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Abstract

In a clinical setting, DNA sequencing can uncover findings unrelated to the purpose
of genetic evaluation. The American College of Medical Genetics and Genomics
(ACMG) recommends the evaluation and reporting of 59 genes from clinic genomic
sequencing. While the prevalence of secondary findings is available from large
population studies, these data lack Arab and other Middle Eastern populations. The
Qatar Genome Program (QGP) generates whole-genome sequencing (WGS) data
and combines it with phenotypic information to create a comprehensive database
for studying the Qatari and wider Arab and Middle Eastern populations at the mo-
lecular level. This study identified and analyzed medically actionable variants in the
59 ACMG genes using WGS data from 6045 QGP participants. Our results identified
a total of 60 pathogenic and likely pathogenic variants in 25 ACMG genes in
141 unique individuals. Overall, 2.3% of the QGP sequenced participants carried a
pathogenic or likely pathogenic variant in one of the 59 ACMG genes. We evaluated
the QGP phenotype-genotype association of additional nonpathogenic ACMG var-
iants. These variants were found in patients from the Hamad Medical Corporation or
reported incidental findings data in Qatar. We found a significant phenotype asso-
ciation for two variants, c.313+3A>C in LDLR, and ¢.58C>T (p.GIn20%*) in the TPM1.
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collecting the genomic data. Up until now, there is no consensus on

whether to return these secondary findings or not. Some recommend

Technological developments and reduction in costs have led to
genome/exome sequencing becoming fully incorporated in both re-
search and clinical settings to understand and diagnose genetic dis-
eases. Occasionally, genome/exome sequencing can uncover

secondary findings that are not related to the primary purpose for

the disclosure of secondary findings to patients when there is a pa-
thogenic (P) variant that could lead to a disease with evidence that
strongly supports early intervention benefits (Green et al., 2013).
Another point of view considers the patient perspective in which

receiving secondary findings can cause distress rather than being of
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any clinical benefit, leading to health insurance issues and/or em-
ployment discrimination (Hegde et al., 2015).

American College of Medical Genetics and Genomics (ACMG)
recommends clinical sequencing laboratories to report P variants
in 59 genes even when these are unrelated to the primary reason
of genetic analysis. These 59 genes are associated with highly
penetrant mutations leading to diseases. Individuals carrying
P variants in these genes are at high risk to develop diseases in
the future that could be treated or prevented to reduce morbidity
and/or mortality (Kalia et al., 2017). The ACMG has recently re-
leased an updated policy statement for reporting secondary
findings. A total of 73 genes have been included in the SF v3.0 list
for reporting of secondary findings, with an intent to update the
gene list annually (Miller, Lee, Chung, et al., 2021; Miller, Lee,
Gordon, et al., 2021). While the prevalence and epidemiology of
medically actionable variants are available from large population
studies, there is a lack of data on genetic variants prevalent in the
Arab and Middle Eastern population, where consanguineous
marriages are common (Al Thani et al., 2019; Scott et al., 2016;
Tadmouri et al., 2009).

The Qatar Genome Program (QGP) is a population-based project
launched by the Qatar Foundation to generate a large whole-genome
sequencing (WGS) data set. In combination with the comprehensive
phenotypic information collected by the Qatar Biobank (QBB) (Al
Thani et al., 2019), this will be used to study the genetic architecture
of the Qatari population, generate a Qatari reference genome, and
implement precision medicine (https://qatargenome.org.qa). To this
date, the program has sequenced more than 10,000 whole genomes
from the local population. The combination of WGS and health data,
at the individual level, confer the possibility of understanding the
diverse phenotypic consequences and the penetration of genetic
variations in disease-causing genes.

Our goal in this study was to identify and analyze medically ac-
tionable variants in the 59 ACMG genes in WGS data from 6045
participants from the QGP first phase. In summary, the study is a
systematic attempt to identify clinically relevant findings to make
clinical prediction feasible for the individual's health. To the best of
our knowledge, this study is the largest and most comprehensive
analysis to estimate medically actionable variants in the Arab popu-
lation of the Middle East.

2 | MATERIALS AND METHODS

2.1 | ACMG 59 genes recommended for reporting
secondary findings

Genes studied here are the 59 medically actionable genes
(Table S1), as recommended by the ACMG SF v2.0, to return in
any clinical genomic sequencing laboratory, even when unrelated
to the primary medical reason for testing since they are asso-
ciated with highly penetrant mutations causing disease pheno-
types (Kalia et al., 2017).

2.2 | Data set of Qatari population genomes

QBB targets to recruit 60,000 subjects aged 18 years or more with
follow-up every 5 years. The current analysis includes data for 6045
QGP participants. Detailed information about the cohort, phenotypic
data, and collection of samples by QBB have been described else-
where (Al Thani et al., 2019). The QBB comprises phenotypic data,
including sociodemographic information, medical history, imaging,
and physical and clinical measurements. Moreover, biological samples
(blood, urine, saliva, DNA, RNA, and viable cells) of recruited parti-
cipants are also collected and stored.

The WGS data set encompassed 88,191,239 genetic variants, of
which 74,991,446 were single nucleotide variants and 13,199,792 in-
sertions and deletions, obtained from 6045 participants in Qatar. De-
tails on the collection and processing of WGS data from the QGP have
been described previously (Al Thani et al., 2019; Thareja et al.,, 2021).
Briefly, genomic DNA was extracted from whole peripheral blood using
the automated QIASymphony SP instrument according to the Qiagen
MIDI kit protocol's recommendations (Qiagen). Sequencing was con-
ducted on the lllumina HiSeq X Ten (lllumina) platform with an average
of x30 coverage. FASTQ (v0.11.2) files (https://www.bioinformatics.
babraham.ac.uk/projects/fastqc/) were aligned to the reference gen-
ome GRCh37 (hs37d53). Data were processed using the bwakit
(v0.7.11) (https://github.com/Ih3/bwa/tree/master/bwakit) tool. Var-
iants calling were performed using GATK (v3.4) following best
practice for variant calling (https://software.broadinstitute.org/gatk/
documentation/article?id=3238). Joint calling was performed on in-
dividual gVCF files to generate a joint multi-samples VCF file for all the
samples. After performing the GATK VQSR filtering steps, only variants
with PASS filter were considered for further downstream analysis.

A total of 148,285 variants were retrieved from the QGP data set
corresponding to the 59 ACMG genes. These variants were annotated
using SnpEff/SnpSift (v4.3t) (https://pcingola.github.io/SnpEff/) in which
different databases, including dbSNP (build 151) (Sherry et al., 2001),
dbNSFP (v2.9) (https://sites.google.com/site/jpopgen/dbNSFP), GWAS
catalog (https://www.ebi.ac.uk/gwas/), and msigDBdb (v5.0) (https://
www.gsea-msigdb.org/gsea/msigdb/index.jsp) were used for an in-
tegrated annotation. We further performed annotation using different
clinical genome reference databases, such as Human Genome Mutation
Database (HGMD) (v2018.2) (Stenson et al., 2009), ClinVar (v20190211)
(Landrum et al, 2016), and Online Mendelian Inheritance in Man
(OMIM). Allele frequencies across global populations were added using
frequency databases, such as gnomAD Exome and WGS (r2.0.2), Exac
(r0.3.1), 1000 Genome Project (Altshuler et al., 2010), and the Greater
Middle East data (GME) (Scott et al., 2016).

2.3 | Ethics statement

QGP data set is anonymized. All phenotypic data, including clinical,
biological, physical, demographic, and family history, were obtained
from the QBB (http://www.gatarbiobank.org.ga). All QBB partici-
pants were requested to sign a generic consent form before their
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participation, allowing their samples and data to be used anon-
ymously for research (Al Thani et al., 2019). Hamad Medical Cor-
poration (HMC) Ethics Committee approved the QBB study protocol,
and it is renewed annually by QBB Institutional Review Board (IRB). A
request was made to access the QGP and QBB data (https://www.
gatarbiobank.org.qa/research/how-to-apply), which was approved by
the QBB IRB (IRB protocol number, QF-QGP-RES-PUB-002).

2.4 | Curation of Broad, Strict, and likely
pathogenic (LP) loss of function (LOF) lists

We used the same criteria as the UK Biobank (UKB) study (Van
Hout et al., 2020) to generate a high confidence Strict list and a
comprehensive Broad list of potentially P variants. We compiled
the variant data of 6045 WGS from the QGP data set to generate
the Strict list of variants identified as P or LP, with no conflicts in
interpretation and having 22 stars (multiple submitters provided
the pathogenicity of the variant, or the variant was tested using a
genetic panel) according to the review and clinical significance
criteria on the NCBI ClinVar database. The comprehensive Broad
list contains variants reported in the HGMD and ClinVar data-
base, identified as disease-causing (DM) and P/LP according to
HGMD and ClinVar database, respectively. Variants with a con-
flicting interpretation of pathogenicity between HGMD and
ClinVar databases were removed from the list. All variants that
fulfilled the Broad or the Strict lists classification criteria were
described as P variants.

In addition to P variants, for both the Strict and Broad lists, we
also included expected to be P LOF variants in the 59 ACMG genes,
where according to ACMG recommendations (Green et al., 2013;
Kalia et al., 2017; Richards et al., 2015), LOF is known to be the
disease-causing mechanism. This list includes predicted LOF variants
(stop gained, start lost, stop lost, splice donor, splice acceptor, and
frameshift) that are unreported in dbSNP, ClinvVar, HGMD, 1000
Genome Project, gnomAD, and GME, the sequence variations are
expected to be P and have MAF <0.001 in QGP. We classified var-

iants in this list as LP.

2.5 | Analysis of phenotypic data from QBB

All QGP participants who were recruited by QBB went into three
main visits that included (1) participant questionnaires conducted by
trained staff nurses and computerized self-administered questions,
(2) physical and clinical measurements, and (3) collection and storing
of biological samples (blood, urine, and saliva).

From the QBB (Al Thani et al., 2019), we extracted phenotypic
data related to cardiovascular diseases, cancer, and familial hy-
percholesterolemia associated with the ACMG 59 genes (Table S2),
to Identify genotype-positive participant (GPP) who carry a unique
variant in one of 59 ACMG genes and have supporting phenotypic
information.

We have used the term “variant” to describe a unique variant in
one of 59 ACMG genes and GPPs to indicate the total number of
individuals (at least one) who carry a unique variant in any one of 59
ACMG genes.

2.6 | ACMG variants in an independent cohort
from the clinic

HMC exome sequencing data set (unpublished data), from an in-
dependent cohort of clinical samples from HMC, contains 139 variants
found in patients with different clinical indications for genetic testing. We
extracted the variants in the 59 ACMG genes and found eight variants in
seven genes, ¢.3920T>A (p.lle1307Lys) in APC; c.650C>T (p.Thr217lle) in
DSG2; ¢.313+3A>c in LDLR; c.1376C>G (p.Ser459*) in PMS2; c.883G>A
(p.Glu295Lys) in SCN5A; ¢.340+5G>C and c¢.233A>G in VHL; and
c.4065_4068delTCAA (p.Asn1355fs) in BRCA1. We analyzed the phe-
notypic data of QGP participants who are genotype positive for the same
seven variants that were found in patients from the HMC cohort.

2.7 | Medically actionable variants in 59 ACMG
genes from reported data in Qatar

We performed an online search for the frequency of medically ac-
tionable variants in Qatar. The Jain et al. study is the only available
published estimation of the frequency of medically actionable var-
iants in the Qatari population (Jain et al., 2018). One thousand and
five whole exomes and whole genomes from unrelated healthy in-
dividuals in Qatar (Fakhro et al., 2016) have been used to calculate
the frequency of actionable secondary findings. Jain et al. presented a
frequency of 0.59% medically actionable variants in Qatar. Four P
and LP variants were identified, and three LOF variants were classi-
fied as variants of unknown significance (VUS). We compared the
classification of these variants (4 P/LP and the 3 VUS) with our data
and analyzed the phenotypic data of the QGP-GPPs.

2.8 | Statistical analysis

To test the genotype-phenotype association of variants identified in the
HMC cohort and in the Jain et al. study, we performed Fisher's exact test
using GraphPad Prism (version 8.4.3). The association was described with

an odds ratio (OR) and the level of significance was expressed using
p values: *p < .05, **p < .01, ***p <.001, ****p <.0001.

3 | RESULTS
3.1 | Actionable P and LP variants in QGP data

We found 298 variants in 41 of the 59 ACMG genes, annotated as
DM mutations in HGMD, with a median of five variants per gene.
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WGS data of 6,045 Qatari from QGP used to retrieve the variants in 59 ACMG genes

A total of 148,285 variants in 59 ACMG genes were

retrieved

Comparison with
pathogenic variants
databases (HGMD and
ClinVar)

LOF variants not reported in
(dbSNP, HGMD, ClinVar, 1000
Genome Project, gnomAD, and
GME)

298 DM variants in
41 ACMG genes

48 P/LP variants in
22 ACMG genes

LOF variants in the 44 ACMG genes
where protein truncation is known to be
the disease-causing mechanism and the

variant has MAF < 0.001 in QGP.

|

HGMD (DM) and Clinvar

ClinVar (P/LP) variants with >2 stars
according to review and clinical
(P/LP) significance criteria in ClinVar

LOF list
15 variants

L Broad list

43 variants

Strict list
29 variants

FIGURE 1 Flow chart of pathogenic and likely pathogenic variants classification in 59 ACMG genes identified in 6045 WGS data from the
Qatar Genome Program. DM, disease-causing; GME, Great Middle East; HGMD, Human Gene Mutation Database; LOF, loss of function;
LP, likely pathogenic; MAF, minor allele frequency; QGP, Qatar Genome Program; P, pathogenic

Forty-eight variants in our data set were annotated as P or LP in 22 of
59 ACMG genes, according to the review and clinical significance
criteria of the ClinVar database. Thirty-eight LOF variants that were
not reported before in HGMD, ClinVar, dbSNP, gnomAD Exome and
WGS, 1000 Genome Project, and GME were also found in 59 ACMG
genes. Out of these 38 not reported LOF variants, 15 variants were
found in genes where protein truncation is known to be the disease-
causing mechanism (MUTYH, TNNT2, KCNQ1, WT1, PKP2, BRCA1,
BRCA2, DSC2, LDLR, and COL3A1). Furthermore, these LOF variants
had MAF <0.001 in QGP (Table S3). Using our variant classification
criteria, we identified 29 P variants in the Strict list, 43 P variants in
the Broad list, and 15 LP variants in the LOF list (Figure 1 and
Table 1).

Of note, two P variants (c.2449C>T [p.Arg817Trp] in MYBPC3,
and c.1127G>A [p.Arg376His] in SCN5A) included in the Strict list,
were not found in the Broad list, meaning that they were not clas-
sified as DM mutations in HGMD.

P and LP variants in LDLR were the most frequent (8 variants and
12 GPPs), followed by ATP7B (6 variants and 12 GPPs), MUTYH (5
variants and 24 GPPs), BRCA1 (5 variants and 15 GPPs), and BRCA2
(4 variants and 9 GPPs).

3.2 | P and LP cancer variants

P and LP variants associated with different cancer types were the
most frequent medically actionable variants in QGP data (35%)
(Figure 2a). MUTYH (5 variants and 24 GPPs), BRCA1 (5 variants and
15 GPPs), BRCA2 (4 variants and 9 GPPs), WT1 (2 variants and

3 GPPs), PMS2 (1 variant and 3 GPPs), VHL (1 variant and 2 GPPs),
MLH1 (1 variant and 1 GPP), RET (1 variant and 1 GPP), and SDHB
(1 variant and 1 GPP).

Ten DM variants were identified in BRCA2 (Table S4), of which
two variants, ¢.9382C>T (p.Arg3128*), and c.4211_4215delCAAAT
(p.Ser1404*), were classified as P in the Broad and Strict lists.

We found four QGP subjects carrying the frameshift variant
¢.4211_4215delCAAAT (p.Ser1404*) in BRCA2, which results in an ab-
sent or disrupted protein product. Although this variant has been re-
ported as P, we evaluated the four QGP subjects, and none of them had
any personal or parent history of cancer (Table S5). Two unreported
variants in BRCA2 were classified as LP in the LOF list, c.-39-1G>C, and
€.2711_2714dupGAAA (p.Asn905Lysfs*4). We analyzed the phenotypic
data and found that the two GPPs (both males) -carrying
¢.2711_2714dupGAAA (p.Asn905Lysfs*4) had a family history of cancer
(one participant reported a history of a father with cancer “not specified”
and the other participant reported a history of a mother with breast
cancer).

We also found four QGP subjects carry the mutation c.4850C>A
(p.Ser1617*) in BRCA1. This variant is known to be associated with
familial breast/ovarian cancer and with the hereditary cancer-
predisposing syndrome (Al Hannan et al., 2019). Out of four QGP
subjects, three have a family history of cancer (mother with breast
cancer, a mother with endometrium cancer, and a father with bowel
cancer). The variant has not been detected in the gnomAD or EXAC
datasets. We found the c.4065_4068delTCAA (p.Asn1355fs) in
BRCA1, known to be associated with familial breast and ovarian
cancer (Maxwell et al., 2017), in a clinical case of breast cancer
evaluated at HMC. We found one QGP subject (carrier frequency of
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(a) Distribution of medically actionable variants in QGP

W Cancer M Cardiovascular diseases
m Familial hypercholesterolemia Wilson disease
W Others

(b) Genotype positive participants

1.3
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FIGURE 2 The distribution of ACMG pathogenic and likely
pathogenic medically actionable variants in Qatar genome data.

(a) Frequency of pathogenic and likely pathogenic variants in 59
ACMG genes among different diseases categories. (b) Frequency of
QGP participants who carry pathogenic and likely pathogenic variants
based on different diseases categories. Error bars represent a 95%
confidence interval. Cardiovascular diseases include arrhythmogenic
right ventricular cardiomyopathy type 9, Brugada syndrome 1,
Dilated cardiomyopathy 1A, Familial hypertrophic cardiomyopathy 1
and 7, Long QT syndrome 1 and 2. Cancer includes Lynch syndrome,
Multiple endocrine neoplasia, type 2a and 2b, MYH-associated
polyposis, Paragangliomas 4, Von Hippel-Lindau syndrome, Breast-
ovarian cancer, familial 1 and 2. Others include: Malignant
hyperthermia, Ehlers-Danlos syndrome, and Marfan's syndrome.
ACMG, American College of Medical Genetics and Genomics; QGP,
Qatar Genome Program

. 1595
Human MutationBg I =G M

0.008%) carries c.4065_4068delTCAA (p.Asn1355fs) in BRCA1. This
subject, had a maternal history of endometrium cancer.

We found three QGP subjects carrying the variant c.1376C>G
(p.Serd59*) in the PMS2 gene. This variant is expected to result in an
absent or disrupted PMS2 protein product. This variant is not present
in population databases (ExAC and gnomAD). c.1376C>G (p.Ser459*)
has been reported in individuals affected with T-cell lymphoblastic
lymphoma (Oberg et al., 2016). Out of three QGP subjects, we found
that two heterozygote subjects have a positive family history of lung
cancer (Table S5).

3.3 | P and LP cardiovascular variants

Thirty percent of the identified P and LP variants were found in genes
related to cardiovascular diseases, KCNQ1 (3 variants and 14 GPPs),
MYBPC3 (3 variants and 7 GPPs), PKP2 (2 variant and 6 GPPs), SCN5A
(2 variants and 5 GPPs), MYH7 (2 variants and 2 GPPs), TNNT2
(2 variants and 2 GPPs), DSC2 (1 variant and 2 GPPs), LMNA (1 variant
and 1 GPP), KCNH2 (1 variant and 1 GPP), and TNNI3 (1 variant and
1 GPP).

DM variants in SCN5A were the most prevalent HGMD DM
variants in QGP data (37 DM variants) (Table S4). Only two variants in
SCN5A were reported in our lists, the ¢.2893C>T (p.Arg965Cys) in
the Broad list and c.1127G>A (p.Arg376His) in the Strict list.

DM variants in MYBPC3 and KNCQ1 were also frequent in the
HGMD DM variants list in QGP data. We identified 18 DM variants in
MYBPC3. Three P variants, c.2311G>A (p.Val771Met), c.495G>C
(p.Glu165Asp), and ¢.2449C>T (p.Arg817Trp) in MYBPC3, associated
with familial hypertrophic cardiomyopathy, were reported as P var-
iants in our lists. We found that five GPPs carried c.495G>C
(p.Glu165Asp) in MYBPC3. By analyzing the phenotypic data of GPPs
for c.495G>C (p.Glu165Asp), we found that one QGP subject, aged
33 years, had an abnormal electrocardiogram (ECG) report (Sinus
rhythm with first degree AV block), two subjects had borderline ECG,
and one of them had parents with a history of heart disease (both,
mother and father) (Table Sé).

We identified 14 DM variants in the KCNQ1 gene in the QGP
participants; two of them, c.569G>A (p.Arg190GIn) and c.914G>T
(p.Trp305Leu), were reported in the pathogenic Strict and Broad lists.
Detailed phenotypic analysis of six GPP who carried these two var-
iants is described in Table S6. One previously not reported variant
c.5+1G>A in KCNQ1 was reported as LP in the LOF list. Out of the
eight QGP subjects who carried this variant, one had an abnormal
ECG (Sinus rhythm with occasional ventricular premature complex),
one had a borderline ECG, and one subject had a history of sibling
diagnosed with a heart attack (Table Sé).

We found five QGP subjects carrying the ¢.148_151delACAG
(p.Thr50Serfs*61) mutation in the PKP2 gene in the Strict list. We
evaluated the phenotypic data of the five heterozygous QGP subjects
who carried this variant. We found one of them had abnormal ECG
(right bundle branch block), one had borderline ECG, and one with
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parents with a history of heart disease (Table S6). One GPP (31 years
old) was found to carry the previously unreported frameshift variant
€.925_935delGCCGTGGATTC (p.Ala309GInfs*23) in PKP2. We
evaluated the phenotypic data of this GPP and found an abnormal
ECG report (Sinus bradycardia with arrhythmia and marked right axis
deviation) and self-reported history of a father with heart disease.

3.4 | P and LP variants associated with familial
hypercholesterolemia

Seven P variants and one LP variant were identified in the LDLR
gene associated with familial hypercholesterolemia. In total, 12 GPPs
carried P and LP variants in the LDLR gene. Ten out of 12 GPPs who
had P and LP variants in LDLR had either abnormal lipid profiles or
self-reported medical history of high cholesterol (Table S7).

We identified one P variant in the APOB gene, c.10700C>T
(p.Thr3567Met), in nine heterozygous participants. Three out of
these nine GPPs were found to have self-reported that they had been

on treatment for high cholesterol.

3.5 | Other diseases

We identified P and LP variants in genes associated with other dis-
eases, such as Wilson disease (MIM# 277900) (6 variants in ATP7B),
Malignant hyperthermia (MIM# 145600) (4 variants in RYR1), Ehlers-
Danlos syndrome (MIM# 130050) (1 variant in COL3A1), and Mar-
fan's syndrome (MIM# 154700) (1 variant in FBN1), in 20 GPPs in
QGP; however, we did not find related phenotypic data for these
diseases in QBB.

3.6 | ACMG variants in HMC exome data and QGP
phenotypes

Out of the eight variants in 59 ACMG genes found in HMC exome
sequencing data, seven variants were found in QGP data. We analyzed
the phenotype-genotype association of QGP participants who are gen-
otype positive for the same seven variants that have been found in pa-
tients from HMC. We found 509 QGP subjects (489 heterozygotes and
20 homozygotes), (QGP carrier frequency of 4.3%) had the c.3920T>A
(p.lle1307Lys) variant in APC. The HMC patient carrying this variant had a
personal and a family history of colon cancer. We found 67 QGP parti-
cipants had personal or family clinical histories of different cancer types
(p=.2799, OR = 1.160). Out of these 67 QGP subjects, 19 GPPs reported
personal or familial histories of colorectal and gastric cancers (p =.7016,
OR =1.103). ¢.3920T>A (p.lle1307Lys) has been detected in gnomAD at
an allele frequency of 3.6% in Ashkenazi Jewish individuals but only
0.06% in other population groups. c.3920T>A (p.lle1307Lys) was initially
identified in Ashkenazi Jewish subjects but has also been shown to be
present in other population groups (Shtoyerman-Chen et al., 2001). This
variant is associated with a 2.5-fold risk of colon cancer and other cancers

in several population groups (Leshno et al., 2016). The high risk of cancer
in subjects carrying this mutation is thought to be due to an increase in
the length of a polyA tract in the risk allele, which makes it prone to
polymerase slippage and to the generation of frameshift variants in di-
viding cells (Ghatak et al., 2017). In our cohort, we found slightly in-
creased OR, but it is not statistically significant. Therefore we could not
confirm the pathogenicity of this variant.

The ¢.883G>A (p.Glu295Lys) variant in SCN5A was detected in
homozygosity in one clinical case with Brugada syndrome and ab-
normal cardiac rhythm in the HMC exome sequencing data set. We
found nine GPPs carrying c.883G>A (p.Glu295Lys). Out of these, two
had abnormal ECG (one subject had sinus tachycardia with possible
left atrial enlargement, and another subject had ST elevation with
normally inflected T wave), five had borderline ECG (p=.1794,
OR =3.495), and three had a parent with a history of heart disease
(p=>.9999, OR=0.7975). The variant was detected only once in
gnomAD (T =0.00000 (1/245,968)).

We have found that six QGP subjects (carrier frequency of 0.05%)
carried the ¢.313+3A>C variant in LDLR. This mutation is predicted to
cause abnormal splicing by destroying the splice donor site in intron three.
The variant was not observed in the NHLBI Exome Sequencing Project,
indicating it is not a common benign variant in European and African
American populations (Do et al., 2015). This variant has been detected in
two patients at HMC that presented with familial hypercholesterolemia.
We found six GPPs carrying c¢.313+3A>C in heterozygosity in QGP data.
All six QGP participants had a significant self-reported history of high
cholesterol (***p =.0009, OR =Inf.), and five participants also reported
treatment for high cholesterol (one participant on a diet only and four
participants on diet and medication) (*p =.0120, OR = 11.37).

c.650C>T (p.Thr217lle) in DSG2 was identified in heterozygosity
in a clinical case at HMC that presented with recurrent cardior-
espiratory arrest, developmental delay, hypotonia, and thinning of the
corpus callosum. The parents of this case were unaffected. We found
34 QGP-GPPs carrying c.650C>T (p.Thr217lle) without any personal
or family history of heart disease.

Two HMC clinical cases of Von Hippel Lindau syndrome were
found to carry c.233A>G and ¢.340+5G>C variants in VHL. We
could not identify any QGP-GPP for c.233A>G; however, we found
74 QGP subjects (carrier frequency of 0.6%) carrying c.340+5G>C.
This intron splice mutation in the first intron of VHL was not ex-
pected to have clinical significance because it was identified in
4.5% (9/200) Southern Han Chinese chromosomes by the 1000
Genomes Project (Olfson et al., 2015). It has been detected in
gnomAD at an allele frequency of 0.0021. Among the 74 QGP
subjects carrying c¢.340+5G>C, 16 had a personal or family history
of cancer. However, the results were not statistically significant
(p=.1995, OR=1.460), and it is not expected to have clinical
significance.

Finally, we found one HMC clinical case carrying the P variant
¢.1376C>G (p.Serd59*) in PMS2 and one HMC clinical case carry the
P variant c.4065_4068delTCAA (p.Asn1355fs) in BRCA1l. These two
variants were reported as P variants in our Broad and Strict lists, and we

have provided phenotypic data for these in the cancer section (Table S5).
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3.7 | Reported medically actionable data in Qatar
and QGP phenotypes

Four P and LP variants were reported in Jain et al. study in 1005
whole exomes and genomes from Qatar (Jain et al.,, 2018). These
variants are ¢.14524G>A (p.Val4842Met) in RYR1; c.619G>A
(p.Val207Met) in KCNQ1; c.4018G>A (p.Val1340lle) in SCN5A; and
¢c.536A>G (p.Tyr179Cys) in MUTYH. Out of four P/LP variants in Jain
et al.'s study, only c.536A>G (p.Tyr179Cys) in MUTYH were reported
in our data as a P variant.

We found three heterozygous QGP subjects carrying the
c.619G>A (p.Val207Met) variant in KCNQ1, which was annotated as
LP in 1005 whole exomes and genomes from Qatar (Jain et al., 2018).
This variant is classified as likely benign in the ClinVar database. All
three subjects carrying KCNQ1 ¢.619G>A (p.Val207Met) had nor-
mal ECG.

We found two heterozygous GPP carrying the variant
c.4018G>A (p.Val1340lle) in SCN5A. This variant was annotated as
LP in 1005 whole exomes and genomes from Qatar (Jain et al., 2018).
The two QGP subjects carrying this variant had borderline ECG al-
terations (20-year-old female with marked sinus arrhythmia and 32-
year-old male with sinus bradycardia) (p =.1239, OR = Infinity).

Five QGP-GPPs carried the variant c¢.14524G>A (p.Val4842Met)
in RYR1 in heterozygosity, which is classified as P in 1005 whole
exomes and genomes from Qatar. We did not find related phenotypic
data for Malignant hyperthermia associated with RYR1 mutations in
the QBB.

Three LOF variants in Jain et al.'s study classified as VUS were
observed, c.2037C>A (p.Cys679*) in PCSK9, c.9976A>T (p.Lys3326%)
in BRCA2, and c.58C>T (p.GIn20*) in TPM1.

We have found 40 QGP subjects (MAF of 0.003 in QGP) carrying
the stop-gain variant c.9976A>T (p.Lys3326*) in BRCA2. The variant
was annotated as VUS in the data of 1005 whole exomes and gen-
omes from Qatar (Jain et al., 2018). We found one genotype-positive
QGP subject carrying c.9976A>T (p.Lys3326*) had breast cancer, and
9 QGP subjects having parents with upper aerodigestive cancers
(p=.1279, OR=1.763).

We found that 15 QGP subjects carry the stop gain mutation
c.58C>T (p.GIn20*) in the TPM1 gene. c.58C>T (p.GIn20*) was an-
notated as VUS in the 1005 whole exomes and genomes from Qatar
due to the absence of clinical information (Jain et al., 2018). We have
found here that 8 of these 15 QGP subjects carrying ¢.58C>T
(p.GIn20*) have abnormal ECG data (***p =.0006, OR = 6.592), five
have fathers with a history of heart disease, and four have mothers
with heart disease (p=.1971, OR=2.055). Interestingly, c.58C>T
(p.GIn20*) has rarely been identified in large population data sets
(1000 Genomes, and ExAC), with an allele frequency of 0.0003.

Finally, four heterozygous QGP-GPPs carrying c¢.2037C>A
(p.Cys679*) in PCSK9. c.2037C>A (p.Cys679*) was reported as VUS
in the 1005 whole exomes and genomes from Qatar. We evaluated
the phenotypic data of the four QGP-GPPs, and none of them
had abnormal lipid profiles or self-reported histories of
hypercholesterolemia.

 WILEY——**7
4 | DISCUSSION

The availability of a large WGS data set from the QGP first phase
prompted us to study the frequency of medically actionable variants
in the Arabic population, which is mostly uncharacterized due to the
lack of large population-based genomic data from the Middle East.
We examined 6045 WGS samples from QGP to apply stringent cri-
teria to identify Broad and Strict lists of P variants, as well as LP LOF
list. Our results identified a total of 60 P and LP variants in 25 ACMG
genes in 141 unique individuals. Overall, 2.3% of the QGP sequenced
participants carried a P or LP variant in one of the 59 ACMG genes.
The 2.3% frequency represents nonredundant GPPs for P and LP
variants in Broad, Strict, and LOF lists. However, one QGP participant
was found to carry the two P variants ¢.3362A>G (p.Tyr1121Cys) in
RYR1 and ¢.1437_1439delGGA (p.Glu480del) in MUTYH in
heterozygosity.

Only six P variants in our analysis (c.148_151delACAG
(p.Thr50Serfs*61) in PKP2; c.2608C>T (p.Arg870Cys) in MYH7,
c.4065_4068delTCAA  (p.Asn1355fs) in BRCA1; c.1691A>G
(p.Asn564Ser) in LDLR; c.3362A>G (p.Tyr1121Cys) in RYR1; and
c.422G>A (p.Arg141GlIn) in TNNI3 overlap with P variants in the UKB
study. Contrary to expectation, no P or LP variant in the ATP7B gene
was identified in the UKB study. However, heterozygous GPPs for P
variants in ATP7B, associated with Wilson disease, were the second
most frequent in the QGP data set. This result emphasizes the im-
portance of evaluating the population specificity for medically ac-
tionable variants.

All P and LP variants were identified in genes responsible for
dominant conditions, meaning that heterozygous GPPs are at risk,
except five P and LP variants in MUTYH inherited as autosomal re-
cessive were found in 24 heterozygous GPPs.

Among the 60 P and LP variants identified in our lists, variants
associated with cancer were the most frequent (35%), which is
consistent with the high prevalence of this disease in the Qatari
population (Azamjah et al., 2019; Bener et al., 2008; Chaabna
et al., 2018; Nair et al., 2008).

A total of 59 QGP-GPPs were found to have P or LP variants in
cancer-related genes. One of the findings in this study is the variant
c.3920T>A (p.lle1307Lys) in the APC gene. This variant has been
reported at high frequency and was classified as a risk allele for
colorectal cancer among Ashkenazi Jewish (Shtoyerman-Chen
et al, 2001; Woodage et al., 1998). Other studies of c.3920T>A
(p.1le1307Lys) in different populations did not report an increased
risk of the hereditary cancer-predisposing syndrome (Liang
et al., 2013). We have found a clinical case of colon cancer evaluated
at HMC carrying ¢.3920T>A (p.lle1307Lys). However, the statistical
analysis of GPPs in the QGP showed no significant association with
cancer susceptibility in the Qatari population.

c.9976A>T (p.Lys3326*) in BRCA2 has been reported to increase
the risk of (OR = 2.53) upper aerodigestive tract cancers (Delahaye-
Sourdeix et al., 2015). The frequency of c.9976A>T (p.Lys3326*) in
the global population goes against this variant's pathogenicity. The

pathogenicity of c.9976A>T (p.Lys3326*) was reevaluated in a cohort
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of breast, ovarian, and prostate cancer cases against non-cancer
controls (Meeks et al., 2016). The results confirmed the association of
c.9976A>T (p.Lys3326*) with an increased risk of breast cancer and
ovarian cancer.

We detected one GPP carrying the P variant c.143A>T (p.As-
p48Val) in gene SDHB, which is known to be associated with her-
editary paraganglioma-pheochromocytoma syndrome. This syndrome
is a very rare condition in which early detection of tumors can
minimize complications.

0.68% of QGP participants carry P or LP variants associated with
different types of cardiovascular conditions. DM variants in SCN5A
were the most frequent in our results. However, most variants clas-
sified in HGMD as DM in the SCN5A gene did not meet our criteria to
be reported as P variants. Given that some of these cardiac condi-
tions, such as Brugada syndrome, might only be diagnosed as a result
of sudden death, early screening and intervention can be crucial.
Brugada syndrome is responsible for 12% of sudden cardiac death
cases in the general population (Juang & Huang, 2004), most of the
cases are asymptomatic and the age of diagnosis is usually around 40
(Probst et al., 2012). P variants in SCN5A are the most common in-
herited cause of Brugada syndrome (Li et al., 2018; Monasky
et al, 2019). In the literature, different clinical findings within the
same family could be observed in related patients with Brugada
syndrome (Nakajima et al.,, 2013). This could indicate high genetic
heterogeneity and phenotypic diversity associated with Brugada
syndrome. The variant c.883G>A (p.Glu295Lys) in SCN5A (MAF of
0.0007 in QGP) was detected in homozygosity in a case of Brugada
syndrome at HMC. ¢.883G>A (p.Glu295Lys) has not previously been
linked with SCN5A associated diseases. In a recent study carried out
by Jain et al., genetic variants in 1005 exome sequenced and genome
sequenced data from Qatar were studied to analyze secondary
findings in 59 ACMG genes (Jain et al., 2018). The dissimilarities in
the method make the comparison difficult. However, variant
c.4018G>A (p.Val1340lle) in SCN5A was annotated as LP in the Jain
study, and we found that the two QGP subjects carrying the variant
had borderline ECG.

In our analysis, we identified five QGP subjects carrying the
c.148_151delACAG (p.Thr50Serfs*61) mutation in the PKP2. This
known PP mutation is predicted to cause a shift in the reading frame
beginning at codon 50 to create a premature stop codon and a
truncated protein. In addition, marked desmosome abnormalities and
accumulation of lipid droplets in cardiac myocytes have been iden-
tified (Caspi et al., 2013). By evaluating the phenotypic data of the
five heterozygous QGP subjects carrying c¢.148_151delACAG
(p.Thr50Serfs*61), we have found that none had personal or family
history of heart disease.

The availability of phenotypic data related to familial hypercho-
lesterolemia in the QBB allowed us to identify QGP participants with
abnormal lipid profiles or a medical history of high cholesterol.
Twenty-one GPPs carry P or LP variants in ABOP and LDLR, out of
which 13 QGP participants have either abnormal lipid profiles or
reported medical history of high cholesterol. Early diagnosis and
suspected to have familial

treatment of individuals

hypercholesterolemia can decrease coronary heart disease events
and mortality associated with familial hypercholesterolemia.

An important limitation of this study is that the QBB informed
consent does not allow the return of results to participants, but this
policy is under revision (Al Thani et al., 2019). The ability to return
secondary findings with potentially lifesaving interventions is indis-
pensable to help the patients, family members, and the clinicians to
identify the best interventions and medical follow-up strategies,
especially in populations with high consanguinity rates, and to un-
derstand the penetrance and expressivity of the identified medically
actionable variants in different populations. There are also other
limitations consistent with our method of variant prioritization. For
example, we filtered QGP data based on HGMD and ClinVar Pro-
fessional entries, and this may exclude predicted P variants that have
not been classified as DM or P/LP in these databases, respectively.
Furthermore, interpretation of the variant should be given in a clinical
context, but the lack of sufficient phenotypic data or links to parti-
cipants' medical records precluded the diagnosis of the clinical cases.
Consequently, variant calls could not be verified based on clinical
phenotypes. All these limitations could lead to an underestimation of
the prevalence and frequency of medically actionable variants.

Efforts to share knowledge in the genetics society through
centralized databases that include phenotypic data should improve
the understanding of secondary findings and provide additional in-
formation to assess the role of very rare variants in most populations.
Our study is a systematic analysis of the available information from
Qatar to identify clinically relevant secondary findings, and this fra-
mework can be adjusted or replicated as knowledge of genetic dis-
eases expand and guidelines regarding the return of secondary

findings continue to improve.
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