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Abstract

Background: According to the Catalogue of Transmission Genetics in Arabs,
less than half of diseases reported in Lebanese patients are mapped. In the recent
years, Next Generation Sequencing (NGS) techniques have significantly improved
clinical diagnosis, compared to traditional sequencing methods.

Methods: A total of 213 analyses by NGS (167 by whole exome sequencing
(WES) and 46 by multigene panels tests) were performed on pediatric patients
across different regions of Lebanon over a period of two years (December 2015—
December 2017).

Results: Neurological disorders were the most frequent referral demand for both
WES and gene panels (122/213). Pathogenic, likely pathogenic, or variants of
unknown significance were identified in 69.5% of the WES and panel patients
combined. Over half of the patients with such variants had an autosomal recessive
disorder. A definite molecular diagnosis (pathogenic or likely pathogenic variants)
was achieved in 34.1% and 47.8% of the patients studied by WES and the multi-
gene panels, respectively. Thirty-three novel variants were found in the cases that
were molecularly solved; 26 of these being identified by WES and seven by the
multigene panels. In three consanguineous families, autosomal recessive inheri-
tance of genes previously reported as showing dominant inheritance patterns were
found. Biallelism was found in six cases, digenism in four cases, and one case
was trigenic.

Conclusion: Our study thus suggests that NGS tools are valuable for an
improved clinical diagnosis, and highlights that the increased adoption of such
techniques will significantly further improve our understanding of the genetic
basis of inherited diseases in Lebanon.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the
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1 | INTRODUCTION

The most recent review of genetic disorders in Lebanon
reports a total of 378 diseases diagnosed in Lebanese indi-
viduals, most of which are not accompanied by any molec-
ular analysis (Nakouzi, Kreidieh, & Yazbek, 2015).
According to the Catalogue of Transmission Genetics in
Arabs (CAGS, 2018), less than half of diseases reported in
Lebanese patients are mapped. In the recent years, with the
advent of newer molecular techniques in Lebanon, this has
begun to change. Next Generation Sequencing (NGS) tech-
niques have significantly improved clinical diagnosis, com-
pared to traditional sequencing methods (LaDuca et al.,
2017; Neveling et al., 2013). In fact, with the adoption of
techniques such as array-CGH, gene panels, and whole
exome/genome sequencing in Lebanon, not only has the
identification of the origin of various disorders been
enhanced, but such techniques have also helped more accu-
rately confirm or correct previous diagnoses (Megarbane,
2018). Still, patients in Lebanon often tend to opt out of
the recommended genetic testing, as such tests are not cov-
ered by insurance and thus have to be personally financed.

In this report, we present the results of a study which
included a total of 213 analyses by NGS (167 by whole
exome sequencing (WES) and 46 by multigene panels tests)
performed on pediatric patients, over a period of two years
(December 2015-December 2017). Our analyses identified
positive results in 69.5% of the patients who underwent
either WES or panel testing. Our study thus suggests that
these tools are valuable for an improved clinical diagnosis,
and highlights that the increased adoption of such tech-
niques will significantly further improve our understanding
of the genetic basis of inherited diseases in Lebanon.

2 | MATERIALS AND METHODS

2.1 | Ethical compliance

This study is conformed to the tenets of the Declaration of
Helsinki, and was supervised and approved by an interna-
tional ethical committee.

2.2 | Patients

The patients included in this series were referred for
genetic counselling by their treating physician, mostly

consanguinity, gene, panel, variants, whole exome sequencing

pediatricians and neurologists. Patients were below the age
of 16, came from different regions of Lebanon, and were
seen over a period of two years (December 2015-Decem-
ber 2017). Informed consent for genetic analysis was
obtained from the patients’ parents, in compliance with
national ethics regulation. For the patients who underwent
WES analysis, the possibility to reveal incidental findings
that are not necessarily related to the reason for ordering
the sequencing but could still be of medical importance,
was also discussed, with the option to decline receiving
such findings. Incidental findings were reported in accor-
dance with the ACMG recommendations, and taken from
the list of 59 actionable genes (Kalia et al., 2017).

For WES, only the index patients were sequenced.
Approximately 37 Mb (214,405 exons) of the Consensus
Coding Sequences (CCS) were enriched from fragmented
genomic DNA by more than 340,000 probes designed
against the human genome (Nextera Rapid Capture Exome,
[lumina) and the generated library sequenced on an Illu-
mina NextSeq or HiSeq 4,000 platform (Illumina) to an
average coverage depth 70-100X. An end to end bioinfor-
matics pipelines including base calling, primary filtering of
low quality reads and probable artefacts, and annotation of
variants was applied.

For panel tests, different clinically themed multigene
panels were offered: neurological disorders including sei-
zures and neuromuscular disorders, inborn errors of meta-
bolism, primary immunodeficiency and fever of unknown
origin, oncology, renal diseases, dermatological disorders,
and cardiac malformations. Genomic DNA obtained from
the submitted sample was enriched for targeted regions
using a hybridization-based protocol, and sequenced. All
targeted regions were sequenced with >50x depth. In case
of a normal result, a search for deletion/duplication was
performed as well using Multiplex Ligation-dependent
Probe Amplification (MLPA) technique.

2.3 | Mutational analysis

The in silico bioinformatic tool MutationTaster (https://
www.mutationtaster.org/) was used to predict the effect of
the identified variant. Variant novelty was assessed based on
its absence from public variant repositories including Gno-
mAD, and 1000G, as well as an in-house database housing
over 715 exomes belonging to Arab individuals from the
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Arabian Peninsula. To assess conservation of the point of
insertion and subsequent residues, multiple protein sequence
alignment across multiple species was obtained from
Homologene (https://www.ncbi.nlm.nih.gov/homologene).

According to the ACMG recommendations (Richards
et al., 2015), variants were classified as: Class 1: patho-
genic variant; class 2: likely pathogenic variant; class 3:
variant of unknown significance; class 4: probably non
pathogenic variant; class 5: benign/normal variant. A posi-
tive result was considered when variants of class 1 or 2
were identified and when a class 3 variant was found, as
these are potentially positive. The identification of class 1
or 2 variants was considered a definite molecular diagno-
sis.

3 | RESULTS

A total of 213 pediatric patients were included in this ser-
ies. A WES was performed for 167 patients and for 46 of
them, a multigene panel was used.

In 108 of the WES patients, a positive result was con-
sidered and 123 variants were found: 61 of class 1-2 of
which 26 novel ones (Table 1); and 62 of class 3. Fifty-
eight patients were homozygous, three compound heterozy-
gous, 12 had two genes possibly involved in their pathol-
ogy, and 34 patients were heterozygous. In one patient,
class 1 and class 2 variants in three genes (THOC6 (OMIM
615,403), PTCH2 (OMIM 603,673) and EDAR (OMIM
604,095)) were found to be at the origin of their clinical
features.

For the patients for whom a WES was performed, 68
(40.7%) had related parents (first degree or second degree
cousins). For 45 patients (26.9%), consanguinity was
denied although the parents originated from the same vil-
lage. In consanguineous patients, 55 had a positive result
(80.9%). In the 45 patients with parents originated from the
same village, 37 (82.2%) had positive results. In patients
with non-related parents (54), 16 had positive results
(29.4%) (Figure 1).

Neurological disorders were the most frequent referral
demand for WES: 102/167. Among those, 62 patients had
positive results, 35 of them with class 1-2 variants. Five
patients with dermatological features and five with skeletal
features were referred, and all had positive results, of
which four (dermatological) and two (skeletal) had class 1-
2 variants. For ophthalmological cases, out of the five
referred patients, four had positive results (1 had a class 1-
2 variant) and for the renal cases, four out of six were posi-
tive, with one patient having one class 1-2 variant. All
three patients referred for immune and hematology disease
had class 1-2 variants, while the two patients referred for
unknown fever and endocrinology had negative results.
Finally, 39 patients were referred for multiple anomalies
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involving many systems. A positive result was noted in 25
of them, where 11 patients had class 1-2 variants (Fig-
ure 2).

Ninety-six percent of the patients/parents of patients
(161/167) who underwent WES agreed to receive patho-
genic/likely pathogenic variants that were not directly
related to their phenotypic features. In 6 cases (3.7%), a
positive incidental result was noted.

Forty-six patients, of whom 50.9% came from consan-
guineous families, underwent multigene panel tests. In 40
(86.9%) of these patients a positive result was found, and
44 variants were identified. In 22 of those patients, 24 class
1-2 variants were found, seven of which were found to be
novel (Table 2). A class 1-2 variant was found in 52.3%
of the patients that were investigated with a neurological
panel; in 20% of the ones with an oncology panel, in 50%
of the metabolic panel, 16.6% of cardiac panel, and 100%
of the renal, dermatological and primary immunodeficiency
and fever of unknown origin panels (Figure 3). Six patients
(13%) had negative results. None of the patients with nega-
tive results had any deletion/duplication detected following
MLPA analysis.

4 | DISCUSSION

We applied WES and multigene panels for molecular diag-
nosis in 213 pediatric patients referred from different areas
across Lebanon. Out of all patients combined, a pathogenic
or likely pathogenic variant leading to a molecular diagnosis
was found in 79 patients (37.1%). This diagnostic rate was
34.1% for patients studied by WES and 47.8% for those
analyzed by multigene panels. The higher diagnostic rate
for panels was expected, since panels were ordered mainly
in the cases where the clinician was relatively more confi-
dent about characterizing the underlying genetic condition.
Recent studies have noted higher diagnostic yields from
WES in pediatric cohorts with suspected monogenic disor-
ders (Charng et al., 2016; Dillon et al., 2018; Tan et al.,
2017). This could be due to the fact that physicians in Leba-
non tend to order WES analysis only for complex cases,
and rarely when they have a relatively strong clinical suspi-
cion to help them along. It is important to note that in some
cases (about 10%—15% of referrals), the diagnosis was right-
fully suspected, and thus causal mutation could have been
identified by Sanger sequencing, however, parents opted for
WES or gene panels instead, because of the relatively high
cost of Sanger sequencing. Moreover, parents were more
inclined to opt for WES rather than panels because of the
ability of WES to uncover incidental findings and because
the cost of the two does not differ significantly.

Out of the 79 patients who had class 1-2 variants,
53.2% had an autosomal recessive disorder, 35.4% an auto-
somal dominant disorder, and 11.4% a X-linked disorder
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(Figure 4). The relatively high number of autosomal reces-
sive disorders is most probably secondary to the high con-
sanguinity rate. This is consistent with several previous
reports from the Arab region in areas that exhibit high rates
of consanguinity (Alfares et al., 2017; Al-Shamsi, Herte-
cant, Souid, & Al-Jasmi, 2016). Indeed, in total, nearly
60% of the patients had related parents or are suspected to
have related parents. The percentage of positive cases in
the families which denied consanguinity but were from the
same village (82.2%) is comparable to that in consan-
guineous families (80.9%), suggesting that the in the for-
mer, the parents could indeed be related (Figure 1).

Neurological problems were the most frequent referral
demand for both WES and multigene panels (122/213). It
is noteworthy that in the neurological referral demands for
WES, seven of the patients were autistic, and in none of
them a positive result in any relevant gene(s) was found,
suggesting that NGS in purely autistic patients may offer
little benefit.

In some cases, genetic testing finds that the patient has
more than one variant involved in the pathogenicity of the
disease (Lupski, Belmont, Boerwinkle, & Gibbs, 2011;
Megarbane, 2018). In such instances, several rare variants

80 B No. of patients
B Positives
60

40

20

Confirmed
Consanguineous

Suspected
consnguineous

Non-consangunieous

Status

FIGURE 1 Proportion of WES positives among patients with
consanguineous and non-consanguineous parents

120

m Total patients

are shown to cause a disease in combination, one being the
“Highly penetrant Mendelizing Variant”, responsible for
the disease, and other variant(s) modifying the phenotype
(Lupski et al., 2011). As the pipeline we followed for iden-
tifying causal variants relied on checking for variants in
genes already known to be associated with relevant pheno-
types, our study was therefore not suited to easily diagnose
the cases where the association of variants in different
genes could be at the origin of the disease. For instance, in
this study, only seven patients (six from the WES series
and one from the panel series) had more than one variant
detected, one of which was classified as pathogenic or
likely pathogenic, and the other was a class 3 variant (vari-
ant of unknown significance). The class 3 variants in all
six of the WES patients were in genes different from the
primary gene carrying the Class 1 or 2 mutation. Addition-
ally, one patient was identified to carry pathogenic muta-
tions in three different genes (Tables 1 and 2).

In three consanguineous families, we observed autoso-
mal recessive inheritance of genes previously reported as
showing dominant inheritance patterns, namely VAMPI
(OMIM 185,880), TBKI (OMIM 604,834) and EXT2
(OMIM 608,210) genes. In those three families, parents
were heterozygous and healthy. Similar observations have
been previously reported in the Arab region (El Bazzal,
Atkinson, Gillart, Delague, & Mégarbané, 2018; Monies
et al., 2017). This further emphasizes the importance of not
dismissing variants that do not fit previously reported pat-
terns of inheritance (Monies et al., 2017).

In nearly a third of the patients, a potential positive
result was obtained as only a class 3 variant was found. In
three of these cases, the possibility to study the segregation
of the disease allowed us to rule out the involvement of
the class 3 variant in the pathology.

Certain findings within our study highlight the impor-
tance of accompanying NGS analysis with an informed and
specialized interpretation by a geneticist, coupled with
proper genetic counseling. For instance, one patient with a

M Patients with positive results
m Patients with class 1-2 variants

FIGURE 2 All patients studied by
WES categorized according to their primary
manifestation
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TABLE 2 (Continued)

Diagnosis post panel

Primary manifestation

Novelty

Protein

Transcript cDNA

Gene

Severe combined immunodeficiency

Failure to thrive; recurrent infections;

rs140655992

p-Thr714Met

c.2141C>T

NM_000215.3

JAK3

diarrhea (Immune/fever)

Epidermolysis bullosa Herlitz type

Epidermolysis bullosa

Novel

¢.1789-7_1789-5delTTC

NM_198129.2

LAMA3

(Dermatological)

Medicine

Hemizygous variants

Duchenne muscular dystrophy

MD; elevated CK (Neurological)
MD; elevated CK (Neurological)

ID; DD; failure to thrive;

rs1060502643

Novel

c.4071+1G>A
c.1283del

NM_004006.2

NM_004006.2

DMD
DMD

Duchenne muscular dystrophy

p-Asn428Ilefs
p-Pro554Leu

NM_005629.3

Cerebral creatine deficiency syndrome

1$397515559

c.1661C>T

SLC6AS

microcephaly; seizures

(Neurological)

Charcot-Marie-Tooth neuropathy

Muscle atrophy; gait disturbance;
X type 1

Novel

p-Thr55_An61dup

p

c.164_184du

NM_001097642.2

GJB1

reduced motor nerve conduction

(Neurological)

Notes. Only patients with at least one Class 1-2 variant are shown. The variant in italic is a class 3 variant. Variants within the same box were identified in the same patient. The type of panel used is mentioned within

NAIR ET AL.

Open Access.

parentheses under the “Primary Manifestation” column.

DD: developmental delay; ID: Intellectual disability; CK: creatine phosphokinase; MD: muscular dystrophy.

class 2 mutation was re-evaluated and classified as a class
5 variant. Three patients had false negative results. For
those, a causal mutation was found after Sanger sequencing
of the suspected genes (these variants were not listed in
Table 1 as they were not identified by WES). Reviewing
the fastq files showed that the involved genes were not
fully covered. In another example, in two patients with
recessive conditions, WES was able to identify only single
heterozygous However,
because of the strong phenotype-genotype correlation in

variations in relevant genes.

these cases, we further studied the respective genes by San-
ger sequencing. In the first of these cases, this approach
enabled the identification of a second pathogenic variant in
the ABCD4 gene (OMIM 603,214). However, in the sec-
ond case, a patient with a heterozygous variant in the ATM
gene (OMIM 607,585), we were unable to find a second
mutation even after an MLPA exam. RNA analysis will be
performed soon.

Moreover, around 65 of the 213 cases (30.5%) remain
unsolved as of the time of writing. As most of the cases
tested in WES were solo cases, and because of the pipeline
used for analyzing the results, we were unable to find any
novel candidate genes in our patients which we believe could
explain the origin of the pathology in many cases as it was
showed in other reports (Monies et al., 2017). With this in
mind, in six families with more than two affected sibs further
investigations are pending. Furthermore, negative results
could in part be due to insufficient coverage or alternatively
because, for some patients, a large number of variants were
identified, making it difficult to pinpoint the causative vari-
ant without any segregation analysis. It is worth noting that
for three patients who had negative results, an array CGH
was performed and a pathogenic variation was found in one.

Three couples who presented with a history of prior
affected children were offered duo tests because none of
the affected children were available for testing. For these
families, we were able to identify the likely causal muta-
tion, however they were not included in this paper.

In 96% of cases where WES was performed, the patients or
their parents agreed to receive any incidental findings classified
as pathogenic/likely pathogenic, even if they are not related to
the original referral phenotype. Our study identified six
patients who had incidental class 1 or class 2 mutations in
genes belonging to the 59 actionable genes as recommended
by ACMG (Kalia et al., 2017). In one of these patients, the
incidental finding was related to a risk of sudden death. A
familial screening was performed and the carrier members
were referred to cardiac specialist for better follow-up. This
result emphasizes the importance of genetic counselling, which
unfortunately lacks strongly in Lebanon (Nakouzi et al., 2015).

As is the case in many developing countries, the imple-
mentation and wide adoption of NGS has been hindered
mostly by the costly finances associated with establishing
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FIGURE 4 Mode of inheritance in patients identified with class
1 and class 2 variants by both WES and panel studies

and running a sequencing facility as well as the lack of
expertise, and the cost of such genetic services (Helmy,
Awad, & Mosa, 2016). Lebanon suffers from a scarcity of
clinical geneticists and a lack of genetic counseling services
(Nakouzi et al., 2015). This is especially a problem, given
the high number of genetic disorders in the Lebanese popu-
lation (Nakouzi et al., 2015) and the sudden increase in the
number of residents in Lebanon, given the huge influx of
Syrian refugees that Lebanon has witnessed in the recent
few years (UNHCR, 2017). These Syrian refugees, in addi-
tion to the Palestinian (UNHCR, 2016) and Iraqi (UNHCR,
2017) refugees are considered a burden on the health sec-
tor, and are not granted any government health coverage
(Santoro & McKee, 2017). For most of these refugees, as
well as a lot of Lebanese citizens, genetic testing has to be
personally financed, as they are not covered by national
health insurance (social security) neither private insurance
companies. The financial cost that a patient's family has to
incur has thus made a lot of families opt out of the recom-
mended genetic testing.

Our study showed 69.5% positive results for WES and
panels combined, emphasizing the utility and diagnostic
power of NGS techniques. The latter has helped to obtain a
diagnosis more rapidly and more accurately, potentially allow-
ing for a more efficient genetic counseling. It also reduced the
number of unnecessary and costly laboratory tests. This thus
highlights the importance of improving the adoption of such
techniques in Lebanon as well as enabling access of citizens
as well as temporary residents to NGS tools.
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