitution and the 18 bp hexunucleotide expansion were predicted to be pathogenic using the Mutation taster program as they may interrupt the 5’ regulatory region (Figure 1c). The c.2421+94C>T variant was predicted to be polymorphic. 
[bookmark: _GoBack]The carrier of c.-360G>C was a male patient with bulbar onset at the age of 64 who died at 68 years of age, 48 months after disease onset. He developed hyperreflexia, fasciculations, muscular atrophy, bulbar signs and dementia. His mother had severe bulbar-onset ALS and died aged 63 years. His brother was also diagnosed with ALS. The carrier of c.2421+94C>T was a female patient with bulbar onset at the age of 73 years who died at 75 years, 24 months after disease onset.
The proband carrying the hexanucleotide expansion was a female patient with limb onset at 41 years who died at the age of 47 years. There was no record of PDB, myopathy or dementia in the pedigree (Figure 1d). In order to further investigate the prevalence of the hexanucleotide expansion, the region containing the repeat was amplified in four extra cohorts including FALS (n=96), FALS with SOD1 mutations (n=20), SALS (n=88) and Controls (n=219). The products were then separated by long electrophoresis to discriminate differences in PCR product sizes of 3 or more base pairs (Figure S1a). Representative samples were confirmed by sequencing. No variant was found in the additional FALS cohort, the overall frequency in the combined FALS cohort being 0.51%. A 7-repeat variant, c.-221_-220insCTGCCGCTGCCG, was found in one SALS case, and a 6-repeat variant, c.-221_-220insCTGCCG, was found in six controls and one SOD1-FALS case. The 7 repeat found in a sporadic ALS case had been screened for a C9orf72 hexanucleotide expansion and found to be negative. Unlike the 8-repeat variant found in FALS, the 7-repeat and the 6-repeat variants both contain homogenous inserted sequences, either [CTGCCG]n or [CTGCCA]n, at the same site as the 8-repeat. All these variants were heterozygous.
The prevalence of 6, 7 and 8 repeats was further investigated in 1844 control individuals using 100% covered raw sequencing data from the 1000 genomes project (Phase 3) covering the repeat region. The 6-repeat was present in 34 individuals (1.84%), the 7-repeat in 6 individuals (0.33%) and an 8-repeat with a homozygous insertion [CTGCCG]3 in 1 individual (0.054%) (Table S2a). No individuals carried the 8-repeat with the heterogeneous insert ([CTGCCA]2[CTGCCG]) found in FALS. The 6- and 7- repeats were also found in corresponding RNA-Seq data from the GEUVADIS project for 1000 genomes and there is no indication that expression is altered in these samples (Table S2b).
RT-PCR was carried out to investigate the effect of the hexanucleotide repeat on VCP expression in lymphocytes. VCP expression relative to GAPDH was readily detected in spinal cord and lymphocytes from control, SALS and FALS cases (Figure S1b). Spinal cord samples were not available from the case harbouring the expansion. Levels of VCP in lymphocytes from the FALS case harbouring the hexanucleotide were similar to control and SALS cases but due to the lack of further cases, no conclusions can be made about effects on expression. 
An 11 bp indel close to the intron 9/Exon 10 junction (rs11272867, Table S3) detected in FALS cases was further genotyped in a group of controls (n=184) using long electrophoresis (Figure S1c). No significant difference in SNP frequency was observed between FALS cases and controls (MAF = 30.2%). A 3’ UTR SNP, rs62544156, was detected in one FALS case. The SNP was absent from EUR controls from the 1000 genomes project but was found in 0.1% of chromosomes in the European-American samples from the NHLBI Exome Variant Server. We further tested SNP associations with FALS cases with or without the C9orf72 mutations in four common SNPs identified in this study (Table S3) but found no significant allelic and genotypic association (after FDR correction) with FALS. 
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Table 1. Prevalence of VCP mutations identified in ALS from the current and previous studies. 


	

Protein/
Region
	Position
	rs
	Changes
	Population Prevalence
	Prediction

	
	
	
	
	FALS
	SALS
	Control
	SIFT
	PP
	MT

	5’ Variant
	35072710
	
	c.-360G>C
	1/102a
	
	0/379k
	na
	na
	+

	5’ Variant
	35072570
	
	8-repeat*
	1/198a
	0a/88a
	0/219a
	na
	na
	+

	5’ Variant
	35072570
	
	7-repeat**
	0/198a
	1a/88a
	0/219a
	na
	na
	+

	I114V
	35066777
	
	c.340A>G
	1i/876b,d,e-g,i,j
	1d/2243b-d,f-j
	0/5558d,i,k
	-
	-
	+

	I151V
	35065373
	rs367881889

	c.451A>G
	0/1074 a,b,d,e-g,i,j b,d,e-g,i,j
	1c/2505 b-d,f-j
	0/5781c,d,k
	-
	-
	+

	R155C§
	35065361
	rs121909330
	c.463C>T
	1i/1074 a,b,d,e-g,i,j
	0/2505 b-d,f-j
	0/5558d,i,k
	+
	+
	+

	R155H§
	35065360
	rs121909333
	c.464G>A
	2 b,i/1074 a,b,d,e-g,i,j,l
	0/2505 b-d,f-j
	0/7127b,d,i,k,
	-
	-
	+

	R159G§
	35065349
	rs387906789

	c.475C>G
	1b/1074 a,b,d,e-g,i,j,l
	0/2505 b-d,f-j
	0/6943b,d,k
	-
	+
	+

	R159C§
	35065349
	
	c.475C>T
	1i/1074 a,b,d,e-g,i,j
	1h/2505 b-d,f-j
	0/7127d,h,I,k
	+
	+
	+

	R159H§
	35065348
	rs121909335
	c.476G>A
	1d/1074 a,b,d,e-g,i,j
	0/2505 b-d,f-j
	0/5392d,k
	-
	-
	+

	R191G§
	35065253
	
	c.571C>G
	1i/1074 a,b,d,e-g,i,j
	0/2505 b-d,f-j
	0/5558d,i,k
	-
	+
	+

	R191Q§
	35065252
	rs121909334
	c.572G>A
	3 b,i/1074 a,b,d,e-g,i,j
	0/2505 b-d,f-j
	0/7127b,d,i,k
	+
	+
	+

	I300I
	35062259
	rs372839296

	c.900C>T
	1g/876 b,d,e-g,i,j
	0/1642 b-d,f-j
	1/5374d,k
	-
	
	+

	T330T
	
	
	
	0/876 b,d,e-g,i,j
	1d/1642 b-d,f-j
	
	
	
	

	N387T
	35061608
	
	c.1160A>C
	0/978 b,d,e-g,i,j
	1h/1642 b-d,f-j
	0/6943d,h,k
	+
	+
	+

	L414L
	
	
	
	0/876 b,d,e-g,i,j
	1d/1642 b-d,f-j
	
	
	
	

	I479I
	
	
	
	1d/876 b,d,e-g,i,j
	0/1642 b-d,f-j
	
	
	
	

	A528A
	
	
	
	0/978 b,d,e-g,i,j
	2d/1642 b-d,f-j
	
	
	
	

	Q568Q
	35059790
	rs142577424
	c.1704A>G
	3e/978 b,d,e-g,i,j
	0/2016 b-d,f-j
	46/5659d,e,k
	
	
	+

	D592N
	35059720
	rs387906790
	c.1774G>A
	1b/978 b,d,e-g,i,j
	0/2016 b-d,f-j
	0/7188b,d,j,k
	+
	+
	+

	R625R
	35059619
	rs201410035
	c.1875G>T
	0/978 b,d,e-g,i,j
	1/2016 b-d,f-j
	0/5619j
	
	 
	+

	L661L
	
	
	
	0/978 b,d,e-g,i,j
	1d/2016 b-d,f-j
	
	
	
	

	R662C
	35059510
	
	c.1984C>T
	0/978 b,d,e-g,i,j
	1h/2016 b-d,f-j
	0/7188d,h,j,k
	-
	+
	+

	3’ Variant
	35057020
	
	c.2421+94C>T
	1a/102a
	
	0/379k
	na
	na
	+



Frequencies of VCP variants found in ALS to date are summarized. Variants identified in this study are in bold. Predictions on the consequences of the variants using SIFT, Polyphen2 (PP) and Mutation Taster (MT) are shown: “+”: predicted as pathogenic, “-” : predicted as tolerated. “§” denotes the mutations that have been found in ALS families with histories of Paget’s disease or inclusion body myopathy. 

a Present study (102 FALS for Exon1, 2, 3, 5, 6, 7, 10, 13, 14, 17, 5’ and 3’ UTRs; 96 FALS for HEX-Repeat, 88 SALS for HEX-Repeat, 219 Controls for Hex repeat) 
b Johnson et al. [2] (211 FALS for all Exons, 78 SALS for all Exons, 1569 Controls for R155H, R159G, R191Q and D592N). 
c Dejesus et al. [20] (1 SALS for All Exons + 112 SALS for Exon 5; 407 Controls for I151V). 
d Koppers et al. [22] (93 FALS from 80 Families for all Exons; 377 SALS for all Exons+ 377 SALS for Exon 4 and 5+ 58 SALS-FTD for All Exons; 713 Controls for R159H, 685 for T330T, 674 for L414L and I479I, 662 for A528A, 594 for L661L and 695 for the rest of Exons). 
e Tiloca et al. [23]  (166 FALS+ 14 FALS/FTD for all Exons, 285 Controls for Q568Q). 
f Miller et al. [24] (75 FALS for all Exons; 101 SALS for all Exons + 150 SALS for Exons 5 and 14). 
g Williams et al. [25] (131 FALS for all Exons; 48 SALS for all Exons). 
h Abramzon et al. [26] (701 SALS for all Exons; 1569 Controls (same as b) for  R159C, N387T and R662C). 
i Gonzalez-Perez et al. [11] (179 FALS for all Exons + 96 FALS for Exon 5; 178 SALS for all Exons; 184 Controls for I114V, R155C, R155H, R159C, R191G and R191Q). 
j Zou et al. [27] (20 FALS for all Exons; 100 SALS for all Exons + 224 SALS for Exons 4, 5, 10, 14; 245 Controls for Exon 14). 
k 1000 genome project EUR subgroup (379 Controls) or with NHLBI EVS (4300 Controls)
l Data from Benatar et al. [28] was not included in this Table as frequency data was not available but is included in Table S3.
na indicates not appropriate to use for non-coding changes

*8-repeat hexanucleotide expansion: c.-221_-220insCTGCCACTGCCACTGCCG
**7-repeat hexanucleotide expansion: c.-221_-220insCTGCCGCTGCCG




Figure 1. Published coding mutations in VCP in ALS and IBMPFD.
[image: C:\Users\ctk10\Cloud Drive\02PhD milestone\VCP Paper\VCP paper July 2014 - Resubmit\figure1_new_5.png]
Legend to Figure 1. Published coding mutations in VCP in ALS and IBMPFD.

a.VCP is an AAA+ protein comprising N, N-D1 linker, D1, D1-D2 Linker, D2 and C domains. Two conserved motifs, Walker1 and Walker2, serve as ATP binding sites and catalyze hydrolysis, whereas N-domain and C-domain allow binding of substrates and cofactors.  FALS-related VCP mutations have been identified throughout the gene and are more frequent in exon 5 and 14, which correspond to N and D2 domains respectively. Conditions associated with the variants are shown separately. b shows the chromatograms of the variants identified in this study. The positions where the hexanucleotide repeats are expanded are marked by red lines and the mutated sequences are shown in the expansion carriers. c shows the 5’UTR sequence of the VCP gene. The hexanucleotide repeat region is underlined and the transcription start site is denoted by asterisk (*). Predicted transcription factor binding sites are shown in orange boxes and the c.-360G>C variant (bold) is located in a potential MAZ binding site. d shows the pedigree of the FALS case carrying the 8-repeat hexanucleotide expansion. e and f show the frequencies of phenotypes existing in published ALS kindred caused by different VCP mutations. The mutations are grouped according to the number of symptoms seen in the kindred. (e) For mutations causing ALS alone or with 1 additional phenotype, i.e. I114V, D592N, R159H, R191G and R159C, Dementia, PDB and Myopathy co-occurred with ALS at the same frequency. (f) Dementia and PDB are more frequently observed than Myopathy in kindred in which mutations causing ALS with 2 or 3 phenotypes are present, i.e. R155H, R191G and R191Q. I114V and D592N have only been described in pure ALS kindred, whereas R155H and R191Q were found in kindred presenting all four phenotypes. 


4. Discussion

In this study, we investigated whether any potentially pathogenic DNA variants were present in the VCP gene in a cohort of 102 index FALS cases. No known or novel mutations were found in the ten exons which harbour most known mutations. Taking into account the results from previous studies, it can be concluded that VCP mutations are rare in ALS (Table 1). 
To date nine coding mutations have been detected in 14 kindred (Table 1). In general, most mutation carriers are positive for a family history of multiple symptoms (Table S4). Amongst the previously reported families with at least one confirmed case of ALS, dementia was present in seven families, myopathy in five families and PDB in seven families (Table S4). Age at onset of ALS varied between 28 and 63 years and disease duration between 1 and 26 years with considerable heterogeneity within some kindred (Table S4). For some mutations (R159G, R159C, R159H, 191G, R191Q or D592N), ALS was the predominant phenotype where 90% of carriers possessing these mutations developed ALS, whereas the clinical manifestations of other mutations such as R155H were more variable (only 17.6% of carriers developing ALS). Notably, only the R191G mutation has been shown to segregate with ALS [11]. Two mutations, I114V and D592N, have only been found in kindred presenting with a pure ALS phenotype (Figure 1e-f, Table S4). Two coding changes (I114V and R159C) found in FALS have also been reported in SALS together with 3 further novel coding changes (I151V, N387T and R662C). In addition, VCP mutations have been reported both in families with ALS, and also families that present with PDB with or without dementia and IBMPDB (e.g. R155H) (Table S4).
In view of the important regulatory function of 5’ and 3’UTRs, these regions were also included in the study. An imperfect hexanucleotide expansion and a single base pair substitution were identified in the 5’UTR region, which were both predicted to be pathogenic, were found in two index cases. Although both of these cases were also positive for a C9orf72 expansion mutation, the co-existence of multiple mutations, including C9orf72 and TARDBP, has been reported previously in ALS [12]. In addition, the 7 repeat was found in a sporadic ALS case that did not carry a C9orf72 hexanucleotide expansion. The expression of the VCP gene is regulated by the transcription factors, PBX-1 and ELF2, which bind to the 5’ upstream region [13]. The transcription start site and a predicted transcription factor binding site for E-box are specifically located in the region of the hexanucleotide repeat expansions, which potentially may interrupt the formation of the initiation complex. The Phylogibbs program also predicted the presence of a possible motif for transcription factor binding within the hexanucleotide repeat. Functionally, the consequences of impaired transcription of VCP would affect the export of ubiquitinated proteins from the endoplasmic reticulum to the proteasome for degradation, which could contribute to the build-up of the ubiquitinated protein inclusions, which are a hallmark of ALS.  In addition, the c.-360G>C variant is located within a predicted transcription factor binding site for MAZ [13] (Figure 1c). Clearance of existing ubiquitinated aggregates may similarly be impaired as a consequence of decreased levels of VCP expression [14]. 
There is established evidence that small elongations in the 5'UTR region confer susceptibility to disease, for example, in the autoimmune disease systemic lupus erythematosus (SLE), where a long allele of a CGGGG sequence containing four repeats present in the 5’ UTR of the interferon regulatory factor 5 (IRF5) gene, creates an additional SP1 binding site, and confers significant risk for SLE [15]. Similar effects have not previously been reported in ALS.
Whilst the 5 and 6-repeat expansions were common in controls, the 7-repeat variant found in the single SALS case was rare in 1,000 genomes sequences (0.3%) and a homogeneous 8-repeat variant was present in a single individual (0.05%). However, the imperfect 8-repeat found in the FALS case was absent from all control samples tested. It is possible that pathogenicity increases with the length of the repeat. Whilst most pedigrees with VCP mutations also have family histories of PDB, myopathy and dementia (Table S4), the 8-repeat family only presented with ALS. It is possible that the early age of onset in the proband (47 years) is the result of a combined effect of both VCP and C9orf72 expansions. However, no genomic DNA was available from other family members to study the patterns of segregation and anticipation, and no other FALS cases possessed this expansion. 
Tandem repeats are frequently associated with neurodegenerative diseases, such as Huntington’s disease and spinocerebellar ataxias and have recently been shown to be the most common mutation found in ALS, FTD and ALS/FTD, with the identification of hexanucleotide repeat expansions in the first intron of the C9orf72 gene, located on chromosome 9p21 accounting for 18-55% of FALS cases according to geographic location, being most prevalent in Western Europe [16-18]. Tri-nucleotide expansions in the NIPA1 [19] and ATXN2 [20] genes also confer risk of ALS. 
In conclusion, the overall frequency of VCP mutations in FALS in Europe and US is low (<1%). However, two novel variants were found in the 5’ UTR of FALS cases, including a hexanucleotide expansion which may be pathogenic and merits further investigation, not only in ALS but also in other conditions associated with VCP mutations where IBMPFD and FTD-like pathologies present in different tissues predominate. 
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