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Despite thousands of common genetic loci of major depression disorders (MDD) have been identified by GWAS to date, a large

proportion of genetic variation predisposing to MDD remains unaccounted for. By utilizing the newly released UK Biobank 200,643

exome dataset, we conducted an exome-wide association study to identify rare risk variants contributing to MDD. After quality

control, 120,033 participants with MDD polygenic risk scores (PRS) values were included. The individuals with lower 30% quantile of

the PRS value were filtered for case and control selecting. Then the cases were set as the individuals with upper 10% quantile of the

PHQ depression score and lower 10% quantile were set as controls. Finally, 1612 cases and 1612 controls were included in this

study. The variants were annotated by ANNOVRA software. After exclusions, 34,761 qualifying variants, including 148 frameshift

variant, 335 non-frameshift variant, 33,758 nonsynonymous, 91 start-loss, 393 stop-gain, 36 stop-loss variants were imported into

the SKAT R-package to perform single variants, gene-based burden and robust burden tests with minor allele frequency (MAF) <

0.01. Single variant association testing identified one variant, rs4057749 (P= 5.39 × 10−9), within OR8B4 gene at an exome-wide

significance level. The gene-based burden test of the exonic variants identified genome-wide significant associations in OR8B4

(PSKAT= 6.23 × 10−5, PSKAT Robust= 4.49 × 10−5), TRAPPC11 (PSKAT= 0.014, PSKAT Robust= 0.015), SBK3 (PSKAT= 0.020, PSKAT Robust= 0.025)

and TNRC6B (PSKAT= 0.026, PSKAT Robust= 0.036). We identified multiple novel rare risk variants contributing to MDD in the

individuals with lower PRS of MDD. The findings can help to broaden the genetic insights of the MDD pathogenesis.
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INTRODUCTION
The burden of major depressive disorder (MDD) continues to grow
with significant impacts on health and major social, human rights
and economic consequences in all countries of the world.
According to the report of The Global Burden of Diseases (GBD),
Injuries, and Risk Factors Study 2017, the estimated prevalence is
163 million for MDD [1]. Moreover, the psychiatric disorders have
consistently formed more than 14% of age-standardized years
lived with disability (YLDs) for nearly three decades, and have
greater than 10% prevalence in all 21 GBD regions [1]. MDD often
cause severe damage on patients’ lives, such as low level of
education, marital instability, occupational status, as well as high
social costs. With the increasing disease burden of MDD, its
prevention and treatment have become an urgent public health
issue.
Previous studies have demonstrated that genetic factors play an

indispensable role in the development and progression of MDD.
Family and twin studies find that the heritability of major
depression is likely to be in the range of 31–42%, and the level
of heritability is likely to be substantially higher for clinical
diagnosed MDD or for subtypes such as recurrent MDD [2]. MDD is
a polygenic trait affected by many genetic variants, each with a
small effect [3]. While recent genome-wide association studies

(GWAS) have discovered multiple loci in the genome linked to
depression [4, 5]. There are no conclusive effects of candidate
gene on depression, either alone or in combination with life stress
[6]. In addition, much of its genetic architecture is still unknown
and few rare variants have been detected thus far.
Over the last decade, GWAS has been broadly applied in

identifying genetic variants associated with complex traits and
diseases, but those results accounted for a limited proportion of
disease variability in the population [7, 8]. Furthermore, GWAS risk
variants were mostly enriched in non-coding regulatory regions
that affected gene expression [9]. The discovery of rare variants in
genomic studies, especially the protein coding regions of the
genome, is a more attractive and less expensive strategy for
identifying rare variants of large effect on disease. For example, a
whole exome sequencing study identifies novel rare and common
Alzheimer’s-Associated variants, which involved in immune
response and transcriptional regulation [10]. Turcot et al. per-
formed an exome-wide search for low frequency (MAF= 1–5%)
and rare (MAF < 1%) single-nucleotide variants (SNVs) associated
with BMI [11]. However, pinpointing the causal genes and rare
variants of MDD remains a major challenge.
The genetic susceptibility of any disease may be caused by

many common small effect genetic variants, which are captured
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by polygenic risk scores (PRS), or rare variants of large effect, or a
combination of the two [12]. It has been reported by a recent
study that individuals with a disease but with low polygenic
predisposition may be more likely to harbor a rare genetic variant
of large effect [12]. Further, rare genetic variants are not generally
captured in PRS and are generally not in linkage disequilibrium
(LD) with common variants [13]. According to Zhou et al., GWAS-
derived polygenic burden may be used for well-powered rare
pathogenic variant discovery or as a sample prioritization tool for
whole genome or exome sequencing [14]. In this study, by
utilizing the large-scale exome cohort study of UK Biobank, we
derived PRS of MDD, and identified pathogenic rare variant for
MDD. We aimed to identify rare pathogenic variants in individuals
with MDD but with low PRS score.

MATERIALS AND METHODS
UK Biobank cohort
We used the UK Biobank dataset, one of the largest health cohort study
data, in this study. During 2006~2010, the UK Biobank recruited more than
500,000 participants aged between 40 and 69 years based on multiple
assessment centers located in the UK, and collected a wide range of
phenotypes and biological samples. UK Biobank had obtained ethics
approval from the North West Multi-center Research Ethics Committee,
which covers the UK (approval number: 11/NW/0382) and had obtained
informed consent from all participants. This research has been conducted
using the UK Biobank Resource under Application Number 46478. The
authors thank all UK Biobank participants and researchers who contributed
or collected data.

UK Biobank genotyping
The UK Biobank conducted high-quality genome-wide genotyping and
genotype imputation to the reference panel from the Haplotype Reference
Consortium [15]. Briefly, DNA samples of all participants in the UK Biobank
were genotyped using either the Affymetrix UK BiLEVE (807,411 markers)
or Affymetrix UK Biobank Axiom (825,927 markers) array [15]. SNPs were
imputed by IMPUTE2 against the reference panel of the Haplotype
Reference Consortium, 1000 Genomes and UK10K projects. Full details
regarding these data are available elsewhere [15].

UK Biobank exome-sequencing, genotype-calling and data
processing
The UK Biobank exome dataset was downloaded for 200,643 subjects who
had undergone exome-sequencing and genotype-calling by the UK
Biobank Exome Sequencing Consortium using the GRCh38 assembly with
coverage 20X at 95.6% of sites on average [16]. Briefly, exomes were
captured using the IDT xGen Exome Research Panel v1.0 including
supplemental probes. The OQFE pipeline was used to map raw reads
(FASTQ) with BWA-MEM to the GRCh38 reference in a deterministic
manner, retaining all supplementary alignments [16]. The OQFE CRAMs
were then called for small variants with DeepVariant [17] to generate per-
sample gVCFs. These gVCFs were aggregated and joint-genotyped with
GLnexus to create a single multi-sample VCF (pVCF) for all UKB
200,643 samples. PLINK files were derived directly from this pVCF. We
utilized the OQFE version of the UKB PLINK-formatted exome files (field
23155) in the subsequent analysis.

MDD cases definition
According to previous study, individuals with a disease but with low
polygenic predisposition may be more likely to harbor a rare genetic
variant of large effect [12]. The MDD cases in this study were defined as
individuals with lower polygenic risk scores (PRS) of MDD but with a higher
depression score. The individuals with lower polygenic risk scores (PRS) of
MDD and lower depression score were set as controls. Briefly, depression
score were defined according to patient health questionnaire (PHQ)−9
[18]. PHQ-9 is a total score (0–27) classification algorithm for screening and
measuring depression severity, focusing on nine depressive symptoms and
signs [18]. The depression score was adjusted by sex, age, and ten principal
components of population structure. The MDD PRS of each individuals was
calculated from the SNP genotype data for each UK Biobank subject
according to the standard approach used by previous studies [19]. Briefly, a

total of 21,510 SNPs were first obtained from the Polygenic Score (PGS)
Catalog (PGS000145, https://www.pgscatalog.org/) [20], which were
identified by a recent large GWAS of MDD [21]. Let PRSn denotes the
PRS value of MDD for the nth subject, defined as PRSn ¼

Pl
i¼1 βiSNPin. βi is

the effect parameter of risk allele of the ith SNP associated with MDD,
which was obtained from the published study [21]. l donates the total
number of genetic markers. SNPin is the dosage (0, 1, 2) of the risk allele of
the ith SNP for the ith study subject. PLINK 2.0 software was used to
perform the PRS calculation (http://www.cog-genomics.org/plink/2.0/) [22].
The participants who reported inconsistencies between self-reported
gender and genetic gender, without ethic consents and imputation data
and genetically related individuals were removed. After quality control,
120,033 participants with MDD PRS values were included. According to a
recent study, the estimated power of sampling for apply collapsing tests or
variance component score tests, such as the SKAT test was approximately
0.8 when n= 3000~4000 [23]. Therefore, the individuals with lower 30%
quantile of the PRS value were filtered for case and control select. Then the
cases were set as individuals with upper 10% quantile of the PHQ
depression score and lower 10% quantile were set as controls. Finally, 1612
cases and 1612 controls were selected, respectively.

Variant filtering and annotation
The SNVs with MAF > 0.01, missing call rates <0.1 among all variants and
samples were excluded from the subsequent analysis. All variants were
annotated using the standard software packages ANNOVAR on human
genome hg38 [24]. The most common method to group rare variants
together in population-based genetic analyses is at the level of the gene,
usually via a collapsing test [25]. For exome sequencing data, a natural unit
for collapsing genetic variants is gene, and collapsing rare variants can
increase the power of identifying disease-associated genes [26]. Burden
tests assume all rare variants in the target gene have effects on the
phenotype in the same direction and of similar magnitude [27]. If a large
proportion of the rare variants in a region are truly causal and influence the
phenotype in the same direction, then burden tests can have higher power
[27]. All non-benign coding variants including frameshift variant, non-
frameshift variant, nonsynonymous, start-loss, stop-gain and stop-loss
were included in the gene-based burden test.

Single-variant and gene-based association analyses
The exome binary PLINK files were imported into the SKAT R-package to
perform single variant test and gene-based burden test. For single rare
variant association analysis, we used the SKATBinary_Single option, which
computes p-values of single variant test using the firth and efficient
resampling methods [28]. Gene-based tests examine the aggregate effect
of variants within a region defined by gene annotations. The gene-based
burden and robust test were conducted with the “SKATBinary.SSD.All” and
“SKATBinary_Robust.SSD.All” option [29, 30]. We performed gene-based
burden SKAT testing for genes with at least two qualifying variants
contributing to the test. The minimum number of aggregated alleles (i.e.,
cumulative minor allele counts or cMAC) for a gene-based test was set at
ten which has been adopted by previous study [10]. A conservative
Bonferroni correction was set for the total number of tests done for the
single variants and genes analyzed in this study. Only genes with at least
two variants were retained and corrected for multiple testing by using
Bonferroni correction. Sex, age, ever smoke, alcohol ever, TownSendIndex
were used as covariates in the SKAT analysis. Bonferroni adjusted P-value
was used to define statistical significance (P Bonferroni adjust < 0.05).

RESULTS
General population characteristics
After quality control, a total of 1612 cases (60% female; mean age,
55.01 years) and 1612 controls (76% female; mean age, 48.41
years) were included in this study, respectively. The detailed
characteristics of those individuals included in the current study
are presented in Table 1. The basic characteristics of the
individuals included for PRS analysis were summarized in
Supplementary Table 1.

Distribution of identified variants
After exclusions, 64,901 variants with MAF < 0.01 were annotated,
including 148 frameshift variant, 335 non-frameshift variant,
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33,758 nonsynonymous, 91 start-loss, 393 stop-gain, 36 stop-loss,
29,772 synonymous, and 368 unknown variants. The benign
coding variants including 29,772 synonymous and 368 unknown
variants were excluded thus leaving 34,761 qualifying variants in
the subsequent single rare variants and gene-based burden test.
The distribution of the included variants was presented in
Supplementary Fig. 1.

Single-variants test result
We performed single variant analyses for the 34,761 variants with
MAF ≤ 0.01 and a combined minor allele count of at least ten
copies across all participants. Single variant association testing
identified one variant, rs4057749 (P= 5.39 × 10−9), within OR8B4
gene at an exome-wide significance level (P < 1.44 × 10−6) (Fig. 1).

Gene-based burden test result
Gene-based analysis of 34,761 qualifying non-begin variants
with MAF≤ 0.01 map to 2698 genes with at least two variants and
cMAC>10. The gene-based burden and robust test of the exonic
variants identified genome-wide significant associations in OR8B4
(PSKAT Bonferroni adjust= 6.23 × 10–5, PSKAT Robust Bonferroni adjust= 4.49 ×
10−5), TRAPPC11 (PSKAT Bonferroni adjust= 0.014, PSKAT Robust Bonferroni adjust=

0.015), SBK3 (PSKAT Bonferroni adjust= 0.020, PSKAT Robust Bonferroni adjust= 0.025),
and TNRC6B (PSKAT Bonferroni adjust= 0.026, PSKAT Robust Bonferroni adjust=

0.036). The detailed description of the significant genes was
presented in Table 2 and Fig. 2. In addition, we have searched
those genes for evidence involving brain development, neurolo-
gical, psychiatric, cognitive, and behavioral traits from the
published literature and added the relevant references in Table 2.

DISCUSSION
In this study, in order to identify rare pathogenic variants in
individuals with MDD but with lower PRS score and increase our
knowledge and understanding of the genetics of MDD, we

conducted single variants and gene-based exome-wide associa-
tion study by utilizing the large-scale exome cohort study of UK
Biobank. We identified one single variant and four new candidate
genes for MDD in the individuals with low MDD PRS. Trinucleotide
Repeat Containing 6B (TNRC6B) is a protein coding gene that
belongs to the GW182 family of proteins, which are necessary for
micro-RNA gene silencing in animal cells [31]. Previous study have
demonstrated that these proteins could control circadian behavior
in Drosophila [32] and bound to known circadian transcription
factors in mouse liver [33]. TNRC6B heterozygous truncating
variants have been reported in three patients from large cohorts
of subjects with autism [34, 35]. In a clinical and molecular
characterization study performed on 17 patients with TNRC6B
variants, Granadillo et al. reported pathogenic variants in TNRC6B
could cause a genetic disorder which characterized by develop-
mental delay/intellectual disability and a spectrum of neurobeha-
vioral phenotypes including autism and attention deficit and
hyperactivity disorder [36]. Seven of the patients also have other
behavioral abnormalities, such as anxiety, depression, aggressive-
ness and impulsivity [36]. Ackerman et al. have found that two
individuals, one exposed to antidepressants in utero and one not,
had a TNRC6B likely gene-disrupting mutation [37]. TNRC6B was
found to be a candidate gene identified by this study which have
been reported to be associated neurobehavioral phenotypes by
previous study. Further mechanism-based studies are warranted
to explore its underlying role in MDD.
OR8B4 belongs to olfactory receptor gene family which interact

with odorant molecules in the nose to initiate a neuronal response
that triggers the perception of a smell [38]. TRAPPC11 variants
have been associated with movement disorder and neurological
abnormalities including cerebral atrophy, ataxia and intellectual
disability and several cases were reported with seizures [39–41]. A
genome-wide association study showed that SBK3 is associated
with other psychiatric, cognitive and behavioral traits after
genome-wide correction [42]. According to those studies, the

Fig. 1 Manhattan plots of the exome-wide association results for single rare variants test. *Manhattan plot showing the exome-wide
association results for single variants. The plot shows the p-values against their genomic position for association with depression. Each point
represents a p-value from SKAT single rare variants (MAF < 0.01). Only variants with a combined minor allele count of >10 were included.

Table 1. Basic characteristics of individuals included in this study.

N Sex (female) Age ± SD Depression score ± SD

Total 3224 2,186 (67.80%) 51.71 ± 7.41 2.26 ± 6.23

Case 1612 966 (59.93%) 55.01 ± 8.03 7.84 ± 3.89

Control 1612 1220 (75.68%) 48.41 ± 4.85 −3.33 ± 0.30
astandard deviation SD.
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genes identified in this study were functionally related to
neurological, psychiatric, cognitive and behavioral traits. Further
studies are warranted to explore their potential roles in the
development of MDD.
In most cases, the rare causal variants do not explain the

association signals that were previously identified by GWAS with
common and predominantly non-functional variants [13]. There
are some strategies to further study the genes identified in current
study. Firstly, study designs exploiting unique characteristics of
different populations by other deep sequencing approaches (e.g.,
whole genome, target gene resequencing) would boost the power
of association studies of rare variants identified in current study.
Secondly, our findings provided novel clues into disease mechan-
isms and targets of biological experiments to gain understanding
about the role of the identified genes in MDD pathogenesis.
Further cellular and animal experimental studies (e.g., knocking
out) will be needed to identify causal variations which account for
contribution of structural variants (e.g., larger insertions and
deletions, copy number variants, etc.) to MDD risk.
There are some advantages of the current study. Firstly, based

on the “common disease-common variant” hypothesis, thousands
of genetic loci of MDD have been identified by GWAS to date.
However, the common variants identified by GWASs is limited for
its effect in explaining the corresponding disease heritability [43].
Whole genome exome sequencing technology enable focused
explorations on the contribution of low frequency and rare
variants to human traits. According to a recent study, individuals
with common diseases but with a low polygenic risk score could
be prioritized for rare variant screening [12]. In this study, the
individuals with lower polygenic risk scores (PRS) of MDD, which
was computed from the common variants identified by GWAS, but
higher depression score were set as cases to identify novel rare
genetic basis of MDD. The selected cases are more likely to carry
pathogenic rare variants for MDD, which may help to improve
clinical care by tailoring diagnostic and/or treatment strategies.
Secondly, according to previous studies, the strategy to increase
efficiency in GWAS or exome-wide association study is to
sequence individuals who are at both ends of a phenotype
distribution (those with extreme phenotypes) [44, 45]. This study
was conducted using an extreme phenotype design in which
exome-wide association study was carried out on patients with
upper and lower 10% MDD scores to further enrich pathogenic
rare variants, which may increase the statistic efficiency. The
findings can help to broaden the genetic insights of the MDD
pathogenesis. Two limitations of this study should be noted.
Firstly, all subjects included in this study are from European
ancestry. Therefore, it should be careful to apply our study results
to other ethnic groups. Secondly, the GWAS used for computing
PRS in our study defined MDD by using different tools or methods,
including ‘minimal’ and ‘strictly’ definition. We used depression
score which were derived according to (PHQ)−9 from self-
reported results to define MDD cases in the subsequent exome-
wide association study as phenotype, which may increase the
possibility of measurement error and recall bias.
In summary, by utilizing the large-scale exome cohort study of

UK Biobank, we derived PRS of MDD, and identified pathogenic
rare variant for MDD. The single variant and genes identified in
this study were related to neurological, psychiatric, cognitive and
behavioral traits. We hope that our findings will provide novel
insights into the future etiology study of MDD and serve as a
fundamental resource for understanding the role of rare variants
on the development of MDD. With the continuous decrease of
sequencing cost and a growing effort to build large biobanks and
cohorts, rare variant association analysis will be increasingly
applied to complex traits and diseases. By exploring rare
pathogenic variants in the individuals with depression but with
low polygenic risk scores (PRS) by using the large cohorts of UK
Biobank with sufficient sample size, we attempt to identify novelTa
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rare risk variants contributing to MDD, and hopefully providing
novel clues for broadening the genetic structure of MDD that is
difficult to be captured by common variants identified by
previous GWAS.

DATA AVAILABILITY
The UK Biobank data are available through the UK Biobank Access Management

System https://www.ukbiobank.ac.uk/. We will return the derived data fields

following UK Biobank policy; in due course, they will be available through the UK

Biobank Access Management System.
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All scripts used to generate the SKAT analyses are available from the authors upon

request.
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