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Abstract

Background: Intellectual Disability (ID) is one of the most common disabling impairments worldwide. Autosomal recessive ID (ARID), a
genetically heterogeneous disorder, is more common in countries such as Iran where the rate of consanguineous marriages is high. Con-
sidering the social-economic burden of ARID in our country, it is crucial to find out whether couples who are cousins are carriers for disease

causing mutations, in order to prevent the birth of an affected child.

Methods: Using exome sequencing, we screened known ARID genes in a normal individual to identify possible mutations in heterozy-

gous form.

Results: We identified four protein coding alleles which possibly affect protein function, in different ID genes: PMM2, RBM28, SLC19A3,

and VPS13B.

Conclusion: These findings can be used to prevent the birth of children with ARID by checking the other partner for possible disease

causing variants.
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Introduction

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,
cystic fibrosis, hemoglobinopathies, spinal muscular atrophy, and
Tay-sachs disease. These screenings have substantially decreased
the prevalence of specific AR disorders.! In countries with high
rate of consanguine marriages, carrier couples and consequently
AR disorders are more prevalent.? Carriers may have no family
history of AR disorders and be unaware of their carrier status be-
fore the birth of their first affected child.

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.® 1D 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-
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proximately US$1 million in their lifetime.* 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.812

Since 2011, the concept of carrier detection has evolved by
means of next-generation sequencing.*®* 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

Subject and DNA sample sequencing

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.**
The highly purified DNA sample underwent library preparation,
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
2x100-bp reads, using llumina 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).* Picard 1.79 was used for generating and sorting BAM
file, adding or replacing read groups to it, and generating a BAM
index file (http://broadinstitute.github.io/picard/). Genome Analy-
sis Toolkit (GATK) 2.8.1 was used for refining BAM file by fil-
tering bases with low quality, realigning insertion/deletion sites,
and recalibrating base quality scores.’®'” The depth of coverage
and coverage per gene were calculated for the refined BAM file
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-
fied Genotyper.

Annotation and variant filtering

In order to identify potentially disease causing variants for
which our subject was carrier, the called variants in ARID genes
were annotated and underwent various filtering steps.

First, the intronic (more than two base pairs from exon boundar-
ies), synonymous, and homozygous variants were excluded using
ANNOVAR software.* Since the alleles which underlie ARID in
human populations typically have very rare frequencies, variants
reported with minor allele frequency (MAF > 0.01) in public da-
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.*2t 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) 2.3.19% 2 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
ID samples and the variants with frequency > 0.01 were excluded.
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Final confirmation

To eliminate potential false positive variants, the final results
were confirmed by means of Sanger sequencing using BIG Dye
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).

A total of 1,016 variants were identified, including 964 mis-
sense and 52 insertion/deletion variants. Out of 1,016 variants, a
large fraction (1,012 variants) was filtered out in different filtering
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
checked for allele frequency. Eighteen variants with MAF <0.01,
which were not reported in homozygous state, remained for func-
tion prediction step. Scaled CADD score for 12 variants was >10,
nine of which were predicted to be damaging according to dbNS-
FP output. The quality checking of the nine variants revealed
that five variants-Q418E in 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
high quality (Table 1). Evaluating the frequency of these five vari-
ants in our database of 285 Iranian samples excluded the VV206L
variant in PC gene. This variant was identified in six Iranian indi-
viduals, which suggests that in the Iranian population the VV206L
in PC is not as rare as in other populations (Table 1). The filter-
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
1A).To confirm these results, each mutated region was sequenced
using a pair of primers (Table 1). Sanger sequencing results con-
firmed the presence of all four variants (Figure 1B).

Discussion

Before next generation sequencing (NGS) era, carrier-screening
tests were mostly performed in individuals with a family history
of genetic disorders following identification of a specific muta-
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,?* or disorders commonly seen in a specific
population like B-thalassemia in Iran. B-thalassemia is 2.6 times
more prevalent in Iran than in Western countries. The screening
of couples before getting married alongside with the implement
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Figure 1. Images of four potentially disease causing variants A) Visualization of exome sequencing data through IGV software B) Sanger sequencing

chromatograms.

of prevention programs has resulted in considerable reduction of
this condition in Iranian population with 82.03% success rate.?2

Many of the carriers are not aware of their genetic condition,
and they usually find out about it after the birth of their first af-
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,** 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.®® 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.?” The
results suggested that 24% of subjects were carriers for at least
one genetic disorder, while 5.2% were carriers for more than one
disorder. They suggested that since being carrier for specific re-
cessive disorders is not limited to a specific ethnicity, an identi-
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.3?” 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
filtering steps, they showed that 45% of individuals carried at least
one deleterious allele.?®

In this study, we utilized NGS technology to identify the carrier
status of a normal subject in ARID genes. Considering the fact
that there is no specific gene(s) responsible for the major frac-
tion of ARID cases,*? all ARID genes collected from public data-
bases were included in this study, regardless of their frequencies.
Data analysis and filtering steps resulted in removing 99.6% of
called variants in ARID genes. Four potentially disease causing
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alleles were identified in 4 out of 428 genes investigated in this
study: PMM2, SLC19A3, RBM28, and VPS13B. These genes are
involved in syndromic ID disorders.

Congenital disorder of glycosylation

PMM2 defects lead to congenital disorder of glycosylation, type
la (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 1D 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.*2

Thiamine metabolism dysfunction syndrome 2, Wernicke's-like en-
cephalopathy, and leigh syndrome

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 THMD?2 are recurrent episodes of encephalopathy,
generalized dystonia, and epilepsy.? The characteristic of Wer-
nicke's-like Encephalopathy is status epilepticus which develops
in the second decade of life.* Leigh syndrome is a severe neuro-
degenerative disorder with progressive psychomotor progression,
and eventually leads to death.®! 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.%

Alopecia, neurologic defects, and endocrinopathy
In 2008, a missense mutation, p.L351P, in RBM28 gene was



identified in a consanguineous Palestinian Arab family with alo-
pecia, neurologic defects, and endocrinopathy syndrome (ANES)
(OMIM#612079). The five siblings of this family are the only re-
ported cases of ANES. The main characteristics of ANES are skin
involvement, neurological defects including moderate to severe
ID, and endocrine system involvement.®

Cohen syndrome

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.*

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
of the genes reported in a specific heterogeneous disorder.**#

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.

Acknowledgments

This study was funded by Iran National Science Foundation
(INSF), Iran’s National Elites Foundation (INEF), and Univer-
sity of Social Welfare and Rehabilitation Sciences, Tehran, Iran,
grant no. 241995. The authors would like to acknowledge Mrs.
Khadijeh Jalalvand, and Mrs. Sanaz Arzhangi for their assistance
in sample preparation, Mrs. Marzieh Mohseni for her assistance
in sample Sanger Sequencing, and Ms. Zohreh Fattahi for her as-
sistance and valuable comments in data analysis.

References

1. McGowan ML, Cho D, Sharp RR. The changing landscape of carrier
screening: expanding technology and options? Health Matrix Clevel.
2013; 23(1): 15-33.

2. Sternlier 1, Morell AG, Bauer CD, Combes B, De Bobes-Sternberg
S, Schein-Berg IH. Detection of the heterozygous carrier of the wil-
son’s disease gene. J Clin Invest. 1961; 40(4): 707-15.

3. Tambor ES, Bernhardt BA, Chase GA, Faden RR, Geller G, Hofman
KJ, et al. Offering cystic fibrosis carrier screening to an HMO popula-
tion: factors associated with utilization. Am J Hum Genet. 1994; 55(4):
626-37.

4. Modell B, Petrou M, Layton M, Varnavides L, Moisely C, Ward
RH, et al. Audit of prenatal diagnosis for hemoglobin disorders in the
United Kingdom. The first twenty years. Ann NY Acad Sci.1998; 850:
420-2.

5. Lakeman P, Plass AM, Henneman L, Bezemer PD, Cornel MC, ten
Kate LP. Preconceptional ancestry-based carrier couple screening for
cystic fibrosis and haemoglobinopathies: what determines the inten-
tion to participate or not and actual participation? Eur J Hum Genet.
2009; 17(8): 999-1009.

6. Prior TW. Carrier screening for spinal muscular atrophy. Genet Med.
2008; 10(11): 840-2.

Z. Mehrjoo, M. R. Akbari, S. S. Abedini, et al.

7. ACOG Committee on Genetics. ACOG Committee Opinion No. 442:
Preconception and prenatal carrier screening for genetic diseases in in-
dividuals of Eastern European Jewish descent. Obstet Gynecol. 2009;
114(4): 950-3.

8. Musante L, Ropers HH. Genetics of recessive cognitive disorders.
Trends Genet. 2014; 30(1): 32-9.
9. Centers for Disease Control and Prevention. 2004. Economic costs

associated with mental retardation, cerebral palsy, hearing loss, and
vision impairment—United States. MMWR Morb Mortal Wkly Rep.
2003; 53(3): 57-59

American Psychiatric Association. Diagnostic and Statistical Manual
of Mental Disorders. 5th ed. Washington, DC. American Psychiatric
Association: 2013.

Ellison JW, Rosenfeld JA, Shaffer LG. Genetic basis of intellectual
disability. Annu Rev Med. 2013; 64: 441-50.

Najmabadi H, Hu H, Garshasbi M, Zemojtel T, Abedini SS, Chen W,
et al. Deep sequencing reveals 50 novel genes for recessive cognitive
disorders. Nature. 2011; 478(7367): 57-63.

Bell CJ, Dinwiddie DL, Miller NA, Ganusova EE, Mudge J, Langley
RJ, et al. Carrier testing for severe childhood recessive diseases by
next-generation sequencing. Sci Transl Med. 2011; 3(65): 65ra4.
Miller SA, Dykes DD, Polesky HF. A simple salting out procedure
for extracting DNA from human nucleated cells. Nucleic Acids Res.
1988; 16(3): 1215.

Li H, Durbin R. Fast and accurate long-read alignment with Burrows-
Wheeler transform. Bioinformatics. 2010; 26(5): 589-95.

McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Ker-
nytsky A, et al. The genome analysis Toolkit: a MapReduce frame-
work for analyzing next-generation DNA sequencing data. Genome
Res. 2010; 20(9): 1297-303.

Van der Auwera GA, Carneiro MO, Hartl C, Poplin R, Del Angel
G, Levy-Moonshine A, et al. From FastQ data to high-confidence
variant calls: the Genome Analysis Toolkit best practices pipeline.
Curr Protoc Bioinformatics. 2013; 11(1110): 11.10.1-11.10.33

Wang K, Li M, Hakonarson H. ANNOVAR: functional annotation of
genetic variants from high-throughput sequencing data. Nucleic Acids
Res. 2010; 38(16): e164.

Kircher M, Witten DM, Jain P, O’Roak BJ, Cooper GM, Shendure J.
A general framework for estimating the relative pathogenicity of hu-
man genetic variants. Nat Genet. 2014; 46(3): 310-5.

Liu X, Jian X, Boerwinkle E. dbNSFP: a lightweight database of hu-
man nonsynonymous SNPs and their functional predictions. Hum Mu-
tat. 2011; 32(8): 894-9.

Liu X, Jian X, Boerwinkle E. doNSFP v2.0: a database of human non-
synonymous SNVs and their functional predictions and annotations.
Hum Mutat. 2013; 34(9): E2393-402.

Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander
ES, Getz G, et al. Integrative genomics viewer. Nat Biotechnol. 2011;
29(1): 24-6.

Thorvaldsdottir H, Robinson JT, Mesirov JP. Integrative Genomics
Viewer (IGV): high-performance genomics data visualization and ex-
ploration. Brief Bioinform. 2013; 14(2): 178-92.

Prior TW. Next-generation carrier screening: are we ready? Genome
Med. 2014; 6(8): 62.

Abolghasemi H, Amid A, Zeinali S, Radfar MH, Eshghi P, Ra-
himinejad MS, et al. Thalassemia in Iran: epidemiology, prevention,
and management. J Pediatr Hematol Oncol. 2007; 29(4): 233-8.

Miri M, Tabrizi Namini M, Hadipour Dehshal M, Sadeghian Varnos-
faderani F , Ahmadvand A, Yousefi Darestani S, et al. Thalassemia in
Iran in last twenty years: the carrier rates and the births trend. Iranian
J Blood Cancer. 2013; 6(1): 11-8.

Lazarin GA, Haque IS, Nazareth S, Haque, Shivani Nazareth, Kevin
lori, et al. An empirical estimate of carrier frequencies for 400+ causal
Mendelian variants: results from an ethnically diverse clinical sample
of 23,453 individuals. Genet Med. 2013; 15(3): 178-86.

Tabor HK, Auer PL, Jamal SM, Chong JX, Yu J, Gordon AS, et al.
Pathogenic variants for Mendelian and complex traits in exomes of
6,517 European and African Americans: implications for the return of
incidental results. Am J Hum Genet. 2014; 95(2): 183-93.

Zeng WQ, Al-Yamani E, Acierno JS, Slaugenhaupt S, Gillis T, Mac-
Donald ME, et al. Biotin-responsive basal ganglia disease maps to
2036.3 and is due to mutations in SLC19A3. Am J Hum Genet. 2005;
77(1): 16-26.

Kono S, Miyajima H, Yoshida K, Togawa A, Shirakawa K, Suzuki
H. Mutations in a thiamine-transporter gene and Wernicke’s-like en-
cephalopathy. N Engl J Med. 2009; 360(17): 1792-4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Archives of Iranian Medicine, Volume 18, Number 10, October 2015 647



Carrier Testing Using Exome Sequencing

31.  Gerards M, Kamps R, van Oevelen J, Boesten I, Jongen E, de Kon- syndrome caused by decreased expression of RBM28, a nucleolar
ing B, et al. Exome sequencing reveals a novel Moroccan founder protein associated with ribosome biogenesis. Am J Hum Genet. 2008;
mutation in SLC19A3 as a new cause of early-childhood fatal Leigh 82(5): 1114-21.
syndrome. Brain. 2013; 136(Pt 3): 882-90. 34.  Kolehmainen J, Black GC, Saarinen A, Chandler K, Clayton-Smith J,

32.  Yamada K, Miura K, Hara K, Suzuki M, Nakanishi K, Kumagai T, et Traskelin AL, et al. Cohen syndrome is caused by mutations in a novel
al. Awide spectrum of clinical and brain MRI findings in patients with gene, COH1, encoding a transmembrane protein with a presumed role
SLC19A3 mutations. BMC Med Genet. 2010; 11: 171. in vesicle-mediated sorting and intracellular protein transport. Am J

33.  Nousbeck J, Spiegel R, Ishida-Yamamoto A, Indelman M, Shani-Adir Hum Genet. 2003; 72(6): 1359-69.

A, Adir N, et al. Alopecia, neurological defects, and endocrinopathy
Coverage in 428 ARID genes
[ =2
P~
o |
L]
[ =208 |
un
g g
@
P
= 8
(=2 |
o~
9 4
o J
T T T T T T T 1
0 50 100 150 200 250 300 350
Coverage per gene (bp)
Supplementary Figure 1. Histogram of coverage in 428 ARID genes.
Supplementary Table 1. List of 428 ARID genes which were analyzed in this study.
T T Syndromic/ Reference Reference Reference
P Nonsyndromic URL address URL address URL address
Mol Genet Metah. 2007 . .
AAAS NM_001173466 Dec:92(4):359-63. Epub 2007 Oct 2 Nat Genet. 2000 Nov;26(3):332-5.
Am J Hum
AASS NM_005763 Genet. 2000 Jun;66(6):1736-43.
Epub 2000 Apr 20.
. : Nat Clin Pract Endocrinol
ABCCS NM_000352 r(t;p'cl)/grhgt";:“'gg%g""/ 9ene/ABCCS,  \jetab. 2009 Feb:5(2):101-12. doi:
P " 10.1038/ncpendmet1046
Am J Hum Genet. 2010 Sep
ABHD12 NM_015600 10;87(3):410-7. doi: 10.1016/j.
ajhg.2010.08.002
. . - AmJHum
ABHDS NM_016006 2:;’“/; ?I:'gc')mg:]io‘gg‘r’;ig'o"/ Genet. 2001 Nov;69(5):1002-12.
Y Epub 2001 Oct 2.
ACADSB NM_001609 J Med Case Rep. 2007 Sep 20;1:98.
Nature. 2011 Sep 21;478(7367):57-
ACBDG NM_082360 63. doi: 10.1038/nature10423.
Am J Med Genet A. 2008 Jul i .
ACOX1  NM_001185039 1:146A(13):1676-81. doi: 101002/ 1P-/Awaw.omim.orglentry/609751

ajmg.a.32298.

?search=acox1&highlight=acox1
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ADAMTS10

NM_030957

Am J Med Genet A. 2003 Dec
1;123A(2):204-7.

http://iwww.omim.org/entry/277600

ADAT3

NM_138422

J Med Genet. 2013
Jul;50(7):425-30. doi: 10.1136/
jmedgenet-2012-101378. Epub 2013
Apr 25

ADK

NM_001202450

NS

Nature. 2011 Sep 21;478(7367):57-
63. doi: 10.1038/nature10423.

ADRA2B

NM_000682

NS

Nature. 2011 Sep 21;478(7367):57-
63. doi: 10.1038/nature10423.

ADSL

NM_000026

Am J Med Genet A. 2003 Jul
15;120A(2):185-90.

AGA

NM_000027

J Child Neurol. 2014 Jan;29(1):36-
42. doi: 10.1177/0883073812469049.
Epub 2012 Dec 26

EMBO J. 1991 Jan;10(1):51-8.

AGPAT2

NM 001012727

J Clin Endocrinol
Metab. 2003 Oct;88(10):4840-7.

Nat Genet. 2002 May;31(1):21-3.
Epub 2002 Apr 22.

AGPS

NM_003659

Hum Mol
Genet. 1998 May;7(5):847-53.

http:/Aww.omim.org/

Clin Genet. 2005 Feb;67(2):107-33. entry/600121

AHCY

NM_000687

http://ghr.nlm.nih.gov/condition/
hypermethioninemia

J Pediatr. 1990 Aug;117(2 Pt
1):220-6.

AHI1

NM_001134830

Nature. 2011 Sep 21;478(7367):57-
63. doi: 10.1038/nature10423.

ALDH18A1

NM_001017423

Eur J Hum

Genet. 2008 Oct;16(10):1176-
86. doi: 10.1038/ejhg.2008.91.
Epub 2008 May 14.

ALDH1A3

NM_000693

Clin Genet. 2013 Sep 11. doi:
10.1111/cge.12277. [Epub ahead of
print]

ALDH3A2

NM_001031806

Arch Neurol. 2006 Feb;63(2):278-80

ALDH4AL

NM_001161504

Hum Mol
Genet. 1998 Sep;7(9):1411-5.

ALDH5A1

NM_170740

Neurology. 2012 Jul
3;79(1):47-54. doi: 10.1212/
WNL.0b013e31825dcf71.
Epub 2012 Jun 20.

ALDOA

NM_000034

Am J Hematol. 1981 Dec;11(4):425-
37.

http://www.omim.org/entry/103850
?search=aldoa&highlight=aldoa

ALS2

NM_020919

Ann Neurol. 2003 Jan;53(1):144-5.

http:/AMmmwww.omim.org/
entry/607225?search=606352/%20
607225&highlight=606352%20
607225%20606352/

ALX1

NM_006982

Am J Hum Genet. 2010 May
14,86(5):789-96. doi: 10.1016/j.
ajhg.2010.04.002. Epub 2010 May 6.

ALX4

NM_021926

Hum Mol Genet. 2009 Nov
15;18(22):4357-66. doi: 10.1093/
hmg/ddp391. Epub 2009 Aug 19.

AMT

NM_000481

Neurology. 2000 Feb 8;54(3):754-6.

http://iwww.omim.org/entry/605899

ANKH

NM_054027

J Clin Endocrinol

Metab. 2011 Jan;96(1):E189-98. doi:
10.1210/jc.2010-1539. Epub 2010
Oct 13.
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PL0S Genet. 2008
Dec;4(12):€1000296. doi: 10.1371/

g IO & journal.pgen.1000296. Epub 2008
Dec 5.
Blood. 2006 Jul 1;108(1):362-9.
AP3B1 NM_003664 S Epub 2006 Mar 14.
Am J Hum Genet. 2011 Jun
AP4B1 NM_006594 S 10;88(6):788-95. doi: 10.1016/j.
ajhg.2011.04.019. Epub 2011 May 27.
Nature. 2011 Sep 21;478(7367):57-
APAEL NM_007347 S 63. doi: 10.1038/nature10423.
Nature. 2011 Sep 21;478(7367):57-
APaM1 ML 00 = 63. doi: 10.1038/nature10423.
Am J Hum Genet. 2011 Jun
AP4S1 NM_007077 S 10;88(6):788-95. doi: 10.1016/].
ajhg.2011.04.019. Epub 2011 May 27.
Nat Genet. 2004 Jan;36(1):69-76.
ARFGEF2 NM_006420 S Epub 2003 Nov 30.
ARG1 NM_000045 S Hum Genet. 1995 Sep;96(3):255-60.
ARL14EP Nature. 2011 Sep 21;478(7367):57-
(Cl1orf46) NI A b= 63. doi: 10.1038/nature10423.
Nat Genet. 2004 Sep;36(9):989-93.
ARL6 (BBS3)  NM_032146 S Epub 2004 Aug 15,
Nature. 2011 Sep 21;478(7367):57-
AEEEE Lhees s 63. doi: 10.1038/nature10423.
Nature. 2011 Sep 21;478(7367):57-
ASCLL NM_004316 NS 63. doi: 10.1038/nature10423.
Hum Genet. 2002 Oct;111(4-5):350-
ASL NM_001024943 S 9. Epub 2002 Aug 14
ASPA NM_001128085 S Genomics. 1994 May 15;21(2):364-70 Nat Genet. 1993 Oct;5(2):118-23.
ASPM NM_001206846 S J Med Genet. 2005 Sep;42(9):725-9.
Am J Hum Genet. 2004
ATIC NM_004044 S Jun;74(6):1276-81. Epub 2004 Apr
26.
ATN1 NM_001007026 S Neurology. 1995 Oct;45(10):1934-6.
Parkinsonism Relat Disord. 2011
http:/iww.ncbi.nlm.nih.gov/books/ Feb;17(2):135-8. doi: 10.1016/j.
ATPL3A2 NM_001141974 S NBK1428/ parkreldis.2010.10.011. Epub 2010
Nov 20.
Hum Genet. 2012 Nov;131(11):1761- . .
ATP6VOA2  NM_012463 s 73. doi: 10.1007/500439-012-1197-8. E'aafgggg éoe?;;”"‘o(l)'sz""
Epub 2012 Jul 8. P :
Eur J Hum Genet. 2013 Eur J Hum Genet. 2010
ATP8A2 NM_016529 S Mar;21(3):281-5. doi: 10.1038/ Dec;18(12):1360-3. doi: 10.1038/
ejhg.2012.170. Epub 2012 Aug 15. jhg.2010.126. Epub 2010 Aug 4.
Nat Genet. 2003 Apr;33(4):497-501.
ATR NM_001184 S Epub 2003 Mar 17
AUH NM 001698 S http://ghr.nlm.n!h.goy/co_ndltlon/3-
- methylglutaconic-aciduria
Am J Hum Genet. 2013 Jun
B3GALT6 NM_080605 S 6;92(6):935-45. doi: 10.1016/j.
ajhg.2013.04.016. Epub 2013 May 9
B3GALTL NM_194318 s Am J Hum Genet. 2006

Sep;79(3):562-6. Epub 2006 Jul 19.
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BBIP1 NM 001195306 Feb;51(2):132-6. doi: 10.1136/ http:/Aww.ncbi.nlm.nih.gov/
(BBS18) - jmedgenet-2013-101785. Epub 2013 pubmed/20301537
Sep 11.
J Med Genet. 2010 Apr;47(4):262-7.  Am J Hum Genet. 2003
BBS1 NM_024649 doi: 10.1136/jmg.2009.071365. Epub  May;72(5):1187-99. Epub 2003
2009 Sep 24. Apr 3.
J Med Genet. 2010 Apr;47(4):262-7.  J Med Genet. 2010 Dec;47(12):848-
BBS10 NM_024685 doi: 10.1136/jmg.2009.071365. Epub  52. doi: 10.1136/jmg.2010.079392.
2009 Sep 24. Epub 2010 Aug 30.
J Med Genet. 2010 Apr;47(4):262-7. Am J Med Genet A. 2010
BBS12 NM_152618 doi: 10.1136/jmg.2009.071365. Epub  Oct;152A(10):2666-9. doi:
2009 Sep 24. 10.1002/ajmg.a.33650
J Med Genet. 2010 Apr;47(4):262-7. . i Eur J Hum Genet. 2006
BBS2 NM_031885 doi: 10.1136/jmg.2009.071365. Epub Eaﬁggggtﬁ ioeﬁzMay'%(S)'SZl 4 Nov;14(11):1195-203. Epub
2009 Sep 24. P pre. 2006 Jul 5.
J Med Genet. 2010 Apr;47(4):262-7. ) Med Genet. 2010 Apr;47(4):236-
BBS4 NM_033028 doi: 10.1136/jmg.2009.071365. Epub ~ 41. doi: 10.1136/jmg.2009.070755. ?am('\l’;‘_’éﬁg”et' 1995
2009 Sep 24. Epub 2009 Oct 26. e '
J Med Genet. 2010 Apr;47(4):262-7.
BBS5 NM_152384 doi: 10.1136/jmg.2009.071365. Epub Q’;‘r%%')f‘g%gi‘jt' L)
2009 Sep 24. ’ ’ '
Nature. 2011 Sep 21;478(7367):57-
BBS7 NM_018190 63. doi: 10.1038/nature10423.
http://ww.ncbi.nim.nih.gov/books/
BBS9 NM_014451 NBK1363/
J Inherit Metab Dis. 2007
BCKDHA NM_000709 Nov;30(6):903-9. Epub 2007 Oct 8.
J Inherit Metab Dis. 2007
BEAR ML Nov;30(6):903-9. Epub 2007 Oct 8.
Science. 2012 Oct 19;338(6105):394-
BCKDK NM_005881 7. doi: 10.1126/science.1224631.
Epub 2012 Sep 6.
Neurology. 2010 Feb http://iww.omim.org/entry/60
BIN1 NM_139348 9;74(6):519-21. doi: 10.1212/ 1248?search=601248&highlig
WNL.0b013e3181cef7f9. ht=601248
Brain. 2014 Feb;137(Pt 2):366-79.
BOLA3 NM_212552 doi: 10.1093/brain/awt328. Epub
2013 Dec 11.
J Clin Endocrinol Nat Genet. 2002 May;31(1):21-3.
Eees R T Metab. 2003 Oct;88(10):4840-7. Epub 2002 Apr 22.
. . Am J Med Genet A. 2006 Feb
BUB1B NM_001211 http://www.omim.org/entry/257300 15:140(4):358-67.
Am J Med Genet A. 2013
C120rf57 NM_138425 Jun;161A(6):1207-13. doi: 10.1002/
ajmg.a.35850. Epub 2013 Apr 30
Eur J Hum Genet. 2014 Jan 15. doi: E%:/g“&i‘ifgggt6521§0|
Cl2orf65  NM_001194995 ig.lggg/ejhg.zom.zm. [Epubahead | /i ¢img 2013.00.010. Epub
P 2013 Sep 28
CA2 NM_000067 Hum Mutat. 1992;1(4):288-92. Hum Mutat. 1997;9(5):383-7.
Am J Hum Genet. 2014 Mar
CA5A NM_001739 6;94(3):453-61. doi: 10.1016/).
ajhg.2014.01.006. Epub 2014 Feb 13,
cA8 NM_004056 Nature. 2011 Sep 21;478(7367):57-

63. doi: 10.1038/nature10423.

Archives of Iranian Medicine, Volume 18, Number 10, October 2015 651




Carrier Testing Using Exome Sequencing

CACNALG

NM_198397

Nature. 2011 Sep 21;478(7367):57-
63. doi: 10.1038/nature10423.

CAPN10

NM_023083

Nature. 2011 Sep 21;478(7367):57-
63. doi: 10.1038/nature10423.

CASC5

NM_144508

Hum Mol Genet. 2012 Dec
15;21(24):5306-17. doi: 10.1093/
hmg/dds386. Epub 2012 Sep 13.

CASP2

NM_032982

NS

Nature. 2011 Sep 21;478(7367):57-
63. doi: 10.1038/nature10423.

CASR

NM_000388

Mol Biol Rep. 2012 Mar;39(3):2395-

400. doi: 10.1007/s11033-011-0990-0.

Epub 2011 Jun 12

CBS

NM_000071

Thromb Haemost. 2000
Apr;83(4):554-8.

CC2D1A

NM_017721

NS

J Med Genet. 2006 Mar;43(3):203-
10. Epub 2005 Jul 20.

CC2D2A

NM_001080522

Am J Hum Genet. 2008
Apr;82(4):1011-8. doi: 10.1016/j.
ajhg.2008.01.021

CCBE1

NM_133459

Nat Genet. 2009 Dec;41(12):1272-4.

doi: 10.1038/ng.484.

CCNA2

NM_001237

NS

Nature. 2011 Sep 21;478(7367):57-
63. doi: 10.1038/nature10423.

CD9%6

NM_005816

Am J Hum Genet. 2007

Oct;81(4):835-41. Epub 2007 Aug 27

CDK5RAP2

NM_001011649

Nat Genet. 2005 Apr;37(4):353-5.
Epub 2005 Mar 27.

CDK6

NM_001259

Hum Mol Genet. 2013 Dec
20;22(25):5199-214. doi: 10.1093/
hmg/ddt374. Epub 2013 Aug 4

CENPJ

NM_018451

Nat Genet. 2005 Apr;37(4):353-5.
Epub 2005 Mar 27.

J Hum Genet. 2006;51(9):760-4.
Epub 2006 Aug 10

CEP135

NM_025009

Am J Hum Genet. 2012 May
4,90(5):871-8. doi: 10.1016/).
ajhg.2012.03.016. Epub 2012 Apr 19.

CEP152

NM_001194998

Am J Hum Genet. 2010 Jul
9;87(1):40-51. doi: 10.1016/j.
ajhg.2010.06.003

Nat Genet. 2011 Jan;43(1):23-6.
doi: 10.1038/ng.725. Epub 2010
Dec 5.

CEP290
(BBS14)

NM_025114

Nat Genet. 2008 Apr;40(4):443-8.
doi: 10.1038/ng.97. Epub 2008 Mar
9.

Nat Genet. 2006 Jun;38(6):674-81.
Epub 2006 May 7.

CEPG3

NM_025180

Nat Genet. 2011 Oct 9;43(11):1147-
53. doi: 10.1038/ng.971.

CHKB

NM_005198

Am J Hum Genet. 2011 Jun
10;88(6):845-51. doi: 10.1016/j.
ajhg.2011.05.010.

CHRNA7

NM_000746

Am J Med Genet A. 2014 Apr 3. doi:

10.1002/ajmg.a.36535. [Epub ahead
of print]

CHSY1

NM_014918

Am J Hum Genet. 2010 Dec
10;87(6):757-67. doi: 10.1016/j.
ajhg.2010.10.003.

Clin Dysmorphol. 1998
Oct;7(4):249-55
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CLIP1 Eur J Hum Genet. 2014 Feb 26. doi:
(CIIP170) NM_198240 S 10.1038/ejhg.2014.13. [Epub ahead
(RSN) of print]
http:/Aww.ncbi.nim.nih.gov/books/ Am J Hum Genet. 1997
CLN3 NM_001042432 S NBK1428/ Aug;61(2):310-6.
. . . Neurology. 2010 Feb
CLNS NM_006493 s Rﬁé’ém’gy'”"b"”'m'”'h'gm’/ b0okS/ 1 .74(7):565-71. doi: 101212/
WNL.0b013e3181cff70d
htto://www.ncbi.nim.nih.aov/books/ Am J Hum Genet. 2011 May Am J Hum Genet. 2002
CLN6 NM_017882 S NBpkl 428 /' nim.ning 13;88(5):566-73. doi: 10.1016/j. Feb;70(2):537-42. Epub
ajhg.2011.04.004. Epub 2011 May 5. 2001 Nov 27.
CLN8 NM_018941 S Nat Genet. 1999 Oct;23(2):233-6.
Nature. 2011 Sep 21;478(7367):57-
CNKSRL NM_006314 S 63. doi: 10.1038/nature10423.
PLoS Genet. 2014 Apr
3;10(4):21004267. doi: 10.1371/
s MRS 2 journal.pgen.1004267. eCollection
2014.
Am J Hum Genet. 2009
N Engl J Med. 2006 Mar Nov;85(5):655-66. doi: 10.1016/j.
CNTNAP2 NM_014141 S 30;354(13):1370-7 ajhg.2009.10.004. Epub 2009
Nov 5.
Hum Mol Genet. 2009 Nov
COG5 NM_181733 S 15;18(22):4350-6. doi: 10.1093/hmg/
ddp389. Epub 2009 Aug 18
Nature. 2011 Sep 21;478(7367):57-
COL18AL NM_130445 S 63. doi: 10.1038/nature10423.
Nature. 2011 Sep 21;478(7367):57-
€20 ALILIREE A3 63. doi: 10.1038/nature10423.
Hum Mol Genet. 2000 May
COX10 NM_001303 S 1:9(8):1245-9.
COX14 Am J Hum Genet. 2012 Jan
(C120RF62) NM_001257133 S 13;90(1):142-51. doi: 10.1016/j.
ajhg.2011.11.027.
COX15 NM_004376 S J Med Genet. 2004 Jul;41(7):540-4.
AmJ Hum Genet. 2008 Jun;82(6):1281-
COX6B1 NM_001863 S 9. doi: 10.1016/j.ajhg.2008.05.002.
Epub 2008 May 22.
PLo0S One. 2012;7(1):28936. doi:
CRADD NM_003805 NS 10.1371/journal.pone.0028936. Epub
2012 Jan 17.
Neurology. 2004 Nov
CRBN NM_001173482 NS 23:63(10):1927-31.
Nat Genet. 2003 Oct;35(2):185-9.
CTDP1 NM_004715 S Epub 2003 Sep 21
CTSA NM_000308 S J Hum Genet. 2000;45(4):200-6.
http://www.ncbi.nim.nih.gov/books/
CTSD NM_001909 S NBK1428/
CYB5R3 NM_001129819 S Blood. 1995 Apr 15;85(8):2254-62.
CYP27AL NM_000784 s Am J Med Genet A. 2005 Dec

1;139A(2):114-7
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J Neurol. 2014 Feb;261(2):373-81.

CYP2U1 NM_183075 S doi: 10.1007/s00415-013-7206-6.
Epub 2013 Dec 13.
Am J Hum Genet. 2005 Feb;76(2):358-
D2HGDH NM_152783 S 60. Epub 2004 Dec 17.
N Engl J Med. 2011 Mar
DAG1 NM_001177643 S 10;364(10):939-46. doi: 10.1056/
NEJM0a1006939
J Inherit Metab Dis. 2007
DBT NM_001918 s Nov;30(6):903-9. Epub 2007 Oct 8.
DCAF17 Pediatr Dermatol. 2014 Jan;31(1):83-
(C20RF37) NM_001164821 S 7. doi: 10.1111/pde.12219. Epub
2013 Sep 9
Neurology. 2010 Jul
6;75(1):64-71. doi: 10.1212/
DDC (AADC) - NM_000790 S WNL.0b013e3181e620ae. Epub
2010 May 26.
J Neurol. 2014 Feb;261(2):373-81.
DDHD2 NM_001164234 S doi: 10.1007/s00415-013-7206-6.
Epub 2013 Dec 13.
Am J Med Genet A. 2014 Mar 25.
DEAF1 NM_021008 S doi: 10.1002/ajmg.a.36482. [Epub
ahead of print]
Proc Natl Acad Sci U S A. 1998 Jul
DHCR7 NM_001163817 S 7:05(14):8181-6.
J Med Genet. 2006 May;43(5):385-
DNAJC19 NM_145261 S 93. Epub 2005 Jul 31.
Mol Genet
Metab. 2012 Jul;106(3):345-50.
Rlae LG 9 doi: 10.1016/j.ymgme.2012.04.026.
Epub 2012 May 10.
DNMT3B NM_001207055 s glflture. 1999 Nov 11;402(6758):187-
DPM1 NM_003859 S J Clin Invest. 2000 Jan;105(2):191-8.
Ann Neurol. 2012 Oct;72(4):550-8.
DPM2 NM_003863 S doi: 10.1002/ana.23632.
Hum Genet. 2009 Jun;125(5-6):581-
DPYD (DPD)  NM_000110 S 90. doi: 10.1007/s00439-009-0653-6.
Epub 2009 Mar 19.
DUOX2 N Engl J Med. 2002 Jul
(THOX2) NM_014080 S 11;347(2):95-102.
Am J Hum Genet. 2003 Feb;72(2):419-
R4 NALEE G I 28. Epub 2002 Dec 16.
EDNRB NM_001122659 S J Med Genet. 1999 Jun;36(6):485-9
Nature. 2011 Sep 21;478(7367):57-
EEF1B2 1l LR NS 63. doi: 10.1038/nature10423.
EFEMP2 http://ghr.nlm.nih.gov/condition/
(FBLN4) NM_016338 S cutis-laxa
Orphanet J Rare Dis. 2013 Jul 24;8:110.
EFTUD2 R S doi: 10.1186/1750-1172-8-110
EIF2AK3 NM_004836 S Nat Genet. 2000 Aug;25(4):406-9
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EIF2B1

NM_001414

J Hum Genet. 2009 Feb;54(2):74-7.
doi: 10.1038/jhg.2008.10. Epub 2009
Jan 16.

EIF2B2

NM_014239

Gene. 2012 Apr 1;496(2):141-3. doi:
10.1016/j.gene.2011.12.047. Epub
2012 Jan 17

EIF2B3

NM_020365

J Hum Genet. 2009 Feb;54(2):74-7.
doi: 10.1038/jhg.2008.10. Epub 2009
Jan 16.

EIF2B4

NM_001034116

J Hum Genet. 2009 Feb;54(2):74-7.
doi: 10.1038/jhg.2008.10. Epub 2009
Jan 16.

EIF2B5

NM_003907

J Hum Genet. 2009 Feb;54(2):74-7.
doi: 10.1038/jhg.2008.10. Epub 2009
Jan 16.

ELOVL4

NM_022726

Am JHum Genet. 2011 Dec
9;89(6):745-50. doi: 10.1016/j.
ajhg.2011.10.011. Epub 2011 Nov 17.

ELP2

NM_001242879

NS

Nature. 2011 Sep 21;478(7367):57-
63. doi: 10.1038/nature10423.

ENTPD1

NM_001098175

NS

Nature. 2011 Sep 21;478(7367):57-
63. doi: 10.1038/nature10423.

ERCC2

NM_000400

Hum Mol Genet. 2001 Oct
15;10(22):2539-47.

ERCC3

NM_000122

http://ghr.nlm.nih.gov/gene/ERCC3

ERCC5

NM_001204425

J Invest Dermatol. 2002
Feb;118(2):344-51

ERCC6

NM_000124

Am J Hum Genet. 2000
Apr;66(4):1221-8. Epub 2000 Mar
15

ERCC8
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J Hum Genet. 2006;51(8):701-5.
Epub 2006 Jul 25.

ERLIN2

NM_007175

Neurogenetics. 2011 Nov;12(4):333-
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Epub 2011 Jul 28

Hum Mol Genet. 2011 May
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ESCO2
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gil
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EXOSC3
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FAM126A

NM_032581

Nature. 2011 Sep 21;478(7367):57-
63. doi: 10.1038/nature10423.

FASN

NM_004104

NS

Nature. 2011 Sep 21;478(7367):57-
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FASTKD2

NM_014929
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