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Introduction: Physicians face diagnostic dilemmas upon reports indicating
disease variants of unknown significance (VUS). The most puzzling cases are
patients with rare diseases, where finding another matched genotype and
phenotype to associate their results is challenging. This study aims to prove
the value of updating patient files with new classifications, potentially leading
to better assessment and prevention.

Methodology: We recruited retrospective phenotypic and genotypic data from
King Saud Medical City, Riyadh, Kingdom of Saudi Arabia. Between September
2020 and December 2021, 1,080 patients’ genetic profiles were tested in a College
of American Pathologists accredited laboratory. We excluded all confirmed
pathogenic variants, likely pathogenic variants and copy number variations.
Finally, we further reclassified 194 VUS using different local and global
databases, employing in silico prediction to justify the phenotype-genotype
association.

Results: Of the 194 VUS, 90 remained VUS, and the other 104 were reclassified as
follows: 16 pathogenic, 49 likely pathogenic, nine benign, and 30 likely benign.
Moreover, most of these variants had never been observed in other local or
international databases.
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Conclusion: Reclassifying the VUS adds value to understanding the causality of the
phenotype if it has been reported in another family or population. The healthcare
system should establish guidelines for re-evaluating VUS, and upgrading VUS
should reflect on individual/family risks and management strategies.

KEYWORDS

single nucleotide variation, variants of unknown significance, exome sequencing, next-
generation sequencing, novel variation, disease-related

Introduction

Rare diseases (RDs) are life-threatening chronic disorders found
in small groups of people (MOH, 2023). According to the online
database Orphanet, there are more than 7,362-8,120 gene-related to
RDs, with a prevalence of one in 2,000 (OMIM, 2023; Orphanet,
2023). A high rate of consanguineous marriages in Saudi Arabia
increases the prevalence of autosomal recessive disorders (Alfares
etal., 2017; Monies et al., 2017). This consanguinity results in a high
level of pathogenic alleles being carried with increasing frequency in
the Saudi population (Eissa et al., 2021; Aleissa et al., 2022). The
government of Saudi Arabia, represented by the Ministry of Health,
has introduced several screening programs to reduce the burden of
specific diseases carried by the Saudi population (Saudi Ministry of
Health, 2020). However, several studies have reported multiple
that
multicenter study of 3,310 clinical exome sequencing (ES) cases

diseases share similar phenotypes. For example, a
performed on 2,219 families characterized several phenotypes.
These phenotypes were mainly neurodevelopmental disorders,
congenital ~ malformations, = dysmorphic  features,  and
neuromuscular dystrophies (Monies et al, 2019). The same
phenotypes were also observed in several other studies (Bertoli-
Avella et al., 2021a; Bertoli-Avella et al., 2021b; Alotibi et al., 2023)
and can still be identified and diagnosed through genetic testing.
Other ultra-rare variations are usually challenging to diagnose due
to phenotypic variability (Balci et al., 2017; Posey et al,, 2017). In
ultra-rare cases, it might be associated with an overlap of two
phenotypes due to having more genetic associations than a
single-gene disorder. In these cases, the diagnosis is a dilemma;
practitioners must consider multiple diagnoses as part of an
appropriate solution (Armour et al., 2016). However, more than
50% of these cases remain with no diagnosis or treatment, leaving
the patients and their families suffering from a prolonged and
expensive diagnostic odyssey (Lewis et al, 2010; de Ru et al,
2012). In addition to the frustration caused to patients and their
caregivers, this lengthy process also burdens healthcare providers. In
the United States, it is estimated that a diagnostic odyssey costs more
than US $10,000 for each case (Marshall et al., 2019).

Genomic medicine worldwide has encountered exponential
advances in sequencing technology and interpretation tools,
accelerating the diagnostic yield for several diseases (Seaby,
Rehm, and O’Donnell-Luria, 2021). However, the results remain
variants of unknown significance (VUS), and several patients still
wait years to be diagnosed genetically (Deignan et al, 2019).
Unsolved cases account for two-thirds of all RDs (Tan et al,
2020). While the American College of Medical Genetics and
Genomics emphasizes revisiting undiagnosed cases (Deignan

et al, 2019), RD patients remain undiagnosed due to limited
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knowledge of certain variations that might be associated with
their phenotypes (Truty et al., 2019). Downstream analysis plays
a significant role in variant annotation, data filtering, and technical
aspects affecting sequence quality (Tan et al., 2020). This study aims
to reclassify VUS and match them with reported phenotypes.

Methodology
Ethical approval

Ethical approval was given by the local institutional review
board at the King Saud Medical City (KSMC) research center,
Ministry of Health, Saudi Arabia (protocol approval number
HI1R1-01-Aug21-01), in September 2021 for 1 year.

Sample size and study design

A retrospective study was conducted at KSMC in Riyadh,
Kingdom of Saudi Arabia. The inclusion criteria included
patients who visited or were referred to KSMC between
September 2020 and December 2021 with suspected genetic
diseases. The enrolled patients consented to the genetic testing
protocol for diagnostic purposes. Overall, 1,080 individuals were
tested at a commercial laboratory accredited by the College of
American Pathologists (ALqahtani et al., 2023). The analysis used
next-generation sequencing (NGS) to perform genome sequencing
(GS), exome sequencing (ES), gene panels, mitochondrial GS
(Ilumina platform), and array-based technology (microarray).

Data collection

In this study, the variants and their initial classifications were
obtained via a thorough review of clinical reports of patients. The
recruited data included basic patient demographics, phenotypes,
clinical investigations, patient information, family history, and
consanguinity collected by a medical geneticist. The patient
report included the variation that was most probably associated
with the phenotype. Overall, 738 probands, representing one
member of each family, were recruited. Patients with confirmed
diagnoses via genetic testing and those previously reported by
Algahtani et al. (2023) were excluded to avoid bias. One hundred
and ninety-four variants remained; for, 158 probands with
unresolved cases with genetic reports identifying VUS were
included. We excluded copy number variants (CNVs) from this
study.
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Schematic diagram of the pipeline used to analyse the data. ACMG: American College of Medical Genetics and Genomics.

Databases

We investigated whether variants classified as VUS had been
reported previously to associate them with the same phenotype. For
this, we followed the pipeline described in Figure 1, starting with the
research platforms VarSome 11.7 and ClinVar (Landrum et al.,
2016; Kopanos 2019). Furthermore,
pathogenicity using several in silico databases, including Sorting
Intolerant from Tolerant (SIFT) (Ng and Henikoff, 2003) and
Mutation Taster (Schwarz et al, 2010). We also investigated

et al, we evaluated

allele frequency in gnomAD database (Karczewski and Francioli,
2017). We then checked the expression level using the GETx
database to correlate the disease with its top-expressing tissue
(Lonsdale et al., 2013). The mode of inheritance was related to
the phenotype if it justified the known phenotype inheritance mode.
We also investigated segregation to exclude if the variants were
segregated in unaffected family members. To examine allele
frequency in the Saudi population, we investigated the local in-
house database in King Faisal Hospital and Research Centre
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(KFH&RC), which contains more than 13,000 ES of Saudi
individuals. gene-phenotype
associations in the repository (Azphewas, 2023) to look for rare

Moreover, we investigated
variant contributions to human diseases (Wang et al., 2021). Finally,
we assessed the phenotype-to-genotype relationship as follows:
related to phenotype, could explain the phenotype, could explain

part of the phenotype, unrelated to phenotype, and unsure.

Results

The included participants in this study underwent 186 ES as
Solo, two ES as Duo, one ES as Trio, one GS as Trio, eight panels,
and three mitochondrial GS (Table 1). Most samples were
associated with neurological disorders, accounting for 47%
(92 variants); 82% (75 variants) of the neurological disorders
were associated with psychomotor impairment, developmental
regression, and epilepsy. The second phenotype observed was
metabolic disorder (10%; 19 variants), followed by congenital
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TABLE 1 The type of molecular tests according to the reclassified variants.

10.3389/fgene.2023.1250317

Classification ES (Solo) ES (Duo) ES (Trio) GS (Trio) Mitochondrial genome (sequencing)
Pathogenic/Likely pathogenic 65* _ _ 1* Nephrology panel (1) _
Metabolic panel (1)
Uncertain significance 84* 2% 1* 1* Anaemia panel (2) 3%
Nephrology panel (2)
Immunology panel (1)
Likely benign/Benign 39* _ _ _ Autism panel (1) _

*Subjects can have more than one test.

Main phenotype
Endocrinolgical disorder, 6, 3%

Dysmorphic features, 2, 1%

Congenital malformation, 13, 7%

Cardiac disorder, 3, 2%

Bone dysplaisa, 14, 7% /

Neurological disorder,
92,47%

Neurological disorder types
e typ Neuro, 3, 3%

Neuro : Psychomotor
impairment/Development
al regression/Epilepsy, 75,

82%

FIGURE 2

External genitalia malformation, 3, 2% Gastroenterology disorder, 3, 2%

Hearing loss, 3, 2%
_ Hematological disorder, 4,
2%
—_Hepatic disorder, 3, 2%
Immunological disorder, 4,
. 2%
Metabolic disorder, 19,
10%
Multiple abnormalities,
B 5,3%

Organomegaly+/-
Hematological or hepatic

abnormalites, 3, 2%

_Renal disorder, 12, 6%

Neuro: Brain malformation/White
matter abnormalities, 6, 7%

Neuro : Developmental
disability, 1, 1%

Neuro : Movement \
disorder/Balance \
disorder, 2, 2% \

Neuro :
Neuromuscular
disorder, 5, 5%

The primary phenotype associated with unsolved cases and variants of unknown significance.

malformation (7%; 13 variants) and bone dysplasia (7%;
14 variants), with a minor representation of other phenotypes,
as indicated in Figure 2.

The variants were mainly missense, accounting for 67% of the
total single nucleotide variant, followed by 9% splicing and 7%
frameshift (Figure 3). Although 90 variants remained VUS out of the
original unclassified variants, we reclassified more than half of the
original 194 variants. In total, 104 variants were classified with the
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following reclassifications: nine as benign (B), 30 as likely benign
(LB), 16 as pathogenic (P), and 49 as likely pathogenic (LP), as
shown in Figure 4.

After we correlated the phenotype with the genotype in each
sample, we found that 60% of the phenotypes were related to a
genotype (Figure 5). In 13% of the cases, the genotype explained part
of the phenotype; in 11% of the cases, it could explain the phenotype;
in 10% of the cases, it was not associated with the phenotype; and in
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Variant types

5 prime UTR 2%
[ Synonymous 1%

Frameshift 7% \ Splicing 9%
In-frame 4%

onsense 7%
Intronic 3‘

Missense 67%

FIGURE 3
Variant types.

3%, the correlation remained unsure. Among the positive
reclassified cases, the genotype was related to the phenotype in
48 cases (77.4%), could explain the phenotype in six cases (9.6%),
and was unrelated to the phenotype in four cases (6.4%). The modes
of inheritance among the positive reclassified cases were as follows:
autosomal recessive (AR) and autosomal dominant (AD) were
approximately equal, with 28 (45%) and 27 (43.5%) cases,

10.3389/fgene.2023.1250317

respectively, X-linked comprised four cases (6.4%), and AR
versus AD comprised two cases (3%).

A review of the KFH&RC database illustrated that 11 P, 40 LP,
63 VUS, 17 LB, and 2 B variants had never been previously reported
among the Saudi population. In comparison, 5P, 8 LP, 29 VUS,
13 LB, and 7B variants had been previously noticed in this database.
Exploring Azphewas indicated that 12 variants were previously
observed; however, there was no strong correlation with a
specific phenotype. Details of the 194 variants can be found in
Supplementary Tables S1-54.

Discussion

According to their relevance, genetic variants can be classified
into one of the following categories: P, LP, VUS, LB, and B (Richards
et al,, 2015). VUS classification has an unknown impact on health,
leaving patients and clinicians uncertain about the variant’s
pathogenicity (Iancu et al, 2021). Among the 194 reclassified
VUS, about 25% were upgraded to LP, and 8% were P. Around
15% of the VUS were downgraded to LB, 5% were B, and the
majority remained VUS (49%). Among the VUS variants, six were
AD inherited from a healthy parent, which excluded disease
associations (Supplementary Table S4). Among the six variants,
one was observed to be heterozygous in the KFH&RC database.
Exploring the database further revealed that more than 60 VUS
variants had never been observed in the Saudi population, and
29 had previously been observed in the dataset.

The reclassifications from VUS to LP and P variants indicated
that 51 newly classified variants had never been observed in
KFH&RC. Among these 51 variants, 31 had not been observed in
ClinVar; thus, they might be novel variants. In all, 13 variants had

ACMBG reclassification

H VUS mBenign

FIGURE 4

Likely Bengin m Pathogenic | Likely pathogenic

Reclassifications, following the American College of Medical Genetics and Genomics guidelines.
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Phenotype association scale

0% 20% 40% 60%

m Phenotype related

10% 3%

80% 100% 120%

B Phenotype related/ Could explain the phenotype/ Could explain part of the phenotype but

inherited from healthy parent (benign)
m Could explain the phenotype

Could explain part of the phenotype
B Phenotype unrelated
B Unsure

FIGURE 5
The phenotype association scale among all probands.

been previously observed in the KFH&RC database, showing
common to rare allele frequencies. The lack of a disease database
limits novel variant discovery in Saudi Arabia because the
international database lacks Saudi descent (Monies et al., 2019).

Downgrading a VUS to B or LB might concern the requested
healthcare provider and/or proband. Hence, further explanation
should be provided regarding the variant classification process and
the evidence upon which it is based. It may be advantageous to
exclude this variant and seek another variation that might not
appear in conventional NGS. For instance, identifying new
causative variations may require techniques that explore CNVs,
including chromosomal microarrays or long-read sequencing
(Pauper et al., 2021).

Healthcare providers and patients rely on the accuracy of their
variants’ results to make life-changing medical decisions; however,
the uncertainty of VUS might create confusion for healthcare
providers and patients. Due to a limited understanding of VUS,
non-genetics healthcare providers might erroneously interpret and
incorporate VUS into management decisions (Kurian et al., 2017). It
has been demonstrated that some surgeons have performed bilateral
breast mastectomies on patients with unilateral breast cancer with
VUS in BRCAI and BRCA2 without consulting a medical geneticist
or a genetic counselor. Furthermore, several studies have indicated
that patients and their families do not always fully comprehend the
uncertainty of a VUS, which might not have been appropriately
them. This
psychological impact experienced by patients when VUS results

communicated to confusion compounds the
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are disclosed (Gould et al, 2022). A multidisciplinary team,
including board-certified medical geneticists, laboratory molecular
geneticists, and bioinformation and genetics counselors, should
carefully evaluate the reassessment of VUS. This team should re-
evaluate the patient’s phenotypes, conduct clinical investigations,
establish genotype—phenotype correlations, and determine whether
the associated disorder’s attributed variants and clinical features are
linked to the patient’s phenotype (Corominas et al., 2022; Friedman
et al., 2020). The reassessment of VUS should reflect the individual/
family risks, genetics counseling, and management strategies
(Makhnoon et al., 2023).

Although the American College of Medical Genetics and
Genomics—Association for Molecular Pathology (ACMG-AMP)
(Richards et al., 2015) has established guidelines to create
consistency in how laboratories use available evidence to
establish a variant’s pathogenicity, not all laboratories classify
genetic variants the same way. Another approach would be to
(AI) tool
interpretation software for continuous and dynamic classification

implement an artificial intelligence in variant
and prioritization of variants. These AI tools show that data-driven
approaches can solve more VUS cases than guideline-based
approaches and in silico prediction tools (Lai et al., 2020; Nicora
et al.,, 2022).

It is important to re-evaluate VUS, as future research will
improve the understanding of genes and their associated
conditions. Laboratories could share data regarding variant

classifications in a disease database to improve the understanding
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of how specific variants impact health. Valuable time could be saved
if all testing laboratories were to study variants collaboratively.
Furthermore, healthcare institutes should have robust systems
and internal guidelines for re-evaluating VUS that reassess
frequency and patient follow-up recommendations (Chiang et al.,
2021). Evaluating VUS reclassification’s clinical and psychological
impacts on the healthcare system and patients/families is also
essential (Chiang et al., 2021).

One of the most important recommendations from this study is
that all clinical laboratories should implement an internal system to
track all sequence variants identified in each gene and clinical
evidence when reported. They are also encouraged to contribute
to variant databases, such as ClinVar, including clinical evidence
used for the variant classification, to aid in the continued
understanding of the impact of human variation.

A limitation of this study is that further investigation must be
conducted using functional biology to understand the etiology of
the disease and its possible target treatments. In summary, most
of the reclassified variants were associated with neurological
disorders. Revisiting the genetic data and reclassifying the
VUS will aid in diagnosis and shorten patients’ diagnostic
odyssey. Furthermore, understanding the genetic background
of RDs will provide insight into the advancement of gene
therapy and precision medicine and accelerate innovations in
the pharmaceutical industry.

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found here: https://www.ncbi.nlm.nih.gov/
clinvar/, SUB13430259: SCV003926473 - SCV003926482.

Ethics statement

The studies involving humans were approved by King Saud
Medical City (KSMC) research center, Ministry of Health, Saudi
Arabia (protocol approval number HIRI-01-Aug21-01). The
studies were conducted in accordance with the local legislation
and institutional requirements. Written informed consent for
participation in this study was provided by the participants’ legal
guardians/next of kin.

References

Aleissa, M., Aloraini, T., Alsubaie, L. F., Hassoun, M., Abdulrahman, G.,
Swaid, A., et al. (2022). Common disease-associated gene variants in a Saudi
Arabian population. Ann. Saudi Med. 42 (1), 29-35. doi:10.5144/0256-4947.
2022.29

Alfares, A., Alfadhel, M., Wani, T., Alsahli, S., Alluhaydan, I, Al Mutairi, F., et al.
(2017). A multicenter clinical exome study in unselected cohorts from a consanguineous
population of Saudi Arabia demonstrated a high diagnostic yield. Mol Genet.
Metabolism, 121(2), 91-95. doi:10.1016/j.ymgme.2017.04.002

Alotibi, R. S., Sannan, N. S, Aleissa, M., Aldriwesh, M. G., Tuwaijri, A.Al, Akiel, M. A.,
et al. (2023). The diagnostic yield of CGH and WES in neurodevelopmental disorders.
March 11, 1133789. doi:10.3389/fped.2023.1133789

Alqahtani, A. S., Alotibi, R., Aloraini, T., Almsned, F., AlAssali, Y., Ahmed, A., et al.
(2023). Prospect of genetic disorders in Saudi Arabia. Front. Genet. 14, 1243518. doi:10.
3389/fgene.2023.1243518

Frontiers in Genetics

07

10.3389/fgene.2023.1250317

Author contributions

ASA Designed the study, wrote the IRB and collected the data,
reclassified variants, participated in the writing of discussion section,
edited and reviewed the article. MA Provided the analysis and
writing of the paper. RA Submitted the CNV to ClinVar and
reviewing the article. TA Provided the filtration and the analysis
BA Wrote, edified, reviewed the paper and provided suggestions.
AbA Investigated the allele frequency in Azphewas, edited the paper
and provided suggestions. MS Wrote and reviewed the paper. MA
investigated the allele frequency in the Saudi population and
reviewed the article. All authors contributed to the article and
approved the submitted version.

Acknowledgments

The authors gratefully acknowledged all the patients involved in
this study, including the paediatric clinic at King Saud Medical City
(KSMC).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, the editors and the reviewers. Any product that
may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fgene.2023.1250317/
full#supplementary-material

Armour, C. M., Smith, A., Hartley, T., Chardon, J. W., Sawyer, S., Schwartzentruber,
J., et al. (2016). Syndrome disintegration: exome sequencing reveals that Fitzsimmons
syndrome is a co-occurrence of multiple events. Am. J. Med. Genet. Part A 170 (7),
1820-1825. doi:10.1002/ajmg.a.37684

Azphewas (2023). AstraZeneca PheWAS portal. Available at: https://azphewas.com/.
Balci, T. B, Hartley, T., Xi, Y., Dyment, D. A,, Beaulieu, C. L., Bernier, F. P, et al.

(2017). Debunking Occam’s razor: diagnosing multiple genetic diseases in families by
whole-exome sequencing. Clin. Genet. 92 (3), 281-289. doi:10.1111/cge.12987

Bertoli-Avella, A. M., Beetz, C., Ameziane, N., Rocha, M. E., Guatibonza, P., Pereira,
C.,, et al. (2021a). Successful application of genome sequencing in a diagnostic setting:
1007 index cases from a clinically heterogeneous cohort. Eur. J. Hum. Genet. 29 (1),
141-153. doi:10.1038/s41431-020-00713-9

Bertoli-Avella, A. M., Kandaswamy, K. K., Khan, S., Ordonez-Herrera, N., Tripolszki,
K., Beetz, C,, et al. (2021b). Combining exome/genome sequencing with data repository

frontiersin.org


https://www.ncbi.nlm.nih.gov/clinvar/
https://www.ncbi.nlm.nih.gov/clinvar/
https://www.frontiersin.org/articles/10.3389/fgene.2023.1250317/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2023.1250317/full#supplementary-material
https://doi.org/10.5144/0256-4947.2022.29
https://doi.org/10.5144/0256-4947.2022.29
https://doi.org/10.1016/j.ymgme.2017.04.002
https://doi.org/10.3389/fped.2023.1133789
https://doi.org/10.3389/fgene.2023.1243518
https://doi.org/10.3389/fgene.2023.1243518
https://doi.org/10.1002/ajmg.a.37684
https://azphewas.com/
https://doi.org/10.1111/cge.12987
https://doi.org/10.1038/s41431-020-00713-9
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1250317

Al Eissa et al.

analysis reveals novel gene-disease associations for a wide range of genetic disorders.
Genet. Med. 23 (8), 1551-1568. doi:10.1038/s41436-021-01159-0

Chiang, J., Chia, T. H,, Yuen, J., Shaw, T, Li, S.-T,, Binte Ishak, N. D,, et al. (2021).
Impact of variant reclassification in cancer predisposition genes on clinical care. JCO
Precis. Oncol. 5, 577-584. doi:10.1200/P0.20.00399

Corominas, J., Smeekens, S. P., Nelen, M. R,, Yntema, H. G., Kamsteeg, E. J., Pfundt,
R, etal. (2022). Clinical exome sequencing—mistakes and caveats. Hum. Mutat. 43 (8),
1041-1055. doi:10.1002/humu.24360

Deignan, J. L., Chung, W. K., Kearney, H. M., Monaghan, K. G., Rehder, C. W., Chao,
E. C, etal. (2019). Points to consider in the reevaluation and reanalysis of genomic test
results: a statement of the American College of Medical Genetics and Genomics
(ACMG). Genet. Med. 21 (6), 1267-1270. doi:10.1038/s41436-019-0478-1

de Ru, M. H.,, Bouwman, M. G., Wijburg, F. A, and van Zwieten, M. C. B. (2012).
Experiences of parents and patients with the timing of Mucopolysaccharidosis type I
(MPS I) diagnoses and its relevance to the ethical debate on newborn screening. Mol.
Genet. Metabolism 107 (3), 501-507. doi:10.1016/j.ymgme.2012.08.008

Eissa, M., Aloraini, T., Alsubaie, L., Alswaid, A., Eyiad, W., Mutairi, F., et al.
(2021). Genetic carrier screening for disorders included in newborn screening in
the Saudi population. J. Biochem. Clin. Genet. 4, 70-75. doi:10.24911/jbcgenetics/
183-1614266028

Friedman, J. M., Jones, K. L., and Carey, J. C. (2020). Exome sequencing and clinical
diagnosis. JAMA 324, 627. doi:10.1001/jama.2020.11126

Gould, D., Walker, R., Makari-Judson, G., and Seven, M. (2022). Experiences of
individuals with a variant of uncertain significance on genetic testing for hereditary
cancer risks: a mixed method systematic review. J. Community Genet. 13 (4), 371-379.
doi:10.1007/512687-022-00600-4

Tancuy, L. F., Avila-Fernandez, A., Arteche, A., Trujillo-Tiebas, M. J., Riveiro-Alvarez,
R, Almoguera, B., et al. (2021). Prioritizing variants of uncertain significance for
reclassification using a rule-based algorithm in inherited retinal dystrophies.
Npj Genomic Med. 6 (1), 18. doi:10.1038/s41525-021-00182-z

Karczewski, K., and Francioli, L.
(gnomAD). MacArthur Lab. 1-10.

Kopanos, C., Tsiolkas, V., Kouris, A., Chapple, C. E., Albarca Aguilera, M., Meyer, R.,
et al. (2019). VarSome: the human genomic variant search engine. Bioinformatics 35
(11), 1978-1980. doi:10.1093/bioinformatics/bty897

Kurian, A. W, Li, Y., Hamilton, A. S, Ward, K. C,, Hawley, S. T., Morrow, M., et al.
(2017). Gaps in incorporating germline genetic testing into treatment decision-making for
early-stage breast cancer. J. Clin. Oncol. 35 (20), 2232-2239. doi:10.1200/JC0O.2016.71.6480

Landrum, M. J,, Lee, J. M., Benson, M., Brown, G., Chao, C., Chitipiralla, S., et al.
(2016). ClinVar: public archive of interpretations of clinically relevant variants. Nucleic
Acids Res. 44 (D1), D862-D868.

Lai, C., Zimmer, A. D., O’Connor, R., Kim, S., Chan, R., van den Akker, J., et al. (2020).
LEAP: using machine learning to support variant classification in a clinical setting.
Hum. Mutat. 41 (6), 1079-1090. doi:10.1002/humu.24011

(2017). The genome aggregation database

Lewis, C., Skirton, H., and Jones, R. (2010). Living without a diagnosis: the parental
experience. Genet. Test. Mol. Biomarkers 14 (6), 807-815. doi:10.1089/gtmb.2010.0061

Lonsdale, J., Thomas, J., Salvatore, M., Phillips, R, Lo, E., Shad, S., et al. (2013). The
genotype-tissue expression (GTEx) project. Nat. Genet. 45 (6), 580-585. doi:10.1038/ng.
2653

Makhnoon, S., Levin, B., Ensinger, M., Mattie, K., Volk, R. J., Zhao, Z, et al. (2023). A
multicenter study of clinical impact of variant of uncertain significance reclassification
in breast, ovarian and colorectal cancer susceptibility genes. Cancer Med. 12 (3),
2875-2884. doi:10.1002/cam4.5202

Frontiers in Genetics

08

10.3389/fgene.2023.1250317

Marshall, D. A., MacDonald, K. V., Heidenreich, S., Hartley, T., Bernier, F. P.,
Gillespie, M. K., et al. (2019). The value of diagnostic testing for parents of children with
rare genetic diseases. Genet. Med. 21 (12), 2798-2806. doi:10.1038/s41436-019-0583-1

MOH (2023). Rare disease. Available at: https://www.moh.gov.sa/en/
HealthAwareness/EducationalContent/Diseases/Rarediseases/Pages/default.aspx.

Monies, D., Abouelhoda, M., Alsayed, M., Alhassnan, Z., Alotaibi, M., Kayyali, H.,
et al. (2017). The landscape of genetic diseases in Saudi Arabia based on the first
1000 diagnostic panels and exomes. Hum. Genet. 136 (8), 921-939. doi:10.1007/s00439-
017-1821-8

Monies, D., Abouelhoda, M., Assoum, M., Moghrabi, N., Rafiullah, R., Almontashiri,
N, etal. (2019). Lessons learned from large-scale, first-tier clinical exome sequencing in
a highly consanguineous population. Am. J. Hum. Genet. 104 (6), 1182-1201. doi:10.
1016/j.ajhg.2019.04.011

Ng, P. C., and Henikoff, S. (2003). SIFT: predicting amino acid changes that
affect protein function. Nucleic Acids Res. 31 (13), 3812-3814. doi:10.1093/nar/
gkg509

Nicora, G., Zucca, S., Limongelli, I, Bellazzi, R., and Magni, P. (2022). A machine
learning approach based on ACMG/AMP guidelines for genomic variant classification
and prioritization. Sci. Rep. 12 (1), 2517-2612. doi:10.1038/s41598-022-06547-3

OMIM (2023). geneMap. https://www.omim.org/statistics/geneMap.

Orphanet (2023). Orphanet. Available at: https://www.orpha.net/consor/cgi-bin/
index.php.

Pauper, M., Kucuk, E., Wenger, A. M., Chakraborty, S., Baybayan, P., Kwint, M., et al.
(2021). Long-read trio sequencing of individuals with unsolved intellectual disability.
Eur. J. Hum. Genet. 29 (4), 637-648. do0i:10.1038/s41431-020-00770-0

Posey, J. E., Harel, T, Liu, P., Rosenfeld, J. A., James, R. A., Coban Akdemir, Z. H.,
et al. (2017). Resolution of disease phenotypes resulting from multilocus genomic
variation. N. Engl. ]. Med. 376 (1), 21-31. doi:10.1056/NEJMoal516767

Richards, S., Aziz, N., Bale, S., Bick, D., Das, S., Gastier-Foster, J., et al. (2015).
Standards and guidelines for the interpretation of sequence variants: a joint consensus
recommendation of the American College of medical genetics and Genomics and the
association for molecular Pathology. Genet. Med. Official J. Am. Coll. Med. Genet. 17 (5),
405-424. doi:10.1038/gim.2015.30

Saudi Ministry of Health (2020). Premarital screening. Available at: https://www.
moh.gov.sa/en/HealthAwareness/EducationalContent/PublicHealth/Pages/
PremaritalScreening.aspx.

Schwarz, J. M. Rodelsperger, C., Schuelke, M. and Seelow, D. (2010).
correspondEnce MutationTaster evaluates disease-causing potential of sequence
alterations mrsFAST: a cache-oblivious algorithm for short-read mapping. Nat.
Publ. Group 7 (8), 575-576. doi:10.1038/nmeth0810-575

Seaby, E. G., Rehm, H. L., and O’Donnell-Luria, A. (2021). Strategies to uplift novel
mendelian gene discovery for improved clinical outcomes. Front. Genet. 12,
674295-674315. doi:10.3389/fgene.2021.674295

Tan, N. B,, Stapleton, R, Stark, Z., Delatycki, M. B., Yeung, A., Hunter, M. F,, et al.
(2020). Evaluating systematic reanalysis of clinical genomic data in rare disease from
single center experience and literature review. Mol. Genet. Genomic Med. 8 (11),
e1508-e1519. doi:10.1002/mgg3.1508

Truty, R, Paul, J., Kennemer, M., Lincoln, S. E., Olivares, E., Nussbaum, R. L., et al.
(2019). Prevalence and properties of intragenic copy-number variation in Mendelian
disease genes. Genetics in Medicine 21 (1), 114-123. doi:10.1038/s41436-018-0033-5

Wang, Q., Dhindsa, R. S., Carss, K., Harper, A. R, Nag, A., Tachmazidou, I, et al.
(2021). Rare variant contribution to human disease in 281,104 UK Biobank exomes.
Nature 597 (7877), 527-532. doi:10.1038/s41586-021-03855-y

frontiersin.org


https://doi.org/10.1038/s41436-021-01159-0
https://doi.org/10.1200/PO.20.00399
https://doi.org/10.1002/humu.24360
https://doi.org/10.1038/s41436-019-0478-1
https://doi.org/10.1016/j.ymgme.2012.08.008
https://doi.org/10.24911/jbcgenetics/183-1614266028
https://doi.org/10.24911/jbcgenetics/183-1614266028
https://doi.org/10.1001/jama.2020.11126
https://doi.org/10.1007/s12687-022-00600-4
https://doi.org/10.1038/s41525-021-00182-z
https://doi.org/10.1093/bioinformatics/bty897
https://doi.org/10.1200/JCO.2016.71.6480
https://doi.org/10.1002/humu.24011
https://doi.org/10.1089/gtmb.2010.0061
https://doi.org/10.1038/ng.2653
https://doi.org/10.1038/ng.2653
https://doi.org/10.1002/cam4.5202
https://doi.org/10.1038/s41436-019-0583-1
https://www.moh.gov.sa/en/HealthAwareness/EducationalContent/Diseases/Rarediseases/Pages/default.aspx
https://www.moh.gov.sa/en/HealthAwareness/EducationalContent/Diseases/Rarediseases/Pages/default.aspx
https://doi.org/10.1007/s00439-017-1821-8
https://doi.org/10.1007/s00439-017-1821-8
https://doi.org/10.1016/j.ajhg.2019.04.011
https://doi.org/10.1016/j.ajhg.2019.04.011
https://doi.org/10.1093/nar/gkg509
https://doi.org/10.1093/nar/gkg509
https://doi.org/10.1038/s41598-022-06547-3
https://www.omim.org/statistics/geneMap
https://www.orpha.net/consor/cgi-bin/index.php
https://www.orpha.net/consor/cgi-bin/index.php
https://doi.org/10.1038/s41431-020-00770-0
https://doi.org/10.1056/NEJMoa1516767
https://doi.org/10.1038/gim.2015.30
https://www.moh.gov.sa/en/HealthAwareness/EducationalContent/PublicHealth/Pages/PremaritalScreening.aspx
https://www.moh.gov.sa/en/HealthAwareness/EducationalContent/PublicHealth/Pages/PremaritalScreening.aspx
https://www.moh.gov.sa/en/HealthAwareness/EducationalContent/PublicHealth/Pages/PremaritalScreening.aspx
https://doi.org/10.1038/nmeth0810-575
https://doi.org/10.3389/fgene.2021.674295
https://doi.org/10.1002/mgg3.1508
https://doi.org/10.1038/s41436-018-0033-5
https://doi.org/10.1038/s41586-021-03855-y
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://doi.org/10.3389/fgene.2023.1250317

	Reclassifying variations of unknown significance in diseases affecting Saudi Arabia’s population reveal new associations
	Introduction
	Methodology
	Ethical approval
	Sample size and study design
	Data collection
	Databases

	Results
	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


