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Abstract

Background Genome sequencing of large biobanks from under-represented ancestries provides a valuable resource
for the interrogation of Mendelian disease burden at world population level, complementing small-scale familial
studies.

Methods Here, we interrogate 6045 whole genomes from Qatar—a Middle Eastern population with high consan-
guinity and understudied mutational burden—enrolled at the national Biobank and phenotyped for 58 clinically-
relevant quantitative traits. We examine a curated set of 2648 Mendelian genes from 20 panels, annotating known
and novel pathogenic variants and assessing their penetrance and impact on the measured traits.

Results We find that 62.5% of participants are carriers of at least 1 known pathogenic variant relating to reces-

sive conditions, with homozygosity observed in 1 in 150 subjects (0.6%) for which Peninsular Arabs are particularly
enriched versus other ancestries (5.8-fold). On average, 52.3 loss-of-function variants were found per genome, 6.5

of which affect a known Mendelian gene. Several variants annotated in ClinVar/HGMD as pathogenic appeared

at intermediate frequencies in this cohort (1-3%), highlighting Arab founder effect, while others have exceed-

ingly high frequencies (> 5%) prompting reconsideration as benign. Furthermore, cumulative gene burden analysis
revealed 56 genes having gene carrier frequency > 1/50, including 5 ACMG Tier 3 panel genes which would be can-
didates for adding to newborn screening in the country. Additionally, leveraging 58 biobank traits, we systematically
assess the impact of novel/rare variants on phenotypes and discover 39 candidate large-effect variants associating
with extreme quantitative traits. Furthermore, through rare variant burden testing, we discover 13 genes with high
mutational load, including 5 with impact on traits relevant to disease conditions, including metabolic disorder

and type 2 diabetes, consistent with the high prevalence of these conditions in the region.

Conclusions This study on the first phase of the growing Qatar Genome Program cohort provides a comprehensive
resource from a Middle Eastern population to understand the global mutational burden in Mendelian genes and their
impact on traits in seemingly healthy individuals in high consanguinity settings.
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Background

Having an aggregate prevalence of up to 1 in 50 children,
Mendelian disorders often cause profound socioeco-
nomic impact [1] with many unsolved cases embarking
on lengthy diagnostic odyssey [2]. Anticipating and diag-
nosing Mendelian disorders early and at scale are high
priorities for healthcare providers worldwide, many of
which started adopting high throughput technologies
at the point-of-care, notably next-generation sequenc-
ing (NGS) [3, 4]. To date, over 7000 monogenic human
disorders have been reported, caused by genetic variants
in over 4000 genes [5, 6]. While most of these disorders
are presently incurable, knowledge of their molecu-
lar etiologies would lead to better patient management
[7], whether through earlier and more accurate genetic
screening (including pre-marital, preimplantation, and
neonatal) or enhanced/new treatment [8-10].

Despite the increasing use of NGS technologies, the
diagnostic yield of Mendelian disorders remains low, par-
tially due to the rarity of these conditions and the diffi-
culty of identifying causal pathogenic variants from the
large numbers of other private variants detectable in an
individual's genome and interpreting their functional
impact. Traditionally, family-based segregation analy-
sis has been useful in identifying pathogenic variants;
nevertheless, it requires genomic annotation at popula-
tion level which increasingly made available from global
genomic consortia on rare diseases as well as unaffected
subjects [5, 6, 11-14]. Despite the success of these global
efforts, they remain limited in terms of ancestral repre-
sentation from non-European populations such as Mid-
dle Eastern, South Asian, and African [15, 16].

The wide Middle Eastern region (North Africa,
Levant, Arabian Peninsula and Western Asia) is known
for high consanguinity (in Qatar estimated at 35-54%
[17, 18]), large family size, and high incidence of reces-
sive diseases [19], especially congenital and metabolic
disorders [20]. Notably, there is clustering of Mendeli-
anized forms of complex disease in various tribes/sub-
populations, reflecting founder effect [3, 21]. Recently,
the Qatari population has been shown to be geneti-
cally diverse, consisting of five main genetic ances-
tries: Peninsular Arabs (PAR), General Arabs (GAR),
West Eurasian and Persian Arabs (WEP), South Asian
Arabs (SAS), and African Arabs (AFR) [16, 22], each
characterized with different demographic histories and
patterns of consanguinity and disease risks [3, 23]. To
date, most studies on these ancestries have either been

limited in size [24], scope [25, 26], or family-based.
Previous studies that looked at the burden of disease
in population biobanks focus mainly on populations of
European ancestry [27] or regions of the world where
consanguinity is low and risk of founder variants is
minimal.

Here, we present the first large-scale systematic
analysis of Mendelian disease burden in Qatar, a proxy
population for the Arabian Peninsula [22] (Fig. 1). We
combine genome sequencing (WGS) data and clini-
cally relevant phenotypic traits for 6045 healthy vol-
unteers from the Qatar Biobank (QBB) released as part
of Qatar Genome Program (QGP) [28]. Building on
recent work on actionable variants among secondary
findings (SF) relating to genes listed by the American
College of Medical Genetics and Genomics (ACMG)
[29], we map the broad landscape of known pathogenic
variants across a multitude of Mendelian disease gene
panels. Also, we annotate novel candidate functional
variants in these genes, constituting a comprehensive
catalog of known and putative pathogenic variants cov-
ering the main Middle Eastern Arab ancestries. Fur-
thermore, we run genome-wide rare-variant burden
analysis against various quantitative traits to identify
novel gene-phenotype associations. By providing new
insight about Mendelian disease epidemiology in Qatar
and the Middle East, the results from this study will be
valuable in supporting genomic medicine in the region
and worldwide.

Methods

Sample collection

The study cohort consists of 6218 subjects from the
Qatar Biobank project [30, 31], a national project that
collects phenotype data and biological samples from
the local population of Qatar. WGS data for this cohort
was generated at Sidra Medicine as part of phase 1
of the Qatar Genome Program (QGP [28]). We used
phenotypic data collected by Qatar Biobank on self-
reported health status and disease history as well as 58
quantitative traits including anthropometric descrip-
tors, hematological, and biochemical biomarkers
that were measured on participants/their samples by
medical personnel at QBB [30, 31] (Additional file 1:
Table S1). All participants were consented for the study.
Approvals were obtained from the institutional review



Aamer et al. Genome Medicine (2024) 16:46

WGS from QGP

Analysis of known P/LP
(Global AF<1%, n=1,053 variants)

Page 3 of 17

P/LP 2 2 stars (n= 595)

P/LP < 2 stars (n=237)
Conflicting/VUS (n= 200)
Benign/Likely benign annotated
before as P/LP (n=21)

Cat1:
Cat 2:
Cat 3:
Clinvar Hemp Caté:

Catalogue of —>
DXODDI pathogenic variants
in Mendelian
disease genes Variants at
6,045 genomes i high
88.2 million SNVs frequency

and Indels Survey and curation of 20 AF21%
Mendelian gene panels
¢ (2,648 genes containing
at least 1 pathogenic/
deleterious allele,
identifying 4.3 million —>
variants)

Alignment (BWA)
Variant calling (GATK)
Variant annotation
(SnpEff/SnpSift)

Founder alleles | | Cumulative gene carrier LoF variants Other PLP
AF21% frequency human variants with
=1 homozygote >1/200 carriers knockouts Biobank
21 homozygote phenotypes

Analysis of novel P/LP

CADD>20; GERP>3; Exclude benign/Likely benign; Global AF<1%; n=5,128 variants

Extreme
quantitative trai

2 3 homozygous -
fofrme—

Homozygotes
depletion

Phenotypes
from QBB

Genome-wide

rare-variant
burden analysis

Non-synonymous and loss
of function variants
genome wide

77 biochemical and g
physical traits

Filtering for HWE,
GQ, AB, AD & AF
n=289,653 variants
11,738 genes

=-

Significant gene-

- phenotype ass?matlon > o

P <1x10e8

Gene-phenotype support
from literature

Genotype-phenotype correlations
Comparison of Middle Eastern Arab genetic ancestries

Fig. 1 Summary of study on the burden of Mendelian disorders in a large Middle Eastern biobank from Qatar. An in-depth analysis of pathogenic
variants for Mendelian disorders among 6045 Qatari genomes with 77 biochemical and clinical phenotypes obtained from Qatar biobank. The
study consists of two parts: first, investigation of the landscape of known and novel pathogenic variants; second, genome wide rare variant

burden analysis. Pathogenic and likely pathogenic variants (P/LP) were defined based on intersecting ClinVar and HGMD. Global AF indicates allele
Frequency in international databases including 1000 genomes, gnomAD, and ExAC. Other acronyms are explained as follows: AB, allele balance, AD,

allele depth; AF, allele frequency

boards at Sidra Medicine and Qatar Biobank (Ex/2017/
QGP-RES-PUB-003-0011).

Genome sequencing and data processing

Genome sequencing data was generated as described
previously [22]. All samples were sequenced to a mini-
mum average depth of 30x and processed using standard
pipelines [28]. In brief, the raw sequencing data (Fastq)
were first subject to quality checking using FastQC,
v0.11.2. The sequencing reads were then mapped to the
reference genome (hs37d5) using BWAkit v0.7.1229,
and variants were called using GATK, following their
recommended best practices [32]. Variants with “PASS”
Quality filter were retained for downstream analysis.
The VCF files were annotated using SnpEftf/SnpSift [33]
including information from dbSNP build-151 [34], Clin-
Var 2019-02-11 [35], HGMD [36], allele frequencies
from gnomAD [37], 1000 genomes project [38], Greater
Middle East genome project [19], and the GenomeA-
sial00K [39]. Quality control at the sample level revealed
173 subjects had gender mismatch, excess of heterozy-
gosity, duplication, low call rate, or outlier positions
in PCA analysis. The final number of samples used in
downstream analysis was 6045. Details of this QC are
described in [40].

Gene panels

An extensive list of genes linked to a broad spectrum of
human Mendelian disorders were manually curated from
various sources (Additional file 1: Table S2). First, 3891
genes were retrieved for 16 panels form Genomic Eng-
land PanelApp [41], retaining only genes with a source
classification of “Expert_Review_Green” (which indi-
cates reviewed by at least three independent sources).
Moreover, we added 382 genes found from two other
panels reported to cause severe recessive disorders and/
or to lead to embryonic or neonatal lethality [42, 43].
Also, we added the latest version of ACMG Secondary
Finding genes (n = 73) (ACMG-SF v3.1) [44]. To that,
187 genes not part of any known gene panels but with
reported pathogenic/likely pathogenic variants in ClinVar
were added as a separate panel labeled “Other” In total,
the obtained Mendelian disease gene list contained 2648
unique genes across 20 panels. These were finally anno-
tated with reported patterns of inheritance using the
Online Mendelian Inheritance in Man (OMIM) database
[OMIM [22]].

Genetic ancestry assignments

Study subjects were assigned into their corresponding
Arab genetic ancestry groups as per our recent study
[22]. These groups are General Arabs (GAR), Peninsular
Arabs (PAR), West Eurasians and Persian Arabs (WEP),
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African Arabs (AFR), South Asian Arabs (SAS), and an
Admixed Arab (ADM) group.

Identification of known and novel pathogenic variants
Known disease-causing variants were identified in all
genes as follows. First, we selected variants located in
genes reported in ClinVar or HGMD with maximum
allele frequency < 1% in any external global popula-
tion. From those, we retained variants affecting the
coding region (i.e., missense, nonsense, frameshift,
and splice-site variants) and non-coding region flagged
as “Pathogenic/Likely Pathogenic” in ClinVar and
disease-causing “DM/DM?” in HGMD. These vari-
ants were classified into 4 categories based on the lat-
est ClinVar variant status (as of June 2023): category 1
(P/LP > 2 stars), category 2 (P/LP < 2 stars), category
3 (Conflicting/VUS), and category 4 (Benign/Likely
benign annotated before as P/LP). Throughout the
text, we generally refer to P/LP the variants in these
categories.

Novel (putative) pathogenic variants were identified
in the curated list of Mendelian genes as follows. We
selected variants with minor allele frequency (AF) < 1%
in external global databases, with CADD > 20, GERP >
3, having at least 3 homozygotes, and excluding benign
and likely benign variants. Homozygotes of these novel
alleles were examined for extreme quantitative values
across the 58 quantitative traits and clinical records
obtained from QBB.

Cumulative gene carrier frequency

Cumulative gene carrier frequencies (GCFs) were esti-
mated for known P/LP variants per subpopulation as
described previously [45]. In brief, variant carrier fre-
quency was calculated as AC — Hom/(0.5xAN), where
AC is allele count and AN is the total number of alleles
in unrelated individuals for a given QGP subpopulation.
GCFs were calculated by summing the variant carrier
frequencies per gene. Genes with GCF > 1/200 carriers
were selected as meeting the criteria for being listed as
ACMG Tier 3 genes and further classified into 4 catego-
ries: category 1 (> 1/50), category 2 (> 1/100—1/50), cat-
egory 3 (> 1/150-1/100), and category 4 (> 1/200-1/150)
as performed elsewhere [46].

Rare variant burden analysis

Burden analysis was performed per gene including rare
variants (AF < 1% in the study cohort and various exter-
nal databases) that passed stringent QC criteria includ-
ing allelic balance of heterozygote > 0.2 or < 0.8 and
homozygote > 0.80, genotype quality > 10, call rate >
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90%, Hardy-Weinberg equilibrium P < 1 x 107, exclud-
ing doubletons with allele depth > 10 and singletons.
This involved applying linear-mixed model against each
quantitative trait, adjusting for age, gender, and the first
four principal components of PCA, as implemented in
Hail (https://hail.is).

Results

Study cohort characteristics

We examined 6045 volunteers enrolled at the Qatar
Biobank (QBB), having WGS data [28], 58 anthropomet-
ric measurements/clinical biochemistry traits (Additional
file 1: Table S1), and questionnaires on family disease his-
tory and various socio-economic parameters [30, 31].
As indicated in Table 1, the average age of subjects is 40
years with 1.28 male to female ratio, reported parental
consanguinity is 29.1%, and the participants belong to 6
genetic groups as previously described [22] (QGP-GAR,
QGP-WEP, QGP-PAR, QGP-AFR, QGP-SAS, and QGP-
ADM) with the first three groups comprising 78.3% of
subjects.

Generating a catalog of Mendelian disease genes

and variants in the Qatari population

A comprehensive survey and curation of Mendelian
gene panels from various literature sources was con-
ducted (“ Methods”), resulting in a final set of 2648
unique Mendelian genes across 20 panels, associated
with 2116 diseases/phenotypes (including 1261 reces-
sive and 561 dominant diseases) (Additional file 1:
Table S2). From the total number of variants in the
study cohort (74,991,446 single-nucleotide variants
(SNVs) and 13,199,792 insertion-deletions (Indels)),
4.8% (4,265,480) overlapped with these genes and were
rare (AF < 1%) in public databases. To identify known

Table 1 Characteristics of the study cohort

Demographic characteristic Value
Number of participants 6045

Gender (male:female) 3402:2643
Mean age (Q1-Q2) 40 (30-49)
Parent consanguinity? 29.1%
Number of participants per Sub-population ancestryb

General Arabs (QGP-GAR) 2311 (38.2 %)
West-Asian Persian Arabs (QGP-WEP) 1372 (22.7%)
Admixed Arabs (QGP-ADM) 1180 (19.5 %)
Peninsular Arabs (QGP-PAR) 1052 (174 %)
African Arabs (QGP-AFR) 92 (1.5 %)
South Asian Arabs (QGP-SAS) 38 (0.6 %)

2 Self-reported parent consanguinity (1st or 2nd degree cousins)
b Genetic ancestries were adapted from Razali et al. 2021
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pathogenic and likely pathogenic variants from these
variants, we selected those annotated as “Pathogenic”
or “Likely_pathogenic” in ClinVar and at the same time
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as “DM” or “DM?” in human gene mutation database
(HGMD), leveraging the independent annotation of
these two databases. This resulted in 1053 variants (927
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Fig. 2 Identification and description of pathogenic variants in 6,045 Qatari genomes. a Known pathogenic and likely pathogenic variants (P/

LP) were obtained by intersecting variants from the Qatari cohort with 20 curated gene panels, ClinVar and HGMD databases. P/LP were defined

as those with classes of “Pathogenic”and/or “Likely pathogenic”in ClinVar and “DM” or “DM?” categories in HGMD. Abbreviations; CIn-PLP, ClinVar
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SNVs and 126 indels), affecting 702 unique genes in our
panels (Additional file 1: Table S3). Next, we used the
latest ClinVar variant status (as of June 2023) to classify
these variants into four categories and denote variants
in categories 1 and 2 as P/LP (described in the “ Meth-
ods” section, Fig. 2a).

Spectrum of known P/LP variation in the Qatari population
The QBB cohort was aimed to enroll generally healthy
adults. Consistently, 40 subjects from the study cohort
(0.6%) were homozygous for at least one recessive P/LP
genotype, whereas 233 subjects (3.9%) were heterozygous
for P/LP variants for dominant conditions with variable
penetrance. Overall, 3870 subjects from the cohort (64.0%)
carried at least one allele of a P/LP variant from the Men-
delian panels, and 2417 subjects (62.5%) carried at least 1
P/LP allele in genes relating to autosomal recessive condi-
tions (ARCs), reflecting the history of consanguinity in the
population. On average, we found 1.1 P/LP variants per
genome (range 0-7) (Additional file 2: Fig. S1, Table 2).

In terms of distribution of P/LP variants across genes,
696 genes (99.1%) had less than five P/LP variants,
while 75.2% had only one variant (Fig. 2b). As expected,
most of the P/LP variants (n = 984) were rare across the
various Qatari subpopulations (AF < 1%) (Fig. 2c), with
only 31 affected actionable secondary finding genes
(ACMG-SF) (Additional file 1: Table S4); 29 of which
were reported earlier [29].

Relevant to population public health, we investigated
burden per gene panels. We observed the highest P/LP
burden in genes related to severe/recessive lethal con-
ditions, ciliary disorders, hearing loss, and congenital
structural anomalies, with 5 genes harboring more than
1 P/LP variants per gene adjusted for gene length: HBB,
TMEM107, GJB2, HBA2, and HBA1) (Fig. 3).

In terms of ancestry-level distribution by zygosity, we
found that Peninsular Arab subpopulation has the least
enrichment for heterozygous carriers of P/LP variants
relative to other ancestral subpopulations; however, for

Table 2 Distribution of P/LP variants per Qatar subpopulation
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homozygous P/LP variants, it has significantly higher
enrichment (~5.8 fold higher than the admixed group)
(Wilcoxon-rank sum test, P= 2.1e—6) (Table 2).

P/LP variants exceedingly common in the Qatar population
We found 18 P/LP variants have maximum AF > 2% in
the Qatari subpopulation, 12 of which had homozy-
gous carriers ranging from 1 to 10 (Additional file 1:
Table S5). Three of these variants had maximum AF > 4%
(found in the PAR subpopulation): (1) a missense vari-
ant (rs373804633; category 3; ¢.298C>T; p.Argl00Trp)
in RBBPS, a gene associated with Seckel syndrome
(MIM# 606744), (2) loss-of-function variant in APOC3
(rs76353203; category 3; c¢.109C>T: p.Arg37* associated
with apolipoprotein C-III deficiency (MIM# 614028) [47]
that characterized by low levels of triglycerides (discussed
in details below), and (3) missense variant in SLC2A10
(rs80358230; category 2; ¢.243C>G; p.Ser81Arg) which
is associated with arterial tortuosity syndrome (MIM#
208050) [48]. While carriers of the APOC3 variant have
consistently lower levels of triglycerides, carriers of the
variants in the other 2 genes do not seem to have traits
in the biobank pointing to the associated conditions,
despite their severity.

Founder P/LP alleles in the Qatari population

To identify putative founder P/LP variants in each of the
five QGP subpopulations, subpopulation-level allele fre-
quencies were compared against global databases. The
correlation of rare variants (AF < 1%) among QGP sub-
populations as well as global datasets shows relatively low
correlation (Pearson’s correlation, r* = 0.22), highlighting
population-specific distribution of known pathogenic
variants (Fig. 2d, left).

By looking at known P/LP variants with AF > 1%
in the Qatari subpopulations and with AF < 1% in
global datasets, 59 variants were identified as poten-
tial founder alleles including 23 that are either absent
or have extremely low frequency in public databases

Subpopulation Carriers of P/  Average P/LP Homozygotes

Fold enrichment of Heterozygotes Fold enrichment of

LP variants variants per subject of P/LP variants homozygote P/LP  of P/LP variants heterozygote P/LP
(%) (range) for recessive relative to ADM in dominant relative to ADM
conditions (%) conditions (%)

QGP-PAR 794 (75) 14 (0-6) 25(3.15) 5.8° 22(2.8) 04

QGP-GAR 1507 (65) 1.1(0-7) 10 (0.66) 12 71(4.7) 0.6

QGP-ADM 739 (63) 1.0 (0-6) 4(0.54) 1 55(7.4) 1

QGP-AFR 60 (65) 1.0 (0-7) 0(0) 0 8(133) 1.8

QGP-SAS 19 (50) 0.7 (0-3) 0(0) 0 1(5.3) 0.7

QGP-WEP 747 (54) 0.8 (0-5) 1(0.13) 0.2 76 (10.1) 14

2 Significant enrichment (Wilcoxon rank sum test)
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(Additional file 1: Table S5; Fig. 2d, right). The high-
est differences in terms of allele frequency is observed
in the PAR subpopulation, where previously known
founder variants have also been observed, includ-
ing the variant in DCAFI17 (rs797045038; category 1;
c.436delC; p.Alal47fs), associated with Woodhouse-
Sakati syndrome (MIM# 241080) [49], and CFTR
(rs75389940; category 1; 11234V) which is the most fre-
quently reported cystic fibrosis (MIM# 219700) variant
in patients with Arab descent [50], with a correspond-
ing PAR allele frequency of 1.7%. Interestingly, this vari-
ant is reported in several Arab populations including in
patients from Kuwait, Saudi Arabia, and United Arab
Emirates (UAE), highlighting the shared genetic history
of populations inhabiting the Gulf region [51].

Out of the 59 potential founder alleles, 20 had at least 1
homozygote carrier in our cohort. These include RBBPS
(rs373804633; category 3; ¢.298C>T; p.Argl00Trp),
a gene in which bi-allelic variants cause dwarf-
ism and Seckel syndrome (MIM# 606744) [47], MPL
(rs750046020; category 1; ¢.317C>T; p.Prol06Leu), which
causes a mild (sub-clinical) form of congenital amegakar-
yocytic thrombocytopenia (MIM# 604498) [52], CYPIB1
(rs28936700; category 1; c.182G>A; p.Gly61Glu), which
causes adult-onset, primary glaucoma type 3 (MIM#

231300) [53] and MCCC2 (rs150591260; category 1;
¢.1015G>A; p.Val339Met), known to cause 3-methylcro-
tonyl CoA carboxylase 2 deficiency (3-MCC deficiency,
MIM# 210210) [54]. Given the maximum AF of 3.2% for
this MCCC2 variant in the cohort and the existence of
3 homozygous carriers with no matching clinical symp-
toms, the pathogenicity of this variant cannot be con-
firmed as it is common to find homozygous individuals
who are asymptomatic due to the phenotypic variabil-
ity of MCC deficiency. This is supported by expression
studies that found a mild reduction in enzymatic activity
(only 4-12% activity) in fibroblasts carrying this variant
compared to wild type cells [54].

Notably in two genes, two founder alleles were
observed in separate subpopulations: CBS variants
(rs398123151; category 1; c.1006C>T; Arg336Cys in PAR
and rs121964972; category 1; c.1058C>T; p.Thr353Met
in AFR) and PADI3 variants (rs139876092; category 2;
c.628C>T; p.Arg210Trp in AFR and rs142129409; cat-
egory 1; ¢.335T>A; p.Leul12His in SAS) subpopulations.
The CBS and PADI3 genes are associated with homocyst-
inuria (MIM# 236200) [55] and uncombable hair syn-
drome (MIM# 191480) [56] respectively.
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Cumulative gene-level carrier frequency

Higher gene carrier frequency (GCF) augments the
cumulative risk for recessive diseases, both through
consanguinity as well as compound heterozygosity.
We examined GCF of P/LP alleles for ARCs among
the Qatari subpopulations. We found 150 genes with a
GCF > 1/200 in at least one subpopulation (which is the
threshold adopted by ACMG to define their Tier 3 gene
list) (Additional file 1: Table S6), including 56 genes in
category 1 (GCF > 1/50) (Fig. 4a). Comparing the sub-
populations, we found a considerable variation in terms
of GCF values across various range categories (Fig. 4a).

Cat 1 (>1/50)

@ e

Cat 2 (1/100-1/50)  Cat 3 (1/150-1/100)

Page 8 of 17

Similarly at gene level, there is variation of GCF values
between subpopulations with PAR having the highest
GCF burden (Fig. 4b). Of the 150 genes with high CGF
(> 1/200), 26 genes are included the ACMG Tier 3 gene
panel, and 12 genes are linked to conditions currently
tested for in Qatar’s newborn screening program (Addi-
tional file 1: Table S6).

Loss-of-function P/LP variants and human knockouts
Loss-of-function (LoF) alleles were identified in the

cohort as having AF < 1% in public datasets and anno-
tated as nonsense, splice-site, and frameshift variants. We

Cat 4 (1/200-1/150)

2

Subpopulation
1 PAR
M GAR
M wEP
[ AFR

Max Pop Gene Number of variants ~ Phenotype
PAR APOC3 2 Hyperalphalipoproteinemia 2
RBBPS 1 Jawad Syndrome ]
SLC2A10 1 Arterial Tortuosity Syndrome - ]
ABCC6 11 Arterial Calcification D 000 e
ACADSB+ 1 2-Methylbutyrylglycinuria ]
MCCC2 $+ 2 3-methylcrotonyl CoA carboxylase 2 deficiency D 000 e
DHCR7$ 1 Smith—Lemli-Opitz syndrome ]
DCAF17 1 Woodhouse-Sakati Syndrome ]
MICU1 1 Myopathy With Extrapyramidal Signs ]
CLCN1§ 1 Congenital myotonia, autosomal recessive form ]
VSX2 1 Microphthalmia With Cataracts And Iris Abnormalities ]
GALC 2 Krabbe Disease ]
PDHA2 1 Spermatogenic Failure 70 ]
CFTR $ 12 Cystic fibrosis ]
FAM98C 1 Short-Rib Thoracic Dysplasia 3 |
NEB $ 1 Nemaline myopathy 2 ]
CYP4F22 3 Autosomal Recessive Congenital Ichthyosis 5 ]
ABCB4 2 Gallbladder Disease 1 I
CDK20 1 Intellectual Disability ]
ACADM $+ 2 Medium-chain acyl-coenzyme A dehydrogenase deficiency [l
LAMA2 3 Congenital Muscular Dystrophy I |
GAR AMN 2 Imerslund-Grasbeck syndrome 2 ]
MPL 1 Thrombocytopenia, congenital amegakaryocytic 00 |
MLLT1 1 Hypertelorism N |
CYP1B1 2 Primary Congenital Glaucoma Type 3A I 0000 e
GIGYF2 1 Parkinson Disease 11 ]
WEP HBB $+ 16 Sickle cell anemia p-thalassemia I
CRAT 1 ?Neurodegeneration With Brain Iron Accumulation 8 ]
PROC 2 Thrombophilia 3 due to protein C deficiency | ]
AFR CBS $+ 4 Homocystinuria, B6 responsive and nonresponsive S E
PADI3 2 Uncombable hair syndrome B
PAH $+ 17 Phenylketonuria ]
PTPN23 3 Developmental Epileptic Encephalopathy ]

0.00 0.02 0.04 0.06 0.08 0.10 0.12

Cumulative Carrier Frequency per gene

0.14

©
o
=)

Fig.4 Cumulative gene carrier frequencies based on P/PL variants across various Qatari subpopulations. a Number of genes with carrier
frequency > 1/200 for the major Qatari subpopulations (SAS is not included due to small sample size). b Cumulative gene carrier frequency

(GCF) among the major Qatari subpopulations highlighting genes with GCF > 2%. Genes marked with “+"indicate those for which an associated
phenotype/biomarker is currently included in the Qatari newborn screening program. Genes marked with “$" refer to genes in the ACMG Tier 3 list
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identified an average of 52.3 LoF variants per individual
genome, 6.5 of which affect our Mendelian panel genes
(Additional file 2: Fig. S2a). However, despite the vary-
ing levels of consanguinity, no differences were shown in
the average number of rare homozygous LoF variants per
individual across the QGP ancestries (Additional file 2:
Fig. S2b).

In particular, 11 LoF had homozygous carriers (mostly
one homozygote per variant) (Additional file 1: Table S7).
Three such variants showed phenotypic data for the car-
riers in support for the known disease phenotype asso-
ciated with the corresponding genes. First is a nonsense
variant (rs76353203; category 3; c.109C>T; p.Argl9*) in
APOCS3, a gene involved in the regulation of blood tri-
glyceride (TG) levels [57], where all carriers had their
measured TG levels below the 20th percentile, con-
sistent with a previous report of homozygous carriers
having nearly 60% reduction in plasma TG level [47]
(variants in this gene causes apolipoprotein C-III defi-
ciency, MIM# 614028) (Additional file 2: Fig. S3a). Sec-
ond is a splice-site variant in GJB2 (rs80338940; category
1; c.-23+1G>A), a gene related to autosomal recessive
deafness (MIM# 220290) [58] where the only homozy-
gous carrier of the variant in the biobank was reported
to be using a hearing aid. This variant is also reported in
patients from UAE, Palestine, Egypt, and Algeria [51].
Third is a splice-site variant in CYP2R1 (rs202011621;
category 2; ¢.118-1G>A) for which the homozygous car-
rier had an insufficient level of vitamin D (17 ng/ml, ref-
erence range > 20 ng/ml), consistent with the fact that
variants in this gene cause 25-hydroxyvitamin D defi-
ciency (MIM# 600081) [59], although such levels of vita-
min D are not uncommon in the general population.

Impact of known P/LP alleles on biobank phenotypes

Under a third of the study participants (29.1%) reported
parental consanguinity of various degrees (Additional
file 2: Fig. S4); therefore, it is expected to identify P/LP
variants in ARCs. Of all known-pathogenic variants in
our cohort, 22 are being carried in homozygous state
(Additional file 1: Table S8). Four P/LP variants had
carriers with relevant phenotypes consistent with the
known disease phenotype (Table 3). These are missense
variant in CBS (rs398123151; category 1; c.1006C>T),
causing severely elevated homocysteine levels (MIM#
236200) [60] (Additional file 2: Fig. S3b); a missense var-
iant in ABCG8 (rs137852988; category 1; c.1720G>A;
p.Gly574Arg) in a 47-year-old male who self-reported
hypercholesterolemia (MIM# 210250) that was con-
sistent with his measured LDL level of 6.3 mmol/L
(higher than acceptable range of up to 4.1 mmol/L),
despite being on cholesterol-lowering medications and
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diet management; two variants in two genes linked to
eye-related disorders (CABP4; rs786205852; category
2; c.81_82insA; p.Pro28fs and CYPI1BI; rs28936700;
category 1; c.182G>A; p.Gly61Glu), in which homozy-
gous carriers reported based on questionnaire hav-
ing history of macular degeneration (MIM# 610427)
[61] and glaucoma (MIM# 231300) [62], respectively.
Further two of these four known pathogenic variants
(i.e., rs398123151 in CBS and rs28936700 in CYP1BI)
are found to be shared among other Arab nations as
reported in the Catalogue for Transmission Genetics in
Arabs database (CTGA) [51].

Furthermore, known P/LP variants linked to autosomal
dominant conditions (ADCs) were also examined (focus-
ing on those with QGP subpopulation AF < 0.5%), identi-
fying 71 variants in 61 genes (Additional file 1: Table S9).
We found four P/LP variants with relevant diseases/
phenotypes that support pathogenicity, all of which are
missense (Table 3): in LDLR, causing familial hypercho-
lesterolemia-1 (MIM# 143890) [63]; MEF2A, causing cor-
onary artery disease and myocardial infarction (MIM#
608320) [64]; CASR, causing autosomal dominant hypoc-
alcemia (MIM# 601198) [65]; and in TBXS5, which causes
Holt-Oram syndrome (MIM# 142900) [66]. For the latter
variant, the diagnosis was not stated in the QBB intake
forms of the carrier; however, although not directly
related, the variant carrier, despite his young age (34
years), had undergone cardiac revascularization surgery.

Novel recessive variants associated with extreme
quantitative traits

Given the burden of consanguinity, the Qatari popula-
tion is expected to harbor novel pathogenic recessive
alleles. Such variants were identified in the current
dataset by first selecting Qatari alleles that are rare
in the global databases (AF < 1%), have high in-silico
prediction sores, and are carried by at least 3 homozy-
gotes. Next, 39 variants from those were found to be
associated with extreme biobank phenotypes (Fig. 5,
Additional file 1: Table S10). After surveying the lit-
erature for these associations, variants in two genes
were identified for which there is supporting evi-
dence: ANOS5 (rs201725369; ¢.172C>T; p.Arg58Trp)
and MLXIPL (rs782312718; ¢.2363C>T; p.Thr788Met)
(Table 4). Notably, both variants are confined to the
PAR subpopulation where their frequency is relatively
high (4.6 and 4.7 % respectively) which suggests they
are caused by founder effect. ANOS variants have
been previously linked to several types of myopathies
including limb-girdle muscular dystrophy type 2L
(LGMD) [67], with symptoms that include severely ele-
vated serum CK [68]. The variant rs201725369 causes
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Fig. 5 Potential novel pathogenic variants associated with extreme quantitative traits in the study cohort. Shown are 39 variants predicted as being
deleterious, for which there are at least two homozygotes and found to be associated with extreme phenotype (at > 95th percentile or < 5th
percentile) in 58 quantitative phenotypes in the QBB data. Arrowheads indicate direction of association whether it is > 95th or < 5th percentiles.
Highlighted in bold (red color) are two genes with effects supported by the literature as indicated in the main text

Table 4 Potential novel pathogenic variants in the Qatari population with supporting literature

dbSNP-id: hgvs_c: Gene Reported literature Inheritance Carriers, zygosity Carriers with Biobank phenotype
hgvs_p phenotype relevant biobank value (normal range)
phenotype
rs201725369: c.172C>T:  ANO5  Miyoshi muscular dys- Recessive 5 HOM 5 Creatine kinase level: 563,
p.Arg58Trp: trophy 3; MIM# 613319, 572,823,1105,and 1811
Muscular dystrophy, limb- (29-200 mmol/L)
girdle, autosomal reces-
sive 12% MIM# 611307
rs782312718: ¢2363C>T: MLXIPL Hyperuricemia® Recessive 5HOM 5 Uric acid level: 183,172,

163,159, 196 (155-428
umol/L)

@ Referenced in [67, 68]

b Referenced in [69]

a substitution from arginine to tryptophan at position
58 (NM_213599.3) which is predicted to be highly
damaging and conserved (CADD, 35; GERP, 5.87; Poly-
Phen2, 0.99; SFIT, 0). This variant was observed in 5
homozygotes, all of whom had creatine kinase (CK)
levels exceeding the 95th percentile of the normal
range, and three of them also had elevated levels of

myoglobin (median 86.5 ng/ml, which exceeds the ref-
erence range max of 72 ng/ml). Notably, CK and myo-
globin are known to be correlated biomarkers. As for
rs782312718 in MLXIPL gene, a cross-sectional study
demonstrated an association between this gene and
levels of serum uric acid [69]. All 5 homozygotes for
this variant have uric acid levels below 5th percentile.
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Variants in the Qatari population with depleted
homozygosity

Selection against deleterious variants in ARCs often
results in depletion of homozygotes despite a high
carrier frequency. To identify variants with depleted
homozygosity in the Qatari population, we examined
variants that are rare in the global databases (AF < 1%)
and selected those with no observed homozygotes
where the number of expected homozygotes is at least
3 assuming random mating. This identified 7 variants,
all of which appeared in genes known to cause severe
early-onset or life-threatening diseases (Additional
file 1: Table S11). Notably, none of these variants was
annotated as pathogenic/likely pathogenic in ClinVar,
while one was annotated as “DM” in HGMD, a missense
variant in FGG (rs202132393; c.124G>A: p.Gly42Ser)
reported in HGMD to cause congenital afibrinogenemia.
The other variants were annotated as having conflicting
interpretation or having unknown significance relating
to various conditions.

Rare variant burden analysis

The association between genes with large effect vari-
ants and biobank traits was tested using rare variant
burden analysis, identifying 13 genes with significant
associations (P < 1 x 107%) (Table 5), five of which
have supporting evidence in the literature (Additional
file 2: Fig. S5): (1) association between a putatively
damaging variant in LGI3 (rs149352514; c.1150G>A;
p.Gly384Ser) and increased BMI (P = 6.6e'%); this is
consistent with the role of LGI3 as an adipokine with
proinflammatory activity that negatively regulates adi-
pogenesis [70]; (2) association between carriers of a
TFR2 variant (rs1002859413; c.554G>A, p.Argl85His)
and elevated blood glucose levels (P = 8.2e°), con-
sistent with a known link between variants in this
gene and hereditary hemochromatosis type III, a con-
dition with complications that result in pancreatic
damage and secondary diabetes [71]; (3) association
between a splice-site variant (possible loss of func-
tion) in DNAJCIS5 (rs144620914; c.383-2A>G) and
increased levels of the hepatic biomarker ALT-GPT
(P = 4.2e7!), supported by reduced non-alcoholic
fatty liver disease (NAFLD), liver steatosis, and fibro-
sis in DNAJCI5 deficient mice [72]; (4) association
between an RPS6KA3 variant (rs1026040538; c.28C>T;
p.Argl0Cys) and sex hormone-binding globulin, which
was reported in a GWAS conducted in UK biobank
[73]; (5) association between RGCC and total choles-
terol (c.19C>T; p.GIn7*) consistent with QTL with
serum cholesterol being recently identified near Rgcc
gene in rats [74].

Page 12 of 17

Discussion

The peculiar structure of Middle Eastern populations
illustrated by the Qatari population with its diverse
genetic ancestries, runs-of-homozygosity (ROH) [22],
and high levels of consanguinity presents a unique
opportunity for further exploring the genetics of Mende-
lian diseases and phenotypes [19]. In these populations,
previous studies mainly focused on gene discovery in
affected individuals, while burden of disease genetic vari-
ation in the general population is yet to be examined. A
unique attribute of the Qatar Genome Program (QGP)
[28] is the availability of extensive phenotypic data on
participants, collected systematically at a single center—
the Qatar Biobank [31].

Here, we analyzed 6045 subjects from QGP phase 1
cohort, the largest published so far from the region, lev-
eraging whole genome data and extensive phenotypic
information from the Qatar Biobank. We build a compre-
hensive catalog of known and putatively novel pathogenic
variants and their observed impact on biobank traits
and use this information to assess the burden in highly
consanguineous population, as well as discover novel/
founder effect variants and their carrier frequencies,
highlighting implications to newborn and pre-marital
screening in the region. Notably, we take into considera-
tion the genetic substructure of the population [22] as
we correlate known pathogenic variants with phenotypic
consequences and conduct enrichment test for rare vari-
ants in phenotypic tails and rare variant burden analysis.

Within the highly endogamous Qatari population,
62.5% of the participants were carriers of at least 1 allele
of a P/LP variant in genes relating to ARCs, highlighting
the increased risk for recessive diseases in the popula-
tion. On average, each subject carries 0.6 P/LP variant
in homozygous status in genes causing ARCs, which is
consistent with the general healthy status of the biobank
cohort. Notably, we observed distinct differences in the
distribution of these homozygotes on a population-level,
with 5.8-fold enrichment of homozygotes among Penin-
sular Arabs who are characterized by longer ROH and
have more ancient history relative to other Arab subpop-
ulations [22].

Several known P/LP variants in this study appeared at
high frequency in Qatar with some having homozygote
genotypes and showing no abnormal biobank traits, sug-
gesting a potential reclassification of variants’ impact to
benign, at least in the local population. Other variants
appeared at high frequency with confirmed pathogenic
phenotype in homozygous state, and these are likely to be
founder alleles in specific subpopulation, confirming pre-
viously known variants (e.g., in DCAF17 and CFTR) and
identifying new ones (e.g., in MPL, CYP1BI, MCCC2,
CBS). This also reflects the underrepresentation of Arab
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Table 5 Significant gene-phenotype associations from rare variant burden analysis
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Gene Variants Biobank phenotype/trait Beta Chisq Pvalue Variants RR|RAJAA® Supporting evidence Ref
from literature
DNAJC22 15748318571, c.572C>T; Glucose 10.80 69.9 595E-17 1 6041(3|1 eQTL in NDDM mice -
p.Ala191Val model nearby DNAJC22
homologous gene
HLF —; c465G>T; p.Pro155= HBA1c —1026 682 145E-16 1 6041(3|1 - -
LGI3 rs149352514; c.1150G>A; BMI 16.34 56.1 6.62E-14 1 6037|7)1 LGI3 may be a candidate 70
p.Gly384Ser adipokine that is per-
turbed in obesity
and suppresses adipogen-
esis through its receptor,
ADAM23
ITPK1 ~c1111C>T, pPro371Ser  ALT-GPT 2063 506  1.2E-12 2 60123112 - -
rs567443586; c.1074C>A;
p.Ser358Arg
MARCHI10 = c.2026G>C; p.Pro676Ala  Glucose 7.25 443 270E-11 4 5854[182[9 - -
rs116835087; c.1759G>A;
p.Gly587Ser
rs60472825; C.1285C>T;
p.His429Tyr
rs529095649; c.113A>G;
p.Tyr38Cys
DNAJC15  15144620914; c383-2A>G;,  ALT-GPT 43.58 435 420E-11 1 6039|5]1 Silencing hepatic MCJ 72
- attenuates non-alcoholic
fatty liver disease (NAFLD)
by increasing mitochon-
drial fatty acid oxidation
(reduced NAFLD liver stea-
tosis and fibrosis in MCJ
deficient mice)
RPS6KA3  rs1026040538; c.28C>T; Sex hormone-binding 130.50 421 825E-11 1 6040[4[1 Same gene-phenotype 73
p.Arg10Cys globulin association identified
in a dataset from UK
biobank
FMRINB ~ rs782656279; c.35A>G; Ferritin 22339 391 395E-10 3 6041[1]3 Gene encodes ferritin -
p.Asn12Ser heavy chain 1 pseudo-
gene 8
5782029879; ¢.172C>T;
p.Arg58Trp
- ¢.536A>C; p.Asp179Ala
RGCC ;c19C>T, p.GIn7e total cholesterol -257 376 856E-10 1 6034|101 RGD: association in rats 74
with serum cholesterol
STK32C rs377335124; c486C>T; BMI 7.78 355 244E-09 2 6023]20|2 - -
p.Asp175=
rs564621303; ¢.302-4_302-
1dup; -
HHAT rs757118759; c.62G>C; ALT-GPT 26.95 338 581E-09 2 6032112 - -
pArg21Pro
1s149597734; 1112C>T;
p.Thr371lle
PAX2 rs199876625; cA53G>A; LDL cholesterol -217 332 8.14E-09 1 6027171 - -
p.Pro182=
TFR2 rs1002859413; c.554G>A; Glucose 277 332 822E-09 1 6018|261 An association with heredi- 72

p.Arg185His

tary hemochromatosis
type Ill, a condition
with complications
that result in pancreatic
damage and secondary
diabetes

2 RR homozygous reference allele, RA heterozygous alternative allele, AA homozygous alternative allele
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populations in large-scale databases and the value of
population-specific reference sets in the identification of
pathogenic variants.

ACMG recently updated its recommendation regard-
ing carrier screening for pathogenic variants in popu-
lations at risk for recessive disorders to include 97
autosomal recessive genes (Tier 3) [46]. In our cohort,
there are more than 50 genes with GCF > 1/50 carriers
including 26 present in the ACMG Tier 3 panel; how-
ever, only 12 are linked to disorders currently screened
for in the Qatari newborn screening program. Therefore,
more disorders could be added to the newborn screen-
ing panel, particularly those early-onset diseases for
which genes have excessively high carrier frequencies (>
1/30), such as DHCR7, CLCN1, CFTR, NEB, and JEP290.
Indeed, this will need to consider the type of subpopula-
tion, given the observed differences, noting there might
be an overestimation of GCF in AFR and SAS Arabs due
to their low sample size. High consanguinity would be
a main driver for the high GCF observed in the cohort,
with other cases may be attributable to balancing selec-
tion, as illustrated by HBB and CFTR in which variants
are known to confer resistance against Malaria and Chol-
era, respectively [75, 76].

Consanguineous populations provide an ideal setting
for studying LoF variants and human knockouts, uncov-
ering genes that are dispensable or uncritical for fitness
[77, 78]. While our data show known P/LP variants are
enriched for homozygosity among Peninsular Arabs ver-
sus other subpopulations, the distribution of homozy-
gous LoF variants was remarkably similar among various
subpopulations (range = 0-5 per person, variance =
0.57). This reflects the cohort’s peculiar population struc-
ture and the universal evolutionary constraint of carry-
ing loss-of-function variants in homozygous form, unlike
missense variants where subpopulation-differences were
seen. In total, 14 participants with homozygote genotype
of known P/LP LoF variants were found in our cohort
and showed consistent biobank phenotypes. The major-
ity of these belong to the Peninsular Arabs group, includ-
ing 4 homozygotes with a protein truncating variant in
APOCS3, highlighting the usefulness of this relatively iso-
lated and inbred population in studying gene essentiality.

A number of novel disease-causing alleles in the Qatari
population were identified using two approaches. First,
variants in MLXIPL and ANOS were found to cause
extreme quantitative traits in hyperuricemia and limb-
girdle muscular dystrophy, respectively. Second, rare
variant burden analysis was used to identify 5 genes in
which rare variants influence quantitative traits relevant
to various disease conditions. Candidate pathogenic
variants will benefit from replication in larger cohorts
as part of the subsequent phases of the Qatar Genome
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Program as well as functional studies to delineate disease
pathophysiology.

Conclusions

In the era of emerging datasets from under-represented
populations [79], consanguineous populations will most
likely transform human genetics and may challenge our
understanding of Mendelian phenotypes, given most of
these are recessively inherited and underlying variant can
be naturally observed due to scale of autozygosity. The
Qatari biobank cohort advances our knowledge in this
context from a Middle Eastern perspective, particularly
for populations that share genetic history with the Qatari
population as those from Saudi Arabia, UAE, and other
Gulf countries [80] as well as the findings among cross-
borders Arab tribes that share extended families with
presence in several Gulf countries as the Bedouin groups.
Of particular interest are the founder pathogenic vari-
ants that were identified in the Peninsular Arab (PAR).
The current range of phenotypes available at the biobank
did not permit the assessment of “subclinical” pheno-
typic consequences of many variants; nevertheless, as
the biobank grows and expands in the near future, larger
systematic analyses will be possible leading to the dis-
covery of more variants relevant to population screening
programs, eventually lowering/eradicating the associated
burden on healthcare systems.

Abbreviations
AF Allele frequency

ACMG American College of Medical Genetics and Genomics
ARCs Autosomal recessive conditions
CADD Combined Annotation Dependent Depletion

GCF Gene carrier frequencies

GERP Genomic Evolutionary Rate Profiling
gnomAD  The Genome Aggregation Database
HGMD The Human Gene Mutation Database
Indels Insertion-deletions

LoF Loss of function

p/LP Pathogenic/likely pathogenic

PCA Principal component analysis

QBB Qatar Biobank

QGP Qatar Genome Program

ADM Admixed Arabs

AFR African Arabs

GAR General Arabs

PAR Peninsular Arabs

SAS South Asians Arabs

WEP West Eurasians and Persian Arabs
SNVs Single-Nucleotide Variants

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513073-024-01307-6.

Additional file 1. Supplementary Tables S1-S11.
Additional file 2. Supplementary Figures S1-S5.



https://doi.org/10.1186/s13073-024-01307-6
https://doi.org/10.1186/s13073-024-01307-6

Aamer et al. Genome Medicine (2024) 16:46

Acknowledgements

We are grateful for the participants of the Qatar biobank for their sample
donation for this study.

The Qatar Genome Program Research Consortium is composed of Qatar
Genome Project Management: Said I. Ismail, Wadha Al-Muftah, Radja Badji,
Hamdi Mbarek, Dima Darwish, Tasnim Fadl, Heba Yasin, Maryem Ennaifar,
Rania Abdellatif, Fatima Alkuwari, Muhammad Alvi, Yasser Al-Sarraj, Chadi
Saad & Asmaa Althani; biobank and sample preparation: Eleni Fethnou, Fatima
Qafoud, Eiman Alkhayat & Nahla Afifi; sequencing and genotyping group:
Sara Tomei, Wei Liu, Kun Wang, & Stephan Lorenz; applied bioinformatics core:
Najeeb Syed, Hakeem Almabrazi, Fazulur Rehaman Vempalli & Ramzi Temanni;
data management and computing infrastructure group: Tarig Abu Saqri,
Mohammedhusen Khatib, Mehshad Hamza, Tariq Abu Zaid, Ahmed El Khouly,
Tushar Pathare, Shafeeq Poolat & Rashid Al-Ali; consortium lead principal
investigators (in alphabetical order): Omar Albagha, Souhaila Al-Khodor,
Mashael Alshafai, Ramin Badii, Lotfi Chouchane, Xavier Estivill, Khalid A. Fakhro,
Hamdi Mbarek, Younes Mokrab, Jithesh V. Puthen, Karsten Suhre & Zohreh
Tatari.

Authors’ contributions

WA, AA, and N.S. preformed data processing and analysis with help from Y.M.
and K.F. KF. designed the study and secured the funding. K.F, YM, T.B.O, and
R.B. participated in scientific discussions and data interpretation. WA, AA.Y.M,,
and K.F. wrote the manuscript and prepared the figures with contributions
from N.S. AK, G.D.G, and O.A. performed the analysis to support the conclu-
sion. Also, B.L, N.A, SA, KA, MK, EA, NK, and FA. participated in scientific
discussions and performed the analysis to support the revised manuscript.
A.S.AA, and S.P. provided administrative support for the study. Members of
the QGP consortium contributed to the subject recruitment, sample and data
collection, phenotyping, genome sequencing, primary processing, and IT
infrastructure support. All authors read and approved the final manuscript.

Funding

This study was, in part, financially supported by QGP, Qatar National Research
Fund (ONRF award, QF-QBB-RES-PUB-003, NPRP10-1219-160035, NPRP10-
0202-170320, and NPRP11S-0110-180250), as well as Sidra internal funds.

Availability of data and materials

List of all pathogenic variants reported in this study is provided in the Addi-
tional file 1: Table S3. The informed consent given by the study participants
does not cover posting of participant level phenotype and genotype data of
Qatar Biobank (QBB)/Qatar Genome Project (QGP) in public databases. Access
to QBB and QGP raw data can be obtained through submitting a project
request at https://www.gatarbiobank.org.qa/research/how-apply and is sub-
ject to approval by the QBB IRB committee. As for code availability, the study
utilized previously published analysis tools as described in the " Methods”
section.

Declarations

Ethics approval and consent to participate

All participants were consented for the study. Approvals were obtained from
the institutional review boards at Sidra Medicine and Qatar Biobank (Ex/2017/
QGP-RES-PUB-003-0011). The study was conducted in accordance with the
principles of the Helsinki Declaration.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Human Genetics, Sidra Medicine, Doha, Qatar. 2Applied Bio-
informatics Core, Sidra Medicine, Doha, Qatar. >Diagnostic Genomic Division,
Hamad Medical Corporation, Doha, Qatar. *Section of Clinical and Metabolic
Genetics, Department of pediatrics, Hamad Medical Corporation, Doha,
Qatar. °Department of Pediatric, Weill Cornell Medical College, Doha, Qatar.
®Division of Genetic & Genomics Medicine, Sidra Medicine, Doha, Qatar. ’Col-
lege of Health and Life Sciences, Hamad Bin Khalifa University, Doha, Qatar.

Page 150f 17

8Department of Genetic Medicine, Weill Cornell Medicine-Qatar, Doha, Qatar.
°College of Health Sciences, Qatar University, Doha, Qatar.

Received: 1 July 2023 Accepted: 19 February 2024
Published online: 08 April 2024

References

1. Ferreira CR.The burden of rare diseases. Am J Med Genet A.
2019;179(6):885-92.

2. FraimanYS, Wojcik MH. The influence of social determinants of health on
the genetic diagnostic odyssey: who remains undiagnosed, why, and to
what effect? Pediatr Res. 2021;89(2):295-300.

3. Fakhro KA, Robay A, Rodrigues-Flores JL, Mezey JG, Al-Shakaki AA, Chidiac
O, et al. Point of care exome sequencing reveals allelic and phenotypic
heterogeneity underlying Mendelian disease in Qatar. Hum Mol Genet.
2019;28(23):3970-81.

4. Wright CF, FitzPatrick DR, Firth HV. Paediatric genomics: diagnosing rare
disease in children. Nat Rev Genet. 2018;19(5):253-68.

5. Chong JX, Buckingham KJ, Jhangiani SN, Boehm C, Sobreira N, Smith JD,
et al. The genetic basis of Mendelian phenotypes: discoveries, challenges,
and opportunities. Am J Hum Genet. 2015;97(2):199-215.

6. Boycott KM, Rath A, Chong JX, Hartley T, Alkuraya FS, Baynam G, et al.
International cooperation to enable the diagnosis of all rare genetic
diseases. Am J Hum Genet. 2017;100(5):695-705.

7. Bainbridge MN, Wiszniewski W, Murdock DR, Friedman J, Gonzaga-
Jauregui C, Newsham |, et al. Whole-genome sequencing for optimized
patient management. Sci Transl Med. 2011;3(87):87re3.

8. Bernarde C, Keravec M, Mounier J, Gouriou S, Rault G, Ferec C, et al.
Impact of the CFTR-potentiator ivacaftor on airway microbiota
in cystic fibrosis patients carrying a G551D mutation. PLoS One.
2015;10(4):e0124124.

9. Cavazzana M, Antoniani C, Miccio A. Gene therapy for beta-hemoglobi-
nopathies. Mol Ther. 2017,25(5):1142-54.

10. Dever DP, Bak RO, Reinisch A, Camarena J, Washington G, Nicolas CE, et al.
CRISPR/Cas9 beta-globin gene targeting in human haematopoietic stem
cells. Nature. 2016;539(7629):384-9.

11. Schlander M, Holm S, Nord E, Richardson J, Garattini S, Kolominsky-Rabas
P, et al. 8th European Conference on Rare Diseases & Orphan Products
(ECRD 2016). Orphanet J Rare Dis. 2016;11(Suppl 1):143.

12. Chatzimichali EA, Brent S, Hutton B, Perrett D, Wright CF, Bevan AP, et al.
Facilitating collaboration in rare genetic disorders through effective
matchmaking in DECIPHER. Hum Mutat. 2015;36(10):941-9.

13. Deciphering Developmental Disorders S. Prevalence and archi-
tecture of de novo mutations in developmental disorders. Nature.
2017,542(7642):433-8.

14. Sawyer SL, Hartley T, Dyment DA, Beaulieu CL, Schwartzentruber J,

Smith A, et al. Utility of whole-exome sequencing for those near the
end of the diagnostic odyssey: time to address gaps in care. Clin Genet.
2016;89(3):275-84.

15. Petrovski S, Goldstein DB. Unequal representation of genetic variation
across ancestry groups creates healthcare inequality in the application of
precision medicine. Genome Biol. 2016;17(1):157.

16. Fakhro KA, Staudt MR, Ramstetter MD, Robay A, Malek JA, Badii R, et al.
The Qatar genome: a population-specific tool for precision medicine in
the Middle East. Hum Genome Var. 2016;3:16016.

17. Sandridge AL, Takeddin J, Al-Kaabi E, Frances Y. Consanguinity in Qatar:
knowledge, attitude and practice in a population born between 1946
and 1991. J Biosoc Sci. 2010;42(1):59-82.

18. Bener A, Alali KA. Consanguineous marriage in a newly developed coun-
try: the Qatari population. J Biosoc Sci. 2006;38(2):239-46.

19. Scott EM, Halees A, ItanY, Spencer EG, He Y, Azab MA, et al. Characteriza-
tion of Greater Middle Eastern genetic variation for enhanced disease
gene discovery. Nat Genet. 2016;48(9):1071-6.

20. Ben-OmranT, Al Ghanim K, Yavarna T, El Akoum M, Samara M, Chandra P,
et al. Effects of consanguinity in a cohort of subjects with certain genetic
disorders in Qatar. Mol Genet Genomic Med. 2020;8(1):e1051.

21. Fakhro KA, Elbardisi H, Arafa M, Robay A, Rodriguez-Flores JL, Al-Shakaki A,
et al. Point-of-care whole-exome sequencing of idiopathic male infertility.
Genet Med. 2018;20(11):1365-73.


https://www.qatarbiobank.org.qa/research/how-apply

Aamer et al. Genome Medicine

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

(2024) 16:46

Razali RM, Rodriguez-Flores J, Ghorbani M, Naeem H, Aamer W, Aliyev E,
et al. Thousands of Qatari genomes inform human migration history and
improve imputation of Arab haplotypes. Nat Commun. 2021;12(1):5929.
Rodriguez-Flores JL, Fakhro K, Hackett NR, Salit J, Fuller J, Agosto-Perez F,
et al. Exome sequencing identifies potential risk variants for Mendelian
disorders at high prevalence in Qatar. Hum Mutat. 2014;35(1):105-16.
Al-Dewik N, Mohd H, Al-Mureikhi M, Ali R, Al-Mesaifri F, Mahmoud L,

et al. Clinical exome sequencing in 509 Middle Eastern families with
suspected Mendelian diseases: The Qatari experience. Am J Med Genet
A.2019;179(6):927-35.

Saleh S, Beyyumi E, Al Kaabi A, Hertecant J, Barakat D, Al Dhaheri NS,

et al. Spectrum of neuro-genetic disorders in the United Arab Emirates
national population. Clin Genet. 2021;100(5):573-600.

Alshenaifi J, Ewida N, Anazi S, Shamseldin HE, Patel N, Maddirevula S,

et al. The many faces of peroxisomal disorders: lessons from a large Arab
cohort. Clin Genet. 2019;95(2):310-9.

Carress H, Lawson DJ, Elhaik E. Population genetic considerations for
using biobanks as international resources in the pandemic era and
beyond. BMC Genomics. 2021;22(1):351.

Mbarek H, Devadoss Gandhi G, Selvaraj S, Al-Muftah W, Badji R, Al-Sarraj
Y, et al. Qatar genome: insights on genomics from the Middle East. Hum
Mutat. 2022;43(4):499-510.

Elfatih A, Mifsud B, Syed N, Badii R, Mbarek H, Abbaszadeh F, et al. Action-
able genomic variants in 6045 participants from the Qatar Genome
Program. Hum Mutat. 2021;42(12):1584-601.

Al Kuwari H, Al Thani A, Al Marri A, Al Kaabi A, Abderrahim H, Afifi N,

et al. The Qatar Biobank: background and methods. BMC Public Health.
2015;3(15):1208.

AlThani A, Fthenou E, Paparrodopoulos S, Al Marri A, Shi Z, Qafoud F,

et al. Qatar Biobank cohort study: study design and first results. Am J
Epidemiol. 2019;188(8):1420-33.

DePristo MA, Banks E, Poplin R, Garimella KV, Maguire JR, Hartl C, et al. A
framework for variation discovery and genotyping using next-generation
DNA sequencing data. Nat Genet. 2011;43(5):491-8.

Cingolani P, Platts A, le Wang L, Coon M, Nguyen T, Wang L, et al. A
program for annotating and predicting the effects of single nucleotide
polymorphisms, SnpEff: SNPs in the genome of Drosophila melanogaster
strain w1118; iso-2; iso-3. Fly Austin. 2012;6(2):80-92.

Sherry ST, Ward MH, Kholodov M, Baker J, Phan L, Smigielski EM, et al.
dbSNP: the NCBI database of genetic variation. Nucleic Acids Res.
2001;29(1):308-11.

Landrum MJ, Lee JM, Benson M, Brown GR, Chao C, Chitipiralla S, et al.
ClinVar: improving access to variant interpretations and supporting
evidence. Nucleic Acids Res. 2018;46(D1):D1062-7.

Stenson PD, Mort M, Ball EV, Evans K, Hayden M, Heywood S, et al. The
Human Gene Mutation Database: towards a comprehensive repository
of inherited mutation data for medical research, genetic diagnosis and
next-generation sequencing studies. Hum Genet. 2017;136(6):665-77.
Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alfoldi J, Wang Q, et al.
The mutational constraint spectrum quantified from variation in 141,456
humans. Nature. 2020;581(7809):434-43.

Genomes Project C, Auton A, Brooks LD, Durbin RM, Garrison EP, Kang
HM, et al. A global reference for human genetic variation. Nature.
2015;526(7571):68-74.

GenomeAsia KC. The GenomeAsia 100K Project enables genetic discover-
ies across Asia. Nature. 2019;576(7785):106—11.

Thareja G, Al-Sarraj Y, Belkadi A, Almotawa M, Qatar Genome Program
Research C, Suhre K, et al. Whole genome sequencing in the Middle
Eastern Qatari population identifies genetic associations with 45 clinically
relevant traits. Nat Commun. 2021;12(1):1250.

Martin AR, Williams E, Foulger RE, Leigh S, Daugherty LC, Niblock O,

et al. PanelApp crowdsources expert knowledge to establish consensus
diagnostic gene panels. Nat Genet. 2019;51(11):1560-5.

Bell CJ, Dinwiddie DL, Miller NA, Hateley SL, Ganusova EE, Mudge J, et al.
Carrier testing for severe childhood recessive diseases by next-generation
sequencing. Sci Transl Med. 2011;3(65):65ra4.

Amorim CEG, Gao Z, Baker Z, Diesel JF, Simons YB, Haque IS, et al. The
population genetics of human disease: the case of recessive, lethal muta-
tions. PLoS Genet. 2017;13(9):e1006915.

Miller DT, Lee K, Abul-Husn NS, Amendola LM, Brothers K, Chung WK,

et al. ACMG SF v3.1 list for reporting of secondary findings in clinical

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 16 of 17

exome and genome sequencing: a policy statement of the Ameri-

can College of Medical Genetics and Genomics (ACMG). Genet Med.
2022,24(7):1407-14.

Schmitz MJ, Aarabi M, Bashar A, Rajkovic A, Gregg AR, Yatsenko SA. Carrier
frequency of autosomal recessive genetic conditions in diverse popula-
tions: lessons learned from the genome aggregation database. Clin
Genet. 2022;102(2):87-97.

Gregg AR, Aarabi M, Klugman S, Leach NT, Bashford MT, Goldwaser T,

et al. Screening for autosomal recessive and X-linked conditions during
pregnancy and preconception: a practice resource of the American
College of Medical Genetics and Genomics (ACMG). Genet Med.
2021,23(10):1793-806.

Saleheen D, Natarajan P, Armean IM, Zhao W, Rasheed A, Khetarpal SA,
et al. Human knockouts and phenotypic analysis in a cohort with a high
rate of consanguinity. Nature, 2017;544(7649):235-9.

Coucke PJ, Willaert A, Wessels MW, Callewaert B, Zoppi N, De Backer

J, et al. Mutations in the facilitative glucose transporter GLUT10 alter
angiogenesis and cause arterial tortuosity syndrome. Nat Genet.
2006;38(4):452-7.

Alazami AM, Al-Saif A, Al-Semari A, Bohlega S, Zlitni S, Alzahrani F, et al.
Mutations in C20rf37, encoding a nucleolar protein, cause hypog-
onadism, alopecia, diabetes mellitus, mental retardation, and extrapy-
ramidal syndrome. Am J Hum Genet. 2008,;83(6):684-91.

Abdul Wahab A, Al Thani G, Dawod ST, Kambouris M, Al Hamed M.
Heterogeneity of the cystic fibrosis phenotype in a large kindred

family in Qatar with cystic fibrosis mutation (11234V). J Trop Pediatr.
2001;47(2):110-2.

Tadmouri GO, Ali MTA, Ali SAH, Khaja NA. CTGA: the database for genetic
disorders in Arab populations. Nucleic Acids Res. 2006;34(Database
issue):D602-6.

King S, Germeshausen M, Strauss G, Welte K, Ballmaier M. Congenital
amegakaryocytic thrombocytopenia: a retrospective clinical analysis of
20 patients. Br J Haematol. 2005;131(5):636-44.

Bejjani BA, Stockton DW, Lewis RA, Tomey KF, Dueker DK, Jabak M, et al.
Multiple CYP1B1 mutations and incomplete penetrance in an inbred
population segregating primary congenital glaucoma suggest frequent
de novo events and a dominant modifier locus. Hum Mol Genet.
2000;9(3):367-74.

Wolfe LA, Finegold DN, Vockley J, Walters N, Chambaz C, Suormala T, et al.
Potential misdiagnosis of 3-methylcrotonyl-coenzyme A carboxylase
deficiency associated with absent or trace urinary 3-methylcrotonylgly-
cine. Pediatrics. 2007;120(5):e1335-40.

Lee SJ, Lee DH, Yoo HW, Koo SK, Park ES, Park JW, et al. Identification and
functional analysis of cystathionine beta-synthase gene mutations in
patients with homocystinuria. J Hum Genet. 2005;50(12):648-54.

U. Basmanav FB, Cau L, Tafazzoli A, Mechin MC, Wolf S, Romano MT,

et al. Mutations in three genes encoding proteins involved in hair

shaft formation cause uncombable hair syndrome. Am J Hum Genet.
2016;99(6):1292-304.

Huff MW, Hegele RA. Apolipoprotein C-lIl: going back to the future for a
lipid drug target. Circ Res. 2013;112(11):1405-8.

Kelsell DP, Dunlop J, Stevens HP, Lench NJ, Liang JN, Parry G, et al. Con-
nexin 26 mutations in hereditary non-syndromic sensorineural deafness.
Nature. 1997;387(6628):80-3.

Cheng JB, Levine MA, Bell NH, Mangelsdorf DJ, Russell DW. Genetic evi-
dence that the human CYP2R1 enzyme is a key vitamin D 25-hydroxylase.
Proc Natl Acad Sci U A. 2004;101(20):7711-5.

Kraus JP. Komrower Lecture. Molecular basis of phenotype expression in
homocystinuria. J Inherit Metab Dis. 1994;17(4):383-90.

Zeitz C, Kloeckener-Gruissem B, Forster U, Kohl S, Magyar I, Wissinger

B, et al. Mutations in CABP4, the gene encoding the Ca2+-binding
protein 4, cause autosomal recessive night blindness. Am J Hum Genet.
2006;79(4):657-67.

Stoilov I, Akarsu AN, Sarfarazi M. Identification of three different truncat-
ing mutations in cytochrome P4501B1 (CYP1B1) as the principal cause
of primary congenital glaucoma (Buphthalmos) in families linked to the
GLC3A locus on chromosome 2p21. Hum Mol Genet. 1997,6(4):641-7.
Davis CG, Lehrman MA, Russell DW, Anderson RG, Brown MS, Goldstein
JL. The J.D. mutation in familial hypercholesterolemia: amino acid substi-
tution in cytoplasmic domain impedes internalization of LDL receptors.
Cell. 1986;45(1):15-24.



Aamer et al. Genome Medicine (2024) 16:46 Page 17 of 17

64. Wang L, Fan C, Topol SE, Topol EJ, Wang Q. Mutation of MEF2A in an
inherited disorder with features of coronary artery disease. Science.
2003;302(5650):1578-81.

65. Pollak MR, Brown EM, Chou YH, Hebert SC, Marx SJ, Steinmann B, et al.
Mutations in the human Ca(2+)-sensing receptor gene cause familial
hypocalciuric hypercalcemia and neonatal severe hyperparathyroidism.
Cell. 1993;75(7):1297-303.

66. Li QY, Newbury-Ecob RA, Terrett JA, Wilson DI, Curtis AR, Yi CH, et al.
Holt-Oram syndrome is caused by mutations in TBX5, a member of the
Brachyury (T) gene family. Nat Genet. 1997;15(1):21-9.

67. BolducV, Marlow G, Boycott KM, Saleki K, Inoue H, Kroon J, et al. Recessive
mutations in the putative calcium-activated chloride channel Anoctamin
5 cause proximal LGMD2L and distal MMD3 muscular dystrophies. Am J
Hum Genet. 2010;86(2):213-21.

68. Schessl J, Kress W, Schoser B. Novel ANO5 mutations causing hyper-
CK-emia, limb girdle muscular weakness and Miyoshi type of muscular
dystrophy. Muscle Nerve. 2012;45(5):740-2.

69. Vorobelova L, Dankova Z, Candrakova-Cernanova V, Falbova D, Cvicelova
M, Benus R, et al. Association of the ESRT polymorphism with menopause
and MLXIPL genetic variant influence serum uric acid levels in Slovak
midlife women. Menopause. 2019;26(10):1185-92.

70. Kim HA, Park WJ, Jeong HS, Lee HE, Lee SH, Kwon NS, et al. Leucine-rich
glioma inactivated 3 regulates adipogenesis through ADAM?23. Biochim
Biophys Acta. 2012;1821(6):914-22.

71. Fernandez-Real JM, McClain D, Manco M. Mechanisms linking glucose
homeostasis and iron metabolism toward the onset and progression of
type 2 diabetes. Diabetes Care. 2015;38(11):2169-76.

72. Barbier-Torres L, Fortner KA, Iruzubieta P, Delgado TC, Giddings E, ChenY,
et al. Silencing hepatic MCJ attenuates non-alcoholic fatty liver disease
(NAFLD) by increasing mitochondrial fatty acid oxidation. Nat Commun.
2020;11(1):3360.

73. Ruth KS, Day FR, Tyrrell J, Thompson DJ, Wood AR, Mahajan A, et al. Using
human genetics to understand the disease impacts of testosterone in
men and women. Nat Med. 2020;26(2):252-8.

74. Kato N, Tamada T, Nabika T, Ueno K, Gotoda T, Matsumoto C, et al.
Identification of quantitative trait loci for serum cholesterol levels in
stroke-prone spontaneously hypertensive rats. Arter Thromb Vasc Biol.
2000;20(1):223-9.

75. Kwiatkowski DP. How malaria has affected the human genome and
what human genetics can teach us about malaria. Am J Hum Genet.
2005;77(2):171-92.

76. Gabriel SE, Brigman KN, Koller BH, Boucher RC, Stutts MJ. Cystic fibrosis
heterozygote resistance to cholera toxin in the cystic fibrosis mouse
model. Science. 1994;266(5182):107-9.

77. Rausell A, Luo Y, Lopez M, Seeleuthner Y, Rapaport F, Favier A, et al. Com-
mon homozygosity for predicted loss-of-function variants reveals both
redundant and advantageous effects of dispensable human genes. Proc
Natl Acad Sci U A. 2020;117(24):13626-36.

78. Narasimhan VM, Hunt KA, Mason D, Baker CL, Karczewski KJ, Barnes MR,
et al. Health and population effects of rare gene knockouts in adult
humans with related parents. Science. 2016,352(6284):474-7.

79. Fatumo S, Chikowore T, Choudhury A, Ayub M, Martin AR, Kuchenbae-
cker K. A roadmap to increase diversity in genomic studies. Nat Med.
2022,28(2):243-50.

80. Mohammad T, Xue Y, Evison M, Tyler-Smith C. Genetic structure of
nomadic Bedouin from Kuwait. Hered Edinb. 2009;103(5):425-33.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Burden of Mendelian disorders in a large Middle Eastern biobank
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Sample collection
	Genome sequencing and data processing
	Gene panels
	Genetic ancestry assignments
	Identification of known and novel pathogenic variants
	Cumulative gene carrier frequency
	Rare variant burden analysis

	Results
	Study cohort characteristics
	Generating a catalog of Mendelian disease genes and variants in the Qatari population
	Spectrum of known PLP variation in the Qatari population
	PLP variants exceedingly common in the Qatar population
	Founder PLP alleles in the Qatari population
	Cumulative gene-level carrier frequency
	Loss-of-function PLP variants and human knockouts
	Impact of known PLP alleles on biobank phenotypes
	Novel recessive variants associated with extreme quantitative traits
	Variants in the Qatari population with depleted homozygosity
	Rare variant burden analysis

	Discussion
	Conclusions
	Acknowledgements
	References


