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Abstract
Background  The genetic architecture underlying Familial Hypercholesterolemia (FH) in Middle Eastern Arabs is yet 
to be fully described, and approaches to assess this from population-wide biobanks are important for public health 
planning and personalized medicine.

Methods  We evaluate the pilot phase cohort (n = 6,140 adults) of the Qatar Biobank (QBB) for FH using the Dutch 
Lipid Clinic Network (DLCN) criteria, followed by an in-depth characterization of all genetic alleles in known dominant 
(LDLR, APOB, and PCSK9) and recessive (LDLRAP1, ABCG5, ABCG8, and LIPA) FH-causing genes derived from whole-
genome sequencing (WGS). We also investigate the utility of a globally established 12-SNP polygenic risk score to 
predict FH individuals in this cohort with Arab ancestry.

Results  Using DLCN criteria, we identify eight (0.1%) ‘definite’, 41 (0.7%) ‘probable’ and 334 (5.4%) ‘possible’ FH 
individuals, estimating a prevalence of ‘definite or probable’ FH in the Qatari cohort of ~ 1:125. We identify ten 
previously known pathogenic single-nucleotide variants (SNVs) and 14 putatively novel SNVs, as well as one novel 
copy number variant in PCSK9. Further, despite the modest sample size, we identify one homozygote for a known 
pathogenic variant (ABCG8, p. Gly574Arg, global MAF = 4.49E-05) associated with Sitosterolemia 2. Finally, calculation 
of polygenic risk scores found that individuals with ‘definite or probable’ FH have a significantly higher LDL-C SNP 
score than ‘unlikely’ individuals (p = 0.0003), demonstrating its utility in Arab populations.

Conclusion  We design and implement a standardized approach to phenotyping a population biobank for FH 
risk followed by systematically identifying known variants and assessing putative novel variants contributing to FH 
burden in Qatar. Our results motivate similar studies in population-level biobanks – especially those with globally 
under-represented ancestries – and highlight the importance of genetic screening programs for early detection and 
management of individuals with high FH risk in health systems.
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Background
Familial hypercholesterolemia (FH) is an autosomal-
dominant genetic disorder characterized by elevated 
plasma low-density lipoprotein cholesterol (LDL-C) lev-
els, with a prevalence between 1:250 and 1:500 across dif-
ferent world populations [1–4]. When left untreated, FH 
increases the risk of premature coronary artery disease 
(CAD), with an estimated 20% of myocardial infarctions 
(MIs) in patients aged under 45 years attributable to FH 
[2]. FH should be suspected in adults with LDL-C > 4.9 
mmol/L (190 mg/dL) and children with levels > 4 mmol/L 
(160  mg/dL) combined with a family history of prema-
ture CAD [5–7]. There are three formal diagnostic cri-
teria widely used to diagnose FH: the Dutch Lipid Clinic 
Network (DLCN) [8, 9], Simon Broome [10], and Make 
Early Diagnosis to Prevent Early Death (MEDPED) cri-
teria [11]. Of these three sets, the DLCN and Simon 
Broome criteria rely on genetic variations present in FH 
causing genes combined with other clinical features.

To date, pathogenic variants causing FH are predomi-
nantly reported in three genes: low-density lipopro-
tein receptor (LDLR), 95%; apolipoprotein B (APOB), 
2–11%; and proprotein convertase subtilisin/kexin type 9 
(PCSK9), 1% [1, 8, 9, 12]. Also, some recessive genes have 
been associated with FH, including Low-Density Lipo-
protein Receptor Adaptor Protein 1 (LDLRAP1), ATP 
Binding Cassette Subfamily G Member 5 (ABCG5), ATP 
Binding Cassette Subfamily G Member 8 (ABCG8), and 
Lipase A, Lysosomal Acid Type (LIPA).

Polygenic inheritance is the most likely cause of disease 
in patients with a clinical diagnosis of FH without detect-
able variants in the LDLR, APOB, and PCSK9 genes 
(variants in the novel genes were observed only in few 
cases) [13]. In 2013, Talmud et al. developed a 12-SNP 
LDL-C “SNP-Score” based on common variants identi-
fied in genome wide association studies that were associ-
ated with increased LDL-C levels [13, 14]. Validation of 
this score in European-Caucasian population has shown 
that 80% of the clinically diagnosed FH patients with no 
detectable mutations in LDLR, APOB,and PCSK9 have a 
polygenic inheritance [13].

Although FH is primarily caused by dominant vari-
ants; rare cases have been found to harbor homozygous 
variants (prevalence 1:160,000–1:300,000) [9]. The inci-
dence of homozygous FH (HoFH) is increased in Middle 
Eastern countries due to the high degree of consanguin-
ity. For example, the homozygous LDLR allele (p.C681X) 
is responsible for 60% of FH cases in Lebanon [15]. 
There is another form of HoFH caused by biallelic vari-
ants in the LDLRAP1 gene, termed autosomal recessive 

hypercholesterolemia (ARH). ARH was first described by 
Khachadurian and Uthman in Lebanese families in 1973 
[16] with a global prevalence of less than 1 in 1 million 
[17]. However, ARH is found more commonly on Sar-
dinia Island in Italy due to founder effect and inbreeding. 
About 100 ARH patients have been reported so far, most 
of them from Sardinian Island [18]. The prevalence of 
ARH in Sardinian Island was estimated to be 1 in 40,000, 
and the frequency of heterozygous carriers is 1:143 [17]. 
ARH is also characterized by a severe elevation in the 
LDL-C levels, tendon xanthomas, and premature CAD 
[19]. Half of the ARH patients reported have evidence 
of CAD [18]; however, no ARH patients with premature 
CAD have been reported before 20 years old [20].

A recent census of FH cases in the Arabian Gulf 
(Kuwait, Oman, Qatar, Saudi Arabia, and the United 
Arab Emirates) showed 130,693 heterozygous carri-
ers and 87 HoFH cases [21]. Notably, the EAS Familial 
Hypercholesterolaemia Studies Collaboration (FHSC) 
reported 57 FH genetic variants in 17 Middle Eastern 
and North African countries, while none were identi-
fied in Qatar [21]. Similarly, Alhababi and Zayed (2018) 
reported that no FH-related genetic variants had been 
found in 14 Arab countries, including Qatar [22]. Thus, 
the identity and prevalence of FH variants in the Qatari 
population have not been well established.

In the present study, a large Arab population biobank 
has been utilized to assess the genetic burden of FH in a 
systematic and large-scale manner, which may serve as a 
reference dataset for future studies of FH in the region. 
We conducted the large-scale characterization of FH 
alleles in any Arab population, using a whole-genome 
sequencing (WGS) dataset of 6,140 adult participants 
from Qatar Genome Program (QGP). We used the exten-
sive phenotypic data from Qatar BioBank (QBB) for the 
FH diagnosis of 6,140 participants using DLCN criteria. 
We assessed the presence of known pathogenic variants 
in LDLR, APOB, PCSK9, LDLRAP1, ABCG5, ABCG8, 
and LIPA in these individuals and evaluated novel vari-
ants of these genes for pathogenicity. Furthermore, we 
tested the utility of globally established 12 SNP LDL-C 
SNP scores for predicting polygenic FH risk in Arab 
populations.

Methods
Cohort description
The study participants were recruited by Qatar Bio-
bank (QBB), a prospective, population-based cohort 
established in 2012 involving the study of adult Qatari 
nationals and long-term residents (≥ 15 y of continuous 

Keywords  Cholesterol, Dyslipidemias, LDL, Lipoproteins/Receptors, Premature coronary artery disease, Dutch lipid 
Clinic Network, LDLRAP1, Sitosterolemia, Polygenic risk scores, Middle East region.
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residence) who were followed up every five years [23, 
24]. Initial analysis was started with 6,218 participants; 
however, 78 participants were excluded due to the lack 
of LDL-C levels leaving 6,140 participants for this study. 
Among 6,140 participants, no one reported or appeared 
to have hypothyroidism. The whole-genome sequence 
(WGS) of these participants was sequenced through 
Qatar Genome Program (QGP).

Lipid measurement and correction factor for cholesterol-
lowering medications
Blood samples were collected from QBB participants and 
stored at − 80  °C [23, 24]. Enzymatic calorimetric assays 
were performed to analyze the lipid profiles (total choles-
terol, LDL cholesterol, HDL cholesterol and triglycerides) 
using a Roche Cobas analyzer at Hamad Medical Corpo-
ration Laboratory, Doha, Qatar. When a QBB participant 
reported using cholesterol-lowering medication, LDL-C 
concentrations were corrected to estimate pre-treated 
LDL-C levels as described previously (Supplementary 
Table 1) [25]. For the participants under treatment with 
unspecified cholesterol-lowering medication, a correc-
tion factor of 1.43 was used, which corresponded to an 
estimated 30% reduction in LDL-cholesterol [26].

Co-morbidities
In the present study, coronary artery disease (CAD) 
included angina pectoris and myocardial infarction. 
QBB questionnaires (nurse interview) were used to iden-
tify participants diagnosed with these conditions (self-
reported). Similarly, cholesterol-lowering medications, 
diabetes mellitus, hypertension and parents’ history of 
coronary artery diseases were self-reported on the QBB 
questionnaire. ‘Smokers’ indicated current smokers. 
Body mass index (BMI) was calculated as weight (kg) 
divided by height squared (m2), and body composition 
was ascertained using a SECA 514 mBCA. The metabolic 
syndrome was defined in accordance with international 
guidelines [27].

Diagnostic criteria for FH
The DLCN criteria as modified and used in our study 
included family history of a first-degree relative with 
CAD or vascular disease, a personal history of prema-
ture CAD, or premature cerebral or peripheral vascular 
disease, and elevated LDL-C levels. Each of these crite-
ria was given a score and FH diagnosis was classified as 
follows: a score of 8 and above - ‘definite’ FH; a score 
between 6 and 8 - ‘probable’ FH; a score between 3 and 
5 - ‘possible’ FH; and score of less than 3 were classified 
as ‘unlikely’ FH [8, 9].

Whole genome sequencing
The DNA extraction, library construction and whole 
genome sequencing (WGS) of QBB samples have been 
performed at Sidra Medicine; full details of the WGS data 
have been published previously [28–30]. An automated 
pipeline has been developed by the Sidra Bioinformat-
ics Core for performing standardized quality control and 
variant calling on whole genome sequence data; details of 
the data have been previously described [28–30]. Genetic 
architecture of the Qatari population in relation to the 
world’s population reveals five major ancestries, namely 
General Arabs (QGP_GAR), Peninsular Arabs (QGP_
PAR), Arabs of Western Eurasia and Persia (QGP_WEP), 
South Asians (QGP_SAS), Africans (QGP_AFR) and 
Admixed (QGP_ADM). A full description of the genetic 
architecture study is provided in Razali et al. (2021)
[30]. According to this study, the PAR cluster is unique 
to Qataris. GAR cluster overlap with the Levant (includ-
ing both Arab and Jewish populations) and North Africa, 
while WEP clusters mainly overlap with Persians, Turkish 
and other West Eurasian groups. Finally, AFR and SAS 
sub-clusters exhibit similarities to other Eastern African 
and South Asian populations, respectively.

Estimated clinical penetrance and ACMG (the American 
College of Medical Genetics and Genomics) classification
Estimated clinical penetrance for ClinVar, HGMD and 
novel variants were calculated based on the total num-
ber of definite, probable, and possible FH individuals of 
DLCN criteria carrying the variants [31]. ACMG classifi-
cation of novel variants was obtained using online bioin-
formatic software, InterVar [32].

Copy number variant analysis
Structural variants (SVs) in the WGS data were called 
using two structural variant callers: Manta version 1.6.0 
and SpeedSeq version 0.1.2 using default parameters. 
Size cut-offs were set at ≥50 bp and ≤10 Mb. We gener-
ated a consensus file for each individual by merging SVs 
that overlap reciprocally by > 80%. A consensus multi-
sample SV dataset was created and annotated using 
AnnotSV 2.2. In this study, we focused on SVs disrupting 
LDLR, PCSK9 and APOB.

Structural mapping of novel variants
A structural analysis was performed on the novel vari-
ants of LDLR and PCSK9. Literature-based study and 
the X-ray crystallography 3D structures of PCSK9 pro-
tein (PDB code 2P4E, 6U2F, 5VLP, 2PMW, 6U2F, 3BPS, 
6U2N, 6U36, 6U3I, and 6U26) were used to map the 
functional domains, novel and known mutational posi-
tions, allosteric inhibitor site residues, LDLR binding 
surface, catalytic triad, substrate-binding pocket and the 
interface used for the interaction of the pro-domain with 
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the catalytic domain. To analyze the protein interaction 
of LDLR with PCSK9, we used the following complex 3D 
structures: 1N7D, 3M0C, 3P5C, 1IJQ, and 3P5B. Sche-
matic representations of the structures were generated 
using PYMOL (The PyMol Molecular Graphics System, 
Schrodinger, LLC).

Polygenic risk score calculation
To study the possible polygenic cause of hypercholes-
terolemia, we focused on a compilation of 12 key single 
nucleotide polymorphisms (SNPs) that significantly raise 
the LDL-C [14, 33–35]. Since the one of the 12 SNP 
rs1800562 in the HFE gene was not found in the QGP 
data, our LDL-C SNP score calculation was based on 11 
of the 12 key SNPs. LDL-C SNP scores were calculated 
as the weighted sum of the LDL-C-raising alleles, where 
weights are the effect sizes in genome-wide association 
studies (GWAS) (Supplementary Table 2). The summary 
statistics of the 11 SNPs were obtained from the Global 
Lipid Genetics Consortium GWAS [13, 36].

Statistical analysis
All statistical analysis in this study were performed using 
R (version 1.1.453). We evaluated the prevalence of car-
diovascular risks and other co-morbidities in ‘definite or 
probable’ FH individuals versus ‘unlikely’ FH individuals 

using the Chi-square test (significance at p < 0.01). We 
compared the SNP LDL-C gene score between ‘definite 
or probable FH’, ‘possible FH’, and ‘unlikely’ FH groups 
using one-way ANOVA. The odds ratios (ORs) for having 
LDLR variants in ‘definite or probable’ FH, and ‘possible’ 
FH were compared with those for ‘unlikely’ FH.

Results
Demographic and clinical characteristics of Qatar Biobank 
participants
A total of 6,140 participants were included in this study. 
The median participant age was 39 y (interquartile 
range:18–88), and 57% were female (Table 1). A total of 
1,854 (30.1%) participants had a self-reported history of 
hypercholesterolemia (Table 1); 400 had LDL-cholesterol 
levels ≥ 4.9 mmol/L (Table  1; Fig.  1). We observed 586 
individuals who reported taking a cholesterol-lowering 
medication and another 237 individuals who reported 
taking cholesterol-lowering medications along with diet 
management. Notably, 36 participants reported hav-
ing high cholesterol before or at the age of 20. Further, 
57 participants were diagnosed with premature CAD (31 
with myocardial infarction and 26 with angina).

FH diagnosis
We sought to classify the FH status of all QBB partici-
pants using the Dutch Lipid Criteria Network (DLCN) 
criteria (see Methods). We identified eight (0.1%) ‘defi-
nite’, 41 (0.7%) ‘probable’ and 334 (5.4%) ‘possible’ FH 
individuals; the remaining 5,757 individuals were classi-
fied as ‘unlikely FH’ (Table 2). Thus, we estimated a prev-
alence of 0.8% (1:125) for ‘definite or probable’ FH within 
the QBB cohort.

Cardiovascular risks and other co-morbidities
Our study found that 8% of participants classified as ‘defi-
nite or probable’ FH had self-reported premature CAD, 
which is significantly higher than the ‘unlikely’ FH indi-
viduals (0.4%) (χ2P < 0.01) (Table  3). Furthermore, 6% of 
‘definite or probable’ FH individuals underwent heart 
revascularization surgery as compared to 1% in ‘unlikely’ 
FH (χ2P < 0.01). Additionally, we found that the presence 
of co-morbidities such as metabolic syndrome, hyper-
tension, and diabetes mellitus was significantly higher 
among participants classified as ‘definite or probable’ 
FH, compared to unlikely FH (metabolic syndrome 47%, 
hypertension 31% and diabetes mellitus 47% in ‘defi-
nite or probable’ FH vs 15% metabolic syndrome, 15% 
hypertension, and 16% diabetes mellitus in ‘unlikely’ FH) 
(χ2P < 0.01). Finally, when including the parental history 
taken in at the time of biobank enrollment, we found 
that 100% definite, 44% probable and 22% possible FH 
individuals reported either their mother or father had 

Table 1  Qatar Biobank (QBB) data associated with 
hypercholesterolemia phenotype
QBB phenotypic data No. of QBB 

participants
Number of participants 6140

Gender (Male, Female) 2645, 3495

Parental consanguinity 2347

Age (median) 39

LDL-C:

< 4.9mmol/L 5740

≥ 4.9mmol/L 400

Self-reported high cholesterol 1854

No. of participants reported having high cholesterol ≤ 20 
years old

36

Self-reported treatment for high cholesterol:
Diet only 413

Diet and Tablets 237

Tablets only 586

Self-reported cardiovascular events
Heart attack 31

Angina 26

Stroke 10

Revascularization surgery 69

First-degree relatives with history of myocardial infarction
Parent history of myocardial infarction 862

Siblings’ history of myocardial infarction 4
LDL-C levels shown are corrected or pre-treated LDL-C levels obtained using 
specific correction factors (see methods)
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Table 2  Dutch Lipid Clinic Network criteria as modified and 
used in this study
Dutch Lipid Clinic Network (DLCN) Points No. of 

QBB par-
ticipants 
(n=6140)

Family History
First-degree relative with known coronary and 
vascular disease

1 862

Clinical history
Patient with premature* coronary artery disease 2 50

Patient with premature* cerebral or peripheral 
vascular disease

1 6

LDL-C (mmol/liter)
LDL-C (≥ 8.5) 8 28

LDL-C (6.5–8.4) 5 75

LDL-C (5.0–6.4) 3 264

LDL-C (4.0–4.9) 1 801

Diagnosis
Definite FH > 8 8

Probable FH 6 – 8 41

Possible FH 3 – 5 334

Unlikely FH <3 5757
*Premature: ≥55 years for men; ≥60 years for women

Table 3  Co-morbidities of 6,140 Qatar Biobank (QBB) 
participants categorized by the Dutch Lipid Clinic Network 
criteria
Criteria Dutch Lipid Clinic Network criteria

Definite Probable Possible Unlikely
Prevalence 8 41 334 5757

Sex, women 4 22 159 3310

Age, years 59 (36–69) 54 (20–70) 49 (21–80) 38 (18–88)

Body mass index 30.48 
(25.9–36.9)

28.8 
(22.6–40.7)

29.6 
(17.5–53.3)

28.7 
(13.4–
110.4)

Obesity 6 8 172 2568

Metabolic 
syndrome

4 19 122 870

Diabetes mellitus 3 20 112 912

Hypertension 2 13 117 855

Current smokers 3 3 56 895

Cholesterol-low-
ering medication

7 34 218 623

Premature 
coronary artery 
disease

0 4 21 25

Myocardial 
infarction

0 2 12 11

Age and body mass index (BMI) are summarized as median and interquartile 
range. Body mass index was measured in kg/m2. Obesity was defined as “body 
mass index ≥ 30kg/m2”. The metabolic syndrome was defined in accordance 
with international guidelines (Alberti et al. 2013). Details of diabetes mellitus, 
hypertension, and smoking history were self-reported and obtained from the 
QBB questionnaire

Fig. 1  Distribution of higher LDL-C levels (≥ 4 mmol/L) among QBB participants according to their age group
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died from a myocardial infarction compared to 13% in 
unlikely FH.

The genetic spectrum of known pathogenic FH variants in 
LDLR, APOB and PCSK9
To identify known pathogenic variants associated with 
FH segregating in the Qatari population, we anno-
tated the genomic data against the ClinVar and Human 
Genome Mutation Database (HGMD). We found four 
SNVs previously reported as pathogenic/likely patho-
genic (P/LP) in ClinVar were present in 11 heterozygous 
individuals (0.18%) (Table 4). As noted, all four variants 
were in LDLR, and one was a loss-of-function (LoF) vari-
ant (c.313 + 3  A > C) that was found in six heterozygous 
individuals [37], while the remaining three were mis-
sense variants (Table 4). We found two APOB missense 
variants associated with hypobetalipoproteinemia and 
each variant was identified in two heterozygous indi-
viduals. Heterozygous individuals (n = 4) carrying the 
two APOB variants have LDL-C levels below the 5th 
percentile (LDL-C < 1.8 mmol/L) of the general popula-
tion (Table 4). Their APOB protein levels, however, were 
not able to be assessed since QBB does not have this 
information.

Using HGMD classification, we identified 28 vari-
ants (22 in LDLR, 4 in PCSK9, and 2 in APOB) reported 
as disease-causing mutations (DM) (Supplementary 
Table 3). Analyzing the estimated clinical penetrance of 

DM variants, we found that four LDLR variants showed 
100% penetrance, each with one affected individual. A 
further six DM variants showed incomplete penetrance, 
and the remaining eighteen DM variants showed zero 
penetrance, suggesting that the HGMD variant annota-
tion is less specific than the ClinVar annotation (Supple-
mentary Table 3).

Identification of candidate novel pathogenic FH variants in 
LDLR, PCSK9 and APOB
In addition to known pathogenic alleles, we sought to 
identify putatively novel deleterious variants disrupting 
the three canonical FH genes. Leveraging our pipeline to 
call both small and large genomic variants from the WGS 
data, we identified one individual with a 1.03 Mb duplica-
tion (chr1:54,828,792 − 55,862,308) encompassing PCSK9 
(Fig. 2). As expected with excess PCSK9 dosage, the indi-
vidual had a high LDL-C level of 6.03 mmol/L (> 97th 
percentile).

We identified a further 11 novel putatively delete-
rious SNVs (missense or LoF, minor allele frequency 
(MAF) < 0.1% in QGP) in the three genes (7 in APOB, 3 
in PCSK9 and 1 in LDLR). While each novel variant was 
observed in at least one ‘definite or probable or possible’ 
FH individual with a history of self-reported hypercho-
lesterolemia and LDL-C ≥ 4.9 mmol/L, overall, with 
estimated clinical penetrance ranging from 14 to 100% 
(Table  5). ACMG classification of these novel variants 

Table 4  ClinVar pathogenic/likely pathogenic variants of familial hypercholesterolemia in the Qatar Genome Program study
Gene dbSNP cDNA 

change
Amino-acid 
change

QGP 
AC

Max AF 
in public 
databases

QGP 
subcluster

Estimated 
clinical 
penetrance

ClinVar ClinVar Phenotype

ABCG5 rs199689137 c.1336 C>T p.Arg446* 27 0.0006 QGP_ADM (1), 
QGP_GAR(24), 
QGP_PAR(1), 
QGP_WEP (1)

. P Sitosterolemia 1

ABCG8 rs137852991 c.1234 C>T p.Arg412* 1 6.67E-05 QGP_ADM . P Sitosterolemia 2

ABCG8 rs137852988 c.1720G>A p.Gly574Arg 6 4.49E-05 QGP_WEP 100% (1/1)* P/LP Sitosterolemia 2

APOB . c.2817-2 A>C . 2 0 QGP_ADM . LP Hypobetalipoproteinemia

APOB . c.1468 C>T p.Arg490Trp 2 1.79E-05 QGP_ADM (1), 
QGP_GAR (1)

. P Hypobetalipoproteinemia

LDLR rs879254809 c.1154T>G p.Leu385Arg 1 0 QGP_AFR 0% (0/1) LP Familial 
Hypercholesterolemia

LDLR rs758194385 c.1691 A>G p.Asn564Ser 1 1.74E-04 QGP_GAR 100% (1/1) LP Familial 
Hypercholesterolemia

LDLR rs771019366 c.269 A>G p.Asp90Gly 3 8.24E-06 QGP_WEP(2), 
QGP_ADM(1)

67% (2/3) P/LP Familial 
Hypercholesterolemia

LDLR rs1064793799 c.313+3 A>C . 6 0 QGP_PAR(6) 83% (5/6) P Familial 
Hypercholesterolemia

LIPA . c.863 C>T p.Thr288Ile 1 0 QGP_SAS . LP Lysosomal acid 
lipase deficiency

QGP_AC: QGP allele count. The maximum AF reported was observed in ExAC and gnomAD exome databases. The numbers in brackets in QGP_subclusters represent 
the allele count belonging to a specific sub-cluster carrying the variant. General Arabs (QGP_GAR), Peninsular Arabs (QGP_PAR), Arabs of Western Eurasia and Persia 
(QGP_WEP), South Asians (QGP_SAS), Africans (QGP_AFR) and Admixed (QGP_ADM). Estimated clinical penetrance was calculated based on the total number of 
definite, probable, and possible FH individuals carrying the variants in the QBB cohort. * Estimated clinical penetrance was calculated for the homozygous individual 
carrying the ABCG8 recessive variant. Clinvar significance: P – Pathogenic; LP – Likely Pathogenic
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Table 5  Fourteen novel putative pathogenic variants associated with familial hypercholesterolemia in the Qatar Genome Program 
study
Gene HGV_DNA HGV_P QGP 

AC
QGP 
subclusters

DLCN 
criteria

Estimated 
clinical 
Penetrance

LDL-C 
(mmol/L)

Self-
report-
ed HC

ACMG 
classification

ABCG8 c.391 C>T p.Gln131* 2 QGP_WEP . . . . LP (PVS1, PM2, 
PP3)

APOB c.8936G>A p. 
Gly2979Asp

1 QGP_ADM 1 Probable 100% (1/1) 8.7 Yes VUS (PM2, BP4)

APOB c.7106 A>G p. Lys2369Arg 2 QGP_WEP 1 Probable 50% (1/2) 7.7 Yes VUS (PM2, BP4)

APOB c.4412T>G p. Leu1471Trp 5 QGP_ADM (1), 
QGP_WEP (4)

1 Possible 20% (1/5) 6 Yes VUS (PM2, BP4)

APOB c.9336G>T p. 
Glu3112Asp

3 QGP_WEP 1 Probable 33% (1/3) 9.2 Yes VUS (PM2)

APOB c.9547 A>G p. Arg3183Gly 6 QGP_GAR 1 Possible 16% (1/6) 6.1 Yes VUS (PM2, BP4)

APOB c.1697T>C p. Met566Thr 11 QGP_GAR (4), 
QGP_PAR (7)

2 Possible 18% (2/11) 5.6, 6.6 Yes, yes VUS (PM2)

APOB c.4780 C>A p. Gln1594Lys 10 QGP_WEP 1 Prob-
able, 1 
Possible

20% (2/10) 6.6, 6 Yes, yes VUS (PM2)

LDLR c.1414G>A p. Asp472Asn 8 QGP_ADM (1), 
QGP_GAR (7)

1 Possible 14% (1/8) 5.1 Yes LP (PM1, PM2, 
PP2, PP3, BP1)

LDLRAP1 C.200 C>T p. Ser67Leu 39 QGP_WEP . 0% (0/1) * . Yes VUS (PM1, 
PM2, PP4)

LIPA C.149 A>C p.Glu50Ala 1 QGP_ADM . . LP (PM1, PM2, 
PM5, PP3)

PCSK9 c.175G>C #p. Gly59Arg 1 QGP_AFR 1 Possible 100% (1/1) 6 Yes VUS (PM2, BP4)

PCSK9 c.203 C>A #p. Ala68Asp 1 QGP_AFR 1 Possible 100% (1/1) 6 Yes VUS (PM2)

PCSK9 c.908G>A p. Arg303His 3 QGP_ADM (2), 
QGP_WEP (1)

1 Possible 33% (1/3) 6.5 Yes VUS (PM1, 
PM2)

Self-reported HC- Self-reported hypercholesterolemia. # Both these PCSK9 variants are present in the same individual. * Estimated clinical penetrance was reported 
for the homozygous individual carrying the LDLRAP1 variant. LDL-C levels and history of self-reported hypercholesterolemia were reported for individuals classified 
as ‘definite or probable or possible’ FH carrying the novel variants. InterVar (automated ACMG classifier) was used for novel variants classification based on ACMG/
AMP 2015 guidelines. VUS - Variants of uncertain significance and LP - likely pathogenic

Fig. 2  Structural variant analysis of loci 1:54828792-55862308 showing gene duplication in PCSK9 gene. Next-generation sequencing (NGS)-based detec-
tion of a PCSK9 copy number variation (CNV) in a likely FH individual. The duplication is marked by an increase in average read depth within the interval 
of (Chr1:54,828,792-55,862,308, 1.03 Mb) and is supported by paired-end reads (red boxes connected by thin line) that map to either side of the affected 
allele, confirming the duplication breakpoints. Region affected by duplication covers all 12 exons of the PCSK9 gene, plus the rs11206510 probe 8,655 
bases upstream of PCSK9.
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revealed that only two were ‘likely pathogenic’ (PCSK9, p. 
Gly59Arg, and LDLR p. Asp472Asn), with the remaining 
classified as VUS. Functional and molecular characteriza-
tion of novel variants is required to support their patho-
genicity further.

In silico characterization of novel variants
We sought to characterize the effect of candidate novel 
PCSK9 and LDLR variants based on in silico modelling of 
3D protein structure. The PCSK9 protein comprises three 
domains: a pro-domain, which controls folding and acts 
as an inhibitor of catalytic activity [38, 39] ; a catalytic 
domain, which regulates protease activity and interacts 
with the LDLR [40]; and a cystine histidine-rich domain 
(CHRD), which binds annexin A2 to suppress LDL-C 
levels [41, 42]. By examining the three novel variants of 
PCSK9 two of them (Gly59Arg, Ala68Asp) occurring in 
the pro-domain (Fig. 3A-B) in the same individual, a 25- 
year-old male classified as ‘possible’ FH, with LDL-C lev-
els of 6 mmol/L and self-reported hypercholesterolemia. 
Examination of the WGS read data confirmed these two 
variants were on the same haplotype (Supplementary 
Fig.  1), but only the (Gly59Arg) variant was scored as 
pathogenic by the InterVar ACMG/AMP 2015 guidelines. 
The third variant (Arg303His), which affects the catalytic 
domain (Fig.  3A and C), was shared by three individu-
als. However, only one was classified as ‘possible’ FH (a 
25-year-old male with an LDL-C levels of 6.5 mmol/L 
and self-reported history of hypercholesterolemia). The 

other two carriers were 27 and 43 years old, with LDL-C 
levels of 2.5 mmol/L and 3.8 mmol/L, respectively, sug-
gesting incomplete penetrance.

To map our novel LDLR variant (p. Asp472Asn), we 
studied PCSK9-LDLR complex structures. In mamma-
lian cells, PCSK9 binds to LDLR and regulates cholesterol 
levels [43]. This process requires interactions between 
several structural domains of these proteins (Fig. 3E). The 
LDLR protein contains a ligand-binding domain (L1–L7 
repeats; approximately 40 residues each), and an epider-
mal growth factor precursor homology domain (EGFPH) 
composed of EGF_A, EGF_B, β-propeller (six-bladed) 
and EGF_C regions [44, 45]. Asp472Asn maps to the 
β-propeller of the LDLR (Fig. 3E and F), a region involved 
in the regulation of the open (active) and closed (inactive) 
states of the PCSK9-LDLR complex. This suggest that the 
variant may play a role in the binding of LDLR with the 
pro-domain of PCSK9 in a process that is key to LDLR 
recycling. We were unable to assess the novel genetic 
variation in APOB since the protein crystal structure is 
unavailable.

Known and novel putative pathogenic variants in recessive 
FH genes
We assessed the known and novel putative pathogenic 
variants in four recessive FH genes LDLRAP1, ABCG5, 
ABCG8, and LIPA. We found one disease-causing (DM) 
variant (p. Ser202Tyr) (Supplementary Table 3) and one 
predicted pathogenic novel variant (p. Ser67Leu), but no 

Fig. 3  Mapping of key regions in the 3D structure of PCSK9 and LDLR. A) Structure of PCSK9 showing arrangement of functional domains, pro-domain 
(brown), catalytic domain (gray) and cystine and histidine-rich domain (CHRD, cyan). (B-D) Zoomed in view of the domains [(B) pro-domain, (C) catalytic 
domain (D) CHRD (also binding region for annexin A2)] with labels. E) Structure of a PCSK9-LDLR complex shown with an epidermal growth factor (EGF) 
domain composed of EGF_A (purple), EGF_B (forest), EGF_C (orange) and β-propeller regions (slate). F) Zoomed in view of the β-propeller with neighbor 
domains. In this figure, positions are mapped and colored as follows: novel mutations, blue spheres; known mutations, yellow; catalytic triad, magenta; 
substrate binding region, pink; LDLR (EGF_A) binding region in PCSK9, green; allosteric inhibitor site, red
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ClinVar reported P/LP variants in LDLRAP1 gene asso-
ciated with autosomal recessive hypercholesterolemia 
(ARH) (Table 5). The first variant (p. Ser202Tyr) is pres-
ent in 132 heterozygous carriers and three homozygous 
individuals (QGP MAF 1.1% vs. gnomAD 0.1%). The 
second novel variant (p. Ser67Leu) were observed in 39 
heterozygous carriers and one homozygous individual 
(QGP MAF 0.3% vs. gnomAD MAF 0.0004%). Functional 
characterization of the novel variant is warranted to con-
firm their pathogenicity. Detailed phenotypic data of the 
homozygous individuals carrying LDLRAP1 variants are 
summarized in Supplementary Table 4.

We have identified one ClinVar reported pathogenic 
variant in ABCG5 (p. Arg446*) associated with Sitos-
terolemia 1 present in 27 heterozygous carriers and no 
homozygous individual in QGP cohort (Tables 4 and 5). 
Furthermore, two ClinVar reported, and one novel puta-
tive pathogenic variant were identified in ABCG8 includ-
ing one homozygous individual carrying a known variant 
(p. Gly574Arg) associated with Sitosterolemia 2, explain-
ing their higher LDL-C level of 6mmol/L (97th percen-
tile) (Tables  4 and 5). Finally, we observed one ClinVar 
pathogenic and one novel putative pathogenic variant in 
LIPA, both in heterozygous state, associated with lyso-
somal acid lipase deficiency (Tables 4 and 5).

Prevalence of known FH variants
We sought to determine the odds in the Qatari cohort 
of having a known pathogenic FH variant (LDLR vari-
ant) according to DLCN criteria. We found that 12% 
of the ‘definite or probable’ FH, 0.6% possible FH and 
0.07% ‘unlikely’ FH individuals carried a known LDLR 
pathogenic variant. Further, the odds ratio (OR) of car-
rying a FH variant has been estimated to be 201 (95% 
CI: 55–736) for ‘definite or probable’ FH, and 7 (95% CI: 
1-47) for 'possible' FH when compared to ‘unlikely’ FH 
(Supplementary Table 5).

Assessing polygenic risk of FH
In addition to identifying single rare variants with large-
effect, we investigated the contribution of 12 com-
mon variants to LDL-C levels in the Qatari cohort [14, 
33–35, 46]. Based on the ‘unlikely’ FH individuals SNP 
LDL-C score distribution, we found 90% LDLR muta-
tion-negative ‘definite or probable’ FH individuals had 
SNP scores above the bottom quartile (> 0.66) suggest-
ing that high LDL-C in these individuals is likely to be 
due to polygenic contribution. Further, we found that 12 
SNP LDL-C scores in ‘definite or probable’ FH individu-
als (0.87 ± 0.16 (mean ± SD)) and ‘possible’ FH individuals 
(0.82 ± 0.16) were significantly higher than in ‘unlikely’ 
FH (0.76 ± 0.19) (p-value < 0.01) (Fig. 4).

Discussion
Familial hypercholesterolemia is the most common 
genetic cause of premature CAD [47] caused mainly 
by genetic variants in LDLR, APOB and PCSK9 genes. 
Although the global prevalence is estimated to be 
between 1:250 to 1:500, knowledge of FH variants and its 
prevalence in the Middle East region has not been well 
established due to the lack of local or national registries 
[48]. By using DLCN criteria, we identified 0.1% [8] defi-
nite, 0.7% [41] probable, and 5% (334) possible FH indi-
viduals. This suggests a estimated prevalence of ‘definite 
or probable’ FH individuals in the QBB cohort of 1:125 
(0.8%). The findings are comparable with those of Gulf 
FH registry study (Saudi Arabia, Oman, United Arab 
Emirates, Kuwait, and Bahrain) of 34,366 patients, which 
estimated a prevalence of FH (definite or probable) of 
1:232 (0.43%) in the region. [47].

Studies indicate that 60–80% of those with a clinical 
diagnosis of ‘definite’ FH and 30% of ‘possible’ FH indi-
viduals have pathogenic variants in at least one of the 
three FH-causing genes [49]. However in our cohort, 
we observed the FH variants in 12% of the ‘definite or 
probable’ FH and 0.6% of possible FH. The mutation 
rates observed in our study were low compared to those 
observed in lipid clinic patients, such as 63–80% for defi-
nite FH individuals (DLCN criteria) [50–52]. A possible 
explanation may relate to the bias in referrals of patients 
with severe phenotypes to lipid clinics as compared to 
individuals with FH in the general population. Neverthe-
less, a community-based study, such as the Copenhagen 
general population study, reports mutation rates of 7.3% 
among those with ‘definite or probable’ FH and 1.2% 
among those with possible FH, in comparison to 12% 
and 0.6% for ‘definite or probable’ FH and possible FH, 
respectively, in our study.

Leveraging the WGS data from QGP, we identified ten 
ClinVar P/LP variants, 14 novel predicted pathogenic 
SNVs and a novel CNV in PCSK9 among the 6,140 partic-
ipants. The genetic architecture of the QGP participants 
relative to the world population reveals five major ances-
tries, which include general Arabs (QGP_GAR), penin-
sular Arabs (QGP_PAR), Arabs of Western Eurasia and 
Persia (QGP_WEP), South Asians (QGP_SAS), and Afri-
cans (QGP_AFR) [30]. The LOF variant (c.313 + 3 A > C) 
in the LDLR gene has been identified as the most com-
mon FH causing variant in Qatar and is found in six het-
erozygous individuals who all belong to the QGP_PAR 
subcluster (QGP_Penisular Arabs). Given the unique-
ness of this variant to this relatively ancient and isolated 
genetic subgroup, it is likely that it has risen as a result 
of founder effect. This also implies that this variant may 
be unique to the Arab population, which is further sup-
ported by its absence from population databases. Despite 
the high degree of consanguinity [53], no homozygous 
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individuals carrying known P/LP variants in the three 
candidate genes (LDLR, APOB, and PCSK9) were identi-
fied in the QGP cohort. This might be due to the sever-
ity of homozygous FH such that affected individuals do 
not survive past the second decade of life without treat-
ment due to the very early risk of CAD. Also, the global 
prevalence of HoFH was estimated between 1:160,000 to 
1:300,000 [9].

The cataloging of FH pathogenic variants and diag-
nostic classification of QBB participants allowed us to 
estimate the clinical penetrance of previously reported 
pathogenic variants in clinical databases. For the 28 vari-
ants annotated as disease-causing (DM) in the HGMD, 
for example, we observed complete penetrance for only 
four variants, incomplete penetrance (range: 6-67%) for 
six variants and remaining 18 DM variants had zero pen-
etrance. Conversely, all three out of four ClinVar P/LP 
variants had high penetrance (≥50%). DM variants with 
zero penetrance might be attributable to: (i) the lack of 
sufficient carriers to estimate the actual estimated clinical 
penetrance or (ii) the possibility of false positives in the 
HGMD database [54].

A novel whole gene duplication of the PCSK9 was 
observed in an individual with high LDL-C level (6.03 
mmol/L). This is consistent with a previous report of two 
cases with an entire PCSK9 duplication causing severe 
FH [55]. Structural mapping of the predicted patho-
genic novel SNVs in PCSK9 (p. Arg303His, p. Ala68Asp, 
p. Gly59Arg) and LDLR (p. Asp472Asn) suggest that 
they are positioned in functionally critical regions of the 
PCSK9 and LDLR proteins, respectively.

In the QGP cohort, homozygous individuals carry-
ing recessive FH variants were observed in LDLRAP1 
and ABCG8 genes. Among the two LDLRAP1 variants, 
the variant (p. Ser202Tyr) was among the first six muta-
tions identified in the LDLRAP1 gene by Garcia et al. 
(2001) in a Lebanon family, which was described as the 
ARH4 allele [56]. Two sisters from Lebanon, aged 7 and 
17, carry this mutation with LDL-C levels of 10.1 mmol/L 
and 13.4 mmol/L, respectively. The siblings who carry 
the ARH4 allele also have a family history of CAD, and 
the father died at the age of 28 from myocardial infarc-
tion [56]. A total of three homozygous individuals carry-
ing this variant have been reported in the QGP cohort. 

Fig. 4  LDL-C SNP score for Dutch Lipid Clinic Network criteria. 12 SNP LDL-C SNP scores are represented as mean±SD. Compared to ‘unlikely’ FH group, 
both ‘definite or probable’ FH and ‘possible’ FH groups have significantly higher LDL-C scores (one-way ANOVA). However, there is no statistical difference 
observed between ‘definite or probable’ FH and ‘possible’ FH groups (p=0.17)
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All three homozygous individuals were self-reported 
for hypercholesterolemia, two of them were undergo-
ing treatment with cholesterol lowering medications and 
one with diet management. Although homozygous indi-
viduals carrying this variant found in population data-
bases (GME, gnomAD) might suggest the variant has a 
low/incomplete penetrance, we have observed that three 
homozygous individuals carrying this variant have been 
diagnosed with hypercholesterolemia, and two of them 
have undergone heart revascularization surgery.

The homozygous individual carrying the second  LDL-
RAP1 variant (NP_056442.2: c.200 C > T; Ser67Leu) was 
a 36-year-old male who had been diagnosed with hyper-
cholesterolemia at the age of 31 and had undergone heart 
revascularization surgery. The parents of this homozy-
gous individual were reportedly first cousins. He has been 
treated with cholesterol-lowering medications. There is 
no other co-morbidity, such as obesity, hypertension, or 
diabetes mellitus, reported by the participant. Further-
more, no homozygous individuals carrying this variant 
have been reported in gnomAD or GME. Pathogenic 
prediction tools indicate that this variant may be deleteri-
ous and is in the mutational hotspot of the protein, more 
specifically, in exon 2 of the PTB/PID domain, which is 
necessary for the LDLRAP1 protein to bind to the NPXY 
motif present in the cytoplasmic tail of the LDL receptor.

We found one homozygous individual and 4 heterozy-
gous carriers carry the known pathogenic ABCG8 variant 
(p. Gly574Arg). The homozygous individual carrying the 
ABCG8 variant (p. Gly574Arg) was a 47-year-old male 
who self-reported hypercholesterolemia and was treated 
with cholesterol-lowering medications and diet man-
agement. His parents were reported to be first cousins. 
A LDL-C level of 6 mmol/L was reported for this par-
ticipant along with a total cholesterol level of 8 mmol/L, 
triglyceride level of 2.1 mmol/L, and HDL-C level of 
1.03 mmol/L; however, his plant sterol level could not 
be determined because QBB does not have these data. 
While he has not had premature coronary artery disease, 
he has a family history of coronary artery disease and 
his father died of a heart attack. Other comorbid condi-
tions include obesity with a BMI of 25.9, but no diabetes 
or hypertension was noted. This mutation was identified 
previously in a large Amish family in which a 13-year-old 
boy died of coronary atherosclerosis [57, 58]. Five of his 
twelve siblings developed tendon and tuberous xantho-
mas, as well as increased plasma plant sterols, particu-
larly β -sitosterol.

While there are no published data regarding the preva-
lence of Sitosterolemia 2 [59], it appears to be more com-
mon in Caucasians [59, 60]. In contrast, Sitosterolemia 1 
caused by ABCG5 is more prevalent in Indians, Chinese, 
and Japanese [59]. Based on LOF variants identified in the 
ExAC database, the global prevalence of Sitosterolemia 2 

is estimated to be at least 1 in 360,000 and 1 in 2.6 million 
for Sitosterolemia 1 [59]. The prevalence of Sitosterol-
emia 2 in QGP was 1:6140, which is high in comparison 
with the estimated global prevalence of 1:360,000.

The LIPA variant (p. Thr288Ile) found in one heterozy-
gous carrier was associated with childhood onset Lyso-
somal Acid lipase Deficiency (LAL-D) (previously known 
as cholesteryl ester storage disease (CESD)). This variant 
was reported already in an Italian child in a homozygous 
state with the age of onset being 2 and showed the clini-
cal characteristics of hepatosplenomegaly, dyslipidemia, 
and elevated transaminases [61].

Predicting the cause of clinical FH, whether monogenic 
or polygenic, can help clinicians to select the most effec-
tive and inexpensive lipid-lowering medications, repre-
senting the best example of the use of genetic information 
in precision medicine [13]. We investigated the 12 SNPs 
LDL-C raising scores, which the Bristol Genetics labo-
ratories currently use in the UK for genetic screening of 
patients with a clinical diagnosis of FH [62]. We observed 
that 90% of mutation negative ‘definite or probable’ FH 
individuals had SNP scores within the top three quartiles 
of the unlikely FH individuals SNP score distribution, 
thus suggesting polygenic cause. This finding correlates 
with previous study in a European-Caucasian population, 
which concluded that 80% of mutation-negative clini-
cally diagnosed FH patients have a polygenic inheritance 
as an explanation for their high cholesterol [13, 34]. Fur-
ther, we observed that ‘definite or probable’ FH individu-
als, and ‘possible’ FH individuals had significantly higher 
LDL-C SNP scores than ‘unlikely’ FH individuals. Our 
results confirm the hypothesis that individuals at risk of 
hypercholesterolemia are highly expected to carry com-
mon LDL-C-raising alleles and might have polygenic 
inheritance. Further, we demonstrate that the 12-SNP 
LDL-C SNP score can be used to assess polygenic risk in 
Arab populations, although these SNPs are derived from 
Caucasians.

Despite the important findings of our study, there are 
some limitations. It should be noted that QBB phenotypic 
data lacks clinical features, such as tendon xanthomas or 
corneal arcularis, in the participants and the first-degree 
relatives, which are usually assigned higher scores in the 
DLCN criteria. However, the same limitations were also 
observed in other general population studies, such as the 
Copenhagen study, while using DLCN diagnostic criteria 
for FH diagnosis in 98,098 participants [1].

Conclusion
Our study annotates a large-scale population biobank 
using DLCN diagnostic criteria for FH, and identifies 
known and putatively novel FH genetic variants present 
in the Qatari population. Knowledge of these variants 
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and their further testing in ethnically Arab populations is 
important for clinical care and personalized medicine.
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