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ABSTRACT

Objectives: Major depressive disorder (MDD) is a psychiatric disorder with pathogenesis influ-
enced by both genetic and environmental factors. To date, the molecular-level understanding of
its aetiology remains unclear. Thus, we aimed to identify genetic variants and susceptibility
genes for MDD with a genome-wide association study (GWAS) approach.

Methods: We performed a meta-analysis of GWASs and a gene-based analysis on two Northern
Italy isolated populations (cases/controls n=166/472 and 33/320), followed by replication and
polygenic risk score (PRS) analyses in Italian independent samples (cases n=464, con-
trols n=339).

Results: We identified two novel MDD-associated genes, KCNQ5 (lead SNP rs867262,
p=23.82x10"°) and CTNNA2 (rs6729523, p=1.25x 10~ °). The gene-based analysis revealed
another six genes (p < 2.703 x 107%): GRM7, CTNT4, SNRK, SRGAP3, TRAPPCY, and FHIT. No replica-
tion of the genome-wide significant SNPs was found in the independent cohort, even if 14 SNPs
around CTNNA2 showed association with MDD and related phenotypes at the nominal level of p
(<0.05). Furthermore, the PRS model developed in the discovery cohort discriminated cases and
controls in the replication cohort.

Conclusions: Our work suggests new possible genes associated with MDD, and the PRS analysis
confirms the polygenic nature of this disorder. Future studies are required to better understand
the role of these findings in MDD.
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Introduction

Major Depressive Disorder (MDD) is the most common
psychiatric illness consisting of the third leading cause
of years lived with disability worldwide (WHO 2021).
This disorder affects not only adolescents and adults
but also children. It is a complex disorder influenced
by both genetic and environmental factors. The gen-
etic contribution to the disorder arises from parental
and twin-based studies that estimated a heritability
between 30 and 50% (Kendall et al. 2021). The first
approach used in the genetic studies of MDD was the
candidate-gene association. This method aims to iden-
tify possible associations between the disorder and

genes selected a priori based on their biological func-
tion, with a putative role in the pathophysiological
mechanisms of the disorder (Shadrina et al. 2018).
Although candidate-gene studies have revealed more
than 100 candidates as suspected risk genes, the
results are often conflicting. The discordances are
mainly due to a lack of statistical power deriving from
small sample sizes and, in some cases, incomplete
knowledge of the biological function of the genes or
neglected interactions between gene and environment
(Verbeek et al. 2014). More recently, genome-wide
association studies (GWAS) have been used to identify
variant loci associated with MDD without a priori
selection of genes. To date, GWAS on MDD



endeavoured in identifying individual associated loci
and in replicating significant findings. The first MDD
GWASs, conducted on small sample sizes, failed in dis-
covering common variants significantly associated
with the disorder (Kendall et al. 2021). Since 2016,
large-scale GWASs of major depression, conducted on
increased sample size with minimal phenotyping, have
allowed the identification of genome-wide significant
loci (Hyde et al. 2016; Okbay et al. 2016; Direk et al.
2017). In 2018, a GWAS conducted on 322,580 UK
Biobank participants revealed 16 independent loci
associated with broad depression phenotypes (Howard
et al. 2018). The most recent successes of GWASs
come from two meta-analyses conducted by the PGC
MDD working group with an increasing sample size
(Wray et al. 2018; Howard et al. 2019). Wray et al. con-
ducted the analyses on 130,664 MDD cases and
330,470 controls by pooling cohorts with different
phenotype definitions and described 44 associated
genetic loci. Howard et al. used three combined data-
sets with a minimal phenotyping (246,363 cases and
561,190 controls) in their analyses, yielding 102 gen-
ome-wide significant variants, 87 of which were repli-
cated in an independent sample. Recently, bivariate
genome-wide association analyses on multiple psychi-
atric phenotypes revealed eight novels independently
replicated depression loci (Amare et al. 2020).
Collectively, these GWAS confirmed that the difficulty
in identifying risk loci for MDD mainly lies in the high
prevalence of the disorder within the population as
well as in its polygenic architecture, thus resulting in a
combined effect of many genetic variants with indi-
vidually small effect sizes (Wray et al. 2014). In add-
ition, the genetic heterogeneity of MDD is also
accompanied by a broad symptomatologic spectrum
and sex differences in the disorder prevalence
(Kendler et al. 2001). Other factors, such as ethnicity,
onset time, recurrence, severity, and childhood trau-
matic history are all sources of heterogeneity in the
disorder (Zhang and Rong 2019). While a reasonable
strategy to overcome the difficulty in these studies
is to increase sample size at the expense of phenotype
accuracy, another is to study more accurate pheno-
types in smaller cohorts (Mullins and Lewis 2017).
The CONVERGE (China, Oxford, and Virginia
Commonwealth University Experimental Research on
Genetic Epidemiology) Consortium has collected a
homogeneous sample by restricting the phenotype to
recurrent severe depression in Han Chinese women
(Cai et al. 2015). The authors identified two loci fol-
lowed by replication in an independent Chinese sam-
ple. An alternative strategy in genetic association

studies consists in leveraging the unique characteris-
tics of isolated populations, defined as subpopulations
derived from a small number of individuals, isolated
because of a founding event and stayed so for many
generations. Isolates show higher phenotypic and gen-
etic homogeneity compared to the outbred popula-
tion, thus allowing a reduced population size in the
observation of genetic variability (Charlesworth 2009),
mainly for complex disorders, such as MDD (Amin,
Belonogova, et al. 2017; Amin, Jovanova, et al. 2017;
Amin et al. 2018).

In the present study, we aimed to identify variants/
genes implicated in MDD in two Italian genetic isolate
populations. We performed GWAS meta-analysis and
gene-based analyses in two genetic isolates of
Northern lItaly. A replication study and polygenic risk
score (PRS) analysis were carried out in an independ-
ent cohort.

Materials and methods
Discovery step

Samples

The present study involved samples of two genetically
isolated cohorts from the ltalian Network of Genetic
Isolates (INGI), forming a discovery cohort of 199 MDD
patients and 792 controls. The first one was made of
638 samples (166 cases and 472 controls) coming
from six geographically isolated villages in the Italian
Friuli-Venezia Giulia (FVG) region (Clauzetto, Erto,
lllegio, Resia, Sauris, and San Martino del Carso). The
second cohort included 353 samples (33 cases and
320 controls) referring to two Piedmontese popula-
tions in close geographical proximity to the Val
Borbera (VBI), namely Trino Vercellese and Val di Susa.
The geographic isolates met the criteria defining
‘genetic isolates’ as separate geographical locations
with high rates of endogamy, language barriers, few
surnames, few founders, low rates of emigration and
immigration, and for which genetic homogeneity was
already shown. Indeed, the genetic isolation and the
small effective population size of the FVG village pop-
ulations were manifested by higher levels of genomic
homozygosity and elevated linkage disequilibrium
(Esko et al. 2013). Regarding the VBI, Colonna and col-
leagues’ findings reveal that the valley has features
characteristic of a genetic isolate, such as reduced
genetic heterogeneity and reduced effective popula-
tion size (Colonna et al. 2013). The FVG participants
received a structured diagnostic interview using the
Composite International Diagnostic Interview (CIDI) to
assess current and lifetime diagnoses according to the



Diagnostic and  Statistical Manual of Mental
Disorders—Fourth Edition—Text Revision (DSM-IV-TR)
and the Hamilton Depression Rating Scale (HAM-D)
(Hamilton 1960) for assessing depressive symptoms.
The VBI participants filled in the self-report Millon
Clinical Multiaxial Inventory-lll (MCMI-III) (Millon and
Davis 1997) composed of 175 true-false questions to
assess both Axis | and Axis Il disorders according to
DSM-IV. Moreover, they were evaluated with a non-
structured interview schedule for the presence of cur-
rent and/or lifetime psychiatric disorders, psychiatric
drug treatments, access to psychiatric services, and
first-degree family history of psychiatric disorders. In
addition, all subjects completed the Symptom
Checklist-90-R (SCL-90-R) (Prunas et al. 2012) to evalu-
ate a broad spectrum of psychological symptoms and
psychological distress. Subjects who obtained a score
lower than 24/30 on the Mini-Mental State
Examination (M.M.S.E.), or had cognitive impairment,
dementia, or other severe neurological disorders were
excluded. All socio-demographic and clinical character-
istics of the two genetic isolates are represented in
Table 1.

Genotyping

All samples have been genotyped with Illumina
370K/700K high-density SNP array (lllumina Inc, San
Diego, CA, USA). Genotypes were called with Illlumina
GenomeStudio. Each batch was processed according
to standard quality control (QC) procedures with the
following criteria for inclusion: sample call rate >0.95,
gender check, SNP call rate >0.95, Hardy-Weinberg
Equilibrium (HWE) p-value >1 x 107, and minor allele
frequency (MAF) >0.01. Genotype imputation was
conducted using IMPUTE2 (Howie et al. 2009) consid-
ering as reference a custom panel generated merging
the 1000 Genomes phase 3 (Altshuler et al. 2012) and
whole-genome sequences of INGI samples (Cocca
et al. 2020). After imputation, SNPs with MAF < 0.01
and Info Score < 0.4 were discarded from the statis-
tical analyses.

Genome-wide association (GWA) analysis and
meta-analysis

GWAS was conducted in FVG and VBI separately, using
mixed linear models [ABEL R packages (Aulchenko
et al. 2007)]. Genomic kinship matrices were used as
random effects to take into account relatedness. An
additive model was used, adjusted by sex and age.
Meta-analysis was performed using an inverse-variance
method (METAL) (Willer et al. 2010). We used LD-Score
regression (Bulik-Sullivan et al. 2015) and the

HapMap3 reference panel to estimate the LD-score
regression intercept for the results of both GWAS and
the meta-analysis. To better understand the effect of
the SNPs on the trait, we transformed the effect size
to the Odds Ratio (OR) using LMOR (Lloyd-Jones et al.
2018). Variants with a significant p-value (<0.05) for
heterogeneity Cochran Q were excluded from the
meta-analysis and only concordant variants in the two
populations were examined. SNPs with p-value <
5% 10°° were considered genome-wide significant.
SNPs were annotated with the Variant Effect Predictor
tool (VEP, https://www.ensembl.org/info/docs/tools/
vep/index.html) (McLaren et al. 2016) to determine the
closest genes and to obtain functional characteristics.

Gene-based analysis

Starting from the results of the meta-analysis, gene-
based association analyses were performed with
MAGMA v1.08 (de Leeuw et al. 2015), implemented in
the FUMAGWAS web tool. The genome-wide signifi-
cance threshold was set based on the number of
genes tested, at a p-value = 2.703x10 ® (0.05/
18499). The analyses were run using the 1000
Genome Phase3 reference panel.

Genotype-tissue expression (GTEx) analysis

Human gene expression levels of the genes high-
lighted by meta-analysis and gene-based analysis were
obtained using the GTEx Database, release v8 (GTEX
Consortium 2015).

Replication step

Samples

The replication cohort has been made of 463 MDD
patients and 339 controls. Patients with at least mod-
erate to severe depression, who met the Diagnostic
and Statistical Manual of Mental Disorders-IV (DSM-IV)
classification system criteria, were voluntarily enrolled
in the study. All of them had been referred to Villa S.
Chiara Psychiatric Hospital in Verona or the Psychiatry
Rehabilitation Unit of IRCCS Centro Fatebenefratelli ‘S.
Giovanni di Dio’ in Brescia. Diagnosis of unipolar
depression was confirmed using the Structured
Clinical Interview for DSM-IV Axis | Disorders (SCID-I)
diagnostic scale. The exclusion criteria were as follows:
(a) mental retardation or cognitive disorder; (b) a life-
time history of schizophrenic, schizoaffective, or bipo-
lar disorder; (c) personality disorder, substance abuse,
alcohol abuse or dependency, obsessive-compulsive
disorder, or post-traumatic stress disorder as the



Table 1. Demographic and clinical characteristics of the subjects belonging to the discovery cohorts, stratified in control and

MDD patient groups.

FVG VBI
Characteristic Controls (N =472) MDD (N=166) p-Value Controls (N =320) MDD (N=33) p-Value
Age (years), mean (s.d.) 46.1 (14.0) 49.0 (13.7) 0.02 57.5(15.2) 57.9 (14.7) 0.87
Gender (F), n (%) 212 (44.9) 130 (78.3) <0.001 181 (56.6) 29 (87.9) <0.001
Co-occurrence with anxiety - 68 (41.0) - - 20 (60.6) -
disorders, n (%)
Depression scale score™ mean (SD) - 10.04 (8.42) - - 1.06 (0.66) -

FVG: Friuli Venezia Giulia; VBI: Val Borbera; MDD: major depression disorder; s.d.: standard deviation; F: female; p-Value refers to the difference in controls
and MDD patients obtained by t-test for continuous variables and Chi-square test for dichotomic variables.

*HAM-D for FVG, SCL-90 depression subscale for VBI.

primary diagnosis; and (d) comorbidity with an eat-
ing disorder.

The control sample consisted of unrelated healthy
volunteers who were screened for DSM-IV Axis |
disorders by expert psychologists using the Mini-
International Neuropsychiatric  Interview  (MINI)
(Sheehan et al. 1998). Only healthy volunteers without
a history of drug or alcohol abuse or dependence and
without a personal or first-degree family history of
psychiatric disorders were enrolled in the study. Both
patients and controls were Caucasians of Italian des-
cent for at least two generations, residing in north
ltaly and unrelated to other participants. In both
groups, subjects who obtained a score lower than 24/
30 on the Mini-Mental State Examination (M.M.S.E.), or
had cognitive impairment, dementia, or other severe
neurological disorders were excluded. All socio-demo-
graphic and clinical characteristics for all groups are
shown in Table 2.

Genotyping

Samples were genotyped on three different arrays:
Genome-Wide Human SNP 6.0 array (Affymetrix),
lllumina Infinium PsychArray-24 BeadChip, and
Infinium  multi-ethnic  genotyping array (MEGA)
(llumina). Each sample batch was processed [Plink
v1.9 (Chang et al. 2015)] excluding SNPs with call rate
< 0.95, MAF < 0.05, and a Hardy-Weinberg equilib-
rium p-value <1 x 10°° and removing samples with a
call rate < 0.99, sex discrepancy, unusual heterozygos-
ity (<0.20 or >0.40) and cryptic relatedness (p_hat >
0.20). The batches were then imputed [Minimac3
v.2.0.1 (Das et al. 2016), Shapeit v.2.r837 (Delaneau
et al. 2011), 1000G EUR reference panel]. After imput-
ation, SNPs with R > 0.5 and genotype probability
>0.9 were selected from each batch and merged into
a combined dataset. The second round of QC filtering
was then applied to remove SNPs with missing geno-
types >5%, HWE test p-value <1 x 107°, and MAF <
1%. We then created two separate datasets, one

including only MDD cases and one including both
cases and controls.

Replication analysis

We searched in the replication sample the SNPs found
as genome-wide significant in the discovery step, but,
unfortunately, these were discarded from the analysis
due to the applied QC. Thus, we investigated associ-
ation signals for SNPs located in a 500 kb range around
the genes showing significant association at the gen-
ome-wide level in the meta-analysis (p-value 5 x 107%).
Overall, 1554 SNPs were tested for each phenotype,
except MDD for which 1437 SNPs were analysed. A sig-
nificant threshold of the p-value of 3.22 x 10> was
fixed (Bonferroni correction: 0.05/1554 SNPs). The asso-
ciation of SNPs with case/control status was tested in
the dataset including both cases and controls, while
the association with age of onset, MADRS
(Montgomery-Asberg Depression rating scale) score, co-
occurrence of anxiety disorders, and co-occurrence
psychotic symptoms was tested in the dataset of MDD
cases. We used Plink v.1.9 logistic/linear regression cor-
rected for sex, age, and the first five Principal
Components (PCs) and an additive model. Then we
used summary statistics from the replication cohort to
perform a gene-based analysis with the same method
described for the discovery cohort (MAGMA v1.08).

PRS analysis

Standardised PRS on the replication cohorts were
computed using PRSice2 (Choi and O'Reilly 2019) with
the—score std option, based on the summary statis-
tics obtained from the discovery cohort, including sex,
age, and the first five PCs as covariates. Clumping was
performed on a 500kb window with—clump-r* set to
0.5. The association between PRS and the specific
phenotype was tested using logistic or linear regres-
sion and an empirical p-value was computed using
5000 permutations as implemented in PRSice2. The
best model was selected for each analysis based on p-
value thresholding. The association with case/control



Table 2. Demographic and clinical characteristics of the subjects belonging to the replication cohort,

stratified in control and MDD patient groups.

Characteristic Controls (N=339) MDD (N = 464) p-Value
Age (years), mean (s.d.) 50.8 (15.4) 56.3 (13.7) <0.001
Gender (F), n (%) 190 (47.6) 316 (68.1) <0.001
TRD, n (%) - 2 (15.5) -
Co-occurrence with anxiety disorders, n (%) - 196 (42.2) -
Co-occurrence with Psychotic symptoms, n (%) - 135 (29.1) -
MADRS, mean (s.d.) - 31.6 (5.7) -
Age of onset, mean (s.d.) - 38.1 (13.4) -

MDD: major depressive disorder; s.d.: standard deviation; F: female; MADRS: Montgomery-Asberg Depression rating scale. p-
Value refers to the difference in controls and MDD patients obtained by t-test for continuous variables and Chi-square test

for dichotomic variables.

status was tested in the case-control dataset, while
associations with the age of onset, co-occurrence of
anxiety disorder, co-occurrence psychotic symptoms,
and MADRS score were tested using the MDD-
only dataset.

The entire workflow of the study is shown in
Figure 1.

Results
GWAS meta-analysis results

Figure 51 shows Manhattan and QQ plots (Turner
2018) of the results of the meta-analysis. The effect of
population stratification was negligible, as confirmed
by the values of the genomic inflation factor (lambda
= 0.9995 in the meta-analysis, and 1.0165 and 1.0075
in the FVG and VBl GWAS, respectively). LD-score
regression intercepts were 0.9936 for the meta-ana-
lysis, 1.0049 for FVG, and 1.0021 for VBI. Genome-wide
significant results of the meta-analysis are displayed in
Table 3, while all the results with p-value < 1x10 >
are shown in Table S1. Their VEP annotation is avail-
able in Table S2. Eight SNPs reached the statistically
significant p-value < 5x 1078, identifying two inde-
pendent regions. Seven SNPs in linkage disequilibrium
(LD, min r* = 093, lead SNP rs867262, p-value
3.82%x107%) are located in chromosome 6q13. The
SNPs are intronic in the KCNQ5 (potassium voltage-
gated channel subfamily Q member 5) gene (see the
regional plot in Figure 2(a)). The minor allele G of the
top SNP rs867262 shows a risk effect with an OR of
4.11. The second region is identified by a single gen-
ome-wide significant SNP  (rs6729523, p-value
1.25 % 10_8) in chromosome 2p12, within the CTNNAZ2
(catenin alpha 2) gene (Figure 2(b)). This signal is sup-
ported by two other SNPs in LD with rs6729523 and
with suggestive p-value (Table S1 and Figure 2(b)).
The minor allele G of rs6729523 shows a risk effect
with an OR of 5.14. All the identified SNPs showed
info scores >0.847 in FVG and >0.879 in VBI as

displayed in Table S1.
both genes are
(Figures S2(a,b)).

GTEx analysis revealed that
expressed in  the brain

Replication study

The results of the replication study were summarised
in Table S3. After multiple test corrections, no signifi-
cant associations for single SNPs were identified in the
replication cohort, even if 14 SNPs around the CTNNA2
gene identified from the discovery cohort showed
association with MDD, age of onset, and MADRS at
the nominal level of the p-value (<0.05).

PRS analysis

The PRS analysis based on discovery cohort summary
statistics showed that the combined effect of the
detected SNPs can discriminate cases and controls in
the case-control replication dataset (p-value
1.43 x 10~*, empirical p-value 3.3 x 1073). The distribu-
tion of PRS for MDD phenotype is reported in Figure
S3 and complete results for all the PRS associations
tested are given in Table S4.

Gene-based analysis

In the gene-based analysis, KCNQ5 and CTNNAZ2
showed significant p-values at the nominal level (p-
value of 0.015 and 0.0012, respectively). Moreover, this
study highlighted six significant genes (p-value <
2.703 x 10~°, Table 4): GRM7 (glutamate metabotropic
receptor 7), CNTN4 (contactin 4), SNRK (SNF related
kinase), SRGAP3 (SLIT-ROBO Rho GTPase activating pro-
tein 3), TRAPPCY (trafficking protein particle complex
9) and FHIT (fragile histidine triad diadenosine triphos-
phatase). All these genes showed expression in cere-
bral tissue as revealed by GTEx analysis (Figures
S2(c-h)). No significant results were found in the
gene-based analysis of the replication cohort
(Table S5).
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Figure 1. Research flow of the present study.

Table 3. SNPs with a genome-wide significant association (p-value < 5 x 10®) with major depressive disorder (MDD) in discov-

ery cohorts as obtained by meta-analysis.

SNP Chr Pos EA/QOA EAF OR (95% Cl) p-Value Gene Consequence
15867262 6 73578179 G/A 0.04 4.11 (2.57, 6.57) 3.82%107° KCNQ5 intron
159360607 6 73580412 T 0.03 4.10 (2.57, 6.56) 3.85x107° KCNQ5 intron
159446777 6 73581051 G/A 0.04 4.10 (2.57, 6.55) 3.97x10°° KCNQS intron
159442860 6 73585145 AT 0.03 4,08 (2.54, 6.56) 6.39 % 107° KCNQS intron
159442861 6 73588327 AG 0.03 4.06 (2.53, 6.53) 7.25x10°° KCNQ5 intron
1s9293915 6 73589605 T/C 0.03 4,02 (2.50, 6.47) 1.00 x 1078 KCNQ5 intron
156729523 2 80750869 G/A 0.02 5.14 (2,93, 9.03) 1.25%10°8 CTNNA2 intron

SNP: SNP name; Chr: chromosome; Pos: position (base pair); EA: effect allele; OA: other allele; EAF: effect allele frequency; OR: odds ratio; Cl: 95% OR con-

fidential interval; FVG: Friuli Venezia Giulia; VBI: Val Borbera.

The seven SNPs in chromosome 6 are in linkage disequilibrium (min = 0.93). All the SNPs showed info score >0.847 in FVG and >0.879 in VBI as dis-

played in Table S1.

Discussion

To identify new genes/variants involved in MDD, we
performed a GWAS meta-analysis on two Italian gen-
etic isolate populations, followed by a gene-based
analysis and replication study. Figure 3 summarises
the results we obtained.

Although the replication step did not allow us to
replicate the top SNPs, the results of PRS suggest that
the genetic associations detected in the discovery
cohorts are also associated with MDD in the replica-
tion cohort.

Considering the discovery phase, the study allowed
us to identify, by means of SNP-based GWAS meta-
analysis, two interesting genes: KCNQ5 and CTNNAZ2.
Even if we failed to replicate a strong signal around
these genes in our replication cohort, the presence
around CTNNA2 of a block of SNPs associated at the
nominal level of p-value to MDD, age of onset and

MADRS further supports the relevance of this gene.
Interestingly, both genes are expressed in the brain
and encode for proteins involved, although with dif-
ferent mechanisms, in synaptic plasticity and in the
formation as well as maintenance of neuronal circuitry
(Schaffer et al. 2018; Baculis et al. 2020).

KCNQ5 (OMIM 607357) gene encodes for a voltage-
gated potassium channel, important for the regulation
of the current modulating the neuronal excitability
(Lehman et al. 2017). It belongs to the KV7 family of
voltage-gated potassium channels, comprising five
KCNQ members (KCNQ1-5) (Brown and Passmore
2009). Four KCNQ genes (KCNQ2-5) are expressed in
the central nervous system both on RNA and protein
level (Brown and Passmore 2009) and are therefore
excellent candidate susceptibility genes for a wide
range of neuronal disorders. Moreover, the expression
of ion-channel subunits has been reported to be
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Figure 3. Summary of the obtained results.

modulated in mice exposed to chronic psychotropic
drugs as well as electroconvulsive treatment (ECT)
(Duncan et al. 2008; Hjaeresen et al. 2008). KV7.5 can
form heterotetrameric channels with KV7.3 (Schroeder
et al. 2000). Some genetic variants of KCNQ3 leading
to a functional impairing of the channel complex
formed by KV7.3 and KV7.5 are reported in patients
affected by MDD or other psychiatric and neurodeve-
lopmental diseases (Gilling et al. 2013). A dominant-
negative Kcng5 mutation in mice has been shown to
alter synaptic activity in the hippocampus, where the
channel is highly expressed (Tzingounis et al. 2010;
Fidzinski et al. 2015). Recently, transcriptomic analyses
revealed dysregulation in the expression of KCNQ5 in

Human Expression level analysis

All the discovered genes are
expressed in the brain

Conclusions

» Our work suggests new possible genes
associated with MDD

« The Polygenic Risk Score analysis confirms the
polygenic nature of this disorder

patients with neurological and psychiatric diseases
including MDD (Baird et al. 2021; Verma and Shakya
2021). On these bases, KCNQ5 could be a suggestive
susceptibility gene for MDD and some typologies of
neurological disorders, and due to the considerable
overlap in aetiologies also for other psychiatric disor-
ders including anxiety. Given the significance of ion
channels in neuronal activity, neurotransmission, plas-
ticity, and the formation of neuronal circuitry, which
regulates major processes relevant to psychiatric disor-
ders, the development of drugs modulating the ion-
channel activity could counteract anhedonia and
anergy that are often resistant to standard treatments
in MDD (Smolin et al. 2012). Interestingly, KCNQ



Table 4. Significant gene-based results (p < 2.703 x 10 °) for MDD in discovery cohort as obtained.

Start position End position Number of Number of

Gene name Chromosome of gene of gene SNPS in gene model parameters N Z statistic p-Value

GRM7 3 6811688 7783215 1651 144 991 5.1381 139x 1077
CNTN4 3 2140497 3099645 2193 242 991 5.1346 141 %1077
SNRK 3 43328004 43466256 94 18 991 49381 394107
SRGAP3 3 9022275 9404737 664 104 991 4.8999 480 %1077
TRAPPC9 8 140742586 141468678 1202 126 991 4837 6.59 % 107
FHIT 3 59735036 61237133 3174 281 991 4.5959 215 107°

GRM?7: glutamate metabotropic receptor 7; CNTN4: contactin 4; SNRK: SNF-related kinase; SRGAP3: SLIT-ROBO Rho GTPase-activating protein 3; TRAPPC9:
trafficking protein particle complex subunit 9; FHIT: fragile histidine triad diadenosine triphosphatase.

channel openers, including FDA-approved drug retiga-
bine (ezogabine), have been proven to normalise the
connectivity of brain circuitry reversing the depressive
symptomatology through the potentiation of active
resilience mechanisms (Friedman et al. 2016; Tan
et al. 2018).

CTNNA2 (OMIM 114025) is a large gene of ~1Mb,
conserved across species, and is highly expressed in
the central nervous system, especially in the prefrontal
cortex, temporal lobe, cingulate cortex, hypothalamus,
and amygdala (Terracciano et al. 2011). CTNNAZ enco-
des for the catenin cadherin-associated protein alpha
2, a cell-adhesion protein that has been shown to
regulate synaptic plasticity, acting as a linker between
cadherins and the actin cytoskeleton and as such is
important for maintaining the stability of dendritic
spines and synaptic contact (Abe et al. 2004; Smith
et al. 2005). The deletion of the homologous gene
(Catna2) in knockout mice produced alterations in
brain morphogenesis (Uemura and Takeichi 2006) and
led to abnormal behaviours (Park et al. 2002), condi-
tions reverted by the transgenic restoration of Catna2
expression (Uemura and Takeichi 2006). Similarly, bi-
allelic loss of human CTNNA2, deriving from truncating
mutations, led to cortical neuronal migration defects
(Schaffer et al. 2018). This evidence indicates a poten-
tial role for CTNNA2 in the regulation of personality
features. Along the same line, several GWASs revealed
the association of CTNNA2 with psychiatric disorders
(Scott et al. 2009; Adkins et al. 2011; Goodbourn et al.
2014; Ehlers et al. 2016; Ryu et al. 2018) and related
phenotypes (McGue et al. 2013; Johnston et al. 2019).
Consistently, a GWAS on a primate model of infant
inhibited temperament (Fox et al. 2021) showed a
genome-wide significant hit near CTNNA2, a gene that
maintained an association also after gene-level enrich-
ment permutation analyses based on published
human association studies for neuroticism (Nagel et al.
2018) and depression (Coleman et al. 2020), thus sug-
gesting a shared evolutionarily-conserved mechanism.
Furthermore, CTNNA2 was previously reported to be
proximal (within 250kb) and in reasonably high

linkage disequilibrium (r* > 0.5) with markers associ-
ated with MDD (Sullivan et al. 2009). Finally, copy
number variations (CNVs) were found to be located
within the CTNNA2 gene in 5 MDD cases of a multi-
generational pedigree derived from a Dagestan
remote highland isolate containing an aggregation of
MDD and suicides (Bulayeva et al. 2012). All this evi-
dence may suggest a pleiotropic action of CTNNA2,
supporting the concept that genes harbouring com-
mon variants associated with personality traits might
harbour other variants associated with more extreme
psychiatric phenotypes. For this reason, the develop-
ment of drugs modulating the expression or function
of CTNNA2 protein might be useful for a potential
new therapeutic approach in psychiatric disorders
including depression (Eszlari et al. 2021).

The gene-based analysis revealed six significantly
associated genes, all involved in different physiological
mechanisms that usually appear to be deregulated in
MDD and affect human brain development. Among
these genes, GMR7, CNTN4, and SRGAP3 are all located
on chromosome 3, precisely in a well-defined region
that has been identified to be in genetic linkage with
MDD in two independent linkage studies (Breen et al.
2011; Pergadia et al. 2011), with a maximum LOD
score nearest the GMR7 gene. This evidence suggests
that this gene is one of the most accredited genes
that can explain the linkage of such a broad region
with MDD.

GRM7 (OMIM 604101) encodes for the metabotropic
glutamate receptors mGlu7. It is highly expressed in
the amygdala and hippocampus, and its modulation
in these brain regions has been demonstrated to
affect behavioural models of anxiety disorders or
depression (Matson and Cervantes 2014). Results from
GWA and candidate-gene studies on MDD revealed a
significant association between GRM7 SNPs and MDD
(Li et al. 2016) or recurrent MDD (Muglia et al. 2010).
The involvement of GRM7 in MDD has been further
proposed by transcriptome studies on human post-
mortem brain samples (Chang et al. 2014) and animal
models (Sansig et al. 2001; Bushell et al. 2002; Cryan



et al. 2003; Callaerts-Vegh et al. 2006; Mitsukawa et al.
2006). In addition, pharmacogenetics investigations of
this gene and antidepressant response have been con-
ducted as well (Wieronska et al. 2007; Fabbri et al.
2013; Sun et al. 2019), thus highlighting its potential
role as a therapeutic target in MDD.

The CNTN4 (OMIM 607280) gene encodes for a
neuronal cell adhesion immunoglobulin, probably
involved in axon growth, guidance, and fasciculation
in the central nervous system (CNS) (Zhang et al.
2008). Associations between CNTN4 and MDD (Breen
et al. 2011; Pergadia et al. 2011) or other psychiatric
and neurodevelopmental disorders (Glessner et al.
2009; Cottrell et al. 2011; Guo et al. 2012) have been
reported, suggesting an important role of this gene in
normal and abnormal development of CNS.

The SRGAP3 (OMIM 606525) gene encodes for a
GAP protein, highly expressed in foetal and adult brain
tissue, including the cortex and the hippocampus
(Waltereit et al. 2008; Bacon et al. 2009). In a case
report on a family with a history of schizophrenia and
MDD, the authors identified a ~134kb duplication
spanning exons 2-4 of the SRGAP3 gene that segre-
gates with psychotic illness (Wilson et al. 2011).
Recently, a GWAS on 1758 European adults with a
ruminative response style (Eszlari et al. 2019), often
associated with MDD (Nolen-Hoeksema and Watkins
2011), showed that top SNPs for rumination on
chromosome 3 were associated with expression levels
of SRGAP3 in the dorsolateral prefrontal cortex (Eszlari
et al. 2019). Therefore, the disruption/alteration of
SRGAP3 may be considered, at least in part, etiologic
for mental disorders.

The FHIT (OMIM 601153) gene encodes for a hydro-
lase involved in purine metabolism, expressed in mul-
tiple brain regions. Intronic variants in FHIT have been
reported to be associated with a broad depression
phenotype in two different GWAS meta-analyses
(Direk et al. 2017; Amare et al. 2020). Moreover,
Howard et al. (2019) identified, through a meta-ana-
lysis of 807,553 individuals from three large GWAS of
depression, another intronic SNP of FHIT among 102
independent  variants  significantly  associated
with MDD.

The TRAPPC9 (Trafficking Protein Particle Complex
9) (OMIM 611966) gene encodes for a protein that
likely plays a role in NF-kappa-B signalling. TRAPPC9 is
highly expressed in the postmitotic neurons of the
cerebral cortex and exerts an essential role in human
brain development (Hu et al. 2005). Genetic variants of
TRAPPC9 have been described as causative of auto-
somal-recessive intellectual disability in families with

different ethnic backgrounds (Mir et al. 2009; Mochida
et al. 2009; Philippe et al. 2009; Marangi et al. 2013;
Abbasi et al. 2017; Mortreux et al. 2018), also in
comorbidity with ASD (Hnoonual et al. 2019; Wilton
et al. 2020). Deficient mice developed a wide range of
behavioural deficits and exhibited brain structural
abnormalities (Ke et al. 2020).

The last gene found in the gene-based analysis,
SNRK (OMIM 612760), encodes for SNF-related serine/
threonine-protein kinase, involved in neuronal apop-
tosis (Thirugnanam and Ramchandran 2020). Although
there are no studies referring to its involvement in
psychiatric disorders, an association of SNRK with bipo-
lar disorder and schizophrenia on the GWAS Catalog
has been reported.

A weakness of our study is that we were unable to
replicate the two genes found in the meta-analysis
(KCNQ5 and CTNNA2) by applying the gene-based
approach, although their nominal p-values were
<0.05. In the gene-based analysis, genetic data are
aggregated to test the association of all markers
within each gene with the phenotype. Specifically,
MAGMA gene-based analysis uses multiple regression
models to account for LD and catch the markers’ com-
bined effects. Thus, in addition to the impact of indi-
vidual SNPs, other factors are involved, which could
explain the lack of association.

Overall, our work highlighted eight genes as candi-
dates for MDD. The relatively high number of identi-
fied genes is in line with the complex nature of MDD,
in which the accumulation of the effect of individual
variants and environmental factors contribute to the
formation of the final phenotype.

The same complexity is observed in the results of
GWAS for neuroticism, an important risk factor for psy-
chiatric traits, including depression. Indeed, many
researchers highlighted the difficulty to find and repli-
cate signals associated with this phenotype (de Moor
et al. 2015; Smith et al. 2016). On the other hand,
many studies evidence the polygenic nature of neur-
oticism finding several associated genes (Nagel et al.
2018), although, to our knowledge, no overlapping
genes with our results are present.

The study of isolated populations confirms its use-
fulness for identifying genes associated with complex
traits, and in our case it allowed us to find seven var-
iants in two genes associated with MDD in the SNPs-
based GWAS. The lack of replication represents a
weakness of our study, and a probable reason could
be attributed to the different compositions of the rep-
lication sample compared to the discovery. Indeed,
the replication sample is more heterogeneous both for



genetic and environmental aspects. On the other
hand, the PRS analysis confirms that the accumulation
of the effects of the variants discovered in our genetic
isolation can predict MDD also in the outbreeding
independent population. This finding is very important
because it means that valid signals are involved in the
meta-analysis results and confirms, although the diffi-
culty to replicate each single gene, the polygenic
nature of this disorder. However, given the multifac-
torial nature of this trait, other features (such as the
interaction with other genes, environmental factors,
etc.) should be taken into account to better under-
stand the contribution of the identified genes.
Nonetheless, our results contribute to elucidate the
genetic bases of MDD in the perspective of develop-
ing personalised therapeutic strategies and preventive
approaches for this disorder.
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