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a b s t r a c t

Mutations in the same gene are sometimes the cause of different clinically diagnosed neurologic dis-
orders; this emphasizes interrelationships between various neurologic diseases. In this light, we
screened SLC52A3, which is the cause of Brown-Vialetto-Van Laere syndrome, and C19orf12, which is the
cause of neurodegeneration with brain iron accumulation in 60 Iranian amyotrophic lateral sclerosis
(ALS) patients without mutations in the 2 most important ALS-causing genes, SOD1 and C9orf72. To the
best of our knowledge, neither SLC52A3 nor C19orf12 has been mutation-screened previously in ALS
cohorts. Justification for screening SLC52A3 included notable clinical similarities between Brown-
Vialetto-Van Laere syndrome and ALS, and justification for screening C19orf12 was known contribu-
tion of mitochondrial dysfunction to ALS etiology. Disease-causing variations in the 2 genes were not
found among the ALS patients. TARDBP was screened in 107 patients, and a mutation (p.Gly348Cys) was
identified in one. Detailed clinical data on the patient are presented. It appears that mutations in TARDBP
in ALS patients of Iran are rare and occur at similar frequencies to European populations.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal adult onset motor
neuron disease that is characterized by dysfunction and degener-
ation of both upper motor neurons in the cortex and lower motor
neurons in the brainstem and spinal cord (Robberecht and Philips,
2013). It is the third most common neurodegenerative disease and
the most common motor neuron disease in European populations
(Hirtz et al., 2007; Rison and Beydoun, 2010). Within this general
framework, clinical features are variable. The earliest presentations
are usually in the limbs but sometimes bulbar; time of onset ranges
from childhood to 94 years of age, but the mean is 65; progression
of disease can be slow or rapid; survival time is usually 2e3 years
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after onset but can be from less than one tomore than 10 years after
onset; and cognitive impairment is sometimes present (Alavi et al.,
2013; Andersen et al., 1995, 1996; Lattante et al., 2015; Montuschi
et al., 2015; Sabatelli et al., 2013; Shirakawa et al., 2009). Ulti-
mately, nearly all motor neurons become affected, and death usu-
ally ensues because of respiratory failure. With respect to patterns
of inheritance, most cases of ALS are apparently sporadic (SALS), but
5%e10% of patients are classified as familial ALS (FALS) (Therrien
et al., 2016; van Rheenen et al., 2016). FALS usually exhibits domi-
nant inheritance (Ittner et al., 2015).

Genetic analysis of FALS families and, more recently, whole-
exome sequencing in large patient cohorts have by now led to the
identification of over 30 ALS causative genes (http://alsod.iop.kcl.
ac.uk//) (Therrien et al., 2016; White and Sreedharan, 2016). Most
of these have been identified within the past 10 years. Although
most of the genes identified account for disease status in a small
fraction of patients, knowledge of the functions of their encoded
products has immensely enhanced our understanding of the mo-
lecular etiology of ALS. It is now appreciated that nuclear transport,
inflammation, protein degradation, mitochondrial functions,
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vesicular trafficking, and RNA processing are among the processes
implicated in ALS pathogenesis (Therrien et al., 2016; White and
Sreedharan, 2016). Interestingly, the contribution of various genes
to disease burden may be variable in different populations. C9orf72
is the most striking example of this variability. The disease-causing
hexanucleotide repeat expansion in this gene was reported as the
cause of ALS in approximately 40% and 20%, respectively, of Finish
FALS and SALS patients (Renton et al., 2011). Although the mutation
was also frequent in various populations of European descent, its
contribution to ALS in Asian populations was much lower (0%e2%)
(Jang et al., 2013; Ogaki et al., 2012; Tsai et al., 2012). With the
exception of a recent important large-scale screening of ALS pa-
tients from Turkey, Iranian patients have constituted the only ALS
cohort from the Middle East that have been genetically screened
(Alavi et al., 2013, 2014; Ozoguz et al., 2015). Screening of SOD1 and
C9orf72, which make the largest contribution to disease burden
worldwide, revealed that SOD1 mutations contribute significantly
to ALS among Iranians (found in 38.5% of FALS probands and in 4.3%
of SALS cases), but C9orf72 mutations are relatively rare (found in
2.5% of patients). Screenings in various populations have shown
that after SOD1 and C9orf72, mutations in TARDBP that encodes
transactive response DNA-binding protein-43 (TDP-43) are most
likely to be found in ALS patients (Alsultan et al., 2016). Here, we
report results of mutation screening of TARDBP in Iranian patients
known not to harbor mutations in SOD1 and C9orf72.

In addition to the recognized ALS-causing genes referred to
above, the possible contribution to ALS pathology of genes associ-
ated with other neurological disorders, especially those that share
some ALS clinical features, can be considered. In fact, mutations in
the same gene have sometimes been found in patients diagnosed
with different neurological disorders (Lillo et al., 2014). The most
notable example is the expansion mutations in C9orf72 itself,
which, in addition to ALS, has also been observed in patients
affected with frontotemporal dementia, Alzheimer’s disease, cor-
ticobasal syndrome, supranuclear palsy, Parkinson’s disease, oli-
vopontocerebellar degeneration, and sleeping disorder (Armstrong,
2012; Lesage et al., 2013; Lindquist et al., 2013). In this light, we
performed mutation screening of SLC52A3 (solute carrier family 52,
formerly known as C20orf54) that encodes human riboflavin
transporter 2 and C19orf12 that encodes a transmembrane mito-
chondrial protein in Iranian ALS patients without mutations in
SOD1 and C9orf72. SLC52A3 and C19orf12 are, respectively, recog-
nized causative genes of Brown-Vialetto-Van Laere syndrome
(BVVLS; MIM 211530) and neurodegeneration with brain iron
accumulation (NBIA) (Green et al., 2010; Hartig et al., 2011).
Although the relationship between ALS and BVVLS and also be-
tween ALS and NBIA has been referred to in the existing literature,
to the best of our knowledge, neither SLC52A3 nor C19orf12 has
been mutation-screened previously in ALS patient cohorts
(Ciccolella et al., 2013; Kim et al., 2016).

The justification for screening of SLC52A3 in ALS patients
included the notable clinical similarities between BVVLS and ALS to
the extent that BVVLS was first reported in 1894 as FALS with onset
in infancy (Brown, 1894). Even now, differential diagnosis between
ALS and BVVLS may be problematic (Gonzalez-Perez et al., 2012).
BVVLS is characterized by progressive pontobulbar palsy and
bilateral sensorineural hearing loss. Respiratory impairment, upper
and lower limb weakness and wasting, cerebellar ataxia, and lower
cranial nerve palsies become evident with disease progression
(Green et al., 2010). The justification that prompted screening of
C19orf12was three-fold. First, the gene plays a role inmitochondrial
functions, and mitochondrial dysfunction is implicated in ALS eti-
ology because several of ALS-causing genes have mitochondria-
associated functions (Smith et al., 2017). Second, mutations in this
gene have been reported in 3 unrelated ALS-like affected or initially
ALS-diagnosed individuals (Deschauer et al., 2012; Kim et al., 2016).
Finally, in contrary to NBIA patients of some other populations,
C19orf12 mutations were earlier shown to be relatively common in
Iranian NBIA patients (4 of 11 patients screened) (Dezfouli et al.,
2013; Panteghini et al., 2012). NBIA includes a clinically and
genetically heterogeneous group of neurodegenerative disorders
characterized by iron deposition in the basal ganglia (Gregory and
Hayflick, 2011).

2. Materials and methods

The research was performed in accordance with the Declaration
of Helsinki and with approval of the ethics board of the University
of Tehran. All participants or their responsible guardians consented
to participate after being informed of the nature of the research.
Unrelated Iranian patients diagnosed with definite ALS based on El
Escorial criteria were recruited from the Neurology Section of
Hazrat Rassoul Hospital and the neuromuscular clinic of Shariati
Hospital that are associated, respectively, with Iran University of
Medical Sciences and Tehran University of Medical Sciences. One
hundred sevenpatients withoutmutations in SOD1 andwithout the
hexanucleotide repeat mutation in C9orf72 were included in the
present study (Alavi et al., 2013, 2014). Nineteen of the probands
(17.8%) were classified as FALS cases because they had affected
family members. All exons and flanking intronic sequences of
SLC52A3 and C19orf12 and the 5 coding exons and flanking intronic
sequences of TARDBP in the DNA of peripheral blood cells of 60 of
the ALS patients were amplified by polymerase chain reaction and
sequenced using the dideoxynucleotide termination protocol. The
exons of TARDBP were later amplified and sequenced in 47 addi-
tional SALS patients. The Sequencher 5.4.6 software was used for
sequence analysis (Gene Codes Corporation, Ann Arbor, MI).
NNsplice (http://www.fruitfly.org) and Human Splicing Finder
(http://www.umd.be/HSF3/HSF.shtml) were used to predict po-
tential effects on splicing. Reference sequences used were
NC_000001.11, NM_007375.3, and NP_031401.1 for TARDBP;
NC_000020.10, NM_033409.3, and NP_212134.3 for SLC52A3; and
NC_000019.9, NM_001031726.3, and NP_001026896.2 for C19orf12.
Sequences of primers used are available upon request.

Thorough electrodiagnostic examinations that included nerve
conduction studies and needle electromyography were carried out
on the only patient who carried a disease-causing mutation ac-
cording to standard procedures (Dantec Keypoint G4, Natus, CA).
Whole spine and brain magnetic resonance imaging (MRI) studies
were performed using a 1.5-T system (MAGNETOMAvanto 1.5 Tesla,
Siemens, Germany).

3. Results

Screening of SLC52A3 in 60 ALS patients identified 20 previously
reported sequence variations, none of which were reasonable
candidates as disease-causing mutations (Table 1). The 9 exonic
variations among the observed variations were common poly-
morphisms or did not cause amino acid alterations. Two previously
reported variations in C19orf12 were found among the 60 patients.
These were also not disease-causing variations (Table 1).

Four known sequence variations were observed in TARDBP, 3 of
which are expected not to cause ALS. The intronic variations
observed were c.715-126delG and c.715e31C>T. A relatively com-
mon synonymous coding variation (c.198 T>C) that causes
p.Ala66Ala and that is considered to be benign was observed in 3
patients (Guerreiro et al., 2008; Luquin et al., 2009). A heterozygous
variation in exon 6 (c.1042 G>T) which causes p.Gly348Cys was
found in 1 FALS patient (ALS163-III9) and is predicted to be the
cause of ALS in this individual (Fig. 1A). This variation has earlier
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Table 1
SLC52A3 and C19orf12 sequence variations observed among 60 Iranian ALS patients without mutations in SOD1 and C9orf72

Sequence variation Exon/intron Effect on protein MAF Reference SNP no.

SLC52A3
c.-85A>G Exon (50UTR) ___ A ¼ 0.4511 rs1884637
c.-52þ30T>C Intron ___ C ¼ 0.1388 rs1884636
c.-52þ118C>T Intron ___ T ¼ 0.0863 rs7270519
c.-14_-6delGGGCAGATA Exon (50UTR) ___ 0.2364 rs57727892
c.456 C>T Exon p.Pro152Pro T ¼ 0.0980 rs3746807
c.417 C>T Exon p.Thr139Thr ___ rs968335720
c.222 C>G Exon p.Ile74Met G ¼ 0.0308 rs35655964
c.568-56G>A Intron ___ A ¼ 0.0010 rs74462543
c.645 C>T Exon p.Pro215Pro T ¼ 0.1382 rs6054605
c.765 C>T Exon p.Leu255Leu T ¼ 0.3087 rs3746805
c.800 C>T Exon p.Pro267Leu T ¼ 0.1823 rs3746804
c.833 C>T Exon p.Thr278Met T ¼ 0.0905 rs3746803
c.907 A>G Exon p.Ile303Val G ¼ 0.0931 rs3746802
c.1073þ92T>C Intron ___ C ¼ 0.1468 rs8122335
c.1074e163T>C Intron ___ T ¼ 0.4541 rs873970
c.1197þ106A>G Intron ___ A ¼ 0.0960 rs6054589
c.1197þ108C>T Intron ___ C ¼ 0.4700 rs3746801
c.1197þ128G>C Intron ___ C ¼ 0.2013 rs3746800
c.1233 T>C Exon p.Ser411Ser T ¼ 0.3446 rs910857
c.*16delC Exon (30UTR) ___ 0.2186 rs3215628

C19orf12
c.193þ107C>T Intron ___ T ¼ 0.2368/1186 rs1864141
c.324 C>T Exon p.Thr119Thr C ¼ 0.3862/1934 rs10424582

ALS, amyotrophic lateral sclerosis; MAF, minor allele frequency in dbSNP (https://www.ncbi.nlm.nih.gov/snp).
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been reported in several European patients (Daoud et al., 2009; Del
Bo et al., 2009; Kabashi et al., 2008; Kuhnlein et al., 2008; Ticozzi
et al., 2011). The Iranian patient with the p.Gly348Cys mutation
was a member of a nonconsanguineous pedigree with at least 8
additional members with ALS-related presentations distributed in 3
generations (Fig. 1B). The proband’s mother and brother, both of
whom had been diagnosed with ALS, had died at the age of 57 and
40 years, respectively. Four additional available members who are
presently at least 7 years older than the proband at the age of
diagnosis also underwent genetic analysis. The only ALS-diagnosed
individual among these (ALS163-IV1) carries the mutation, and 2
asymptomatic individuals (ALS163-III3 and ALS163-III4) who are 21
and 12 years older than the proband at the age of diagnosis are
homozygous for the normal allele. ALS163-III8 who is 7 years older
than the proband at the age of diagnosis and who is also presently
asymptomatic harbors a mutated allele. As the mutation has been
reported to be highly penetrant, she is expected to eventually
become symptomatic.

The proband of the pedigree was diagnosed with ALS at the age
of 44 years. She had spinal onset ALS as her weakness began from
left lower extremity. The disease course continued sequentially as
her right lower extremity, right upper extremity, and, at last, left
upper extremity became involved; the pattern of myotomal
involvement remained asymmetric during the entire disease
course. Neuromuscular examination at the age of 44 years showed
that muscle force was more prominently weak and atrophic in the
right upper and left lower extremities. Deep tendon reflexes were
absent and plantar reflex was downward. Sensory examinationwas
normal. No evidence of cranial motor neuron involvement was
detected, and cognitive examination results were normal. Two
years later, she was using a walker for ambulation and complained
about dysphagia of fluid and amnesia. At that time, tongue atrophy
was not seen and mini-mental status examination score was 28/30.
Although she did no complaint of respiratory difficulty, spirometry
showed that forced vital capacity was reduced to 75%. Electromy-
ography showed significant chronic neurogenic changes in cranial
region, trunk, and upper and lower extremities, which are sug-
gestive of myotomal involvement at cranial, cervical, thoracic, and
lumbosacral levels. Abnormal spontaneous activity manifested in
the cranial region as fasciculation potentials and in lower extrem-
ities as fibrillation and positive sharp waves. The motor nerve
conduction study showed only decreased amplitude in atrophic
regions of lower extremity without significant velocity change. The
sensory conduction studywas completely normal.Whole spineMRI
was unremarkable. Brain MRI showed 2 tiny nonenhancing un-
identified bright objects (UBOs) in the left frontal region. Laboratory
studies were otherwise unremarkable. After identification of the
single ALS-causing mutation in TARDBP, this gene was also screened
in the 47 remaining ALS patients without mutations in SOD1 and
C9orf72. The intronic c.715-126delG variation was observed in
several patients and the exonic variation that causes p.Ala66Alawas
observed in 3 patient. The variant allele (delG) at the c.715-126
position appears to be the more common variant among Iranians
as its frequency was 0.93. A candidate disease-causing variation in
TARDBP was not found in the 47-patient cohort.

4. Discussion

With respect to SLC52A3 and C19orf12, the findings of this study
suggest that mutations in these genes do not make a significant
contribution to ALS pathology in the Iranian population. Because of
similarities in clinical presentations of BVVL and ALS, the need to
screen for SLC52A3 in ALS cohorts was suggested upon discovery of
its role in BVVLS pathology (Green et al., 2010). Interestingly,
despite the clinical similarities, to date, mutations in SLC52A3 have
not been reported in ALS patients. Although it is yet possible that
causative mutations will be found in screenings of larger ALS co-
horts, particularly cohorts of juvenile-onset cases, it appears that
SLC52A3 contributes minimally if at all to ALS. With respect to
C19orf12, as already stated, mutations in this gene have already
rarely been found in ALS patients. It would be of interest to have
C19orf12 mutation data on Polish ALS patients, as mutations in this
gene are very common in Polish NBIA patients (Hartig et al., 2011).

There exists ample pathologic and genetic evidence that impli-
cate an important role for TARDBP in the etiology of various
neurodegenerative diseases, including ALS (Alsultan et al., 2016;
Chou et al., 2018; Jovicic and Gitler, 2014; Smethurst et al., 2015).
The gene’s encoded protein, TDP-43, is a major component of the
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Fig. 1. Iranian FALS pedigree (ALS163) with p.Gly348Cys mutation in TARDBP. (A) DNA sequence chromatograms showing the heterozygous c.1042 G>T mutation in TARDBP and the
wild type sequence. (B) FALS pedigree with the p.Gly348Cys mutation. TARDBP genotypes of individuals assessed by sequencing are shown. Present age of individuals is provided
when known. Filled circles and squares: ALS affected; unfilled circles and squares: asymptomatic at the time of examination; filled gray circle: individual with affected genotypes
who is presently asymptomatic; M: mutated TARDBP allele; N: wild-type TARDBP allele. Abbreviation: FALS, familial amyotrophic lateral sclerosis.
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inclusions found in degenerating neurons of most ALS patients
(Neumann et al., 2006). Mutations in the gene are considered the
cause of ALS in 4%e5% of FALS patients and nearly 1% of SALS pa-
tients fromvarious European populations (Alsultan et al., 2016). The
possible cellular and molecular functions affected by mutations in
the gene include transcription regulation, splicing (Polymenidou
et al., 2011), prion-like toxic gain of functions (Johnson et al.,
2009), axonal transport (Alami et al., 2014), microRNA processing
(Gregory et al., 2004), apoptosis (Sreedharan et al., 2008), cell
Table 2
Features of various ALS patients with the p.Gly348Cys mutation in TARDBPa

Reference This study (Del Bo et al., 2009)

No. of patients 9 (all in one pedigree) 9 (all in one pedigree)
Nationality Iranian Belgian
Sex 4 F, 5 M 6 M, 3 F
Initial manifestation All spinal (lower extremity) All spinal
Age at onset (y)

(range/mean)
30-52/40.7 36-67/52.9

Disease duration (y)
(range/mean)

Living patients: >1.7
deceased patients: 5-7/5.8

Living patients: >3 decea
patients: 3-5/3.8

-, Information not available.
F, female; M, male; SALS, sporadic amyotrophic lateral sclerosis.

a Reference (Ticozzi et al., 2011) not included because no data on the patients with th
division (Ayala et al., 2008), neurite outgrowth (Fallini et al., 2012),
and embryo development (Sephton et al., 2010). It has been sug-
gested that the p.Gly348Cys mutation found in the Iranian ALS163
pedigree may affect protein function by promoting formation of
intermolecular disulfide bridges that may interfere with protein-
protein interactions or increase the aggregation tendency of TDP-
43 (Kuhnlein et al., 2008). In terms of contribution to ALS disease
burden in the Iranian population, our results suggest that TARDBP
makes a small contribution as is the case with other populations
(Daoud et al., 2009) (Kabashi
et al., 2008)

(Kuhnlein et al., 2008)

3 SALS 1 SALS 2 (all in one pedigree)
French French German
M F 2 F
2 Bulbar, 1 Spinal Spinal All spinal (upper extremity)
46-55/49.7 -/30 31-55/43

sed -/- -/7 3-13/8

e p.Gly348Cys mutation was provided.
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screened (Daoud et al., 2009; Del Bo et al., 2009; Kabashi et al.,
2008; Kamada et al., 2009; Kuhnlein et al., 2008; Kwon et al.,
2012; Mentula et al., 2012; Nakamura et al., 2016; Ticozzi et al.,
2011; Van Deerlin et al., 2008). Extrapolations after considering
frequencies of mutations in SOD1 and C9orf72 among Iranian ALS
patients suggest that approximately 3% of Iranian FALS patients
may harbor mutations in TARDBP. Of course, a more definitive
assessment requires screening in a larger patient cohort. It has been
reported that in Turkey, the only other Middle Eastern country for
which genetic data are available, 3.7% of ALS patients have muta-
tions in TARDBP.

The clinical data on 15 ALS patients with the p.Gly348Cys mu-
tation in TARDBP from 4 earlier publications and the data on the 9
patients of this study allow evaluation of consistency of genotype-
phenotype correlation among patients with this mutation (Table 2)
(Daoud et al., 2009; Del Bo et al., 2009; Kabashi et al., 2008;
Kuhnlein et al., 2008; Ticozzi et al., 2011). There was no obvious
sex bias. There were variations with respect to age and site of onset
of symptoms and with respect to survival time. Although the mean
age of onset in most studies was within the 4th decade of life, it
ranged from 30 to 67 years among the patients. Onset was most
often spinal, but bulbar onset was reported in 2 sporadic cases
(Daoud et al., 2009). The length of disease duration among 15
deceased patients ranged from 3 to 13 years (average 5 years).
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