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Abstract

Background To investigate the genetics of early-onset progressive cerebellar ataxia in Iran, we conducted a study at
the Children’s Medical Center (CMC), the primary referral center for pediatric disorders in the country, over a three-
year period from 2019 to 2022. In this report, we provide the initial findings from the national registry.

Methods We selected all early-onset patients with an autosomal recessive mode of inheritance to assess their
phenotype, paraclinical tests, and genotypes. The clinical data encompassed clinical features, the Scale for the
Assessment and Rating of Ataxia (SARA) scores, Magnetic Resonance Imaging (MRI) results, Electrodiagnostic exams
(EDX), and biomarker features. Our genetic investigations included single-gene testing, Whole Exome Sequencing
(WES), and Whole Genome Sequencing (WGS).

Results Our study enrolled 162 patients from various geographic regions of our country. Among our subpopulations,
we identified known and novel pathogenic variants in 42 genes in 97 families. The overall genetic diagnostic rate

was 59.9%. Notably, we observed PLA2G6, ATM, SACS, and SCA variants in 19, 14, 12, and 10 families, respectively.
Remarkably, more than 59% of the cases were attributed to pathogenic variants in these genes.

Conclusions Iran, being at the crossroad of the Middle East, exhibits a highly diverse genetic etiology for autosomal
recessive hereditary ataxia. In light of this heterogeneity, the development of preventive strategies and targeted
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molecular therapeutics becomes crucial. A national guideline for the diagnosis and management of patients with
these conditions could significantly aid in advancing healthcare approaches and improving patient outcomes.

Keywords Autosomal recessive cerebellar ataxia, Ataxia, Hereditary cerebellar ataxia, Spinocerebellar ataxia, Iranian

population

Introduction

The hereditary cerebellar ataxias encompass a group of
disorders that exhibit clinical and genetic heterogeneity.
These conditions can manifest through various modes of
inheritance, with autosomal recessive cerebellar ataxia
(ARCA) representing the most complex form. ARCA is
characterized by progressive gait incoordination, poor
coordination of hands, speech, and eye movements
[1-3]. The prevalence of different types of ARCA varies
across ethnicities, ranging from 0.0 to 7.2 per 100,000
individuals [4]. More than 100 genes have been identified
as causative factors for ARCA [2, 5, 6]. The disorders may
present with additional signs such as spasticity, neuropa-
thy, abnormal eye movements, dystonia, and intellectual
deficits. Extra-central nervous system signs and symp-
toms can also be observed in autosomal recessive atax-
ias, which may aid physicians in pursuing genetic-guided
testing during the diagnostic process [1, 7].

Friedreich ataxia (FA), ataxia telangiectasia (AT), ataxia
with oculomotor apraxia (AOA), and autosomal reces-
sive spastic ataxia of Charlevoix-Saguenay (ARSACS) are
among the most common forms of ARCA. These con-
ditions typically present with a complicated phenotype
[4, 7-9]. For instance, FA, the most prevalent recessive
ataxia affecting 1 in 50,000 individuals in white popula-
tions, is caused by homozygous expansions of an intronic
GAA trinucleotide repeat in the FXN gene [10, 11]. Some
types of ARCAs can be diagnosed based on laboratory
findings; for example, ataxia with vitamin E deficiency
caused by mutations in the TTPA gene, which is common
among Mediterranean populations, exhibits a clinical
phenotype similar to FA, featuring head tremor, cervical
dystonia, and extrapyramidal symptoms [12].

Identifying the underlying genes and related molecular
pathways involved in the affected spinocerebellar tracts is
a crucial step in understanding the mechanisms of neuro-
degeneration occurring in cerebellar ataxias. This knowl-
edge can pave the way for the development of targeted
treatment strategies. Several studies have shed light on
the genetics of some forms of ARCAs [13—15]. Recently,
we conducted a review focused on early-onset cerebel-
lar ataxias to establish a practical guideline and outline
the most common disorders presenting with early-onset
manifestations [submitted]. However, there is limited
data on the frequency of these disorders in Iran, which
serves as a significant crossroads of the Middle East. In
2018, the Iranian Registry of ARCAs was established by
the Tehran University of Medical Sciences with the aim

of describing the key demographic, clinical, and genetic
characteristics of registered patients. Furthermore, the
registry aims to provide genuine access to the worldwide
web-based ARCA registry [6].

In this study, we present the genetic basis of autoso-
mal recessive hereditary ataxia in Iran and the results
obtained from the national registry, which includes a
heterogeneous population. Our findings offer valuable
insights and clues to identify the genes and related pro-
teins involved in the pathways within the affected spino-
cerebellar tracts within this population.

Materials and methods

Study design

The study was conducted on patients with early-onset
hereditary ataxias at the Children’s Medical Center
(CMCQ), a tertiary referral children’s hospital in Teh-
ran, Iran over a period of 33 months (2019-2022). The
research was part of an international collaboration with
the Ataxia Research Group at the Hertie Institute for
Clinical Brain Research in Tubingen, Germany, and the
GENESIS (GEM.app) platform at the Dr. John T. Mac-
donald Foundation Department of Human Genetics and
John P. Hussman Institute for Human Genomics, Uni-
versity of Miami Miller School of Medicine, Miami, FL,
United States.

The study received approval from the ethics commit-
tee of the Children’s Medical Center and the National
Institute for Medical Research Development (NIMAD)
of Iran. It was conducted following the ethical standards
outlined in the 1964 Declaration of Helsinki and its sub-
sequent amendments.

Clinical evaluations

In this study, all patients presenting with progres-
sive ataxia before the age of 20 were included, and they
underwent a diagnostic assessment and clinical follow-
up for a period of two years. The primary focus of the
investigation was on autosomal recessive early-onset
ataxias (EOAs) with the aim of identifying potential
novel genes and variants. Pedigrees exhibiting a probable
autosomal recessive mode of inheritance were selected
for further study. The patients underwent comprehen-
sive clinical and paraclinical evaluations, and genetic
investigations were carried out to better understand the
underlying causes of their condition. In order to exclude
patients with acquired ataxia resulting from conditions
such as infarct, traumatic brain injury, brain infection,
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and others, brain imaging and medical history were care-
fully assessed. Subsequently, patients diagnosed with
early onset autosomal recessive ataxia were identified
and listed in Tables 1 and 2. Furthermore, we specifically
considered family pedigrees demonstrating an autosomal
recessive mode of inheritance, particularly those with
consanguineous marriages.

In this study, the patients were assessed using a Case
Report Form (CRF) prepared by the Ataxia Global Ini-
tiative (AGI) [16] and the GENESIS platform group, as
recommended by international collaborators. Informa-
tion, data, and the results of clinical evaluations were
collected using a designed questionnaire. The severity of
ataxia during the clinical course was evaluated using the
Scale for the Assessment and Rating of Ataxia (SARA)
—5th version [17]. Furthermore, the presence and sever-
ity of non-ataxia signs were assessed using the Inventory
of Non-Ataxia Symptoms (INAS) —6th version, which
consists of two parts: one focusing on clinical findings
(reflexes, motor symptoms, sensory symptoms, ophthal-
mological findings), and the other on reported abnormal-
ities (such as double vision, dysphagia, etc.) [18].

Detailed patient histories, clinical evaluations, and
relevant investigations, including Magnetic Resonance
Imaging (MRI), electrodiagnostic exams (EDX), and vari-
ous biomarker assessments, such as serum electrolytes,
complete blood count (CBC), alpha-fetoprotein, albumin,
vitamin E, triglycerides, lipid profile (cholesterol, HDL,
LDL), and immunoglobulins (IgG-IgM-IgE), as well as
liver, kidney, and thyroid function tests, were thoroughly
documented as part of the evaluation process.

In this study, acquired ataxias, including post-infec-
tious cerebellitis, tumors, and congenital structural cer-
ebellar abnormalities, were excluded from the patient
cohort. Additionally, patients with autosomal dominant
cerebellar ataxias were excluded from the study. Fur-
thermore, to gain a comprehensive understanding of the
patients’ conditions, additional clinical evaluations such

Page 3 of 18

as audiometry, ophthalmoscopy, urologic, orthopedic,
or cardiology consultations were conducted based on
their clinical presentations and neurological examination
findings. These additional evaluations aimed to gather a
broader spectrum of information to aid in the diagnosis
and management of the patients with early-onset heredi-
tary ataxias.

Genetic investigations

WES, WGS and mtDNA sequencing

In this study, whole blood samples were collected from
both patients and their family members. Genomic DNA
was extracted from the samples using standard protocols.
To identify causal variants in exonic regions and exon/
intron boundaries, Whole Exome Sequencing (WES) was
performed. The WES procedure was conducted on the
NovaSeq 6000 platform, utilizing the Agilent SureSelect
Human All Exon V7 Kit, with an average read depth of
100X.

An in-house bioinformatics pipeline, previously
described elsewhere [14], was employed to analyze the
WES data. The pipeline consisted of several steps: first,
FastQC tool (version 0.11.9) was used to perform quality
control of the reads [19]. Next, Bowtie2 (Version 2.4.0)
aligning tool was utilized for alignment to the human
reference genome (GRCh38/hg38) [20]. The SAM files
were converted to BAM (Binary Alignment Map) format
using Picard [21]. Local realignment of insertion/dele-
tion (indels) was carried out by employing the Genome
Analysis Toolkit Haplotypecaller (GATK) [22]. Variants
were annotated using the Ensemble VEP tool and wAN-
NOVAR (http://wannovar.wglab.org/) [23].

To identify potential causal variants, variants with
a minor allele frequency (MAF) higher than 1% were
removed based on data from the gnomAD database and
the 1000 Genomes project. Additionally, the variants
were compared and analyzed against various databases,
including the Exome Aggregation Database (http://

Table 1 Distribution of common types of ataxia according to the patients’ ethnicities in this study
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gnomad.broadinstitute.org), Exome Sequencing Project
6500 (http://evs.gs.washington.edu/EVS/), the Exome
Aggregation Consortium database (http://exac.broadin-
stitute.org), and the Greater Middle East Variome Project
(http://igm.ucsd.edu/gme/).

For variant analysis, filter settings were applied as rec-
ommended by the NGS Ataxia Working Group of the
Ataxia Global Initiative [24]. These comprehensive analy-
ses were conducted to identify potential disease-caus-
ing variants in the patients with early-onset hereditary
ataxias.

Repeat expansion analysis

For the molecular diagnosis of FA, GAA repeat expan-
sion analysis was performed as a routine procedure.
Briefly, the target region containing the GAA trinucleo-
tide repeats was amplified using triplet repeat primed
PCR (TP-PCR), following the methodology described
elsewhere [25].

To size fractionate the PCR products, capillary elec-
trophoresis was employed, and this step was carried
out using an ABI 3500 Genetic Analyzer. The analysis
of the GAA repeat expansion is essential for identify-
ing the characteristic repeat expansions associated with
Friedreich ataxia, aiding in the accurate diagnosis of this
condition.

In Silico Analysis

In this study, the ACMG 2015 classification system was
utilized to classify the variants. To predict the pathoge-
nicity of these variants, a combination of bioinformatics
software tools was applied. The tools used for pathoge-
nicity prediction included:

MutationTaster (www.mutationtaster.org/).

SIFT (https://sift.bii.a-staredu.sg).

PROVEAN (http://provean.jcvi.org/index.php).
CADD (https://cadd.gs.washington.edu/home).
HOPE (https://www3.cmbi.umcn.nl/hope/input/).

Gk W=

These bioinformatics tools play a crucial role in assess-
ing the potential impact of genetic variants on protein
function and, consequently, their association with disease
pathogenicity. The combined analysis from these tools
aids in identifying potentially pathogenic variants in the
patients with early-onset hereditary ataxias.

Confirmation of the variants To confirm the presence
of novel variants and perform segregation analysis, spe-
cific primers were designed to target the regions of inter-
est. These regions were then amplified using polymerase
chain reaction (PCR). The amplified DNA fragments were
subsequently subjected to Sanger sequencing using the
Applied Biosystems 3500XL PE Genetic Analyzer.
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During the segregation analysis, the identified novel
variants were checked among the family members of
each family. This step helps to determine whether the
variant co-segregates with the disease phenotype within
the affected families. By analyzing the variants in the
affected individuals and their family members, research-
ers can establish a clearer understanding of the variant’s
role in the hereditary ataxia and its association with the
disease.

Results

Distribution of ataxias and variants among Iranian
subpopulations

A total of 162 patients with early onset ataxia were
enrolled in the study during the period of 2019-2022.
After exclusion of acquired and autosomal dominant cer-
ebellar ataxias we identified known and novel pathogenic
variants in 42 genes in 97 families among our subpopula-
tions. In our study, a total of 88 variants were detected in
42 genes among the patients. These variants comprised
41 missense variants, 40 chain-termination variants (14
frameshift and 25 nonsense variants), and 8 splice vari-
ants. The majority of the identified variants were found in
PLA2G6, with 12 out of 17 variants being missense, fol-
lowed by ATM, where 8 out of 12 variants were nonsense,
and SACS, where 6 out of 12 variants were nonsense.

Among the detected variants, 45 were novel variants,
suggesting potential new genetic causes of the disease.
Based on the ACMG 2015 guidelines, these variants
were classified as follows: 15 variants were classified as
pathogenic, 10 as likely pathogenic, and 20 as Variants of
Uncertain Significance (VUS) (see Table 2 for details).

Interestingly, the variant ¢.272 A>T in the NPC2 gene
was observed in two unrelated individuals, indicating its
possible involvement in the disease in these cases. Over-
all, our findings shed light on a diverse array of genetic
variants that may contribute to early-onset hereditary
ataxias, and the classification of these variants according
to the ACMG guidelines provides valuable insights into
their potential impact on disease causation.

Iran’s geographical location at the crossroads of the
Middle East has endowed it with significant geopoliti-
cal, economic, and cultural influence in the region. Posi-
tioned along the ancient Silk Road, Iran has historically
served as a bridge or meeting point between Eastern and
Western civilizations. This strategic location has con-
tributed to the country’s pivotal role in trade, cultural
exchange, and the movement of ideas. Iran’s rich his-
tory is marked by numerous ethnicities with distinct cul-
tures coexisting within its borders. The country has been
shaped by various historical events, including invasions,
wars, and interactions with neighboring countries. The
resulting population mixing has led to a diverse genetic
composition, especially in regions near Iran’s borders,
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where the populations can be representative of their
neighboring countries.

In the context of the study, two prevalent ethnicities
stood out: Fars and Azeri families. These ethnic groups
accounted for 43% and 35% of the cases, respectively
(Fig. 1A). The prominence of these ethnicities in the
study population highlights the importance of consider-
ing the genetic diversity present in Iran, as it may pro-
vide valuable insights into the genetic basis of early-onset
hereditary ataxias within the broader Middle Eastern
region.

The most common types of ARCAs in Iran

PLA2G6 (INAD) In our study, all patients except one
were found to be homozygous for the identified variants.
About 20% of the stuided patients were INAD (Fig. 1B).
Among the INAD patients, we detected 12 missense vari-
ants, followed by 2 nonsense variants, 2 splice variants,
and 1 frameshift variant. The ethnicities of these patients
were as follows: 10 patients were of Fars ethnicity, 3 were
Lur, 3 were Azeri, 1 was Arab, 1 was Mazani, and 1 was of
Afghan ethnicity (Table 1). These findings provide valuable
insights into the genetic makeup and distribution of vari-
ants among different ethnic groups in our study cohort,
which can be crucial for understanding the genetic basis
of early-onset hereditary ataxias in diverse populations.

Treatable ataxias: 6 novel variants In our study, we
identified five patients with homozygous expansions of
GAA repeats, with more than 175 repeats within intron 1
of the FXN gene. This expansion is associated with Fried-
reich’s ataxia (FRDA), an autosomal recessive degenera-
tive disorder caused by dynamic mutations (GAA triplet
repeat expansion) of the frataxin gene. These patients
with FRDA were treated with the now FDA-approved
drug Omexavalone. Most of the patients with FRDA from

Azeri 35%

Fars 43%
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our study cohort were from the west of Iran (as indicated
in Table 1).

In our study, we investigated Ataxia with Oculomotor
Apraxia Type 1, which is caused by pathogenic variants
in the APTX gene. Six individuals from five families were
found to have three novel variants in the APTX gene
which have not been previously reported in the scientific
literature (Table 2).

In our study, we investigated different types of heredi-
tary ataxias, including Coenzyme Q10 (CoQ10) defi-
ciency, Ataxia with Oculomotor Apraxia (AOA2), Ataxia
with Vitamin E Deficiency (AVED), and Niemann-Pick
disease (NPC). Coenzyme Q10 deficiency can result from
pathogenic variants in the COQ2, COQ4, COQ6, COQ8A,
or COQ8B gene. Among the patients, we found three
individuals with variants in the COQ8A gene, and one
of them had a novel variant (c.1162G>A). AVED is an
autosomal recessive disease caused by pathogenic vari-
ants in the TTPA gene located on chromosome 8q13. In
our study, we identified a novel likely pathogenic variant
(c.798del leading to p.Glu267LysfsTer27) in two affected
children from one Azeri family. Both patients with AVED
presented with dystonia, but no other remarkable clini-
cal symptoms were found. Brain imaging of both cases
was normal, and they were placed on vitamin E therapy,
although no significant change in their condition was
detected during follow-up visits.

Niemann—-Pick disease (NPC) is typically due to bial-
lelic pathogenic variants in the NPCI or NPC2 gene
located on 18qll, with their encoded proteins hav-
ing roles in the movement of lipids within cells. In our
study, two patients showed variants in the NPC2 gene.
These patients had a novel missense variant (c.272 A>T,
p-Asp91Val).

In the subcategory of treatable ataxias, we had 17
patients from 16 families, which included 5 cases of
Friedrich’s ataxia, 4 cases of Ataxia with Oculomotor

INAD
(PLA2G6
20%

Rare
disorders

Congenital
NCL

SCA
10%

Fig. 1 (A) Ethnicities of patients; Fars and Azeri were the main cohorts of our study. (B) Frequencies of ataxias in this study
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Apraxia, 3 cases of CoQ10 deficiencies, 1 case of AVED,
and 2 cases of NPC. All of these patients received appro-
priate therapy based on their diagnosis. Specifically, all
patients were placed on CoQ10 therapy, and 3 of them
showed improvement in their condition. These findings
highlight the importance of genetic diagnosis and tai-
lored treatments for various forms of hereditary ataxias,
particularly in cases where specific therapies, such as
CoQ10 supplementation, can lead to positive outcomes
and potentially ameliorate the symptoms of the disorder.

Ataxia telangiectasia (AT): four novel variants: four
novel variants In our study, we identified several vari-
ants in the patients, as shown in Tables 2 and 3. Among
the patients, 15 individuals from 14 unrelated families
were found to have pathogenic variants in the ATM gene.
Among these families, 13 had homozygous pathogenic
variants, and 1 family had compound heterozygous vari-
ants. In total, 11 pathogenic variants were identified, with
four of them being novel variants, including ¢.3320T>G,
¢.8050 C>T, c.3895del, and c.6453-2 A>G (as shown in
Table 3). Among the pathogenic variants, 4 were missense
variants and 1 was a splice variant. The remaining vari-
ants were categorized as truncating variants, including
nonsense and frameshift variants, which accounted for
66.67% of the variants observed in our patients. Notably, a
nonsense variant p.Arg2034Ter (c.6100 C>T) was found
in two patients, one homozygous and one compound het-
erozygous patient. The distribution of ATM variants was
similar among Fars and Azeri families, with 6 Fars patients
and 4 Azeri families having ATM variants. The study also
identified affected individuals from other ethnicities, as
shown in Table 1.

Autosomal recessive spastic ataxia of charlevoix
saguenay In our study, twelve patients were found to
have a variant in the SACS gene, which is responsible for
ARSACS. Among these patients, ten of them had variants
that were previously described in the literature [13]. The
clinical and imaging profiles of all patients confirmed the
diagnosis of ARSACS. We identified a total of ten variants
in our patients, and two of them were novel, meaning they
had not been reported before. One of the new patients had
a missense variant, specifically ¢.11779G>C leading to
p-Ala3927Pro. The second patient had two novel variants
in a compound heterozygous genotype: c.10,625 A>G
(p-Asp3542@Gly) and ¢.12831_12841dupTCCTCTTTTCT
(p.Ser4281PhefsTer31). The former variant was catego-
rized as a Variant of Unknown Significance (VUS), while
the latter was classified as a likely pathogenic variant.
Interestingly, the classic clinical triad of ARSACS,
which typically includes progressive cerebellar ataxia,
spasticity, and sensorimotor polyneuropathy, was not
observed as a constant feature in all cases. However, all
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our patients did exhibit sensorimotor axonal-demyelin-
ating neuropathy, and approximately half of them had
spasticity and extensor plantar reflex. Brain magnetic
resonance imaging revealed consistent findings in all
patients, showing symmetric linear hypointensities in the
pons, anterior superior cerebellar atrophy, and a hyperin-
tense rim around the thalami on T2-weighted sequences.
ARSACS was found to be more common among Azeri
families, with six families having variants in the SACS
gene, while only three Fars patients had possible causal
variants in this gene (as indicated in Table 1; Fig. 1).

Conventional mutations in SCA genes: nine novel vari-
ants Spinocerebellar ataxia (SCA) is a type of cerebellar
ataxia characterized by progressive degeneration of the
cerebellum, often accompanied by degenerative changes
in other parts of the brain, including the brainstem, spinal
cord, and even the peripheral nervous system. The condi-
tion is caused by ataxia genes with autosomal-dominant
inheritance. While the most frequent causes of SCA are
polyglutamine repeat expansion SCAs, a significant pro-
portion of SCAs result from conventional mutations in
SCA genes. In our study, we identified causal variants in
known SCA genes among 8 patients, including CWFI9L1,
SNX14, THGIL, VPS13D, RUBCN, GRID2, MME, and
FAT2. Among our patients, missense variants were par-
ticularly common, with 13 missense variants observed.

The ethnic distribution of the patients with SCA vari-
ants was as follows: 6 patients were of Fars ethnicity, 2
patients were Azeri population. Notably, gaze-evoked
nystagmus was observed in half of all patients, providing
an important clinical feature of the disease.

In this study, we identified seven novel variants in SCA
patients, which were as follows: ¢.574T>C (CWFIOLI),
¢.388G>A (THG1L), c.8305G>C (VPS13D), c.1721 C>G
(RUBCN), c.1033 C>T (GRID2), c.2242 C>T (MME),
and ¢.12913G>T (FAT2). Additionally, a reported vari-
ant ¢.1132 C>T (SNX14) was found. Clinical features of
patient with ¢.574T >C (CWFI19L1) were global develop-
mental delay (GDD) (no speech, walking after 5 years),
Autism spectrum disorder (ASD), epilepsy, hyperreflexia
(upper and lower limbs), spasticity in upper and lower
limbs, spastic gait and severe cognitive impairment. Brain
MRI showed cerebellar (prominently vermis) atrophy and
increased peri-vascular spaces in this patient (Fig. 2a-
c). Patient with ¢.388G>A (THGIL) had neck holding
at 6 months, sitting at 18 months, dependent walking
(i.e., assisted walking) at 24 months, and a progressive
gait problem and speech delay; other clinical findings
were hyperreflexia (upper and lower limb), contracture,
spasticity, dysarthria, cerebellar atrophy (2 years old)
and chronic axonal type sensorimotor polyneuropathy.
MRI showed cerebellar atrophy in this case (Fig. 2d,e).
These findings contribute to a better understanding of
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Table 3 genes, novel variants hg38 and their phenotypes and in silico predictions
No. Gene Nucleotide variant AA change Predictions ACMG

MutationTaster SIFT Polyphen-2 CADDscore dlassifica-
GRCh38-v1.6 tion

1 APTX c793 A>T p.Ser265Cys DC D NA 277 VUS

2 APTX c.582del p.Llys194AsnfsTer20  NA NA  NA NA Pathogenic

3 APTX C734G>A p.Arg245His DC T NA 225 VUS

4 APTX c.376delA p.Arg126GlyfsTer26 ~ NA NA  NA NA Pathogenic

5 ATM €3320T>G p.Leu1107Ter DC NA  NA 34 Pathogenic

6 ATM c8050C>T p.GIn2684Ter DC NA  NA 38 Pathogenic

7 ATM €.3895del p.Ala1299ProfsTer50  NA NA  NA NA Pathogenic

8 ATM Cc6453-2 A>G - DC NA  NA 34 Pathogenic

9 BRAT1 c398A>G p.His133Arg DC D PD 24.8 VUS

10 CEPI20 c2230C>T p.Arg744Cys DC T B 253 VUS

11 CLN3 ¢.1073_1074insAGAGAAATGAATGA  p.Cys359GlufsTer3 NA NA  NA NA Pathogenic

GCCTACAGATGATAGGATGTGGTGTT

12 COQ8A c1162G>A p.Gly388Ser DC D PD 35 VUS

13 CWFI9LT  c574T>C p.Tyr192His DC D PD 279 VUS

14 DARS2 c1781G>A p.Gly594Glu DC T PD 24.8 VUS

15 ELP2 c.1580G>A p.Arg527GIn DC T B 1043 VUS

16 ERLIN2 €c299-3C>T - NA NA  NA 16.97 VUS

17 FAT2 Cc12913G>T p.Ala4305Ser DC D PD 24.7 VUS

18 FLG4 1766 A>G p.Asp589Gly DC T B 235 VUS

19 FIL c325C>T p.GIn109Ter DC NA  NA 37 Likely
pathogenic

20 GRID2 c1033C>T p.Arg345Ter DC NA  NA 35 Pathogenic

21 KIFiC c1996G>T p.Glu666Ter DC NA  NA 50 Pathogenic

22 MFSD8 c62+1G>A - DC NA  NA 33 Likely
pathogenic

23 MFSD8 c439+2T>C - DC NA  NA 33 Likely
pathogenic

24 MME 2242 C>T p.Arg748Trp DC D PD 28.1 VUS

25 NPQ2 c272 A>T p.Asp91Val DC D PD 278 VUS

26 PLA2G6  c2108T>A p.Val703Glu DC D PD 294 VUS

27 PLA2G6  c962T>C p.Leu321Pro DC D PD 269 Likely
pathogenic

28  PLA2G6 1972 A>G p.ASN658Asp DC D PD 283 Likely
pathogenic

29 PLA2G6  .865_869dup plLeu291AlafsTer1i6  NA NA  NA NA Pathogenic

30 PLA2G6 1622 A>C p.Tyr541Ser DC D PD 283 Likely
pathogenic

31 PLA2G6 c1427+1G>C - DC NA  NA 33 Pathogenic

32 PLA2G6  c2015A>T p.Asn672lle DC D PD 29.8 VUS

33 POLG c3482+6C>T - NA NA  NA 1.24 VUS

34 RNASET2  c345G>A p.Trp115Ter DC NA  NA 36 Pathogenic

35  RUBCN c1721C>G p.Ser574Ter DC NA  NA 38 Pathogenic

36 SACS c10625A>G p.Asp3542Gly DC D PD 273 VUS

37 SACS €.12831_12841dupTCCTCTTTTCT  p.Ser4281PhefsTer31  NA NA  NA NA Likely
pathogenic

38 SAMD9 cA4558G>T p.Glu1520Ter DC NA  NA 34 Likely
pathogenic

39 SIL1 c910C>T p.GIn304Ter DC NA  NA 41 Pathogenic

40  THGIL c388G>A p.Ala130Thr DC T B 223 VUS

41 TMEM237 c.550dup p.Ser184LysfsTer8 NA NA  NA NA Pathogenic

42 TPP1 c1425+1G>T - DC NA  NA 34 Likely

pathogenic
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Table 3 (continued)

Page 12 of 18

No. Gene Nucleotide variant AA change Predictions ACMG
MutationTaster SIFT Polyphen-2 CADDscore dlassifica-
GRCh38-v1.6 tion
43 TTPA c.798del p.Glu267LysfsTer27 ~ NA NA  NA NA Likely
pathogenic
44 VPSI3D  c8305G>C p.Glu2769GIn DC NA  PD 279 VUS
45  WDR81  c1585C>G p.Arg529Gly DC D PD 232 vUS

DC: disease causing; PD: probably damaging; D: Damaging; T: tolerated; N: Neutral; B: benign

the genetic basis of SCA and the diverse variants associ-
ated with this condition in different ethnic populations.
Detailed clinical features of the SCA patients have been
submitted elsewhere [26], providing further valuable
insights into the presentation and characteristics of the
disease in the study cohort.

Neuronal ceroid lipofuscinoses (NCLs): 2 novel vari-
ants In our study, we focused on Neuronal ceroid lipo-
fuscinosis 7 (CLN7), which is the most common type of
NCL. Among the 7 NCL patients in our study, three of
them had causal variants in the MFSD8 gene. Addition-
ally, the other four cases were attributed to variants in the
TPP1, CLN3, CLN5, and CLN6 genes. Two patients were
from the Fars ethnicity, three were of Azeri descent, one
patient was Kurdish, and the last one had Arab ethnicity.
In the MFSD8 gene, we identified two novel splice vari-
ants, which were classified as likely pathogenic according
to ACMG2015 criteria. These variants are of particular
interest as they have not been previously reported and
may have a significant impact on the function of the
MFSDS gene.

Mitochondrial ataxias In our study, we identified vari-
ants in several genes associated with ataxias. Specifically,
we found variants in the POLG gene (which is associ-
ated with a range of mitochondrial disorders, including
ataxia), BRATI gene (which is linked to a neurodevelop-
mental disorder with ataxia, intellectual disability, and
other neurological features), NARS2 gene (related to a
condition known as NARS2-related disorders which can
include ataxia among other symptoms), and MT-ATP6
gene (which is associated with mitochondrial disorders
that can manifest with ataxia and other neurological
problems) in four patients. Additionally, we identified a
homozygous Variant of Unknown Significance (VUS)
in the DARS2 gene in one family. This affected boy had
normal head circumferences, weight and height at birth.
His parents had a consanguineous marriage. The seizure
occurred at the 2nd day. The diagnosis of hypothyroid-
ism was made on the 40th day of his life. Other clinical
features were hypotonia from early infancy, horizontal
nystagmus and moderate cognitive decline. His younger
sister showed autism, epilepsy, Developmental delay and

optic nerve atrophy. His Coronal T2-Weighted Brain MRI
was indicative of white matter internal capsule and bilat-
eral dentate involvements and corpus callosum atrophy
(Fig. 2,g).

One novel variant was found in an Azeri patient in
our study. ¢.398 A>G in BRAT1 gene was found in a girl
with GDD; she recently walked supported in a ataxic
wide-based gait manner (unsupported walking was not
achieved), independent sitting achieved at age 1-2 years,
language contained some limited simple word, declined
cognitive function. In this patient, severe cerebellar
atrophy was observed (Fig. 2h,i). Other clinical features
of this patient were myopia, photo sensitivity and mod-
erate cognitive decline. Furthermore, under the treat-
able ataxias subheading, three patients were found to
have variants in the COQ8A gene, which is associated
with Coenzyme Q10 deficiency, a condition that can be
responsive to treatment with CoQ10 supplementation.

Congenital ataxias In our study, we focused on a group
of ataxias characterized by cerebellar structural anomalies
in motor development and stable non-progressive atax-
ias. We identified two frameshift variants in the AHII and
TMEM?237 genes, leading to Joubert syndrome types 3
and 14, respectively. Additionally, one patient had a mis-
sense variant in the CEP120 gene. Furthermore, we dis-
covered a novel frameshift variant in the ATCAY gene in a
patient from a consanguineous marriage, associated with
Cayman ataxia [27]. Patients with Cayman ataxia typically
present with hypotonia, psychomotor delay, and non-pro-
gressive cerebellar dysfunction.

Miscellaneous disorders In our study, we encountered
several families with ataxias caused by variants in genes
that were not previously classified or categorized under
specific known ataxia-related genes. We referred to these
families as “uncategorized genes” due to the lack of clear
associations with established ataxia-related genes. The
specific genes identified in these families and their associ-
ated conditions are as follows:

1. HEXA gene: Associated with Tay-Sachs disease, a
rare neurodegenerative disorder.
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Fig. 2 MRI of patients with ¢.574T > C (CWFT9L1) variant (a-c), ¢.388G > A (THGIL) variant (d,e), c.1781G> A (DARS2) variant (f, g) and c.398 A>G (BRATT);
(@) Axial T2-Weighted Brain MRI shows increased peri-vascular spaces. (b) Sagittal and (c) Coronal T2- Weighted Imaging shows cerebellar (prominently
vermis) atrophy. d and e) T2-weighted sagittal and coronal images showing cerebellar atrophy. f) Coronal T2-Weighted Brain MRI is indicative of white
matter, internal capsule and bilateral dentate involvement. g) Sagittal T2-Weighted view shows corpus callosum atrophy. h) Sagittal and i) Coronal T2-
Weighted Brain MRI shows severe cerebellar atrophy
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2. KIFIC gene: Linked to Autosomal Recessive Spastic
Ataxia-2 (SPAX2).

3. FIG4 gene: Associated with Charcot-Marie-Tooth
Type 4] (CMT4J), a type of hereditary motor and
sensory neuropathy.

4. SILI gene: Linked to Marinesco-Sjogren syndrome,
which is characterized by cerebellar ataxia, cataracts,
and muscle weakness.

5. ERLIN2 genes: Associated with Spastic Paraplegia
18, a type of hereditary spastic paraplegia.

6. ELP2 gene: Linked to Intellectual Developmental
Disorder-58.

7. ADD3 gene: Associated with Spastic Quadriplegic
Cerebral Palsy.

8. RNASET?2 gene: Linked to Cystic
Leukoencephalopathy without Megalencephaly, a
rare neurological disorder characterized by abnormal
white matter in the brain.

9. SAMD? gene: associatd with MIRAGE syndrome.

10.WDRS81 gene: associated with cerebellar hypoplasia
and quadrupedal locomotion 2.

The identification of these variants in the respective
genes expands our understanding of the genetic causes of
ataxias and underscores the genetic heterogeneity of this
group of disorders. It also highlights the importance of
ongoing research and genetic analysis to further classify
and characterize the underlying genetic basis of ataxias
with unidentified gene associations.

Discussion

Hereditary cerebellar ataxias represent a diverse group of
rare genetic disorders with various modes of inheritance.
Despite the rarity of these disorders, there has been a
lack of comprehensive genetic studies focusing on the
Iranian population. To address this gap, we conducted a
genetic study on patients with hereditary ataxias in Iran,
aiming to identify common genes, variants, and proteins
involved in the pathways within cerebellar cells specific
to this population. Our study included 105 patients from
97 families with hereditary ataxias, and we observed the
following frequencies for different subtypes:

(a) 19 families with Infantile Neuroaxonal Dystrophy
(INAD); (b) 16 families with Treatable ataxias; (c) 14 fam-
ilies with AT; (d) 12 families with ARSACS; (e) 8 families
with Spinocerebellar Ataxias (SCAs); (f) 7 families with
Neuronal Ceroid Lipofuscinoses (NCLs); (g) 5 families
with Mitochondrial ataxias; (h) 4 families with congeni-
tal ataxias; (i) 2 families with Giant Axonal Neuropathy
(GAN); and (j) 10 families with other rare and less char-
acterized disorders.

It is worth noting that the Fars and Azeri subpopula-
tions in our country are larger than other subpopulations,
which is why most of the patients in our study come from
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these populations. The distribution of disorders is shown
in Table 1. Among the Fars cohort, INADs, SCAs, Treat-
able ataxias, and AT account for more than 66% of ataxic
patients, while ARSAC, SCAs, Treatable ataxias, and AT
are observed in approximately 60% of Azeri patients.
These findings highlight the genetic heterogeneity of
hereditary cerebellar ataxias in the Iranian population.
Our study provides valuable insights into the prevalence
of different subtypes of ataxias in this specific ethnic
group and contributes to the understanding of the under-
lying genetic basis of these disorders. The identification
of common genes and variants in this population can
lead to improved diagnosis, management, and potential
targeted therapies for patients with hereditary ataxias.
The distribution of disorders among various subpopula-
tions can be attributed to specific reasons. For example,
the founder effect may be observed in some subpopula-
tions, leading to a high frequency of a particular disorder.
Traditional customs still exist in many Iranian ethnicities,
and the rate of consanguineous and intragroup marriages
is higher than in European countries. These factors may
contribute to an increased frequency of certain diseases.

Our research adds to the growing body of knowledge
on ataxias and paves the way for further investigations to
unravel the molecular mechanisms and genetic pathways
involved in these complex disorders.

The results of a 4-year follow-up for 25 Iranian patients
with treatable ataxia showed that early detection of treat-
able ataxia, close observation, and follow-up [26] could
benefit patients. It is known that the treatment of cere-
bellar ataxias is still supportive and symptom-dependent,
but a limited number of progressive ataxic forms may
respond to disease-specific treatments if diagnosed early.
Some of these inherited forms include Ataxia with vita-
min E deficiency (AVED), Abetalipoproteinemia, Ataxia
with oculomotor apraxia (APTX), Cerebrotendinous
xanthomatosis, Niemann-Pick disease (type C), Auto-
somal recessive cerebellar ataxia due to coenzyme Q10
deficiency, Refsum’s disease, Glucose transporter type 1
deficiency, Friedreich’s ataxia, and Episodic ataxia type 2.
Among Iranian populations, INADs, 16 SCAs, and treat-
able ataxias account for 50% of all forms of ataxias and
are the most common.

INAD is apparently a common disorder among the Fars
ethnicity but rare among other ethnicities, while ARSAC
is more prevalent in the Azeri subpopulation. The most
common type of ARSACS variants is responsible for
13%, followed by SPG7 (10%), AT (7%), AOA2 (7%),
RFCI (7%), COQ8A (5%), POLG (4%), AOAI (3%), and
ANOIO (3%) [9]. In another study on an eastern Asian
cohort, variants of ten genes were determined in 54 Chi-
nese patients. Four of these genes accounted for 37.0% of
the positive patients [29], with SACS, ADCK3, and SETX
variants responsible for 9, 6, and 5 Chinese patients,
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respectively. Frequencies of different types of ataxias
vary among Iranian subpopulations (Table 1). Addition-
ally, some discrepancies are observed in the prevalence
of involved genes in our population compared to other
cohorts. For instance, PLA2G6 variants were detected
in 19 families. However, previous studies did not find its
variants in 110 Algerian families and European descen-
dants [9, 30, 31]; this may be due to that INAD (PLA2G6
) was not classified as an ARCA in these previous studies
as ataxia is not the main feature of this condition, there-
fore these patients were probably not recruited, which
explain the absence of INAD patients in these cohorts.
Similarly, while SPG7 is responsible for about 10% of
European patients [9], none of the Chinese patients [29]
and our patients showed SPG7 variants. Some variants
and genes are common among specific populations and
their high frequencies may be due to founder effects [32,
33]; for example, a large deletion in the G/B6 gene delta
(G/B6-D13S1830) causes hearing loss in many popula-
tions but is not found in some populations [34].

A multicenter study of autosomal recessive cerebel-
lar ataxias (ARCA) across South America from 11 large
ataxia centers revealed that in these regions, over 40%
of ataxia cases had a positive molecular diagnosis for
ARCA. Interestingly, FA was observed in 57% of these
cases [35]. In the largest European ARCA frequency
study, 59% of 677 patients showed a genetic variant [9].
FA is characterized by sensory axonal neuropathy, absent
lower limb tendon reflexes, scoliosis, hypertrophic car-
diomyopathy, pes cavus, and diabetes mellitus. In our
study, the most common neurological findings of the
FRDA patients were sensory neuropathy and dysarthria.
Additionally, scoliosis was another common clinical pre-
sentation observed in three of the cases. However, brain
MRI scans of all FRDA patients showed no abnormal
features; the scans were unremarkable. These findings
contribute to our understanding of the genetic basis of
Friedreich’s ataxia in the study population and highlight
the importance of GAA triplet repeat expansions within
the frataxin gene as a key diagnostic marker. The success-
ful treatment of these patients with the FDA-approved
drug Omexavalone underscores the potential therapeutic
benefits of targeted treatments for FRDA.

In over 95% of cases, Friedreich’s ataxia (FA) occurs
due to biallelic expansion of the GAA repeat in intron
1 of FXN, which encodes frataxin—a mitochondrial
chaperone involved in iron-sulfur biogenesis and heme
biosynthesis. The remaining patients are compound het-
erozygotes with one single repeat expansion and a point
mutation. FXN expansion as the most common muta-
tion in was observed in about 5% of our patients, while
it accounted for 28% and 44.54% of patients from Algeria
and eastern France, respectively. However, only 2 out of
96 patients from Finland showed FXN expansions [36].
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FA has been reported as a rare disorder in eastern Asia
[37]. 1t is possible that most of the patients referred to
our ataxia clinic had unsolved progressive ataxia, and
confirmed cases of FA in our country might not have
been referred for registry.

There are discrepancies in the frequencies of certain
mutations as well. For instance, TTPA gene variants have
been reported in 14.5% of patients from eastern France,
but only one of our patients showed TTPA variants.
Interestingly, SETX variants (associated with AOAZ2)
were not found in our patients, while this gene was
responsible for 2, 12, and 12 families in the Irish, Alge-
rian, and eastern French studies, respectively [30, 31, 38].
On the other hand, AOA1 (APTX) and SIL1 showed the
same frequency between French patients and Iranian
families, whereas only about 0.5% of Irish patients were
affected by AOAL. In Traschutz’s study, about 3% and
7% of European patients showed a variant in the APTX
and SYNEI genes, respectively [9]. The majority of these
patients with ataxia are observed among the Fars and
Azeri ethnicities. In this study, four novel pathogenic
variants are described, with three of them leading to a
truncated protein and the fourth being a splice variant.
Along with ataxia, individuals with this condition may
exhibit oculomotor apraxia, involuntary jerking move-
ments, muscle wasting in their hands and feet, and neu-
ropathy. As before mentioned, among five APTX-related
families in our study, three novel variants were found;
these findings provide further insights into the genetic
basis of Ataxia with Oculomotor Apraxia Type 1 in the
study population. The identification of novel variants
adds to our understanding of the genetic heterogeneity
of this condition and may have implications for diagno-
sis, prognosis, and potential targeted treatments in the
future.

AT is a rare inherited disorder caused by pathogenic
variants in the ATM gene, which affects the nervous sys-
tem, immune system, and other body systems. The prod-
uct of the ATM gene plays a crucial role in DNA repair.
As shown in Tables 1 and 2, findings of this study pro-
vide important insights into the genetic basis of AT in the
study population and highlight the prevalence of patho-
genic variants in the ATM gene, with a considerable pro-
portion being novel variants. The identification of various
variant types emphasizes the genetic heterogeneity of
AT and its impact on different ethnic groups. AT is also
prevalent among our population, affecting more than
10% of Iranian patients with ataxia. However, Algerian
and eastern French studies did not report anything about
the ATM gene in their patient samples; although this
form of ataxia is present in Algeria as it was reported by
Tazir et al., 2009 [39]. In an Irish study, AT was observed
in 4 out of 196 patients (2%) [38].
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ARSACS affects approximately 10% of ataxic patients
in our population, whereas it affects 13% of European
patients [9]. In our ARSACS patients, we identified eight
pathogenic variants and one Variant of Unknown Signifi-
cance (VUS) sequence variant. Among the identified VUS
variants, one of them has not been reported previously.
To further confirm the impact of the identified VUS vari-
ant, we utilized the MetaDome server (data not shown),
which showed that the variant was located in intoler-
ant regions of the SACS in protein encoded by the SACS
gene. This additional analysis adds weight to the potential
pathogenicity of the VUS variant in ARSACS. These find-
ings expand our knowledge of the genetic landscape of
ARSACS and provide insights into the clinical and imag-
ing features of the disease in the studied population. The
identification of novel variants emphasizes the genetic
heterogeneity of ARSACS and highlights the importance
of considering the ethnic distribution of variants in dif-
ferent populations. Interestingly, only 4-5% of affected
families in Algeria and eastern France have mutations
in the SACS gene [31], while this frequency seems to be
only 1% among Irish patients [38]. Such discrepancies in
the distribution of genes and variants in patients from
various ethnicities have been frequently reported.

NCLs (Neuronal ceroid lipofuscinoses) are a group of
rare autosomal recessive disorders characterized by myo-
clonic epilepsy, psychomotor delay, ataxia, progressive
loss of vision, and early death. Regarding the ethnic dis-
tribution of NCL patients, NCLs were observed among
different ethnicities including Fars (2 patients), Azeri (3
cases), Kurdish (1 patient) and Arab (1 case) in our study.
This finding underscores the genetic heterogeneity of
NCL and the importance of considering different ethnic
backgrounds in genetic studies. The identification of spe-
cific causal variants in NCL patients is critical for accu-
rate diagnosis and potential targeted treatments in the
future. These findings contribute to our understanding
of the genetic basis of NCL and highlight the significance
of genetic testing in the clinical management of affected
individuals.

Congenital ataxia patients may also exhibit additional
symptoms such as hypotonia, apnea, apraxia, and learn-
ing disabilities. One prominent example within this
group is Joubert syndrome and related disorders, which
are mainly caused by pathogenic variants in genes encod-
ing ciliary proteins. These findings contribute to our
understanding of the genetic basis of ataxias with cere-
bellar structural anomalies and non-progressive features.
The identification of specific causal variants in genes
associated with these conditions is crucial for accurate
diagnosis and potentially targeted therapies in the future.
The study of rare genetic disorders like Joubert syndrome
and related conditions is essential for advancing our
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knowledge of ciliary biology and its role in normal neuro-
logical development and function.

The types and frequencies of variants in our study differ
from those observed in Algerian and European patients
[9, 30]. For instance, the c.744delA (p.Glu249Asnfs*15)
variant, reported in 19 patients (16 families) in the Alge-
rian cohort study [31], may indicate a possible founder
effect in that population. In our study, we identified the
¢.798del variant in only one family, making it a novel and
rare variant. Some variants with high frequencies in our
population have been attributed to a founder effect [31,
33].

Conclusion

This study represents the first investigation into the
genetics of ARCA in a heterogeneous population in the
Middle East. The diverse ethnicities across various geo-
graphic regions of Iran might also be representative of
neighboring countries and could have common ancestry.
Consequently, the distribution and frequencies of genetic
variants in these ethnicities may offer insights into the
populations of these neighboring regions. Notably, the
frequencies and types of involved genes in our popu-
lations differ somewhat from those observed in other
populations.

In Iran, common types of ataxia include INADs, SCAs,
Treatable ataxias, AT, and ARSAC. These findings sug-
gest that ataxia exhibits diverse genetic characteristics
among different populations in the Middle East, high-
lighting the importance of studying the genetic variations
within specific ethnic groups to gain a comprehen-
sive understanding of the genetic basis of ataxia in the
region. These findings highlight the genetic heterogene-
ity of ataxias and demonstrate the importance of targeted
genetic testing in diagnosing and managing patients with
various forms of the disorder. Additionally, the identifi-
cation of specific genetic variants can inform treatment
decisions, especially in cases where treatable forms of
ataxia are present.

Abbreviations
AGI Ataxia Global Initiative

AOA Ataxia with oculomotor apraxia

ARCA Autosomal recessive cerebellar ataxia
ARSACS  Autosomal recessive spastic ataxia of Charlevoix-Saguenay
AT Ataxia telangiectasia

AVED Ataxia with Vitamin E Deficiency

BAM Binary Alignment Map

CMC Children's Medical Center

CoQ10 Coenzyme Q10

CRF Case Report Form

EDX Electrodiagnostic exams

EOAs Early-onset ataxias

FA Friedreich ataxia

GAN Giant Axonal Neuropathy

GATK Genome Analysis Toolkit Haplotypecaller
GDD Global developmental delay

INAD Infantile Neuroaxonal Dystrophy

INAS Inventory of Non-Ataxia Symptoms



Mahdieh et al. Human Genomics (2024) 18:35

Indel Insertion/deletion

MAF Minor allele frequency

MRI Magnetic Resonance Imaging
NCL Neuronal ceroid lipofuscinoses
NIMAD National Institute for Medical Research Development
NPC Niemann-Pick disease

SARA Assessment and Rating of Ataxia
SCA Spinocerebellar ataxia

TP-PCR Triplet repeat primed PCR

VUS Variant of Uncertain Significance
WES Whole Exome Sequencing

WGS Whole Genome Sequencing

Acknowledgements

The authors would like to thank all participants and their families. The

authors are also thankful to, Dr Hajar Arian (Farhoud Genetic Laboratory), Dr
Shahram Savad (Niloo Genetic Laboratory), Dr Simin Khayatzadeh Kakhki
(Tehran University of Medical Sciences), Dr Parvaneh Karimzadeh (Shahid
Beheshti University of Medical Sciences), Matt Danzi (Miami, USA), Selina Reich
(Tdbingen, Germany) and others who contributed to the study. The authors
thank the Growth and Development Research Center of Tehran University of
Medical sciences and the Hertie Institute for Clinical Brain Research, Tubingen,
Germany, as the international collaborative party of the study.

Author contributions

MH, ZR, ART, SH, MaRa, AZD, MGhA, RShB, EV, AM, SMMH, RZ, AN, EP, MR, NKh,
SN, MM, PK, HGh, SAH, FSR, MRe and MRA collected and interpreted patient’s
clinical data. ZR, ART, SH, MaRa, MR, NKh, SN, MM, PK and MRA treated the
patients. NM and MH drafted the manuscript. MRA, MS, MH and NM reviewed
and revised the manuscript. PM, MG, NMGh SZ and NM performed NGS data
analysis. MRA, MH and NM designed the study. All authors contributed to the
study’s conception and design.

Funding

This study was granted by NIMAD under the proposal No. 971846, and

was supported by the Deutsche Forschungsgemeinschaft (DFG) (German
Research Foundation) No. 441409627, as part of the PROSPAX consortium
under the frame of EJP RD, the European Joint Programme on Rare Diseases,
under the EJP RD COFUND-EJP N° 825575.

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethical permissions

This study design was thoroughly evaluated and approved by the ethics
committees of both the National Institute for Medical Research Development
of Iran and the Ethics Committee of Tehran University of Medical Sciences. The
ethics approval reference number for this study is IRNIMAD.REC.1397.508.

Consent for publication
Written informed consents were obtained from the patients’ parents for
publication.

Conflict of interest
The authors declare that they have no relevant financial or non-financial
interests to disclose.

Author details

'Pediatric Neurology Division, Pediatrics Center of Excellence, Ataxia
Clinic, Children’s Medical Center, Tehran University of Medical Sciences,
Tehran, Iran

2Cardiogeme‘[ic Research Center, Rajaie Cardiovascular Medical and
Research Institute, Iran University of Medical Sciences, Tehran, Iran
3Pediatric Headache Program, Barrow Neurological Institute, Phoenix
Children’s Hospital, Phoenix, AZ, USA

4Depar‘[ment of Pediatrics, Division of Paediatric Neurology, Vali-E-Asr
Hospital, Imam Khomeini Hospital Complex, Tehran University of Medical
Sciences, Tehran, Iran

Page 17 of 18

>Physical Medicine and Rehabilitation Department, Children’s Medical
Center, Tehran University of Medical Sciences, Tehran, Iran

“Division of Pediatric Neurology, Department of Pediatrics, Golestan
Medical, Educational and Research Center, Ahvaz Jundishapour University
of Medical Sciences, Ahvaz, Iran

"Department of Pediatrics, Division of Paediatric Neurology, Mofid
Children’s Hospital, Shahid Beheshti University of Medical Sciences,
Tehran, Iran

8Department of Neurology, School of Medicine, Hazrat Rasool-E Akram
General Hospital, Iran University of Medical Sciences, Tehran, Iran
°Children Growth Disorders Research Center, Department of Pediatric,
Shahid Sadoughi University of Medical Sciences, Yazd, Iran

%Department of Pediatric Diseases, Faculty of Medicine, llam University of
Medical Sciences, llam, Iran

'"Department of Pediatrics, School of Medicine, Kerman University of
Medical Sciences, Kerman, Iran

2Department of Pediatrics, Taleghani Children’s Hospital, Golestan
University of Medical Sciences, Gorgan, Iran

3*Neuroscience Research Center, Shahid Beheshti University of Medical
Science, Tehran, Iran

“Department of Medical Genetics, Faculty of Medical Sciences, Tarbiat
Modares University, Tehran, Iran

1>Bahrami Hospital, Tehran University of Medical Sciences, Tehran, Iran
"5Department of Biology, Grand Valley State University, Allendale,
MI49401, USA

"Department of Human Genetics and John P. Hussman Institute for
Human Genomics, Dr. John T. Macdonald Foundation, University of Miami
Miller School of Medicine, Miami, FL, USA

®Department of Neurodegenerative Diseases, Hertie-Institute for
Clinical Brain Research and Center of Neurology, University of Tibingen,
Tlbingen, Germany

Center for Neurodegenerative Diseases (DZNE), Tibingen, Germany
“Department of Pediatrics, Division of Paediatric Neurology, Growth and
Development Research Center, Pediatrics Center of Excellence, Children’s
Medical Center, Tehran University of Medical Sciences, Tehran, Iran

Received: 14 January 2024 / Accepted: 14 March 2024
Published online: 03 April 2024

References

1. Anheim M, Tranchant C, Koenig M. The autosomal recessive cerebellar atax-
ias. N Engl J Med. 2012,366:636-46.

2. Synofzik M, Puccio H, Mochel F, Schols L. Autosomal recessive cerebel-
lar ataxias: paving the way toward targeted molecular therapies. Neuron.
2019;101:560-83.

3. Synofzik M, Nemeth AH. Recessive ataxias. Handbook of clinical neurology
2018; 155:73-89.

4. Ruano L, Melo C, Silva MC, Coutinho P.The global epidemiology of hereditary
ataxia and spastic paraplegia: a systematic review of prevalence studies.
Neuroepidemiology. 2014;42:174-83.

5. Beaudin M, Manto M, Schmahmann JD, Pandolfo M, Dupre N. Recessive
cerebellar and afferent ataxias - clinical challenges and future directions. Nat
Reviews Neurol. 2022;18:257-72.

6.  Traschutz A, Reich S, Adarmes AD, Anheim M, Ashrafi MR, Baets J, et al. The
ARCA Registry: a collaborative global platform for advancing Trial Readiness
in autosomal recessive cerebellar ataxias. Front Neurol. 2021;12:677551.

7. Arias M. Keys to overcoming the challenge of diagnosing autosomal reces-
sive spinocerebellar ataxia. Neurologia. 2019;34:248-58.

8. Mancuso M, Orsucci D, Siciliano G, Bonuccelli U. The genetics of ataxia:
through the labyrinth of the Minotaur, looking for Ariadne’s thread. J Neurol.
2014;261(Suppl 2):5528-541.

9. Traschutz A, Adarmes-Gomez AD, Anheim M, Baets J, Falkenburger BH,
Gburek-Augustat J et al. Autosomal recessive cerebellar ataxias in Europe:
frequency, Onset, and severity in 677 patients. Mov Disorders: Official J Mov
Disorder Soc 2023.

10.  Sharma R, De Biase |, Gomez M, Delatycki MB, Ashizawa T, Bidichandani SI.
Friedreich ataxia in carriers of unstable borderline GAA triplet-repeat alleles.
Ann Neurol. 2004;56:898-901.

11. ReetzK, Dogan |, Costa AS, Dafotakis M, Fedosov K, Giunti P, et al. Biological
and clinical characteristics of the European Friedreich’s Ataxia Consortium for



Mahdieh et al. Human Genomics

20.

21

22.

23.

24.

25,

26.

27.

(2024) 18:35

Translational studies (EFACTS) cohort: a cross-sectional analysis of baseline
data. Lancet Neurol. 2015;14:174-82.

Becker AE, Vargas W, Pearson TS. Ataxia with vitamin E Deficiency May Present
with cervical dystonia. Tremor Other Hyperkinetic Movements. 2016;6:374.
Ashrafi MR, Mohammadi P, Tavasoli AR, Heidari M, Hosseinpour S, Rasulinejad
M et al. Clinical and Molecular Findings of Autosomal Recessive Spastic Ataxia
of Charlevoix Saguenay: an Iranian Case Series Expanding the Genetic and
Neuroimaging Spectra. Cerebellum. 2022.

Ashrafi MR, Haghighi R, Badv RS, Ghabeli H, Tavasoli AR, Pourbakhtyaran E,

et al. Epilepsia Partialis Continua a clinical feature of a missense variant in

the ADCK3 gene and poor response to Therapy. J Mol Neuroscience: MN.
2022;72:1125-32.

Mahdieh N, Soveizi M, Tavasoli AR, Rabbani A, Ashrafi MR, Kohlschutter A,
Rabbani B. Genetic testing of leukodystrophies unraveling extensive hetero-
geneity in a large cohort and report of five common diseases and 38 novel
variants. Sci Rep. 2021;11:3231.

Klockgether T, Synofzik M, COAs AGlwgo. Registries. Consensus Recom-
mendations for Clinical Outcome Assessments and Registry Development

in Ataxias: Ataxia Global Initiative (AGI) Working Group Expert Guidance.
Cerebellum 2023.

Schmitz-Hubsch T, du Montcel ST, Baliko L, Berciano J, Boesch S, Depondt C,
et al. Scale for the assessment and rating of ataxia: development of a new
clinical scale. Neurology. 2006;66:1717-20.

Jacobi H, Rakowicz M, Rola R, Fancellu R, Mariotti C, Charles P, et al. Inventory
of Non-ataxia signs (INAS): validation of a new clinical assessment instrument.
Cerebellum. 2013;12:418-28.

Ward CM, To T-H, Pederson SM. ngsReports: a Bioconductor package for man-
aging FastQC reports and other NGS related log files. Bioinformatics 2019.
Langdon WB. Performance of genetic programming optimised Bowtie2 on
genome comparison and analytic testing (GCAT) benchmarks. BioData Min.
20158:1.

Van der Auwera GA, Carneiro MO, Hartl C, Poplin R, Del Angel G, Levy-Moon-
shine A et al. From FastQ data to high-confidence variant calls: the genome
analysis toolkit best practices pipeline. Current protocols in bioinformatics.
2013;43:11.10.11-11.10. 33.

Pluss M, Kopps AM, Keller I, Meienberg J, Caspar SM, Dubacher N et al. Need
for speed in accurate whole-genome data analysis: GENALICE MAP chal-
lenges BWA/GATK more than PEMapper/PECaller and Isaac. Proceedings of
the National Academy of Sciences. 2017; 114: E8320-E8322.

Yang H, Wang K. Genomic variant annotation and prioritization with
ANNOVAR and wANNOVAR. Nat Protoc. 2015;10:1556-66.

Beijer D, Fogel BL, Beltran S, Danzi MC, Nemeth AH, Zuchner S et al. Standards
of NGS Data Sharing and Analysis in Ataxias: Recommendations by the NGS
Working Group of the Ataxia Global Initiative. Cerebellum. 2023.

Entezam M, Amirfiroozi A, Togha M, Keramatipour M. Comparison of two dif-
ferent PCR-based methods for detection of GAA expansions in Frataxin Gene.
Iran J Public Health. 2017;46:222-8.

Ashrafi MR, Pourbakhtyaran E, Rohani M, Shalbafan B, Tavasoli AR, Hossein-
pour S, et al. Follow-up of 25 patients with treatable ataxia: a comprehensive
case series study. Clin case Rep. 2022;10:e05777.

Siavashani ES, Ashrafi MR, Ghabeli H, Heidari M, Garshasbi M. Novel homozy-
gote frameshift variant in the ATCAY gene in an Iranian patient with Cayman

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

Page 18 of 18

cerebellar ataxia; expanding the neuroimaging and clinical feature a case
report. BMC Med Genom. 2023;16:226.

Ashrafi MR, Dehnavi AZ, Tavasoli AR, Heidari M, Ghahvechi Akbari M, Ronagh
AR et al. Expanding the genetic spectrum of giant axonal neuropathy: two
novel variants in Iranian families. Mol Genet Genom Med 2023: €2159.
Cheng HL, Shao YR, Dong Y, Dong HL, Yang L, MaY, et al. Genetic spectrum
and clinical features in a cohort of Chinese patients with autosomal recessive
cerebellar ataxias. Translational Neurodegeneration. 2021;10:40.

Anheim M, Fleury M, Monga B, Laugel V, Chaigne D, Rodier G, et al. Epi-
demiological, clinical, paraclinical and molecular study of a cohort of 102
patients affected with autosomal recessive progressive cerebellar ataxia from
Alsace, Eastern France: implications for clinical management. Neurogenetics.
201011112,

Hamza W, Ali Pacha L, Hamadouche T, Muller J, Drouot N, Ferrat F, et al.
Molecular and clinical study of a cohort of 110 Algerian patients with autoso-
mal recessive ataxia. BMC Med Genet. 2015;16:36.

Mahdieh N, Mahmoudi H, Ahmadzadeh S, Bakhtiyari S. GJB2 mutations in
deaf population of llam (Western Iran): a different pattern of mutation dis-
tribution. European archives of oto-rhino-laryngology: official journal of the
European Federation of Oto-Rhino. -Laryngological Soc. 2016;273:1161-5.
Davoudi-Dehaghani E, Zeinali S, Mahdieh N, Shirkavand A, Bagherian H,
Tabatabaiefar MA. A transversion mutation in non-coding exon 3 of the TMC1
gene in two ethnically related Iranian deaf families from different geographi-
cal regions; evidence for founder effect. Int J Pediatr Otorhinolaryngol.
2013;77:821-6.

Riazalhosseine Y, Nishimura C, Kahrizi K, ShafeghatiY, Daneshi A, Jogataie M-T,
et al. Delta (GJB6-D1351830) is not a common cause of nonsyndromic hear-
ing loss in the Iranian population. Arch Iran Med. 2005;8:104-8.

Gama MTD, Braga-Neto P, Rangel DM, Godeiro C Jr, Alencar R, Embirucu EK,
et al. Autosomal recessive cerebellar ataxias in South America: a Multi-
center Study of 1338 patients. Mov Disorders: Official J Mov Disorder Soc.
2022;37:1773-4.

Lipponen J, Helisalmi S, Raivo J, Siitonen A, Doi H, Rusanen H, et al. Molecular
epidemiology of hereditary ataxia in Finland. BMC Neurol. 2021;21:382.

Zeng J,Wang J, Zeng S, He M, Zeng X, Zhou Y, et al. Friedreich’s Ataxia (FRDA)
is an extremely rare cause of autosomal recessive ataxia in Chinese Han
population. J Neurol Sci. 2015;351:124-6.

Bogdanova-Mihaylova P, Hebert J, Moran S, Murphy M, Ward D, Walsh RA,
Murphy SM. Inherited cerebellar ataxias: 5-Year experience of the Irish
National Ataxia Clinic. Cerebellum. 2021;20:54-61.

Tazir M, Ali-Pacha L, M'Zahem A, Delaunoy JP, Fritsch M, Nouioua S, et al.
Ataxia with oculomotor apraxia type 2: a clinical and genetic study of 19
patients. J Neurol Sci. 2009,278:77-81.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿The genetic basis of early-onset hereditary ataxia in Iran: results of a national registry of a heterogeneous population
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Study design
	﻿Clinical evaluations
	﻿Genetic investigations
	﻿WES, WGS and mtDNA sequencing
	﻿Repeat expansion analysis
	﻿﻿In Silico﻿ Analysis


	﻿Results
	﻿Distribution of ataxias and variants among Iranian subpopulations
	﻿The most common types of ARCAs in Iran

	﻿Discussion
	﻿Conclusion
	﻿References


