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Next Generation Sequencing and Genome-Wide Genotyping
Identify the Genetic Causes of Intellectual Disability in Ten
Consanguineous Families from Jordan
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Intellectual disability (ID), occurs in approximately 1 to 3% of the population and tends to be higher in
low-income countries and in inbred communities. Despite the high rates of consanguineous marriages and
the likely enrichment for recessive forms of ID, the genetic bases of ID in Jordan are largely unstudied. In
this study, whole exome sequencing (WES) and homozygosity mapping were used to identify the genetic
causes of ID in ten families from Jordan. The studied families are characterized by consanguineous
marriage and having one or more progeny with ID. Likely disease-causing missense mutations were
identified in eight families; four families are due to mutations in genes previously implicated with ID and the
other four families are due to mutations in genes that are not previously implicated with ID. The novel
genes include: BSN (Protein Basson), PTCHD2 (Protein dispatched homolog 3), DHRS3 (Short-chain
dehydrogenase/reductase 3), and LGI3 (Leucine-rich repeat LGI family member 3). In addition, copy
number variant (CNV) deletion and/or duplication were identified in 2 families; one family with 3.5 mega
base (Mb) deletion on chromosome17 previously implicated with Smith Magenis Syndrome, and the other
family with a novel combination of deletion and duplication in chromosomes 5 and 11. In this pilot study,
four genes and one CNV deletion/duplication are identified for the first time in association with ID. The
finding of this study further demonstrates the power of WES and homozygosity mapping for clinical

diagnostics of ID in consanguineous families in small populations.
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Introduction

Intellectual disability (ID) is a term used to describe
persons who have limited ability to learn. The International
Classification of Diseases (ICD10) classified ID into mild,
moderate, severe and profound based on intelligence quo-
tient (IQ) levels. Patients with intellectual disability may
also have congenital malformations or other neurological
features such as epilepsy and autism (Leonard and Wen
2002). ID can be identified in early life stages based on
many signs such as motor developmental delay, language
delay, memory deficit, difficulties understanding rules, abil-
ity to solve problems, and realizing the consequences of
their actions (Leonard and Wen 2002).

ID might be caused by environmental factors such as
infections, gestational substance abuse, and birth complica-
tions. ID can also be caused by Genetic factors such as
chromosomal deletions, duplications or other rearrange-
ments of varying sizes, as well as single base insertions,
deletions or substitutions (Kaufman et al. 2010). With the

latest update on August 8, 2017; SysID (Catalog of ID
genes) lists 997 primary ID genes (genes that are confirmed
by a sufficient number of patients with mutations and/or by
sufficient clinical information) and 641 candidate ID genes
(genes that are published but do not yet fulfill the criteria to
be in the primary ID gene list) (Kochinke et al. 2016)
(http://sysid.cmbi.umcn.nl/). Because not all ID genes have
been identified; a definitive genetic diagnosis is still lacking
in a large subset of individuals with ID (Mefford et al.
2012).

One powerful approach to discovering novel genes in
association with ID is to study populations with high rates
of parental consanguinity where recessive forms of disease
will be enriched. In Jordan, 39.7% of marriages are con-
sanguineous. The lowest percentage is in the capital
Amman where 25.5% of marriages are consanguineous, and
the highest in Irbid-north east with 52.1% consanguineous
marriages (http://www.consang.net). In Amman, before
1980, the first cousin marriage comprised ~30% of all mar-
riages (Khoury and Massad 1992). Such high percentages
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of consanguinity in Jordan result in increased risk for reces-
sive diseases. Among couples with a child genetically diag-
nosed with a recessive genetic disease in Amman, 69%
were offspring of couples who were first degree cousins,
compared to 14% from nonconsanguineous marriages
(Hamamy et al. 2007).

Modern techniques such as genome-wide genotyping
and massively parallel sequencing have proven to be suc-
cessful in identifying novel genes for Mendelian disorders,
specifically ID and particularly in consanguineous popula-
tions (Abou Jamra et al. 2011a; de Ligt et al. 2012; Rauch
et al. 2012; Yang et al. 2013). In a cohort of consanguine-
ous families from Syria, homozygosity mapping revealed
11 novel loci in 64 with non-specific ID (Abou Jamra et al.
2011b). In an Iranian population, a combination of homo-
zygosity mapping and exome sequencing in 136 consan-
guineous families with ID revealed: (1) disease-causing
mutations in 57% of the studied cases and (2) fifty novel
candidate genes (Najmabadi et al. 2011). Likewise, in a
population from Jordan, seven consanguineous families
with nonspecific ID were investigated using next generation
sequencing (NGS) and homozygosity mapping (Reuter et
al. 2017). Mutations responsible for ID were identified in
three of the seven families, and several other candidates
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were also revealed. In addition, the genes DENNDSA
(DENN domain-containing protein 5A) and MBOAT7
(Lysophospholipid acyltransferase 7) were newly impli-
cated in a distinctive subtype of epileptic encephalopathy
and ID in studies of consanguineous families (Han et al.
2016; Johansen et al. 2016).

In this study, genome-wide genetic analyses of ten
consanguineous Jordanian families using a combination of
whole exome sequencing (WES) and homozygosity map-
ping were performed to further evaluate the genetic basis of
ID.

Materials and Methods

Patients

Fifty-six individuals belonging to ten consanguineous families
with one or more instances of unexplained intellectual disability (22
individuals with ID) were recruited. The parents in each family are
either first, double first, or second cousins (Pedigrees in Figs. 1 and
2). This study was approved by the ethics committee at Philadelphia
University-Jordan. Written consents were obtained from the parents
of all patients.

The families were visited independently on August 2015 in their
homes. Phenotypic data were compiled using three resources: (1)
previous medical documents (upon availability), (2) development
delay story as supplied by the parents and the relatives, and (3) intel-
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Fig. 1. Family 1 pedigree and the Log RR to chromosome 5 and 11.
(a) Pedigree of the multiplex family 1 showing the 2 groups of affected individuals. The fully shaded squares and cir-
cles represent group 1 of individuals with similar phenotypes; while the half-shaded squares and circles represent group
2 of individuals with similar phenotypes (see family 1 in the results and discussion for the details). The star symbol
represents the individuals that were recruited and underwent genome-wide genotyping. (b-¢) Log RR (log fluorescent
intensity value of the probe/baseline value) to chromosome 5 and 11 in the patients of groups 1 and 2. Oval shapes cir-
culate the chromosomal coordinates (measured in base pairs bpx10°) subjected to deletion or duplication.
(b) Deletion in chromosome 5 detected in individuals III-1, I1I-5, 111-8, and II1-11.
(c) Duplication in chromosome 11 detected in individuals III-1, I1I-5, I1I-8, and III-11.
(d) Duplication in chromosome 5 detected in individuals I11-6 and I1I-12.
(e) Deletion in chromosome 11 detected in individuals I11-6 and TI1-12.
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Fig. 2. Pedigrees of the families 2 to 10.
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The fully shaded squares and circles represent the probands with ID; while the half-shaded squares and circles represent
the individuals with distinctive phenotype other than ID. The star symbol represents the individuals that were recruited

and underwent genome-wide genotyping.

ligence level assessment as documented by the center of early diagno-
sis of disability/ministry of health in Jordan. Phenotypic data were
compiled from all families, while only four families were able to pro-
vide previous medical documents including (1) magnetic resonance
imaging (MRI) reports from three families, (2) Electroencephalogram
(EEG) and hearing tests from one family, (3) chromosomal karyotyp-
ing and fragile X test from one family, and (4) the results of a vision
test from one family.

Peripheral blood was collected from all patients and the avail-
able family members. DNA (deoxy ribonucleic acid) was extracted
using automated Promega ReliaPrep™ Large Volume HT gDNA
Isolation System in combination with HSM 2.0 Instrument.

Genome-wide genotyping array

A total of 56 individuals were genotyped on genome-wide
genotyping arrays in the Institute for Genomic Medicine (IGM) at
Columbia University Medical Center (CUMC) using standard meth-
ods. Two types of BeadChips from Illumnia were used for genotyp-
ing: HumanCore-12v1 (50 individuals were genotyped) and OMNI 5
(6 individuals were genotyped). The obtained genotypic data were
used: (1) to identify copy number variants (CNV); (2) for mapping of
homozygous stretches (SOH) and (3) to identify identity-by-descent
(IBD) regions.

CNV

CNV is a term used to refer to the deletion or duplication of
DNA segments compared to the reference genome (Wang et al. 2007).
Such deletions and duplications were detected from the SNPs (Single
Nucleotide Polymorphisms) array using the software PENNCNV
(Wang et al. 2007, 2008; Diskin et al. 2008). Screening was for both
de novo heterozygous CNVs where both parents were available (7
families) and recessive CNVs across all subjects.
likely pathogenic genomic deletion, duplication, or translocation were
excluded from further exome sequencing analysis.

Families with a

Mapping of homozygous stretches
Homozygous regions were calculated using the software Plink
v1.90b3.32. Runs of homozygous SNPs were identified with the fol-

lowing settings: (1) window size of 50 SNPs; (2) maximum of five
SNPs with a missing call; (3) maximum of two heterozygous called
SNPs; and (4) regions of at least 2 mega base (Mb) with a minimum
100 contiguous SNPs (Schuurs-Hoeijmakers et al. 2011). Allelic
matching was achieved by segments pairwise comparisons and a
match is declared if at least 95% of jointly non-missing homozygous
sites are identical. Stretches of homozygosity (SOH) larger than 2
Mb were combined, and the shared stretches of homozygosity (sSOH)
between affected individuals within the family were compiled.

IBD regions

IBD regions were calculated using the software Plink with
default parameters. IBD regions were used to identify the transmit-
ting parent for inherited heterozygous variants.

WES

The majority of the Mendelian diseases are caused by variants
in the coding regions of a gene (exome) which composes around 1%
of the human genome (~60 Mb) (Bamshad et al. 2011). Therefore,
eight unrelated samples underwent whole exome sequencing and
were analyzed for disease-causing point variants and small insertions/
deletions.

WES was conducted by including one proband per family.
WES was performed using Illumina HiSeq 2500 platform (Illumina)
using 64-Mb Roche SeqCap EZ Exome Kit v3.0 (Roche NimbleGen,
Madison, WI). Sequencing reads were mapped to the Genome
Reference Consortium Human Genome Build 37 (GRCh37) using the
program BWA-0.5.10 (Li and Durbin 2010). Polymerase chain reac-
tion duplicates were removed using the program picard-tools-1.59.
Single-nucleotide variants and small insertions/deletions (indels)
were called using the program GATK-1.6-11 (DePristo et al. 2011)
and annotated using the program SnpEff-3.3 (Ensembl-GRCh37.73)
(Cingolani et al. 2012). Sequencing was performed in the Genomic
Analysis Facility in the IGM at CUMC.

Variants filtration procedure
To identify possible disease-causing mutations, all high-quality
variants were identified that are located in the protein coding region
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(according to the Ensembl database v68) and/or two base pair flank-
ing splice sites meeting the following quality criteria: (1) at least 10X
coverage; (2) quality score (qual) > 30; (3) quality by depth score
(QD) > 2; (4) read position rank sum (RPRS) score > —4; (5) mapping
quality score > 40; strand bias score (FS) < 200; and mapping quality
rank sum score (MQRS) > —6.

The variants meeting the above quality control filters were
grouped into the following categories: homozygous variants-recessive
model (category 1), compound heterozygous variants-recessive model
(category 2) and heterozygous variants-dominant model (category 3).
The following filters were applied to generate the candidate variants
in each category:

Category I: Rare homozygous genotypes with minor allele fre-
quency (MAF) < 0.01 were compiled. From this list, the maintained
variants are these located: (1) in a SOH for the families where there is
only one child with ID, or (2) in a sSSOH where there are multiple
children with ID, and absent in children with normal intellect.
Filtration was then based on predicted effects of the mutation on the
protein, maintaining only loss of function (LOF) variants (start lost,
stop lost, stop gain, frameshift, splice site acceptor and splice site
donor) and nonsynonymous variants predicted to be possibly- or
probably-damaging by Polyphen2 Humvar. The putative functional
homozygous genotypes in the relevant homozygous stretch were then
filtered out if the same recessive genotype was observed in one of the
following databases: exome aggregation consortium (ExAC), genome
aggregation database (gnomAD), exome variant server (EVS), the
greater middle east (GME) Variome Project, or in 4029 IGM-
sequenced controls (individuals non-enriched for neuropsychiatric
disease and sequenced as part of other genetic studies in the IGM).
LOF variants were also excluded if the gene they are located in carry
other homozygous LOF variants in EXAC, gnomAD, EVS, GME
Variome Project, or in IGM-controls.

Category 2: Candidate compound heterozygous variants were
isolated first by limiting to heterozygous variants. The variants where
there is a recessive genotype at that site reported in EXAC, gnomAD
and EVS, GME Variome Project, or observed in 4029 IGM-
sequenced controls were removed. LOF variants were also excluded
if the gene they are located in carry other homozygous LOF variants
in EXAC, gnomAD, EVS, GME Variome Project, or in IGM-controls.
From this list of heterozygous variants, compound heterozygous were
isolated by identifying pairs of qualifying variants located in the same
gene per proband. IBD was used to identify the heterozygotes vari-
ants that were inherited from both parents (true compound heterozy-
gotes) in the five families where genome-wide genotyping on the par-
ents (families 4, 5, 6, 9, 10) was performed. Also, all variants in cases
where the parents were not sequenced in close enough proximity to
be on the same read were ruled out, and therefore phasing could be
inferred by inspecting them using the software Integrative Genomic
Viewer (IGV). Candidate compound heterozygous variants were
excluded if they were not found in all affected children where DNA
was available.

Category 3: Candidate heterozygous variants were first isolated
where the alleles are absent in EXAC, gnomAD, EVS, GME Variome
Project, or in 4029 IGM-sequenced controls. The maintained variants
are the LOF variants in genes that have a probability of LoF intoler-
ance > 0.9, and missense variants predicted to be probably-damaging
by Polyphen2 Humvar with a residual variation intolerance score
(RVIS) of < 25%. In cases where DNA from the parents was avail-
able, Sanger sequencing was performed on the category 3 candidate

variants to see if they were de novo variants in the affected child or
children.

All variants that passed the filtration steps in the categories 1, 2
and 3 were inspected visually using IGV.

Prioritization scheme for genes reported in the database: online
mendelian inheritance in man (OMIM) in association with 1D

Recessive variants in categories 1 and 2 were considered likely
disease causing if they were in genes reported in OMIM to be: (1)
disease associated, (2) recessive inheritance model, and (3) the
reported phenotype with the gene reported in OMIM overlapped that
of the patient. Candidate disease-causing dominant variants in cate-
gory 3 were considered likely disease causing if they were in genes
reported in OMIM to be disease associated, with dominant inheri-
tance pattern, and the reported phenotype with the gene reported in
OMIM overlapped that of the patient.

Prioritization scheme for genes not reported in OMIM in association
with ID

In the cases where no disease-causing variant is assigned, the
recessive variants in genes not reported in OMIM were investigated
to identify the potential genes linked to ID based on: (1) the RVIS, (2)
sub-RVIS (sub region RVIS), (3) brain expression pattern (Human
Brain Transcriptome Database) and (4) mouse phenotypic overlap
(www.informatics.jax.org). RVIS is designed to rank genes in terms
of whether they have more or less polymorphic functional variation
relative to the given the amount of apparently neutral variation
observed. Genes with lower RVIS percentiles have less than expected
polymorphic functional variation are considered intolerant (Petrovski
et al. 2013). Sub-RVIS is designed to rank exonic regions or protein
domains based on their intolerance to functional variation with lower
sub-RVIS scores (< 35%) correspond to more intolerant regions
located within protein coding exons (Gussow et al. 2016). Human
Brain Transcriptome Database provides spatio-temporal information
on genes in human brain development. A gene is considered to be
brain expressed if the log2 intensity > 6 for a minimum of three peri-
ods (de Ligt et al. 2012). Variants are considered to be possible cause
of ID if they occur in genes with RVIS percentiles < 25%, subRVIS
< 35% (either domain or exon), and either positive brain expression
pattern or positive overlap with mouse phenotype.

All assigned variants identified as disease causing were segre-
gated and confirmed by Sanger sequencing.

Results and Discussion

CNV

Diseases causing deletions and/or duplications were
detected in two families, which are considered the genetic
cause of ID. Family 1 exhibited combination of deletion
and duplication in chromosomes 5 and 11 while family 2
exhibited deletion in chromosome 17.

Homozygous mapping

For the detection of SOHs, a size cutoff value of 1Mb
is often used in outbred families (Gibson et al. 2006; Curtis
et al. 2008; Nalls et al. 2009). Because homozygous muta-
tions in consanguineous families are usually detected in
large SOHs reaching several Megabases, the families were
analyzed at SOH cutoff value of at least 2 Mb with a mini-
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mum 100 contiguous SNPs. The recessive inheritance pat-
tern for the observed phenotypes is hypothesized and there-
fore sSSOHs between the affected siblings and not shared
with any of the healthy siblings are identified. The number
of SOHs over 2 Mb ranged between 1 and 54 with an aver-
age of 23.6 per individual coinciding with the high consan-
guinity in these families (Schuurs-Hoeijmakers et al. 2011).
However, the number of sSOH ranged between 1 and 12
with an average of 5.7 stretches longer than 2 Mb, which
represent 24.2% of the individual SOHs per sibling.

WES

The results of WES using [llumina HiSeq 2500 exhib-
ited: (1) an average sequence coverage of 98.9% with 5X
base coverage, and (2) an average single nucleotide variant
(SNV) of 291290 and an average Indel of 35405. The fil-
tration procedure identified the likely disease-causing vari-
ants for 4 families. Three of them are recessive (families 3,
4, 5) and one of them is dominant (family 6). Candidate
variants were identified for the families 7, 8, 9 and 10.

Family 1

This is a multiplex family where the parents of the
patients III-1 & III-5 and III-11 & III-12 are non-consan-
guineous (Fig. 1a). The patients III-1, I1I-5, I1I-8 and III-11
(group 1; full shaded squares and circles in Fig. 1a) were
found to have > 15 Megabase deletion on the p arm of chro-
mosome 5 (5p15.33-p15.1) and > 6 Megabase duplication
on the q arm of chromosome 11 (11q23.3-q25) (Fig. 1b, c).
While the patients III-6 and III-12 (group 2; half shaded
squares and circles in Fig. 1a) show the reciprocal variation
with a duplication on the p arm of chromosome 5 (5p15.33-
pl5.1) and a deletion on the q arm of chromosome 11
(11923.3-g25) (Fig. 1d, e). ID is the common phenotype
among the two groups of the patients, but distinctive phe-
notypes are observed depending on the two deletion/dupli-
cation status. Patients with the chromosome 5 deletion
combined to chromosome 11 duplication exhibit motor
delay, lack of speech, jerky and unbalanced movement,
hyperactive, microcephaly, sleeping disturbance and consti-
pation, whereas, the patients with chromosome 5 duplica-
tion combined to chromosome 11 deletion exhibit macro-
cephaly and speech stammer.

The explanation for the observed two groups is the
existence of chromosomal translocation in one of the par-
ents per each patient between the segments 5p15.33-p15.1
and 11g23.3-q25. Such parents do not exhibit abnormal
phenotypes because they are not losing genetic material.
However, chromosomal malsegregation during the gameto-
genesis is likely to occur leading to gametes with 5p15.33-
pl5.1 deletion and 11g23.3-q25 duplication as observed in
the patients of groupl or 5p15.33-p15.1 duplication and
11923.3-q25 deletion as observed in the patients of group 2.
The possible explanation for the deceased offspring II-13,
II1-7 and III-14 is the gametes resulted from chromosomal
malsegregation which produces almost the entire chromo-

Chromosome 17 (bp E6)

Fig. 3. Log RR to chromosome 17 in family 2.
Log RR (log fluorescent intensity value of the probe/
baseline value) to chromosome 17 in the proband of fam-
ily 2. Oval shapes circulate the chromosomal coordi-
nates (measured in base pairs bpx10°) subjected to dele-
tion.

-1

some 5 or 11 deletion/duplication. Furthermore, 10 indi-
viduals out of 14 (71%) in the third generation are affected
and presumably have a translocation. This excess above
the expected 50% for offspring of non-consanguineous with
a single parent carrying the translocation could be due to
consanguinity in the parent’s ancestors resulting in both
parents carrying the translocation.

Family 2

The parents are first cousins with four living offspring
and one spontaneously aborted fetus. The proband 12 years
old girl has ID, motor delay, aggressive, ichthyosiform skin,
recurrent infection (ear & lung), cataracts, thick eyebrow
and short palms and feet. All other siblings were reported
by the parents to be healthy. A CNV deletion was detected
in the patient that was not detectable in the parents. The
deletion size is > 3.5Mb on chromosome 17p11.2 (Fig. 3).
The deletion originates a stretch of chromosome inherited
from the father. Deletions in this region are the cause of
Smith Magenis Syndrome (SMS; Table 1) (Smith et al.
1986).

Family 3

The phenotypes of the affected individuals in this fam-
ily are heterogeneous. While only one is intellectually dis-
abled and blind (II-8; 14 years old) the others are not intel-
lectually disabled but either: paralyzed (II-9) or have a
combination of paralysis, immature growth and blindness
(I1-3, 11-5, 11-6 and 1I-7) (pedigree in Fig. 2).

Individual II-8 with ID was sequenced and the filtra-
tion revealed 12 variants in category 1 and 7 variants in cat-
egory 3 (Table 2). From the 12 variants in category 1 two
variants are in genes reported with OMIM diseases but one
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Table 1. Clinical features match between the proband in family 2 with the recorded in OMIM.
Category Sr.nilth Magenis Syndrome OMIM#182290 Matching
Clinical features
Head Brachycephaly Yes
Midface hypoplasia No
Face Broad face Yes
Ears Hearing loss (conductive and/or sensorineural) No
Nose Broad nasal bridge Yes
Heart Congenital heart defect Unknown
Kidneys Structural renal anomalies Unknown
Spine Scoliosis Unknown
Hands Brachydactyly No
Speech delay Yes
Central Nervous System Mental r?etardation (1Q 20-78) Yes
Sleep disturbance No
Structural brain abnormalities Unknown
Peripheral neuropathy Yes
Peripheral Nervous System Decreased pain sensit'ivity _ Yes
Normal nerve conduction velocities Unknown
Decrease/absent deep tendon reflexes Unknown
Hyperactivity Yes
Polyembolokoilamania (insertion of foreign bodies into body orifices) Yes
Behavioral problems Yes
Behavioral Psychiatric Manifestations | Self-destructive behavior Yes
Onychotillomania (pulling out nails) Yes
Wrist-biting No
Head-banging Yes
Table 2. Variants that passed the filtration steps in the categories 1, 2 and 3 in family 3.
. Variants filtered in step 3 OMIM disease Compatible OMIM Phenotype overlaps
Inheritance Category - . . .
Gene annotation gene inheritance pattern patient phenotype
FAM53A Missense; chr4-1657027-G-A X
ENPEP Missense; chr4-111441428-C-G X
CHD4 Missense; chr12-6707169-T-G X
YBX3 Missense; chr12-10862594-C-G X
PRB4 Missense; chr12-11461786-C-G X
recessive CatA KIF21A Missense; chr12-39716603-C-T \ X
GPR84 Stop gained; chr12-54756984-G-A X
PLD2 Missense; chr17-4721857-C-T X
GUCY2D Missense; chr17-7916436-C-T N N N
SMYD4 splice site donor; chr17-1703275-AGAG-A X
SCIMP Missense; chr17-5138028-AC-A X
ZNF555 Missense; chr19-2853649-C-T X
ZFP62 Missense; chr5-180275991-G-A X
COL12A1 Missense; chr6-75862138-C-T N X
. ABCC1 Missense; chr16-16138452-A-G X
D°g‘a:2§m/ NOX4 Missense; chr11-89088208-C-T X
DMXL2 Missense; chr15-51751856-G-C N X
KLHL14 Missense; chr18-30260401-G-C X
BEST2 Missense; chr19-12866534-C-G X

Genes are tagged by \ or X based on the compatible criteria from the OMIM database. Shaded cells represent a nonapplicable

criteria.

of them NM 000180.3: ¢c.2129C>T;p.(Ala710Val) in the
gene GUCY2D (retinal guanylyl cyclase 1) is reported with
an autosomal recessive inheritance pattern with overlapped
phenotypes. The phenotypes of the affected individual 11-8
show significant overlap with Leber congenital amaurosis 1
(Perrault et al. 1996) (LCA1; OMIM#204000), including
mental retardation, central vision loss, blindness, cataract,
nystagmus and retarded growth (Table 3). Based on these
findings, and no clear support for any of the other candidate
variants, the variant in GUCY2D was deemed to be likely

cause of ID for the proband II-8 this family.

Family 4

abnormal EEG record.

In this family, first cousin parents have two affected
daughters, one is intellectually disabled (II-4) and the other
with occasional epilepsy (II-2), and a deceased son with
epilepsy. Epilepsy exists as well in two cousins of the pro-
bands and in one of their uncles pedigree in Fig. 2. The
proband that was sequenced is 1I-4 (7 years by the time of
examination) who is also characterized by ID, motor delay,
coarse face, microcephaly, hyperactive, aggressive, hearing
loss, congenital hip dislocation, sleeping disturbance, and
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Table 3. Clinical features match between the proband in family 3 with the
recorded in OMIM.
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Category Leber congenital amaurosis 1 OMIM#204000 Matching
Clinical features

Growth Retarded Yes

Ears Sensory hearing loss No
Pigmentary retinopathy No
Central vision loss Yes
Blindness Yes
Fundus atrophy Unknown

Eyes Cataract Yes
Keratoconus Unknown
Photophobia Unknown
Eye poking Unknown
Nystagmus Yes
Reduced electroretinogram Unknown

Liver Hepatomegaly Unknown

Central Nervous System | Mental retardation Yes

Table 4. Variants that passed the filtration steps in the categories 1, 2 and 3 in family 4.

. Variants filtered in step 3 OMIM disease Compatible inheritance OMIM Phenotype overlaps
Inheritance Category Gene Annotation ttern atient phenotype
gene pa p P yp!
LBR Missense; chr1-225592109-A-T N N X
PPP2R1B Missense; chr11-111630667-C-T N N X
recessive Cat.1 CD3E Missense; chr11-118184539-C-T N N X
KRT34 Missense; chr17-39535724-C-G X
NAGLU Missense; chr17-40693137-G-A N N N
PCDH10 Missense; chr4-134073369-G-A N X
FAM47E Missense; chr4-77177671-A-G X
ASH2L Splice site donor; chr8-37963258-T-G X
CPSF1 Missense; chr8-145621703-C-A X
FBXO031 Missense; chr16-87369816-G-C N X
Dominant/Cat.3 CACNA1A | Missense; chr19-13338253-C-T \ N X
MCM3 Missense; chr6-52141973-G-C X
GLI1 Missense; chr12-57859599-G-T X
FLT1 Missense; chr13-28893603-G-T X
CD19 Missense; chr16-28950223-C-A X
RTTN Missense; chr18-67788926-C-T X
SCL271 Missense; chr19-17611324-G-A X

Genes are tagged by V or X based on the compatible criteria from the OMIM database. Shaded cells represent a nonapplicable criteria.

A total of 17 candidate variants were identified in cate-
gories 1 and 3, seven of them are in genes associated with
OMIM diseases (Table 4). Among these was a homozygous
variant in the gene NAGLU (alpha-N-acetylglucosamini-
dase) NM_000263.3:¢.934G>A;p.(Asp312Asn) a gene
associated with Mucopolysaccharidosis type IIIB
(Sanfilippo B; OMIM#252920) (Chinen et al. 2005). The
variant is heterozygous with the wild type allele in the par-
ents and in her siblings. There is significant phenotypic
overlap including mental retardation, sleep disturbances,
slower mental development, hyperactivity and aggressive
behavior, hearing loss, coarse face, coarse hair, clear cor-
neas and joint stiffness (Table 5). Given the phenotypic
similarity between the proband II-4 and that previously
reported in the literature, this variant was deemed to be
responsible for ID in the proband I1-4 this family.

Family 5

First cousin parents experienced five spontaneous
abortions, five healthy children, and one intellectually dis-
abled daughter (II-6; 11 years by the time of examination).
The proband has an intellectually disabled cousin, also the
product of a consanguineous union, with a similar pheno-

typic presentation. Both children have developmental and
speech delay, brain atrophy (based on CT-scan) and macro-
cephaly. The patient studied in this study (II-6) had a nor-
mal karyotype and was negative for fragile X-syndrome.

A total of 15 variants were filtered by from the three
categories, four of them are in genes associated with OMIM
diseases from which two are with the correct inheritance
pattern (Table 6). Among these was a homozygous variant
NM 138425.2:¢.33G>C;p.Leul1Phe in the gene C120rf57
(protein C10) responsible for Temtamy syndrome
(OMIM#615140) (Akizu et al. 2013). The variant is het-
erozygous with the wild type allele in the parents and in all
siblings. This affected child has clinical features consistent
with Temtamy syndrome, including mental retardation,
autistic features, hypotonia and global developmental delay
in the central nervous system, in addition to long face, low-
set ears and pes planus in the feet (Table 7). DNA was not
available from the affected cousin.

Family 6

An eleven-year-old boy was premature (6 months) and
has ID, microcephaly, spastic cerebral palsy, one-time sei-
zure, divergent squint, vertical strabismus and mild hydro-
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Table 5. Clinical features match between the proband in family 4 with the

recorded in OMIM.
Category Mygopolysaccharidosis type llIB (Sanfilippo B) OMIM#252920 Matching
Clinical features
face Coarse Yes
Ears Hearing loss Yes
Eyes Clear corneas Yes
Synophrys Unknown
Asymmetric septal hypertrophy Unknown
Heart -
Cardiomegaly Unknown
Nasopharynx Frequent upper respiratory infection No
Ribs Thickened ribs No
Liver Mild hepatomegaly Unknown
spleen Mild splenomegaly Unknown
Gastrointestinal Diarrhea Unknown
Skull Dense calvaria Unknown
spine Ovoid thoracolumbar vertebrae Unknown
limbs Mild joint stiffness Yes
Hair Coarse Yes
Mental retardation Yes
Seizures No, abnormal EEG
Sleep disturbances Yes
Neurologic deterioration, progressive No
Central Nervous System Slowing mental development 1.5-3 years Yes
Hyperactivity Yes
Aggressive Yes
Severe behavioral problems age 3-4 years Yes

Table 6. Variants that passed the filtration steps in the categories 1, 2 and 3 in family 5.

X Variants filtered in step 3 OMIM disease Compatible OMIM Phenotype overlaps
Inheritance Category - . . .
Gene annotation gene inheritance pattern patient phenotype
MYLK Missense; chr3-123427694-T-C v X
VCPIP1 Missense; chr8-67578388-A-C X
) Cat.1 PPFIBP2 Missense; chr11-7654123-C-G X
recessive -
C12o0rf57 Missense; chr12-7053317-G-C N N N
MT-CO3 Missense; chrMT-9229-A-T X
Cat.2 EYS Missense; chr6-64776324-G-A/ chr6-65300769-G-A N N X
GABRG1 Missense; chr4-46067494-A-C X
ING3 Missense; chr7-120607673-C-T X
FMNL3 Missense; chr12-50055767-A-G X
UNC79 Missense; chr14-94120304-C-T X
Dominant/Cat.3 KPNB1 Missense; chr17-45740491-A-C X
ZNF837 Missense; chr19-58880578-C-T X
FAM135A Missense; chr6-71234655-A-G X
KIAA1217 Missense; chr10-24762173-T-A X
MMP2 Missense; chr16-55523718-G-A v X

Genes are tagged by  or X based on the compatible criteria from the OMIM database. Shaded cells represent a nonapplicable

criteria.

Table 7. Clinical features match between the proband in family 5 with

the recorded in OMIM.

Temtamy syndrome OMIM#615140 .
Category Clinical f)nlaat);res Matching
face Long face,long philtrum and frontal bossing Yes
Ears Low set ears yes
Eyes Hypertelorism no
Nose Beaked nose no
Teeth Dental crowding no
Pelvis Hip dislocation no
Limbs Genua valgum no
Hands Brachydactyly no
Feet Pes planus Yes
Global developmental delay Yes
Mental Retardation Yes
Central nervous system Hypotonla Yes
Seizure no
Corpus callosum abnormalities unknown
Autistic features Yes

cephalus manifested by triventricular dilation. His parents
are first cousins and no history for ID in the family. A total
of 18 variants in the three categories were identified, includ-
ing three in genes associated with OMIM disease in the
expected inheritance pattern (Table 8). Among these was

the heterozygous variant NM_006086.3:¢c.136C>T;
p-(Arg46Trp) in the gene TUBB3 (tubulin beta-3 chain)
associated with cortical dysplasia complex with other brain
malformations (Table 9; OMIM#614039) (Poirier et al.
2010). The patient presents with a concordant phenotype to
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Table 8. Variants that passed the filtration steps in the categories 1, 2 and 3 in family 6.
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Inheritance Category Variants filtered in step 3 Reported with Compatible OMIM Phenotype overlaps
Gene annotation OMIM disease inheritance pattern patient phenotype
CatA NR1I12 Missense; chr3-119526275-G-A X
PLXNA1 Missense; chr3-126752807-C-T X
OBSCN Missense; chr1-228467732-G-T/ chr1-228554544-C-T X
Splice site acceptor/missense
recessive CAPN9 chr1-230925937-T-G/ chr1-230928608-C-T X
Cat.2 CDH23 Missense; chr10-73472463-G-A/ chr10-73491879-C-T N N
KRTAP5-5 Missense; chr11-1651239-G-A/ chr11-1651496-T-G X
JAK3 Missense/frameshift X
chr19-17941341-A-G/ chr19-17950343-GC-G
CYRG61 Missense; chr1-86047744-A-T X
HDLBP Missense; chr2-242186295-G-C X
ARCN1 Frameshift; chr11-118472430-TC-T X
TUBB3 Missense; chr16-89999057-C-T V V N
UNK Splice site acceptor; chr17-73818640-A-C X
Dominant/Cat.3 JAK3 Frameshift; chr19-17950343-GC-G N X
UTRN Missense; chr6-145157543-G-T X
FANCI Missense; chr15-89857883-T-C X
MYLK3 Missense; chr16-46774054-T-A X
FAMB5A Missense; chr16-67572937-G-A X
TANC2 Missense; chr17-61278178-G-A X

Genes are tagged by V or X based on the compatible criteria from the OMIM database. Shaded cells represent a nonapplicable

criteria.
Table 9. Clinical features match between the proband in family 6 with the recorded in OMIM.
Cortical dysplasia complex with other brain malformations OMIM#614039 )
Category — Matching
Clinical features
Head Microcephaly Yes
Eyes Strabismus and nystagmus Yes
Mental retardation Yes
Delayed psychomotor development Yes
Central nervous system Delayed speech language Yes
Seizure Yes
spasticity Yes
Table 10. Variants that passed the filtration steps in the categories 1, 2 and 3 in family 7.
Inheritance Category Variants filtered in step 3 Reported with Compatible OMIM Phenotype overlaps
Gene annotation OMIM disease inheritance pattern patient phenotype
Cat.1 NDRG2 Missense; chr14-21488690-T-A X
recessive TTN Missense; chr2-179414964-T-A/ chr2-179613637-A-G B v X
Cat.2 BSN Missense; chr3-49700579-G-T/ chr3-49701080-G-A X
MROH2B Missense; chr5-40999820-C-T/ chr5-41038921-G-A X
KIAA1109 Missense; chr4-123165036-A-C X
Dominant/Cat.3 PCDH17 Missense; chr13-58208898-T-C X
CYP19A1 Missense; chr15-51534969-T-C N N X

Genes are tagged by V or X based on the compatible criteria from the OMIM database. Shaded cells represent a nonapplicable criteria.

that previously reported for patients with 7UBB3 mutations.
Sanger sequencing of the proband and parent confirmed
that the variant is de novo in the proband. The unaffected
children were also found to be wildtype at this locus.

Family 7

The proband is 6-years old boy by the time of exami-
nation and his parents are first cousins with no previous his-
tory for ID. His clinical features include ID, macrocephaly,
astigmatism, short stature, flat feet, kypholordosis, strabis-
mus, prominent CSF space bifrontally & both temporal
lobes, anorchia, small scarred right kidney with low func-
tion, breath crisis in winter and sluggishness. The clinical
geneticist suspected in Prader-Willi syndrome; however, the
CNV analysis did not identify deletions in the chromosomal
segment (15q11.2) responsible for Prader-Willi syndrome.

A total of 7 variants in the three categories were fil-
tered, two in genes reported in OMIM with a compatible
inheritance pattern but the phenotypes were inconsistent
with known disease phenotypes (Table 10). Therefore, the
recessive variants in genes not reported in OMIM (3 genes)
were investigated. Based on the RVIS, sub RVIS, brain
expression and the mouse phenotype in MGI the compound
heterozygote variants NM 003458.3:¢.10988G>T;p.
Gly3663Val and NM _003458.3:¢c.11489G>A;p.
Gly3830Asp in the gene BSN (protein Basson) are high-
lighted as a possible causative to ID of the proband II-5 in
this family (Table 11).

Family 8
First cousin parents have three boys characterized by
mild ID and epilepsy. The deceased father has a sibling and
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Table 11. Prioritization scheme for genes not reported in OMIM in association with ID in the families 7 to 10.

. Abnormal mouse phenotype (nervous, skeleton,
Family Gene O‘OSOA’—?E))('X%T—RVIS SLSJ(?[T\]/;S”% subRVIS %Exon exBrlzslged reproductive & renal/urinary, growth/size/body,
P vision) resulted from targeted mutation /MGI
Decrease neuron apoptosis & astrocyte number,
NDRG2 0.058196 54.6 50.1 Yes abnormal: glial cell & astrocyte physiology, &
7 microglial cell chemotaxis
IL25 0.418714 43.4 75.5 No No
BSN -3.60733 0.018/0.018 68.4/68.4 Yes No
MROH2B 2.528691 99.8/99.8 22.74 No No
PTCHD2 -0.14568 2.07477 90.7681 Yes No
TNFRSF8 -0.11504 44.0608 76.9078 No No
CROCC 5.124837 99.9826 NA No Retinal photoreceptor degeneration
8 EXTL1 0.898569 98.0656 91.5577 Yes No
MT-CYB NA NA NA NA No
BGLAP 0.556493 77/94 76/91 NA No
GSE1 -0.57348 10/10 25/73 NA No
9 DHRS3 0.615842 92 94 Yes No
10 LGI3 -0.436 27 2 Yes No
Table 12. Variants that passed the filtration steps in the categories 1, 2 and 3 in family 8.
Inheritance Catedo Variants filtered in step 3 Reported with Compatible Matching with the probands
gory Gene annotation OMIM disease inheritance pattern 11-1, 1I-2 and 1I-3
PTCHD2 Missense; chr1-11595087-C-T X
TNFRSF8 Missense; chr1-12175684-G-A X
recessive Cat.1 CROCC Missense; chr1-17298083-C-T X
EXTL1 Missense; chr1-26349888-C-T X
MT-CYB Missense; chrMT-15327-C-T X
RAB3GAP Stop gained; chr1-220384652-G-A N X
CAD Missense; chr2-27459279-G-A N X
SCRIB Missense; chr8-144887419-G-A X
Dominant/Cat.3 PLCG2 Missense; chr16-81953171-C-A v v X
’ MCF2L2 Missense; chr3-182923741-G-A X
HIP1R Missense; chr12-123345236-G-A X
UBN1 Missense; chr16-4926942-C-G X
GSE1 Missense; chr16-85704603-C-G X

Genes are tagged by V or X based on the compatible criteria from the OMIM database. Shaded cells represent a nonapplicable

criteria.

an uncle with epilepsy. The proband II-1 is 8 years old and
characterized by motor developmental delay and seizure
frequency once every 7 months. The proband II-2 is 6
years old exhibited only one seizure as he was 5 years old.
The proband II-3 is 4 years old with motor developmental
delay, cannot walk, say very few words and has 18 seizures
within 3.8 months. The proband II-3 was sequenced and
the filtration yields a total of 13 variants in the two catego-
ries 1 and 3 and no compound heterozygous variants (cat. 2)
were identified (Table 12). Three variants are in genes
reported in OMIM including one with a consistent inheri-
tance pattern but the phenotypes are not matching.
Reviewing the variants in genes not reported with diseases
in OMIM highlights the variant NM_020780.1:¢.3555C>
T;p.Arg72Trp in the gene PTCHD2 (protein dispatched
homolog 3) as a possible causative (Table 11).

Family 9

Two girls and their brother with ID, motor delay
belong to a first cousin parents and have two cousins with
similar phenotypes. The proband that was sequenced is I1-2
(16 years by the time of examination) who is distinctively
aggressive. While a total of 8 variants from the three cate-

gories were filtered, three variants are in genes reported in
OMIM, one of them is consistent with the inheritance pat-
tern but without overlapping phenotypes (Table 13).
Reviewing the variants in the genes not reported in OMIM
highlights the variant NM_004753.4:¢.328G>A;pVall10 Ile
in the gene DHRS3 (short-chain dehydrogenase/reductase
3) as a possible causative (Table 11).

Family 10

Two affected boys (22 and 19 years old by the exami-
nation time) belong to a first cousin parents are character-
ized by ID, motor and speech delay, dolichocephaly (by
childhood), aggressive (by childhood), constipation and a
total of 3-4 times seizure since born. The proband II-5 was
sequenced and the filtration yields a total of 10 variants in
the three categories where none of them is a likely disease
causing (Table 14). Reviewing the recessive variants in
genes not previously implicated with OMIM disease
revealed the variant NM_139278.2:¢.991G>A;p.Asp331Asn
in the gene LGI3 (leucine-rich repeat LGI family member
3) as a possible causative to ID (Table 11). This variant is
homozygous in the two probands and heterozygous with the
wild type allele in the parents and in one of the healthy sib-
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Table 13. Variants that passed the filtration steps in the categories 1, 2 and 3 in family 9.

Inheritance Category Variants filtered in step 3 Reported with Compatible Matching with the
Gene annotation OMIM disease inheritance pattern |probands II-2, 1I-3 and Il-4
Cat1 DHRS3 Missense; chr1-12640562-C-T X
recessive . FUz Missense; chr19-50312016-C-A N X
Cat.2 TTN Missense; chr2-179419345-T-C/ chr2-179610985-C-T N v X
SASS6 Missense; chr1-100573438-T-G N X
EBF2 Missense; chr8-25702147-C-G X
Dominant/Cat.3 NFIB Missense; chr9-14088311-G-T X
RELN Missense; chr7-103155887-A-T X
A1CF Missense; chr10-52580396-C-A X

Genes are tagged by V or X based on the compatible criteria from the OMIM database. Shaded cells represent a nonapplicable

criteria.

Table 14. Variants that passed the filtration steps in the categories 1, 2 and 3 in family 10.

Inheritance Category Variants filtered in step 3 Reporte_d with . C_ompatible Matching with the
Gene annotation OMIM disease inheritance pattern probands II-5 and 1I-6
recessive Cat.1 LGI3 Missense; chrg8-22006329-C-T X
Cat.2 TTN Missense; chr2-179497417-C-T/ chr2-179549474-G-A N N X
ADCY2 Missense; chr5-7757649-C-T X
PLEKHA7 Missense; chr11-16804364-G-A X
FADS2 Missense; chr11-61608096-G-A X
AFG3L2 Missense; chr18-12366978-G-C v X
Dominant/Cat.3 CACNA1A Missense; chr19-13409764-C-T V N X
MYH6 Missense; chr14-23854145-C-G V X
INTS2 Missense; chr17-59981887-G-A X
ZNF569 Missense; chr19-37904419-G-C X

Genes are tagged by \ or X based on the compatible criteria from the OMIM database. Shaded cells represent a nonapplicable

criteria.

lings, and homozygous to the wild type allele in the other
healthy sibling.

Conclusion

Exome sequencing and homozygosity mapping are
used to diagnose the genetic causes in ten consanguineous
families with intellectually disabled progeny from Jordan.
The genetic causes were identified in six families: two fam-
ilies’ due to disease-causing deletions and/or duplication
and four families due to missense mutations (3 recessive
homozygous, and 1 dominant heterozygous) in genes that
are previously implicated with ID. Also, candidate reces-
sive ID genes in other four families were highlighted for the
first time and further investigations will be needed to assess
the role of these genes in recessive subtypes of ID. While
ID in consanguineous families suggest single gene muta-
tions as a genetic cause, the obtained results show that other
genetic aberration, such as autosomal dominant copy num-
ber variants should also be considered in consanguineous
families. Together with the lack of genetic research being
performed in Jordan, the high prevalence of consanguinity,
along with the high success rate in genetically diagnosing
ID patients from this small pilot cohort, the need for larger
scale genetic discovery efforts in Jordan and surrounding
areas is strongly needed.
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