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Hexanucleotide repeat expansions in C9ORF72 are a common cause of familial and apparently
sporadic amyotrophic lateral sclerosis (ALS) and frontal temporal dementia (FTD). The
mechanism by which expansions cause neurodegeneration is unknown, but current evidence
supports both loss-of-function and gain-of-function mechanisms. We used pooled next-generation
sequencing of the C9ORF72 gene in 389 ALS patients to look for traditional loss-of-function
mutations. Although rare variants were identified, none were likely to be pathogenic, suggesting
that mutations other than the repeat expansion are not a common cause of ALS, and providing
supportive evidence for a gain-of-function mechanism. We also show by repeat-primed PCR
genotyping that the C9ORF72 expansion frequency varies by geographical region within the
United States, with an unexpectedly high frequency in the Mid-West. Finally we also show
evidence of somatic instability of the expansion size by Southern blot, with the largest expansions
occurring in brain tissue.
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1. INTRODUCTION
Expansions of an intronic hexanucleotide repeat (GGGGCC) in the C9ORF72 gene are the
most common genetic cause of amyotrophic lateral sclerosis (ALS) and frontotemporal
dementia (FTD) in Caucasian populations, explaining 37% of familial ALS, 21% of familial
FTD, and 6% of cases with sporadic ALS or FTD (DeJesus-Hernandez et al., 2011;
Majounie et al., 2012b; Mok et al., 2012; Rademaker 2012; Renton et al., 2011; Smith et al.,
2012). Although the clinical phenotype of ALS and FTD with C9ORF72 repeat expansion
patients is generally typical for these diseases, some statistical differences have emerged in
some studies: a lower age of onset, shorter survival, increased incidence of
neurodegenerative disease in relatives, and a propensity toward psychosis/hallucinations as a
feature of dementia(Byrne et al., 2012; Snowden et al., 2012). Rare expansion carriers
meeting diagnostic criteria for a growing list of neurodegenerative syndromes have also
been reported, including Alzheimer’s type dementia, corticobasal syndrome, spinocerebellar
ataxia, and parkinsonism(Harms et al., 2012; Lindquist et al., 2012; Majounie et al., 2012a;
Rollinson et al., 2012).

Although the prevalence of C9ORF72 expansions and the resulting phenotypes have been
quickly elucidated on clinical, cognitive, imaging, and neuropathologic levels, the
mechanism by which C9ORF72 repeat expansions cause neurodegeneration is unknown at
this point. Limited functional data and analogy to other neurological disorders caused by
non-coding repeat expansions (e.g. myotonic dystrophy, fragile X, spinocerebellar ataxia
type 36) have led to proposed loss-of-function and gain-of-function mechanisms (DeJesus-
Hernandez et al., 2011; Renton et al., 2011). The discovery of pathogenic mutations in
C9ORF72 other than the repeat expansion (single nucleotide substitutions or short
insertions/deletions producing splicing or missense/nonsense changes) would shed
significant light on this issue. Loss-of-function mechanisms for two other non-coding repeat
disorders, fragile X mental retardation syndrome and Friedreich’s ataxia, were in fact
confirmed and solidified by the identification of such mutations in a minority of patients
(Campuzano et al., 1996; Cossee et al., 1999; De Boulle et al., 1993; Lugenbeel et al., 1995).
In this study, we characterize the frequency and phenotype of ALS patients in the United
States with C9ORF72 repeat expansions, and sequence the C9ORF72 gene in a cohort of
ALS patients using next generation sequencing.
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2. METHODS
2.1. Study Subjects

The familial ALS (FALS) cohort included 51 probands evaluated and followed at
Washington University in St. Louis, Missouri (n=40) or Virginia Mason Medical Center in
Seattle, Washington (n=11). All probands had been diagnosed with probable or definite ALS
according to El Escorial Criteria (Brooks, 1994) and reported at least one first or second
degree relative also diagnosed with motor neuron disease. The sporadic ALS (SALS) cohort
included 797 North American cases diagnosed with possible, probable, or definite ALS but
without a family history of motor neuron disease. 174 patients were evaluated at
Washington University, 164 at Virginia Mason, and 459 came from DNA panels NDPT026,
NDPT100, NDPT103, NDPT106, and NDPT116 that were obtained from the NINDS
Human Genetics Resource Center DNA and Cell Line Repository (http://ccr.coriell.org/
ninds). An additional 26 subjects (19 from panel NDPT025 and 7 from Washington
University) had been diagnosed with primary lateral sclerosis (PLS) and were analyzed
separately. 526 North American Caucasian neurologically normal controls without a
personal or family history of motor neuron disease were drawn from Washington University
(n=66) and NINDS DNA panels (n=460 from NDPT020, NDPT079, NDPT82, NDPT095,
and NDPT096). Demographic and clinical information was derived from chart review for all
Washington University participants and retrieved from database information for both
Virginia Mason and NINDS participants. Longitudinal data was available for Washington
University participants only, with survival defined as the disease duration from the time
from symptom onset to death or the need for fulltime ventilatory support. All participants
had provided signed informed consent for studies approved by local Institutional Review
Boards.

2.2. Molecular Genetics
C9ORF72 repeat expansion genotyping—ALS cases and controls were screened for
the C9ORF72 hexanucleotide expansions using repeat-primed PCR primers and methods as
previously published (DeJesus-Hernandez et al., 2011). Identification of a decrementing
saw-tooth pattern with 6bp periodicity and >30 peaks was considered positive for an
expanded repeat (Figure 1a) as in previous applications of this assay. In practice however,
all samples considered positive in this study showed >50 peaks. In a subset of 30 samples,
we also performed PCR across the hexanucleotide repeat region (DeJesus-Hernandez et al.,
2011) and the number of repeats was calculated by amplicon size determination using
capillary gel electrophoresis. Sanger-based sequencing of these amplicons was also
performed to directly confirm the number of hexanucleotide units. By correlating
sequencing, PCR, and repeat-primed PCR assays, we were able to determine the number of
hexanucleotide units present on individual’s longest allele (excluding those with full
hexanucleotide repeat expansions) directly from the repeat-primed PCR results. We were
able to validate our assay by comparing genotyping results for a subset of 210 Coriell SALS
samples independently analyzed in a separate study (Harms et al., 2012, Rutherford et al.,
2012a).

C9ORF72 coding region sequencing—Pooled-sample sequencing (Supplementary
Figure) was used to screen C9ORF72 coding exons for mutations in the familial and
sporadic cohorts from Washington University and the Virginia Mason Medical Center. The
pooled-sample sequencing followed previously published work-flow and technique
(Vallania et al., 2010). Genomic DNA (gDNA) from individual patients was carefully
quantified using Sybr-Gold (LifeTechnologies/Invitrogen) and pools were generated by
combining equivalent amounts of gDNA from individual subjects. Six separate pools were
created, each containing gDNA from 43 to 80 individuals. C9ORF72 exons were amplified
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directly on each gDNA pool using Pfu DNA polymerase (Agilent Technologies), a high-
fidelity enzyme with a very low misincorporation rate. Primers for PCR were designed using
Primer3Plus software (http://www.bioinformatics.nl/cgi-bin/primer3plus/primer3plus.cgi)
and targeted the 10 coding exons of C9ORF72 annotated by RefSeq (NM_018325.3) along
with 25–100 bp of flanking sequence (primer sequences available on request). All C9ORF72
amplicons from a given pool were combined in equimolar amounts and supplemented with
positive and negative control amplicons. Combined amplicons were ligated into concatemers
that subsequently fractionated and prepared for single-end, 42-bp read Illumina sequencing.
Libraries from each of the 6 pools were indexed, combined, and sequenced on a single lane
of an Illumina HiSeq. The SPLINTER software package was used to align the sequencing
reads from each pool to the Hg19 reference sequence for C9ORF72, as well as to positive
and negative control sequences (Vallania et al., 2010). The SPLINTER algorithm utilizes
sequencing reads of the negative control to generate an error model and sequencing reads
covering the positive control to determine sensitivity cut-offs for variant calling. As a result,
the algorithm is capable of calling variants on a single allele in larger allele pools than used
in this experiment (Cruchaga et al., 2012; Haller et al., 2012; Vallania et al., 2010). Targeted
bases were sequenced to an average depth of 350× per individual and all bases across all
pools were covered at ≥16× per individual, producing an average sensitivity for detecting a
single allele in each pool of 94.5% (range 92–100%). Sequencing reads covering all variants
called by SPLINTER were visualized using IGV (http://www.broadinstitute.org/igv/) to
identify false positives from low-quality base calls. The remaining variants were subjected
to a bioinformatic analysis, including annotation using SeattleSeq135 (http://
snp.gs.washington.edu/SeattleSeqAnnotation135/), SIFT (http://sift.jcvi.org/), Exome
Variant Server (http://evs.gs.washington.edu/EVS/), and the 1000 Genomes Project (http://
www.1000genomes.org). Potentially deleterious mutations (rare and novel) were then
genotyped in all individuals from the pool(s) in which the variant had been found.
Genotyping methods included custom Sequenom assays or direct Sanger sequencing of
amplicons followed by analysis using DNAStar Lasergene.

Other gene sequencing—Familial cases included in this study were also sequenced for
SOD1 TARDBP, and FUS using several techniques: direct Sanger sequencing of all SOD1
coding exons as well as pooled-sample sequencing of all SOD1, TARDBP, and FUS coding
exons (as above).

Southern blot quantification of C9ORF72 expansion size—10 µg of genomic DNA
was isolated from either patient-derived fibroblast cell lines or frozen occipital cortex and
digested overnight with XbaI in the presence of 2 mM spermidine. Fragment electrophoresis
at 20V for 24 hours was performed on a 0.8% SeaKem GTG agarose gel (Takara) with 1×
TBE, with subsequent transfer to GeneScreen Plus nylon membranes (PerkinElmer). A 590-
bp probe containing the smaller published probe gave improved sensitivity and was
generated by PCR using the following primers: forward 5’-
AAATTGCGATGACTTTGCAGGGGACCGTGG and reverse
5’GCTCTCACAGTACTCGCTGAGGGTGAACAA). After gel purification, the probe was
labeled with 32P-dCTP (PerkinElmer) using the Random Primed DNA labeling kit (Roche)
and purified using Ambion NucAway spin columns (Life Technologies). Hybridization was
carried out overnight at 68°C in Perfect Hyb Plus buffer (Sigma) containing 100µg/ml
salmon sperm DNA (Life Technologies/Invitrogen). Filters were washed twice for 5 minutes
at room temperature with 2× SSC+0.1% SDS, and twice for 20 minutes at 68°C with 0.2×
SSC+0.1% SDS. BioMax MS film (Kodak) was exposed with an intensifying screen at
−80°C for 5 days.
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2.3. Statistical Analysis
Categorical clinical and demographic characteristics were reported as percentages, while
continuous variables were represented as a mean (if normally distributed) or median (if not
normally distributed). Fisher’s exact test was used to compare categorical variables.
Comparisons of the mean ages of symptom onset utilized independent samples T-tests.
Between group comparisons of median survival and hexanucleotide unit numbers were
performed using Mann-Whitney U tests. Kaplan-Meier analysis was used to investigate
survival differences between patients with and without C9ORF72 expansions. All tests were
two-tailed and performed with SPSS software (Armonk, MY USA). Significance was set at
P=0.05.

3. RESULTS
3.1. C9ORF72 repeat expansions in North American sporadic ALS

Repeat expansion frequencies in ALS vary widely across various populations and generally
in proportion to the degree of Northern European admixture (Majounie et al., 2012b).
However, some regions show unexpectedly high prevalence, including the island of Sardinia
and in Greece (Mok et al., 2012; Sabatelli et al., 2012). To determine if different geographic
areas within the United States show differences in expansion frequencies, we genotyped
SALS cases from two regional ALS clinics- Washington University in St. Louis, Missouri
(Mid-West) and Virginia Mason Medical Center in Seattle, Washington (Pacific Northwest).
Despite similar cohort characteristics at the two centers, the frequency of expansions was
significantly higher in the Mid-West compared to the Pacific Northwest (9.2% vs 3.0%,
p=0.023). For a nationwide comparison, we genotyped an additional 459 SALS cases drawn
from centers distributed across the United States as part of the NINDS Coriell collection
(Gwinn et al., 2007), 210 of which were recently published in an independent study
(Rutherford et al., 2012a). We found a repeat expansion frequency of 7.4%, which is
intermediate between the two regional cohorts. Overall, hexanucleotide repeat expansions
were found in 55 (6.9%) of 797 SALS cases from the United States. Demographic and
clinical characteristics of the entire SALS cohort of 797 patients are shown in Table 1. We
also screened 26 patients diagnosed with primary lateral sclerosis, but did not find any
carrying the C9ORF72 repeat expansion. Interestingly, two of 526 neurologically normal
Caucasian controls were also found to carry repeat expansions. Both individuals were
elderly at the time of DNA collection and had no family history of dementia or ALS. This
rate (0.4%) is within the range reported for other control populations of European or North
American origin (0–0.6%) (DeJesus-Hernandez et al., 2011; Renton et al., 2011; Rollinson
et al., 2012; Sabatelli et al., 2012; Simon-Sanchez et al., 2012; Smith et al., 2012).

SALS patients carrying a C9ORF72 repeat expansion showed an earlier age of symptom
onset and were more likely to have a family history of dementia (OR=3.2, CI 1.6–6.2;
p=0.001). However, they were not more likely to experience bulbar symptom onset or be
diagnosed with dementia. Longitudinal data was available for patients evaluated at
Washington University only. Analysis of the 108 deceased patients showed no difference in
the median disease duration for expansion carriers compared to noncarriers. Kaplan-Meier
analysis of disease duration in all 174 patients also failed to demonstrate a difference
between expansion carriers and non-carriers (p=0.118).

3.2. C9ORF72 repeat expansions in North American familial ALS
GGGGCC hexanucleotide repeat expansions were present in 22 of 51 unrelated FALS
probands- all in self-reported Caucasian families. All C9ORF72 expansion carriers had
normal sequencing for SOD1, TARDBP, and FUS. C9ORF72 repeat expansions were more
than twice as common as SOD1 mutations (22 vs 8 of 51), and explained more families than
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mutations in SOD1 (n=8), TARDBP (n=3), and FUS (n=2) combined. Overall, a genetic
diagnosis was made in 69% of pedigrees by screening for mutations in these three genes and
for C9ORF72 repeat expansions.

Clinical features of C9ORF72 repeat expansion carriers were compared to probands with
mutations in other genes (SOD1, TARDBP, or FUS) and to probands without mutations or
repeat expansions (Table 2). Bulbar symptom onset was substantially more common in
probands with repeat expansions (54.5% vs 13.8% in non-carriers; p=0.003; OR=7.5, 95%
CI 1.66–36.74), as was a personal diagnosis of dementia (40.9% vs 3.4%; p= 0.001;
OR=19.4, 95% CI 2.07–453), and a family history of dementia (52.6% vs 7.4%, p=0.001;
OR=13.9, 95% CI 2.15–114.8]. Sub-typing of patients’ cognitive impairment was
incomplete because formal neuropsychological testing was unavailable for most probands.
However, in all cases, the clinical diagnosis recorded in the medical record was
frontotemporal dementia. In contrast, the dementia diagnosis reported for relatives was often
Alzheimer’s type. The average age of symptom onset was similar between probands with
repeat expansions and those with unknown genetic cause, but later than probands with
mutations in other genes.

3.2. C9ORF72 repeat expansion sizes
To determine the range of expansion sizes in our cohort, we performed Southern blot
analysis on those expansion carriers with available fibroblast cell lines (Figure 1b).
Predominant expanded alleles were seen in all samples at 6–7 kb (normal size is ~2.3kb),
translating into 600–800 repeat units. Two subjects showed additional smaller expanded
alleles, supporting somatic instability of the repeat and suggesting clonal populations with
different expansion sizes in cell culture. DNA derived from occipital cortex was available
for an additional 2 subjects and showed much larger expansions (~12kb, or 1600 repeat
units), supporting the possibility that expansions are larger within neuronal tissues and may
underlie the neurodegenerative phenotypes observed with C9ORF72 expansions. Clinical
characteristics of subjects studied by Southern blot are in the Supplementary Table.

3.4. Associations of non-expanded C9ORF72 repeats
Previous studies have demonstrated that the number of GGGGCC repeats in the normal
population is highly polymorphic, ranging from 2 to 23 repeat units. However, alleles are
heavily biased toward fewer than 10 repeats (Byrne et al., 2012; DeJesus-Hernandez et al.,
2011). A similarly skewed distribution has been observed for CAG repeats in the Ataxin-2
gene, where intermediate repeat lengths are enriched in patients with SALS and therefore
considered a risk factor for disease (Elden et al., 2010; Lee et al., 2011). To see if
intermediate length alleles of the C9ORF72 GGGGCC repeats behave in a similar fashion,
we assessed whether “normal” alleles with higher numbers of repeat units were a risk factor
for ALS by comparing the distribution of an individuals’ longest allele in SALS and
controls. After excluding the 2 controls and 55 SALS patients with full repeat expansions by
repeat-primed PCR, the median number of GGGGCC repeat units was 5 (IQR 2-8) in both
groups and no significant difference was seen in the distribution of alleles (Figure 2,
p=0.72). Additionally, in SALS patients without full repeat expansions, the highest number
of repeat units showed no correlation with age of onset, site of symptom onset, or disease
duration (data not shown). Because our genotyping method reliably identified only the
longest allele, we were unable to explore the effect of combinations of alleles.

3.5. C9ORF72 gene sequencing
Concurrent with our repeat expansion testing, we sequenced all C9ORF72 coding exons in
389 ALS patients from the Washington University and Virginia Mason cohorts (338 with
SALS and 51 with FALS). Identified variants are described in Table 3. We identified a
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missense variant (T49R) in a single FALS patient. This variant was also identified in 2 of
4300 Caucasian exomes reported in the Exome Variant Server. The patient carrying this
T49R mutation was subsequently found to also harbor a frequent disease-associated
mutation in FUS (R521G) (Kwiatkowski et al., 2009). DNA was not available to test
segregation of the C9ORF72 T49R variant, but an affected family member was later
confirmed by commercial sequencing to carry the FUS R521G mutation. Two novel
C9ORF72 variants were identified that were not found in the Exome Variant Server (despite
excellent coverage at the relevant location) or 1000 Genomes Project: a silent substitution
(T352T) was seen in a patient with FALS, while two SALS patients carried an intronic
variant 4bp from a canonical splice donor site. Each of these variants occurred in patients
without other genetic explanations for disease, but bioinformatic analysis predicted that
neither would alter splicing.

4. DISCUSSION
In the short time since C9ORF72 repeat expansions were discovered in patients with ALS,
FTD, or an ALS-FTD overlap, studies have begun to address the epidemiology and clinical
spectrum of neurodegeneration caused by this genetic mutation. However, how repeat
expansions cause disease remains unclear and both loss-of-function and gain-of-function
mechanisms have been proposed (DeJesus-Hernandez et al., 2011; van Blitterswijk et al.,
2012). To inform this question, we looked for other pathogenic coding mutations in
C9ORF72 in our FALS and SALS cohort, but did not identify any. This absence indicates
that C9ORF72 coding mutations are not a common cause of familial or sporadic ALS. While
indirect, the fact that we did not find loss of function variants (premature stop codons, etc.)
on comprehensive sequence analysis in ALS patients tentatively argues for a toxic gain of
function mechanism for C9ORF72 repeat expansions, rather than allele suppression and
haploinsufficiency. This conclusion is limited by the fact that we did not assess copy number
variation in our cohort, the presence of which in ALS patients would favor a loss-of-function
mechanism. Furthermore, larger cohorts should be analyzed in future to assess the possible
contribution of rare variants or copy number variation.

To expand our understanding of expansion sizes in disease, we determined the repeat size
from 8 unrelated patients by Southern blot. Although the sample size is small and samples
were not paired from the same patient, it is interesting that cell-line expansions appear
smaller than those derived from post-mortem brain. If borne out in larger groups of patients
and with multiple tissues from the same individuals, this finding suggests that non-neuronal
tissues preferentially contract GGGGCC repeats or alternatively, that neuronal tissues are
predisposed to repeat expansion growth. Understanding the stability of GGGGCC repeats
(including how, when, and in which tissues expansions or contractions occur) will help
clarify whether approaches aimed at repeat stabilization may have therapeutic implications.

Our study also demonstrates geographic variability in the frequency of C9ORF72 ALS in
the United States. Our screening shows that while C9ORF72 expansions cause ~7% of
apparently sporadic ALS in the U.S., the frequency is higher in the Mid-West (9.2%) and
much lower in the Pacific Northwest (3.0%). Although a selection bias between the two
collection centers cannot be entirely excluded, it is notable that the SALS carrier frequency
in British Columbia (just north of Seattle, Washington) was recently shown to be 3.6%
(Stewart et al., 2012). The difference in expansion frequency we have observed may reflect
the different immigration or settlement histories of these two geographical regions but has
important implications for expansion screening strategies in the clinic. Specifically, in our
Mid-West population, where with nearly 1 in 10 apparently sporadic patients is an
expansion carrier, universal genetic screening for C9ORF72 expansions should be
considered. In our cohort, SALS patients carrying C9ORF72 expansions showed an earlier

Harms et al. Page 7

Neurobiol Aging. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



onset of symptoms and were more likely have relatives diagnosed with dementia, echoing
findings from several other studies (Byrne et al., 2012; Cooper-Knock et al., 2012; Stewart
et al., 2012).

We found that 43% of FALS pedigrees in our North American cohort carry repeat
expansions, which is similar to the frequency reported elsewhere (reviewed in van
Blitterswijk et al., 2012). This frequency makes C9ORF72 repeat expansions considerably
more common than other gene mutations combined (SOD1, TARDBP, and FUS) and
suggests that genetic testing algorithms should begin with analysis of C9ORF72 before
moving on to the sequencing of SOD1 or other ALS-associated genes. Our data also
confirms that concurrent FTD or a family history of any dementia increases the chance of a
finding a C9ORF72 repeat expansion (Stewart et al., 2012). Interestingly, among expansion
carriers in our study, bulbar onset was considerably more common in those with a family
history of ALS than in those without (54% vs 16%, p=0.0014). We cannot exclude the
possibility that this discrepancy results from our modest sample size of expansion carriers.
However, review of the literature for other populations where FALS and SALS cases were
ascertained and described in a fashion comparable to ours discloses a similar, but not
statistically significant, difference in Italy (42% vs 21%) (Chio et al., 2012; Sabatelli et al.,
2012). If this discrepancy is seen in other cohorts, it will be important to determine if the site
of onset correlates with repeat expansion size, which in turn might differ between those
patients with and without a family history of ALS.

We also assessed whether larger hexanucleotide repeats in the normal range influence ALS
phenotype, but found no association with age at symptom onset, site of symptom onset, or
survival time. Furthermore, in this population, larger normal repeat numbers were not a risk
factor for developing ALS. Together with similar findings by others (Rutherford et al.,
2012b, Garcia-Redondo et al., 2013), these data suggest that a threshold number of repeats
may exist before C9ORF72 expansions cause disease. Determining the pathogenic threshold
will require Southern blot analysis of expansion sizes across a large cohort of patients and
controls and should be a top priority in ALS/FTD research.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Identification and sizing of C9ORF72 repeat expansions
A) A sample was considered positive for a C9ORF72 repeat expansion when repeat-primed
PCR (RP-PCR) showed >30 decrementing peaks with 6bp periodicity and deemed negative
in all other cases. However, all expansion positive cases in this study showed >60 repeats as
shown in this example tracing.
B) Southern blot analysis of C9ORF72 repeat sizes in nine unrelated patients with ALS.
Fibroblast-derived DNA was available for subjects 1-6 (lanes 1-6) and brain-derived DNA
for subjects 7-9 (lanes 7–9). All samples except the negative control in lane 8 were positive
for the C9ORF72 expansion by repeat-primed PCR (RP-PCR). Fibroblasts show dominant
bands at 6-7kb (600-800 GGGGCC units), two with multiple bands, while brain-derived
samples show a smear of sizes near 12 kb (1600 GGGGCC units). Open arrow-head marks
the location of non-expanded alleles. Clinical characteristics of subjects 1-9 are found in the
Supplementary Table.
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Figure 2. Distribution of longest normal C9ORF72 allele in SALS and controls
All non-C9ORF72 SALS patients and controls had their longest repeat allele measured by
repeat-primed PCR (RP-PCR). The distribution of alleles was identical between the two
groups, p=0.7.
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Table 1

Clinical and genetic characteristics of sporadic ALS patients

Overall
(n=797)

Expansion carriers
(n=55)

p-valueb Non-carriers
(n=742)

% of SALS cohort 6.9 93.1

Sex, % male (n)a 54.3 (431) 41.8 (23) 0.068 55.2 (408)

Mean age of onset, years ± SDa 59.2 ± 11.5 55.9 ± 7.3 0.027 59.4 ± 11.7

Age of onset, range 14–88 41–72 nc 14–88

Bulbar onset, % (n)a 23.4 (186) 16.4 (9) 0.249 23.9 (177)

Dementia, % (n)a 3.9 (31) 1.8 (1) 0.717 4.0 (30)

Family history dementia, % (n)a 16 (97) 34.7 (32) 0.001 14.3 (80)

Median survival, months (IQR, n) 29 (21–43, 108) 29 (24–39, 10) 0.832 29 (21–43, 98)

a
Calculations reflect the following missing data: gender for 3 non-carriers; age of onset for 1 carrier and 6 non-carriers; site of onset in 1 non-

carrier; presence of dementia in 1 non-carrier; family history for 6 carriers and 184 non-carriers.

b
The p-value column refers to the comparison of the columns on either side of it. Differences meeting statistical significance are italicized.

Abbreviations: n=number; IQR=inter-quartile range; nc=not compared
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