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Genome-wide association study implicates the role of TBXAS1
in the pathogenesis of depressive symptoms among the

Korean population
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Although depression is an emerging disorder affecting many people worldwide, most genetic studies have been performed in
European descent populations. Herein, a genome-wide association study (GWAS) was conducted in Korean population to elucidate
the genomic loci associated with depressive symptoms. Two independent cohorts were used as discovery datasets, which consisted
of 6474 (1484 cases and 4990 controls) and 1654 (557 cases and 1097 controls) Korean participants, respectively. The participants
were divided into case and control groups based on the Beck Depression Inventory (BDI). Meta-analysis using the two cohorts
revealed that rs6945590 was significantly associated with the risk of depressive symptoms [P = 2.83 x 10%; odds ratio (OR) = 1.23;
95% confidence interval (Cl): 1.15-1.33]. This association was validated in other independent cohorts which were another Korean
cohort (258 cases and 1757 controls) and the East Asian study of the Psychiatric Genomics Consortium (PGC) (12,455 cases and
85,548 controls). The predicted expression levels of thromboxane A synthase 1 gene (TBXAST), which encodes the enzyme
thromboxane A synthase 1 and participates in the arachidonic acid (AA) cascade, was significantly decreased in the whole blood
tissues of the participants with depressive symptoms. Furthermore, Mendelian randomization (MR) analysis showed a causal
association between TBXAST expression and the risk of depressive symptoms. In conclusion, as the number of risk alleles (A) of
rs6945590 increased, TBXAST expression decreased, which subsequently caused an increase in the risk of depressive symptoms.
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INTRODUCTION

Depression is a common mental illness with symptoms, including
sadness, lack of satisfaction, and sleep disturbance. Worldwide,
approximately 280 million people suffer from depression in 2019,
and the number only seems to increase from 1990 to 2019 [1]. The
prevalence of depression in South Korea also has increased
annually [2]. In particular, considering that depression is a major
risk factor for suicide [3], the disease has been a big burden on
South Korea. In 2019, the suicide rate recorded in South Korea was
24.6 per 100,000, which is the highest among the Organization for
Economic Co-operation and Development countries [4].

Several loci associated with the risk of depression have been
identified with efforts from many participants and researchers. For
example, a meta-analysis with the highest number of participants
to date showed that 102 loci are susceptible to the disease [5].
However, as the majority of genome-wide association study
(GWAS) participants are of European descent [6], most depression

studies have focused on the European populations [7]. Although a
few independent variants have been reported in East Asian
populations [8, 9], more studies are needed, especially in non-
European populations, to fully understand the etiology of the
disease.

Another difficulty in shedding light on this disorder is that it is a
polygenic trait; that is, its individual variants have only a small
effect, which requires a large sample size to discover the
susceptible loci. To overcome this problem, many GWASs have
been performed comprising participants with self-reported
depression [5, 9-12], which is supported by the fact that self-
declared depression and clinically diagnosed major depressive
disorder (MDD) show a strong genetic correlation [11, 13].

Here, we carried out GWAS to uncover variants associated with
the risk of depressive symptoms in Korean population. Approxi-
mately 12,000 participants from three independent cohorts
belonging to two different hospitals visited the institutes for a
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general health check-up. Moreover, their depression phenotypes
were self-rated using Beck Depression Inventory (BDI) or Center
for Epidemiologic Studies-Depression Scale (CES-D). Following
GWAS, Mendelian randomization (MR) study was performed to
identify the causal genomic loci.

SUBJECTS AND METHODS

Health and prevention enhancement (H-PEACE) and gene-
environment of interaction and phenotype (GENIE) cohorts
In the study of discovery stage, the H-PEACE and GENIE cohorts were used.
They consisted of participants who visited the Seoul National University
Hospital Healthcare System Gangnam Center for health check-ups from
2003 to 2017 [14]. Among them, 7999 and 2349 participants from the
H-PEACE and GENIE cohorts, respectively, were genotyped on 833,000
variants using the Affymetrix Axiom Korean Chip (v1.0) [15]. The variant
calling was performed using the K-Medoid clustering method [16].

Beck depression inventory

The degree of depression of the participants in the two cohorts was
measured using original BDI. It is one of the most widely used self-scored
measures of depression, comprising 21 items to evaluate how the
participants had been feeling for the last two weeks [17]. Each item was
rated on a four-point ordinal scale from 0 to 3, where a higher score
represents a higher level of depression-related feelings. The total sum of
the scores of 21 items was used as a criterion for depression.

In the cohorts, the BDI scores of a few participants had errors, because
they had selected more than one point for an item or their responses for
some items were missing. We regarded them as missing values and
selected subjects who had missing values lower than 10.5, half of the total
number of items. The average missing rates for each item in the H-PEACE
and GENIE cohorts were 7.23% and 19.09%, respectively. We imputed
missing values of the remaining participants by referring to (if any) their
own scores measured during their check-ups at other times or scores of
other participants who were close to them based on scores of other non-
missing items using the missForest (v.1.4) R package [18]. In accordance
with Beck et al. [19], we regarded participants whose sum of the imputed
scores was lower than 10 as controls and the others as cases. In the case of
participants who had multiple health check-ups, the result was extracted
when they had the highest BDI score (if they had the same scores, the
latest result was extracted).

Genome-wide association study

After sample selection based on the BDI score, the genotype data were
cleaned using the quality control steps suggested by Anderson et al. [20].
Participants whose genotype missing rate was higher than 0.03, estimated
heterozygosity rate differed from the sample mean of all participants by
more than three standard deviations, and the estimated pairwise identity-
by-descent was higher than 0.185 with a higher genotype missing rate
than that of their counterparts were excluded. Variants whose genotype
missing rate was significantly different between the case and control by
Fisher's exact test (P<1x107°) and higher than 0.03, minor allele
frequency (MAF) was lower than 0.05, and P value of the Hardy-Weinberg
equilibrium (HWE) test was lower than 1 Xx 103 were excluded (Supple-
mentary Fig. 1).

Subsequently, the genotype data were imputed using the Michigan
Imputation Server (v.1.1) [21]. Haplotype Reference Consortium r1.1 2016
and other/mixed population were chosen as reference panels, and phasing
and imputation were performed using Eagle v24 and Minimac4,
respectively. Among the imputed genotypes, variants whose MAF was
higher than 0.05, genotype missing rate was lower than 0.03, HWE test was
not significant at P value 1x 1073, and imputation quality measure “INFO”
was higher than 0.8 were extracted (Supplementary Fig. 1).

Further, the GWAS was performed in each cohort after adjusting for the
effects of sex, age, body mass index (BMI), and the top four principal
component (PC) scores using plink (v1.90b3.44) [22]. For 67 and 18
(approximately 1%) participants in the H-PEACE and GENIE cohorts,
respectively, BMIs were not observed and were imputed using missForest
by referring to those of other participants who had similar sex and age
[18]. The PC scores were calculated using pruned genotyped variants
extracted by using --indep-pairwise 50 5 0.2 option of plink. Meta-analysis
was also performed with weights of inverse of the corresponding standard
errors of each GWAS result using METAL (v2011-03-25) [23]. Cochran’s Q
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and | square statistics were used to test whether variants displayed
heterogeneity across the different cohorts.

For genomic data analysis, in addition to plink (v1.90b3.44) and METAL
(v2011-03-25), ONETOOL (v1.0) [24] and R (v3.6.3) were utilized.

Moreover, LocusZoom (http://locuszoom.org/) was used to generate a
regional plot of +0.5Mb flanking region of a significant variant [25].
Genome build and linkage disequilibrium (LD) population were selected as
hg19 and 1000 Genomes Nov 2014 ASN, respectively. The other options
were not manipulated.

Replication cohorts

For validation, Kangbuk Samsung Cohort Study (KSCS) cohort was used. It
is a prospective cohort study to evaluate the natural history, prognosis, and
genetic and environmental determinants of a wide range of health traits
and diseases among Korean adults. 2011 participants were genotyped
using the lllumina HumanCore BeadChips 12 v. Depressive symptoms and
severity were assessed using CES-D [26]. For identifying individuals at risk
for clinical depressive symptoms, it uses 16 or above as cut-off score [27].
We divided the participants into two groups based on the cut-off score:
depressed and non-depressed groups. The analysis steps used were the
same as in H-PEACE and GENIE, except that 0.05 was used as the genotype
missing rate cutoff in the participant QC step, and 0.02, 0.01, and 1x 10~®
were used as the genotype missing rate, MAF, and HWE cutoffs,
respectively, in the variant QC step. Furthermore, an older version of
Minimac, Minimac3, was used in the imputation step.

Moreover, we referred an independent study of which meta-analysis of
GWASs on depression in nine cohorts of East Asian ancestry [9]. The
summary statistics, excluding the three cohorts, WHI, 23andME, and UKB,
were downloaded from https://www.med.unc.edu/pgc/download-results/.

Expression quantitative trait loci analysis

LDexpress [28], a web-based tool implemented in LDlink [29] (https:/
analysistools.cancer.gov/LDlink/), was used to search for genes whose
expression levels were associated with a significant variant from the GWAS
results. In the East Asian population, genes in several tissues were
identified, the expression levels of which were significantly associated
(P<1x107°) with variants which were highly correlated (R* > 0.8) with a
significant variant in +1 Mb window. The correlation between variants was
estimated in the East Asian population using LDpair implemented in
LDlink.

Transcriptome-wide association study

Gene expression levels in the whole blood tissues of the participants were
predicted using PrediXcan [30]. The imputed genomic data of each cohort
were used as input for the analysis. The gene-wise association between
gene expression (a response variable) and self-rated depression (an
explanatory variable) was estimated using a linear regression model with
the same covariates used in the GWAS. Moreover, the false discovery rate
(FDR) was estimated for each chromosome.

MR analysis

In this study, MR analysis was performed to identify the causal
relationship between a gene and the risk of depressive symptoms.
Generalized summary-data-based MR (GSMR) [31] implemented in
Genome-wide complex trait analysis (GCTA) (v1.94.0b) [32] was used
for the analysis with its default options. Additionally, to corroborate the
MR result, we employed several methods, including the median method,
inverse-variance weighted (IVW) method, MR-Egger, and MR-PRESSO
[33, 34]. MendelianRandomization R package (v0.7.0) was used for
implementing the median, IVW, and MR-Egger methods [35]. We used
default options for these methods, with exception of specifying the
number of iterations as 10,000. For the MR-PRESSO analysis, we utilized
MRPRESSO R package (v1.0) with following options: OUTLIERtest =T,
DISTORTIONtest = T, NbDistribution = 10000, and SignifThreshold = 0.05.
These methods required two summary statistics from regression models
between variants and exposure or outcome and reference samples for
LD estimation.

We estimated the summary statistic of the association between the
expression levels of genes and variants in the imputed H-PEACE dataset
using a linear regression model with the same covariates used in the
GWAS. The GWAS result of the imputed GENIE dataset was used for the
other summary statistic. East Asian samples in 1000 Genomes Phase 3 v5a
were used as reference samples.

Translational Psychiatry (2024)14:80
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Table 1.
H-PEACE
Case (N = 1484)

Control (N = 4990)

Participant characteristics and the number of variants in the H-PEACE and GENIE cohorts.

GENIE

Case (N =557) Control (N = 1097)

Age, mean (SD), yr 49.6 (10.9) 49.6 (9.7) 50.2 (10.1) 50.2 (9.3)
Women, N (%) 864 (58.2) 1829 (36.7) 262 (47.0) 338 (30.8)
BMI, mean (SD), kg/m?" 22.8 (3.2) 23.2 (2.9) 234 (3.2) 23.7 (2.9)
Variants after imputation, N 4,233,391 4,285,695

In order to select instrumental variables (IVs) that satisfy the assump-
tions of MR, we first identified variants that were independently and
significantly associated with the exposure (R*<0.05; P<5x1079). To
exclude those with pleiotropic effect, we further pruned these variants
using the HEIDI method as implemented in GSMR. IVs displaying
pleiotropic effects, as estimated by the MR-PRESSO, were also eliminated.
In addition, we tested for heterogeneity and weak instrumental bias using
the Qsx and 12, [36].

Association study between variants or a gene and each
depressive symptom

GWASs of each item were performed considering the phenotype as 0 if the
score was 0 or 1 otherwise and adjusting the effects of sex, age, BMI, and
top four PC scores in each cohort. Meta-analyses for each item were
performed using METAL. Associations between gene expression and the
phenotype of each item were estimated with the same model used in the
GWAS, except for replacing the number of minor alleles of a variant with
the expression level of a gene in the two cohorts. Further, their Z statistics
were summed by weighting their corresponding inverses of standard
errors, and the P values were calculated using the weighted Z statistics.
Statistical analyses were performed using R and Rex (v3.6.1) [37].

Estimation of phenotypic and genotype correlations between
depressive symptoms

Based on the scores (0-3 scale), pairwise phenotypic correlations were
estimated between the 21 BDI items in the H-PEACE and GENIE cohorts,
respectively. Moreover, the items in combining the two cohorts were
grouped into four clusters using hcluster function implemented in the
amap R package (v0.8-18) with designating method and link options as
Pearson and average, respectively. The phenotypes in each cluster were
divided into two groups based on a cutoff in proportion to the number of
items in the cluster. For example, the cutoff was set to 6.67, which was 10
times 14 divided by 21, in cluster 4 which included 14 items. GWASs were
performed in each cluster of the two cohorts, respectively, with adjusting
the effects of the same covariates used as above. Then, the results were
combined by METAL.

In each cohort, genetic correlation between items were estimated by
performing a bivariate GREML analysis [38] implemented in GCTA with
adjusting the effects of sex, age, BMI, and top four PC scores, respectively.
Prevalence of each item was estimated as ratio of non-zero score of the
item and specified in the GREML analysis. Genetic relationship matrix was
calculated by pruned variants with having larger than 0.1 MAF.

Ethics statement

This study was approved by the institutional review boards of Seoul
National University Hospital (H-1708-120-880) and Kangbuk Samsung
Hospital (2019-08-006). All participants were provided written informed
consent and the study was performed according to relevant guidelines
and regulations.

RESULTS

GWAS reveals that rs6945590 is associated with the risk of
depressive symptoms

We performed a GWAS to elucidate the genetic loci susceptible to
the risk of depressive symptoms in H-PEACE (4,233,391 variants in
1484 cases and 4990 controls) and GENIE (4,285,695 variants in
557 cases and 1097 controls) cohorts (Table 1). The proportion of
females was higher in the cases than in the controls in both
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cohorts. Moreover, the age and BMI were similar between the
cases and controls in both cohorts. Although several putative loci
(P < 1% 107°) were identified, there were no significant variants at
the conventional significance level (P <5 x 108 in both cohorts
(Supplementary Fig. 2 and Supplementary Tables 1, 2). The most
significant variants in the H-PEACE and GENIE cohorts were
rs745327 (chr12:122456524) and rs16826069 (chr1:39797055),
respectively.

Subsequently, a meta-analysis was performed using both
cohorts. We analyzed a total of 4,141,113 variants in 8128
participants (2041 cases and 5087 controls), of which one novel
locus was identified (Fig. 1). At the locus, rs6945590
(chr7:139762282; 7q34) was significant (P=2.83x107%) at the
conventional significance level (Fig. 1A). Moreover, the result was
found to be reliable considering its quantile-quantile plot and a
genomic inflation factor of 0.992 (Fig. 1B). P values of the variants
that were highly correlated with rs6945590 were lower than those
of the variants that were not (Fig. 1C). In addition, rs6945590 is
located in the intron region of the poly(ADP-ribose) polymerase
family member 12 (PARP12) gene according to dbSNP
(www.ncbi.nlm.nih.gov/snp). Moreover, several genes, such as
the thromboxane A synthase 1 gene (TBXAS1) are in close proximity
to this gene (Fig. 1C).

Details regarding the GWAS results for rs6945590 are shown in
Table 2. The risk and protective alleles of the variant were A and G,
respectively. Moreover, the odds ratios (ORs) of the risk allele were
1.22 (95% confidence interval (Cl): 1.12-1.33) and 1.26 (95% Cl:
1.09-1.46) in H-PEACE and GENIE cohorts, respectively. The meta-
analysis of both cohorts showed an OR of 1.23 (95% Cl: 1.15-1.33).
In the meta-analysis, which only included 5905 participants (1212
cases and 4693 controls) without any missing values for all BDI
items, the OR for rs6945590 was found to be 1.22 (95% ClI:
1.11-1.34) with a P value of 3.06 x 10>, The risk allele frequencies
(RAFs) of the cases were 0.608 and 0.584 in H-PEACE and GENIE
cohorts, respectively. Moreover, the RAFs of the controls were
0.568 and 0.544 in H-PEACE and GENIE cohorts, respectively.
Furthermore, these RAF values were found to be similar to those
of the Korean population retrieved from Korean Reference
Genome Database (KRGDB) (0.550) [39] and gnomAD (0.566) [40].

We analyzed whether rs6945590 is associated with the risk of
depressive symptoms or depression in other independent cohorts. In
the KSCS cohort (4,792,372 variants in 258 cases and 1752 controls),
this association was validated at a nominal P value 0.05
(P=164x10"% OR=128; 95% CI- 1.05-1.56) (Table 2). When the
meta-analysis of the H-PEACE, GENIE, and KSCS cohorts was
performed, the association became more significant (P=1.59 x
107% OR=124; 95% Ck 1.16-1.33). Additionally, the results of
rs6945590 indicates the little evidence of heterogeneity across the
three cohorts (Q=0.212; *=0). Moreover, according to the other
study of depression in the East Asian population (7,440,922 variants in
12,455 cases and 85,548 controls) [9], rs6945590 was significantly
associated with the risk of depression at a nominal P value 0.05
(P=228x10"% OR=1.04; 95% CI- 1.01-1.07).

In GWAS Catalog (www.ebiac.uk/gwas), traits that significantly
associated with rs6945590 were not found, and in LDtrait (Idlink.nci.-
nih.gov/?tab=ldtrait), a web-based tool implemented in LDlink,
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Fig. 1 Meta-analysis results of the risk of depressive symptoms. A Manhattan plot. Red and blue lines represent significance level 5x 1078
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association also was not reported between depression risk and
rs6945590 or its highly correlated variants (R* > 0.8), however, some
traits such as white blood cell count, monocyte count, and myocardial
infarction had significant association with highly correlated variants
with rs6945590 (P < 5 x 10~ Supplementary Table 3).

TBXAS1 expression level is associated with rs6945590 and the
risk of depressive symptoms

Genes for which rs6945590 was an eQTL were explored using
LDexpress in the East Asian population. rs6945590 was found to
be associated with PARP12 expression in tibial nerve (P =2 x 107°)
and testis (P=6x 107°) tissues (Supplementary Table 4). Among
pairs between genes and variants in the LD relationship with
rs6945590 (R®>>0.8), TBXAST and rs10242990 (chr7:139730500)
pair in the whole blood tissue was the most significantly
associated (P=9x10"'>; Supplementary Tables 5, 6).
rs10242990 and rs6945590 were highly correlated (R*=0.807)
and the risk allele (A) of rs6945590 was positively associated with
the effect allele (G) of rs10242990. As the number of effect alleles
of rs10242990 increased, TBXAST expression levels decreased in
the whole blood tissue (8=-0.098; Supplementary Table 5).

SPRINGER NATURE

PARP12 also had eQTL variants in the LD region of rs6945590, but
its expression levels were not significantly associated with the
variants in the whole blood or brain tissues at a nominal P value
1% 107> (Supplementary Table 6).

We predicted the expression levels of genes in the whole blood
tissue of the participants from the genotypes of the H-PEACE and
GENIE cohorts using PrediXcan to identify the genes associated
with the risk of depressive symptoms (Fig. 2). In the H-PEACE
cohort, the predicted TBXAS1 expression level was negatively
significantly associated with the risk of depressive symptoms at an
FDR of 0.05 (3=-0.023; P=3.54x10"> FDR=126x10"?)
(Fig. 2A), and the association was validated in the GENIE cohort
at a nominal P value 0.05 (8=-0.023; P=2.10x 10"?) (Fig. 2B).
TBXAS1 expression level was also significantly associated with
rs6945590 in both cohorts. As the number of risk alleles (A) of
rs6945590 increased, TBXAST expression decreased (Fig. 2C, D).

Moreover, lanosterol synthase (LSS) and YbeY metalloendoribonu-
clease (YBEY) may be other putative genes associated with the risk of
depressive symptoms (Supplementary Fig. 3). LSS was predicted to be
significantly more expressed in the cases than in the controls in the
H-PEACE cohort (8 =0.046; P=143x10"% FDR=6.30% 10"3) and
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the same pattern was observed in the GENIE cohort (8 = 0.033; one
tail P=4.28 x 107 (Supplementary Fig. 3A, B; and Supplementary
Table 7). The predicted YBEY expression levels significantly decreased
in the cases compared to the controls in the H-PEACE cohort at an
FDR of 0.1 (8 =-0.031; P=3.40% 103, FDR =748 x 107, and it was
validated in the GENIE cohort (8=-0.038; P=4.92x 102 (Supple-
mentary Fig. 3C, D; and Supplementary Table 7). Although the genes
ENSG00000235878, 4-hydroxyphenylpyruvate dioxygenase (HPD),
cysteine and tyrosine rich 1 (CYYRT1), and spermatogenesis and centriole
associated 1 like (SPATCIL) showed a significant association with the
risk of depressive symptoms in the H-PEACE cohort, they did not in
the GENIE cohort (Supplementary Table 7).

MR study shows that TBXAST may be a causal gene of
depressive symptoms

We performed a two-sample MR study using the GSMR to test
whether genes and the risk of depressive symptoms had a causal
relationship. The two genome-wide association results were from
the analyses: (1) between variants and TBXAS1 expression in the
H-PEACE cohort and (2) between variants and the risk of
depressive symptoms in the GENIE cohort. With 13 independent
IVs (R* < 0.05; P< 5 x 10™8), the study revealed that a decrease in
TBXAS1 expression led to an increase in the risk of depressive
symptoms (8=-0.785; P=3.82x103) (Fig. 3). The causal
relationship was further substantiated when analyzed using other
MR methods (Supplementary Table 8). Furthermore, there was no
significant results of the variants being heterogeneous or having a
weak instrumental bias (Qgx= 6.0729; P value of Qgx = 0.8685;
/éx = 1). When the P value cutoff for IV selection was increased to
1 x 107°, the effect was still significant, with 23 IVs (8 =-0.783;
P=3.42x10"3) (Supplementary Fig. 4A). The reverse causation
could not be tested because there were not enough variants
available as IVs even when the cutoff was set to 1x107°.

The causal relationships between LSS or YBEY and the risk of
depressive symptoms were also tested. Although there were not
enough Vs when the cutoff was set to the conventional threshold,
5% 1078, for both directions, LSS may be a putative causal gene for
depressive symptoms considering the result when the cutoff was
1x 107> with 17 IVs (8=0.280; P=3.51 x 10" (Supplementary
Fig. 4B). If LSS expression increases, the risk of depressive
symptoms may increase. YBEY may also have a causal relationship
with the risk of depressive symptoms. A decrease in its expression
appeared to increase the risk of depressive symptoms, but its
nominal P value was slightly higher than 0.05 (8=-0.265;
P=6.99x 107?). It was estimated with 10 IVs that were selected
at the conventional cutoff (Supplementary Fig. 4C). There were not
enough variants available as IVs to test the reverse causation even
when the cutoff was 1x 107> in both genes.

Some symptoms of depression are more highly associated
with rs6945590 than others

The associations between rs6945590 or TBXAST expression and
each item were investigated. As the number of risk alleles of
rs6945590 increased, the ratios of non-zero value of 12 out of the
21 items (items 1, 2, 4, 5, 7, 8, 12, 13, 14, 15, 16, and 20)
significantly increased at an FDR of 0.05 in (Fig. 4). Among them,
items 4 (lack of satisfaction) and 16 (sleep disturbance) had the
smallest P values. TBXAST expression was significantly associated
with the items 4 and 16 at an FDR of 0.05 (Fig. 4).

Scores for each item were significantly correlated with each other
except for item 19 (weight loss). Moreover, the scores for items 9
(suicide) and 10 (cry) showed the highest correlation in both the
H-PEACE and GENIE cohorts (Supplementary Fig. 5A). We clustered
the items based on their pairwise score correlations (Supplementary
Fig. 5B). There were four clusters: cluster 1 included item 19; cluster 2
included item 6; cluster 3 included items 1, 2, 3, 9, and 10; cluster 4
included the other remaining 14 items. 10 of 12 items which had
significant association with rs6945590 were included in the cluster 4.
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GWAS:s of each cluster showed that rs6945590 was significantly
associated with the risk of depressive symptoms in only cluster 4
(P=195%x10"% OR=122; 95% CI: 1.14-1.31; Supplementary
Table 9). Moreover, there was no other significant variant in the
four clusters (Supplementary Fig. 6).

Pairwise genetic correlations between items in each cohort
were not significantly different from 0 at an FDR of 0.05 except
items 5 (quilt) and 7 (self-hate) in GENIE cohort which was not
significant in H-PEACE cohort (Supplementary Fig. 5C). Further-
more, GWASs were performed for each item using the same
procedure as above. However, there was no significant variant at
the 5 x 108 significance level (Supplementary Fig. 7).

DISCUSSION
In this study, rs6945590 was identified as a novel susceptible variant
of depressive symptoms in the Korean population (Fig. 1, Table 2). The
variant was shown to be significantly associated with the risk of
depressive symptoms or depression in three independent cohorts
consisting of Korean and one cohort consisting of East Asian. As the
number of risk alleles of rs6945590 increased, the expression level of
TBXAST decreased (Fig. 2), subsequently increasing the risk of
depressive symptoms (Fig. 3). Among symptoms of depression, lack
of satisfaction and sleep disturbance were highly associated with
rs6945590 and TBXAST (Fig. 4).

Other than rs6945590, no variants were significantly associated
with risk of depressive symptoms in our study including variants
which were shown to be in European study [5]. Although 59 out of
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102 significant variants in the European study existed in our
dataset, only 2 variants (rs113188507 and rs9592461) had the
same direction of OR with significant association with risk of
depressive symptoms at nominal P value 0.05 in our study
(Supplementary Table 10). It may implicate importance of our
study to fill missing heritability of depression.

Patients with depression have not only heterogeneous symptoms,
but also different drug responses. Only a third of the patients are
treated by the currently developed drugs that largely target the
monoamine pathway; the other half are partly cured by the drugs,
and the rest do not respond to them [41, 42]. One promising
remedy for this unmet need is to utilize the relationship between
inflammation and neuropsychiatric diseases. In recent years,
emerging evidence has shown that immune mechanisms can
contribute to depression [43, 44]. For example, higher interleukin-6
levels in blood precede depression [45, 46] and anti-inflammatory
treatments such as non-steroidal anti-inflammatory drugs (NSAIDs)
show antidepressant effects [47].

The arachidonic acid (AA) cascade is an immune response
pathway that plays a key role in many inflammatory diseases such as
asthma [48]. AA is converted to prostaglandin H2 (PGH2), catalyzed
by cyclooxygenase (COX), and subsequently to prostaglandins or
thromboxane A2 (TXA2). In the latter step, thromboxane A synthase
1, encoded by TBXAST, catalyzes the conversion of PGH2 to TXA2,
which is known as an inducer of platelet aggregation.

Considering that TXA2 activates the immune response, which
may be positively associated with the risk of depression, it appears
that the risk of depressive symptoms may decrease with the
decrease in TBXAST expression. However, in the AA to TXA2 cascade,
TXA2 itself may have a limited effect on depressive symptoms.
However, the amount of AA appears to have an important effect on
depression. Several studies have shown that the ratio of AA to long-
chain omega-3 fatty acids is elevated in depression [49, 50].
Moreover, continued use of non-aspirin NSAIDs or high-dose aspirin
(COX inhibitors that block the conversion of AA to PGH2) increases
the incidence rate of depression [51]. Moreover, aspirin aggravates
depressive symptoms [52, 53].

In addition to COX, AA is metabolized by lipoxygenases (LOXs).
LOXs catalyze the conversion of AA to leukotriene, which has
broad proinflammatory effects [54]. For example, knockdown of
the leukotriene receptor prevents depressive behavior in mice
[55]. Moreover, leukotriene receptor antagonists were reported to
be associated with sleep disorder [56, 57]. Leukotriene is mainly
synthesized by leukocytes and monoblastic lineages such as
monocytes [58]. In addition, according to the Human Protein Atlas
(https://www.proteinatlas.org/), TBXAST is more highly expressed
in monocytes than in other cell types in peripheral blood
mononuclear cells.

LDtrait showed that rs6945590 was highly correlated with the
variants that were significantly associated with the immune cell
counts in the East Asian population (Supplementary Table 3).
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r1s2269996 (chr7:139724358) was significantly associated with the
white blood cell and monocyte counts. rs7781964 (chr7:139749346)
was significantly associated with the lymphocyte count. Moreover,
studies have shown that white blood cell count and monocyte
count are positively associated with depression risk [59, 60].

Therefore, we suggest that a decrease in TBXAST expression
causes the accumulation of AA, which subsequently activates the
immune response through leukotrienes by leukocytes or mono-
cytes, and it leads to increase the risk of depressive symptoms.

However, our findings must be scrutinized by further research
because of the following limitations: First, genomic analyses were
based on imputed data. rs6945590 was an imputed variant and
not a genotyped variant; gene expression levels were predicted,
and missing values of each item were interpolated. Although our
findings should be demonstrated with complete data, such as
whole genome sequencing and mRNA sequencing, we believe
that they are not false positives because they were validated in
independent datasets. Significant associations between rs6945590
or TBXAST expression and the risk of depressive symptoms or
depression were found in at least two independent cohorts.
Second, the measures used to dichotomize participants differed
between the cohorts used in the discovery and replication stages.
Nevertheless, despite the possibility of different susceptible loci
for these measures, rs6945590 consistently showed a significant
association with depressive symptoms or depression across all
cohorts. Third, the study did not have a sufficient sample size;
therefore, we could not find the genomic loci associated with each
heterogeneous symptom of depression and other variants that
have relatively small effects on depressive symptoms in Koreans.
Moreover, we may not have enough power to estimate genetic
correlation between the symptoms. Further studies with larger
sample sizes are needed to fully understand the genetic
mechanism of depression and to determine whether TBXAST
could be used as a blood marker or target for treating depression.

In conclusion, a new causal genomic locus of depressive
symptoms was identified in the Korean population. rs6945590 and
TBXAST were significantly associated with the risk of depressive
symptoms. TBXAST might play a role in the pathogenesis of
depressive symptoms by affecting immune response. These
findings might help to find novel markers or therapeutics for
the diagnosis or treatment of depressive symptoms.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
authors upon reasonable request.
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