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Purpose: Reanalysis of exome sequencing data when results are
negative may yield additional diagnoses. We sought to estimate the
contribution of clinical geneticists to the interpretation of
sequencing data of their patients.

Methods: The cohort included 84 probands attending a tertiary
genetics institute (2015–2018) with a nondiagnostic result on
clinical exome sequencing performed in one of five external
laboratories. The raw data were uploaded to the Emedgene
bioinformatics and interpretation platform for reanalysis by a team
of two clinical geneticists, the geneticist directly involved in the
patient’s care, and a bioinformatician.

Results: In ten probands (11.9%), a new definitive diagnosis was
reached based on genes that were known to be associated with the
phenotype at the time the original report was issued. The main
reasons for a negative exome result were incorrect interpretation

of the clinical context and absence of OMIM entry. Pathogenic
variants in genes with previously unknown gene–disease
associations were discovered to be causative in three probands.
In total, new diagnoses were established in 13/84 individuals
(15.5%).

Conclusion: Direct access to complete clinical data and shortening
of time to including gene–phenotype associations in databases can
assist the analytics team and reduce the need for additional
unnecessary tests.
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INTRODUCTION
The interpretation of exome sequencing data can be complex,
and the identification of relevant disease-causing variants
remains an ongoing challenge. Negative results may be due to
technological limitations (noncoding or expansion mutations,
incomplete coverage, uniparental disomy, large indels,
chromosomal rearrangements, and copy-number variants);
unknown gene–disease associations; and epigenetic, multi-
factorial, or nongenetic factors (toxins, oxygen deprivation,
premature delivery).1 Previous studies have reported that data
reanalysis may offer an additional diagnostic yield of 10–15%,
mostly owing to newly published gene–disease associations or
identification of small deletions or duplications following
copy-number variant analysis.2,3 An additional cause of
analytics failure is incomplete recognition of the patient’s
phenotype.4,5

The aim of the present study was to estimate the
contribution of clinical geneticists to the interpretation of
the exome sequencing data of their patients.

MATERIALS AND METHODS
Study setting and participants
The study was conducted at the Raphael Recanati Genetic
Institute of Rabin Medical Center, a major tertiary hospital in
central Israel. According to departmental policy, samples are
sent to an external laboratory for clinical exome sequencing
when the clinical geneticist suspects an as-yet undiagnosed
monogenic disorder in an individual without a clinical
diagnosis or a highly heterogeneous condition that may be
caused by mutations in several different genes. The institute
uses five external laboratories: four are located in the United
States or Europe and are accredited by the College of
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American Pathologists (CAP) and registered or certified
through CLIA, and one is located in Israel (outside our
hospital) and is accredited by the Israel Ministry of Health.
From 2015 to 2018, clinical exomes from 114 probands

followed at the Recanati Genetic Institute were sent for
analysis to an external diagnostic laboratory, and the raw
sequencing data were received in return. Exome sequencing
was not covered by the Israel National Health Insurance, and
the patients paid privately for the tests and for the return of
the raw data. In 30/114 cases, the molecular diagnosis was
established. In the remaining 84 cases, the result was
nondiagnostic, and written consent was obtained from the
patients to conduct a reanalysis of the raw sequencing data by
the local team. Data reevaluation by the local team was carried
out on the same set of samples tested by the external
laboratories. Samples from additional family members were
used for confirmation and segregation analysis with Sanger
sequencing. Phenotypic information was derived by direct
review of the electronic health records, which included the
pedigree; the results of clinical, laboratory, and radiographic
investigations; and the facial images of the participants. All
study participants received updated genetic counseling.
The study protocol was approved by the Rabin Medical

Center research ethics committee.

Exome sequencing interpretation
The FASTQ files of the individuals with a nondiagnostic
clinical exome result were uploaded to the Emedgene
bioinformatics and interpretation platform (Emedgene Tech-
nologies, Ltd, Mazor, Israel; http://emedgene.com/) for
reanalysis by a team of two clinical geneticists and one
bioinformatician at our institute. Following mapping (using
the BWA-MEM algorithm) and variant calling (using multi-
ple algorithms), low quality and polymorphic variants were
filtered out. The Emedgene platform provides suggestions of
most likely candidate variants and various options for variant
filtering by inheritance mode, quality, frequency, and severity.
The list of candidate genes focused on missense, nonsense,
frameshift, and splicing variants with a minor allele frequency
of <1% in multiple populations (based on 1000 Genomes, ESP
6500, ExAC, gnomAD, and a local database). The variant
effect was determined by Polyphen, SIFT, MutationTaster,
LRT, GERP, SiPhy, PhastCons, and single-nucleotide variant
(SNV) score. Candidate variants with the relevant phenotypic
association were further discussed by the local team.
Incidental/secondary findings were not assessed.
During the reevaluation process, the team reviewed the

phenotypic data of each patient with the geneticist directly
involved in the patient’s care, and the facial images were
examined. A variant was considered causative if it was
classified as pathogenic or likely pathogenic6 and if the
geneticist managing the care of the family judged the disorder
to be clearly compatible with the phenotype. In one case, a
variant of unknown significance was suggested as a strong
candidate in trans with a likely pathogenic variant. Following
data reanalysis of proband-only exomes, candidate variant

segregation in the parents and additional family members was
performed by Sanger sequencing.

RESULTS
The characteristics of the 84 probands with a nondiagnostic
clinical exome sequencing result are summarized in Table 1.
Most of the cohort were children, and the most frequent
indication for exome sequencing was neurodevelopmental
disorder. A new definitive diagnosis related to genes that had
been known to cause human disorders at the time the original
laboratory report was issued was reached in 10/84 patients
(11.9%) (cases 1–10, Table 2). None of the causative variants
had appeared in the publicly available databases during the
time from the first to the repeated comprehensive analysis. In
all but one case, the suggested variants in genes with known
gene–disease associations were classified as pathogenic or
likely pathogenic. In one proband, a variant of unknown
significance (in trans with a likely pathogenic variant) was
suggested as a strong candidate (case 1, Table 2). In this child,
blood analysis revealed extremely high total bile salt levels (up

Table 1 Characteristics of 84 probands with nondiagnostic
clinical exome sequencing result

Characteristic No. probands

(%)

Sex

Male 51 (60.7)

Female 33 (39.3)

Consanguinity

Yes 12 (14.3)

No 72 (85.7)

Age

>18 years 3 (3.6)

<18 years 80 (95.2)

Fetus 1 (1.2)

Main indication for testing

Cognitive abnormalities with or without neurological

abnormalities or multiple congenital abnormalities

47 (55.9)

Neuromuscular abnormalities with normal cognition 13 (15.5)

Gastrointestinal abnormalities 5 (6.0)

Renal abnormalities 5 (6.0)

Eye abnormalities 4 (4.8)

Immunological abnormalities 4 (4.8)

Hematological abnormalities 2 (2.4)

Skeletal abnormalities 2 (2.4)

Respiratory abnormalities 1 (1.2)

Hearing loss 1 (1.2)

Number of tested individuals

Single 25 (29.8)

Two affected siblings 3 (3.6)

Affected proband and cousin 1 (1.2)

Affected proband and parents 51 (60.7)

Affected proband, parents and healthy sibling 3 (3.6)

Affected proband, parents and affected sibling 1 (1.2)
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to 588 μmol/L, normal level 0.0–10), a finding compatible
with the suggested diagnosis. In addition, in three probands
(cases 11–13), variants in genes with previously unknown
gene–disease associations were discovered to be causative
(Table 2); these cases were subsequently published.7–9 In 12
probands, the causative variant identified had not been
mentioned in any of the sections of the original laboratory
report. In case 11, a candidate variant in POC5 was listed in
the original laboratory report as a variant of unknown
significance. In total, diagnoses were established in 13/84
individuals (15.5%) for genes with both previously known and
unknown involvement in human disease. In seven cases, the
mode of inheritance was autosomal dominant: in six, the
variant appeared de novo, and in one, the variant was
inherited from the mother. Four cases represented autosomal
recessive inheritance, and two disorders were related to genes
on the X chromosome. The candidate variants were
confirmed by Sanger sequencing in cases 1, 2, 3, 4, 5, 6, 8,
9, 11,12, and 13. In cases 7 and 10, depth of coverage,
mapping, and base and genotype quality were high.

DISCUSSION
When a nondiagnostic result is obtained on exome sequen-
cing, additional tests may be applied, such as genome
sequencing, genome-wide deletion evaluation, and RNA
sequencing.10–12 Some authors report that genome sequencing
offers limited diagnostic utility compared with reanalysis of
exome sequencing.13 In the present study, many solved cases
involved mutations in genes with a known genotype–disease
relationship at the time of the original analysis. All the
causative variants suggested by the local team were seen by
the evaluating team in the external laboratories; in only one
case (case 3) was the causative variant considered to be an
artifact. In 4/10 cases (cases 7, 8, 9, 10), the reason for the
negative exome result was incorrect interpretation of the
clinical context. When the diagnostic laboratories were
contacted with the result of the reevaluation, they explained
that they had noted the variant but did not have sufficient
confidence it was related to the phenotype. In cases 7 and 10,
long-term developmental observation might have contributed
to successful identification of the causative variant. Despite
laboratory efforts to make test requisitions user-friendly,
many specimens are accompanied by insufficient clinical
information and the clinical data provided are frequently
insufficient to successfully prioritize variants in genes causing
similar but nevertheless different phenotypes. The team
evaluating the data in external laboratories often has no
access to such important clinical features as age at onset of the
disorder, progressive versus nonprogressive disease course,
typical gestalt, growth parameters, age at onset and types of
seizures, response to treatment of seizures, and, very
importantly, patient images.
Additional explanations for negative result were absence of

OMIM entry for gene–phenotype association and lack of
inclusion of the most relevant publications in the existing
OMIM entry (3/10 cases). In cases 1 and 5, no entry wasTa
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present in OMIM, but convincing gene–phenotype associa-
tions were reported in the literature by the time of the
negative exome report. In case 6, an intragenic deletion in the
NFIA gene was reported as causing structural brain
abnormalities and abnormal development on 22 January
2014 (PMID: 24462883), and a truncating pathogenic variant
was reported on 26 February 2015 (PMID: 27081522); the
laboratory report was issued on 29 July 2015. The OMIM
entry on the disorder related to the NFIA gene was created on
8 February 2011 but updated only on 31 October 2017. In one
case (case 4), incorrect judgment regarding mode of
inheritance was made and in one case (case 2) we could not
understand the cause for missing the causative variant
because the disorder was listed in OMIM at the time of the
original report.
Because most genomic testing is outsourced, clinical

geneticists provide little input on variant prioritization. In
addition, they are not always part of the team interpreting the
data in external laboratories. Data interpretation may be
further complicated by the possibility of novel clinical features
of a known disorder or the presence of more than one
monogenic disorder in a single individual.14 Obviously,
variant definition should not serve as a substitute for expert
clinical opinion on the possible role of the variant in causing
the patient’s phenotype.
We conclude that the increased diagnostic yield in this

study was mostly related to two factors: (1) access of the local
analytic team to more detailed phenotypic data and images of
the patients and the possibility to estimate the changing
phenotype over time, and (2) lack of inclusion of gene–disease
association or relevant publications in OMIM at the time of
the original report. This study shows that local reanalysis of
exome sequencing data can increase the diagnostic yield,
thereby reducing the need for additional costly and
unnecessary tests such as genome sequencing. When clinical
exome sequencing analysis is performed in a hospital-based
diagnostic laboratory where clinical geneticists are members
of the diagnostic team, automating the analysis and using an
intuitive, user-friendly variant filtration interface can greatly
assist clinicians in interpretation of the findings. When exome
sequencing analysis is performed by an external laboratory,
better communication between the laboratory and the clinical
team, for example via an interactive web-based platform, can
improve diagnostic accuracy. Such platforms can serve as a
virtual meeting point between the clinician and the laboratory
for rapid and efficient data management, by (1) clarifying
specific gene coverage, (2) adding phenotypic details, (3)
exchanging written communication between persons involved
in data evaluation, (4) reporting variant segregation results,
and (5) reporting a change in variant classification. It is

important to note that medicolegal aspects should be taken
into account and discussed before implementing this type of
platform in routine medical care. In addition, shortening the
time to inclusion of gene–phenotype associations and
updating entries in databases can significantly improve
variant interpretation.
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