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Abstract. Severe early‑onset obesity is mainly attributed to 
single gene variations of the hypothalamic leptin‑melano‑
cortin system, which is critical for controlling the balance 
between appetite and energy expenditure. Adenylate cyclase 3 
(ADCY3), a transmembrane enzyme localized in primary 
neuronal cilia, is a key genetic candidate, which appears 
to have an essential role in regulating body weight. The 
present study aimed to identify ADCY3 genetic variants in 
severely obese young patients of Greek‑Cypriot origin by 
genomic sequencing. Apart from previously reported vari‑
ants, the novel and probably pathogenic variant c.349T>A, 
causing a p.Leu117Met substitution within one of the two 
pseudo‑symmetric halves of the transmembrane part of the 
protein, was reported. Molecular modelling analysis used to 
delineate bonding interactions within the mutated protein 
structure strongly suggested a change in interactive forces 
and energy levels affecting the pseudo‑twofold symmetry of 

the transmembrane domain of the protein and probably its 
catalytic function. These results support the involvement of 
ADCY3 in the pathology of the disease and point towards the 
requirement of defining protein function and evaluating the 
clinical significance of the detected variants.

Introduction

Obesity is a global pandemic demonstrating increasing 
international dimensions (1,2). According to a recent pooled 
analysis of 2,416 population‑based measurement studies 
involving 128.9 million subjects, the worldwide prevalence of 
overweight adults increased from 21.5 to 38.9% over the last 
40 years (3‑5). This complex disease frequently starts early 
in childhood and continues through adulthood. It appears 
that obesity in both children and adolescents has exhibited 
marked increases through the years, with 38 million patients 
under the age of five years diagnosed as overweight or obese 
in 2019 (6‑8).

Obesity is unquestionably a disease multifactorial in origin. 
Its phenotypic manifestations and metabolic complications 
are ascribed to various genetic, environmental and epigen‑
etic factors (9). Early‑onset severe childhood obesity, a rare 
disorder caused predominantly by a variation of a single gene, 
is described as monogenic obesity. Single gene variations in the 
hypothalamic leptin‑melanocortin pathway have been reported 
to affect the balance between appetite and energy expenditure 
from a young age. Such genes are leptin, leptin receptor, 
melanocortin‑4 receptor (MC4R), proopiomelanocortin and 
prohormone convertase 1/3 genes (10‑12). Of course, there are 
other monogenic syndromic forms of childhood obesity, which 
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are considered separate entities studied by clinical geneticists. 
On the contrary, common obesity is thought to be affected 
by numerous genes (polygenic) triggered by behavioral and 
environmental factors. Genome‑wide association studies 
(GWAS) have reported variations in the four above‑mentioned 
major genes of the hypothalamic leptin‑melanocortic pathway 
or other loci implicated either in common or monogenic 
obesity (11,12). In addition, obesity susceptibility loci associ‑
ated with alterations in body mass index (BMI) in both children 
and adults have been also identified by GWAS in targeted or 
population studies (10‑12).

Adenylate cyclase 3 (ADCY3) is a candidate gene gaining 
increasing attention. ADCY3 loss‑of‑function mutations have 
been associated with early‑onset childhood obesity  (13). 
ADCY3 is located on chromosome  2p23.3, consisting of 
21 exons covering the positions 24,819,169‑24,920,237 bp 
(GRCh38.p13) (14). Its product, an enzyme characterized by 
a pseudo‑symmetric structure of two transmembrane and two 
cytoplasmic domains, is a member of the adenylyl cyclase 
family and catalyses the synthesis of 3',5'‑cyclic adenosine 
monophosphate (cAMP) from adenosine triphosphate upon 
G‑protein signaling (14). Research has been performed in an 
effort to elucidate its role in metabolic processes, including 
energy metabolism, adipogenesis and changes in BMI (15‑18). 
Its genetic variability has also been studied in numerous popu‑
lations of various geographical areas (19). The present study 
aimed to determine the occurrence of variations in the ADCY3 
gene in 33 Greek‑Cypriot patients diagnosed with early‑onset 
severe obesity (as from the age of 3 years).

Materials and methods

Patient inclusion criteria. A total of 33 unrelated patients 
were included in the present study, comprising 18 females and 
15 males aged 15‑20 years. All patients were recruited from 
the Archbishop Makarios III Hospital (Nicosia, Cyprus), the 
Paedi Center for Specialized Paediatrics (Nicosia, Cyprus) 
and the Aretaeio Hospital (Nicosia, Cyprus). All patients were 
severely obese with BMI > +2.5  standard deviation score 
(SDS) at the time of genetic testing and were diagnosed with 
early‑onset obesity defined as BMI > +2 SDS from the age 
of 3 years onwards. All patients had a 6‑12 month follow‑up 
in a pediatric endocrinology clinic. According to their 
medical records, patients were not diagnosed with any other 
underlying medical conditions or complex syndromes. A total 
of 51 age‑matched non‑obese individuals (40  females and 
11 males) of Greek‑Cypriot origin were included as a control 
group in the present study. The project was approved by the 
Cyprus National Ethics Committee (Nicosia, Cyprus) and 
informed consent was given by patients/parents prior to any 
genetic testing.

Genomic sequencing and in silico analysis. Total genomic 
DNA samples were isolated from peripheral whole blood 
using the Gentra Puregene Blood kit (Qiagen GmbH). DNA 
sequencing was performed with 100 ng genomic DNA, which 
was amplified using primers designed by Primer3 software 
ver. 0.4.0 (http://frodo.wi.mit.edu/). PCR mixtures were 
prepared using the Taq DNA Polymerase kit (Qiagen GmbH); 
they had a final volume of 20 µl and contained 2 µl PCR 

buffer (10X), 2 µl Q Solution (5X), 2 µl dNTPs (2 mM), 0.3 µl 
of each primer (10 µM), 0.2 µl Taq polymerase (5 U/µl) and 
100 ng genomic DNA. Amplification was performed with an 
initial denaturing temperature at 95˚C for 5 min, followed 
by 30 cycles of denaturation (95˚C, 45 sec), annealing (57˚C, 
60 sec) and extension (72˚C, 45 sec), with a final extension 
at 72˚C for 5  min. The ADCY3 gene primers covered all 
21 exons (listed in Table SI). The PCR products were analysed 
on an Applied Biosystems 3130xl Genetic Analyzer and the 
results were analysed using Sequencing Analysis R 5.3 soft‑
ware (Applied Biosystems; Thermo Fisher Scientific, Inc.). 
The χ2 test of independence and Fisher's exact test (for low 
counts) were used to determine any association between the 
presence of variants and sex or BMI SDS. For the associa‑
tion between the presence of variants and BMI SDS, patients 
were separated according to their BMI SDS into three groups: 
+2.00‑+2.99 SDS, +3.00‑+3.99 SDS and ≥ +4.00 SDS. P≤0.05 
was considered to indicate statistical significance. In silico 
prediction on protein function of the pathogenicity effect of 
the novel amino acid substitution was performed using three 
different protein functionality prediction tools: PolyPhen‑2 
(http://genetics.bwh.harvard.edu/pph2/), SIFT (https://sift.
bii.a‑star.edu.sg/www/SIFT_seq_submit2.html) and Mutation 
Taster (http://www.mutationtaster.org/). The PolyPhen‑2 
method was based on sequence homology (values >0.908 were 
considered probably damaging, values >0.446 and ≤0.908 
were considered possibly damaging). The SIFT method 
was based on sequence homology and the physico‑chemical 
properties of the amino acids (values <0.05 were considered 
deleterious whereas values ≥0.05 were considered tolerated). 
Mutation Taster was used to determine the position of a splice 
site change relative to intron/exon borders. A confidence 
score >0.3 was indicative of a gain of a completely new splice 
site. Linkage disequilibrium analysis for the variants was 
performed in all available populations using the Ensemble 
Linkage Disequilibrium Calculator (https://grch37.ensembl.
org/Homo_sapiens/Tools/LD?db=core).

Molecular modelling. The homology modelling of ADCY3 
was performed using Molecular Operating Environment 
(MOE; https://www.chemcomp.com/). The sequence of the 
human ADCY3 was used (accession no. 060266 in UniProtKB; 
https://www.uniprot.org/). The selection of template crystal 
structures for homology modelling was based on the primary 
sequence identity and the crystal resolution. Therefore, the 
selected template for the homology modelling was the struc‑
ture of a membrane adenylyl cyclase bound to an activated 
stimulatory G  protein (protein databank ID,  6R3Q). The 
primary alignment revealed a 74% coverage and a marginal 
30% sequence identity, which however allowed for a conven‑
tional homology modelling experiment to be performed. 
The initial energy minimization for the ADCY3 model was 
performed in MOE using the CHARMM27 force‑field up to a 
root mean square deviation gradient of 0.0001, in an effort to 
remove the geometrical strain. The ADCY3 model was subse‑
quently solvated with simple point charge (SPC) water using 
the truncated octahedron box extending to 7Å from the model. 
Molecular dynamics simulation was performed at 300 K and 
1 atm with a 2 fsecond step size for a total of 10 nanoseconds, 
using the NVT ensemble in a canonical environment (NVT 
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stands for Number of atoms, Volume and Temperature that 
remain constant throughout the calculation). The ADCY3 
model was also modelled in a full explicit phospholipid bilayer 
membrane protected by a layer of explicit SPC water mole‑
cules in a periodic system (Fig. 1). The results of the molecular 
dynamics simulation were collected into a database by MOE 
for further analysis (Fig. 2).

Results

Genetic findings and prediction analysis of the novel 
variation. Sanger sequencing of ADCY3 revealed a total 
of five variants in patients (Table  I), four of which were 
previously reported. A novel variant was identified in 
two patients (6%). Clinical and biochemical parameters for 
these patients are presented in Table SII. The novel variant 
involves a heterozygous c.349T>A change in exon 1 of the 
gene locus, leading to a missense p.Leu117Met substitution, 
as demonstrated in the sequence electropherogram presented 

in Fig.  3. Exon  1 codes for an α‑helical transmembrane 
region of the protein (Fig. 3). A search in the widely used 
single nucleotide polymorphism (SNP) repositories such as 
the gnomAD V2.1.1 (accessed July 12, 2021; https://gnomad.
broadinstitute.org/), 1000Genomes (accessed July 12, 2021; 
https://www.internationalgenome.org/) and TOPMED 
(accessed July 12, 2021; https://topmed.nhlbi.nih.gov/) veri‑
fied that the novel p.Leu117Met variant was not previously 
reported. In silico prediction of the pathogenicity effect of 
the p.Leu117Met substitution was made using three different 
protein functionality prediction tools: PolyPhen‑2, SIFT and 
Mutation Taster. PolyPhen‑2 predicted p.Leu117Met to be 
‘possibly damaging’ with a score of 0.646 (sensitivity: 0.80; 
specificity: 0.84). SIFT predicted substitution at position 117 
from Leu to Met to ‘affect protein function’ with a score 
of 0.03. Finally, Mutation Taster predicted substitution at 
position 117 from Leu to Met as a ‘polymorphism’ resulting 
in splice changes with a confidence score of 0.91 for the 
predicted splice site. A gain of a completely new splice site 

Figure 1. Molecular modelling of ADCY3 in an explicit lipid bilayer, in an effort to depict the structural arrangement of ADCY3 in the membrane. The 
transmembrane and the outer membrane parts of ADCY3 are presented alongside the position of the amino acid position 117. Upper panel: Left, the wild‑type 
ADCY3 model positioned in the lipid bilayer with all‑atom representation; right, with ribbon representation. Middle panel: Bottom view of the positioned 
model of ADCY3 in the lipid bilayer. Lower panel: Left, bottom view of the wild‑type ADCY3 model in the lipid bilayer (Leu117 shown in green space fill 
representation); right, bottom view of the mutant ADCY3 model (p.Leu117Met) in the lipid bilayer (Met117 displayed in orange space fill representation). 
ADCY3, adenylate cyclase 3.
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was displayed if the confidence score of the newly created 
splice site was >0.3.

The four previously reported variants include two synony‑
mous (rs1127568 and rs2241758), one missense (rs11676272) 
and one intronic variant (rs7604576). The control group 
only revealed the two synonymous variations rs1127568 and 
rs2241758, located in exon 17 and exon 5, respectively. These 
SNPs have been previously identified in other populations as 
well. More specifically, rs1127568, which has a 0.8493 allele 
frequency based on gnomAD v2.1.1, was identified in a Chinese 

Han population sample in association to obesity (15), whereas 
rs2241758 (0.1068 allele frequency, based on gnomAD v2.1.1) 
was reported as a polymorphism in a Swedish population by 
Nordman et al (16). Both of the above‑mentioned SNPs are 
synonymous, thus not causing any change of the amino acids in 
the protein structure. The frequency of these polymorphisms 
detected in the study population (Table I) was comparable 
to the results reported in gnomAD v2.1.1. Intronic variant 
rs7604576 and the missense variant rs11676272 were also 
among the SNPs reported in the Chinese Han population (15). 

Table I. Identification of previously reported variants in association to obesity and the novel adenylate cyclase 3 variant 
p.Leu117Met.

	D escription	 No. of homozygotes	 No. of heterozygotes 
	 nucleotide/amino	 in patients	 in patients	 MAF of 	 MAF of
SNP ID no.	 acid 	 (sex)	 (sex)	 patients (n=33)	 controls (n=51)

Novel	 c.349T>A/p.Leu117Met	 0	   2 (M:2; F:0)	 0.03	 ‑
rs11676272	 c.319T>C/p.Ser107Pro	 10 (M:5; F:5)	 13 (M:5; F:8)	 0.50	 ‑
rs2241758	 c.1167C>G/p.Leu389=	 0	   3 (M:1; F:2)	 0.05	 0.06
rs7604576	 c.2578‑3T>C/NA 	   9 (M:5; F:4)	 14 (M:6; F:8)	 0.48	 ‑
rs1127568	 c.2874A>G/p.Ser958=	   21 (M:12; F:9)	   9 (M:2; F:7)	 0.77	 0.62

MAF, minor allele frequency; NA, not available; M, male; F, female.

Figure 2. Modelling of ADCY3 in the explicit lipid bilayer solvated in a water periodic box for the molecular dynamics simulations. (A) A cube‑periodic box 
solvation system for the full molecular system (left) and the ADCY3 model positioned in the lipid bilayer (right). (B) Close‑up view of the ADCY3 model and 
lipid bilayer solvated in the water periodic system during the molecular dynamics simulations. ADCY3, adenylate cyclase 3.
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It should be noted that both of these SNPs (rs7604576 and 
rs11676272) did not co‑occur with the novel p.Leu117Met 
variant in any of the patients.

Linkage disequilibrium analysis for the variants was 
performed in all available populations. As expected, only 
neighboring variants rs1127568 and rs7604576 demonstrated 
a significant association (D=1.0, r2≥0.8).

The χ2 test of independence and Fisher's exact test were 
used to determine an association between variants and sex; 
however, no association was detected (P>0.05). A similar 
analysis revealed no association between the presence of vari‑
ants and severity of obesity (measured as BMI SDS; P>0.05). 
However, it should be noted that the small sample size in the 
present study may have affected these results (Table SIII).

In light of recently reported findings suggesting the involve‑
ment of MC4R and ADCY3 in a common pathway towards 
obesity (20), the possible co‑occurrence of MC4R variations in 
the patients was also investigated. However, Sanger sequencing 
of the MC4R locus in patients and controls revealed no varia‑
tions within the MC4R locus (data not shown).

Molecular modelling. To investigate the possible effects 
of the novel p.Leu117Met variation on protein structure 
and function, the homology modelling of ADCY3 was 
performed using MOE. ADCY3 was modelled initially with 
the wild‑type sequence and a Leu residue at position 117. The 
p.Leu117Met mutation was then induced and the model was 
energetically re‑optimized using molecular dynamics (Fig. 4). 

The electrostatic potential and available conformational space 
were also calculated for both wild‑type and mutant models. 
It was indicated, as expected, that even though Leu and Met 
have a similar size, the Met substitution introduces a sulphur 
atom and is therefore slightly bulkier than the Leu wild‑type 
residue. More specifically, when superposing the two models 
and upon molecular dynamics optimization, the two interac‑
tion plots were deduced for both wild‑type and mutant ADCY3 
models (Fig. 5). Of note, while the wild‑type Leu residue is 
only capable of establishing mild H‑bonding interactions, the 
Met mutant substitution is establishing stronger interactions 
with adjacent residues. This is functionally profound; first, 
the different side chain of the Met residue, and furthermore, 
the huge differences in Van der Waals and interaction ener‑
gies in the middle of the hydrophobic part of the lipid bilayer, 
may functionally and mechanistically explain the differences 
in structure that are able to lead to a significant shift in the 
functionality of ADCY3 and hence to pathology. The in silico 
calculated Van der Waals energy of the Leu to Met at posi‑
tion 117 was‑1.7 and 31.1 respectively, which constitutes a 
significant change after the p.Leu117Met mutation (Table II). It 
is of utmost importance to focus on the structural and physico‑
chemical significance of the Leu to Met substitution. Leu is a 
branched neutral hydrophobic amino acid, whilst Met contains 
the sulfur atom that alters its physicochemical properties and 
its potential atomic interaction. Even though the two amino 
acids exhibit small differences in terms of volume, charge and 
polarity, the sulfur of Met is reactive with electrophilic centers 

Figure 3. Identification of a probably pathogenic novel p.Leu117Met ADCY3 variant. The sequence electropherogram of the novel ADCY3 p.Leu117Met variant 
and the schematic representation of the ADCY3 gene and protein with the novel p.Leu117Met variant are displayed. ADCY3, adenylate cyclase 3.
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Figure 4. Molecular modelling of wild‑type ADCY3 (on the left) and the ADCY3 variant c.349T>A/p.Leu117Met. Upper panel: The wild‑type ADCY3 model 
with Leu117. Lower panel: The mutant ADCY3 model with the p.Leu117Met substitution. Note the position of the 117 amino acid (in spacefill representation) 
and the difference between wild‑type and mutant. The latter induces a slight bend to the middle of the α‑helix where it is located. ADCY3, adenylate cyclase 3.

Table II. In silico calculated VdW energy of the L117 wild‑type and the L117M mutated biological system (units are kcal/mol).

	 Leucine 117	 Methionine 117
	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑	 ‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑-‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
System	 System energy	 VdW	 System energy	 VdW

Full system	 1263.102	 115010.1	 1298.466	 ‑133304
Interaction	 ‑1.714	 ‑1.730	 32.309	 31.149

VdW, Van der Waals.

Figure 5. Molecular interactions 2D diagram. (A) 2D interaction diagram for the wild‑type leucine residue at position 117 of the ADCY3 model. (B) 2D interac‑
tion diagram for the mutant methionine residue at position 117 of the ADCY3 model. Interactions are presented according to the conventions of the embedded 
interaction legend. ADCY3, adenylate cyclase 3.
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and is prone to oxidation. Leu to Met substitution decreases 
the stability of the protein structure with a higher entropic cost. 
The difference in their shape also affects the overall structure 
and, depending on the side chain's position, the substitution 
may cause steric effects. In addition, leucine's bulky side 
chain contributes to a greater hydrophobic stabilization and its 
substitution by the elongated sulfur‑containing Met is able to 
destabilize the protein's structure.

Discussion

The genetic component of obesity is challenging to determine 
and monogenic forms of severe obesity starting at a young 
age remain elusive. Mendelian monogenic nonsyndromic 
obesity  is associated with only 5% of obesity cases in the 
population  (8). The present study focuses on the ADCY3 
genetic profile of a small group of severely obese individuals 
diagnosed with obesity from the age of 3 years onwards. A 
small sample size in the present study may be a limitation and 
conclusive results may be affected. However, five ADCY3 gene 
variants (4 previously reported and one novel variant) were 
identified. Of the patients, 2 (6%) were heterozygous carriers 
of the novel p.Leu117Met variant in the ADCY3 gene. Taking 
into consideration the rarity of monogenic obesity, this is a 
noteworthy finding in a targeted group of patients diagnosed 
with severe obesity since childhood. Molecular modelling data 
of the mutated protein suggest significant changes in structure, 
as well as in the interaction with the surrounding lipid bilayer, 
indicating the possibility of functional changes.

ADCY3 is a 128,960 Da integral protein, which consists 
of two transmembrane components of six‑transmembrane 
helices each. These two transmembrane components alter‑
nate with two cytoplasmic domains, which contain the 
active site of the molecule at the N‑terminus of the protein 
(Fig. 6). The amino acid Leu to Met change at position 117 
of the protein is within an α‑helical region embedded in 
the cellular membrane (105‑125aa). Based on the molecular 
modelling data of the present study, it is suggested that the 
presence of the sulfur‑carrying side chain of the Met residue 

alters the interaction with the surrounding environment. 
More specifically, the Met residue is capable of establishing 
stronger interactions with surrounding residues. Furthermore, 
interaction energies within the lipid bilayer of the membrane 
are increased. Although the enzyme's catalytic centers fall 
within a different region, the changes caused by the Leu to Met 
substitution may affect the interaction between the transmem‑
brane clusters of the protein. According to previous studies, 
the interaction between these transmembrane regions of the 
protein appears to significantly affect the interaction of the 
catalytic domains (21). Hence, it is possible that the ADCY3 
variant c.349T>A results in a reduction of ADCY3 activity.

According to the literature, ADCY3 has been studied 
extensively in a spectrum of processes affecting metabolic 
mechanisms and obesity development. There are 10 isoforms 
of ADCY3 reported and characterized in mammals. A total 
of 9 isoforms are membrane‑bound proteins found to be 
expressed in various human tissues, including adipocyte 
tissues and the hypothalamus (22). ADCY3 is Ca2+‑calmodulin 
sensitive and it appears to be linked to olfactory signal trans‑
duction  (23,24). A study involving ADCY3 heterozygous 
null mice demonstrated increased visceral adiposity in the 
absence of hyperphagia and impaired insulin sensitivity, 
dyslipidemia, as well as increased plasma levels of proinflam‑
matory cytokines. According to the same study, a high‑fat 
diet decreased the expression of ADCY3 and genes involved 
in thermogenesis, fatty acid oxidation and insulin signaling, 
whereas it increased the expression of genes related to adipo‑
genesis (25). In a different study using diabetic rats, which 
demonstrated a dysfunctional hypothalamic melanocortin 
system and attenuation of the hypothalamic glucose‑sensing 
pathway, after performing a hypothalamic transcriptomes 
analysis, the authors identified ADCY3 among the genes with 
a role in hypothalamic regulation. In fact, their results support 
a key role of ADCY3 in preventing obesity (26).

ADCY3 is an enzyme which catalyzes the formation of 
cAMP, a second messenger involved in signal transduction 
processes in cells, such as the activation of kinases and the 
control of metabolic processes of carbohydrates and lipids. 

Figure 6. Membrane topology of the adenylate cyclase 3 transmembrane protein determined using the Protter tool (https://wlab.ethz.ch/protter/start/). 
Mutations located in the coding region are indicated, including the p.Ile117Met mutation identified in the present study.
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More specifically, cAMP appears to be involved in intracellular 
signaling of molecules such as glucagon‑like peptide 1, ghrelin, 
orexins, α‑melanocyte‑stimulating hormone and leptin (27,28).

Numerous studies support the involvement of ADCY3 in 
metabolism regulation and BMI or obesity risk. For instance, 
a study reported on ADCY3‑knockout mice demonstrating 
obesity, low locomotor activity, hyperphagia and leptin resis‑
tance (29). Furthermore, the involvement of ADCY3 in the 
regulation of glucose homeostasis was suggested by a study 
using Goto‑Kakizaki (GK) rats with type 2 diabetes. In that 
study, its overexpression was observed in the pancreatic islets 
as well as the striatum and hypothalamus regions of the brain 
in the GK rats (30). The involvement of ADCY3 in energy 
metabolism regulation was reported in another study, which 
used mutagenized mice with dominantly inherited resistance 
to diet‑induced obesity. These mice were genetically screened 
and were indicated to contain a p.Met279Leu substitution in 
ADCY3 (17).

ADCY3 variants in association with obesity were identi‑
fied in various human population studies. All reported data 
are presented in Table III  (15,16,31‑34). More specifically, 
ADCY3 variants (rs2033655 and rs1968482) were reported to 
be associated with obesity in a population of Swedish males 
with or without type 2 diabetes in 2008 (16). Two years later, 
ADCY3 polymorphisms (rs1127568, rs7604576 and rs753529) 
were reported to be associated with obesity in adults but not in 
children of a Chinese Han population sample (15). It should be 
noted that one of these variants (rs7604576) was also detected in 
the patients of the present study (minor allele frequency, 0.48). 
In 2018, a study identified a correlation between loss‑of‑func‑
tion mutations and onset obesity and type 2 diabetes in a 
small Greenlandic population (rs1331776405). Carriers in this 
cohort appeared to also have decreased RNA levels (34). In 
the same year, a similar study involving children with severe 
obesity of a Pakistani population also revealed ADCY3 vari‑
ants, including that identified in the Greenlandic study (13). 
Most recently, ADCY3 variant p.Gly1110Arg was detected 
by targeted exome sequencing in a Finnish population with 
early‑onset severe obesity (Table III) (33).

Apart from population genetic studies, GWAS have also 
linked ADCY3 genetic polymorphisms to obesity suscepti‑
bility. The ADCY3 locus was indicated to be associated with 
BMI in the Genetic Investigation of ANthropometric Traits 
consortium meta‑analysis (12) and also in a meta‑analysis of 
East‑Asian populations (rs6545814, rs11676272) (35). It should 
be noted that variant rs11676272, also detected in the patients of 
the present study, was reported in a GWAS of height‑adjusted 
BMI in children. Of note, in this study, the authors discuss 
the possible effects on the second transmembrane‑spanning 
α‑helix of the M1 transmembrane cluster of the protein (same 
region where the novel p.Leu117Met of the present study was 
detected), thus possibly disturbing the interaction of M1 helix 
and M2 helix (36). ADCY3 was also identified in a GWAS 
meta‑analysis of BMI across children aged 1 to 17 years from 
the Avon Longitudinal Study of Parents and Children and the 
Western Australian Pregnancy Cohort study (37). Similarly, 
an association to BMI was concluded in a GWAS concerning 
a Korean sample (38).

Adipogenesis is another process linked to ADCY3, as 
supported by animal studies performed by Tong et al  (25) 
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and Meng et al (26). A decrease in ADCY3 expression in the 
adipose tissue of obese patients was also reported in 2011 (18). 
However, recent findings concerning MC4R provided strong 
evidence regarding its possible relevance to the leptin‑mela‑
nocortin pathway. More specifically, it was indicated that 
MC4R co‑localizes with ADCY3 at the primary cilium of 
hypothalamic neurons and obesity‑related MC4R mutations 
impaired ciliary localization. In addition, inhibition of ADCY3 
signaling at the primary cilia of these neurons increased body 
weight (20). A previous study by our group reported a novel 
MC4R deletion in a pediatric patient with severe early‑onset 
obesity (39). However, MC4R screening revealed no mutations 
in patients and healthy individuals of the present study.

Finally, epigenetic studies have also suggested a role of 
ADCY3 in human obesity, as DNA methylation and ADCY3 
associations were identified in a study involving obese and 
healthy individuals  (40). Similarly, a genome‑wide DNA 
methylation quantitative trait locus analysis in human adipose 
tissue and genotype‑DNA methylation associations were indi‑
cated to involve ADCY3 (41).

In conclusion, according to the literature discussed above, 
there appears to be strong evidence to suggest that ADCY3 
is an important mediator of energy homeostasis with a 
possible role in the development of obesity. Although the lack 
of whole‑exome sequencing or whole‑genome sequencing 
may be considered a limitation of the present study, recent 
published data suggests that ADCY3 is considered a strong 
candidate among numerous loci previously reported to be 
associated with obesity (13,20,34). Thus, the ADCY3 locus 
has been the focus of the present study. The current findings 
support the association of ADCY3 with obesity and provide 
the first evidence that ADCY3 variations exist in the genetic 
spectrum of the Cypriot population. Further to identifying the 
novel, possibly pathogenic ADCY3 variant, causing an amino 
acid Leu to Met change at position 117 of the protein in young 
obese patients, the present study provided informative model‑
ling data suggesting a change in the interaction of the two 
transmembrane halves of the enzyme, thus causing a distur‑
bance in the pseudo‑twofold symmetry of the transmembrane 
domain, a symmetry known to affect catalytic activity (21). 
Further biological assessment using cell lines or genetically 
modified animals may help to elucidate the role of the novel 
variant and other previously reported ADCY3 variants in 
genetic predisposition to obesity.
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