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An association between the MAGI2 (S-SCAM) intron variant rs521851 and depression symptoms, as measured by the depression subscale of the Hospital Anxiety and Depression Scale (HADS-D), has been recently reported. The role of MAGI2 in depression has been linked to disruptions in the gut–brain axis. In this study, we investigated the association between rs521851 and HADS-D scores in an independent cohort of 380 individuals, consisting of 238 patients with an ICD-10 diagnosis of depression and 142 healthy controls. The original association was replicated in the patient cohort but not in the control group. Further analysis revealed that the effect size of rs521851 on HADS-D scores was moderated by Eating Attitudes Test 26 (EAT-26) scores. In participants with an EAT-26 score of ≥20, the effect size of rs521851 on HADS-D was more than 20 times greater compared to those with an EAT-26 score of <20. These findings successfully replicate the original association signal for MAGI2 and HADS-D, and highlight the role of MAGI2 in gut–brain interactions.
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Introduction

Major depressive disorder (MDD) has been associated with an elevated incidence of cardiovascular disease (1, 2), diabetes (3), autoimmune (4), and gastrointestinal conditions (5). These findings underscore the significance of recognizing the interconnection between the genetic basis of MDD and somatic diseases. One of the genes hypothesized to mediate the link between gastrointestinal conditions and MDD is MAGI2, also known as S-SCAM (synaptic scaffolding molecule) (6).

MAGI2 is one of the membrane-associated guanylate kinase proteins, which play a crucial role in spatial organization of presynaptic and postsynaptic compartments essential for neuronal communication (7). The gene is also involved in tight junction assembly supporting intestinal barrier function (8, 9). This dual functional profile is reflected in its association patterns involving both psychiatric and gastrointestinal conditions.

MAGI2 associations were found in MDD, response to antidepressants, and hippocampal atrophy—a frequent neuroimaging feature in MDD (10–13). The initial suggestive association between the variants in MAGI2 and MDD was observed by Coleman et al., 2020 (14) when investigating a cohort of trauma-unexposed individuals from the UK Biobank, with the signal peaking at rs535355 (p = 7 × 10−7). Further exploration of the role of MAGI2 (S-SCAM) in MDD revealed a genome-wide significant signal for an association with the Hospital Anxiety and Depression Scale depression subscale [HADS-D (15)] score at rs521851 in the same locus in an independent cohort (6). However, the rs521851 association was not replicated in other large-scale GWAS.

Multiple lines of evidence have connected the HADS-D-based depression to inflammatory bowel disease (IBD) (16) and irritable bowel syndrome (IBS). Polygenic risk scores for IBD have been significantly associated with depression identified by HADS-D, and genes associated with HADS-D scores were found to overlap significantly with the differentially expressed genes in the sigmoid colon mucus of IBS-C patients (6, 17). The microbiota–gut–brain axis has been established as a key regulator in IBS (18). Recent studies also emphasize the importance of the gut–brain axis in the pathogenesis of IBD (19). Taken together, these findings suggest a link between HADS-D-based depression and gut–brain axis dysregulation.

One of the factors, which can undermine the replication of GWAS findings across cohorts, is the heterogeneity of the studied conditions (20, 21). Investigating the relationship between the strength of GWAS associations and other clinical characteristics could, therefore, not only provide insights into the pathogenic mechanisms of the studied variants but also improve the robustness of GWAS findings (22). Motivated by this, we aimed to examine the strength of the association between rs521851 and HADS-D in an independent heterogeneous cohort and its relationship with other clinical features. We also utilized the IEU OpenGWAS (23, 24), a catalog of previously reported GWAS results, to further clarify the functional characteristics of rs521851 based on its association profile. The study cohort included four sub-cohorts enrolled between 2019 and 2022 comprising 238 patients with ICD-10-diagnosed depression and 142 individuals without psychiatric disorders. We successfully replicated the association of the MAGI2 variant rs521851 with HADS-D among the patients. Notably, the association between rs521851 and HADS-D scores was particularly strong among patients at high risk for eating disorders. A significant moderating effect of eating disorder risk, measured by the Eating Attitude Test 26 (EAT-26) (25) score, on the relationship between rs521851 and HADS-D scores was observed across the entire cohort. These results align with the previous findings on the role of MAGI2 in the gut–brain axis disturbances associated with depression.





Methods

The study was approved by the Independent Ethics Committee at the V.M. Bekhterev National Medical Research Center for Psychiatry and Neurology in 2019 (protocol #7 from 22 June 2018).




Cohort collection and phenotyping

This pilot cross-sectional, multicenter study was performed under the supervision of the Russian National Consortium for Psychiatric Genetics (RNСPG, http://rncpg.org). Recruitment of subjects for the study was performed in several centers in the Russian Federation (Supplementary Data Sheet 1, Research Centers).

Participants were recruited between 2019 and 2022 at the study centers encompassing patients from both outpatient and inpatient services. The entire cohort, totaling 380 participants, included 4 sub-cohorts based on the interview year, comprising 79, 121, 153, and 27 participants for 2019, 2020, 2021, and 2022 respectively (Supplementary Figure 1A).The data analysis was conducted in 2023.





Diagnostic procedures

At the time of enrollment, all study participants underwent a structured clinical interview based on ICD-10 criteria to confirm clinical diagnoses and identify comorbid psychiatric disorders. The control group consisted of individuals without any psychiatric conditions, as determined through diagnostic interviews. The study included patients aged 18 years or older who met the diagnostic criteria for major depressive disorder. Exclusion criteria are detailed in the Supplementary Data Sheet 1, Exclusion Criteria. Participants were assessed using a variety of psychometric tools, including the HADS, EAT-26, Columbia—Suicide Severity Rating Scale (C-SSRS) (26), Hypomania Symptom Checklist (HCL-32) (27), and Temperament and Character Inventory (TCI) (28). Additionally, anthropometric and sociodemographic data, along with the age of disease onset, were recorded (Supplementary Data Sheet 1, Psychometric Research Tools; Supplementary Table 1).





Genetic data generation

Genotyping was performed in two centers: Lopukhin Federal Research and Clinical Center of Physical–Chemical Medicine and Genotek Ltd. laboratory. In the first center, DNA was extracted using the MagMAX™ Microbiome Ultra Nucleic Acid Isolation Kit and KingFisher™ Purification System (Thermo Fisher Scientific, USA) according to the manufacturer’s protocol. The DNA was subsequently quantified on Qubit 4 fluorometer by Quant-iT dsDNA BR Assay Kit (Thermo Fisher Scientific, USA). In the second center, DNA extraction was performed with QIAamp DNA Mini Kit (Qiagen).

Genotyping of samples was performed using the Illumina Infinium Global Screening Array-24 v3.0 beadchips on the iScan, Illumina in both centers. Alternative allele frequencies did not differ significantly between the centers for all variants (Supplementary Figure 2).

Samples with a call rate less than 95% were removed. Variants with a call rate less than 95%, minor allele frequency <0.01, and showing Hardy–Weinberg equilibrium test p < 1 × 10−6 were also excluded. Additional genotypes were imputed using the 1000 genomes phase 3 reference panel using Beagle v5.4. The variants with dosage R-squared DR2 < 0.7 were eliminated. rs521851 passed the variant filtration procedure. The final cohort for analyses included 380 samples with high-quality genotypes for rs521851 and HADS-D phenotyping performed. rs521851 alternative allele frequency was similar in the groups of samples that have been genotyped in both centers (0.91 and 0.92).





Replication analysis

The study cohort was assembled over an extended period. Therefore, to study the heterogeneity in HADS-D scores and HADS-D depression status (defined as HADS-D score ≥ 11) within the cohort, we divided it into several sub-cohorts, based on the interview year. Further, we evaluated the variability in HADS-D scores and depression status through linear and logistic regressions, respectively. The pairwise differences in HADS-D scores between sub-cohorts were examined using the Mann–Whitney test, and the overall differences among all sub-cohorts were evaluated using the Kruskall–Wallis test.

The association between rs521851- and HADS-based depression status was examined in each sub-cohort using Fisher’s exact test. A meta-analysis across all four sub-cohorts (spanning the years 2019–2022) was conducted and in the sub-cohorts of 2020–2022 (the subset of the sub-cohorts without significant heterogeneity). The association was assessed using the Mantel–Haenszel test. For healthy participants, constituting 37% of the cohort, the association was tested without distribution into sub-cohorts by interview year due to the lack of observations (specifically, the absence of subjects with one alternative allele and HADS-D ≥ 11), utilizing Fisher’s test.

In each sub-cohort, a linear regression was conducted to examine the association between rs521851 and HADS-D score. Meta-analyses for the association were carried out across all sub-cohorts spanning the years 2019–2022 and specifically for the sub-cohorts of 2020–2022 employing the fixed-effects model. A singular test using linear regression was executed for the entire patient sub-cohort.

All tests for the associations were performed for a one-tailed hypothesis based on the directionality of the effect for the originally described association (beta = −0.54 for the G allele).





Analysis of heterogeneity sources in patient sub-cohorts and their moderating effects on the association between rs521851 and HADS-D scores

We conducted a comparison between the sub-cohort of patients enrolled in 2019 and the remaining patients examining all phenotypes reported in Supplementary Table 1 using the Mann–Whitney test. Following Bonferroni correction, seven phenotypes showed significant differences between the patient groups (Supplementary Table 1). Notably, the EAT-26 subscales “dieting” and “bulimia” scores exhibited significant correlations with the EAT-26 total score, and the C-SSRS lifetime suicidal ideation score significantly correlated with the C-SSRS total lifetime risk score. For further analysis, the total scores of the corresponding questionnaires were utilized for these features.

The remaining four features underwent testing for moderation effects on the rs521851 and HADS-D scores in the entire cohort using linear regression. Given the significant moderation relationship of rs521851 on EAT total scores in their effect on HADS-D, we investigated whether EAT-26 scores could account for the observed heterogeneity in the meta-analysis of patient sub-cohorts. This was done through meta-regression analysis incorporating mean EAT-26 scores per sub-cohort.

In further exploring the impact of alterations in eating behaviors measured by EAT-26 on the association between rs521851 and HADS-D, we assessed the Pearson correlation between the effect size (beta) of the association and the threshold EAT-26 score. The findings indicated an association between the total EAT-26 score threshold and the absolute effect size of the association. Subsequently, we examined the rs521851–HADS-D score association specifically in participants with eating disorder risk, as measured by EAT-26 (EAT-26 ≥ 20), utilizing linear regression.





Examination of rs521851 associations in IEU GWAS catalog

We searched IEU OpenGWAS catalog (24) for associations between rs521851 and phenotypes containing the substring “depress” with the same direction of effect (using a one-tailed hypothesis). Then, we performed a search for the associations with the variant without taking effect directionality into account (with threshold p < 0.05).





Statistical analysis tools

The analysis scripts were written in python and R programming languages, the package statsmodels v0.13.0 (29) was used to perform regression analyses, the R package stats v4.2.1 (30) was used to perform Fisher and Cochran–Mantel–Haenszel tests, metafor v4.2.0 (31) package was used for the meta-analyses (including meta-regression), scipy v1.4.1 (32) package was used for correlational analysis, and ieugwasr v0.1.5 (24) package was used to search for associations in the IEU GWAS. The packages ggplot2 v3.4.2 (33), seaborn v0.11.2 (34), matplotlib v3.5.2 (35), statannotations v0.4.3 (36), and supervenn (37) were used for data visualization. Pandas v1.0.3 (38), numpy v1.21.0 (39), tidyverse v2.0.0 (40), and dplyr v1.1.2 (41) were used for data manipulation. Hail v0.2 (42) was used for genotyping data processing. Ref (43). was used to process the Illumina microarray data. Beagle v5.4 (44) was used for genotype imputation.






Results

The study cohort comprised 380 individuals, including 238 patients with depression diagnosed with ICD-10 criteria and 142 healthy individuals without any mental disorders, enrolled between 2019 and 2022 (mean age 31 years, 68% of females). DNA was extracted from all subjects, and microarray genotyping was performed.

Given the prolonged collection period of the cohort, our initial focus was on assessing the homogeneity of the dataset. We investigated the association of HADS-D scores and HADS-D depression status [HADS-D ≥ 11 (45)] with the enrollment year across the entire cohort. Notably, the 2019 sub-cohort, comprising solely patients with ICD-10 depression, exhibited significantly higher HADS-D scores compared to the sub-cohorts of other years (p = 1.3 × 10−8; Kruskal-Wallis; Figure 1A, Supplementary Figures 1A, B).




Figure 1 | Cohort composition and study design scheme (A). Meta-analysis of the effect of rs521851 variant on HADS-D scores: effect sizes (β) and heterogeneity (I2) (B). Meta-analysis of the effect of rs521851 variant on HADS-D status: effect sizes (β) and heterogeneity (C). *p<0.05, **p<0.01.



Subsequently, our objective was to replicate the association between rs521851 and HADS-D scores. However, the meta-analysis for the entire cohort, including both patients with diagnosed depression and healthy controls, did not yield significant results. Upon the exclusion of the 2019 sub-cohort, the variant demonstrated an association with HADS-D status (p = 0.026—Mantel–Haenszel, one sided, OR = 0.49). Importantly, the I2 statistic that measures data heterogeneity decreased from 37.29% to 4.64% (Figures 1B, C; Supplementary Table 2).

The variant exhibited associations with both HADS-D depression status (p = 0.048; OR = 0.54; Mantel–Haenszel, one sided) and HADS-D scores (p = 0.045; beta = −1.40; one-sided t-test, fixed-effects model) in the meta-analyses of depression patient sub-cohorts. The inclusion of the 2019 patients led to an increase in heterogeneity in the meta-analysis of the association with HADS-D score to a significant level (p = 0.048; Q test) and also elevated it in the analysis for HADS-D status (p = 0.087; Q test). The associations were more robust in the meta-analyses of the three remaining patient sub-cohorts after excluding the 2019 data (p = 3.8 × 10−3; beta = −2.68 one-sided t-test, fixed effects model—for HADS-D scores; p = 5 × 10−3; OR = 0.30 Mantel–Haenszel, one sided—for HADS-D status. Figures 1B, C; Supplementary Table 2). Notably, no genetic associations were observed among the healthy participants.

In an effort to identify the sources of heterogeneity among patient sub-cohorts and explore potential moderation effects on the association of rs521851 with HADS-D score, we conducted a comprehensive comparison between the 2019 sub-cohort and the remaining patients. This comparison encompassed a variety of psychometric, anthropometric, and other features, for which responses were obtained from at least 90% of the patients (Supplementary Table 1). Following Bonferroni correction, seven features displayed significant differences between the 2019 and 2020–2022 patient groups. Notably, EAT dieting (p < 0.001, r = 0.94, Pearson) and EAT bulimia (p < 0.001, r = 0.72, Pearson) scores exhibited significant correlations with EAT total score, and C-SSRS lifetime suicidal ideation score demonstrated a significant (p < 0.001, r = 0.99) correlation with C-SSRS total lifetime risk score (Supplementary Figure 1C). Consequently, the total score features for the corresponding scales were retained for further analyses (Figure 2A, Supplementary Table 1, Supplementary Figure 1C).




Figure 2 | Features, which were significantly different between the 2019 and 2020–2022 sub-cohorts of patients (A). Relationship between EAT-26 total scores and effect of rs521851 on HADS-D scores in patient sub-cohorts (B). EAT-26 scores moderating the effect of rs521851 on HADS-D (C). Changes in the effect of rs521851 genotype on HADS-D score in sub-cohorts with varying EAT-26 scores (D). The absolute observed effect of rs521851 on HADS-D scores increases with the increasing EAT-26 score threshold (E). *p<0.05, **p<0.01, ***p <0.001, ****p<0.0001; ns, non-significant.



A significant correlation was observed among all remaining features, with the highest correlation found between the EAT-26 total score and HCL-32 total score (p < 0.001, r = 0.31, Pearson). Furthermore, the EAT-26 total score exhibited a positive correlation with C-SSRS total lifetime risk score (p = 0.03, r = 0.13, Pearson) and a negative correlation with the age of disease onset (p = 0.01, r = −0.17; Supplementary Figure 1B). Notably, both the EAT total score and C-SSRS total lifetime risk were significantly associated with HADS-D scores (p = 0.003, beta = 0.10—t-test; and p < 0.001, beta = 0.82—t-test). Intriguingly, rs521851 did not show any significant association with these features in the studied cohort (Supplementary Figure 1D).

Further analysis revealed the presence of a moderation relationship between the rs521851 and EAT-26 total score in association with the HADS-D score in the entire cohort (p = 0.011—t-test, beta = −0.27, ΔR2 = 0.016 in the moderated regression without additional covariates). Incorporating age, sex, and research centers as covariates in the moderated regression further strengthened the evidence of interaction (p = 6 × 10−3—t-test, beta = −0.29, ΔR2 = 0.020 for the model with age and sex as additional covariates; p = 2 × 10−3—t-test, beta = −0.30, ΔR2 = 0.021 for the model with addition of research centers as covariates). EAT-26 total score explained 92.76% of the heterogeneity in the meta-analysis of patients (p = 0.0196, meta-regression; Figures 2B, C). The strength of the rs521851–HADS-D score association increased in subsamples of the cohort with increasing EAT scores (Figure 2D). The absolute effect size significantly correlated with the threshold EAT-26 score in the entire cohort (Figure 2E). In the sub-cohort with EAT-26 scores falling into the 0.85 quantile (EAT-26 total score > 15, n = 53), the association reached significance (p = 0.003—t-test, one sided, beta = −4.70, R2 = 0.12). It was also significant in the 29 participants with EAT-26 score ≥ 20 (suggestive of the presence of eating disorder risk, p = 0,0155—t-test, one sided, beta = −6.72, R2 = 0.13; Figure 2D).

In the search for the replication of the association in depression-related phenotypes in the IEU GWAS catalog, we identified the presence of the association at the p = 0.05 significance threshold for a one-sided hypothesis with probable recurrent major depression status (p = 0.048, beta = −4.37 × 10−3) and weight change during the worst depression episode (weight staying the same or being on a diet—p = 0.040, beta = −8.25 × 10−3). Additionally, the variant showed an association with a lower age at the first episode of depression (p = 0.040, beta = −0.0163). Although in the cohort considered here, the variant itself was not associated with the age of depression onset; it was significantly lower in the patient sub-cohorts of 2020–2022, in which the association was present. In the IEU GWAS, the strongest association for the variant was found with prostaglandin-H2 D-isomerase level (p = 6.92 × 10−5, beta = 0.16) (Supplementary Table 3).





Discussion

The primary finding of the study underscores the association of the effect of rs521851 on HADS-D score with changes in eating behavior, as measured by EAT-26. This result adds substantial support to the initially reported association between the variant and HADS-D, particularly within the subgroup of patients diagnosed with ICD-10 depression.

The association between rs521851 and HADS-D scores, as discerned within the examined cohort, was predominantly influenced by patients with depression who underwent interviews during the years 2020–2022. These individuals showcased a constellation of interconnected characteristics, including an earlier age of depression onset, an elevated lifetime risk of suicide based on C-SSRS assessment, a heightened risk of eating disorders as measured by EAT-26 (particularly related to bulimia and dieting subscales), and a propensity toward hypomania, as measured by HCL-32. Subsequent analysis suggested the presence of a moderation effect of the risk of eating disorders, as measured by EAT-26, on the effect size of the rs521851–HADS-D score, indicating a particularly robust effect of the variant genotype in individuals with a high risk of eating disorders (EAT-26 score ≥ 20). Multiple lines of evidence have already linked the HADS-D depression phenotype to inflammatory bowel disease (IBD) and irritable bowel syndrome (IBS). Notably, EAT-26 scores are known to be elevated in patients with both IBS and IBD (46–48). The amplification of the association with increasing EAT-26 scores provides additional support for the involvement of the gut–brain axis mechanisms in the effect of the variant.

The most significant association of rs521851 found in IEU GWAS was that with prostaglandin-H2 D-isomerase (the product of PTGDS) level (p = 6.92 × 10—5)—a protein that catalyzes the conversion of prostaglandin H2 (PGH2) to prostaglandin D2 (PGD2) and is preferentially expressed in the brain. PGD2 is the most abundant eicosanoid in the central nervous system serving as both a neuromodulator and a trophic factor. It plays a role in the neuroinflammatory background of depression and is notably elevated under inflammatory and pathological conditions (49, 50). Decreased PGD2 levels in the brain have been observed in both MDD patients and mice exhibiting depression-like behaviors, with inhibition of its production in mice leading to increased immobility time in the forced swimming test, a behavior reversed by the antidepressant imipramine (51). Moreover, patients with MDD show higher concentrations of PGD2 in saliva compared to healthy controls (52).

In the context of gastrointestinal conditions, active Crohn’s disease patients display significantly higher levels of PGD2, and the expression of the PGD2-producing enzyme lipocalin-type prostaglandin D synthase increases in ulcerative colitis (53, 54). Exogenous prostaglandin administration can mimic many symptoms of IBS, which are alleviated by prostaglandin synthase inhibition (55). The effect of rs521851 on the interaction between the gut–brain axis and depression may involve PTGDS-dependent mechanisms resulting in an altered regulation of PGD2, a factor linked to both depression and gastrointestinal conditions.

We have not found direct evidence of interaction between MAGI2 and PTGDS. However, as MAGI2 is involved in regulation of the intestinal barrier permeability and functions in enteric neurons, it is plausible that rs521851, by altering MAGI2 functionality, can be involved in gut barrier dysregulation. The resultant passage of luminal content can trigger an immunological response that promotes intestinal inflammation (56), which, in turn, is known to trigger an increase in expression of PTGDS and secretion of PGD2 in enteric neurons (53).

Further replication evidence from the IEU GWAS catalog indicates the association of rs521851 with an earlier age of depression onset, weight change during the worst episode of depression, and a higher likelihood of recurrent or major depression episodes. The variant is also associated with symptoms and behaviors related to irritability, appearance, and behavior, including characteristics of anxious depression, which is implicated in the emergence of suicidal tendencies (57, 58). This aligns with the observed higher co-occurrence of eating disorders and suicidal behavior, with associations found in the studied cohort between C-SSRS total lifetime risk and HADS-D score, as well as EAT total score and HADS-D score.

MAGI2 can affect psychological symptoms of depression, measured by HADS-D scale both indirectly, through its effect on immune homeostasis associated with the gut–brain axis, as described above, and directly as a synaptic scaffolding molecule. It is localized both in excitatory and GABAergic synapses, and is important to excitation/inhibition balance. It was found to be essential for maintaining synaptic strength, enhancing AMPAR-mediated synaptic transmission, and is also involved in maintenance of GABAergic synapses (59, 60).

While replicating the original association of rs521851 with HADS-D scores among patients with clinical depression, this study underscores the variant’s role in linking the gut–brain axis with depression symptoms measured by HADS. The strength of the association is linked with alterations in eating attitudes—a factor associated with an increased risk of IBD (61) and IBS (62, 63). Lack of replication in large-scale GWAS studies of MDD may be explained by the association being linked to a specific subtype of MDD comorbid with the risk of eating disorders, characterized by a lower age of onset and higher suicidality.

Limitations of the study include a small sample size, particularly in the sub-cohort of patients with EAT scores ≥ 20, suggesting an eating disorder. Generalizability of the observed high effect of rs521851 on HADS-D scores in this patient group requires further investigation. Non-uniformity in recruitment and interview settings, except for interview year, poses another limitation. However, inclusion of research centers as an additional covariate in the moderated regression model increased the significance of the interaction term. The cross-sectional design prevents testing differences in specific trajectories of depression and/or eating disorder progression associated with rs521851.

In conclusion, the findings emphasize the importance of considering eating attitudes, suicidality, and other comorbidities when exploring the genetic basis of depression.
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