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Abstract

Introduction: Monogenic obesity (MO) is a rare genetic dis-
ease characterized by severe early-onset obesity in affected
individuals. Previous genetic studies revealed 8 definitive
genes for monogenic non-syndromic obesity; many were
discovered in consanguineous populations. Here, we exam-
ined MO in the Qatari population, whose populationis large-
ly consanguineous (54%) and characterized by extensive
obesity (45%). Methods: Whole genome sequencing data of
Qatar Biobank samples from 250 subjects with obesity and
250 subjects with normal weight, obtained in association
with the Qatar Genome Programme, were searched for ge-
netic variants in the genes known to be associated with MO
(i.e., LEP, LEPR, POMC, PCSK1, MC3R, MC4R, MRAP2, and
ADCY3). The impact of the variants identified was investigat-
ed utilizing in silico tools for prediction in combination with
protein visualization by PyMOL. Results: We identified po-
tential MO variants in more than 5% of the cases in our co-
hort. We revealed 11 rare variants in 6 of the genes targeted,

including two disease-causing variants in MC4R and MRAP2,
all of which were heterozygous. Moreover, enrichment of a
heterozygous ADCY3 variant (c.1658C>T; p.A553V) appeared
to cause severe obesity in an autosomal dominant manner.
Conclusion: These findings highlight the importance of im-
plementing routine testing for genetic variants that predis-
pose for MO in Qatar. Clearly, additional studies of this na-
ture on populations not yet examined are required. At the
same time, functional investigations, both in vitro and in
vivo, are necessary in order to better understand the role of
the variants identified in the pathogenesis of obesity.

© 2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Monogenic obesity (MO) is a rare genetic disease that
enhances the risk for severe early-onset obesity consider-
ably. During the past 20 years, several variants in genes
involved in the regulation of food intake and energy ex-
penditure, including the genes encoding components of
the leptin-melanocortin 4 receptor pathway, have been
found to cause MO [1]. Studies on consanguineous fami-
lies with a history of severe early-onset obesity have pro-
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vided a key tool in this context, especially in the identifi-
cation of variants inherited in an autosomal recessive
manner. For example, the first genetic variant associated
with MO in humans (in LEP), as well as the most recent-
ly identified variants (in ADCY3) were discovered in con-
sanguineous families from Pakistan, 60% of whose popu-
lation is characterized by consanguinity [2]. In addition,
there are a number of reports on MO variants in consan-
guineous Arab populations, such as in Egypt and Saudi
Arabia [3, 4].

The current investigation was designed to characterize
MO in Qatar, where the extent of consanguinity is esti-
mated to be 54%, with 26.7% of these marriages being
between first cousins [5]. In our country 45% of adults [6]
and 18.3% of children 5-9 years of age are obese [7]. To
this end, we examined 500 genome obtained from Qatar
Biobank (QBB) through the Qatar Genome Programme
[8] to investigate 8 well-established genes associated with
monogenic non-syndromic obesity. Investigations of this
nature on understudied populations may reveal novel ge-
netic variants that could be used to improve diagnosis of
and/or develop personalized treatment for obesity.

Methodology

Ethical Approval

Ethical approval for this study was obtained from the institu-
tional review boards of the QBB (MOPH-A-QBB-000222) and Qa-
tar University (QU-IRB 952-E/18), with informed consent having
been obtained from all participants by the QBB.

Subjects

The 250 subjects with obesity of class IT or more (BMI =35 kg/
m?) and 250 control individuals (with BMI 18.5-24.9 kg/m?) were
all Qatari nationals at least 18 years of age. Their phenotypic char-
acteristics — including lifestyle, diet, and any history of bariatric
surgery, in addition to biochemical test results — were obtained
from the QBB, which is described in detail elsewhere [8].

Whole Genome Sequencing

Whole genome sequencing for all participants was obtained
through the Qatar Genome Programme (QGP) (https://www.qa-
targenome.org.qa/). The Illumina HiSeq 10X platform was utilized
to achieve an average coverage of 30X and raw sequencing data
converted to the paired FASTQ format employing the bcl2fastq
software from Illumina (https://github.com/brwnj/bcl2fastq), fol-
lowing which FASTQC [9] was used to assess the quality of these
data. The Fastq files were aligned against the reference genome
(GRCh37) using the bwakit software (v0.7.11) (https://github.
com/lh3/bwa/tree/master/bwakit).

Variant calling was performed using Genome Analysis Toolkit
GATK (v3.4) [10] following the GATK best practices and indi-
vidual g.vcf files were generated. Joint calling was performed on
individual gVCF files to generate a joint multi-samples VCF file
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for all the samples. Only variants which passed through GATK
VQSR filtering were considered for further downstream analysis.
Thereafter, the VCF files were annotated using the SNPeff software
(v4.3t) [11] and further annotated with prediction scores for vari-
ant effect, including Sorting Intolerant From Tolerant (SIFT) [12],
PolyPhen2 [13], SNPs&GO [14], and Combined Annotation De-
pendent Depletion (CADD) v1.3 [15]. In addition, variants were
assigned allele frequencies on the basis of the Exome Aggregation
Consortium (ExAC) [16] and Genome Aggregation Database
(gnomAD) v2.1.1 [17], as well as the clinical databases including
Human Gene Mutation Database (HGMD, v2018.2) [18] and
ClinVar (v20190211) [19]. Furthermore, the variants were classi-
fied in accordance with the guidelines of the American College of
Medical Genetics/Association for Molecular Pathology (ACMG/
AMP) [20].

Selection of Variants for Analysis

Variants in the 8 genes whose association with monogenic non-
syndromic obesity has been established in at least two independent
studies, i.e., LEP, LEPR, POMC, PCSKI1, MC3R, MC4R, MRAP2,
and ADCY3, were examined here. We included only variants indi-
cated by SnpEFF to have a high or moderate impact, since these
are more likely to alter protein function, whereas modifier and
low-impact variants were excluded [11]. Moreover, only rare vari-
ants with a minor allele frequency of <0.01 (based on the QGP
frequencies for 6,047 genomes) were considered for subsequent
analysis. In the case of missense variants, we focused on those with
a CADD score greater than 13, since variants above that threshold
are considered to be among the 5% of those within the human ge-
nome that are most deleterious [21].

Association with Obesity

The 7 control individuals who had undergone bariatric surgery
were reassigned to the obese group, resulting in 257 obese subjects
and 243 controls. We then constructed a two-by-two contingency
table comparing phenotype (cases/controls) with the genetic pre-
disposition (defined as carrying at least one of the variants ana-
lyzed). This contingency table was used subsequently analyzed
with Fisher’s exact test.

Results

Characteristics of the Study Cohort

The study included 500 participants: 250 subjects with
obesity with an average BMI of 40.3 + 3.7 kg/m? and 250
controls with an average BMI of 22.6 + 1.7 kg/m?% Among
the participants, 340 were women and 160 men, with a
combined mean age of 40.5 + 12.1 years. The average per-
centage body fat was 45.2 + 6.3% and 27.6 + 7.3% for the
cases and controls, respectively.

Identification of the Genetic Variants of Interest

The findings concerning the 8 genes analyzed in our
500 subjects are documented in online supplementary
Table 1 (see www.karger.com/doi/10.1159/000521851
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for all online suppl. material). Eleven variants, all mis-
sense and heterozygous, were detected in 6 of these genes
in 16 of the cases, with no variants being carried by the
control individuals (Table 1). Based on HGMD and/or
previous reports, two of these variants, i.e., mutations in
MC4R and MRAP2, are known to cause MO. Their
ACMG/AMP classifications indicated that most were of
unknown significance (Table 1). The clinical characteris-
tics of the subjects carrying these variants are presented
in Table 2.

The association between genetic predisposition (as de-
fined in the Methods) and obesity was significant (Fish-
er’s exact test resulting in p < 0.01). The corresponding

odds ratio indicated 33.3 times increased risk of obesity
with the genetic predisposition (significance level p >
0.05). Consequently, in light of this high penetrance and
probable monogenic nature of each variant, the effect size
per variant would appear to be appreciable (the individ-
ual odds ratios are listed in online suppl. Table 2). How-
ever, due to their rarity, the p values associated with indi-
vidual variants were not significant.

PyMOL Analysis of the Variants Detected

PyMOL was utilized to predict the structure of the pro-
tein encoded by the variant. The crystal structure of
MC4R was obtained from Protein Data Bank (PDB) (PDB

Table 2. Clinical characteristics of subjects carrying variants in the genes associated with MO

Gene Position SNP ID Changein  Changein Case control Age, Gender BMI, % body  Diabetes History of
(GRCh37) DNA protein ratio years kg/m? fat surgery
ADCY3 25,059,790 rs115329263 c.1658C>T  p.A553V 4:1 28 F 40.8 44 No No
50 M 40.3 36.1 Yes No
57 F 37.1 47.7 No No
46 M 383 36.6 No No
30 M 23.8 215 No Gastric
restriction
ADCY3 25,141,368  rs143034828  c.489C>G p.H163Q 1:0 50 M 36.5 36.9 No No
MC3R 54,824,819 rs1481948431 c.920G>A p.Arg307His 1:0 60 F 39 47.3 No No
MC4R 58,039,098 rs1555691402 c.485C>T p.T162I 3:00 39 F 393 47.5 No No
33 F 428 51.2 No No
57 F 39 47.1 Yes No
MRAP2 84,765,081 rs760845706 c.44C>T p.S15L 1:00 39 M 40.6 40.1 No No
MRAP2 84,799,133 rs1054400375 c.551T>C p.1184T 1:00 35 M 40.8 36.2 No No
MRAP2 84,798,925 rs368589399 c.343C>G p.L115V 1:00 39 M 239 16.8 Yes Gastric
restriction
PCSK1* 95,761,591 rs567748971 c.329G>A p.R110H 1:00 33 F 38.3 47.4 Yes No
PCSKT* 95,735,682  rs1026383684 c.1405G>A  p.V469I 2:00
PCSK1 95,728,961 rs748072514  c.2006G>T  p.R669L 1:00 32 411 36.9 No No
POMC 25,384,596 1528932470 c.158A>G  p.D53G 1:00 39 37.2 334 No No

* Compound heterozygous for two PCSKT variants.

Fig. 1. Molecular visualization of variants found. Minor clash
points between variants and neighboring residues are shown in
small green disks, while larger red disks show more significant
clash points. a ADCY3; p.A553V showing minor clash points. b
ADCY3; p.H163Q showing minor clash points and gain of polar
contacts with L155 and L157. ¢ MC3R; p.R307H showing no clash
points or loss/gain of polar contacts. d MC4R; p.T162I showing

360 Obes Facts 2022;15:357-365
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minor clash points and loss of polar contacts with A165. e MRAP2;
p.L115V showing minor clash points. f MRAP2; p.S15L showing
minor clash points. g MRAP2; p.I184T showing minor clash
points. h PCSK1; p.R110H showing minor clash points and loss of
polar contacts with E106 and R107 as well as a gain of contacts with
S116 and S111. i POMC; p.D53G showing loss of polar contacts
with N42 and E57. (For figure see next page.)
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ID6W25) [22], with the I-TASSER server [23] being em-
ployed to predict the structures of those proteins whose
regions of interest were not available in PDB.

The vast majority of variant rotamers were predicted
to interfere with neighboring residues, which might result
in steric hindrance and subsequent destabilization of the
protein structure. As shown in Figure 1a, b, d-h, this was
the case for ADCY3; p.A553V, ADCY3; p.H163Q, MC4R;
p.T162I, MRAP2; p.L115V, MRAP2; p.S15L, MRAP2;
p.I184T, and PCSK1; p.R110H. Moreover, the loss of po-
lar contacts predicted to occur in MC4R; p.T162I and
POMC; p.D53G (Fig. 1d, i) could also be destabilizing;
while the gain of polar contacts predicted to occur in
ADCY3; p.H163Q (Fig. 1b) could render the protein
more rigid. PCSK1; p.R110H was the only variant for
which both loss and gain of polar contacts were predicted
(Fig. 1h). Finally, in POMC; p.D53G, the native amino
acid was predicted to be replaced by a residue quite dif-
ferent in size (Fig. 1i). There was no gain or loss of polar
contacts predicted or clash in neighboring residues in
MC3R; p.R307H (Fig. 1c).

Discussion

Here, we identified in our cases 11 rare variants within
6 genes associated with MO, including variants in MC4R
and MRAP2 known to cause this disease. In addition, we
considered the impact of other variants on the develop-
ment of obesity for the first time.

The melanocortin 4 receptor (MC4R) plays a key role
in energy homeostasis, food intake, and maintenance of
body weight [24] and variants in the gene encoding this
protein, which are usually inherited in an autosomal
dominant manner, are the most common cause of MO
[24, 25]. In HEK293 cells, Collet et al. [26] (2017) found
that among the various MC4R variants, c.485C>T; p.
T162I leads to partial loss of the signaling activity of this
receptor. Moreover, Jelin et al. [27] (2016) detected this
same variant in a homozygous state in four children aged
4.5-14 years who underwent laparoscopic sleeve for se-
vere obesity (BMIs of 71.2, 44, 45, and 53 kg/ m?), the first
living in Kuwait and the other three in the United Arab
Emirates [27]. As expected, the three heterozygous carri-
ers in whom we detected this variant here exhibited a low-
er BMI (average 40.4 + 2.1 kg/m?) than those homozy-
gous carriers. The occurrence of this rare variant in indi-
viduals living in several different Arab countries is likely
to reflect a common ancestry.

362 Obes Facts 2022;15:357-365
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Like MC4R, MC3R is expressed in the hypothalamus
[28]. Mutations in MC3R, which are rare, have also been
linked to obesity [29]. For example, a recent meta-analy-
sis of 2,969 individuals with obesity and 2,572 with nor-
mal weight confirmed that loss-of-function mutations in
this gene increase the risk for obesity [30]. In our present
study we identified one MC3R variant (c.920C>A; p.
R307H) in an obese subject (BMI 39 kg/m?). We were un-
able to find any previous reports on this variant in the
literature.

The melanocortin-receptor accessory protein 2
(MRAP2) is primarily responsible for regulating the ac-
tivities of MC4R and MC3R [31-33]. Here, we identified
three rare missense variants in the MRAP2 gene: c.44C>T;
p-S15L and ¢.551T>C; p.I1184T were present in individu-
als with severe obesity (BMI >40 kg/m?), in agreement
with the expected phenotype and autosomal dominant
inheritance of MRAP2 variants [31, 33]. Interestingly, the
third variant ¢.343C>G; p.L115V, detected in a subject
with a normal BMI who had undergone gastric restric-
tion, is known to cause MO. This finding provides further
evidence for the involvement of this specific variant in the
development of obesity and highlights the necessity of
obtaining comprehensive information concerning the
medical history of an individual when looking for poten-
tial correlations between genotype and phenotype.

Adenylyl cyclase 3 (ADCY3) plays essential roles in the
regulation of adiposity and glucose homeostasis [34].
Saeed et al. [35] (2018) reported three homozygous vari-
ants in the gene encoding this protein in children with
severe obesity from consanguineous Pakistani families, as
well as a compound heterozygous ADCY3 variant in a se-
verely obese European-American child. A later study in
Greenland identified an additional ADCY3 variant that
was associated with a marked increase in the risk for obe-
sity and type 2 diabetes, particularly in homozygous car-
riers [36]. In the current investigation, we identified two
additional rare heterozygous ADCY3 variants in six Qa-
tari individuals with obesity. Although this finding may
indicate that ADCY3 variants may exert a dominant im-
pact on the development of obesity; such a conclusion
cannot be drawn at present because of the genetic and
biological overlap between monogenic and the common
form of obesity [35].

Although the two ADCY3 variants detected here can
be found in public databases, they have not previously
been discussed in the context of obesity. The variant
c.1658C>T; p.A553V was detected in four individuals
with obesity (one of whom was also diabetic), as well as
in a subject of normal weight who had undergone bariat-
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ric surgery, suggesting severe obesity prior to surgery. In-
terestingly, this ADCY3 variant was enriched in the Qa-
tari population, with a frequency (0.009343 in the 6,047
genomes covered by the QGP) that was significantly
higher than in gnomAD (0.0001704; Fisher’s exact test
resulting in a p value of 0.0085). These results highlight
the important role played by ADCY3 variants in the
pathogenesis of MO in this population, especially since
these appear to be relatively common and may, like vari-
ants in MC4R, exert a dominant effect.

Homozygous, compound heterozygous, and heterozy-
gous loss-of-function variants in PCSK1 have all been re-
ported to cause MO [37-39]. In our two subjects with
obesity carrying PCSK1 variants, one was compound het-
erozygous for ¢.329G>A; p.R110H and c.1405G>A; p.
V4691, while the second was heterozygous for ¢.2006G>T;
p-R669L. Additional functional analyses and case-control
studies involving larger cohorts are required to better un-
derstand the role of these variants in the pathogenesis of
obesity.

Itis worth noting that we also investigated whether our
diabetic subjects were carriers of variants in known
monogenic diabetes genes [40], using the same variant
filtration approach as for MO. The absence of any poten-
tial variants of this nature indicates that obesity in these
cases was unlikely to be due to diabetes.

Deficiency in pro-opiomelanocortin (POMC), a pre-
cursor of a number of hormones and neuropeptides, has
been associated with obesity, as well as with adrenal insuf-
ficiency and red hair color [41]. One of our subjects with
a BMI of 37.2 kg/m? was a heterozygous carrier of the
POMC variant c.158 A>G; p.D53G, classified as likely be-
nign. This same heterozygous variant was detected in
four severely obese children and one control in France
[42], as well as in a Brazilian control group [31], suggest-
ing that it may be benign or confers risk for obesity with
variable penetrance.

Despite the extensive consanguinity in the Qatari pop-
ulation, we did not detect any homozygous variants with-
in the 8 genes associated with MO that we examined,
which might be due to our relatively small study popula-
tion, as well as the pilot nature of this analysis. Another
limitation here is the lack of functional characterization
of the variants, both in vitro and in vivo. Furthermore,
information concerning the onset of obesity in the cases
studied might have provided additional insight into the
role of the MO variants identified in the development of
obesity. Clearly, more extensive genetic and/or function-
al studies are required in order to draw definitive conclu-
sions concerning the contribution of the variants identi-
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fied to obesity, especially since, on the basis of available
evidence, these variants are classified to varying degrees
by the ACMG/AMP as of unknown significance being.

Here, we identified MO variants in more than 5% of
our subjects with obesity subjects. This highlights the val-
ue of routine diagnostic testing for these and perhaps oth-
er variants as well, possibly employing targeted gene pan-
els already available, especially in individuals with severe
early-onset obesity. Facilitating proper diagnosis of MO
has important clinical consequences, since the Federal
Drug Administration in the United States has approved
treatments for certain forms of MO, e.g., IMCIVREETM
(setmelanotide) for patients with a deficiency in POMC,
PCSK1 [43] or LEPR, and MyalepTM (recombinant
leptin) in cases of leptin deficiency [44, 45]. Reliable diag-
nosis could also help decide which patients could under-
go bariatric surgery with minimal complications and
maximal chance of success [46, 47]. In addition to aiding
both diagnosis and treatment, such testing could provide
more conclusive evidence concerning the potential of the
variants we focused on to cause obesity.

Conclusion

In the current investigation, we identify genetic vari-
ants associated with MO in the Qatari population and
discuss some of these in relationship to obesity for the
first time. Our results also indicate that in this population,
an autosomal dominant form of MO may occur as a result
of ADCY3 variants. Further functional studies are re-
quired to improve our understanding of the potential role
of some of these variants in the development of MO. Fi-
nally, our observations highlight the importance of im-
plementing routine diagnostic genetic testing for MO in
Qatar, as well as of investigating such populations more
thoroughly in order to identify the entire spectrum of
genes and variants thereof that influence the develop-
ment of MO.

Acknowledgments

This study was supported by Qatar University (internal grant #
QUCP-CHS-2018/2019-1). The authors are solely responsible for
the findings reported. We wish to thank the QBB and QGP for giv-
ing us access to the phenotypic and whole genome sequencing data
which made this study possible, with special thanks to Dr. Nahla
Afifi, the director of QBB, Dr. Said Ismail, the director of QGP, and
Prof. Asma Al-Thani, the Chair of the National Genome Commit-
tee. We also thank the QBB participants for donating their samples
and allowing their data to be utilized for research purposes.

Obes Facts 2022;15:357-365 363
DOI: 10.1159/000521851

€20z Jequieideg |z uo Jasn (IND) Aleiqi [euoleN Jeyed Ad jpd L 68125000/ SETELE/LGE/E/S L /Hpd-BlonIe/ejo/wo0 1ebiey//:dny wouy papeojumoq



Statement of Ethics

The study protocol was reviewed and approved by the institu-
tional review boards of the QBB (approval number: MOPH-A-
QBB-000222) and Qatar University (approval number: QU-IRB
952-E/18) in accordance with the World Medical Association Dec-
laration of Helsinki. Written informed consent to participate was
obtained from all individuals included by the QBB.

Conflict of Interest Statement

The authors have no conflicts of interest to declare.

Funding Sources

Author Contributions

M.A. originally posed the research question and designed the
study. N.A.H. and R.Z. analyzed the data under the supervision of
M.A.K.A,,N.S., and M.N. and also contributed to the data analy-
sis. N.A.H.,R.Z., M.A., and K.A. wrote the manuscript. All authors
have read and approved the final version of the manuscript.

Data Availability Statement

The informed consent given by the study participants does not

cover posting of participant-level phenotype and genotype data of

QBB/QGP in public databases. However, access to QBB/QGP data
can be obtained through an established ISO-certified process by
submitting a project request at https://www.qatarbiobank.org.qa/
research/how-to-apply which is subject to approval by the QBB

IRB committee.

This study was funded by Qatar University (Grant # QUCP-

CHS-2018/2019-1).

References

Farooqi IS. Defining the neural basis of appe- 10 McKenna A, Hanna M, Banks E, Sivachenko
tite and obesity: from genes to behaviour. Clin A, Cibulskis K, Kernytsky A, et al. The ge-
Med. 2014;14(3):286-9. nome analysis toolkit: a mapreduce frame-
Saeed S, Arslan M, Manzoor J, Din SM, Janjua work for analyzing next-generation DNA se-
QM, Ayesha H, et al. Genetic causes of severe quencing data. Genome Res. 2010;20(9):
childhood obesity: a remarkably high preva- 1297-303.

lence in an inbred population of Pakistan. Di- 11 Cingolani P, Platts A, Wang LL, Coon M,
abetes. 2020;69(7):1424. Nguyen T, Wang L, et al. A program for an-
Mazen I, El-Gammal M, Abdel-Hamid M, notating and predicting the effects of single
Amr K. A novel homozygous missense muta- nucleotide polymorphisms, SnpEff: SNPs in
tion of the leptin gene (N103K) in an obese the genome of Drosophila melanogaster
Egyptian patient. Mol Genet Metab. 2009; strain w1118; iso-2; iso-3. Fly. 2012;6(2):80—
97(4):305-8. 92.

Altawil AS, Mawlawi HA, Alghamdi KA, 12 Vaser R, Adusumalli S, Leng SN, Sikic M, Ng
Almijmaj FF. A novel homozygous frameshift PC. SIFT missense predictions for genomes.
mutation in exon 2 of LEP gene associated Nat Protoc. 2016;11(1):1.

with severe obesity: a case report. Clin Med 13 Adzhubei I, Jordan DM, Sunyaev SR. Predict-
Insights Pediatr. 2016;10:115-8. ing functional effect of human missense mu-
Ben-Omran T, Al Ghanim K, Yavarna T, El tations using PolyPhen-2. Curr Protoc Hum
Akoum M, Samara M, Chandra P, et al. Ef- Genet. 2013;Chapter 7(1):Unit7.

fects of consanguinity in a cohort of subjects 14 Calabrese R, Capriotti E, Fariselli P, Martelli
with certain genetic disorders in Qatar. Mol PL, Casadio R. Functional annotations im-
Genet Genomic Med. 2020;8(1):e1051. prove the predictive score of human disease-
Ali FM, Nikoloski Z, Reka H, Gjebrea O, Mos- related mutations in proteins. Hum Mutat.
sialos E. The diabetes-obesity-hypertension 2009;30(8):1237-44.

nexus in Qatar: evidence from the world health 15 Rentzsch P, Witten D, Cooper GM, Shendure
survey. Popul Health Metr. 2014;12(1):18. J, Kircher M. CADD: predicting the deleteri-
Choudhury S, Omar O, Arora T, Rifai N, Cha- ousness of variants throughout the human ge-
goury O. Qatar obesity reduction study nome. Nucleic Acids Res. 2018;47(D1):
(QORS): report on a pilot school-based nutri- D886-D94.

tion education campaign in Qatar. ] Child 16 Karczewski KJ, Weisburd B, Thomas B, Solo-
Obes S. 2018:2. monson M, Ruderfer DM, Kavanagh D, et al.
Al Thani A, Fthenou E, Paparrodopoulos S, The ExAC browser: displaying reference data
Al Marri A, Shi Z, Qafoud F, et al. Qatar bio- information from over 60,000 exomes. Nucle-
bank cohort study: study design and first re- ic Acids Res. 2017;45(D1):D840-D5.

sults. Am J Epidemiol. 2019;188(8):1420-33. 17 Karczewski KJ, Francioli LC, Tiao G, Cum-

Andrews S. FastQC: a quality control tool for
high throughput sequence data; 2010. Avail-
able from: https://qubeshub.org/resources/
fastqc.

mings BB, Alf6ldi J, Wang Q, et al. The muta-
tional constraint spectrum quantified from
variation in 141,456 humans. Nature. 2020;
581(7809):434-43.

18

19

20

21

22

23

24

25

Stenson PD, Mort M, Ball EV, Howells K,
Phillips AD, Thomas NS, et al. The human
gene mutation database: 2008 update. Ge-
nome Med. 2009;1(1):1-6.

Landrum MJ, Lee JM, Benson M, Brown GR,
Chao C, Chitipiralla S, et al. ClinVar: improv-
ing access to variant interpretations and sup-
porting evidence. Nucleic Acids Res. 2018;
46(D1):D1062-D7.

Richards S, Aziz N, Bale S, Bick D, Das S,
Gastier-Foster J, et al. Standards and guide-
lines for the interpretation of sequence vari-
ants: a joint consensus recommendation of
the American college of medical genetics and
genomics and the association for molecular
pathology. Genet Med. 2015;17(5):405-24.
Lappalainen T, Scott AJ, Brandt M, Hall IM.
Genomic analysis in the age of human ge-
nome sequencing. Cell. 2019;177(1):70-84.
Yu J, Gimenez L, Hernandez C, Wu Y, Wein
AH, Han GW, et al. Determination of the
melanocortin-4 receptor structure identifies
Ca2+ as a cofactor for ligand binding. Science.
2020;368:428-33.

Zhang Y. I-TASSER server for protein 3D
structure prediction. BMC Bioinformatics.
2008;9(1):40.

Paolini B, Maltese P, Del Ciondolo I, Tavian
D, Missaglia S, Ciuoli C, et al. Prevalence of
mutations in LEP, LEPR, and MC4R genes in
individuals with severe obesity. Genet Mol
Res. 2016;15(3):10.

Qi L, Kraft P, Hunter DJ, Hu FB. The com-
mon obesity variant near MC4R gene is asso-
ciated with higher intakes of total energy and
dietary fat, weight change and diabetes risk in
women. Hum Mol Genet. 2008;17(22):3502—
8.

364 Obes Facts 2022;15:357-365

DOI: 10.1159/000521851

AbouHashem/Zaied/Al-Shafai/Nofal/
Syed/Al-Shafai

€20 Jequiidag Lz uo Jesn (TND) AJeiqr] [euoneN Jejed Aq 4pd-L.581ZS000/LSEZELE/LGE/E/S L/pd-alonie/ejo/wo0 1ebiey//:dny woly papeojumoq


https://www.karger.com/Article/FullText/521851?ref=1#ref1
https://www.karger.com/Article/FullText/521851?ref=1#ref1
https://www.karger.com/Article/FullText/521851?ref=2#ref2
https://www.karger.com/Article/FullText/521851?ref=2#ref2
https://www.karger.com/Article/FullText/521851?ref=3#ref3
https://www.karger.com/Article/FullText/521851?ref=4#ref4
https://www.karger.com/Article/FullText/521851?ref=4#ref4
https://www.karger.com/Article/FullText/521851?ref=5#ref5
https://www.karger.com/Article/FullText/521851?ref=5#ref5
https://www.karger.com/Article/FullText/521851?ref=6#ref6
https://www.karger.com/Article/FullText/521851?ref=7#ref7
https://www.karger.com/Article/FullText/521851?ref=7#ref7
https://www.karger.com/Article/FullText/521851?ref=8#ref8
https://www.karger.com/Article/FullText/521851?ref=9#ref9
https://www.karger.com/Article/FullText/521851?ref=9#ref9
https://www.karger.com/Article/FullText/521851?ref=10#ref10
https://www.karger.com/Article/FullText/521851?ref=11#ref11
https://www.karger.com/Article/FullText/521851?ref=12#ref12
https://www.karger.com/Article/FullText/521851?ref=13#ref13
https://www.karger.com/Article/FullText/521851?ref=13#ref13
https://www.karger.com/Article/FullText/521851?ref=14#ref14
https://www.karger.com/Article/FullText/521851?ref=15#ref15
https://www.karger.com/Article/FullText/521851?ref=16#ref16
https://www.karger.com/Article/FullText/521851?ref=16#ref16
https://www.karger.com/Article/FullText/521851?ref=17#ref17
https://www.karger.com/Article/FullText/521851?ref=18#ref18
https://www.karger.com/Article/FullText/521851?ref=18#ref18
https://www.karger.com/Article/FullText/521851?ref=19#ref19
https://www.karger.com/Article/FullText/521851?ref=20#ref20
https://www.karger.com/Article/FullText/521851?ref=21#ref21
https://www.karger.com/Article/FullText/521851?ref=22#ref22
https://www.karger.com/Article/FullText/521851?ref=23#ref23
https://www.karger.com/Article/FullText/521851?ref=24#ref24
https://www.karger.com/Article/FullText/521851?ref=24#ref24
https://www.karger.com/Article/FullText/521851?ref=25#ref25

26

27

28

29

30

31

32

Collet TH, Dubern B, Mokrosinski J, Connors
H, Keogh JM, Mendes de Oliveira E, et al.
Evaluation of a melanocortin-4 receptor
(MC4R) agonist (setmelanotide) in MC4R
deficiency. Mol Metab. 2017;6(10):1321-9.
Jelin EB, Daggag H, Speer AL, Hameed N,
Lessan N, Barakat M, et al. Melanocortin-4 re-
ceptor signaling is not required for short-term
weight loss after sleeve gastrectomy in pediat-
ric patients. Int ] Obes. 2016;40(3):550-3.
Mencarelli M, Dubern B, Alili R, Maestrini S,
Benajiba L, Tagliaferri M, et al. Rare melano-
cortin-3 receptor mutations with in vitro
functional consequences are associated with
human obesity. Human Mol Genet. 2010;
20(2):392-9.

Zegers D, Beckers S, de Freitas F, Peeters AV,
Mertens IL, Verhulst SL, et al. Identification
of three novel genetic variants in the melano-
cortin-3 receptor of obese children. Obesity.
2011;19(1):152-9.

Ehtesham S, Qasim A, Meyre D. Loss-of-
function mutations in the melanocortin-3 re-
ceptor gene confer risk for human obesity: a
systematic review and meta-analysis. Obes
Rev. 2019;20(8):1085-92.

da Fonseca ACP, Abreu GM, Zembrzuski
VM, Campos Mb Jr, Carneiro JRI, Nogueira
Neto JF, et al. Study of LEP, MRAP2 and
POMC genes as potential causes of severe
obesity in Brazilian patients. Eat Weight Dis-
ord. 2020:1-10.

Novoselova T, Larder R, Rimmington D, Lel-
liott C, Wynn EH, Gorrigan R], et al. Loss of
Mrap2 is associated with Sim1 deficiency and
increased circulating cholesterol. ] Endocri-
nol. 2016;230(1):13-26.

Monogenic Obesity in Qatar

33

34

35

36

37

38

39

40

Baron M, Maillet ], Huyvaert M, Lelliott C,
Wynn EH, Gorrigan R], et al. Loss-of-func-
tion mutations in MRAP2 are pathogenic in
hyperphagic obesity with hyperglycemia and
hypertension. Nature Med. 2019;25(11):
1733-8.

Tian Y, Peng B, Fu X. New ADCY3 variants
dance in obesity etiology. Trends Endocrinol
Metab. 2018;29(6):361-3.

Saeed S, Bonnefond A, Tamanini F, Mirza
MU, Manzoor J, Janjua QM, et al. Loss-of-
function mutations in ADCY3 cause mono-
genic severe obesity. Nature Gen. 2018;50(2):
175-9.

Grarup N, Moltke I, Andersen MK, Dalby M,
Vitting-Seerup K, Kern T, et al. Loss-of-func-
tion variants in ADCY?3 increase risk of obe-
sity and type 2 diabetes. Nature Gen. 2018;
50(2):172-4.

Farooqi IS, Volders K, Stanhope R, Heuschkel
R, White A, Lank E, et al. Hyperphagia and
early-onset obesity due to a novel homozy-
gous missense mutation in prohormone con-
vertase 1/3. ] Clin Endocrinol Metab. 2007;
92(9):3369-73.

Jackson RS, Creemers JWM, Ohagi S, Raftin-
Sanson ML, Sanders L, Montague CT, et al.
Obesity and impaired prohormone process-
ing associated with mutations in the human
prohormone convertase 1 gene. Nature Gen.
1997;16(3):303-6.

Philippe J, Stijnen P, Meyre D, De Graeve F,
Thuillier D, Delplanque J, et al. A nonsense
loss-of-function mutation in PCSK1 contrib-
utes to dominantly inherited human obesity.
Int ] Obes. 2015;39(2):295-302.

Riddle MC, Philipson LH, Rich SS, Carlsson
A, Franks PW, Greeley SAW, et al. Monogen-
ic diabetes: from genetic insights to popula-
tion-based precision in care. reflections from
adiabetes care editors’ expert forum. Diabetes
Care. 2020;43(12):3117.

41

42

43

44

45

46

47

Del Giudice EM, Cirillo G, Santoro N, D’Urso
L, Carbone MT, Di Toro R, et al. Molecular
screening of the proopiomelanocortin
(POMC) gene in Italian obese children: re-
port of three new mutations. Int ] Obes Relat
Metab Disord. 2001;25(1):61-7.

Dubern B, Lubrano-Berthelier C, Mencarelli
M, Ersoy B, Frelut ML, Bouglé D, et al. Muta-
tional analysis of the pro-opiomelanocortin
gene in french obese children led to the iden-
tification of a novel deleterious heterozygous
mutation located in the a-melanocyte stimu-
lating hormone domain. Pediatr Res. 2008;
63(2):211-6.

Kithnen P, Clément K, Wiegand S, Blanken-
stein O, Gottesdiener K, Martini LL, et al.
Proopiomelanocortin deficiency treated with
amelanocortin-4 receptor agonist. New Eng |
Med. 2016;375(3):240-6.

Farooqi IS, Jebb SA, Langmack G, Lawrence
E, Cheetham CH, Prentice AM, et al. Effects
of recombinant leptin therapy in a child with
congenital leptin deficiency. N Engl ] Med.
1999;341(12):879-84.

Sinha G. Leptin therapy gains FDA approval.
Nat Biotechnol. 2014;32(4):300-2.
Bonnefond A, Keller R, Meyre D, Stutzmann
F, Thuillier D, Stefanov DG, et al. Eating be-
havior, low-frequency functional mutations
in the melanocortin-4 receptor (MC4R) gene,
and outcomes of bariatric operations: a 6-year
prospective study. Diabetes Care. 2016;39(8):
1384-92.

Hatoum IJ, Stylopoulos N, Vanhoose AM,
Boyd KL, Yin DP, Ellacott KL, et al. Melano-
cortin-4 receptor signaling is required for
weight loss after gastric bypass surgery. ] Clin
Endocrinol Metab. 2012;97(6):E1023-31.

Obes Facts 2022;15:357-365

DOI: 10.1159/000521851

365

€20 Jequiidag Lz uo Jesn (TND) AJeiqr] [euoneN Jejed Aq 4pd-L.581ZS000/LSEZELE/LGE/E/S L/pd-alonie/ejo/wo0 1ebiey//:dny woly papeojumoq


https://www.karger.com/Article/FullText/521851?ref=26#ref26
https://www.karger.com/Article/FullText/521851?ref=27#ref27
https://www.karger.com/Article/FullText/521851?ref=28#ref28
https://www.karger.com/Article/FullText/521851?ref=29#ref29
https://www.karger.com/Article/FullText/521851?ref=30#ref30
https://www.karger.com/Article/FullText/521851?ref=30#ref30
https://www.karger.com/Article/FullText/521851?ref=31#ref31
https://www.karger.com/Article/FullText/521851?ref=31#ref31
https://www.karger.com/Article/FullText/521851?ref=32#ref32
https://www.karger.com/Article/FullText/521851?ref=32#ref32
https://www.karger.com/Article/FullText/521851?ref=33#ref33
https://www.karger.com/Article/FullText/521851?ref=34#ref34
https://www.karger.com/Article/FullText/521851?ref=34#ref34
https://www.karger.com/Article/FullText/521851?ref=35#ref35
https://www.karger.com/Article/FullText/521851?ref=36#ref36
https://www.karger.com/Article/FullText/521851?ref=37#ref37
https://www.karger.com/Article/FullText/521851?ref=38#ref38
https://www.karger.com/Article/FullText/521851?ref=39#ref39
https://www.karger.com/Article/FullText/521851?ref=40#ref40
https://www.karger.com/Article/FullText/521851?ref=40#ref40
https://www.karger.com/Article/FullText/521851?ref=41#ref41
https://www.karger.com/Article/FullText/521851?ref=41#ref41
https://www.karger.com/Article/FullText/521851?ref=42#ref42
https://www.karger.com/Article/FullText/521851?ref=43#ref43
https://www.karger.com/Article/FullText/521851?ref=43#ref43
https://www.karger.com/Article/FullText/521851?ref=44#ref44
https://www.karger.com/Article/FullText/521851?ref=45#ref45
https://www.karger.com/Article/FullText/521851?ref=46#ref46
https://www.karger.com/Article/FullText/521851?ref=47#ref47
https://www.karger.com/Article/FullText/521851?ref=47#ref47

	startTableBody
	StartZeile
	startTableBody

