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Whole Exome Sequencing for a high diagnostic yield and identification of 48 novel variants

Abstract

About 6,000 to 7,000 different rare disorders with suspected genetic etiologies have been described and in
almost 4,500 of them the causative gene(s) have been identified. The advent of Next-Generation Sequencing
(NGS) technologies has revolutionized genomic research and diagnostics, representing a major advance in
identification of pathogenic genetic variations. WES facilitates a faster and more cost-effective route for def-
inite diagnosis of rare genetic disorders, minimizing previous “diagnostic odysseys” for the patients. Due to
the limitation that WES is not reimbursed in Greece, we aimed to minimize cost per patient/family through
applying WES in the proband, followed by targeted family segregation studies when necessary. Furthermore,
for variant filtration and interpretation we applied a phenotypic-driven strategy in close collaboration with
clinical geneticists or referring clinicians. In this study we report the clinical application of WES in the diag-
nosis of 162 cases referred to investigate patients with undiagnosed genetic disorders. The overall molecular
diagnostic yield reached 52.5%. Our experience as an academic diagnostic laboratory using WES, although
limited to the last two years, allowed characterization of 94 pathogenic variants in 85 positive cases, 48 of
which were novel, contributing information to the community of disease and variant databases.

Keywords:

Whole Exome Sequencing, diagnostic yield, rare Mendelian disorders, phenotypic-driven strategy, novel
variants

Introduction

Rare diseases (RDs) affect approximately 6-8% of the population worldwide (Aymé, 2012; Baird et al.,
1988). To date, about 6,000 to 7,000 different rare diseases with suspected genetic etiologies have been
described (Sawyer et al., 2016) and in almost 4,500 of them the causative gene(s) have been identified (OMIM
April 2020 updated, Amberger et al., 2019). The advent of Next-Generation Sequencing (NGS) technologies
has revolutionized genomic research and diagnostics, representing a major advance in the identification of
pathogenic genetic variations (Baynam et al., 2016; Hartman et al., 2019; Lim et al., 2015; Rabbani et al.,
2012; Smith et al., 2019; J. Taylor et al., 2019).

Whole Exome Sequencing (WES) involves the analysis of protein-coding regions of the total human genome
(representing <2%), which is currently believed to include the majority of causative variants in monogenic
diseases (Adams & Eng, 2018). WES application for clinical diagnostics has completely changed the landscape
of medical genetics. Compared to conventional testing strategies, WES facilitates a faster and more cost-
effective route for definite diagnosis of rare genetic diseases, minimizing previous “diagnostic odysseys”
experienced by many patients and their families (Bertier et al., 2016; Iglesias et al., 2014; Niguidula et al.,
2018; Yang et al., 2013). Several studies have showcased a high WES diagnostic rate, ranging from 25%
to 40%, (Jalkh et al., 2019; Reuter et al., 2019; Sawyer et al., 2016; Seaby et al., 2016; Valencia et al.,
2015). This is likely influenced by a variety of factors including the strategy of analysis (proband alone
versus trio of proband and parents), family history, type of disorder, age of onset, and acuity of the clinical
evaluation (Taylor et al., 2015). Correct interpretation of WES data presents a challenge, entailing filtration
and classification of ˜30.000 variants distributed across the coding genome of every case.

When it comes to genetic services, the diagnostic yield and clinical utility of WES are highly dependent on
the close collaboration of a multidisciplinary team, including clinical geneticists (or referring clinicians) and
laboratory geneticists. In our experience, definitive diagnosis was reached in more than half of the patients
referred for WES, highlighting the importance of applying stringent testing and bioinformatic protocols,
complimented by a robust phenotypic-driven strategy for variant evaluation.

Material and Methods

2
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Patient cohort

During a two-year period (2018-2019), 162 patients with a clinically suspected genetic condition were referred
to our laboratory for WES. The cohort comprised of 57 children <5 years old (35.2%), 74 adolescents (5-18
years) (45.7%) and 31 adults (19.1%). Males (n=83) and females (n=79) were equally represented and within
all age groups. The primary reasons for referral, included neurodevelopmental abnormalities (developmental
delay, intellectual disability, growth deficiency etc.) and concerned 47 cases (29%). Twenty-nine cases (18%)
were referred for skeletal & connective tissue abnormalities, and 24 cases (15%) for congenital anomali-
es/syndromic features (Figure 1). The remaining 62 cases were referred for various reasons as presented in
Figure 1 where “others” comprise of patients with endocrine, immune, sex or hematological abnormalities
and a germline tumor case. Nine (out of 162) patients had a negative result with array-CGH analysis prior
to WES.

In Greece, the cost of WES is not reimbursed by the Greek National Health System or private insurance
companies. To minimize the expense for the patients and their families, WES was offered only for the
probands, followed by targeted Sanger sequencing of parental/familial samples as and when appropriate for
the evaluation of family segregation for likely pathogenic and causative variants.

Written informed consent prior to all tests were provided by the patients and/or their parents/legal guar-
dians after extensive clinical evaluation and counseling by relevant medical specialists (Clinical Geneticists,
Pediatricians, Neurologists, Cardiologists and others). All samples were given a unique patient code and
all data was processed and stored according to the guidelines of the General Data Protection Regulation
(GDPR).

Whole Exome Sequencing

Genomic DNA was extracted from peripheral blood samples according to standard methods. WES was
performed using the Whole Exome Solution kit by Sophia Genetics, SA, following the manufacturer’s re-
commendations. The resulting libraries were subjected to paired-end sequencing on an Illumina NextSeq 500
platform. Library preparation and sequencing were outsourced (Genotypos-Science Labs, Athens). Raw data
were converted to FastQ files for computational analysis which included read alignment to the human genome
reference sequence (GRCh37/hg19), duplicate marking, base quality score recalibration, indel realignment
and variant calling, using the SOPHiA DDM® platform (Sophia Genetics, SA). Variant annotation with
ANNOVAR algorithm (K. Wang et al., 2010) and variant filtration process were performed using VarAFT
v2.16 (http://varaft.eu) application (Desvignes et al., 2018).

Variant filtering involved a six-step phenotypic-driven strategy as presented in Figure 2 and summarized
as follows: (1) Variant filtering by phenotype and/or in silico gene list; (2) Variant filtering by populati-
on frequency (Minor Allele Frequency, MAF [?]1%); (3) Variant filtering by variant type and/or ClinVar
pathogenicity and/or in-silico pathogenic prediction tools; (4) Variant filtering by genotype; (5) Variant filter-
ing by American College of Medical Genetics and Genomics (ACMG) classification; (6) Clinical/phenotypic
(re)evaluation of retained variant(s).

The accepted WES data quality control parameters included a mean depth of coverage >50x, with >98%
regions at 25x. Compared to the human genome reference hg19, ˜30.000 variants were identified per exome
including only exonic and flanking (+/- 10bp) regions. Subsequent to variant filtration using criteria outlined
in Fig. 1, distinct variants were selected and set for further phenotype/genotype assessment and evaluation
by a multidisciplinary team including the referring clinician

Sanger confirmation, family segregation and reporting strategy

Neither Sanger confirmation nor family segregation was required for all cases. Verification was deemed
necessary for variant(s) with borderline quality parameters (e.g. coverage) to preclude a false positive result
and short INDELS (over 5 bp) to define their exact size and position. Variants(s) with clear pathogenicity,
such as nonsense, frameshift or canonical splice site variants and variant(s) previously reported as pathogenic

3
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in similar cases required no family segregation studies, except in cases where trans or cis configuration of
variants was important for the final resolution of genotypes.

Further analysis was also necessary for assessing VUS and determinede novo or inherited nature of variants,
parental origin and final classification to likely pathogenic or benign. In the presence of one pathogenic/likely
pathogenic variant associated with recessive inheritance exonic deletions/duplications along the candidate
gene were investigated using Multiplex Ligation-dependent Probe Amplification (MLPA) or other techniques
used for Copy Number Variant (CNVs) detection (e.g. SNP arrays). Recommendations for re-evaluation
of WES data and clinical findings after 1-2 years were made to cases where no variant could explain the
patient’s phenotype and cases when parental samples were unavailable to resolve the VUS detected.

Results

Patients Cohort and Diagnostic yield

A total of 85 out of 162 patients received a definitive genetic diagnosis, including 9 of 85 cases with a
previously negative array-CGH, (Table 1), demonstrating an overall diagnostic yield of 52.5%. Specifically,
40 patients (24.6%) received a definitive diagnosis based on the identification of highly scored known variants
in phenotype-relevant genes. In 62 cases where family segregation studies were performed, WES findings
were confirmed and mode of inheritance supported a definitive diagnosis in 45 more patients. Two cases
(1.2%) with VUS remained unresolved as parents refused DNA analysis. In the remaining 58 (35.9%) cases
no candidate causative variant was identified. From amongst the 77 unresolved cases, 75 were advised to
proceed to clinical and bioinformatics re-evaluation after 1-2 years (Bruel et al., 2019; Ewans et al., 2018;
Jalkh et al., 2019).

The majority of patients resolved (58/85 68%) concerned an autosomal dominant disease, followed by 20
(24%) patients with an autosomal recessive disease and 7 (8%) with X-linked diseases. The highest diagnos-
tic yield (83%) was achieved among the sub-cohort of patients referred with dermatological abnormalities
(epidermolysis bullosa, ichthyosis etc.) and neuromuscular diseases (muscular dystrophies, myopathies etc.).
Furthermore, >60% of cases with multiple congenital anomalies/syndromic (Noonan syndrome, Kabuki syn-
drome, Sotos syndrome etc.) and skeletal/connective tissue abnormalities (Marfan syndrome, Ehlers-Danlos
syndrome, skeletal dysplasia etc), were resolved. The lowest diagnostic yield (22%) was observed in cases
with cardio and/or vascular abnormalities (Fig. 3). In 77 (47.53%) of cases no relevant variant could be
identified, even following variant filtering and analysis with all combinations described (Figure 2). In four
patients with complex clinical presentations, additional variants in likely phenotype-relevant genes were
identified alongside the primary disease-associated genotype, as summarized in Table 2 and described in
Discussion.

Characteristics of variants identified

According to ACMG classification (Richards et al., 2015) 95 pathogenic or likely pathogenic variants were
detected in 85 patients (Table 1). Remarkably, 48 of the 95 (˜50%) variants were not reported in any of
the public databases and were submitted to the ClinVar database https://www.ncbi.nlm.nih.gov/clinvar/
(Landrum et al., 2014). The variants comprised 56 (59%) missense, 10 (11%) nonsense, 19 (20%) frameshift,
1 (1%) in-frame deletion, 8 (8%) splice site variants and 1 (1%) whole exon deletion.

Discussion

In this study we report the clinical application of WES in the diagnosis of 162 cases referred to a single
academic genetics center. The overall molecular diagnostic yield reached 52.5%, slightly higher of that
reported in many previous studies (Jalkh et al., 2019; Sawyer et al., 2016; Seaby et al., 2016; Valencia
et al., 2015). This rate was observed to vary depending on the disease category (Figure 3), but is also
likely influenced by the strategy applied. In our department, the strategy included: (1) Analytical clinical
description of the patient’s phenotype along with comprehensive family and medical history to include
as many data; (2) Stringent phenotype-driven strategies adopted for variant filtration and interpretation
(Figure 2); (3) Close collaborations between clinicians and laboratory geneticists for variant evaluation

4
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and phenotype-genotype correlation; (4) Family segregation strategies with Sanger sequencing to support
evaluation of variant pathogenicity when necessary. Besides potentially optimizing the diagnostic yield, the
strategy supported a reduction of the number of variants in need of classification and an acceptable turn-
around time and reduced the overall cost to the patient, paramount in the absence of NGS-reimbursement
in Greece. Every attempt was made to use new and/or updated annotation and pathogenicity prediction
tools and variant databases, of great value in the context of variant evaluation. Recognizing the importance
of data sharing, 48 novel pathogenic or likely pathogenic variants were identified in this cohort and uploaded
to public databases.

A few cases in this cohort demonstrated that complex phenotypes may be caused by complex genotypes,
potentially complicating both clinical evaluation and data interpretation. For example, in cases 8039 and
9151 (Table 2), the findings in TGFB3 and MYH7 genes respectively, were classified as VUS due to the lack
of cardiological data at the time of WES analysis and the report included a recommendation for subsequent
re-evaluation.

Rare genetic phenomena including variable expressivity, incomplete penetrance and genetic heterogeneity,
should also be considered when assessing WES results. At least 2 cases had secondary variants potentially
contributing to the clinical expression of the primary condition. In case 9081 (Table 2), referred with polycys-
tic kidney disease at the age of 31, the detection of the co-inheritance of the pathogenic PKD2: c.1837C>T
variant associated with autosomal dominant PKD2, and variant c.6992T>A in thePKHD1 gene, (associ-
ated with autosomal recessive PKD4) could explain the relative early onset of the disease, althoughPKHD1
:c.6992T>A classification is VUS (Bergmann et al., 2011).

Case 9115 (Table 1) presented with spastic paraplegia with lower limb spasticity and weakness. WES
identified a known pathogenic variant c.1245+5G>A (Polymeris et al., 2016) of paternal origin inSPAST
gene, along with a known modifier polymorphism c.131C>T of maternal origin in the same gene (Parodi et
al., 2018). Usually variants in SPAST are associated with spastic paraplegia type 4, where the age of onset
ranges between 20 to 60 years; the infantile onset in this case might be attributed to the presence of the
modifying polymorphism in trans .

Case 9045 (Table 1), highlights the importance of adjunct genetic analysis, such as classic karyotyping, since
ZFPM2 pathogenic variant are disease causative only in 46,XY individuals. A 6 years-old female with a
46,XY karyotype, was referred for Disorders of Sex Development (DSD). A novel, likely pathogenic variant
c.192T>G of maternal origin was detected in theZFPM2 (FOG2 ), related to 46,XY sex reversal 9 (SRXY9).
Functional studies have suggested that failure of testis development is most likely caused by impaired or no
interactions of the mutant ZFPM2 (proteins) with GATA4 gene, which regulates early testis development
(Bashamboo et al., 2014).

Pleiotropy was another interesting observation in this cohort.GJB2 gene is associated with autosomal re-
cessive deafness or autosomal dominant Vohwinkel syndrome (De Zwart-Storm et al., 2011). Two unrelated
patients with deafness (Table 1) were homozygous for pathogenic variants c.71G>A (case 8016) and c.35delG
(case 8039) in GJB2 . Interestingly, a likely pathogenic variant c.524C>G was revealed in the same gene
in case 9088 (Table 1) with ichthyosis and keratitis but no hearing impairment; heterozygosity of GJB2:
c.524C>G likely explains the dermatological findings. Unlike recessive GJB2 variants, in which the spec-
trum and phenotype-genotype correlations have been analyzed clearly, only a few studies of GJB2 dominant
variants have been reported. However approximately two-thirds of dominant GJB2 mutations are shown to
cause syndromic hearing loss associated with diverse skin lesions(H. Wang et al., 2017).

In cases where one gene is linked to more than one disease or disease variants, like PTPN11, distinction
may be based on differential clinical features or previous reports of the specific variant.PTPN11 is usually
associated with Noonan syndrome 1, as additionally supported by findings concerning 5 unrelated patients in
this study (8112, 8133, 9080, 9138, 9148) (Table 1). In case 9165 (Table 1), a PTPN11 variant c.1381G>T
was associated with Leopard syndrome 1 (Carcavilla et al., 2013), but the patients’ diagnosis was based
on the phenotypic findings rather than the genotype (Osawa et al. 2009). Diligent clinical examination,
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biochemical tests and other pre-WES genetic tests, such as conventional and molecular karyotype, all have
important roles in supporting the interpretation of WES results.

In conclusion, classical genetic diagnosis strategies involve targeted single gene/exon analysis often with
negative or inconclusive results. Within the referred period that our academic diagnostic laboratory uses
WES, 85 cases were resolved upon the detection of 94 pathogenic variants 48 of which were novel contributing
valuable information to the genotype spectrum of the disease. Despite the technical and diagnostic challenges
associated with NGS, (phenotyping, clinical and genetic heterogeneity and variable expressivity), WES
provides a unique opportunity to resolve the genetic etiology of disorders, end diagnostic odysseys and
support the provision of appropriate medical management and genetic counseling. When used within the
context of effective multidisciplinary collaboration between clinicians and laboratories, the clinical WES
diagnostic tool becomes efficient and cost-effective and thus appropriate for first-tier genomic analysis.

However, it is important to recognize the limitations of WES, including low coverage of coding regions,
inefficient capture of GC-rich regions, misalignment of reads to reference genome, presence of pseudogenes,
homologous or repetitive regions, large deletions/duplications, complex rearrangements, triplet repeat and
imprinting variants (Bertier et al. 2016; Taylor et al. 2015; White et al. 2017). Polygenic and/or multi-
factorial diseases and limited data on VUS in coding genes not yet associated with human diseases hinder
interpretation and call for alternative approaches, such as functional studies. Finally, Whole Genome Se-
quencing potentially addresses many of the limitations of WES and can additionally detect non-coding (deep
intronic or non-coding RNAs) and structural variants (Smith et al., 2019).
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Figure 1: Patient cohort percentages classified according to the clinical features of the primary
referral.

Figure 2: The six-step phenotypic-driven strategy applied for variant filtration and interpre-
tation.

(1) Targeted analysis of the WES data, focusing on a list of genes associated with the phenotype
of the patients indicated by the clinical features according to HPO (Human Phenotype Ontology)
(https://hpo.jax.org/app/) and/or OMIM (Online Mendelian Inheritance in Man) (https://www.omim.org/)
and/or in-house in-silico gene lists, which were supplemented with genes from literature searches and estab-
lished protein-protein interaction networks; (2) Exclusion of variants with Minor Allele Frequency (MAF)
>1% according to the gnomAD database (https://gnomad.broadinstitute.org/) and/or the 1000 Genomes
Project database (http://www.1000genomes.org/), (3) Subsequent filtering of remaining variants based on
their category and gene/genomic localization, initially discarding synonymous variants, intronic variants,
variants in intergenic regions and, 3’ and 5’ UTR regions. (At this step, synonymous variants were kept
on a separately list for further investigation if appropriate); (4) The resulting variant list (including rare,
nonsense, missense, splice site, and frameshift INDELs), was subsequently filtered according to the in-silico
pathogenicity prediction, phenotype correlation, mode of inheritance and whether variants had already
been recorded and classified using the VarSome database (https://varsome.com/). Human Splicing Finder
(https://www.genomnis.com/access-hsf) was used to assess suspected splice site variants along with a con-
comitant review of the literature; (5) variant classification according to the American College of Medical Ge-
netics and Genomics (ACMG) recommendations. The five categories comprise pathogenic, likely pathogenic,
Variant of Uncertain Significance (VUS), likely benign and benign variants; (6) Finally, a multidisciplinary
team of molecular biologists, laboratory geneticists and clinical geneticists, evaluated the variant(s) most
relevant to the patient’s phenotype and decided on the variants to be disclosed in the final report.

Figure 3: Diagnostic yield (%) per category of disorder.

Based on 100% in each disorder category, the diagnostic rate is shown with black box where a molecular
diagnosis was made or with grey where no diagnosis made.
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