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a b s t r a c t

The hexonucleotide repeat expansion ‘GGGGCC’ at the C9ORF72 gene has been strongly linked with
amyotrophic lateral sclerosis and frontotemporal dementia. There is some evidence for clinical and ge-
netic overlap between frontotemporal dementia and schizophrenia. Here, we genotyped the repeat at
C9ORF72 in a large Irish psychosis case-control sample (n ¼ 2477). We found no carriers of >30 repeats.
We found 7 samples with >22 repeats, 2 schizophrenia cases and 5 controls, but overall we observed no
difference in the distribution of the repeat between our case and control samples. By using genome-wide
association data to phase haplotypes at this gene, we investigated if carriers of the repeat expansion
arose from a single common founder. All samples that carry 17 or more repeats also carry the founder
haplotype and overall there is a very strong correlation between repeat length and the founder haplotype
(Spearman rho ¼ 0.714, p < 0.001). Our study provides further evidence to bolster the claim that carriers
of the repeat expansion at C9ORF72 arose from a single common founder.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

A hexanucleotide repeat expansion ‘GGGGCC’ in the intronic
region between exon 1a and exon1b of the C9ORF72 gene has been
found to be associated with amyotrophic lateral sclerosis (ALS),
frontotemporal dementia (FTD), and ALS comorbid with FTD
(DeJesus-Hernandez et al., 2011; Renton et al., 2011). A previous
study by members of our group found this expansion mutation in
41% of Irish familial ALS cases and in 5% of sporadic ALS cases
(Byrne et al., 2012). These findings are representative of data re-
ported across different geographical locations, for example, the
expansionmutationwas found in 39.3% of familial ALS cases and in
7% of sporadic ALS cases from the USA, Europe, and Australia
(Majounie et al., 2012). The function of the C9ORF72 protein is
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unknown, but the repeat expansion is thought to reduce expres-
sion, in turn leading to disease through haploinsufficiency (Renton
et al., 2011), and nuclear foci containing the expanded repeat in
RNA transcripts have been found in spinal cord neurons of ALS
patients (DeJesus-Hernandez et al., 2011). The repeat sequence is
generally reported to be pathogenic when >30 repeats are present
and the number of repeats can range from 700e1600 copies in FTD
and/or ALS sufferers (Renton et al., 2011). The repeat range in the
unaffected population was initially reported to be not higher than
23 but repeat numbers >30 have since been reported for neuro-
logically normal controls (Ferrari et al., 2012). Overall, the func-
tional impact of repeats that range from 20e30 remains unclear
and a reliable cutoff for the pathologic repeat number is yet to be
determined (Xi et al., 2012).

The repeat expansion is believed to have arisen on a single
founder haplotype. The first evidence of a founder haplotype was
reported by Laaksovirta et al. (2010) who detected a very strong
association between a 42-Single Nucleotide Polymorphism (SNP)
haplotype and familial ALS sample at the chromosome 9p21
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Fig. 1. Histogram of C9ORF72 repeat length genotype counts for case and control samples based on the repeat-primed PCR assay. Portion of the graph displaying results for repeats
17e28 is magnified in upper right of graph. The data for this figure is provided in Supplementary Table S2. Abbreviation: PCR, polymerase chain reaction.
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locus in a Finnish sample. In a subsequent study this haplotypewas
shortened to 20 SNPs over a 140-kb region (Mok et al., 2012). The
most recent study by Smith et al. used next-generation sequencing
to fine map the region and identify an 82-SNP founder haplotype
(110 kb) spanning the C9ORF72 locus onwhich the expansion arose
(Smith et al., 2013).

ALS and FTD are both progressive neurodegenerative disorders
and are believed to be at two ends of a disease continuum (Fecto and
Siddique, 2011; Lillo and Hodges, 2009). ALS is caused by degener-
ation of motor neurons, whereas FTD is a dementia caused by
degeneration of neurons in the frontal and anterior temporal lobes
leading to early behavioral and personality changes and language
impairments. Clinical resemblance has been reported between
frontal lobe syndrome and negative symptoms in schizophrenia
(Stefansson et al., 2008; Ziauddeen et al., 2011), and people with
younger onset FTD can be diagnosed with psychosis before being
diagnosed with dementia (Velakoulis et al., 2009). Evidence for po-
tential genetic overlap between FTD and schizophrenia has also been
reported (Momeni et al., 2010; Schoder et al., 2010). In relation to
C9ORF72, a high incidence of psychotic symptoms has been reported
in FTD cases that carry the repeat expansion (Snowden et al., 2012).
These data led Huey et al. to test for the C9ORF72 repeat expansion in
a schizophrenia patient sample without FTD (Huey et al., 2013). No
repeat expansions were detected in this relatively small sample (n¼
192) but we now ask a similar question but in amuchmore powerful
sample of 1271 Irish psychosis cases and 1283 controls. In addition,
we use available genome-wide association study (GWAS) data to
study the relationship between the founder haplotype and the
repeat expansion in this large homogenous sample.
2. Methods

The total Irish case sample, which has been described as part of
this study (Strange et al., 2012), numbered 1271 and included pa-
tients with a Diagnostic and Statistical Manual of Mental Disorders
(DSM) IV diagnosis of schizophrenia (n ¼ 742), bipolar affective
disorder I (n ¼ 261), schizoaffective disorder (n ¼ 162), and a
smaller numbers of patients with major depressive disorder, delu-
sional disorder samples or other psychotic illness (n ¼ 106).
Twenty-eight case samples failed genotyping, giving a final number
for analysis of 1243. The Irish control sample (n¼ 1283) included 33
duplicate samples, which all produced identical genotypes to the
original samples. Removal of these 33 samples plus 16 samples that
failed genotyping left a final control sample for analysis of 1234.
Genotyping of the repeat was carried out using reverse primed
polymerase chain reaction (Renton et al., 2011). All plates were run
with 2 positive control DNA samples that have both previously been
confirmed to contain 34þ repeats. Seven samples had a number of
repeats>22 and all were repeat-genotyped independently in King’s
College London, giving the same results. Both repeat genotype in-
formation and imputed GWAS data (Strange et al., 2012) were
available for 779 cases and 815 controls. A set of 57 SNPs were
extracted from the GWAS data that spanned the founder haplotype
region at C9ORF72 (Smith et al., 2013) and these data were used to
phase haplotypes using Plink (Purcell et al., 2007). The list of 57
SNPs is provided in Supplementary Table S1.More detailedmethods
are supplied in Supplementary Information.
3. Results

Of the 1243 case and 1234 control samples analyzed, nonewere
found to have a hexanucleotide expansion with >30 repeats. We
found 7 samples with >22 repeats (Fig. 1 and Supplementary
Table S2). These included 2 schizophrenia case samples (with 28
and 27 repeats) and 5 control samples (with 23e26 repeats). It is
interesting that the 2 samples with the longest number of repeats
are both case samples but overall there is no evidence of associa-
tion between the repeat and schizophrenia using any definition of
the pathologic repeat number between 20 and 30.

From our imputed GWAS data at C9ORF72, we had genotype
information for 57 of the 82 SNPs used by Smith et al. (2013) to
define the founder haplotype that carries the repeat expansion.
The SNPs that make up this haplotype are a collection of variants
in high LD over a region of 95 kb that extends telomeric from
intron 1 of the gene on the short arm of chromosome 9. This is
not a continuous haplotype block as there are many SNPs within
this region that are not in LD with the variants that contribute to
the founder haplotype. Because of the high LD between SNPs,
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data from our 57 SNPs was sufficient to capture the founder
haplotype, which has a frequency of 0.159 in our combined case
and control sample. We were able to phase 64% of our sample for
the founder haplotype with a post-probability of >0.8. We next
plotted individual samples based on their repeat number and
whether or not they carried the founder haplotype (Fig. 2 and
Supplementary Table S3). We observe a very significant correla-
tion between the founder haplotype and an extended repeat
number (Spearman’s Rho ¼ 0.685, p < 0.001). We observed a
small number of individual samples that had a long repeat
number (e.g., >16 repeats) but did not carry the founder haplo-
type. Inspection of the haplotypes in these samples showed that
they carried a haplotype that was near identical to the founder
haplotype but differed because of a single base change (A to C) at
rs10511816, the most telomeric SNP in the haplotype. Smith et al.
also reported this version of the founder haplotype in their study.
This haplotype has a frequency of 0.033 in our combined case and
control sample. When we combined these two versions of the
founder haplotype for analysis, the correlation coefficient be-
tween the repeat number and founder haplotype was even
stronger (Spearman’s Rho ¼ 0.714, p < 0.001).

4. Discussion

The hexanucleotide repeat expansion ‘GGGGCC’ at the C9ORF72
gene has been strongly associated with ALS and FTD. There is some
evidence for clinical and genetic overlap between FTD and
schizophrenia. In a study of C9ORF72, the presence of psychosis in
FTD patients dramatically increased the odds that these in-
dividuals carried the repeat expansion mutation (Snowden et al.,
2012). A previous study reported no carriers of the pathogenic-
length repeat expansion in small sample of 192 schizophrenia
patients (Huey et al., 2013). Here, we genotyped the repeat
expansion at C9ORF72 in a much larger Irish psychosis case-
control sample. We found no carriers of >30 repeats, the puta-
tive start of the pathogenic range for this mutation. We found 7
samples with >22 repeats, 2 schizophrenia cases, and 5 controls.
The case samples had the longest number of repeats in our
Fig. 2. Histogram showing the relationship between the counts of samples with and with
combined. Portion of the graph displaying results for repeats 16e28 is magnified in upper
samples (27 and 28 repeats), but overall we saw no difference in
the distribution of the repeat between our case and control sam-
ple. Reports have shown a high level of intermediate copy
numbers (>20e30þ) in a number of Parkinson’s disease patients
(Nuytemans et al., 2013) and intermediate-sized repeats have also
been linked to cases of ALS (Byrne et al., 2013) and FTD (Gomez-
Tortosa et al., 2013). The functional impact and importance of
the repeat at different lengths remains to be elucidated. In our
control sample, 0.8% of individuals carried 20 or more repeats,
whereas in a similar study carried out in the UK population, the
C9ORF72 repeat expansion was seen in 0.15% of the control pop-
ulation (Beck et al., 2013).

We used available GWAS data for our sample to investigate the
founder haplotype on which this repeat expansion is reported to
have arisen (Smith et al., 2013). Our data supports the claim that
carriers of the expansion arose from a single common founder, or
at the very least that if the expansion arose multiple times, it has
done so on the same haplotype background. In the Irish popula-
tion, two versions of the founder haplotype are evident and are
differentiated from each other by the SNP rs10511816. Based on our
data, the frequency of the founder haplotype in the Irish popula-
tion is 0.192. All samples that carry 17 or more repeats also carry a
version of the founder haplotype and overall there is a very strong
correlation between repeat length and the founder haplotype. Of
the 621 samples carrying >6 repeats, 78% carry the founder
haplotype. The largest number of repeats carried by an individual
sample that does not carry a copy of the founder haplotype is 16
repeats. The founder haplotype is only detected in 3% of 973
samples that have between 2 and 6 repeats.

In summary, we find no strong evidence to support a role for the
repeat expansion at C9ORF72 in psychosis. Greater understanding
of the functional impact of repeat lengths <30 may help in the
interpretation of our data. We do present further strong support to
back the claim that this repeat arose in a single common founder.
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out the founder haplotype for each repeat length genotype in both cases and controls
right of graph. The data for this figure is provided in Supplementary Table S3.
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