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Impact
e WES is a cost-effective technology compared to WGS in the diagnosis of pediatric-onset
genetic diseases.
e WES is effectively uncovering genome-based drug targets for precision and personalized
medicine.
e WES appropriately explicates heterogeneous disorders and offers rich evidence-based

guidelines that assist families in genetic counseling.
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ABSTRACT

Genetic disorders are preeminent determinants of infant mortality. The inherited pediatric-onset
genetic disorders have consequential stress on child growth and development: several congenital,
complex and rare disorders with indistinguishable clinical symptoms where diagnosis always
remains a challenging task. Traditional diagnosis methods include biochemical tests followed by
chromosomal microarray and sequencing of a single gene or panel of genes. These methods had
several limitations, but with the advent of whole-exome sequencing (WES), genetic testing has
become cost-effective and transformative. Exome sequencing has been known for its effectiveness,
which appropriately elucidates and distinguishes the heterogeneous disorders to avoid misdiagnosis
and decode the underlying genetic alterations. WES has led to discovering genes and genomic
variants in a broad spectrum of diseases, including autism, epilepsy, congenital heart diseases,
neurodevelopmental diseases, cancer, nephrotic disorders, neural tube defects and fetal structural
anomalies. WES is significant in producing immense genomic biomarkers that can be made as
appropriate pharmacogenomic targets for drug therapy. In this article, we analyze the recent
exploration of WES technology to revolutionize not only the process of genetic variation and

disease detection but also the convention of preventative and targeted drug discovery.
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INTRODUCTION

Recent estimates suggest that 8 million newborns each year have a severe congenital disability
of genetic or a condition with somewhat genetic influence. Further, low and middle-income
countries contribute more than 90% of the global infant mortality due to congenital disabilities [1].
The most common genetic ailments include single-gene disorders, copy number variants (CNVs),
structural and functional abnormalities, which mostly originate during the first trimester of
pregnancy. Approximately 2-3% of fetal anomalies during pregnancies are responsible for about
20% of the perinatal deaths [2]. The infant and child mortality due to congenital disabilities
influence disproportionately among different populations worldwide [1]. Annually, congenital
disabilities causing the death of 1 in 3 before the age of 5 and those who survive may suffer lifelong

mental and physical health [1,3].

Several congenital, complex and rare disorders with indistinguishable clinical manifestations
remain a question mark for the diagnostic odyssey. The heterogenicity of complex and rare diseases
asserts a distractive burden on clinical or medical interpretation. Rare diseases affect human
healthcare in physical, sensory, neurological, respiratory, primary immunodeficiency (PID) and
intellectual disability (ID) with a varied extent of severity [4,5]. Establishing early genetic testing
intends clinicians to intervene in proper diagnosis and optimal patient management, thus building

confident decisions for the child's development [6].

Genome scanning has now been an exigent need to reveal the genetic determinants of the
disease. Sequencing and scanning genomic variants for common and rare diseases has become
feasible with subsequent human genome mapping and massively parallel next-generation
sequencing (NGS) [7]. Whole-exome sequencing (WES) exclusively targets the protein-coding
regions of the genome, providing a high diagnostic yield compared to conventional genetic testing
methods [8]. WES covers about 30 million bases in the human genome that lead to the translation
into a functional protein, resulting in direct phenotypic outcomes [9]. Compared to the whole
genome sequencing (WGS), WES (covers 1-2% of the genome) is cost-effective and data generated
is easy to analyze, whereas the cost ultimately becomes higher in WGS, due to the generation of a
large amount of data that eventually need high-performance computers and bioinformaticians [10].
It is interesting to know that the first successful use of exome sequencing in diagnosing a rare
Mendelian disease; Miller syndrome [11]. Since then, WES has been used extensively in analyzing
several genetic anomalies and has led to the identification of many novel genes and variants

associated with many disorders [12].
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Traditional diagnostic methods (fluorescent in-situ hybridization, karyotyping, chromosomal
microarray, etc.) had many limitations due to their lower resolution. But with the introduction of
NGS, the resolution increases up to single base pair with a high diagnostic yield for individuals
suffering from genetic disorders [13]. WES has led to discovering genes and genomic variants in a
broad spectrum of diseases namely; autism, malformations of the brain, epilepsy, congenital heart
diseases, neurodevelopmental diseases, neural tube defects and fetal structural anomalies [14-20].
Figure 1 presents an overview of the genetic diseases and complete workflow of diagnosis using

exome sequencing.

This review target the use of WES in the diagnostic expedition of several pediatric-onset
genetic diseases. Here, we tried to highlight some of the studies where WES significantly diagnosed

specific illness and led to identifying novel genomic signatures of the disease.

AUTOSOMAL RECESSIVE DISORDERS

Autosomal recessive disorders (ARDs) are generally found in the offspring of consanguineous
couples [21]. Consanguineous marriage is the marriage between a second cousin and even close
relation in a family. Studies have reported the structural (physical) and mental (cognitive) health
issues among children from consanguineous families [22,23]. Increased child mortality (prenatal
and postnatal) rates have been observed among inbred Northern Indian families [24].

Most of the time, the ARDs are being misdiagnosed, where some remain undiagnosed. But with
the advent of WES technology, it becomes easier to diagnose the problem at the earliest. Various
studies have been carried out to identify and diagnose recessively inherited diseases. Long QT
syndrome (LQTS) is a heart rhythm disorder that can potentially cause irregular heartbeat, which
consequently results in fainting, seizures, or sudden death. Clinicians and medical practitioners very
often misdiagnosed LQTS with a seizure disorder, such as epilepsy. Altmann et al., in 2015, used
WES and was successfully able to identify the novel frameshift gene mutation in the TRDN gene in
LQTS among <10 years of aged children and in older patients [25]. Autosomal recessive spastic
ataxia of Charlevoix-Saguenay (ARSACS) is a neurodegenerative disorder characterized by early-
onset cerebellar ataxia. Some recent studies using WES have identified novel homozygous
pathogenic mutations in the SACS gene [26,27].

A study carried out by Sawyer et al. has identified 28 families with pediatric-onset ataxia, of
which WES was done in 13 families and a success rate of 46% was achieved. Where in 11 families,
they succeeded in identifying mutations in the genes that were reported to be associated with known
neurological syndromes and in two of the families, they identified novel disease genes. This study

suggests that exome sequencing is an effective approach for pediatric patients with ataxia, where a
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particular single gene is not suspected to be causative [28]. It is well known that ARDs risk increases
in the offspring of consanguineous parents. In a study carried out by Makrythanasis et al., where
they recruited 50 consanguineous families with no definitive molecular diagnosis. Exome
sequencing and comparative genome hybridization (CGH) was performed and it was observed that
18 families were linked to a specific clinical phenotype. Interestingly, pathogenic mutations were
identified through WES among 17 families and one family was diagnosed with CGH. This study
showed the utility of WES compared to other techniques a better and useful tool in the diagnosis of
ARDs [29].

In another study on malignant infantile osteoporosis (MIOP), a rare congenital ARD,
categorized by increased bone density due to impaired bone resorption by osteoclasts. WES was
carried out among six patients and was successfully able to identify mutations in four genes: SNX10,
TNFRSF11A, TCIRGI and CLCN7. Mutations in five children were found to behave homozygous,
whereas, in the additional one patient, the compound heterozygous mutations in the TCIRGI gene
were identified [30]. Another ARD, the Caroli disease which is complex and rare and is
characterized by cystic dilatation of intrahepatic bile ducts. It mostly leads to jaundice, cirrhosis,
dilatation of renal tubules, as well as renal impairment in children and is also found to be associated
with multicystic or polycystic kidney disease. A study on this disease by Hao et al. in 2014 revealed
the importance of WES in diagnosing the condition. They were able to identify the genetic defect
in a Chinese twin family with a novel compound heterozygous mutations in PKHDI. A missense
mutation ¢.2507 T.C, with a substitution of valine to alanine at codon 836 (c.2507T>C,
p-Val836Ala), and a nonsense mutation ¢.2341C.T, causing arginine to stop codon at codon number

781 (c.2341C>T, p.Arg781%*) were predicted to drive the pathogenicity of the disease [31].
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X-LINKED DISORDERS

X-linked disorders are found to be having a low prevalence in females, whereas males are
severely affected by a degree of penetrance. To date, more than hundreds of X-linked disorders
have been well established [32]. We, at this moment, reviewed a few studies on X-linked disorders
in context to the use of WES in their diagnosis.

A study on autism spectrum disorder (ASD), using WES in 19 case parent trios recruited from
Saudi families, revealed 47 rare variants in 17 trios; 38 were novel. The majority of these variants
were X-linked or autosomal recessive. They exposed the variants from 15 ASD genes, including 5
genes (GLTS8D1, HTATSFI, OR6C65, ITIH6 and DPX26B) that indeed have not been described in
any of the human ailments [33]. Another study on neonatal encephalopathy (generally occurs 1-
7/1000 live births), characterized by a decrease in the level of consciousness. Out of 14 patients,
five were confirmed through WES. They identified autosomal dominant variants in SCN2A4
(p-Met1545Val), GNAOI (p.Gly40Arg) and KCNQ?2 (p.Asp212Tyr) genes associated with epileptic
encephalopathy. Compound heterozygous variants in LIAS (p.Ala253Pro and p.His236GlIn) gene
related to the deficiency of lipoic acid synthetase and X linked variant associated encephalopathy
in CUL4B (p.Asn211Ser) gene [34].

A study of 78 patients, based on neurodevelopmental disorders, using the WES platform
revealed a diagnostic rate of 41% (i.e., 32 patients) of the cohort. The observations were autosomal
dominant (n = 19), autosomal recessive (n=11), X-linked (n=01) and one case with both autosomal
dominant and recessive disorder. The WES uncovered the harboring pathogenic variants among the
patients showing neuroimaging and neurobehavioral abnormalities [35]. Yang et al., 2014
performed clinical WES to decipher the Mendelian disease patterns in 527 patients. The findings
were 280 (53.1%) autosomal dominant, 181 (34.3%) autosomal recessive (including 5 with
uniparental disomy), 65 (12.3%) X-linked, and 1 (0.2%) mitochondrial. This study showed that the
potentiality of WES might offer an advantage over other traditional molecular diagnostic
approaches in terms of better yield and proper diagnosis [36].

The neurodevelopmental delays accompanied by unexplained dyspnea is exceptionally fatal. A
study on such patients using Trio-WES has reported eight genes namely G6PC, MMACHC, G6PT,
OTC, ETFDH, NDUFAFS5, MAGEL?2 and SLC22A45 which were found to be responsible for the
clinical symptoms. In this study, 6 novel variants have been reported, indicating WES effectiveness

in exploring the hidden hallmarks of neurodevelopmental disorders [37].
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MITOCHONDRIAL DISORDERS

Mitochondrial dysfunction is a primary cause of metabolic disorders in adults and children.
Mitochondrial DNA (mtDNA) mutations may cause a wide range of diseases, which explicate
approximately 10%—-30% by such mtDNA changes while others modulated by imperfections in
nuclear-encoded mitochondrial proteins [38]. The first reported evidence of the mitochondrial
disorder was found in 1959, where a woman aged 30 years had clinical symptoms that were
developed when she was 7 years old. The symptoms mostly include increased calorie intake, high
rate of perspiration, increased fluid intake but with no condition of polyuria and muscular weakness
and she was diagnosed with a mitochondrial disease later named Luft disease [39].

It is well known that the offspring predominantly constitutes maternal mtDNA. Any mutation
in the mitochondrial genome or nuclear genome may give rise to anomalies in the offspring.
Mitochondrial disorders may arise because of any dysfunction in the respiratory chain [40].
Generally, mitochondrial disorders may occur at any age but seem critical to diagnose at an early
life phase [41]. These disorders may affect either a single organ or multiple organs. Some of the
commonly diagnosed mitochondrial disorders are Leigh syndrome (LS), chronic progressive
external ophthalmoplegia (CPEO), myoclonic epilepsy with ragged-red fibers (MERRF), Kearns-
Sayre syndrome (KSS), neurogenic weakness with ataxia and retinitis pigmentosa (NARP), or
mitochondrial encephalomyopathy with lactic acidosis and stroke-like episodes (MELAS) [40]. The
prevalence of Childhood-onset (<16 years of age) mitochondrial oxidative phosphorylation
(OXPHOS) disorders ranges from 5 to 15 per 100,000 individuals [42].

The first diagnostic criterion for mitochondrial disorders was proposed by Walker et al., 1996
[43], followed by some modifications made in a few decades [44]. It has been observed that most
of the mitochondrial disorders in children are nuclear in origin [42]. It is estimated that over 1000
nuclear genes encode mitochondrial proteins. If we need to name one useful tool for the genetic
diagnosis of mitochondrial disease, the first name comes out to be WES technology [45]. WES has
helped us in identifying novel pathogenic variants of mitochondrial proteins with known and
unknown functions. Currently, the WES approach is being widely used and overcoming whole-
genome sequencing (WGS) in some aspects [46].

Discussing the importance of WES in mitochondrial disorders can be well understood by
expounding individual studies. One of the studies carried out by Pronicka et al. in 2016 performed
molecular diagnosis by using WES on 113 patients in Poland. The WES was performed, and it was
found that 50.5% of the causative mutations account for novel variants. In 47 subjects, variations in
31 mitochondrial disorders related genes (ACADY, ADCK3, AIFM1, CLPB, COX10, DLD, EARS?2,
FBXL4, MTATP6, MTFMT, MTND1, MTND3, MTNDS5, NAXE, NDUFS6, NDUFS7, NDUFVI,
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OPAl, PARS2, PC, PDHAI, POLG, RARS2, RRM2B, SCO2, SERACI, SLC1943, SLC25412, TAZ,
TMEMI126B, VARS2) were identified [47]. Using WES, a study unraveled the infrequent
mitochondrial disorders among three patients. The clinical symptoms were complicated to decide
the disease etiology. WES was performed and different mutations were observed in each case viz.,
patient 1 (p.Glu415Gly and p.Arg484Trp variants in MTO1 gene), patient 2 (p.Glnl11ThrfsTer5
and RNA mis-splicing in 7SFM gene) and patient 3 (p.Met151Thr and p.Met246Lys variants in
AARS?2 gene) [45]. Gotz et al. reported tRNA synthetase mutation in an infant suffered from
cardiomyopathy. The child died at the age of 10 months. The WES was done to identify the
molecular basis of the pathology, and it was reported that there was a homozygous missense
mutation (c.1774C>T, p.Arg592Trp) in the AARS2 gene that encodes the mitochondrial alanyl-
tRNA synthetase. Similarly, two siblings from another family who also died perinatally because of
hypertrophic cardiomyopathy were found to be encountered with the same mutation, and it was
compound heterozygous with another missense mutation. The study well exposed the significance
of WES in identifying the mutations in single-gene disorders [48]. In another study, where 53
patients were confirmed with biochemical evidence showing multiple respiratory chain complex
defects with no mtDNA mutation reported. Presumed causal variants were identified in 28 patients,
where possible causal variants in 4 individuals. About 18 different genes were involved in these
patients including mutations in RMND 1, AARS2, and MTO1 and mutations in 4 likely mitochondrial
disorder genes namely VARS2, PTCD1, GARS and FLADI [49]. It is evident from the above studies
that WES can even identify nuclear gene variants that may be associated with mitochondrial
diseases. Similarly, numerous novel pathogenic variants related to mitochondrial genetic defects

are now being deciphered using WES.

CONGENITAL DISORDERS

Congenital anomalies or congenital malformations often-inherited medical conditions that
develop prenatally and occurs at or before birth. Genetic disorders or congenital disabilities are
considered as the primary cause of death under the age of five [50]. These disorders may affect the
structural or functional aspects of the body that may include metabolism and intellect.
Approximately more than 7000 known congenital disabilities have a wide range of severity from
mild to lethal abnormalities [51]. Here, We review some of the recent efforts made by WES to
decode the etiology of pediatric-onset congenital disorders.

Congenital disorders of glycosylation (CDGs) are a group of inherited diseases that are caused
by defects in the synthesis and processing of the asparagine (ASN)-linked oligosaccharides of
glycoproteins. Congenital disorders of glycosylation type I (CDG-I) are also categorized as a group
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of recessive neurometabolic diseases [52]. In a study, the WES variants were prioritized based on
the list of 76 potential CDG-I candidate genes, which had led to the identification of one known and
two novel CDG-I gene defects. The first one was X-linked CDG-I due to a de novo mutation in
ALG13, the compound heterozygous mutations in DPAGTI, and mutation in PGM1 in two cases.
The pathogenicity of the mutations was confirmed by showing the deficient activity of the
corresponding enzymes in patient fibroblasts [53]. Phosphomannomutase 2 (PMM2-CDG)
deficiency is the most frequent N-linked glycosylation disorder and subtypes among all CDG
conditions. Clinical symptoms may involve abnormal coagulation, hepatopathy, intellectual
disability (ID), cerebellar ataxia, and peripheral neuropathy. WES revealed the compound
heterozygous (c.241-242 del) as a novel and a previously reported (¢.395 T > C) variant in the
PMM? gene of Hani ethnic siblings [54].

Congenital anomalies and intellectual disability (CA/ID) is a major diagnostic challenge in
medical genetics. Approximately 50% of patients still have no molecular diagnosis after a long and
stressful diagnosis. The reanalysis using the WES approach has now become a direct substitute for
the families suffering from heterogenetic rare CA/ID, who remain undiagnosed by traditional
diagnostic strategies [55]. A recent study with 62 families with congenital anomalies of the kidney
and urinary tract (CAKUT) was recruited from Texas Children's Hospital, Houston Texas, USA.
They performed WES and approximately 5% of families reported were having pathogenic single
nucleotide variants (SNVs) in HNF1B, PAX2 and EYAI. Additionally, four causative copy number
variants (CNVs) were also identified. One deleterious de novo SNV in FOXP1 was also recognized
among all the families with the disease [56].

Maturity-onset diabetes of the young (MODY) and congenital hyperinsulinism (CHI) are the
two most prevalent monogenic disorders of glucose-regulated insulin secretion in childhood. To
date, there are 13 causative genes familiar for MODY and ten causative genes identified for CHI.
In arecent investigation, ten subjects with MODY and 5 with CHI with known mutations underwent
WES. Four of five MODY mutations were identified including a large deletion in HNF'1B. Although
targeted, one mutation (in INS) had insufficient coverage for detection. All 11 mutations
(6~MODY, 5~CHI) were identified using Nextera Rapid Capture Exomes (including the previously
missed mutation). On reconciliation, all mutations identified with previous data, and no further
variants in MODY genes were detected [57]. The above-reviewed studies on congenital disorders
provide an insight into the use of WES in search of genomic instabilities (SNVs, CNVs, indels, etc.)

for a better understanding of the etiology of the disease.
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NEUROLOGICAL DISORDERS

The nervous system is a complex and challenging organ system to study, and the brain is the
organ where many of the most pervasive disease processes arise, for which the cause remains
elusive. These disorders are generally caused by genetic mutations that may impair the development
of the nervous system, impaired neuronal function or neurodegeneration [58]. The diagnostic
excellence using WES in such disorders have been summarized below:

In a retrospective cohort study (n = 78 patients) with various neurodevelopmental disabilities,
the diagnostic rate of 41% achieved using WES. Based on the type of mutation and inheritance
pattern, the patients were classified as autosomal dominant (AD, n = 19), autosomal recessive (AR,
n = 11), X-linked dominant (n = 1), and 1 with both an AD and an AR disorder. These patients
acquire a spectrum of neurodevelopmental disabilities, such as developmental delay (DD),
intellectual disability (ID), cerebral palsy (CP), autism spectrum disorder (ASD), language and
learning disorders. The WES delivered a relatively high diagnostic yield which further helps in
precise diagnosis and management [35]. WES performed on 264 subjects with infantile spasms or
Lennox—Gastaut syndrome (LGS) exposed the high frequency of de-novo variants in a set of genes
presenting a strong correlation with epilepsy [59].

Alternating hemiplegia of childhood (AHC) is a rare neurological disorder that is characterized
by early-onset events of hemiplegia, dystonia, various paroxysmal symptoms, and developmental
impairment. In a study, patients with clinically characterized AHC, trio-WES of three subjects were
done to identify the disease-associated gene and then further tested in the remaining patients and
their healthy parents. ATP1A43 was found to be the disease-associated gene in AHC. The disease-
associated de-novo missense and de-novo splice-site mutations were observed in the ATP1A43 gene
[60]. Childhood apraxia of speech (CAS) another rare neurological disorder, a persistent pediatric
motor speech disorder with associated deficits in sensorimotor, cognitive, language, learning
processes. Using WES as a molecular diagnosis of the 32 patients and a total of five chromosomes
(Chr3, Chr6, Chr7, Chr9 and Chrl7), were found to be associated with the condition that included
six genes (ATP1344, CNTNAPI, CNTNAP2, FOXPI, KIAA0319 and SETX) strongly associated
with CAS. It was observed that a total of 8 (80%) out of 10 participants harbor variants in one or
two of the six genes, with variants in ATP1344, KIAA0319 and CNTNAP?2 being the most prevalent
[61]. Similarly, a study was carried out on the spectrum of pediatric epilepsy, where they recruited
9 families. Applying WES, they identified the mutations in genes (ASAHI, FOLRI, GRIN2A,
SCNS8A, SYNGAPI and SYNJ1) associated with known neurological and epilepsy disorders. A novel
and rare mutation were reported in the KCNQ2 gene which was likely to be responsible for benign

seizures segregating in the family [62].
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DISEASES WITH CLINICAL AND GENETIC HETEROGENEITY

Rare mutations are responsible for contributing to the considerable severity of complex human
diseases. Evolutionary forces contribute to vast genetic heterogeneity in human illness by
introducing many novel variants in every generation [63]. Current sequencing technologies
specifically WES, offer the possibility of identifying rare disease-causing variants and the genes
that harbor them [64]. Many studies have preferred WES as a molecular diagnostic tool for
diagnosing the genetic heterogeneity of the disease.

In a study on the Tunisian population, 13 patients from 6 unrelated consanguineous families
showing horizontal gaze palsy with progressive scoliosis (HGPPS) were genetically examined. It
was found that four distinct homozygous mutations in the ROBO3 gene were responsible. Two of
those mutations novel homozygous, causing effective damage to the protein by in-silico analysis
[65]. Another disease with genetic heterogeneity is cerebral palsy (CP) a common, clinically
heterogeneous set of disorders that affects the movement and posture of an individual. It is estimated
that genetic involvement in CP causation had been predicted to be ~ 2%. In the study whole-exome
sequencing was performed for a cohort of 183 Caucasian cases with CP. Interestingly, 61 de novo
protein-altering variants in case-parent trios, ten de novo mutations in three previously reported
diseased genes (TUBAIA, SCN8A and KDM5C), and six novel candidate CP genes (AGAPI,
JHDMI1D, MASTI, NAA35, RFX2 and WIPI2) were identified and predicted to be potentially
pathogenic for the condition [66].

Another disorder is Leigh syndrome (LS), the most common childhood mitochondrial
metabolic disorder, characterized by clinical and neuroradiologic features. A study with 64 patients
from 62 families was recruited after clinically diagnosed with LS. Mitochondrial genetic analysis
followed by WES was executed on 61 patients. Pathogenic variants in mtDNA were identified in
18 families and nuclear DNA mutations in 22 families. Further analysis on 17 genes (MTATPS6,
MTNDI, SLC1943, ECHSI, PNPTI, IARS2, MTND3, MTNDS5, MTND6, NDUFS1, NDUFV1,
NDUFAF6, SURFI, MTTK, NARS2, VPS13D, and NAXE) in 40 families were found to have genetic
complexity. Two individuals had biotin-thiamine responsive basal ganglia disease, and another 3
cases were identified with defects in the newly recognized genes (VPSI3D or NAXE) [67]. The
study showed the clinical and genetic spectrum of LS, showed genetic heterogeneity.

A study from Japan, where 26 infants diagnosed with hypomyelinating leukodystrophy based
on clinical features and brain MRI findings. To uncover their genetic etiology different diagnostic
approaches were used viz; chromosomal analyses, targeted gene analyses, and an array comparative

genomic hybridization (aCGH) assay. It was found that the diagnostic rate of chromosomal studies,
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targeted gene analyses, and aCGH was 31 % (8 out of 26 cases), and one patient was clinically
diagnosed with Cockayne syndrome. But with the use of WES, four causative genes (TUBB4A,
POLR3B, MCOLNI and KCNT1I) of hypomyelination were identified in 6 individuals i.e. 35 % (6
out of 17), and some of those identified genes were pathogenic for not only hypomyelination but

also dysmyelination or delayed myelination [68].

UNDIAGNOSED AND RARE DISEASES

Mendelian disorders (MD) are generally categorized as rare disorders and affect many
individuals and families. Due to a lack of resources in diagnosis, prognosis and treatment, the rare
disorders are neglected in many ways and usually termed as orphan diseases. Recent estimates
suggest that there are more than 8000 distinct rare disorders exist. SNVs, insertion and deletions
accompany these disorders and CNVs cause many undiagnosed conditions that are generally termed
monogenic or single-locus disorders.

With the application of WES and bioinformatic tools, it is now feasible to determine novel
genes responsible for rare undiagnosed disorders [69]. A pediatric study based on 50 children with
the developmental illness of unclear etiology and nonspecific neurological expressions. Using WES
as a diagnostic tool, they were able to identify the known disease-causing gene mutation in 21
children. Whereas, in another 22 children, they got success in detecting probable candidate genes
that were not currently known to be associated with the human disorder. The study showed the
significance of WES in pediatric neurology [70].

The National Institutes of Health (NIH) Undiagnosed Diseases Program (UDP) in 2012 worked
out on 1191 patients from medical records, of which 326 were accepted for the study based on the
criteria of selection. Out of the approved subjects, 47% were children. The diagnosis was carried
out based on single-nucleotide polymorphism (SNP) array and WES. Interestingly, they were able
to discover two new disorders and the diagnosis of some patients with rare and ultra-rare disorders
and some with common ailments. One of the undiagnosed conditions was identified as arterial
calcification~ACDC (calcium build-up in the arteries and joints of the hands and feet) which is
caused due to the deficiency of CD73 resulted from mutations in the NT5E gene and the other
undiagnosed disease was found to be familial distal myopathy with a single mutation in HINT3 gene
[71].

A study from Israel, where 57 pediatric patients who were previously undiagnosed underwent
WES for their diagnosis which resulted in the identification of causative gene in 49.1% subjects.

Seventeen cases were having the autosomal dominant mutation, 9 were having autosomal recessive,
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and 2 with X-linked mutation. This study also provides evidence regarding the use of WES in the

identification and diagnosis of rare and undiagnosed disorders [72].

SOMATIC DISEASES

WES has also led to the discovery of many novel variants associated with several somatic diseases.
Neuroblastoma is a common childhood mortality disorder that affects 10-12 % of young children.
To determine the role of somatic mutation in such conditions, a study was performed with the
implementation of WES in the diagnosis of the cases; several somatic mutations were discovered
that were associated with the prognosis of the disease and the tumor size. This also led to the
hypothesizing the role of such mutations as a biomarker for evaluating the effect of chemotherapy
and disease prognosis [73]. The human brain is highly vulnerable to somatic mutations and the rate
is very high during neurogenesis. Several somatic mutations occur during the time of neurogenesis
and led to the development of neurodevelopmental diseases. With the advent of NGS specifically
targeted (including WES), it becomes possible to uncover several novel somatic variants associated
with the disease pathology. There is a long list of somatic mutations in several associated genes in
neurodevelopmental diseases. Some of them are double-cortex syndrome (DCX, LISI),

neurofibromatosis type 1 (NF1), neurofibromatosis type 2 (NF2), Rett syndrome (MECP?2), etc [74].

Furthermore, a susceptible and accurate exome-based cancer test has also been approved by the
New York state department of health. The test is Exome Cancer Test v1.0 (EXaCT-1), and it also
has a validated pipeline for the detection of somatic mutations. This also provides valid evidence
regarding the importance of somatic mutations and exome sequencing as an essential diagnostic

tool in precision cancer care [75].

UNCOVERING NEW DRUG TARGETS FOR PRECISION AND PERSONALIZED
THERAPY

The evolution of clinical diagnostics into molecular diagnostics (i.e., using high throughput
sequencing techniques) has opened the doors for precision medicine for rare and undiagnosed
disorders. Earlier, medication for rare diseases was defined based on symptoms an individual
harbors. Currently, clinicians using clinical information, symptoms along with familial information
and NGS-based WES tool to decipher the undefined disorders that mimic a known phenotype.

With NGS platforms' availability, personalized medication got more confidence for the

individual with unclear or rare diseases. Among different sequencing approaches, WES has always
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been considered a cost-effective approach in molecular diagnostics of rare disorders, it covers all
the functional and defined segments (UTR regions, Promoter, exonic) of the genome thus makes it
easier to understand, although chances of getting defined drug target genes are moderate so,
specified drug or therapy can be used for the treatment. The use of NGS in precision medicine is
quite common in complex disorders such as cancers. Several studies on cancer patients exemplify
the role of NGS in precision medicine, few of them have been discussed herewith.

NGS has now been increasingly used in the discovery of therapeutic biomarkers of cancers.
Beltran et al. applied WES to 97 patients and observed 16 somatic mutations per individual. Based
on the findings, recommendations were made to access clinical trials and/or off-labeled use of drugs
[76]. A combined study of WES and RNA sequencing (RNAseq) provided the somatic and germline
sequencing were highly concordant and yield novel biomarkers for precision medicine [77].
Similarly, WES detected 31% of the disease-associated somatic mutations in a group of 165
patients, whereas the remaining somatic mutations had preclinical or inferential evidence. On the
other hand, 806 germ-line variants were detected out of which 5% were found to behaving clinical
significance and the remaining 56% with unfamiliar relevance. The study provided insights into the
implementation of clinical sequencing programs in cancer precision medicine [78].

WES provides insights into monogenic diseases by searching novel biomarkers for possible
therapeutic decisions. A male child (aged 15 months) had Crohn’s disease-like illness, encountered
via WES diagnosis and 16,124 variations were detected. With subsequent analysis, a novel missense
hemizygous mutation was detected in the X-linked inhibitor gene of apoptosis. The mutation was
not previously associated with Crohn’s disease. Moreover, the mutation was found to have an
essential role in the pro-inflammatory response. The mutation was later confirmed by Sanger
sequencing and functional aspects were studied using functional assays. Based on all the evidence
gathered from the clinical, genetic and functional records, the child was diagnosed by X- linked
inhibitor of apoptosis deficiency. Allogeneic hematopoietic progenitor cell transplant was done to
avert the development of hemophagocytic lymphohistiocytosis (HLH) [79].

Similarly, in another study, a 14-year-old girl who suffered from autoimmune enteropathy
(AIE) was diagnosed with a de novo mutation in the CTLA4 gene using WES. Abatacept (an
approved drug), a fusion protein of the CTLA4 extracellular domain was administered that
ultimately helped in restoring Treg cells functions [80].

WES empowers the precision medicine approach for nephrotic and kidney-related disorders. A
study using WES not only uncovered the known kidney disease etiology but also yielded a
molecular diagnosis for the individuals with end-stage renal disease (ESRD) of unknown etiology

[81]. Similarly, in a pediatric cohort, WES powerfully explicates the monogenic and polygenic
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forms of Steroid Resistant Nephrotic Syndrome (SRNS), which led to identifying novel drug targets
for evidence-based clinical management [82]. These findings support the diagnostic utility of WES
across different groups with clinical and genetic heterogeneity of kidney disease and explicit the
relevant clinical trials and targeted therapies. In addition to this, WES also evaluates the variants
causing a potential risk for transplant recipients.

Figure 2 demonstrates the implication of NGS-WES on targeted drug therapy by uncovering
the so-called undiagnosed declared disorders by traditional approaches. Reports of finding novel
genetic variants are common during the diagnosis of rare disorders, which aids in developing new
drug targets. The only bottleneck of personalized medication is there in case of rare diseases that
may be limited to a specific cohort of patients. With the subsequent new sequencing technologies,
precision medicine reinforces effective treatment of orphan disorders, which was earlier considered

as science fiction in the field of medical genetics.

CONCLUSION

With the advent of NGS, diagnosis of the genetic disorder has become effortless and cost-
effective. Conventional methods such as; FISH, CGH, karyotyping, etc., have limitations after a
certain point. They can help in identifying known genes and their variants associated with the
disease but makes them difficult to distinguish the undiagnosed, heterogeneous and rare disorders.
Whereas, WES exhibit a clear advantage in identifying the novel genetic cause for several
undiagnosed heterogeneous diseases. Recently, WES has come up as a convenient tool for the

diagnosis of prenatal and perinatal diagnosis.

Exomes are the functional or protein-coding region of the genome that constitutes about 1% of
the whole genome, but interestingly it harbors 85% of the mutations contributing to several
monogenic conditions. WES has come up to be a handy and essential tool in diagnosing previously
categorized undiagnosed disorders by traditional technologies. Exome sequencing targets that 1%
of the functional part of the genome that ultimately reduces the cost of the diagnosis. With the
arrival of WES, the diagnostic yield has increased by 25% for the previously undiagnosed genetic

disorders.

Multiple WES studies have identified the novel variations in pediatric-onset genetic diseases,
but those unique genomic variants require our attention to set up pharmacogenomic blueprints for
personalized and precision medicine. WES followed by in-silico detection of novel functionally

relevant variants can be made pharmacogenomic targets for drug discovery. Finally, we recommend
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the much reliable and cost-effective WES strategy to be used as the first-line diagnostic tool for

premarital and prenatal genetic testing to prevent the heritable risk in future generations.
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Figure 1. Schematic diagram depicting an overview of pediatric-onset genetic disorders and the complete workflow of diagnosis
of genetic disorders using whole-exome sequencing (WES). WES generates disease-associated common and novel variants,

which further be used as pharmacogenomic targets for drug discovery.
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Figure 2. Graphical illustration of diagnostic and therapeutic advantages of whole-exome sequencing (WES) over

conventional testing and curative methods. Traditional approaches generally fail to distinguish the pleiotrophic,

polygenic, compound heterozygous and sometimes even monogenic traits. WES, using the NGS platform, explicitly

investigate the confounding disease etiology and uncover the novel drug targets for precision medicine.
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