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ADGRL3 genomic variation 
implicated in neurogenesis 
and ADHD links functional effects 
to the incretin polypeptide GIP
Oscar M. Vidal 1,4*, Jorge I. Vélez 3,4* & Mauricio Arcos‑Burgos 2

Attention deficit/hyperactivity disorder (ADHD) is the most common childhood neurodevelopmental 
disorder. Single nucleotide polymorphisms (SNPs) in the Adhesion G Protein‑Coupled Receptor L3 
(ADGRL3) gene are associated with increased susceptibility to developing ADHD worldwide. However, 
the effect of ADGRL3 non‑synonymous SNPs (nsSNPs) on the ADGRL3 protein function is vastly 
unknown. Using several bioinformatics tools to evaluate the impact of mutations, we found that 
nsSNPs rs35106420, rs61747658, and rs734644, previously reported to be associated and in linkage 
with ADHD in disparate populations from the world over, are predicted as pathogenic variants. 
Docking analysis of rs35106420, harbored in the ADGLR3-hormone receptor domain (HRM, a common 
extracellular domain of the secretin‑like GPCRs family), showed that HRM interacts with the Glucose‑
dependent insulinotropic polypeptide (GIP), part of the incretin hormones family. GIP has been 
linked to the pathogenesis of diabetes mellitus, and our analyses suggest a potential link to ADHD. 
Overall, the comprehensive application of bioinformatics tools showed that functional mutations in 
the ADGLR3 gene disrupt the standard and wild ADGRL3 structure, most likely affecting its metabolic 
regulation. Further in vitro experiments are granted to evaluate these in silico predictions of the 
ADGRL3‑GIP interaction and dissect the complexity underlying the development of ADHD.

Attention deficit/hyperactivity disorder (ADHD) is a harmonic temporal-spatial neurodevelopment disorder 
characterized by persistent and age-inappropriate patterns of inattention, hyperactivity, and  impulsivity1–5. Neu-
rodevelopment is orchestrated by cellular and molecular-guided events in which cell communication is delivered 
through a series of molecular receptors and ligands that allow cells to switch between proliferation, migration, 
and  differentiation6,7. Hence, molecular dysregulation may disturb the balance in a series of well-orchestrated 
cellular cascades related to the development of ADHD, i.e., neurite outgrowth and axon  guidance8.

Although ADHD aetiology is  multifactorial9, genetic factors play a significant role. Estimates suggest that the 
heritability using family-based studies is 74%10, which is a figure significantly higher than that of up to 21.6% 
estimated by genome-wide association studies (GWASs)3,11. Thus, much more research must be done to elucidate 
the fundamental cause of this “missing heritability”.

Adhesion G protein-coupled receptors (aGPCRs) represent the five prominent families in the GPCR signaling 
pathway superfamily. The GPCRs are molecularly responsive to extracellular ligands such as chemical hormones, 
neurotransmitters, and  peptides12. They exhibit a large multi-domain N-termini and a highly conserved region, 
prone to be cleaved by auto  proteolysis13. GPCRs also influence many critical neurophysiological and neurode-
velopmental processes and cellular responses, which are still not completely  understood14.

A subfamily of aGPCR, named latrophilins, plays a significant role in neurophysiological  processes15. One 
of the latrophilins members, ADGRL3 (formerly known as LPHN3; latrophilin 3), has been linked to signal 
cell–cell adhesion, neuron guidance, and signal  transduction2,16 and plays an essential role in the development 
of the central nervous system (CNS) during  childhood17. ADGRL3, the protein encoded by the ADGRL3 gene, 
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along with ADGRL1 (latrophilin 1), ADGRL2 (latrophilin 2), and ADGRL4 (ELTD1)18,19, have orthologs in 
vertebrate and invertebrate  species20.

Latrophilins are structurally composed of two adhesion protein domains, lectin, and olfactomedin, followed 
by a hormone-binding domain next to a GPCR autoproteolytic inducing (GAIN) domain (Fig. 1). This domain 
contains a post-translational modification cleavage process at the GPCR proteolysis site (GPS) motif, part of 
the larger GPCR-Autoproteolysis INducing (GAIN) domain conserved seven-transmembrane domain, and a 
C-terminal tail (Fig. 1). This autoproteolysis domain generates two sub-molecules: an extracellular N-terminal 
fragment (NTF) and a C-terminal fragment (CTF). After catalysis, both fragments are still non-covalently linked 
to the cell  membrane18,21.

ADGRL3 modulates neuronal interaction and axon guidance and synaptic plasticity, all processes highly 
controlled and orchestrated during CNS  development17,22. Furthermore, genetic variants in the ADGRL3 gene 
have been associated with ADHD susceptibility through a series of population genetic analyses in distinct regions 
and  ethnicities23–31, making ADGRL3 one of the genes prominently associated with  ADHD3,32–34. ADGRL3 
variants predispose to ADHD, modulate brain metabolism, and predict ADHD severity, ADHD comorbidity 
with conduct disorder (CD), oppositional defiant disorder (ODD), substance use disorder (SUD), and response 
to stimulant  treatment3,4,23,24,26,31,34–37. However, it is still unclear how non-synonymous SPNs (nsSNPs) may 
affect the role of ADGRL3 in ADHD pathogenesis. To the best of our knowledge, the potential pathogenicity of 
ADGRL3 nsSNPs has not yet been studied.

Through structural modeling, in-silico approaches have been applied to identify the effect of deleterious 
nsSNPs in candidate  genes38,39. This study combined a series of computational models to understand the patho-
genic potential of different ADGRL3 nsSNPs previously reported to confer susceptibility to  ADHD23,26,30,35,40. We 
hypothesize that ADGRL3 nsSNPs potentially dysregulate ADGRL3 stability and  function41,42 and affect amino 
acid conservation, protein stability, structural composition, and protein–protein interactions.

Here, we showed a potential interaction between a specific region of ADGRL3, the hormone receptor (HRM) 
domain, and the Glucose-dependent insulinotropic polypeptide/Gastric inhibitory polypeptide (GIP) of the 
secretin family. GIP polypeptide has been shown to play a critical role in neuronal biogenesis and neural cell 
division. This significant event could modulate neuroplasticity during embryogenesis, which is one of the criti-
cal etiological factors related to ADHD. Furthermore, GIP promotes cell proliferation and is expressed in many 
organs and tissues, including the central nervous  system7. Therefore, we hypothesize that GIP and its role in 
glucose metabolism could be a pathogenic factor linking ADHD and metabolic disorders such as diabetes.

Results
Collection and collation of ADGRL3 nsSNP data. We retrieved 1013 nsSNPs related to the ADGRL3 
gene from three databases (977 from the NCBI, 12 from the DisGeNET, and 24 from nsSNPdpe) (Table 1S, 
Supplementary Material) and nsSNPs from case/control- and family-based genetic studies on ADHD. After 
manually screening and eliminating duplicate records, we found three nsSNPs reported at least in two databases 
(Table 1).

Prediction of ADGRL3 nsSNPs pathogenicity. Several pathogenicity prediction software tools were 
used to predict the pathogenicity of three selected ADGRL3 nsSNPs (Table 2a), including Mutpred2, PANTHER-
PSEP, PhD-SNP, PolyPhen 2.0, PROVEAN, and SIFT. Pathogenic mutations were not predicted by MutPred2 
nor PhD-SNP. However, PANTHER predicted R465Q (rs35106420) and R533Q (rs35106420) as “probably dam-
aging” (time > 455my), and T659A, T727A, and N693K (rs734644) as “possibly damaging” (> 200my) (Table 2a). 
Similarly, PolyPhen 2.0 predicted R465Q (rs35106420), R533Q (rs35106420), and N693K (rs734644) to be 
pathogenic. On the other hand, PROVEAN only considered R533Q (rs35106420) to be pathogenic, while SIFT 
considered R465Q (rs35106420), T659A, T727A, and N693K (rs734644) to be pathogenic R533Q (rs35106420) 
to be a benign mutation (Table 2a).

Figure 1.  Schematic representation of ADGRL3 and its domains. Squares in pink represent the encoding 
genome areas of the protein harboring functional nsSNPs as defined by the in-silico analysis. Gal_Lectin: 
Galactose binding lectin domain (PF02140.18); OLF: Olfactomedin-like domain (PF02191.16); HRM: 
Hormone receptor domain (PF02793.22); GAIN: GPCR-autoproteolysis inducing domain (PF16489.5); GPS: 
GPCR proteolysis site motif (PF01825.21); 7tm_2: 7 transmembrane receptors (Secretin family; PF00002.24); 
Latrophilin: Latrophilin Cytoplasmic C-terminal region (PF02354.16). ADGRL3 nsSNPs studied herein are 
located within the region of the HRM and GAIN domains.
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Prediction of protein stability. We applied I-Mutant 2.0 and Mupro to predict the effects of amino acid 
substitution caused by nsSNPs on protein stability and the ADGRL3 protein (NP_001877.1) information to 
compare the effects of mutant and wild-type amino acids on protein folding free energy (Table 2b). Among the 
changes produced by the nsSNPs (Table 2a), I-Mutant 2.0 predicted that the amino acid substitutions resulted in 
decreasing protein-free energy in four of these mutations. Furthermore, MUpro predicted that all mutations led 
to a decrease in protein stability and that the free energy of 105 protein sites would decrease after the mutation 
of amino acids, resulting in protein stability decline (ΔΔG < 0; Table 2b). Thus, the R465Q (rs35106420), R533Q 
(rs35106420), and N693K (rs734644) scores were below − 1, indicating that the stability of protein decreased 
abruptly as a consequence of non-synonymous changes (Table 2b).

Evolutionary conservation analysis and protein structure analysis. ConSurf identified the R533Q 
(rs35106420) change produced as an evolutionarily conserved position with a score of nine. Using SOPMA, the 
secondary structure of the ADGRL3 protein was predicted (Fig. 2a). ADGRL3 is composed of 1512 amino acids 
arranged in four secondary structures; 449 amino acids in the alpha-helix (accounting for 29.70%), 287 amino 
acids in the extended strand (accounting for 18.98%), 87 amino acids in the beta-turn (accounting for 5.75%), 
and 689 amino acids in the random coil (accounting for 45.57%) (Fig. 2a).

ADGRL3 protein structure. Protein–protein interactions. STRING predicted interactions of the most 
studied domain regions of ADGRL3 with Leucine-rich repeat transmembrane protein, Leucine-Rich Repeat 
Transmembrane Neuronal protein, and members, including FLRT3, FLRT2, FLRT1, LRRTM4, LRRTM2, LR-
RC8B, LRRTM1, LRRTM3, GPR125, and GPR123 (Fig. 2b).

Gene ontology, molecular function, and subcellular localization. Analysis using the CELLO2GO webserver 
showed that ADGRL3 protein is integral to the membrane (Fig.  2c). ADGRL3 was validated as a G-protein 
coupled receptor (Fig. 2d). Furthermore, ADGLR3 is predicted to be involved in biological processes related 

Table 1.  ADGRL3 nsSNPs as reported in different databases and ADHD association studies. SNP single 
nucleotide polymorphism. a According to HaploReg v 4.1110, only this marker is synonymous.

nsSNP NCBI DisGeNET nsSNPdpe Reported in ADHD association studies References

rs35106420 Yes No Yes Yes 23,35

rs61747658 Yes No Yes Yes 35,40

rs734644a Yes Yes No Yes 30

Table 2..  (a) Pathogenicity scores for ADGLR3 nsSNPs using different in-silico tools. Scores highlighted in 
bold indicate that variants are likely to be pathogenic, (b) Prediction of protein folding free energy changes 
using I-Mutantv 2.0 and Mupro, Scores highlighted in bold suggest that amino acid changes affect protein 
stability.

(a) SNP
Nucleic acid 
change

Amino Acid 
change MutPred-2

PANTHER-
PSEP PhD-SNP PolyPhen 2.0 PROVEAN SIFT

rs35106420

2143 
CGG→CAG R465Q 0.086 455 4 0.787 − 1.166 0.06

2347 
CGG→CAG R533Q 0.089 455 4 0.942 − 2.989 0.05

rs61747658

2724 
ACG→GCG T659A 0.099 220 9 0.001 − 1.197 0.26

2928 
ACG→GCG T727A 0.103 220 1 0.001 − 1.308 0.24

rs734644 2828 
AAT→AAA N693K 0.337 220 7 0.917 − 0.849 0.3

(b) SNP
Nucleic acid 
change

Amino acid 
change I-Mutantv 2.0 Mupro

rs35106420

2143 
CGG→CAG R465Q −1.181 − 1.206

2347 
CGG→CAG R533Q − 1.181 − 1.206

rs61747658

2724 
ACG→GCG T659A − 0.45 − 0.534

2928 
ACG→GCG T727A − 0.45 − 0.534

rs734644 2828 
AAT→AAA N693K 0.5 − 1.476
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to neuropeptide signaling and signal transduction (Fig.  2e). Complementary analysis of metabolic pathways 
involving the Hormone receptor domain (HRM PF02793.22) using the SMART genomic protein database and 
KEGG orthologous groups showed that this domain is mainly involved in neuroactive ligand-receptor interac-
tions (90.18%; KEGG ID: map04080), followed by long-term depression (7.14%; KEGG ID: map04730) and p53 
signaling pathway (2.68%; KEGG ID: map04115).

Domain region associated with nsSNPs. Amino acid substitution caused by nsSNP showed two specific regions: 
(1) the HormR domain, present in hormone receptors and found in the extracellular part of some of the secretin-
like (family 2) GPCRs, including the calcitonin receptor, corticotropin-releasing factor receptor 1, diuretic hor-
mone receptor, glucagon-like peptide 1 receptor, and parathyroid hormone peptide receptor (Fig. 1a in green); 
and (2) the GPCR-Autoproteolysis INducing (GAIN) domain, which is a domain of alpha-helices and beta-
strands that is found in cell-adhesion GPCRs and precedes the GPS motif where the autoproteolysis occurs 
(Fig. 1a in black). The ADGRL3 GAIN domain includes both the GPS and GAIN in cell-adhesion GPCRs and 
is the functional unit for autoproteolysis. The GPS motif at the end of the GAIN domain is well conserved in 
primitive ancestor organisms. Furthermore, the full GAIN-GPS is conserved in all cell-adhesion GPCRs and 
PKD1-related  proteins21 (Fig. 1).

ADGRL3 protein domain architecture analysis. We identified 114 sequences using Gal_Lectin, OLF, GAIN, 
GPS, 7tm_2, and Latrophilin (see Fig. 1 for more details). The family HRM domain (PF02793.22) showed ten 
different molecular interactions with other protein domains, including the Glucagon hormone family (n = 1), 
Hormone receptor domain, Immunoglobulin V-set domain, Receptor activity modifying family (n = 1) (calci-
tonin-receptor-like receptor), Secretin receptor family (n = 1), Parathyroid hormone family, Glucagon hormone 
family (n = 2), Secretin receptor family (n = 2), Receptor activity modifying family (n = 2) and Corticotropin-
releasing factor family (n = 1).

Analysis of the ADGRL3 HRM domain. We identified 86 instances of the ADGLR3 HRM domain in the Pro-
tein Data Bank (PDB; https:// www. rcsb. org/). We selected a PDB-referenced crystal structure containing these 
domains to study the interaction of both HRM and GAIN domains with other molecules. After conducting a 
protein sequence similarity analysis using protein–protein BLAST for the ADGRL3 HRM region, we used the 
4DLQ, Crystal structure of the GAIN, and HormR domains of CIRL 1/Latrophilin 1 (CL1) from PDB. Next, we 
applied the Family HRM (PF02793) information of molecules interaction and used the PyMOL molecule align-
ment feature to determine potential interactions with the ten families from the HRM (PF02793) interactome. We 

Figure 2.  Results of the (a) 3D structural analysis of ADGRL3 using SOPMA, (b) protein network interaction 
using STRING, and gene ontology annotations of ADGRL3 in terms of (c) cellular component, (d) molecular 
function, and (e) biological process.

https://www.rcsb.org/
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found that the Gastric inhibitory polypeptide (GIP), also known as a Glucose-dependent Insulinotropic Poly-
peptide (also abbreviated as GIP), aligned with the HRM domain differently (Fig. 3a) than with other molecules 
from the HRM (PF02793) interactome.

Protein–protein docking between HRM and GIP. The 4DLQ Crystal structure of the GAIN and HRM domains 
of CIRL 1/Latrophilin 1 (CL1)21 scored the best similarity with the ADGRL3 region involved in our studies (data 
not shown). In addition, the family domain description Glucagon/GIP/secretin/VIP (i.e., GIP) was identified as 
the potential protein interacting with this region. The glucose-dependent insulinotropic polypeptide (GIP) is an 
incretin hormone that stimulates insulin secretion after ingestion of food. The 2B4N GIP structure was deter-
mined by NMR spectroscopy and is characterized by an α-helical motif between residues Ser11 and  Gln2943.

Before protein–protein docking, we assessed binding residues corresponding to the 4DLQ and 2B4N by 
CASTp via HADDOCK. HADDOCK clustered 63 structures in 30 clusters, representing 31% of the water-refined 
models assessed by HADDOCK; the statistics of the top 10 clusters showed cluster 30 as the top cluster most 
reliable (Rank 1; Fig. 3b). Using pyDock and pyDockWEB, we mapped the 3D coordinates of 4DLQ and 2B4N, 
corresponding to two hypothetical interacting proteins. pyDockWEB returned the best rigid-body docking 
orientations generated by FTDock, which was evaluated by pyDock scoring functions after 10.000 replications. 
As shown in Fig. 3c, the 4DLQ and 2B4N are the best-docked complexes for the ADGRL3 region where the 
nsSNPs are located (Rank 1; Fig. 3d).

Results for the protein–protein docking conducted via HDOCK are presented in Fig. 4. We tested the poten-
tial protein–protein interaction between HRM and GIP polypeptide using three different in-silico approaches 
(Fig. 5). Table 2S in the Supplementary Material summarizes the scoring functions assessing the protein–protein 
interactions between ADGRL3, 4DLQ (HRM domain), and GIP, 2B4N. Overall, all different protein–protein 
docking tools demonstrate a reproducible interaction between 4DLQ, ADGRL3 HRM domain, and the 2B4N, 
GIP peptide, with prediction scores between the first ten ranking models with maximum docking scores.

As complementary analyses, we used the  AlphaFold244,45 prediction tool on the entire ADGRL3 protein 
(Fig. 1S, Supplementary Material). We identified regions with a different per-residue confidence score (pLDDT). 
In particular, the main known domain regions presented very high pLDDT (> 70), while others showed a residue 
confidence score < 50, which suggests they may be unstructured in  isolation46. Similarly, AlphaFold2 prediction 

Figure 3.  Binding residues corresponding to the 4DLQ and 2B4N proteins. (a) HADDOCK diagrammatic 
illustration of the best-docked complex of 4DLQ–2B4N (Rank 1). (b) Scoring functions for the best-docked 
complex, 4DLQ–2B4N. The Z-score indicates how many standard deviations from this cluster’s average are in 
terms of the  score103. (c) 3D protein structure for the 4DLQ–2B4N complex was identified as the best-docked 
complex via pyDock (Rank 1). (d) Electrostatics, desolvation energy, limited Van der Waals (VdW) contribution 
scores and restraint-based scoring (relRST) were obtained by the pyDock scoring function. RMDS: Root Mean 
Square Deviation in Å.
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analysis of the mutated HormR- showed that both regions with pLDDT score higher than 70–90 and regions < 50 
residue confidence score, in addition to significant 3D structural changes (Fig. 3S, Supplementary Material).

Discussion
Candidate gene analyses of single nucleotide polymorphism (SNPs) linked to ADHD have identified variants 
that have a negligible effect, which still explains only a limited proportion of ADHD variability. Thus, under-
standing the potential effect of these "small" effects on ADHD etiology is essential. Synonymous SNPs (sSNPs) 
harbored with the ADGRL3 gene, previously known as LPHN3, have been associated with ADHD through 
fine-mapping of a genetic linkage region for ADHD observed in the Paisa genetic isolate from Antioquia, 
 Colombia26. A recent meta-analysis compiled evidence from multiple ADHD genetic studies to support the role 
of ADGRL3 sSNPs in ADHD susceptibility in  children3. Furthermore, ADGRL3 has been shown to modulate 
neuronal interaction, axon guidance, and synaptic plasticity, which is highly controlled and orchestrated dur-
ing CNS  development3,5,17,34. Using several in-silico tools, here we analyzed the potential pathogenicity effect 
of non-synonymous SNPs (nsSNPs) harbored in the ADGRL3 gene, which was previously reported to increase 
ADHD susceptibility.

Using publicly available databases, we found that 1013 ADGRL3 nsSNPs have been reported (Table 1S, Supple-
mentary Material), but only three were present in at least two databases and associated with ADHD (rs35106420, 

Figure 4.  Results of protein–protein docking conducted in HDOCK. Note the three views of 4DLQ (HRM 
domain) and 2B4N (GIP) in navy blue and magenta, respectively. (a) β-helixes and α-helixes complex. (b) 
Surface 4DLQ view with 2B4N α-helix. (c) HRM domain pocket where 2B4N (GIP) is predicted to dock. 
Scoring functions are reported at the bottom. RMDS: Root Mean Square Deviation in Å.

Figure 5.  Results of protein–protein docking via (a) ClusPro, (b) FRODOCK, and (c) KBDOCK. Here, 4DLQ 
(HRM domain) and 2B4N are shown in navy blue in magenta, respectively. Note the reproducibility of the 
protein–protein docking results between these two molecules.
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rs61747658, and rs734644; Table 1). Next, we applied six pathogenicity prediction software tools (i.e., Mutpred2, 
PANTHER-PSEP, PhD-SNP, Poly-Phen 2.0, PROVEAN, and SIFT) to assess the pathogenicity of these ADGRL3 
nsSNPs. Our results indicate that marker rs35106420 is predicted to be pathogenic by every analytical tool and 
shows the highest score in terms of conservation, genetic, and molecular effects, while markers rs61747658 and 
rs734644, although with lower scores, were predicted to be pathogenic by at least two analytical tools (Table 2a). 
Interestingly, all nsSNPs were found to significantly decrease ADGRL3 protein stability (Table 2b). Furthermore, 
evaluation of protein structure and evolutionary conservation determined that the non-synonymous change pro-
duced by rs35106420 (R533Q) had the maximum score for highly affecting the conserved amino acid sequence. 
Therefore, changes in ADGRL3 stability could be accompanied by changes in free energy (Table 2b). This amino 
acid change indicates ADGRL3 protein stability decreases (ΔΔG < 0; Table 2b).

Further analyses using HOPE showed that when the amino acid changes R465Q (rs35106420) and R533Q 
(rs35106420) occur for this same marker, the charge of the wild-type (WT) residue will be lost, which can cause 
loss of interactions with other molecules or residues. Furthermore, the WT and mutant amino acids differ in size, 
leading to a loss of interactions. Changes in single or multiple amino acids have been shown to cause changes and 
damage in hydrophobicity, protein folding, central chain tension, and electrostatic force, leading to changes in 
protein stability. An example is the fragile X mental retardation protein (FMRP), a selective RNA-binding protein 
implicated in regulating the translation of its mRNA  ligands47. Developmentally, programmed FMRP expression 
governs the translation of MAP1B during active synaptogenesis in the neonatal brain. Miss-regulation of the 
FMRP expression cascade leads to abnormally increased microtubule stability, altering the dynamic organiza-
tion of the neuronal cytoskeleton and microtubule  stability47. Our analysis showed that, in the region of the 
ADGRL3 protein harboring the change induced by the rs35106420 mutation, both R465Q (rs35106420) and 
R533Q (rs35106420) could play a significant role in affecting ADGRL3 genesis and potentially underly ADHD 
development of ADHD.

Following our results, we hypothesized that ADGRL3 nsSNP-related conformational changes located at the 
HRM domain might disrupt its interaction with GIP downstream signaling. Hence, we applied different pro-
tein–protein docking in-silico tools and demonstrated a distinct molecular interaction (Figs. 5 and 6). GIP is 
expressed in different brain regions, suggesting a potential role as a neurotransmitter or  neuromodulator7,48. 
Previously, pleiotropic actions of GIP through the gut-brain axis have also been  reported49. Furthermore, GIP 
expression has been correlated to potentiation of the adult hippocampal cells by regulating the neural progenitor 
cell proliferation in the dentate gyrus of the rat  brain7.

Glucose-dependent insulinotropic polypeptide receptor (GIPR) increases cAMP, leading to  Ca+ influx and 
activation of PKA-CREB signal transduction in β-pancreatic  cells50. Similarly, GIP analogs have been shown to 
activate cAMP-PKA-CREB pathway to induce dopaminergic neuron  survival51. Moreover, GIPR activation has 
been shown to induce antiapoptotic signaling via p38 MAPK and JNK  signaling52. During neural development, 

Figure 6.  Flow diagram for the in-silico analysis strategy of ADGRL3 nsSNPs conferring susceptibility to 
ADHD. Blue squares correspond to in-silico tools used for specific analyses. See “Methods” for more details.
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GIP and GIPR are highly expressed in the internal granule layer (IGL) and the actively divided external granule 
layer (EGL) within the cerebellum, correlated with their role in neuronal  differentiation53. Similarly, hippocampal 
progenitor cells have shown robust GIP expression, driving the differentiation and neurogenesis of neurons and 
glial cells. Conversely, hippocampal neurogenesis is significantly reduced in the  GIP-/-  mouse7. Furthermore, a 
recent study found a correlation between GIP and GIPR and the metabolic control by the CNS, as specific CNS 
deletion of the GIPR showed decreased body weight and improved glucose  metabolism54. There is also a cor-
relation between glucose metabolic complications and ADHD, such as an increased risk of obesity/overweight55.

To shed light on our hypothesis about the molecular relation between ADGRL3 (HRM domain) and GIP 
signaling disruption linked to ADHD, we also explored key pathways that could play a critical role in ADHD 
pathophysiology. Recent evidence has linked Wnt signaling and ADHD  pathophysiology56, with Wnt/β-catenin 
signaling a critical player throughout all stages of brain development. Consequently, many neurological disor-
ders are associated with the Wnt signaling  pathway57. Specifically, the delay hypothesis in which dysregulations 
of this pathway in a time-dependent manner could lead to neurodevelopmental delays, resulting in the ADHD 
 phenotype56. Several studies have demonstrated the link between Wnt and GIP  pathways58–61. In addition, gip 
mRNA expression was stimulated by the Wnt signaling cascade; an induction using lithium or Wnt/β-cat sign-
aling enhanced GIP production by entero-endocrine cells through a conserved T cell factor (TCF) binding 
site within the proximal region of the gip  promoter62. Therefore, we hypothesize that dysregulation of the GIP 
signaling downstream of the Wnt pathway could lead to neurodevelopmental delays and result in the ADHD 
phenotype.

Analyses of ADGRL3 protein structure allowed the identification of different predicted domains (Fig. 3 and 
Table 2S). We found that the ADGRL3 nsSNPS were located within the hormone receptor domain (HRM) and 
the GPCR-Autoproteolysis Inducing (GAIN)  domains21. Although the GAIN, Gal Lectin (Galactosa binding 
lectin), and OLF (Olfactomedin-like) domains of AGDRL3 have been previously  studied63,64, little is known 
about the HRM domain. Here we show, through different in-silico analyses, that HRM and GAIN domains play 
a significant role in the ADGRL3 function. Indeed, previous functional studies showed that the GAIN domain 
is necessary and sufficient for autoproteolysis, suggesting that the GAIN domain plays a role in fine-tuning the 
chemical environment in the GPS to catalyze peptide bond  hydrolysis21. This domain represents an evolutionarily 
autoproteolytic fold relevant for GPCR signaling and potentially be related to several human  disorders21. Con-
versely, the HRM domain of ADGRL3 has not been studied previously. However, our in-silico analyses showed 
that nsSNPs within this region might produce changes in ADGRL3 protein.

In addition, analyses of the ADGRL3 protein domain and architecture identified that the Family HRM 
domain (PF02793) showed ten different molecular interactions with other protein domains (Fig. 4a). Next, we 
used in-silico tools to examine potential molecular interactions between the HRM domain and different can-
didate molecules. Because protein–protein interactions play a crucial role in several cellular processes such as 
signal transduction, protein expression regulation, and DNA replication, providing insight into these molecular 
interactions is paramount to deciphering disease mechanisms at the molecular level. Nevertheless, only a small 
number of the 3D structures of protein–protein complexes have been determined experimentally and deposited 
into the released databases such as Protein Data Bank (PDB; https:// www. rcsb. org/). Computational methods 
such as protein–protein docking have been increasingly applied to the structural prediction of macromolecu-
lar assemblies. Thus, we sought to analyze HRM molecular interactions previously described using different 
protein–protein docking in-silico tools (Figs. 4 and 5). These analyses predicted a good molecular alignment 
within the first rank positions and docking scores (Fig. 4b and Table 2S), corresponding to a small polypeptide 
(i.e., gastric inhibitory polypeptide or GIP) interacting with the HRM region of ADGRL3. In particular, docking 
analysis using HDOCK showed the structure prediction for protein–protein docking between HRM and GIP 
(Fig. 4), and the interaction between HRM and GIP was further validated using three different protein–protein 
docking suites (Fig. 5). This peptide, also known as a glucose-dependent insulinotropic polypeptide (also referred 
to as GIP), is an inhibiting hormone of the secretin family of hormones that has been shown to stimulate insulin 
 secretion65. Analysis by cDNA arrays comparing the gender differential expression in the neurogenesis process 
between adult rats showed that the Hippocampal expression of the gene-encoding GIP varied enormously in 
parallel with cell-proliferation rates in the hippocampal dentate gyrus (DG) of adult  rats7. It has been previously 
demonstrated that adult male and female rats from the Sprague Dawley and spontaneously hypertensive strains 
have a marked difference in proliferation rates of cells in the hippocampal  DG66.

ADHD has been reported more often in males than females, with population and clinical studies showing 
male:female ratios of 4:1 and 9:1,  respectively67–69. In addition, individuals with ADHD show macro-anatomical 
changes in multiple brain regions resulting from disrupted neurodevelopmental mechanisms. Hoogman et al.70, 
through the ENIGMA collaboration, one of the most extensive imaging meta-analyses to date, demonstrated 
that individuals with ADHD have significantly smaller brain volumes than healthy controls in the accumbens, 
caudate, putamen, amygdala, and  hippocampus70,71. In-silico prediction of protein–protein interactions between 
GIP and the HRM region of ADGRL3, showed that these interactions could be affected by mutations in the HRM 
region and be a potential moiety interaction target to explore the mechanisms underpinning the increased risk 
of developing ADHD. Expression levels of ADGRL3 human mRNA are higher in the cerebral cortex, amygdala, 
and hippocampus (Fig. 2S, Supplementary Material), which are brain regions that modulate high-level brain-con-
trolled functions such as maintaining attention, executive function, and  organization70,71. An imbalance within 
these brain regions might cause inattention, problems with organization, and impaired executive  functioning72.

Evidence indicates that GIP strongly stimulates insulin secretion in the presence of elevated  glucose65. This 
phenomenon of higher insulin secretion in response to oral glucose compared to intravenous glucose at the 
same plasma glucose level is called the incretin  effect73. GIP is considered the most potent incretin hormone; 
along with glucagon-like peptide-1 (GLP-1), it contributes to 25 to 70% of the postprandial insulin  response74. 
GIP is expressed in the pancreas as well as the gut, adipose tissue, heart, pituitary, and inner layers of the adrenal 
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cortex, and it is also expressed in several key brain regions, including the cerebral cortex, hippocampus, and 
olfactory  bulb75, suggesting that GIP may have previously undescribed actions. Interestingly, PET scans showed 
that cerebral glucose metabolism is 8.1% lower in individuals with ADHD than in healthy  controls76. Previous 
studies have suggested that GIP plays an essential role in glucose metabolism. Specifically, GIP’s inadequate 
response has been linked to diabetes mellitus (DM)77. Moreover, analysis of longitudinal levels of fasting GIP 
during pregnancy has shown that lower levels of GIP may play a role in the increased risk of gestational diabetes 
mellitus (GDM) and altered glucose regulation after  pregnancy78.

An association between ADHD and metabolic disorders such as diabetes has recently been reported. In 
particular, a population-based study analyzing ~ 15,000 Swedish individuals born after their parents were diag-
nosed with type 1 diabetes (T1D) showed a significantly increased risk of ADHD (Hazard Ratio [HR] = 1.29, 
95% confidence interval [CI] = 1.15–1.42)79. In this study, maternal T1D was associated with an enhanced risk 
of ADHD (HR = 1.35, 95%CI = 1.18–1.55) compared with paternal T1D (HR = 1.20, 95% CI = 1.03–1.41). Hence, 
parental history of T1D was associated with a 29% increased risk of being diagnosed with ADHD. Another study 
showed that the three types of diabetes during pregnancy (T1D, T2D, and GDM) were associated with offspring 
 ADHD80. Similarly, association analyses have shown that adult individuals with ADHD have a higher risk for 
diabetes than adults without  ADHD81. Furthermore, it has been shown that diabetic treatment may improve 
ADHD symptoms during adulthood. Metformin, a prescription drug to treat diabetes, has recently been linked 
to improving cognitive and behavioral domains in adults with fragile X  syndrome82 and induces neurogenesis 
in the adult mouse  CNS6.

It is quite intriguing that the ADGLR3 HRM domain has not been previously associated with increased 
ADHD risk. Protein–protein interaction analyses using different protein–protein docking computational tools 
predicted a good molecular alignment between ADGRL3 and GIP within the first rank positions and docking 
scores (Table 2S), suggesting that this interaction may represent a vital ADHD etiological factor that could 
modulate neuroplasticity, neurotransmission, and cell proliferation during  embryogenesis83–86, a significant event 
related to ADHD, and suggest that GIP receptors play an essential role in cognition, neurotransmission, and 
cell proliferation.

In summary, we performed a series of in-silico analyses of nsSNPs to understand best the association between 
ADGRL3 and ADHD risk. These analyses showed: (i) potential pathogenic effects of these nsSNP mutations, 
(ii) potential interactions between specific regions of ADGRL3 harboring these nsSNP changes, i.e., the HRM 
domain and the Gastric inhibitory polypeptide (GIP) of the secretin family that plays a crucial role in neuronal 
biogenesis and neural cell division. Overall, our findings provide valuable information about the pathogenicity 
and evolutionary conservation and protein stability, protein structure, and property changes of ADGRL3 as a 
consequence of these non-synonymous changes. Thus, our in-silico findings not only suggest a link between the 
disrupted standard and wild ADGRL3 structure and its metabolic regulation consequences but grant a further 
exploration of in vitro experiments to define and evaluate the possible therapeutic possibility for both children 
and adults with ADHD.

Methods
To identify ADGRL3 nsSNPs previously reported to confer susceptibility to ADHD and study their effect on 
ADGRL3 stability, function, and regulation, we followed a five-step in-silico approach (Fig. 6).

Data mining of ADGRL3 nsSNPs. We performed data mining of nsSNPs based on four databases: the 
database for single nucleotide polymorphism (dbSNP, RRID: SCR_002338, https:// www. ncbi. nlm. nih. gov/ proje 
cts/ SNP/)87, the nsSNPdpe database (nsSNP database of functional effects, https:// www. rostl ab. org/ servi ces/ 
snpdbe/), and DisGeNET database (RRID: SCR_006178, https:// www. disge net. org/)88. We also scrutinized the 
results of case/control- and family-based genetic studies on ADHD to retrieve data on nsSNPs conferring sus-
ceptibility to the  disorder26,35,37.

ADGRL3 nsSNPs pathogenicity prediction. In-silico pathogenicity prediction of the retrieved nsS-
NPs was evaluated using six different software tools, including MutPred2 (RRID: SCR_010778, http:// mutpr 
ed. mutdb. org/)89,  PANTHER90, PSEP (RRID: SCR_005145, http:// panth erdb. org/ tools/ csnpS coreF orm. 
jsp)91, PhD-SNP (RRID: SCR_010782, http:// snps. biofo ld. org/ phd- snp/ phd- snp. html)92, PolyPhen 2.0 (RRID: 
SCR_013189, http:// genet ics. bwh. harva rd. edu/ pph2/)93, PROVEAN (RRID: SCR_002182, http:// prove an. jcvi. 
org/ index. php)94, and SIFT (RRID: SCR_012813, http:// sift. bii.a- star. edu. sg/)95. In the following paragraphs we 
will briefly describe each tool.

MutPred2 is a Machine Learning-based method and software package that integrates genetic and molecular 
data to evaluate the potential pathogenicity of amino acid substitutions probabilistically. MutPred2 tests various 
structural and functional properties, including secondary structure, signal peptide, transmembrane topology, 
catalytic activity, macromolecular binding, PTMs, metal binding, and allostery. When using MutPred2, an nsSNP 
with a score > 0.5–1 will be considered  pathogenic89.

The PANTHER-PSEP applied the measurements on millions of years (my) of conservation of a specific SNP 
position (measured in my of conservation). Thus, a score > 450my is marked as probably damaging, a score 
of > 200my is marked as possibly damaging, and a score of < 200my is marked as probably  benign91.

PhD-SNP is an in-silico tool based on support vector machines (SVMs) and a binary classifier based on a 
Gradient Boosting algorithm that uses a protein sequence and predicts whether a new phenotype derived from an 
nsSNP can be related to a genetic disease in humans using sequence and phylogenetic conservation  information92. 
PhD-SNP has been trained on thousands of variants extracted from databases collecting pathogenic mutations.

https://www.ncbi.nlm.nih.gov/projects/SNP/
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PolyPhen 2.0 compares the wild-type (ancestral, normal) allele and the corresponding property of the mutant 
(derived, disease-causing) nsSNPs allele using straightforward physical and comparative considerations, i.e., 
This prediction is based on several features comprising the sequence, phylogenetic and structural information 
characterizing the  substitution93. For a given amino acid substitution in a protein, PolyPhen-2 extracts various 
sequence and structure-based features of the substitution site and feeds them to a probabilistic classifier for a 
given amino acid substitution in a protein. Mutations with scores > 0.50 are predicted to be pathogenic.

PROVEAN94 and  SIFT95 compare sequence homology-based in-a-silico tools. While mutations with a path-
ogenicity score > − 2.5 are predicted to be deleterious or pathogenic in the former, in SIFT, mutations with 
scores > 0.05 are predicted as pathogenic.

Evolutionary conservation analysis of nsSNPs, protein stability, structure, and property 
changes. Molecular protein stability assesses how changes in specific amino acids can affect the function 
and activity of biological  molecules41,96. We used I-Mutant 2.0 (https:// foldi ng. biofo ld. org/i- mutant/ i- mutan 
t2.0. html)92 and MUpro (http:// mupro. prote omics. ics. uci. edu/)96,97 to evaluate free energy of protein unfold-
ing in a mutated protein. This in-silico technique identifies changes in protein stability and predicts changes in 
stability by evaluating thermodynamic free energy changes (ΔΔG) and the direction of the change after a single 
point mutation of protein. Thus, positive values of ΔΔG indicate stabilization while negative values indicate 
 destabilization97,98.

Protein evolutionary conservation is crucial for determining potential structural and functional modifications 
by mutational  changes97,99. To analyze the evolutionary conservation of amino acids, we used ConSurf (http:// 
consu rf. tau. ac. il); scores between 7 and 9 were considered evolutionary conservative amino acids.

ADGRL3 protein structure. To predict the secondary structure of  proteins99, we used the self-optimized 
prediction method (SOPMA; https:// npsa- prabi. ibcp. fr/ cgi- bin/ npsa_ autom at. pl? page= npsa_ sopma. html), 
which collects structural information from calculations on the 3D protein structure, sequence annotations 
in UniProt and prediction from the Reprof software, and HOPE (http:// www. cmbi. ru. nl/ hope/ input/). HOPE 
combines this information to give insights into the effect of a specific mutation on the protein structure and 
assess the physical and chemical properties of the  SNPs100. The STRING (https:// string- db. org/)101 database 
explored protein–protein interaction networks and annotated ADGRL3 protein interaction with other proteins. 
We also applied the Simple Modular Architecture Research Tool (SMART; http:// smart. embl. de)101 and used 
the HMMER web server (http:// www. ebi. ac. uk/ Tools/ hmmer) for the identification and annotation of protein 
domains and the analysis of protein domain architectures. HMMER is a free-to-use service that provides fast 
searches against widely used sequence databases and profiles Hidden Markov Model (HMM) libraries via the 
HMMER software suite (http:// hmmer. org)102.

Protein–protein docking and ADGRL3 nsSNPs pathogenicity prediction. Structurally protein–
protein interactions have been experimentally determined and placed at the Protein Data Bank (PDB; https:// 
www. rcsb. org/). We aimed to evaluate the potential interacting partners of the HRM domain, which was the 
domain within ADGRL3 showing a risk correlation with ADHD, specifically the 4DLQ Crystal structure of the 
GAIN and HormR domains of CIRL 1/Latrophilin 1 (CL1)21. This structure scored the best similarity with the 
region involved in our studies (data not shown).

To characterize the molecular interaction, we applied protein–protein docking using different models. We 
first used High Ambiguity Driven protein–protein DOCKing (HADDOCK; https:// wenmr. scien ce. uu. nl/ haddo 
ck2.4/)103. A second approach included using pyDockWEB (https:// life. bsc. es/ pid/ pydoc kweb/ defau lt/ index), a 
web server for the structural prediction of protein–protein docking. By giving the 3D coordinates of the inter-
acting proteins, the program returns the best rigid-body docking orientations, which are generated by FTDock 
and assessed by  pyDock104 scoring function using electrostatics, desolvation energy, and little van der Waals 
contribution. pyDock is written in Python and uses the MMTK set of Python libraries for parsing PDB files, 
calculating AMBER charges, and other common  tasks105.

We also used HDOCK (http:// huang lab. phys. hust. edu. cn/ softw are/ hdock lite/)106, which is a docking program 
that first samples the putative binding modes between two proteins through a fast Fourier transform (FFT)-based 
global search method, and then evaluated the sampled binding modes with an improved iterative knowledge-
based scoring function for protein–protein interactions.

Additionally, we used ClusPro (https:// clusp ro. org)107, an in-silico tool for protein–protein docking. ClusPro 
allows the removal of unstructured protein regions, application of attraction or repulsion, accounting for pairwise 
distance restraints, construction of homo-multimers, consideration of small-angle X-ray scattering (SasaXS) 
data, and location of heparin-binding sites. Six different energy functions can be used, depending on the type 
of protein. Docking with each energy parameter set results in ten models defined by centers of highly populated 
clusters of low-energy docked  structures107. We also applied FRODOCK (http:// frodo ck. chaco nlab. org/)108.

Finally, we applied KBDOCK (https:// kbdock. loria. fr/ index. php)109, a 3D database system that defines and 
spatially clusters protein binding sites for knowledge-based protein docking. KBDOCK extracts protein domain-
domain interaction (DDI) and domain-peptide interaction (DPI) information from the PDB using the PFAM 
domain classification in order to analyze the spatial arrangements of DDIs and DPIs by the Pfam family and to 
propose structural templates for protein  docking109.

Data availability
The datasets used and analyzed during the current study are available from the corresponding author on rea-
sonable request. We performed data mining of non-synonymous SNPs (nsSNPs) based on dbSNP (RRID: 
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SCR_002338, https:// www. ncbi. nlm. nih. gov/ proje cts/ SNP/) and DisGeNET database (RRID: SCR_006178, 
https:// www. disge net. org/). In-silico pathogenicity prediction of the retrieved nsSNPs was evaluated using Mut-
Pred2 (RRID: SCR_010778, http:// mutpr ed. mutdb. org/), PANTHER (RRID: SCR_005145, http:// panth erdb. org/ 
tools/ csnpS coreF orm. jsp), PhD-SNP (RRID: SCR_010782, http:// snps. biofo ld. org/ phd- snp/ phd- snp. html)92, 
PolyPhen 2.0 (RRID: SCR_013189, http:// genet ics. bwh. harva rd. edu/ pph2/)93, PROVEAN (RRID: SCR_002182, 
http:// prove an. jcvi. org/ index. php)94, and SIFT (RRID: SCR_012813, http:// sift. bii.a- star. edu. sg/).
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