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Abstract: Amyotrophic lateral sclerosis is the most common motor neuron disease
of the adulthood. Genetic analyses performed on cases with sporadic ALS (sALS)
and familial ALS (fALS) have revealed mutations most commonly in the genes
C9orf72, SOD1, TARDBP, FUS, and UBQLN2. The aim of this study was to investigate
the presence and incidence of these most common genomic alterations in these
genes of 30 ALS cases. Increase in the number of hexanucleotide repeats within the
gene C9orf72 was investigated using the fragment analysis method. A heterozygote
c.-45 + 162_-45 + 163insGGGGCC alteration was observed in the first intron of the
C9orf72 gene in only two sALS cases (6.6%), c.72 + 133C>T alteration was observed
in the first intron of the SOD1 gene in six fALS and two sALS cases (26.6%), a c.169 +
41C>A alteration was observed in the second intron of the same gene in one case,
a c.239 + 34A>C alteration was observed in the third intron of the same gene in
three fALS cases (10%), and a c.714 + 67_714 + 68insG alteration was observed in
the fifth intron of the TARDBP gene in six sALS cases (20%). Three different genomic
alterations were detected in the FUS gene; two silent variants p.G49G (c.147C>A) in
3 cases (10%) and p.Y97Y (c.291C>T) in 25 cases (83%) and an intronic variant
c.1067-61T˃C in 4 cases (13%). A novel missense variant, p.G457H (c.1371G>C), was
observed in the UBQLN2 gene in one case with sALS. Our study has revealed three
novel and previously reported genomic alterations in the ALS-related genes.
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1. Introduction
Amyotrophic lateral sclerosis (ALS) is a progressive and clinically heterogeneous neurodegenerative disease that may result in muscle weakness, paralysis, and death due to affected motor
neurons within the cerebral cortex, brain stem, and spinal cord (Brooks, 1994). The incidence and
prevalence of the disease have been reported to be approximately 2/100,000 and 5/100,000
worldwide. In the USA, approximately 25,000 patients with ALS have been reported and the
disease has been classified as the “orphan” disease since it is below the limit of 200,000
(Rowland & Shneider, 2001). The diagnosis is made upon the electromyography (EMG) test used
to investigate whether the motor neurons are clinically affected or not. The average survival of the
patients with ALS is 27.5 months, and the 4-year survival rate has been reported as 40%
(Robberecht & Philips, 2013). The cases' cause of death is due to respiratory distress developed
as a result of weakness in respiratory muscles. It is known that both the familial and sporadic
cases have the same clinical and pathological findings, and many mutations observed in familial
ALS (fALS) cases have also been detected in sporadic ALS (sALS) cases. On the other hand,
although ALS may be diagnosed clinically, the clinical differences between individuals suggest
the presence of multiple mechanisms included in the pathophysiology of the disease. Autosomal
dominant, autosomal recessive, and X-linked inheritance of the disease demonstrate the genetic
heterogeneity of the disease among cases with familial ALS (Maruyama et al., 2010).
There are a limited number of studies investigating the causes of ALS and the predisposing
genetic factors for the disease among the Turkish population. In one of these studies, an association between ATXN2 and SH2B3 genes has been observed (Lahut et al., 2012). In another study,
alterations in EPHA3 gene copy number were investigated and their role in the pathogenesis of ALS
was reported (Uyan et al., 2013).
The most comprehensive study investigating the genetic factors related to ALS in the Turkish
population was published in 2015. In this study, in 116 familial ALS cases; C9orf72 (18.3%), SOD1
(12.2%), FUS (5%), TARDBP (3.7%), and UBQLN2 (2.4%); in 361 sporadic ALS cases, C9orf72 (3.1%)
and UBQLN2 (0.6%) gene mutations were identified (Ozoguz et al., 2015). Additionally, according to
the Amyotrophic Lateral Sclerosis Online Genetic Database (ALSoD) (Wroe, Wai-Ling Butler,
Andersen, Powell, & Al-Chalabi, 2008), mutation frequencies for major ALS-related genes in Turkish
population were C9orf72 (28.30%), SOD1 (4.18%), FUS (4.60%), TARDBP (4.63%), and UBQLN2 (4.44%)
genes. The aim of our study was to investigate both the presence and the incidence of the most
common mutations reported in the literature, which are observed in the genes C9orf72, SOD1,
TARDBP, FUS, and UBQLN2 in the Mediterranean Region of the Turkish population.

2. Materials and method
The study was supported by the ethics committee of Akdeniz University Faculty of Medicine Clinical
Research. The study included a total of 30 patients diagnosed with ALS at Akdeniz University
Faculty of Medicine Department of Neurology. Among those, 12 had fALS from six different families
and 18 had sALS. Genomic DNA isolation was performed from the peripheral blood samples by
using salting out method (Miller, Dykes, & Polesky, 1988). The hexanucleotide repeat region of the
first intron of C9orf72 gene was amplified by the triplet primed PCR method and analyzed via
fragment analysis. Five exons of the SOD1 gene, including exon–intron junction sites, were amplified using five different primer pairs. FUS gene exons; 3, 4, 5, 6, 11, 12, 13, 14, and 15 which are
carrying the most common mutations, and the exon–intron junction sites were amplified using six
different primer pairs. All sequences coding the TARDBP gene and the exon–intron junction sites
were amplified using five different primer pairs, UBQLN2 gene that has no introns were amplified
using four different primer pairs.
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The PCR products of these genes were checked using 2% agarose gel electrophoresis, and
sequence analysis was performed using the ABI 3130 XL DNA sequencing device. The raw data
were evaluated in the ABI Sequence Analysis v3.1 program.
The primers used for the amplification of C9orf72, SOD1, TARDBP, FUS, and UBQLN2 genes have
been presented in Table 1.

3. Results
Among 12 patients in six different families with ALS; 6 were male and 6 were female; and among
18 patients with sALS; 8 were female and 10 were male. The most extended family among fALS
cases was family number I, which included 4 cases with the precise diagnosis (III-1, III-5, III-8,
and IV-5), 2 pre-symptomatic individuals (IV-1 and IV-7), a 35-year-old male individual with
affected father and brother (IV-6), a 50-year-old female individual whose brother had the diagnosis (III-2), and an 80-year-old individual being the oldest member of the family (II-1) (healthy
control). A total of nine individuals were included in the study (Figure 1(a)).
In family II, two of the three individuals with ALS were alive, and only the index individual
agreed to participate in the study (III-5) (Supplementary Figure 1(a)).
In family III, one of two affected individuals was alive (III-2) (Supplementary Figure 1(b)); in
family IV, one of two affected individuals was alive (III-1) (Supplementary Figure 1(c)); in family V,
two siblings among three affected individuals were alive and one agreed to participate in the study
(Supplementary Figure 1(d)).

Table 1. Fluorescent-labeled primers used for GGGGCC repeats of the C9orf72 gene and the
primer sequences used for the DNA analysis of SOD1, TARDBP, FUS, and UBQLN2 genes
Primer
pair no.

Name of
the primer

Primer sequences

1

C9orf72

F- FAM-TGTAAAACGACGGCCAGTCAAGGAGGGAAACAACCGCAGCCR-CAGGAAACAGCTATGACCGGGCCCGCCCCGACCACGCCCCGGCCCCGGCCCCGG-

2

SOD1-e-1

F- GCGGAGGTCTGGCCTATAA-, R-CCCGGTGACTCAGCACTT-

3

SOD1-e-2

F- CCATCTCCCTTTTGAGGACA-, R-CGACAGAGCAAGACCCTTTC-

4

SOD1-e-3

F- CTCAGATGATCCAGCCACCT-, R-AAAAGCATTCCAGCATTTGG-

5

SOD1-e-4

F- GTGCAGCCCCATCTTTCTT-, R-GGATCTTTAGAAACCGCGACT-

6

SOD1-e-5

F- TTGCAACACCAAGAAAAAGC-, R-TTCACAGGCTTGAATGACAAA-

7

TARDBP-e-2

F- CCCTTACCTTCACCTCGTCA-,R-TCGTGGTCTTCCAAACTTGTC-

8

TARDBP-e-3

F- GAATTTGCACCAGAAAAGCA-, R-ATTGTGGCTGGGCATGGT-

9

TARDBP-e-4

F- CTGGCCCCATCTCTCTTTTT-, R-TGCACTAAGGGCCAAAGACT-

10

TARDBP-e-5

F- AAAAAGAAATGCTGATGGAAAA-, R-ATAGAGACGGGGTTTCACCA-

11

TARDBP-e-6

F- TGCTTGTAATCTAAGTTTTGTTGC-, R-CCCACCATTCTATACCAACCA-

12

FUS-e-2–3

F- CTCCCAAACTGCTGGGATTA-, R-AGGCAGGAGAATCGTTTGAA-

13

FUS-e-4–5

F- CTCTTTCCTGGTGGCTTTTG-, R-AAAATGGGCTGCAGACAAAG-

14

FUS-e-6

F- CCTGGCACTTGTCAAACCTT-, R-GCACTAGGGACTGGCTTCAG-

15

FUS-e-11–12

F- AGAAAGGCACGCTTCTCTTG-, R-TGGCTAAATCTGACCCCAAC-

16

FUS-e-13–14

F- GAGAAGCAAGCCGTTTTGTC-, R-TCCACCTAGCCCTCAAAATG-

17

FUS-e-15

F- TAGGCTTGGAGAGGCTGGTA-, R-CCTTCTCCCCGAACACTGTA-

18

UBQLN2

F- GAACCGCAGTCTTCATCACA-, R-AAACGGGTTGCTATTTGTGG-

19

UBQLN2

F- CCACAAATAGCAACCCGTTT-, R-ATTGCCAGACCCACTACCAG-

20

UBQLN2

F- CTCCGTGGGGAGTAGTTCCT-, R-GAGTGAAGCTCGGAATCAGG-

21

UBQLN2

F- CTGATTCCGAGCTTCACTCC-, R-AGTAGGAGGGAGGGACTCCA-
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Figure 1. (a) Pedigree of family
I showing history of ALS for six
cases. SOD1 and FUS genotype
are shown corresponding symbols. The arrow denotes the
proband of the family. The
individuals' age of medical history taking is shown in the
upper left corner. Presymptomatic individuals are
shown with question mark.
Square indicates male; circle
female; slash deceased; double
line consanguineous marriage.
Black symbols indicate patients
affected with ALS; white unaffected individuals.

A

In family VI, a 60-year-old male with ALS (III-5), who had lost her sister due to ALS at 50 years
of age, was included in the study (Supplementary Figure 1(e)).
The genomic alterations observed in familial and sporadic cases have been presented in
Table 2.
Three genomic alterations were detected in the SOD1 gene. c.72+133C>T alteration, which
had previously been defined as rs17881180 in NCBI in the first intron of this gene was
observed in individuals III-5 and III-6 in family number I in heterozygote form, in one
sporadic case in heterozygote form, in one of six sporadic cases in homozygote form, making
a total of eight cases (26.6%). The alteration has been displayed in Figure 2(a).

Table 2. The genomic alterations observed in fALS and sALS cases
Genomic alteration

Gene

Exon/
Intron

Familial cases

Sporadic cases

c.72 + 133C>T

SOD1

Intron 1

Family I:III-5*
Family I: III-6*

c.169 + 41C>A•

SOD1

Intron 2

Family I: IV-1*

-

c.239 + 34A>C

SOD1

Intron 3

Family I: III-1*
Family I:IV-5*
Family VI: III-5*

-

p.G49G (c.147C>A)

FUS

Exon 3

p.Y97Y (c.291C>T)

15*, 16º, 23*, 27*, 28*, 30*

27*, 29*, 30*

º

Exon 4

Family
Family
Family
Family
Family
Family
Family
Family
Family

FUS

Intron 10

Family I: III-1*

TARDBP

Intron 5

-

23 º, 25 º, 27

p.G457H (c.1371G>C)

UBQLN2

Exon 1

-

18*

c.-45 + 162_-45 + 163insGGGGCC

C9orf72

Intron 1

-

27*, 32*

c.1067-61T>C

•

c.714 + 67_714 + 68insG
•

I: III-1
I: III-5º
I: III-8º
I: IV-1 º
I: IV-5 º
I: IV-6*
II: III-5*
IV: III-1*
VI: III-5*

15*, 16*, 17 º, 18*, 19 º, 20 º,
22 º, 23 º, 24*, 25 º, 26*, 27*,
28 º, 29*, 31*, 32 º

FUS

15*, 17*, 21*
º,

29 º, 30 º, 31º

*heterozygote/º homozygote/• novel
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Figure 2. (a) DNA sequencing
analysis revealed the C to
T transition in the heterozygote
form on position 133 of intron 1
of the SOD1 gene (c.72
+133C>T). (b) DNA sequencing
analysis revealed the c.291C>T
genomic alteration (predicting
p.Y97Y) in the heterozygote
form in the exon 4 of FUS gene.
(c) DNA sequencing analysis
revealed the c.291C>T genomic
alteration (predicting p.Y97Y) in
the homozygote form in the
exon 4 of FUS gene.

B

A

C

c.169+41C>A heterozygote alteration, which was not previously defined in NCBI, was observed in
the intron 2 of SODI gene. For the first time, the alteration was only determined in the 29-year-old,
pre-symptomatic individual with the case number IV-1 in family I. The genomic alteration has
been presented in Supplementary Figure 2(a).
Another alteration, c.239+34A>C, was detected in the intron 3 of the SODI gene, which had
previously been defined in NCBI as rs2234694. This alteration was detected in individuals number
III-1 and IV-5 in family I and the proband of family VI in the heterozygote form. This genomic
alteration has been presented in Supplementary Figure 2(b).
Three different alterations were detected in the FUS gene. The first one was p.Y97Y (c.291C>T),
which is located in the fourth exon and did not lead to an amino acid change in protein level. This
alteration was previously defined in NCBI as rs1052352. It was observed in homozygote form in
four individuals, and in heterozygote form in two members of family I with fALS. It was detected in
heterozygote form in the index cases of families II, IV, and VI. Among 18 cases with sporadic ALS,
this alteration was observed in 16 cases, 8 of which were heterozygote and 8 were homozygote.
p.Y97Y (c.291C>T) was the most frequently observed genomic alteration in 25 of 30 cases in our
study. This alteration has been presented in Figure 2(b,c).
The second alteration observed in the FUS gene was c.1067-61T>C, and was observed in the
heterozygote form in individual number III-1 of family I, and in three individuals with sporadic
form. This alteration has been presented in Supplementary Figure 2(c).
The third alteration observed in the FUS gene was p.G49G (c.147C>A), which is located in the
third exon, and which did not lead to an amino acid change. This alteration was previously defined
in NCBI as rs741810 and was detected in the heterozygote form in three different individuals with
sporadic form. This alteration has been presented in Supplementary Figure 2(d).
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Sequence analysis in the TARDBP gene revealed c.714+67_714+68insG alteration in the fifth
intron in the homozygote form in six sporadic cases, which had previously been defined in NCBI as
rs143130606. This alteration has been presented in Supplementary Figure 2. E.
Sequencing of Ubiquilin2 gene revealed p.G457H (c.1371G>C) heterozygote alteration that led to
the transformation of the amino acid glycine in the 457th position into the amino acid histidine in
only one case of sALS, which previously had not been defined in NCBI. This variant has been
presented in Supplementary Figure 2. F.
DNA fragment analysis of the C9orf72 gene revealed an increase in GGGGCC repeats in the first
intron in the heterozygote form in only two sporadic ALS patients, which had previously been
defined in NCBI as rs74180757. This alteration has been presented in Figure 3.

4. Discussion
ALS is the third most frequent motor neuron disease worldwide (Boillée, Velde, & Cleveland, 2006).
In the literature, it is indicated that C9orf72, SOD1, FUS, TARDBP, and UBQLN2 gene mutations are
frequently observed in ALS cases. The frequency of these mutations in Turkish population is known
to be 4–12% for the SOD1 gene, 2–4% for the UBQLN2 gene, and 3.1–28.30% for the C9orf72 gene
(Ozoguz et al., 2015; Wroe et al., 2008). Although we screened the most probable genomic regions
for the ALS, we could not identify any pathogenic mutation in the SOD1 gene and we found a novel
mutation in the UBQLN2 gene in only one sporadic ALS. The reason for these results in SOD1 and
UBQLN2 genes probably depends on our limited number of cases.
In 20% of familial cases and 2% of sporadic cases, SOD1 gene mutations are observed (Kwon et al.,
2012). It has been reported in a study conducted in 2009 that the heterozygote c.358–304C >G
alteration observed in the fourth exon of SOD1 gene in fALS cases led to the formation of a 43 bp
pseudoexon, addition of seven new amino acids, and a subsequent stop codon. This cryptic exon was
described to show co-segregation in fALS cases, and believed to be pathogenic (Valdmanis et al., 2009).
Starting at this point, the mutation analysis that we performed on the SOD1 gene revealed
c.72+133C>T alteration in the first intron of the gene at a rate of 26.6% in six sporadic and two

Figure 3. (a) Fragman analysis
result showing expanded
repeat numbers c.-45+162_-45
+163insGGGGCC, (b) Fragman
analysis result showing normal
repeat numbers in intron 1 of
C9orf72 gene.
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familial cases, which had a European incidence of 6% (dbSNP, 2010; https://www.ncbi.nlm.nih.
gov/projects/SNP/snp_ss.cgi?subsnp_id=32469335). The alteration was observed to be higher in
the Turkish population.
The c.169+41C>A alteration observed in the second intron of the SOD1 gene in one case with
fALS was not reported in the literature previously. However, it could not be possible to attribute the
presymptomatic ALS phenotype to this variant without any further functional studies.
The c.239+34A>C genomic alteration observed in the third intron of the SOD1 gene in three
cases with fALS was previously defined in NCBI. This change was first described as a polymorphism
in the study conducted in 1994 and was observed in 7 of 157 fALS cases and 11 of 100 normal
controls. They have reported that the A to C transversion of intron 3 leads to the formation of novel
sites for Hae II, Hha I, and Hin PI restriction enzymes (Esteban et al., 1994). This polymorphism was
also reported in a study in 2006 with 8/70 Italian patients with sALS and 11/181 control individuals.
They have reported that this intronic alteration has not caused an aberrant transcript formation in
the splicing mechanism by RT-PCR analysis (Corrado et al., 2006). This alteration was detected in
two individuals in two different generations of fALS family I. One of these individuals had died, and
the clinical presentation of the other was mild. On the other hand, when these two individuals
were compared, the one with mild disease has a heterozygote p.Y97Y (c.291C>T) alteration in the
fourth exon of the FUS gene, in addition to the SOD1 gene. The one who passed away was
homozygote for this mutation and had heterozygote c.1067-61T>C alteration in the FUS gene,
which was observed in three different sporadic cases in this study as well. It is yet not possible to
comment on the possible reflections to clinics of this finding which was evaluated as a new
intronic SNP by us.
The most common cause of the disease has been described as the increase in GGGGCC
(G4C2) hexanucleotide repeats within the first intron of C9orf72 gene, which comprises
45–50% of familial cases and 5–10% of sporadic ALS (Cooper-Knock, Shaw, & Kirby, 2014).
The pathogenic mechanism caused by the increase in the number of G4C2 repeats has not
been clearly understood yet but is believed to cause the loss of C9orf72 protein function and in
RNA toxicity (DeJesus-Hernandez et al., 2011). The extent of the increased number of repeats
may be determined with the Southern blot analysis, which is known to be 20 in healthy
individuals and 30 or more in those with the disease (Renton et al., 2011). In the study
conducted by Renton et al. on the Finnish population (2011), an increased number of hexanucleotide repeats was detected in 113 of 402 patients with ALS (46.4% among 52 fALS cases
and 21% among 61 sALS cases), and in 2 of 478 individuals of the control group (0.4%). In this
study investigating the genetic structure and new mutations of ALS in the Turkish population,
an increased number of hexanucleotide repeats was observed in 11 of 361 cases with sporadic
ALS (3.1%) (Ozoguz et al., 2015). In our study, no increase was observed in the number of
repeat sequences of the C9orf72 gene among cases with fALS, whereas an increased number of
hexanucleotide repeats was detected in 2 of 18 cases with sALS (11.1%). Our data support the
findings in the previously reported Turkish literature that the most common genetic defect for
the development of sALS was the increase in the number of repeats.
In 2006, pathologically ubiquitinated TDP-43 cytoplasmic inclusions were detected in
patients with sporadic ALS and sporadic frontotemporal dementia (FTD) (Neumann et al.,
2006). More than 40 mutations have been defined in the TARDBP gene, mainly composed of
missense mutations, at a rate of 5% in cases with fALS and 1% in cases with sALS (Janssens
& Van Broeckhoven, 2013). In our study, six of the cases with sALS included insertion of
guanine nucleotide in the fifth intron of TARDBP gene at a rate of 20%, and this genomic
alteration has been defined in NCBI previously. In a study conducted in the Finnish population in 2012, another guanine insertion (rs70977536, c.714 + 68_714 + 69insG) which was
observed in the fifth intron of TARDBP gene in 46/50 Finnish ALS cases, indicates that this
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change is a common polymorphism. Also, in this study, pathogenic mutation in the TARDBP
gene was not detected similar to our findings (Mentula et al., 2012).
In 2009, in fALS patients with mutations defined in the TARDBP gene, it was known to have
structural and functional similarities to the FUS gene (Vance et al., 2009). More than 46 mutations were determined in the FUS gene, and among these, 4–6% belonged to fALS and 0.7–1.8%
belonged to sALS (Millecamps et al., 2010). Up to now, 42 mutations have been defined within
exons 3, 5, 6, 14, and 15 of the FUS gene. Individuals bearing a mutation in one of these exons
have a typical ALS phenotype and cognitive dysfunction (Kwiatkowski et al., 2009). In our study,
cognitive dysfunction was detected in one of the three cases with a genomic alteration in exon 3
in sALS.
In sequencing analysis of all 15 exons of the FUS gene in 2012, the previously known p.
G49G (c.147C>A) and p.Y97Y (c.291C>T) synonymous variants were observed two fALS and it
was shown that these single nucleotide polymorphisms do not affect the splicing mechanism
by bioinformatic analysis (Zou et al., 2012). In the present study, in 16 of 18 sporadic cases
and 9 of 12 familial cases, p.Y97Y (c.291C>T) synonymous variant was detected in the fourth
exon of the FUS gene, which shows the polymorphic nature of this gene, which is also
consistent with the findings in the literature. In family I, nine cases were screened and whilst
five different variants were described, there was only one consistent variation (p.Y97Y,
c.291C>T) in FUS gene in all affected family members (III-1; III-5; III-8, and IV-5). But this
change, which was also found in an unaffected family member (IV-6), was also frequently
seen in other fALS and sALS cases (25/30). Although there is no SNP data for the Turkish
population in the literature, this situation might explain that the variation is not
a susceptibility factor for ALS.
Additionally, the p.Y97Y (c.291C>T) genomic alteration observed in the fourth exon was also
observed in the two sporadic cases with increased hexanucleotide repeats in the C9orf72 gene,
which is the most common genetic defect observed in ALS. This suggests that this alteration is not
a pathological variant; however, the clinical severity of the disease, age of cases, and region of
involvement should also be considered.
ALS-related mutations in the Ubiquilin2 gene, which is localized on the X chromosome, are
located in the region coding for the proline-rich PXX domain (Deng et al., 2011). In the study by
Ozoguz et al., which was conducted on the Turkish population, genomic alterations were observed
in the Ubiquilin2 gene in 116 cases with familial ALS at a rate of 2.4%, and in 361 cases with
sporadic ALS at a rate of 0.6% (Ozoguz et al., 2015). In our study, the p.G457H (c.1371G>C)
heterozygote alteration that led to the transformation of glycine in the 457th position into
histidine was observed in only one case of sALS. In vivo studies are needed to demonstrate the
functional importance of this amino acid change.
In conclusion, the increased number of hexanucleotide repeats detected in the C9orf72 gene in 2
of 30 cases with ALS supports the finding that this genomic alteration is the most important
genetic defect for the occurrence of ALS.
Furthermore, oligogenic ALS cases that include more than one ALS-related variants have been
reported (Van Blitterswijk et al., 2012). Genomic alterations were observed in 2 genes in 11 cases,
in 3 genes in 5 cases, and in 5 genes in 1 case in our study. Our results might support the role of
epistasis in ALS, which is caused by the interactions among multiple genes. On the other hand,
since six of nine different genomic changes observed in this study were intronic variants, those are
not very informative. It could be possible to evaluate these changes as benign variants but much
more work and larger cohorts need to be done.
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