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ABSTRACT

يعرف التشخيص اجلزيئي لألمراض البشرية على أنه الكشف من
الطفرات اجلينية املسببة لهذه األمراض والتي تكون في احلامض
 أن استخدام تقنيات البيولوجيا اجلزيئية يساعد في.النووي
التشخيص املبكر وحتديد األشخاص الذين هم في خطر احلصول
على أمراض محددة ويساعد أيض ًا في عملية قياس مدى االستجابة
 أن استخدام.ألدويه معينه واملساعدة في تشخيص أمراض وراثيه
هذه التقنيات والتي جتمع بني الطب املخبري وعلوم البيولوجيا
 سوف نحاول.اجلزيئية قد أحدثت ثورة هائلة خالل العقود املاضية
في هذه الورقة العلمية تسليط الضوء على هذه التقنيات املتقدمة
ومناقشة كيفية ادماجها في التحاليل الوراثية الروتينية في اجلزيرة
.العربية والتي تنتشر فيها هذه األمراض بكثرة بسبب زواج االقارب
Molecular diagnosis of human disorders is referred to
as the detection of the various pathogenic mutations
in DNA and/or RNA samples in order to facilitate
detection, diagnosis, sub-classification, prognosis, and
monitoring response to therapy. The use of molecular
biology techniques to expand scientific knowledge
of the natural history of diseases, identify people who
are at risk for acquiring specific diseases, and diagnose
human diseases at the nucleic acid level. Molecular
diagnostics combines laboratory medicine with the
knowledge and technology of molecular genetics and has
been enormously revolutionized over the last decades,
benefiting from the discoveries in the field of molecular
biology. This review will discuss in details the recent
advances in molecular diagnostics and how the Arabian
Peninsula can benefit from those techniques knowing for
a fact the high percentages of consanguineous marriages
and the tribal nature of marriages which resulted in high
incidence of genetic diseases.
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T

he intent of this review was to compile and provide
the readers with up to date information regarding
recent advances in molecular genetics techniques and
how these techniques could be utilized for the purpose
of genetic testing of various hereditary diseases present
in the kingdom.
Newer techniques. We will concentrate here on
new advanced techniques as basic molecular genetics
techniques were covered in our previous review
published almost a decade ago.1 The newer molecular
genetics techniques and some of their applications are
described below.
Array comparative genomic hybridization.
Chromosomal abnormalities form the molecular basis
of many human genetic disorders. The anomalies may
occur as a result of net gain or loss of chromosome(s).
Traditionally, cytologists use microscopic method
of karyotyping, combined with fluorescence in situ
hybridization (FISH), which can detect aberrations
as small as 3-5 megabases (Mb). Array comparative
genomic hybridization (CGH) was originally designed
to detect DNA copy number variations (CNVs) across
the entire genome in chromosomal disorders and cancer
research.2-4 Instead of using metaphase chromosomes,
this method utilizes solid support or glass slides, “chips”
arrayed with small segments of DNA as the targets
for analysis.5 These chips are fabricated by high-speed
robotics, which in an ordered fashion immobilizes
small DNA fragments (referred to as probes), on to
these chips.6 Probes vary in size from oligonucleotides
(25-85 base pairs) to genomic clones such as bacterial
artificial chromosomes (80,000-200,000 base pairs).
Array CGH allow simultaneous enumeration of all
23 chromosome pairs while evaluating multiple loci
along the length of each chromosome with a diagnosis
rate of close to 100%.7 Unlike FISH, CGH arrays do
not require cell fixation. Aneuploidy screening using
microarray circumvents the need for karyotyping and
can be automated. Image acquisition is carried out using
high intensity laser scanning rather than fluorescence

www.smj.org.sa

Saudi Med J 2013; Vol. 34 (10)

995

Molecular genetics in Saudi Arabia … Abu-Amero & Kondkar

microscopy and quality control, normalization, and
array analysis can be performed by in-built software
tools or third party softwares. Since the analysis is fully
automated, the entire procedure is performed is less
than 24 hours. Newer commercial arrays can provides
highest density coverage of over 2.6 million markers
that includes ~750,000 SNP markers and ~2 million
non-polymorphic (CNV) markers covering all the
annotated genes, cancer genes, X chromosome genes,
cytogenetics relevant or haplo insufficiency genes to
allow the detection of loss of heterozygosity, uniparental
disomy, and regions identical-by-descent, in addition
to low-level mosaicism and sample heterogeneity.
Furthermore, these arrays provide a superior resolution
for detection of smaller structural variations. However,
there are certain minor limitations to array CGH in that
it cannot detect polyploidies, balanced translocations or
inversions, point mutations, small insertion-deletions,
triplet repeat expansions, or gains and losses in regions
of the genome not covered by the array. The successful
clinical application of array CGH for genetic diagnosis
of patients with unexplained developmental delay/
intellectual disability, autism spectrum disorders,
with or without multiple congenital anomalies has
spurred interest in applying array CGH technology
to pre-implantation genetic testing and aneuploidy
screening procedures.8-10 In summary, array CGH has
revolutionized the field of molecular cytogenetics and
has driven cytogeneticists from the microscope to the
computer empowering high-throughput analysis of
hundreds or thousands of discrete regions across the
entire genome to identify chromosomal abnormalities.
Array CGH is proving to be a powerful tool for the
identification of novel chromosomal syndromes, thus
allowing accurate prognosis and phenotype-genotype
correlations. Current guidelines and recommendations11
strongly support the use of array CGH for chromosomal
analysis as a first-tier cytogenetic diagnostic test as an
alternative to karyotyping for patients with intellectual
disability, neurobehavioral phenotypes, and congenital
malformations.
Single nucleotide polymorphism arrays. Another
similar microarray based technology referred to as single
nucleotide polymorphism (SNP) array that utilizes
10 million genome-wide SNPs has great potential in
clinical diagnostics.12 In addition to the detection of
copy number variations, the genotype information
obtained with SNP array analysis enables the detection
of stretches of homozygosity and thereby the possible
identification of recessive disease genes, mosaic
aneuploidy, or uniparental disomy. Single nucleotide
polymorphisms are most common gene variations (1 in
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300 bp) found in the human genome that can serve as
markers for genome-wide association study. A typical
low density coverage SNP array will have 100,000 SNPs
and a high resolution array may have more than 1 million
SNPs to assess with appropriate software to analyze
the generated genetic information. Single nucleotide
polymorphism arrays like other methods also rely on
whole genome amplification (WGA).13 Newer methods
of performing WGA like MDA and GenomePlex can
be used for SNP array. After amplification, the DNA
is labeled with fluorescent dyes and hybridized to the
array. The signal intensities are then interpreted as SNP
calls (allele 1 and allele 2) using powerful computer
software to allow for diagnosis of inheritance. While
oligonucleotide arrays with high-density exonic
coverage remain the gold standard for the detection
of CNVs, Single nucleotide polymorphism arrays
allow for detection of consanguinity and most cases
of uniparental disomy and provide a higher sensitivity
to detect low-level mosaic aneuploidies. Suniparental
disomy arrays can test genetic disorders as well as
chromosomal abnormalities at the same time and are
finding its way in laboratories performing prenatal
diagnosis and preimplantation genetic testing.14,15
Next generation sequencing. Sanger sequencing is
currently the most widely used, best established, and best
accepted sequencing technology that is considered gold
standard to detect small sequence variations. However,
the throughput is limited to analysis of a single gene in a
single experiment. This limitation has been overcome by
next generation sequencing (NGS) that offers massive
parallel sequencing of the entire genome in a time-andcost effective manner.16 Various NGS platforms such
as Roche 454, Illumina GA IIx, and Life Technologies
SOLiD, and Ion Torrent are now commercially
available with different detection chemistries.17 All the
platforms require genome or exome library preparation
that involve fragmenting genomic DNA and attaching
specific adapter sequences, followed with exome
enrichment (for exome sequencing), and these clonal
amplicons then serve as sequencing substrate to yield
sufficient signal-to-noise reads.
Currently, signal outputs are based on luminescence,
fluorescence, and changes in ion concentration. This
powerful technology with its reduced cost per base, high
accuracy, and low turn-around time to generate the data
has enabled clinicians and researchers to identify genetic
susceptibility markers and inherited disease traits of
rare single gene disorders. Identifying causal SNPs in
the coding regions (exonic variants) and those present
in other non-coding (unknown functional) regions
of the genome are now becoming an integral part of
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medical clinical genomics, and NGS has revolutionized
the practice of molecular diagnostic testing. Indeed,
NGS has already been used to help diagnose highly
genetically heterogeneous disorders, such as X-linked
intellectual disability, congenital disorders of
glycosylation and congenital muscular dystrophies;19
to detect carrier status for potentially lethal and
genetically heterogeneous inherited cardiomyopathies
and cardiac channelopathies;20 and to provide a noninvasive method to analyze fetal genome that may allow
diagnosis of all inherited and de novo genetic diseases
by sequencing of the maternal plasma DNA.21 Another
important clinical utility of NGS is in the diagnosis
of mitochondrial disorders. Conventional diagnosis
of mitochondrial disorders is complicated by the dual
genome involvement namely the mitochondrial genome
and ~1500 genes encoded in the nuclear genome. Thus,
it requires the use of several different approaches to
diagnose the maternally inherited mitochondrial DNA
disorder and the autosomal recessive, dominant, and
X-linked nuclear genes in a stepwise manner making it
extremely cumbersome and difficult. Next generation
sequencing can provide a rapid alternative to analyze
the entire mitochondrial genome, haplotyping mtDNA
point mutations and deletions, and identify the causative
gene(s) in a single step.22 Clinical diagnostics laboratories
are actively engaged in implementing NGS-based tests.
Next generation sequencing-based genetic testing’s can
be utilized in 3 formats: a) Comprehensive gene panel
testing; b) Whole exome sequencing (WES) and c)
Whole genome sequencing (WGS).
Comprehensive gene panel testing. This approach is
also referred to as NGS-based targeted gene sequencing
to sequence all the causal genes for a particular group
of diseases such as inherited cardiomyopathies and
the congenital muscular dystrophy to name a few
(Table 1). These disorders are difficult to analyze
using the conventional PCR-based Sanger sequencing
because of the involvement of mutation(s) in large
number of different genes (such as more than 30 for
Charcot-Marie-Tooth).23-25 In diseases such as familial
adenomatous polyposis coli (APC) and Lynch syndrome
caused by mutations in the APC and DNA mismatch
repair genes, respectively, a targeted NGS-based strategy
is sufficient for diagnostic purpose.
Whole exome sequencing. Exome sequencing refers
to sequencing of the entire protein coding regions of
the human genome. The protein coding regions of the
genome are known as the exome and constitute 1%
(30 million bases) of the human DNA and 85% of the
disease causing mutations are located in these regions.
Whole exome sequencing provides nucleotide by

nucleotide sequence information of, the human exome
of an individual to a depth coverage necessary to build
a consenus sequence with high accuracy. This consensus
is then compared to standard population-based normal
reference sequence and the result is interpreted by
genetics and genomics board-certified laboratory
directors and clinical geneticist.26,27 Unlike the panel
testing, WES is unbiased and not limited to specific set
of genes. With commercial availability of exome capture
kits, coupled with NGS technology, exome sequencing
has become an efficient way to establish a diagnosis in a
wide range of diseases with genetic etiology.
In clinical settings, WES can be requested when a
patient history and clinical findings strongly suggest
that there is an underlying genetic etiology. In some
cases, the patients may have negative results for
multiple genetic tests known to be associated with the
disease without identifying an etiology or for diseases
characterized by marked genetic heterogeneity. In other
cases, the clinicians may opt to perform WES early
in diagnosis with or without a clear clinical diagnosis
in an effort to expedite a possible diagnosis. Exome
sequencing has dramatically altered patient disease
diagnosis and management, saving considerable time
and money, and reducing the unnecessary testing and
clinically invasive procedures.28 For couples, planning
Table 1 - Examples of gene panel tests as per disease category by next
generation sequencing.
Disease category
Congenital muscular dystrophy

Gene panel
PMM2
RYR1
SEPN1
COL6A1
COL6A2
COL6A3
ITGA7
ITGA9
RYR2
LAMA2
LARGE-IT1
Dilated cardiomyopathy
DES
LMNA
TAZ, G4.5
LAMP2
ZASP/CYPHER/LDB3
SCN5A
PMM2 - phosphomannomutase 2, RYR1, RYR2 - ryanodine receptor 1
(skeletal) and 2 (cardiac), SEPN1 - selenoprotein N1,
COL6A1, COL6A2, COL6A3 - collagen type VI, alpha 1, 2, and 3,
ITGA7, ITGA9 - integrin alpha 7 and 9, LAMA2 - laminin alpha 2,
LARGE-IT1 - LARGE intronic transcript 1, DES - desmin,
LMNA - lamin a/c, TAZ - tafazzin, LAMP2 - lysosomal-associated
membrane protein 2, ZASP/CYPHER/LDB3 - LIM domain binding 3,
SCN5A - sodium channel, voltage-gated, type V, alpha subunit
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their families and future the high clarity of genetic
information can be very helpful. The success rate of
causal gene identification is about 50% for even disease
cases that have been thoroughly evaluated prior to
referral for clinical exome sequencing.29
This approach typically involves the use of family
trio for testing; sequencing of affected individual, the
mothers and parents to deduce inherited variants or de
novo mutations that are associated with a disease. For
X-linked conditions samples from additional family
members are required. However, WES can also be
performed on affected individual only and compared
to reference database to identify the disease-related gene
variants. Whole exome sequencing has been successfully
used to identify the genetic cause of numerous Mendelian
disorders, in patients with intellectual disability,30,31 and
many other rare genetic diseases.32,33
Whole genome sequencing. Whole genome
sequencing in contrast to WES, involved sequencing
the coding and the non-coding regions of the entire
human DNA to identify the genetic causal defect.34
The full potential of WGS can be realized only
when we gain a much better understanding of the
functions of non-coding regions. Currently, however,
comprehensive gene panel-based tests and WES are
leading the way in clinical diagnostics. Clinically, WGS
should primarily be considered for patients who have
exhausted all currently available options. There are
certain limitations to NGS-based testing. Triplet repeat
expansions, large deletions and duplications are better
detected by methods other than NGS. Detection of
small in-dels may not be as accurate as detection of base
substitutions. Also, genes closely related to pseudogenes are not uniquely captured by this method. The
challenge for laboratories embarked upon deploying
NGS-based molecular diagnostic testing would not
only be financial but to learn new chemistries and
instrumentation as well as entering into the complex
area of bioinformatics for NGS data analysis.
Multiple ligation-dependent probe amplification.
Gene deletions and duplications constitute 5% of all
disease-causing mutations. It is now well accepted that
number of human genetic disease are caused due to
CNV as compared to the reference genome.35 Multiplex
Ligation-dependent probe amplification (MLPA) is
a recently developed method that can detect CNV of
human genes and can be used as genetic test for molecular
diagnosis of diseases associated with major deletions of
duplications in the DNA.36 The technique can test for
CNV, including small intragenic rearrangements in up
to 40 DNA loci in a single reaction. The assay utilizes
40 different probes and a single pair of primers one of
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which is fluorescently labeled. Each probe consist of two
half probes (5’ and 3’ half probes) that upon binding to
perfectly matched target DNA sequence are ligated and
amplified. Because only ligated probes are amplified the
number of probe ligation products corresponds to the
number of target sequence in the test sample which are
then size separated by capillary electrophoresis.37 The
area under the peak is measured after normalization to
normal controls indicating the relative amount of target
DNA sequence in the added test sample.
Multiplex Ligation-dependent Probe Amplification
genetic testing can be used in several types of inherited
neuromuscular disorders such as Duchenne muscular
dystrophy (DMD), Becker muscular dystrophy (BMD),
Spinal muscular atrophy (SMA), Charcot-Marie-Tooth
(CMT) disease, and Hereditary neuropathy with liability
of pressure palsies (HNPP) for diagnostic purpose
in affected patients, to female carriers, and to for the
evaluate the risk of recurrence (Table 2). Over 300 probe
sets are commercially available from MRC Holland for
large range of common and rare inherited disorders.36
The major advantage of MLPA over other conventional
techniques is that it can be multiplexed to detect CNV
across the specific target gene without compromising the
rate of detection. To site as an example, all the 79 exons of
the DMD gene can be analyzed in 2 reaction tubes with
a detection rate of >99% providing high throughput
and cost reduction.38 The American College of Medical
Genetics and Genomics has recently recommended a
routine carrier screening for SMA, a severe autosomal
recessive neurodegenerative disorder with a frequency
of 1 in 25-50, and MLPA can be considered for such
a screening as a cost-effective approach.39 Multiplex
ligation-dependent Probe Amplification analysis has
now become a part of the molecular diagnostic testing
approach to detect intragenic copy number changes
(dosage alterations) as well as microdeletions involving
the target gene and the flanking genes e.g. for diagnosis
of Neurofibromatosis type 1 and 2 (NF1 and NF2
genes) or Legius syndrome (SPRED1 gene) DNA-based
sequencing (Tier-1) are performed along with copy
number analysis by MLPA (Tier-2).
Application of advanced genetic techniques in
preimplantation genetic testing. Traditionally, prenatal
genetic testing is widely practiced to detect of wide
range of genetic abnormalities via amniocentesis and
chorionic villus sampling (CVS) during the pregnancy
period. Preimplantation genetic (PG) testing offers
an alternative to parents at high risk of transmitting
genetic disease to their offspring or to women at high
risk of chromosomal aneuploidy without the risks and
burdens associated with prenatal diagnosis. Besides, the
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Table 2 - Some of the common genetic diseases that can be diagnosed
using ligation-dependent probe amplification (MLPA).
Disease

Gene

Proportion of cases
Rate of
due to del/dupl
detection
DMD/BMD
DMD
60-70% del
>99%
5-10% dupl
SMA
SMN1-SMN2
95%
>98%
CMT/HNPP
PMP22
CMT: 70-80% dupl
>95%
HNPP: 85% del
del - deletions, dupl - duplications, DMD - duchenne muscular dystrophy,
BMD - becker muscular dystrophy, SMA - spinal muscular atrophy,
CMT - charcot-marie-tooth, HNPP - hereditary neuropathy with liability
to pressure palsies, SMN1-SMN2 - survival motor neuron 1 and 2,
PMP22 - peripheral myelin protein 22.
Diagnostic applications of MLPA in many other diseases have been
previously described in detail.37

application of prenatal diagnosis is restricted in Islamic
countries, almost considered illegal, and is also not a
preferred remedy by the parents as well. Preimplantation
genetic testing is usually performed by obtaining a
single cell biopsy from a developing oocyte or the
embryo and tested for various genetic/chromosomal
abnormalities using different molecular methods such
as PCR-based genotyping, sequencing, FISH, CGH
prior to implantation of a normal embryo into the
maternal uterus.40 Preimplantation genetic testing can
be broadly classified into 2 categories: preimplantation
genetic diagnosis (PGD) and preimplantation genetic
screening (PGS).
Preimplantation genetic diagnosis aims to help parents
who are carriers of a specific genetic defect and wish to
have a healthy child. Common indications for PGD
include: 1) Carriers of single-gene disorders, autosomal
dominant, recessive, or x-linked. E.g. Duchenne
muscular dystrophy, cystic fibrosis, sickle cell disease,
hemophilia;41 2) Carriers of chromosomal disorders,
including inversions, reciprocal or Robertsonian
imbalance;42 3) Besides, single-gene disorders PGD has
now been successfully used in combination with human
leukocyte antigen (HLA) matching, allowing selection
of unaffected embryos with close HLA match to that
of the existing affected child. In such cases, PGD has
been used to not only to avoid the birth of affected
children but also to conceive healthy children that are
potential HLA-identical donors of hematopoietic stem
cells (HSC) for transplantation in siblings with lifethreatening disorders (such as leukemia, ß-thalassemia
and /or sickle syndromes)43 and 4) PGD has also been
performed for hereditary breast cancer (BRCA 1 and 2),
ovarian cancer, familial APC, Li-Fraumeni syndrome,
retinoblastoma, and von Hipple-Lindau syndrome.44

In contrast, PGS, aims to test embryos for
chromosome aneuploidy which is a major cause of
IVF failure, pregnancy loss and rarely, chromosomally
abnormal live birth.45 Common indications for PGS
include: 1) Couples with repeated implantation failure
following IVF to enhance pregnancy success with
transfer of normal embryos; 2) Women with recurrent
unexplained pregnancy loss or miscarriages and 3)
Women with advanced maternal age (>36 years) to avoid
chromosomally abnormal offspring and to improve the
success of IVF procedures.
With rapid advances in the field of molecular
technology PG testing can currently offer diagnosis at
an accuracy of 95-99% with a varying pregnancy rate of
20-60%.41-43 Although PGD is widely acknowledged as
acceptable for routine clinical application, the routine
clinical application of PGS remains controversial and
patients undergoing PG testing must understand that
the risk of misdiagnosis (<5%) cannot be eliminated
regardless of the methods employed.
There is unprecedented increase in knowledge
about the genetic basis for various hereditary diseases.
Additionally, the rapidly changing genetic testing
technologies are posing a challenge for health authorities
round the world. The speed at which these authorities
can integrate these techniques into their framework
and offer the patients the needed services are lacking
behind. In the past decade, there was a revolution in the
development of new techniques which allow screening
for multiple genes at once. This was extremely useful
specialty for polygenetic diseases and where many
genes need to be screened at once. It has to be stated
that these techniques are not cheap and require certain
bioinformatics skills for the analysis of the data. The
cost incurred and the skills in analyzing the data may
not be currently available at every medical center in
Saudi Arabia and thus put a burden on conducting
such a testing. Genetic testing for common genetic
disorders need to be integrated into the public health
framework in order to ensure that every member of the
public have access to such testing regardless of where
they live. Although priority for setting genetic testing
and allocation of funds, should be given for more
common genetic diseases, rare disorders in certain
tribes need more focus testing and offering genetic
testing and subsequent genetic counseling should not
ignored in this group. Unfortunately, Saudi Arabia
currently lacks the genetic testing services on a wider
scale. Currently this service is limited to reference
hospitals in big cities and the type of tests is limited
to few common diseases. To compact the problem of
lacking or limited genetic testing, Saudi hospitals rely
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on outsourcing the genetic testing by sending samples
to internationally known laboratories. Needless to
say, that this practice has many disadvantages like the
high cost endured, long turn-around times, breach of
confidentiality and increased possibility of sample’s
losing or perishing during transition. Additionally,
genetic testing in most overseas laboratories is based
on the ethnicity of the individuals where the laboratory
is located and therefore the mutation(s) regularly
screened for in certain populations may not be suitable
for testing in the Saudi patients. Therefore, there is an
urgent need to create a national center for hereditary
disorders (NCHD) which look after genetics testing for
various hereditary disorders. The center should house
under one roof services such as neonatal screening,
fully functional clinical genetics services, cytogenetic
and molecular genetics laboratories. Additionally,
genetic counseling could also be part of the services
provided. The NCHD will be the reference hub for
all hospital and health care providers for hereditary
diseases. Obviously, creating such a center will be costly
and will require advanced equipment, well trained staff
and building which can house the various laboratories,
clinics and offices. The center will be able to look
after genetic testing for all various hereditary diseases.
Whether testing for monogenic common diseases,
polygenic diseases. The center should also carry out and
should run screening programs and research programs
aiming at the identification of genetic risk factors for
diseases common in the Saudi population. The center
also should have a research and development unit with
the task of translating research findings into appropriate
clinical applications. The unit should also test new
technologies and help integrate it into the routine
clinical services. Difficulties with the translation of
research findings need to be understood and addressed
if genetics and genomic research is to fulfill its promises
toward improving diagnosis, treatment and prevention.
I will finish my discussion with a statement from the
WHO expert consultation46 concluded that “Genetic
advances will only be acceptable if their application
is carried out ethically, with due regard to autonomy,
justice, education and beliefs and resources of each
nation and community”.
We conclude that advanced genetic techniques
could not be ignored as it offered a more comprehensive
testing for various hereditary disorders. There is an
urgent need to create a national center for hereditary
disorders which will take in its shoulders the task of
integrating advanced genetic testing techniques into
routine testing practices.
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