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Introduction

C arrier screening has been performed since 1960 to identify 
healthy individuals who carry mutated genes and are at an 
increased risk of having affected children in a number of 

autosomal recessive (AR) disorders including: Wilson disease, 

Tay-sachs disease. These screenings have substantially decreased 
1–7 In countries with high 

rate of consanguine marriages, carrier couples and consequently 
AR disorders are more prevalent.8 Carriers may have no family 
history of AR disorders and be unaware of their carrier status be-

One of the most common disabling impairments around the 
world is intellectual disability (ID) which affects 1%–3% of west-
ern countries population and has more victims in underdeveloped 
countries as a result of malnutrition, poor health care, and parental 
consanguinity.8 ID is a genetically heterogeneous disorder which 
imposes serious social and economic problems to the society, an 
affected individual suffers from intellectual and adaptive behav-
ior limitations which limit their independence in both home and 
society. Taking care of an affected person is estimated to cost ap-

proximately US$1 million in their lifetime.9–11 In Iran, 30%–39% 
of couples are consanguine, for whom screening the carrier status 
in ARID genes should be performed to prevent affected pregnan-
cies.8,12

Since 2011, the concept of carrier detection has evolved by 
means of next-generation sequencing.13 Using this method, a sub-
stantial number of genes could be checked simultaneously. In this 
study, we sequenced known ARID genes in a healthy Iranian indi-
vidual using exome sequencing. Data analysis was performed to 
identify carrier status of our subject for potentially disease causing 
variants in ARID genes.

Materials and Methods

In this study, a 26-year-old Iranian female with no familial his-
tory of ARID was selected for carrier screening. The subject’s 
health condition was evaluated thorough obtaining her medical 
record, drug use, and smoking habit which were all negative. She 
also had no history of autosomal recessive genetic disorders with 
childhood onset, prevalent diseases such as diabetes and hyper-
tension, surgery, or medication. The subject had completed rou-
tine childhood vaccination.

Blood sample was taken from the subject, after obtaining writ-
ten consent according to the guidelines of the Ethics Committee, 
University of Social Welfare and Rehabilitation Sciences, Teh-
ran, Iran. DNA was extracted from blood sample by salting out.14 

and then exome enrichment using the Agilent SureSelect human 
Exome kit (v.4) (Agilent Technologies, Inc., Santa Clara, CA). 
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Captured regions underwent paired-end sequencing, generating 
2×100-bp reads, using Ilumina Hiseq2500 (Illumina Inc., San Di-
ego, CA).

Candidate genes
Four hundred twenty eight genes previously reported in syn-

dromic and/or non-syndromic ARID in public databases includ-
ing PubMed (http://www.ncbi.nlm.nih.gov/pubmed), OMIM 
(http://www.omim.org/), and Genetics Home Reference (http://
ghr.nlm.nih.gov/) were chosen for this study. All the ARID genes 
reported until June 2014, were included in this study with no pref-
erence upon gene mutation frequency. The reported mutations in 
these genes were mostly missense or small insertion/deletions, but 
large insertion/deletion mutations were reported, as well (Supple-
mentary Table 1). 

Data analysis

Alignment and variant calling
The sequencing reads were aligned to the hg19 built of the hu-

man reference genome, using the Burrows-Wheeler Aligner 
(BWA).15 Picard 1.79 was used for generating and sorting BAM 

-
-

tering bases with low quality, realigning insertion/deletion sites, 
and recalibrating base quality scores.16,17 The depth of coverage 

using GATK Depth of Coverage tool including “Calculate Cov-
erage over Genes” option. Then, single-nucleotide and insertion/
deletions variants were called in ARID genes using GATK Uni-

In order to identify potentially disease causing variants for 
which our subject was carrier, the called variants in ARID genes 

First, the intronic (more than two base pairs from exon boundar-
ies), synonymous, and homozygous variants were excluded using 
ANNOVAR software.18 Since the alleles which underlie ARID in 
human populations typically have very rare frequencies, variants 

-
tabases including the 1000 genome project and ESP6500, were 
eliminated, using ANNOVAR software. Truncating variants (ini-
tial codon, nonsense, splicing variants, and frameshift insertions/
deletions) were considered pathogenic. The effects of missense 
variants on protein function were predicted using insilico tools 
including SIFT, Polyphen2-HVAR, LRT, MutationTaster, Mu-
tationAssessor, FATHMM, Radial SVM, LR, GERP++ RS, and 
phyloP through dbNSFP software, as well as combined annota-
tion dependent depletion (CADD) web server.19–21 All variants 
with CADD scaled score < 10 -not included in 10% most delete-
rious variants- and all missense variants predicted to be neutral 
or benign by more than six algorithms were removed. The rest 
of variants were checked for quality, using Integrative Genomic 
Viewer (IGV) 2.3.1922, 23 and variants with poor mapping quality 
were excluded. The frequencies of remaining variants were addi-
tionally checked in an exome sequencing database of 285 Iranian 

Terminators (Applied Biosystems 3130 Genetic Analyzer; Ap-
plied Biosystems, Foster City, CA). The sequencing primers were 
designed using Primer3Plus (http://www.bioinformatics.nl/cgi-
bin/primer3plus/primer3plus.cgi/) and Oligoanalyzer 3.1 (http://
eu.idtdna.com/analyzer/applications/oligoanalyzer/).  The Sanger 
sequencing results were analyzed by CodonCode Aligner 5.0.1 
(CodonCode Corp., Dedham, MA).

Results

An average of 99.32%, 98.23%, and 95.85% of bases were 
covered at 1X, 10X, and 20X, respectively, within the exome en-
richment kit targeted regions. An average of 94.74%, 88.3%, and 
85.46% of bases were covered at 1X, 10X, and 20X, respectively, 
within the ARID-related coding refseq exons. The average depth 
of coverage for all ARID genes was 102.24x (ranges between 0 
and 323) (Supplementary Figure 1).

-
sense and 52 insertion/deletion variants. Out of 1,016 variants, a 

steps. Initially, intronic variants were excluded and 578 variants 
in exonic or splice site regions were kept, among which 349 vari-
ants were heterozygous. By removing synonymous variants, the 
total number of variants was reduced to 126, which were then 

which were not reported in homozygous state, remained for func-

nine of which were predicted to be damaging according to dbNS-
FP output. The quality checking of the nine variants revealed 

SLC19A3 gene (OMIM#606152), 
K688N in RBM28 gene (OMIM#612074), Q416H in VPS13B 
gene (OMIM#607817), V206L in PC gene (OMIM#608786), 
and N216D in PMM2 gene (OMIM#601785) - were mapped with 

-
ants in our database of 285 Iranian samples excluded the V206L 
variant in PC -
viduals, which suggests that in the Iranian population the V206L 
in PC -
ing steps resulted in identifying four protein coding heterozygous 
changes which predicted to affect protein function in conserved 
regions of PMM2, RBM28, SLC19A3, and VPS13B genes (Figure 

using a pair of primers (Table 1). Sanger sequencing results con-

Discussion

Before next generation sequencing (NGS) era, carrier-screening 
tests were mostly performed in individuals with a family history 

-
tion in an affected member of the family. Population-based ge-
netic screening was limited to disorders with a commonly seen 
mutation like Cystic Fibrosis, which is recommended to all preg-
nant women in the US,24

more prevalent in Iran than in Western countries. The screening 
of couples before getting married alongside with the implement 
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of prevention programs has resulted in considerable reduction of 
this condition in Iranian population with 82.03% success rate.25,26

Many of the carriers are not aware of their genetic condition, 
-

fected child. NGS technique has facilitated carrier screening in 
a large number of genes, including most clinically severe AR 
disorders genes which were not screened before,13 with low cost. 
In 2011, Bell, et al. investigated carrier status for 448 sever re-
cessive genetic diseases of childhood in 104 subjects using NGS 
technique.13 The subjects were carriers for zero to seven disorders 
(2.8 disorders in average). In 2013, Lazarin, et al. performed car-
rier detection for 23,452 individuals from different ethnicities in 
417 disease causing mutations of 108 recessive disorders.27 The 
results suggested that 24% of subjects were carriers for at least 
one genetic disorder, while 5.2% were carriers for more than one 

-
-

cal thorough carrier test can be performed for different ethnici-
ties. These studies have shown that, the carrier frequencies in not 
routinely screened diseases are high and carrier screening should 
be performed for these diseases, as well.13,27 Later, Tabor, et al. 
analyzed exome sequencing data of 6517 individuals from Afri-
can American or European American ethnicities (ESP6500) for 
pathogenic variants in 31 Mendelian disorders. By taking strict 

one deleterious allele.28

In this study, we utilized NGS technology to identify the carrier 
status of a normal subject in ARID genes. Considering the fact 

-
tion of ARID cases,12 all ARID genes collected from public data-
bases were included in this study, regardless of their frequencies. 

called variants in ARID genes. Four potentially disease causing 

study: PMM2, SLC19A3, RBM28, and VPS13B. These genes are 
involved in syndromic ID disorders. 

PMM2 defects lead to congenital disorder of glycosylation, type 
Ia (CDG1A) (OMIM#212065) in different ethnicities. This disor-
der has three stages: infantile multisystem defects, late infantile 
and childhood ataxia-intellectual disability, and adult stable dis-
ability. In 2011, a comprehensive study on etiology of ID in 136 
consanguineous Iranian families revealed PMM2 missense muta-
tion, p.Y106F, in a big family with three affected children who 
were diagnosed with CDG1A.12

Missense or small insertion/deletion mutations in SLC19A3 
cause different symptoms and disorders, namely Thiamine me-
tabolism dysfunction Syndrome 2 (THMD2) (OMIM#607483), 
Wernicke’s-like Encephalopathy (OMIM#606152), and Leigh 
syndrome (OMIM#256000), in different individuals. The major 
symptoms of THMD2 are recurrent episodes of encephalopathy, 
generalized dystonia, and epilepsy.29 The characteristic of Wer-
nicke's-like Encephalopathy is status epilepticus which develops 
in the second decade of life.30 Leigh syndrome is a severe neuro-
degenerative disorder with progressive psychomotor progression, 
and eventually leads to death.31 In another neurological disorder, 
symptoms such as epileptic spasms in early infancy, severe psy-
chomotor retardation, and progressive brain atrophy are reported 
in patients with homozygous mutations in SLC19A3.32

In 2008, a missense mutation, p.L351P, in RBM28 gene was 

Figure 1. Images of four potentially disease causing variants A) B) Sanger sequencing 
chromatograms.
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-
pecia, neurologic defects, and endocrinopathy syndrome (ANES) 

-
ported cases of ANES. The main characteristics of ANES are skin 
involvement, neurological defects including moderate to severe 
ID, and endocrine system involvement.33

Defected VPS13B is the only reported cause of Cohen syndrome 
(OMIM#216550), which adversely affects different parts of the 
body. The major features of syndrome are ID and typical Cohen 
syndrome facial characteristics.34

The carrier of the potentially disease causing changes in these 
genes may be at risk of giving birth to children with ARID syn-
drome. In order to prevent the birth of affected children, the other 
partner can be checked for these four genes.

In this study, we focused on the most frequent genetic disabling 
impairment and screened all the genes which were previously re-
ported in AR form of this disorder. Generating a comprehensive 
gene list was the advantage of this study, in comparison with pre-
vious ones, that despite targeting a wide range of disorders, analy-
sis were limited to the previously reported mutations or a portion 

13,27

Considering the high rate of AR disorders in our country, carrier 
screening in a consanguineous couple can be performed for other 
AR disorders, as well. Setting up a carrier detection panel for se-
vere AR disorders in the Iranian population depends on further 
studies and identifying common AR disorders and their related 
genes in our country.
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