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RESEARCH ARTICLE

Unraveling the genetic landscape of ALS in Greece: identification of
known and novel causative variants in a 353-patient cohort
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DIMITRIOS M VRACHNOS2, NIKOLAOS RAGAZOS1, IFIGENIA SPYROPOULOU1,
MARIA PETRAKI1, CHRYSOULA KONIARI1, STAVROULA ARISTEIDOU3,
ELEFTHERIA KOROPOULI3, ARIADNE DAPONTE3, MICHAIL RENTZOS3,
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University of Athens, St. Sophia’s Children’s Hospital, Athens, Greece, and 6Department of Genetic Medicine and
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Abstract
Background: Amyotrophic lateral sclerosis (ALS) is an adult-onset, progressive, fatal neurodegenerative disorder charac-
terized by progressive loss of motor neurons. Approximately 15% of individuals diagnosed with ALS have a known gen-
etic variant that contributes to disease. Herein, we present clinical and genetic data of a large Greek ALS cohort.
Patients and Methods: The cohort consisted of 353 Greek consecutive index patients with ALS, including 16 patients
with related motor neuron disease (MND) subtypes (nine with PLS, four with PBP, and three with PMA). Next gener-
ation sequencing raw data (obtained from the NYGC ALS Consortium) were further analyzed and used to screen for
causative variants in known implicated genes. Repeat expansions in C9ORF72 and ATXN2 were investigated using
ExpansionHunter software, repeat-primed PCR and fragment analysis. Results: Pathogenic repeat expansions in
C9ORF72 were detected in 41 patients (11.6%). In addition, 30 patients (8.5%) carried a causative variant in one of the
genes studied. Known causative variants were identified in 27 cases (nine in SQSTM1, seven in TARDBP, five in
SOD1, three in NEK1 and one each in SETX, VCP, FUS), whereas novel causative variants were identified in three
cases (SOD1, FIG4, TBK1). In total, 71 cases received a molecular genetic diagnosis (20.1%). Additionally, seven cases
(2.0%) carried an intermediate repeat expansion (30–33 CAG) in ATXN2. Conclusion: Our results reveal the distinct
genetic profile of Greek ALS patients. These findings will have an impact on genetic counseling, the design of diagnostic
gene panels for the Greek population and on genotype-specific therapeutic interventions. Understanding the genetic
causes of ALS in different populations is becoming increasingly important, especially with the advent of personalized
medicine.

Abbreviations: AAO: age at onset; ACMG: American College of Medical Genetics and Genomics; AD: Alzheimer’s
disease; ALS: amyotrophic lateral sclerosis; BQSR: Base quality score recalibration; BRFAA: Biomedical Research
Foundation of the Academy of Athens; BWA: Burrows-Wheeler Aligner; fALS: familial ALS; FTD: frontotemporal
dementia; GATK: Genome Analysis Toolkit; GOF: gain-of-function; HRE: hexanucleotide repeat expansion; LOF: loss-
of-function; MAF: minor allele frequency; MND: motor neuron disease; NGS: next-generation sequencing; NMD: non-
sense-mediated mRNA decay; NYGC: New York Genome Center; PBP: progressive bulbar palsy; PD: Parkinson’s dis-
ease; PLS: primary lateral sclerosis; PMA: progressive muscular atrophy; RP-PCR: repeat-primed PCR; sALS: sporadic
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is an adult-
onset neurodegenerative disorder characterized by
the selective impairment of motor neurons in the
motor cortex, brainstem and spinal cord. ALS is
rapidly progressive, leading to death from respira-
tory failure in 3–5 years after symptom onset (1).
Approximately 5%–10% of cases are considered
familial ALS (fALS) and inherited in either an
autosomal dominant, autosomal recessive, or
X-linked mode, while the remaining are sporadic
(sALS) (2).

As technology has advanced, molecular genetic
techniques have been increasingly applied to ALS
research. More than 50 potentially causative or
disease-modifying genes have been identified. A
pathogenic repeat expansion in C9ORF72, and
pathogenic variants in SOD1, TARDBP, and FUS
occur most frequently, with disease causing var-
iants in other genes being relatively uncommon
(3). Understanding the genetic architecture of
ALS within a population is becoming more signifi-
cant, especially in the advent of personalized medi-
cine (4).

Studies implementing either targeted genetic
testing or next-generation sequencing (NGS) in
order to investigate the genetic profile of Greek
ALS patients are sparse and limited only to a small
number of cases, more specifically whole-genome
sequencing (WGS) in 6 Greek ALS patients (5),
whole-exome sequencing (WES) in 58 Greek ALS
patients (6), and Sanger sequencing in 32 sALS
cases (7). To the best of our knowledge, this is the
first comprehensive molecular genetic investigation
of a large Greek ALS cohort. Thus, the present
study aimed to investigate the genetic profile of
ALS patients in Greece, providing insights regard-
ing rare known and novel gene variants and clin-
ical characteristics of Greek ALS cases.

2. Patients and methods

2.1. Recruitment of patients

From 1994 to 2019, 353 Greek ALS index
patients [including nine with primary lateral scler-
osis (PLS), four with progressive bulbar palsy
(PBP), and three with progressive muscular atro-
phy (PMA)] were referred to Neurogenetics Unit,
1st Department of Neurology, National and
Kapodistrian University of Athens, Eginitio
Hospital, Athens, Greece for molecular diagnosis.

The mean age at onset (AAO) was
58.8±12.1 years (range from 14 to 84). Age at
onset under 40 years old was defined as early-onset
in this study. Twenty-seven patients (7.6%) were
early-onset ALS. Regarding the family history of
the patients, 22 cases (6.2%) were familial and
331 cases (93.8%) isolated cases. Patients with
fALS were defined as having a self-reported family
history of suspected ALS defined as the presence
of at least one first-degree relative. The clinical
phenotypes considered for the classification of dis-
ease onset were limb, bulbar, and both (limb and
bulbar). The majority of cases were classified as
limb (n¼ 220, 62.3%) whereas bulbar onset was
less common among our patients (n¼ 88, 24.9%).
Moreover, cases with concomitant frontotemporal
dementia (FTD) represented a minority of cases
(n¼ 8, 2.3%).

Clinical diagnosis was established based on the
Revised El Escorial Criteria (8). Three hundred
thirty-seven patients fulfilled criteria for ALS
(95.5%) while the rest of them were categorized in
one of the following phenotypes: nine in PLS, four
in PBP, and three in PMA. Table 1 lists the clin-
ical and demographic details of this cohort.
Written informed consent was obtained from all

Table 1. Basic demographic and clinical characteristics of the
Greek ALS cohort.

N 353
Sex (%)
Male 224 (63.5)
Female 129 (36.5)

Age (years) 60.8±12.3 (15–95)
AAO (years) 58.8±12.1 (14–84)
Onset type (%)
Limb 220 (62.3)
Bulbar 88 (24.9)
Both 14 (4.0)
Unknown 31 (8.8)

Family history (%)
Familial 22 (6.2)
Sporadic 331 (93.8)

ALS-FTD (%) 8 (2.3)
Revised El Escorial 2015 (%)
ALS 337 (95.5)
PLS 9 (2.6)
PBP 4 (1.1)
PMA 3 (0.8)

Note: Data are mean±SD (range).
Abbreviations: AAO: age at onset; ALS: amyotrophic lateral
sclerosis; FTD: frontotemporal dementia); PLS: primary
lateral sclerosis; PMA: progressive muscular atrophy;
PBP¼progressive bulbar palsy.
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patients. The study protocol was approved by the
Eginitio Hospital Ethics Committee.

2.2. Next generation sequencing

Genomic DNA was extracted from peripheral blood
lymphocytes using the salting-out method at the
Athens Neurogenetics Unit. WGS was performed at
the New York Genome Center (NYGC). Libraries
were prepared using the TruSeq DNA PCR-free
Library Preparation Kit (Illumina) in accordance
with the manufacturer’s instructions. Sequencing
was performed on an Illumina NovaSeq V1 sequen-
cer using 2x150bp cycles. Paired-end 150 bp reads
were aligned to the GRCh38 human reference using
the Burrows-Wheeler Aligner (BWA-MEM
v0.7.15) and processed using the Genome Analysis
Toolkit’s (GATK) best-practices workflow.
Duplicates were marked using the Picard software
package (v2.4.1, http://picard.sourceforge.net) and
base quality score recalibration (BQSR) was per-
formed via Genome Analysis Toolkit (GATK v3.5)
(PMID: 20644199, 21478889). HaplotypeCaller
was implemented on each sample separately to pro-
duce the variant calling files (VCFs). Repeat expan-
sions (C9ORF72 and ATX2) were called using the
ExpansionHunter v2.5.5 (https://github.com/
Illumina/ExpansionHunter), which estimates the
number of copies of repeated short unit sequence by
performing a targeted search through a BAM/
CRAM file for reads that span, flank, or are fully
contained in each repeat.

2.3. Variant analysis

The WGS VCFs were further processed in the
Biomedical Research Foundation, Academy of
Athens (BRFAA) via a whole-exome capture algo-
rithm, effectively reducing the WGS data to WES
VCFs. The downstream analysis of WES VCFs
thus produced was performed at the Athens
Neurogenetics Unit. More specifically, variant
annotation and filtering was performed in Franklin
by Genoox (https://franklin.genoox.com/). Variants
were analyzed based on a virtual in silico panel of
38 genes associated with ALS, downloaded from
panelApp [Amyotrophic lateral sclerosis/motor
neuron disease (Version 1.73)] (Table 2). Variants
were filtered based on their minor allele frequen-
cies (MAFs) and read-depth. Only variants with
MAF < 1% from the GnomAD database (gno-
mad.broadinstitute.org/) and read-depth >20X
were retained. The detected variants were classi-
fied in accordance with the guidelines of the
American College of Medical Genetics and
Genomics (ACMG) (9) as likely benign, uncertain
significance (VUS), likely pathogenic, or patho-
genic. Only pathogenic or likely pathogenic var-
iants were reported.

Repeat expansions in C9ORF72 and ATXN2
were investigated using ExpansionHunter software.
The results were validated using conventional
repeat-primed PCR (RP-PCR) and fragment ana-
lysis at the Athens Neurogenetics Unit. As per
C9ORF72 hexanucleotide repeat expansion (HRE)
the cutoff of 30 repeats was considered pathogenic.
The size of the repeat expansion is highly variable
but the cutoff of 30 repeats has been suggested as
the lowest pathogenic limit (10). Intermediate
repeat expansions in ATXN2 are a known risk fac-
tor for ALS. In the present study, 30–33 repeats in
ATXN2 were considered intermediate. This range
is most strongly associated with ALS according to
a meta-analysis of 9042 ALS cases (11). We
defined as oligogenic patients carrying 2 or more
variants with unambiguous evidence supporting
their pathogenicity.

2.4. Statistical analysis

All statistical analyses were performed using
Rstudio version 4.3.1 (RStudio Team, 2023).
Comparisons between means were made with the
unpaired two-tailed Student t-test, whereas com-
parison between categorical variables was made
with the Fisher’s exact test. A p-value < 0.05 was
considered significant.

3. Results

3.1. Genetic findings

We analyzed the 38 ALS-associated genes in a
cohort of 353 Greek patients with ALS including
16 patients with related motor neuron disease
(MND) subtypes (PLS, PBP, or PMA). Of the
353 cases examined, 41 carried the C9ORF72
HRE, representing 11.6% of the entire group and
54.5% of the familial cases. An additional 30
patients carried causative variants, representing a
further 8.5% of the overall cohort. A total of 71
cases received a genetic diagnosis (20.1%) consid-
ering all MND subtypes. Excluding non-ALS
MND subtypes a genetic diagnosis was reached in
21% of the cohort. As per ATXN2 repeats, seven
cases (2.0%) carried an intermediate repeat expan-
sion (30–33 CAG).

Table 2. ALS-associated genes analyzed in our cohort.

ALS2 OPTN TARDBP ATXN2 UNC13A
ANG PFN1 TBK1 C9ORF72 VEGFA
DCTN1 SETX TUBA4A CHCHD10 SPG11
FIG4 SIGMAR1 UBQLN2 CHMP2B SQSTM1
FUS SLC52A2 VAPB ERBB4 MATR3
HNRNPA1 SLC52A3 VCP GRN ANXA11
KIF5A SOD1 NEFH HFE
NEK1 SPAST AR SLC52A1

Unraveling the genetic landscape of ALS in Greece 3
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3.2. C9ORF72 HREs

The most common pathogenic genetic alteration
in our ALS cohort was the C9ORF72 HRE. Of the
41 C9ORF72 positive cases, 12 had fALS (27.5%)
and 29 sALS (70.7%) with a mean AAO estimated
at 56.10±10.14 years. Limb-onset was observed in
18 cases (43.9%), bulbar-onset (primarily dysarth-
ria) in 13 cases (31.7%), both limb and bulbar-
onset in five cases (12.2%) whereas motor onset
type was unknown in the remaining 5 cases
(12.2%). All familial cases had at least one first
degree relative with ALS. Four of the C9ORF72
positive cases had concomitant FTD (9.8%). It
should be noted that 1 patient with ALS in our
cohort carried the C9ORF72 HRE along with the
variant c.1124G>A in TARDBP (ALS430). It
was a sporadic case with AAO of 52 years.

According to the results of ExpansionHunter,
our C9ORF72 positive patients carried from 117
to 465 repeats (Figure 1B). All cases were vali-
dated using an orthogonal method (fragment ana-
lysis and RP-PCR) and the results were
concordant.

3.3. Identification of causative ALS-associated
variants

We identified known causative variants in 27 cases
(nine in SQSTM1, seven in TARDBP, five in
SOD1, three in NEK1, one in SETX, one in VCP,
and one in FUS) and novel variants in 3 cases (1 in
SOD1, 1 in FIG4, 1 in TBK1). All 3 novel variants
were absent in population databases (gnomAD,
ExAC, 1000G). Both the c.394_395insCA in

SOD1 and c.1859del in FIG4 are frameshift
variants resulting in termination codon. The
c.1179_1189þ8del in TBK1 is a splice junction
loss variant with unknown effect on the protein. All
30 variants were detected in heterozygous state con-
sistent with autosomal dominant inheritance pat-
tern. Figure 1(A) shows the mutational frequency
of the genes identified in our cohort. Finally, we
identified three carriers of SPG11 pathogenic var-
iants (c.7155T>A in one patient and c.5381T>C
in two patients).

The clinical features of patients carrying patho-
genic or likely pathogenic variants are
summarized in Table 3. The mean AAO was
58.17±11.39 years, ranging from 37 to 84 years.
Two out of five SOD1 positive patients were
early onset ALS. Among the 30 patients carrying
pathogenic or likely pathogenic variants, 21 cases
presented with limb-onset, five cases exhibited
bulbar-onset, whereas motor onset type was
unknown in the remaining four cases. None of the
patients had concomitant FTD. Three cases had a
family history of suspected ALS. The first one
(ALS178), carrying the c.143T>C variant in
SOD1 had three brothers and sisters with ALS.
The second one (ALS453), carrying the
c.1055A>G variant in TARDBP had a father with
ALS. Finally, the third one (ALS224), carrying the
c.1574C>T variant in FUS, had a monozygote
sister with anterior horn cell disorder.

3.4. Intermediate repeat expansions in ATXN2

Intermediate repeat expansions in ATXN2 are an
established risk factor for ALS. We identified seven

Figure 1. (A) Relative contribution of ALS-associated genes to the total estimate of patients carrying a causative variant. (B) Expansion
repeat size in ALS cases for C9ORF72 and ATXN2 genes. Scatter plots showing distribution and frequency of repeat sizes, indicated by
circles. The red box highlights intermediate ATXN2 repeat expansions (30–33 CAG).
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patients (2.0%) with expansions lying within the
30–33 range strongly associated with ALS. The
majority of cases had 22 or 23 repeats (range 13–
35) (Figure 1(C)). Interestingly, one case
(ALS453) had a full ATXN2 expansion, that is, 35
repeats, along with the c.1055A>G variant in
TARDBP. Finally, there was a familial ALS case
(ALS97) with a pathogenic C9ORF72 HRE (415
repeats) and an intermediate ATXN2 repeat
expansion (30 repeats) with AAO at 39 years. All
cases were validated using an orthogonal method
(fragment analysis) and the results were
concordant.

Discussion

In this study, we investigated the genetic profile
and clinical characteristics of a 353-patient Greek
ALS cohort, including 16 patients with related
MND subtypes (PLS, PBP, or PMA). To the best
of our knowledge, this is the first comprehensive
study carried out in a large number of cases from
Greece. We used NGS in order to estimate the
frequency of known causative variants and discover
novel variants. Moreover, we screened our cohort
for C9ORF72 and ATXN2 repeat expansions. Our
findings are important for clinical testing as well as
the design of gene-specific trials. Moreover, novel
pathogenic or likely pathogenic variants reported
in this work could be the starting point for further
molecular research.

Our findings should also be considered in the
context of the broader Mediterranean genetic land-
scape. Recent studies have highlighted notable
geographical variability in the genetic architecture
of ALS across this region. In North Africa, par-
ticularly Tunisia, causative variants in TARDBP
appear most prevalent (�9.4%), whereas
C9ORF72 HREs are less common (�3.9%) com-
pared to European cohorts (12). In contrast,
C9ORF72 HREs are the most frequent genetic
cause of ALS in Italy and Spain, accounting for
approximately 3.7%–6.7% of sporadic cases in
continental Italy (13) and up to 27% of familial
cases in Spain (14). Notably, in Sardinia, a foun-
der variant in TARDBP (A382T) is highly preva-
lent, even among apparently sporadic cases (15).
These regional differences also reflect phenotypic
variability: ALS patients from North Africa often
show earlier disease onset and, in some reports,
reduced survival (16), whereas carriers of
C9ORF72 HREs - more frequent in Southern
Europe – are more likely to exhibit frontotemporal
cognitive impairment and more rapid disease pro-
gression (17).

The frequency of the causative variants in
patients with ALS has been extensively investi-
gated in populations of different ethnic origins.
The most frequent genetic alteration was the

C9ORF72 HRE detected in 41 patients (11.6%) of
this cohort. Our results are in accordance with the
majority of the studies (18–25) except the Italian
(26), German (27), Cypriot (28), and Turkish
(29) (Table 4). These differences may stem from
distinct genetic backgrounds and population his-
tory. The frequency of C9ORF72 HRE in Greek
patients with ALS has been studied in detail in
previous reports of our group investigating the
genotypic and phenotypic profile of C9ORF72-
related disorders in Greece (31,32).

As per SNVs, causative variants in SQSTM1
were most frequently detected in our cohort
(n¼ 9, 2.5%). SQSTM1 variants have been
reported in less than 1% of ALS patients world-
wide (33) (Table 4). According to literature,
SQSTM1 variants are either VUS or detected
along with another variant. The gene was originally
associated with Paget’s disease of bone. However,
there are reports linking SQSTM1 variants with
the ALS-FTD spectrum and FTD cases (34,35).
Interestingly none of our 9 patients carrying var-
iants in SQSTM1 had concomitant FTD. Six out
of nine patients harbored the c.1175C>T variant
in exon 8 located in the C-terminal ubiquitin-asso-
ciated (UBA) end of the sequestome 1 protein.
This is a known variant that has previously been
reported in cases of ALS (34).

TDP-43 has been found in inclusion bodies of
multiple neurological disorders, including ALS,
FTD, Parkinson’s disease (PD) and Alzheimer’s
disease (AD). Variants in the TDP-43 encoding
gene, TARDBP, have been subsequently reported
in sporadic and familial ALS patients (36).
Causative variants in TARDBP were the third
most frequently mutated gene in our cohort, in
accordance with literature (3). All variants identi-
fied (n¼7, 2.0%) were located in exon 6 of the
gene with p.M337V being the most common one
(carried by two patients in our cohort).

Identified in 1993, SOD1 was the first gene
associated with ALS (37). Across mixed ALS
cohorts, SOD1 variants account for approximately
2% of cases (38). In our cohort, causative variants
in SOD1 gene were identified in six patients
(1.7%), a rate comparable to other studies in
European populations (21,26,27). Our results are
in statistical concordance with all European stud-
ies, except from the German cohort detecting a
high frequency of SOD1 causative variants (n¼ 34,
11.3%). This is likely due to the fact that the
German study included only fALS cases. Of note,
the Maltese (19), Hungarian (20), and Cypriot
(28) cohorts reported no patients with SOD1
pathogenic variants (Table 4). The present study
identified a novel frameshift variant c.394_
395insCA in SOD1 predicted to be loss-of-func-
tion (LOF). Although SOD1 variants are primarily
associated with toxic gain-of-function (GOF)

6 C. Kartanou et al.



mechanisms, frameshifts variants that result in
truncated protein and escape nonsense-mediated
mRNA decay (NMD) can contribute to cytoplas-
mic aggregation and toxicity (39). Importantly,
patients carrying a SOD1 causative variant are
presently potentially eligible for therapeutic inter-
vention (40).

NEK1 causative variants were the fourth most
common mutated SNVs in our cohort (n¼3,
0.8%), unlike other European cohort studies that
consider NEK1 as a minor ALS gene (14,19–22,
26–28,30,41) (Table 4). All three cases harbored
loss-of-function variants (one frameshift and two
stop-gain). In NEK1 gene haploinsufficiency is a
known molecular genetic mechanism of tox-
icity (42).

Finally, we identified causative variants in
FIG4, SETX, TBK1, VCP, and FUS in single
cases (<0.5%). FUS is a major ALS gene with
high frequency across Europe (43). Being detected
in a single case in our cohort underscores the
marked differences that exist between ethnic
groups and geographical regions with respect to
genes commonly implicated in ALS. The
c.1574C>T in FUS is a missense variant in a
mutational hotspot corresponding to a protein
functional domain. It has been reported in the
Chinese (44) cohort in two sporadic patients and
the Turkish (29) cohort in a juvenile ALS de novo
case. Our patient (ALS224) carrying the
c.1574C>T variant in FUS was a familial case
with a monozygote sister with anterior cell disorder
and AAO 42 years (Table 3). Both FIG4 and
TBK1 variants detected in two sporadic cases were
novel. SETX and VCP genes are primarily linked
to other diseases (ataxia and FTD, respectively)
and are considered minor ALS genes (45,46).

SPG11 has been associated with juvenile-onset
ALS under a recessive disease model (47). In this
context, since we detected variants in SPG11 gene
solely in heterozygous state and in patients with
adult-onset ALS, it is likely that these alleles were
not disease-causing. Regarding oligogenic mode of
inheritance, only one patient (ALS430) was
detected to carry a causative variant in two differ-
ent major ALS genes (C9ORF72 and TARDBP)
(Table 3). Our case was a male patient with AAO
53 years and without family history. According to
literature, co-occurrence of multiple variants is
most frequently observed in patients who carry the
C9ORF72 HRE (48). In addition, it has been
described that oligogenic inheritance is also associ-
ated with an earlier AAO and rapid disease pro-
gression (48).

Intermediate-length repeats in ATXN2 have
been associated with increased risk of ALS (11).
Herein we identified seven patients (7/353, 2.0%)
with expansions lying within the 30–33 range
strongly associated with ALS. This is in line withT
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an Italian (15/801, p-value ¼ 1.000) (49), and a
Chinese population study (17/1067, p-value ¼
0.636) (50), but statistically significantly different
from a Belgian/Netherland (10/1948, p-value ¼
0.0097) (51) and a French-Canadian study (40/
556, p-value ¼ 0.0006) (52). Differences in geno-
typing arise from the fact that many studies accept
a broader range of intermediate length repeat
expansions (27–33 CAG) (49,50,53) while others
a stricter one (30–33 CAG) (51) strongly associ-
ated with increased risk for ALS. Two cases,
ALS453 and ALS97, harbored a causative variant
in an ALS-associated gene and either a full (35
CAG) or an intermediate (30 CAG) ATXN2
repeat expansion consistent with oligogenic nature
of disease.

An important limitation of the present study is
the absence of a healthy control group to compare
the frequency of intermediate ATNX2 repeat
expansions and occurrence of novel variants.
Furthermore, we screened a limited number of
ALS-associated genes and reported only patho-
genic or likely pathogenic variants. Nonetheless,
our study is the first to screen for genetic aberra-
tions in a large cohort of Greek ALS patients. A
limitation of our cross-cohort comparison (Table
4) is that different studies analyzed varying num-
bers of ALS-associated genes, which may affect
the observed SNV frequencies. While all studies
included the four most frequently mutated genes
(C9ORF72, SOD1, TARDBP, and FUS), differen-
ces in panel size could influence the detection of
additional variants. As this study was retrospective,
formal cognitive assessments were not available for
all patients, limiting detailed characterization of
cognitive function in the cohort.

Our results reveal the distinct genetic profile of
Greek ALS patients. These findings will have an
impact on genetic counseling, the design of diag-
nostic gene panels for the Greek population and
on genotype-specific therapeutic interventions.
Understanding the genetic causes of ALS in differ-
ent populations is becoming increasingly impor-
tant, especially with the advent of personalized
medicine.

Acknowledgements

Contributors: CKar performed bioinformatic
analysis, interpretation of the data and wrote the
manuscript; ZK, NR, IS, MP performed
bioinformatic analysis, interpretation of the data
and revised the manuscript; TL and DV
performed bioinformatic analysis and revised the
manuscript; PM participated in study design and
revised the manuscript; CKon, SA, EK, AD, MR,
EK, MP examined patients clinically and revised
the manuscript; LS examined patients clinically,
coordinated NYGC ALS Consortium research

activity and revised the manuscript; Gkou
examined patients clinically and along with GKar
designed the study, supervised the project and
critically revised the manuscript. Collaborators:
WGS of all ALS cases was performed at the
NYGC (The NYGC ALS Consortium). The
members of the NYGC ALS Consortium include
Hemali Phatnani, Justin Kwan, Dhruv Sareen,
James R. Broach, Zachary Simmons, Ximena
Arcila-Londono, Edward B. Lee, Vivianna M. Van
Deerlin, Neil A. Shneider, Ernest Fraenkel, Lyle
W. Ostrow, Frank Baas, Noah Zaitlen, James D.
Berry, Andrea Malaspina, Pietro Fratta, Gregory
A. Cox, Leslie M. Thompson, Steve Finkbeiner,
Efthimios Dardiotis, Timothy M. Miller,
Siddharthan Chandran, Suvankar Pal, Eran
Hornstein, Daniel J. MacGowan, Terry Heiman-
Patterson, Molly G. Hammell, Nikolaos. A.
Patsopoulos, Oleg Butovsky, Joshua Dubnau,
Avindra Nath, Robert Bowser, Matt Harms,
Eleonora Aronica, Mary Poss, Jennifer Phillips-
Cremins, John Crary, Nazem Atassi, Dale J.
Lange, Darius J. Adams, Leonidas Stefanis, Marc
Gotkine, Robert Baloh, Suma Babu, Towfique
Raj, Sabrina Paganoni, Ophir Shalem, Colin
Smith, Bin Zhang, University of Maryland Brain
and Tissue Bank, NIH NeuroBioBank, and Brent
T. Harris.

The First Department of Neurology at
Eginition Hospital is a Center of the ERN-NMD.

Declaration of interest

The authors report no conflicts of interest. The
authors alone are responsible for the content and
writing of this article.

Funding

This work was supported by the National Network
for Research of Neurodegenerative Diseases on the
basis of Medical Precision (Grant 2018
E01300001), funded by the General Secretariat of
Research and Innovation (GSRI), and by Brain
Precision (TAEDR-0535850), funded by the
GSRI, through funds provided by the European
Union (Next Generation EU) to the National
Recovery and Resilience Plan.

Data availability statement

Anonymized data will be shared on request by any
qualified investigator.

Literature

1. Brown RH, Al-Chalabi A. Amyotrophic lateral sclerosis. N
Engl J Med. [Internet]. 2017;377:162–72. http://www.
nejm.org/doi/10.1056/NEJMra1603471

8 C. Kartanou et al.

http://www.nejm.org/doi/10.1056/NEJMra1603471
http://www.nejm.org/doi/10.1056/NEJMra1603471


2. Wang H, Guan LP, Deng M. Recent progress of the
genetics of amyotrophic lateral sclerosis and challenges of
gene therapy. Front Neurosci. 2023;17:1170996.

3. Nguyen L. Updates on disease mechanisms and
therapeutics for amyotrophic lateral sclerosis. Cells. 2024;
13:888.

4. Mead RJ, Shan N, Reiser HJ, Marshall F, Shaw PJ.
Amyotrophic lateral sclerosis: a neurodegenerative disorder
poised for successful therapeutic translation. Nat Rev
Drug Discov. 2023;22:185–212.

5. Mitropoulos K, Papadima EM, Xiromerisiou G,
Balasopoulou A, Charalampidou K, Galani V, et al.
Genomic variants in the FTO gene are associated with
sporadic amyotrophic lateral sclerosis in Greek patients.
Hum Genomics. 2017;11:30.

6. Bourbouli M, Rentzos M, Bougea A, Zouvelou V,
Constantinides VC, Zaganas I, et al. Cerebrospinal fluid
TAR DNA-binding protein 43 combined with tau proteins
as a candidate biomarker for amyotrophic lateral sclerosis
and frontotemporal dementia spectrum disorders. Dement
Geriatr Cogn Disord. 2017;44:144–52.

7. Ivantsik O, John A, Kydonopoulou K, Mitropoulos K,
Gerou S, Ali BR, et al. Novel pathogenic variants leading
to sporadic amyotrophic lateral sclerosis in Greek patients.
Genes (Basel). 2024;15:309.

8. Ludolph A, Drory V, Hardiman O, Nakano I, Ravits J,
Robberecht W, et al. A revision of the El Escorial criteria -
2015. Amyotroph Lateral Scler Frontotemporal Degener.
2015;16:291–2.

9. Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster
J, et al. Standards and guidelines for the interpretation of
sequence variants: a joint consensus recommendation of
the American College of Medical Genetics and Genomics
and the Association for Molecular Pathology. Genet Med.
2015;17:405–24.

10. Gijselinck I, Cruts M, Van Broeckhoven C. The genetics
of c9orf72 expansions. Cold Spring Harb Perspect Med.
2018;8:a026757.

11. Wang MD, Gomes J, Cashman NR, Little J, Krewski D.
Intermediate CAG repeat expansion in the ATXN2 gene
is a unique genetic risk factor for ALS – a systematic
review and meta-analysis of observational studies. PLoS
One. 2014;9:e105534.

12. Kacem I, Sghaier I, Peverelli S, Souissi E, Ticozzi N,
Gharbi A, et al. Genotype-phenotype correlation in
Tunisian patients with amyotrophic lateral sclerosis.
Neurobiol Aging. 2022;120:27–33.

13. Sabatelli M, Conte A, Zollino M. Clinical and genetic
heterogeneity of amyotrophic lateral sclerosis. Clin Genet.
2013;83:408–16.

14. Garc�ıa-Redondo A, Dols-Icardo O, Rojas-Garc�ıa R,
Esteban-P�erez J, Cordero-V�azquez P, Mu~noz-Blanco JL,
et al. Analysis of the C9orf72 gene in patients with
amyotrophic lateral sclerosis in Spain and different
populations worldwide. Hum Mutat. 2013;34:79–82.

15. Chi�o A, Borghero G, Pugliatti M, Ticca A, Calvo A,
Moglia C, et al. Large proportion of amyotrophic lateral
sclerosis cases in sardinia due to a single founder mutation
of the TARDBP gene. Arch Neurol. 2011;68:594–8.

16. Drory VE, Artmonov I. Earlier onset and shorter survival
of amyotrophic lateral sclerosis in Jewish patients of North
African origin. A clue to modifying genetic factors? J
Neurol Sci. 2007;258:39–43.

17. van der Zee J, Gijselinck I, Dillen L, Van Langenhove T,
Theuns J, Engelborghs S, et al. A Pan-European study of
the C9orf72 repeat associated with FTLD: geographic
prevalence, genomic instability, and intermediate repeats.
Hum Mutat. 2013;34:363–73.

18. Gromicho M, Pinto S, Gisca E, Pronto-Laborinho AC,
Andersen PM, de Carvalho M. Frequency of C9orf72
hexanucleotide repeat expansion and SOD1 mutations in

Portuguese patients with amyotrophic lateral sclerosis.
Neurobiol Aging. 2018;70:325.e7–325.e15.

19. Borg R, Farrugia Wismayer M, Bonavia K, Farrugia
Wismayer A, Vella M, van Vugt JJFA, et al. Genetic
analysis of ALS cases in the isolated island population of
Malta. Eur J Hum Genet. 2021;29:604–14.

20. Tripolszki K, Gampawar P, Schmidt H, Nagy ZF, Nagy
D, Kliv�enyi P, et al. Comprehensive genetic analysis of a
Hungarian amyotrophic lateral sclerosis cohort. Front
Genet. 2019;10:732.

21. Olsen CG, Busk ØL, Aanjesen TN, Alstadhaug KB,
Bjørnå IK, Braathen GJ, et al. Genetic Epidemiology of
amyotrophic lateral sclerosis in Norway: A 2-year
population-based study. Neuroepidemiology. 2022;56:
271–82.

22. Shepheard SR, Parker MD, Cooper-Knock J, Verber NS,
Tuddenham L, Heath P, et al. Value of systematic genetic
screening of patients with amyotrophic lateral sclerosis. J
Neurol Neurosurg Psychiatry. 2021;92:510–8.

23. Liu ZJ, Lin HX, Wei Q, Zhang QJ, Chen CX, Tao QQ,
et al. Genetic spectrum and variability in Chinese patients
with amyotrophic lateral sclerosis. Aging Dis. 2019;10:
1199–206.

24. Nel M, Mahungu AC, Monnakgotla N, Botha GR,
Mulder NJ, Wu G, et al. Revealing the mutational
spectrum in Southern Africans with amyotrophic lateral
sclerosis. Neurol Genet. 2022;8:e654.

25. Narain P, Pandey A, Gupta S, Gomes J, Bhatia R,
Vivekanandan P. Targeted next-generation sequencing
reveals novel and rare variants in Indian patients with
amyotrophic lateral sclerosis. Neurobiol Aging. 2018;71:
265.e9-265–e14.

26. Grassano M, Calvo A, Moglia C, Brunetti M, Barberis M,
Sbaiz L, et al. Mutational analysis of known ALS genes in
an Italian population-based cohort. Neurology. 2021;96:
e600–e609.

27. M€uller K, Brenner D, Weydt P, Meyer T, Grehl T, Petri
S, et al. Comprehensive analysis of the mutation spectrum
in 301 German ALS families. J Neurol Neurosurg
Psychiatry. 2018;89:817–27.

28. Mitsi E, Votsi C, Koutsou P, Georghiou A, Christodoulou
CC, Kleopa K, et al. Genetic epidemiology of
amyotrophic lateral sclerosis in Cyprus: a population-based
study. Sci Rep. 2024;14:30781. Available from: https://
www.nature.com/articles/s41598-024-80851-y

29. €Ozo�guz A, Uyan €O, Birdal G, Iskender C, Kartal E, Lahut
S, et al. The distinct genetic pattern of ALS in Turkey
and novel mutations. Neurobiol Aging. 2015;36:1764.e9–
1764.e18.

30. Gromicho M, Pinto S, Gisca E, Pronto-Laborinho AC,
Andersen PM, De Carvalho M. Genetic Profile of
ALS Patients in Portugal [Internet]. Available from: www.
jpnd.eu:

31. Kartanou C, Kontogeorgiou Z, Rentzos M, Potagas C,
Aristeidou S, Kapaki E, et al. Expanding the spectrum of
C9ORF72-related neurodegenerative disorders in the
Greek population. J Neurol Sci. 2022;442:120450.

32. Mok KY, Koutsis G, Schottlaender LV, Polke J, Panas M,
Houlden H. High frequency of the expanded C9ORF72
hexanucleotide repeat in familial and sporadic Greek ALS
patients. Neurobiol Aging. 2012;33:1851.e1–1851.e5.

33. Renton AE, Chi�o A, Traynor BJ. State of play in
amyotrophic lateral sclerosis genetics. Nat Neurosci. 2014;
17:17–23.

34. Fecto F, Yan J, Vemula SP, Liu E, Yang Y, Chen W, et
al. SQSTM1 mutations in familial and
sporadic amyotrophic lateral sclerosis. Arch Neurol. 2011;
68:1440–6.

35. Van Der Zee J, Van Langenhove T, Kovacs GG, Dillen L,
Deschamps W, Engelborghs S, et al. Rare mutations in

Unraveling the genetic landscape of ALS in Greece 9

https://www.nature.com/articles/s41598-024-80851-y
https://www.nature.com/articles/s41598-024-80851-y
http://www.jpnd.eu:
http://www.jpnd.eu:


SQSTM1 modify susceptibility to frontotemporal lobar
degeneration. Acta Neuropathol. 2014;128:397–410.

36. Kabashi E, Lin L, Tradewell ML, Dion PA, Bercier V,
Bourgouin P, et al. Gain and loss of function of ALS-
related mutations of TARDBP (TDP-43) cause motor
deficits in vivo. Hum Mol Genet. 2009;19:671–83.

37. Rosen DR, Siddique T, Patterson D, Figlewicz DA, Sapp
P, Hentati A, et al. Mutations in Cu/Zn superoxide
dismutase gene are associated with familial amyotrophic
lateral sclerosis. Nature. 1993;362:59–62.

38. B€aumer D, Talbot K, Turner MR. Advances in motor
neurone disease. J R Soc Med. 2014;107:14–21.

39. Ruffo P, Perrone B, Conforti FL. SOD-1 variants in
amyotrophic lateral sclerosis: systematic re-evaluation
according to ACMG-AMP guidelines. Genes (Basel).
2022;13:537.

40. Saini A, Chawla PA. Breaking barriers with tofersen:
enhancing therapeutic opportunities in amyotrophic lateral
sclerosis. Eur J Neurol. 2024;31:e16140.

41. Marjanovi�c IV, Selak-Djoki�c B, Peri�c S, Jankovi�c M,
Arsenijevi�c V, Basta I, et al. Comparison of the clinical
and cognitive features of genetically positive ALS patients
from the largest tertiary center in Serbia. J Neurol. 2017;
264:1091–8.

42. Mann JR, McKenna ED, Mawrie D, Papakis V,
Alessandrini F, Anderson EN, et al. Loss of function of
the ALS-associated NEK1 kinase disrupts microtubule
homeostasis and nuclear import. Sci Adv. 2023;9:
eadi5548.

43. Zou ZY, Zhou ZR, Che CH, Liu CY, He RL, Huang HP.
Genetic epidemiology of amyotrophic lateral sclerosis: a
systematic review and meta-analysis. J Neurol Neurosurg
Psychiatry. 2017;88:540–9.

44. Luo Y, Jiao B, Wang J, Du J, Yan X, Xia K, et al.
C9orf72 hexanucleotide repeat expansion analysis in
Chinese spastic paraplegia patients. J Neurol Sci. 2014;
347:104–6.

45. Bennett CL, La Spada AR. Unwinding the role of
senataxin in neurodegeneration. Discov Med. 2015;19:
127–36.

46. Scarian E, Fiamingo G, Diamanti L, Palmieri I, Gagliardi
S, Pansarasa O. The role of VCP mutations in the
spectrum of amyotrophic lateral sclerosis—frontotemporal
dementia. Front Neurol. 2022;13:841394.

47. Orlacchio A, Babalini C, Borreca A, Patrono C, Massa R,
Basaran S, et al. SPATACSIN mutations cause autosomal
recessive juvenile amyotrophic lateral sclerosis. Brain.
2010;133:591–8.

48. Nguyen HP, Van Broeckhoven C, van der Zee J. ALS
genes in the genomic era and their implications for FTD.
Trends Genet. 2018;34:404–23.

49. Gellera C, Ticozzi N, Pensato V, Nanetti L, Castucci A,
Castellotti B, et al. ATAXIN2 CAG-repeat length in
Italian patients with amyotrophic lateral sclerosis: risk
factor or variant phenotype? Implication for genetic testing
and counseling. Neurobiol Aging. 2012;33:1847.e15–
1847.e21.

50. Liu X, Lu M, Tang L, Zhang N, Chui D, Fan D.
ATXN2 CAG repeat expansions increase the risk for
Chinese patients with amyotrophic lateral sclerosis.
Neurobiol Aging. 2013;34:2236.e5–2236.e8.

51. Van Damme P, Veldink JH, Van Blitterswijk M,
Corveleyn A, Van Vught PWJ, Thijs V, et al. Expanded
ATXN2 CAG repeat size in ALS identifies genetic overlap
between ALS and SCA2. Neurology. 2011;76:2066–72.

52. Daoud H, Noreau A, Rochefort D, Paquin-Lanthier G,
Gauthier MT, Provencher P, et al. Investigation of
C9orf72 repeat expansions in Parkinson’s disease.
Neurobiol Aging. 2013;34:1710.e7–1710.e9.

53. Daoud H, Belzil V, Martins S, Sabbagh M, Provencher P,
Lacomblez L, et al. Association of long ATXN2 CAG
repeat sizes with increased risk of amyotrophic lateral
sclerosis. Arch Neurol. 2011;68:739–42.

10 C. Kartanou et al.


	Unraveling the genetic landscape of ALS in Greece: identification of known and novel causative variants in a 353-patient cohort
	Abstract
	Introduction
	Patients and methods
	Recruitment of patients
	Next generation sequencing
	Variant analysis
	Statistical analysis

	Results
	Genetic findings
	C9ORF72 HREs
	Identification of causative ALS-associated variants
	Intermediate repeat expansions in ATXN2

	Discussion
	Acknowledgements
	Declaration of interest
	Funding
	Literature


