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a b s t r a c t

Conserved populations, such as Sardinians, displaying elevated rates of familial or sporadic amyotrophic
lateral sclerosis (ALS) provideunique information on the genetics of thedisease.Our aimwas todescribe the
genetic profile of a consecutive series of ALS patients of Sardinian ancestry. All ALS patients of Sardinian
ancestry, identified between 2008 and 2013 through the ItalianALSGenetic Consortium,were eligible to be
included in the study. Patients and controls underwent the analysis of TARDBP, C9ORF72, SOD1, and FUS
genes. Geneticmutationswere identified in 155 out of 375 SardinianALS cases (41.3%),more commonly the
p.A382Tand p.G295Smutations of TARDBP and the GGGGCC hexanucleotide repeat expansion of C9ORF72.
One patient had both p.G295S and p.A382T mutations of TARDBP and 8 carried both the heterozygous
p.A382T mutation of TARDBP and a repeat expansion of C9ORF72. Patients carrying the p.A382T and the
p.G295S mutations of TARDBP and the C9ORF72 repeat expansion shared distinct haplotypes across these
loci. Patients with cooccurrence of C9ORF72 and TARDBP p.A382T missense mutation had a significantly
lower age at onset and shorter survival. More than 40% of all cases on the island of Sardinia carry amutation
of an ALS-related gene, representing the highest percentage of ALS cases genetically explained outside of
Scandinavia. Clinical phenotypes associated with different genetic mutations show some distinctive
characteristics, but the heterogeneity between and among families carrying the same mutations implies
that ALS manifestation is influenced by other genetic and nongenetic factors.

� 2014 Elsevier Inc. All rights reserved.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative dis-
orderof the adult life, characterized bya progressive deterioration of
motor function, causing death because of respiratory failure within
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2e4 years after onset. In Caucasian population, 90% of patients
appear sporadically (sporadic ALS),whereasw10%of patients have a
family history positive for ALS or frontotemporal dementia (FTD)
(familial ALS, FALS). The commonest genes implied in ALS so far are
C9ORF72, SOD1, TARDBP, and FUS (Renton et al., 2014), with marked
differences between ethnic groups and geographical regions. Ex-
amples of this diversity include the virtual absence of SOD1 muta-
tions in Ireland and the Netherlands (Kenna et al., 2013; van
Blitterswijk et al., 2012), the extremely high frequency of C9ORF72
repeat expansions in Scandinavia (Majounie et al., 2012; Smith et al.,
2013), and the high frequency ofOPTNmutations combinedwith the
relative scarcity of C9ORF72 repeat expansions observed in Japan
(Konno et al., 2013; Maruyama et al., 2010).

Sardinia, the second largest Mediterranean island, represents a
genetic isolate, characterized by a high frequency of autoimmune
disorders (such as multiple sclerosis and diabetes mellitus type 1)
and monogenic diseases (such a Wilson disease). As might be ex-
pected, this population displays decreased genetic and allelic het-
erogeneity. We and others have reported that ALS patients of
Sardinian ancestry have a higher frequency than expected of the
TARDBP p.A382T missense mutation and of the rate of familial ALS
(Chiò et al., 2011; Orrù et al., 2012). Despite this, the incidence of
ALS in Sardinians retrospectively investigated seems to be within
the range of European studies (Pugliatti et al., 2013).

In this report, we describe the genetic profile of a larger series of
ALS patients of Sardinian ancestry and extend our analysis to
include other ALS genes (C9ORF72, SOD1, TARDBP, and FUS).

2. Methods

2.1. Patients

All ALS patients of Sardinian ancestry (i.e., defined as subjects
with both parents of Sardinian origin) were eligible to be included
in the study. Patients were identified between 2008 and 2013
through the Italian ALS Genetic Consortium, which includes 16 ALS
centers in Italy (Chiò et al., 2012a). Clinical information, including
cognitive status, were collected on all patients. ALS patients met the
El Escorialerevised criteria for definite, probable, probable
laboratory-supported, or possible ALS (Brooks et al., 2000). The
genetics of TARDBP and SOD1 for 135 cases has been published
elsewhere (Chiò et al., 2011).

2.2. Controls

DNAsamples obtained from700 subjects of Sardinianancestrynot
affected by neurodegenerative disorders were screened for TARDBP
mutations. This cohort included 604 control samples that were pre-
viously reported(Cannasetal., 2013).DNAsamplesobtained from262
subjects of Sardinian ancestry not affected by neurodegenerative
disorders were screened for SOD1, FUS, and C9ORF72mutations. This
cohort included 166 control samples that were previously reported

(Chiò et al., 2012a). Control subjectswere collected at theDepartment
of Neurology, University of Cagliari, and were spouses or non-blood
relatives of patients diagnosed with ALS or multiple sclerosis.

2.3. Classification of familial ALS

Patients were classified according to the current revised classi-
fication of familial ALS (Byrne et al., 2011; Chiò et al., 2014).

2.4. Mutational screening

The following exons and 50-base pair flanking intron-exon
boundaries were screened for mutations by polymerase chain re-
action amplification, sequencing using the Big-Dye Terminator v3.1
kit (Applied Biosystems Inc), and analysis on an ABIPrism 3130
genetic analyzer: (1) all 5 coding exons of SOD1, (2) exon 6 of
TARDBP, and (3) exons 14 and 15 of FUS. These exons were selected
as the vast majority of known pathogenic variants lie within these
mutational hot spots. A repeat-primed polymerase chain reaction
assay was used to screen for the presence of the GGGGCC hex-
anucleotide expansion in the first intron of C9ORF72 (Dejesus-
Hernandez et al., 2011; Renton et al., 2011). A cutoff of �30
repeats combined with a typical sawtooth pattern was considered
pathologic.

2.5. Haplotype analysis

For haplotype analysis, we analyzed genome-wide single-
nucleotide polymorphism data from patients carrying the same
mutation. A custom PERL software script was used to compare
unphased sample genotype data.

2.6. Statistical analysis

Differences between groups were analyzed using t test for
continuous variables (such as age at symptom onset) and chi-
square test for discrete variable (such as gender, site of onset, and
presence of FTD). Comparison between series of means was per-
formed with analysis of variance. Survival was calculated using
Kaplan-Meier curves, and the log-rank test was used to compare
survival across groups. The last day of follow-up was March 31,
2014, and none of the patients were lost to follow-up. Significance
was set at p < 0.05, 2-tail test. Statistical Package for the Social
Sciences (SPSS) version 21 (SPSS Inc, IBM, Somers, New York, USA)
was used.

2.7. Standard protocol approvals, registrations, and patient
consents

The study design was approved by the ethical committees of all
the involved centers. Patients and controls signed written informed
consent. The study was conducted in line with the Italian ethical

Table 1
ALS in Sardinia: frequency of mutations according to presence or absence of positive family history for ALS or FTD

Mutation FALS (n ¼ 100) SALS (n ¼ 275) FALS þ SALS (n ¼ 375)

Wild type 26 (26.0%) 194 (70.5%) 220 (58.7%)
TARDBP (p.A382T, heterozygous and homozygous) 25 (25.0%) 53 (19.3%) 88 (23.5%)
TARDBP (p.G295S, heterozygous and homozygous) 3 (3.0%) 8 (2.9%) 11 (2.9%)
TARDBP (p.A382T and p.G295S double mutation) 1 (1.0%) d 1 (0.3%)
C9ORF72 33 (33.0%) 18 (6.5%) 51 (13.6%)
C9ORF72 and TARDBP (p.A382T) 6 (6.0%) 2 (0.7%) 8 (2.1%)
SOD1 4 (4.0%) d 4 (1.1%)
MATR3 2 (2.0%) d 2 (0.5%)

Key: ALS, amyotrophic lateral sclerosis; FALS, familial ALS; FTD, frontotemporal dementia; SALS, sporadic ALS.
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