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Independent replications and integrative analyses confirm
TRANK1 as a susceptibility gene for bipolar disorder
Wenqiang Li 1,2, Xin Cai3,4, Hui-Juan Li3,4, Meng Song1,2, Chu-Yi Zhang3,4, Yongfeng Yang1,2, Luwen Zhang1,2, Lijuan Zhao3,4,
Weipeng Liu3,4, Lu Wang3,4, Minglong Shao1,2, Yan Zhang1,2, Chen Zhang5, Jun Cai5, Dong-Sheng Zhou6, Xingxing Li6, Li Hui 7,
Qiu-Fang Jia7, Na Qu8,9, Bao-Liang Zhong 8,9, Shu-Fang Zhang8,9, Jing Chen8,9, Bin Xia8,9, Yi Li8,9, Xueqin Song10, Weixing Fan11,
Wei Tang12, Wenxin Tang13, Jinsong Tang14,15, Xiaogang Chen16,17,18,19,20,21, Weihua Yue 22,23,24, Dai Zhang22,23,24, Yiru Fang 5,
Xiao Xiao 3, Ming Li 3,4,25, Luxian Lv1,2,26 and Hong Chang3

Genetic analyses for bipolar disorder (BD) have achieved prominent success in Europeans in recent years, whereas its genetic basis
in other populations remains relatively less understood. We herein report that the leading risk locus for BD in European genome-
wide association studies (GWAS), the single-nucleotide polymorphism (SNP) rs9834970 near TRANK1 at 3p22 region, is also
genome-wide significantly associated with BD in a meta-analysis of four independent East Asian samples including 5748 cases and
65,361 controls (p= 2.27 × 10−8, odds ratio= 1.136). Expression quantitative trait loci (eQTL) analyses and summary data-based
Mendelian randomization (SMR) analyses in multiple human brain samples suggest that lower TRANK1 mRNA expression is a
principal BD risk factor explaining its genetic risk signals at 3p22. We also identified another SNP rs4789 in the 3′ untranslated
region (3′UTR) of TRANK1 showing stronger eQTL associations as well as genome-wide significant association with BD. Despite the
relatively unclear neuronal function of TRANK1, our mRNA expression analyses in the human brains and in rat primary cortical
neurons reveal that genes highly correlated with TRANK1 are significantly enriched in the biological processes related to dendritic
spine, synaptic plasticity, axon guidance and circadian entrainment, and are also more likely to exhibit strong associations in
psychiatric GWAS (e.g., the CACNA1C gene). Overall, our results support that TRANK1 is a potential BD risk gene. Further studies
elucidating its roles in this illness are needed.

Neuropsychopharmacology (2021) 46:1103–1112; https://doi.org/10.1038/s41386-020-00788-4

INTRODUCTION
Bipolar disorder (BD) is a highly heritable neuropsychiatric
disorder [1–3]. Genome-wide association studies (GWAS) in
populations of European origins have identified numerous BD-
associated genomic loci spanning CACNA1C, TRANK1, FADS1,
MAD1L1, ANK3, NCAN, etc. [4–10]. Thanks to the currently available
data of large BD case–control studies, we and others have
confirmed single-nucleotide polymorphisms (SNPs) spanning

FADS1, MAD1L1, and NCAN to be associated with BD in East
Asians [11–13], suggesting the existence of shared genetic risk
factors of BD between continental populations, and additional risk
loci in East Asians are yet to be identified in larger samples.
Among the BD risk genes, TRANK1 has caught worldwide

attention. An SNP rs9834970 downstream of TRANK1 showed
genome-wide significant associations with BD in several GWAS of
partially overlapped European cohorts [6–8, 14]. More recently, the
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Psychiatric Genomics Consortium (PGC2) performed a meta-
analysis of multiple GWAS datasets including 20,352 BD patients
and 31,358 controls from European populations, followed by
replication analyses in an additional cohort of 9412 cases and
137,760 controls [4]. This PGC2 GWAS yielded 30 loci showing
genome-wide associations with BD, and rs9834970 exhibited the
strongest association signal [4]. While cumulative evidence
suggests that rs9834970 is likely an authentic risk variation for
BD, this contention is more persuasive in European populations.
Whether this SNP confers genetic risk of BD in other ethnic
populations and the potential mechanisms by which it partici-
pates in the illness remain undetermined.
In this study, we have replicated the association between

rs9834970 and BD in 1784 patients and 2474 control subjects from
Mainland China (p= 0.00218, odds ratio (OR)= 1.149 for C-allele).
We then retrieved the statistical data from an independent Han
Chinese BD sample [7, 15] and two Japanese BD samples [11] to
perform a meta-analysis combining all these East Asian subjects (a
total of 5748 cases and 65,361 controls) and observed a genome-
wide significant association between rs9834970 and BD (p=
2.27 × 10−8, OR= 1.136 for C-allele). The rs9834970 risk C-allele
indicated a lower level of TRANK1 mRNA in independent brain
samples, which is in line with a recent study using human induced
pluripotent stem cell (hiPSC)-derived neural cells [16]. Our results
provide further evidence supporting TRANK1 as a lead risk gene
for BD, and further studies elucidating the pathophysiological
mechanisms mediated by this locus are therefore needed.

MATERIALS AND METHODS
The study protocol was approved by the ethics committee of the
Second Affiliated Hospital of Xinxiang Medical University and the
ethics committees of all participating hospitals and institutes. All
participants provided written informed consents before any study-
related procedures were performed.

Primary BD case–control sample
A total of 1784 BD cases and 2474 controls of Han Chinese origin
were recruited from either mental health centers or psychiatric
departments in general hospitals across cities of multiple
provinces (i.e., Shanghai, Jiangsu, Zhejiang, Henan, and Hubei) in
Mainland China. Part of the samples has been reported previously
[12, 13, 17]. Each patient was independently interviewed and
diagnosed as having BD by two research psychiatrists via an
Extensive Clinical Interview and a Structured Clinical Interview for
DSM-IV Axis/Disorders, Patient Version. Cases with pre-existing
history of schizophrenia, mental retardation, and/or drug/alcohol
addiction were excluded. Approximately 72% of the participating
BD patients were affected by bipolar I, and 28% were bipolar II.
Controls were local healthy volunteers with no current serious
illnesses or disabilities or any personal or family history (including
first-, second-, and third-degree relatives) of major psychiatric or
neurological disorders (BD, depression, schizophrenia, attention
deficit hyperactivity disorder, and mental retardation) based on
self-report data. In the cases, 43% were males and 57% were
females, whereas in the controls, 49% were males and 51% were
females. The mean age was 37.9 ± 15.4 years for cases and 35.3 ±
12.6 years for controls at the time of sample collection. Individuals
included in the current study have not enrolled in any previously
published BD GWAS of Han Chinese origin [15]. Genomic DNA of
the cases and controls were isolated from the peripheral blood
using high-salt extraction method. The DNA samples were
randomly distributed in 96-well plates and genotyped using
SNaPShot following a previous study [17]. All assays were
performed blind to diagnosis or genotype. The genotyping results
of Sanger sequencing (2 SNPs in 50 randomly selected samples,
performed using an ABI 3130 automatic sequencer, Applied
Biosystems) and SNaPShot assays reached 100% concordance.

Statistical analysis and population stratification analysis
Hardy–Weinberg equilibrium test was performed for the cases and
controls using Pearson χ2 test with one degree of freedom.
Additive logistic regression analyses between SNPs and BD,
covaring sex, and three principal components (PCs) were
conducted to calculate p values, ORs, and 95% confidence
intervals using PLINK v1.9 [18]. To avoid false positive and/or
negative association signals caused by potential population
stratification, we performed principal components analysis (PCA)
for the genotype data of >300 random SNPs using the
EIGENSTRAT software [19]. We also obtained data of these SNPs
from distinct populations in 1000 Genomes Project and found that
these SNPs were sufficient for differentiating samples by ethnicity
(Fig. S1) [20].

Meta-analysis of independent BD datasets
To perform a meta-analysis of the available BD GWAS, we
retrieved the statistics of candidate SNPs from two BD GWAS in
East Asian populations [11, 15]. The East Asian BD GWAS were,
respectively, conducted in an independent Han Chinese sample
(1000 cases and 1000 controls) [7, 15] and two different Japanese
samples (Ikeda 01: 1545 cases and 7408 controls; Ikeda 02: 1419
cases and 54,479 controls) [11]. Data of the European PGC2 GWAS
was pooled with the above datasets for trans-ethnic meta-
analyses [4]. The values of OR and standard error (SE) of each
dataset were retrieved, and the classical inverse variance weighted
methods were utilized under the fixed-effect model.

Expression quantitative trait loci (eQTL) analyses in public brain
datasets
To identify whether the BD risk SNPs affected gene expression in
the human brains, we utilized three public datasets containing
genome-wide SNP genotype data and polyA+ RNA-seq data of
human brains: (1) CommonMind (n= 467, dorsolateral prefron-
tal cortex (DLPFC)) [21], (2) Brain xQTL (n= 494, DLPFC) [22], and
(3) Genotype-Tissue Expression project (GTEx, n= 205, brain
cortex) [23].
We retrieved the gene-level eQTL results adjusted with

surrogate variable (SV) analysis from 467 European individuals
included in the CommonMind dataset (https://www.synapse.org/
#!Synapse:syn2759792/wiki/69613) established by the Common-
Mind Consortium [21]. The RNA-seq data were adjusted for
diagnosis, institution, sex, disease onset age, PMI, RNA integrity
number (RIN), RIN2, clustered LIB, and 20 SVs. The eQTL was
calculated according to the formula: adjusted gene expression ~
SNP dosage+ ancestry vectors+ diagnosis. Detailed information
can be found in the original study [21].
The Brain xQTL Serve (http://mostafavilab.stat.ubc.ca/

xQTLServe/) contains data obtained from the postmortem DLPFC
tissues. The authors employed Spearman’s rank correlation to
estimate the association between each SNP and mRNA levels of
genes after removing known and hidden confounding factors in
494 individuals. Detailed information can be found in the original
publication [22].
From the GTEx dataset (https://www.gtexportal.org/, 2017-06-

05_v8), we retrieved the eQTL summary results of cortex tissues
from 205 unaffected controls. For eQTL analysis, linear regression
was conducted between SNPs and normalized expression
matrices, covaring top five genotyping PCs, gender, genotyping
platforms, and other covariates identified by the probabilistic
estimation of expression residuals method [24]. Detailed informa-
tion can be found in the original report [23].

Summary data-based Mendelian randomization (SMR) integrative
analyses
Previous studies have described the SMR analysis as an effective
approach in identifying susceptibility genes for complex diseases.
SMR analysis integrates the summary-level statistics from trait
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GWAS and eQTL datasets to test whether effect sizes of certain
SNPs on a given phenotype is attributed to gene expression [25].
The current study utilized the multi-SNP-based SMR, which
considers multiple SNPs at a cis-eQTL locus to avoid the potential
bias caused by analyzing only a single SNP [26, 27]. SNPs and
genes in the major histocompatibility complex extended region
(chr6:26M-34M, hg19) were not included in the SMR analyses due
to their extreme complexity. In the present SMR analysis, the
threshold of eQTL p value was set to be 1.00 × 10−5, genome-wide
statistics of PGC2 BD GWAS was applied [4], and genes showing
strong heterogeneity (PHEIDI < 0.01) in SMR were removed from
further analyses.

Replication of eQTL associations in Chinese brain samples
Amygdala tissues of 65 non-psychiatric individuals were obtained
from the Chinese Brain Bank Center. The tissue collection was
conducted through the human body donation program organized
and implemented by the Wuhan Red Cross Society. Permissions
were obtained from the donors themselves or from their relatives
for brain autopsy and use of the brain tissues in research. Further
details regarding the donor, collection and storage procedures,
and relevant ethnical approval have been described in a previous
study [28]. RNA extraction, cDNA synthesis, and quantitative real-
time PCR (RT-qPCR) were performed as previously described
[12, 29–31]. The primers used for amplifying the housekeeping
gene RPS13 were 5′-CCCCACTTGGTTGAAGTTGA-3′ (forward) and
5′-CTTGTGCAACACCATGTGAA-3′ (reverse) and primers for TRANK1
were 5′-TGATGAAAACAGAGACCCGCT-3′ (forward) and 5′-CTG
CTTTCCACATTTCCGAGA-3′ (reverse). The relative gene expression
levels were presented as the means of −ΔCt for statistical analysis
against genotypic groups, and the p values were calculated using
one-way analysis of variance covaring for sex, age, and RIN.

Correlation analysis in public human brain RNA-seq datasets
We downloaded the RNA-seq bam files (aligned to hg19) of non-
psychiatric controls in BrainGVEX and CommonMind datasets from
PsychENCODE website (https://www.synapse.org/#!Synapse:
syn4921369) [21, 32]. The quantification of reads counts and
gene expression were described in the previous study [27]. We
excluded any genes with the average transcripts per million reads
(TPM) < 2. For each gene, their TPM expression levels were log2
transformed and then underwent the Pearson’s analysis to
estimate their correlation with TRANK1.

Trank1 short hairpin RNA (shRNA) constructs
The lentiviral vector pSicoR-Ef1a-mCh-Puro was used for knocking
down the expression of Trank1 in rat neurons. Vectors containing
two gene-specific shRNA sequences designed for rat Trank1 gene
were constructed and verified through Sanger sequencing. The
targeting sequences were Trank1-shRNA#1, 5′-GCGGCAGAATTGC
TCAACA-3′; Trank1-shRNA#2, 5′-CACATTGATGCACCTCCTC-3′. The
control shRNA sequence was: 5′-GATTTGCTGTTCGCCCAAG-3′.

Animals
Wild-type Sprague Dawley rats were purchased from Chengdu
Dossy Experimental Animals CO., LTD (http://m.cd-dossy.cn/) and
then bred in house. They were allowed free access to food and
water on a 12 h light/dark cycle (lights on at 08:00 hours, lights off
at 20:00 hours) with temperature (22 °C) and humidity (50–60%)
controlled. All experiments were performed following the guide-
lines for ethical conduct in the care and use of animals (National
Advisory Committee For Laboratory Animal Research).

Rat cortical neuronal cultures
Pregnant Sprague Dawley rats (E18/19) were euthanized using a
CO2 chamber. Dissociated cortical neurons were prepared from
the embryos following previous studies [33, 34]. In brief, cortices
were dissected, trypsinized, and gently triturated into single-cell

suspension. Neurons in this suspension were then counted and
seeded at a density of 1 × 106 viable cells/well in 6-well culture
plates previously coated with poly-D-lysine (10 μgml−1) for at
least 12 h at 37 °C. Cultures were maintained at 37 °C with 5% CO2,
supplemented with Neurobasal medium with 2% B27 (Invitrogen)
and 2.0 mM glutamax.

RNA-seq and differential expression analysis in rat neurons
Lentiviruses of pSicoR-Ef1a-mCh-Puro vector carrying Trank1-
shRNA#1, Trank1-shRNA#2, or the empty vector were generated
according to the manufacturer’s protocol. Rat neurons were
infected at 14–15 days in vitro with Trank1-shRNAs or control
shRNA. Neurons were harvested for RNA extraction and RNA-seq
analysis 72 h post viral infection. Except for different reference
genome used (GRCh38 for human was replaced by Rn6 for rat),
the preprocessing, alignment, and quantification of RNA-seq data
were conducted as previously described [29]. The raw RNA-Seq
data in Trank1 knockdown rat neurons has been deposited in the
Gene Expression Omnibus repository (accession number
GSE153638). For differential expression analysis, DESeq2 [35] was
used to analyze the expression differences between groups and to
estimate size factors. Genes with the average fragments per
kilobase million reads <1 in rat neurons were excluded from
further analyses. Significantly differentially expressed genes
(DEGs) were identified when false discovery rate (FDR)-corrected
p value was <0.1.

Protein–protein interaction (PPI), Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway, and Gene Ontology (GO) term analysis
Physical PPIs among genes of interest were constructed using the
STRING database (version 11.0) [36] and CytoScape [37]. For
pathway analysis, we performed functional annotation analyses
(with KEGG pathway annotation and GO annotation) using R
package clusterProfiler [38] to investigate whether the candidate
genes were enriched in specific functional categories. Significantly
enriched KEGG pathways and GO terms were identified when
FDR-corrected p value was <0.05.

RESULTS
Rs9834970 is genome-wide significantly associated with BD in East
Asian populations
In our primary Han Chinese sample including 1784 BD cases and
2474 controls, rs9834970 was in Hardy–Weinberg equilibrium
(Table S1), and its putative BD risk C-allele was overrepresented in
patients compared with controls (p= 0.00218, OR= 1.149, Table
S2). Through PCA, we confirmed that no obvious population
stratification existed between our BD cases and controls (Fig. S1),
suggesting that the observation was unlikely a false-positive signal
caused by population stratification. We then retrieved the
statistics of rs9834970 from an independent Han Chinese sample
(1000 cases and 1000 controls) in a previous study [15] to validate
our finding and found that the C-allele of rs9834970 was also
associated with increased risk of BD (p= 0.0130, OR= 1.174, Table
S2). It should be noted that there was no overlap between our
primary BD case–control sample and this Chinese GWAS sample
[15], as our primary Chinese sample was collected from Mainland
China while subjects recruited for their study were not. The meta-
analysis using two independent Han Chinese BD samples
observed a stronger association (p= 8.15 ⨯ 10−5, OR= 1.158).
As mentioned earlier, a recent Japanese GWAS has also

reported association between rs9834970 and BD in two indepen-
dent samples (Ikeda 01: p= 9.41 × 10−4, OR= 1.150 in 1545 cases
and 7408 controls; Ikeda 02, p= 0.0202, OR= 1.100 in 1419 cases
and 54,479 controls; Table S2) [11]. The authors of these previous
GWAS studies also demonstrated negligible population stratifica-
tion in their samples [11, 15]. When all these East Asian samples (a
total of 5748 cases and 65,361 controls) were pooled for a meta-
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analysis, rs9834970 was genome-wide significantly associated
with BD (p= 2.27 × 10−8, OR= 1.136, Table S2). The sample size
for our meta-analysis is comparable to other large-scale associa-
tion studies in BD and psychiatric disorders [5–9], and it is
reasonable to conclude that rs9834970 likely confers robust
genetic risk of BD in East Asians. Given that rs9834970 has been
initially discovered as a genome-wide significant marker for BD in
populations of European ancestry (p= 5.72 × 10−12, OR= 1.080 in
29,764 cases and 169,118 controls) [4], we examined its linkage
disequilibrium (LD) SNPs in Europeans and East Asians in the 1000
Genomes Project [20] and found that the LD patterns of this
genomic area were similar between the two populations (Fig. S2).
A subsequent meta-analysis of data from multiple ethnic
populations was performed (including a total of 35,512 cases
and 234,479 controls), and the association significance was further
strengthened (p= 4.72 × 10−18, OR= 1.091, Table S2 and Fig. 1a).

Rs9834970 is associated with mRNA expression of TRANK1 and
additional genes at 3p22 in public brain eQTL datasets
Accumulating studies suggest that GWAS risk loci of complex
diseases tend to affect mRNA expression of nearby genes in
relevant tissues and thereby contribute to the illnesses [39, 40]; we
thus speculated that rs9834970 and its LD-linked SNPs might be
associated with mRNA expression of neighboring genes at 3p22 in
the brain. Through a quick exploration in the CommonMind
DLPFC eQTL dataset (N= 467) [21], we found that rs9834970 was
significantly associated with mRNA expression of TRANK1 (PeQTL=
2.84 × 10−6, Fig. 2a and Table S3), LRRFIP2 (PeQTL= 5.13 × 10−3),
and DCLK3 (PeQTL= 1.88 × 10−5). We then examined this eQTL
associations in independent brain eQTL datasets. In the Brain xQTL
database of 494 European individuals [22], rs9834970 was also
significantly associated with a lower mRNA level of TRANK1 (PeQTL
= 0.00241, Fig. 2b and Table S4) rather than with other genes at
3p22. In the brain cortex tissues (N= 205) from GTEx dataset [23],
rs9834970 was significantly associated with mRNA expression of
TRANK1 (PeQTL= 5.90 × 10−3, Fig. 2c and Table S5) and DCLK3
(PeQTL= 5.60 × 10−3). These results suggest that rs9834970 is likely
an eQTL SNP of surrounding genes at the 3p22 region.

SMR integrative analyses of brain eQTL datasets confirm TRANK1
as a BD susceptibility gene linked with genetic risk
To further depict the genetic risk architecture of the 3p22 region
and to prioritize BD risk genes, we applied a multi-SNP-based SMR
method to test the associations between risk of BD and mRNA
expression of 3p22 region genes in the above three brain eQTL
datasets (CommonMind, Brain xQTL, GTEx-cortex) [21–23].
According to the developer of this method, it can effectively

prioritize susceptibility genes whose expression levels are
relevant to the illness through assessing multiple SNPs at a cis-
eQTL locus [26] and thereby define genes associated with BD
genetic risk SNPs. In the CommonMind and Brain xQTL datasets,
we found that TRANK1 was one of the top genes at the genome-
wide level (PSMR-multi= 1.24 × 10−4 and 5.63 × 10−4, respectively,
Fig. 3) and was the only BD risk gene at 3p22 (other 3p22 region
genes were not significant). In the GTEx-cortex dataset, TRANK1
again showed significant association with risk of BD (PSMR-multi=
4.39 × 10−4, Fig. 3), while another nearby gene GOLGA4 was also
significant (PSMR-multi= 3.72 × 10−3). Overall, the SMR integrative
analysis suggested that TRANK1 mRNA expression likely con-
tributed at least in part to the BD clinical risk associations at the
3p22 region.

Identification of an additional eQTL SNP rs4789 showing
significant association with BD
During the SMR analysis, an additional SNP rs4789 in the 3′
untranslated region of TRANK1 was highlighted. Rs4789 is in
substantial LD with rs9834970 in both European and East Asian
populations (r2 ~ 0.8, Fig. S3) and was also genome-wide
significantly associated with BD in PGC2 GWAS of European
populations (p= 3.74 × 10−11, OR= 1.093 in 20,352 cases and
31,358 controls) [4]. We then examined its correlation with BD in
Eastern Asian subjects. In our primary Han Chinese sample (1784
cases and 2474 controls), rs4789 was significantly associated with
BD, with the major C-allele indicating an increased risk of the
illness (p= 0.00896, OR= 1.123, Table S6). Given that accumulat-
ing studies have reported specific disease-prone haplotypes of a
series of SNPs in BD [12, 41, 42], we then performed the
rs9834970-rs4789 haplotype analysis in our Han Chinese sample
(Table S7) and identified a risk haplotype (C-T, p= 0.00142, 6.9% in
cases versus 4.9% in controls) and a protective haplotype (T-T, p=
7.09 × 10−6, 35.3% in cases versus 40.1% in controls) significantly
associated with BD. Also, there was a rare haplotype (T-C)
significantly associated with an increased risk of BD (T-C, p=
1.23 × 10−7, 2.7% in cases versus 1.1% in controls). Global tests
also supported the associations of these haplotypes with BD
(global p= 9.43 ⨯ 10−12, Pearson’s test).
In addition, rs4789 was also associated with BD in the Japanese

sample (Ikeda 01: p= 4.68 × 10−3, OR= 1.120 in 1545 cases and
7408 controls; Ikeda 02, p= 0.0977, OR= 1.070 in 1419 cases and
54,479 controls; Table S6) [11]. Another Han Chinese dataset
containing rs4789 [15] was not accessible to us, and this sample
was thus not included in subsequent studies. Briefly, when all
available samples of multiple ancestries (25,100 cases and 95,719
controls) were combined to conduct a meta-analysis, rs4789 was
again genome-wide significantly associated with BD (p= 8.49 ×
10−15, OR= 1.096, Fig. 1b and Table S6). Notably, the magnitude
of significance of the association between rs4789 and BD was
lower than that of the association between rs9834970 and BD,
probably owing to the smaller sample size used for analysis of
rs4789 (120,819 versus 269,991 subjects).
We found that rs4789 was also significantly associated with

mRNA expression of TRANK1 in the CommonMind DLPFC eQTL
dataset [21] (PeQTL= 1.34 × 10−9, Fig. 2d), Brain xQTL database
(PeQTL= 2.17 × 10−6, Fig. 2e) [22], and GTEx-cortex dataset (PeQTL
= 9.20 × 10−4, Fig. 2f) [23], and its eQTL associations with TRANK1
mRNA expression were stronger than rs9834970 in all these brain
datasets. Rs4789 was also associated with mRNA expression of
LRRFIP2 (PeQTL= 1.64 × 10−3 in CommonMind dataset, Table S3)
and DCLK3 (PeQTL= 7.53×10−4 in CommonMind dataset, Table S3;
PeQTL= 1.50 × 10−3 in GTEx-cortex dataset, Table S5), despite that
the eQTL associations of these genes were less significant
compared with TRANK1.
The BD risk alleles of both rs9834970 and rs4789 consistently

predicted reduced expression of TRANK1 across the public brain
eQTL datasets, which mainly contain data collected from
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Fig. 1 Genetic analyses of TRANK1 with BD. a Forest plot of
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Europeans. Considering that both SNPs were also associated
with risk of BD in East Asians, we then examined whether they
served as eQTLs of TRANK1 in this population. Given that DLPFC
tissues were not available to us at the designing stage of the
current study, we performed analyses in amygdala tissues as an
indirect replication. Briefly, 65 amygdala tissues from non-
psychiatric Han Chinese donors were collected, and RT-qPCR
was performed to generate the eQTL data. Since the size of the
Chinese sample was relatively small, individuals carrying
homozygous T-alleles of rs9834970 were compared with those
carrying at least one risk C-allele for a greater statistical power.
Rs9834970 was marginally associated with TRANK1 mRNA
expression in these subjects (PeQTL= 0.089, Fig. 2g), whereas
rs4789 showed stronger eQTL association (PeQTL= 0.031,
Fig. 2h), and individuals carrying risk C-alleles (both hetero-
zygotes and homozygotes) of both SNPs had lower TRANK1
mRNA levels compared with those carrying the homozygous T-
alleles. Despite the smaller size of the Chinese amygdala
sample, the consistent direction of allelic effects across all the
above analyses suggests a reliable link between genetic risk at
3p22 and TRANK1 expression.

Genes correlated with TRANK1 in the human brains are enriched in
pathways of synapses, circadian entrainment, and calcium
signaling and have higher proportions of exhibiting significant
associations in psychiatric GWAS
We performed preliminary exploration of TRANK1’s function in the
brain by conducting mRNA correlation analyses to reveal potential
relevance of TRANK1 to other genes. We first analyzed the genes
correlated with TRANK1 in two independent human brain RNA-seq
datasets (BrainGVEX and CommonMind) [21, 32]. Control subjects
from the two datasets were used so as to prevent confounding
effects of medical treatment in cases. We calculated mRNA
expression and examined whether any genes showed significant
correlations with TRANK1 mRNA expression (defined as having |r|
> 0.90). In the BrainGVEX dataset of 59 healthy controls, a total of
3163 genes showed strong positive correlations with TRANK1
mRNA expression (r > 0.90); in the CommonMind dataset of 50
normal subjects, 3261 genes were positively correlated with
TRANK1 (r > 0.90). No genes showed significant negative correla-
tions (r <−0.90) with TRANK1 in either brain dataset. The two brain
datasets shared 1742 correlated genes (COGs) that were strongly
associated with TRANK1 mRNA levels (Fig. 4a).

Fig. 4 Protein–protein interaction (PPI) and KEGG pathway analyses of TRANK1 correlated genes. The pathways marked in red were
highlighted by both COGs and DEGs. a One thousand seven hundred and forty-two TRANK1 COGs in human brains. b Five hundred and
ninety-four downregulated DEGs in the rat primary cortical neurons. COG correlation gene, DEG differentially expressed gene.
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Proteins of these 1742 COGs formed dense PPI networks (PPI
enrichment p value < 1.00 × 10−16, Fig. 4a). KEGG pathway
analyses of these 1742 COGs revealed significant enrichment in
the pathways of circadian entrainment, dopaminergic synapse,
calcium signaling, axon guidance, oxytocin signaling, GABAergic
synapse, glutamatergic synapse, long-term potentiation, and
others (FDR < 0.05, Fig. 4a and Table S8). GO analysis revealed
significant enrichment of TRANK1 COGs in terms “dendrite
development”, “synapse organization”, “dendritic spine develop-
ment”, and “regulation of synaptic plasticity” (Table S9). Many of
these pathways and related biological processes have been found
altered in BD subjects, such as dysregulations in circadian rhythm
and synaptic function [43–48].
We then sought to further confirm the link between TRANK1

and BD via testing whether its COGs exhibited higher likelihood to
be highlighted in BD GWAS. We first examined whether the
aforementioned 1742 TRANK1 COGs were enriched in the risk
intervals/genes highlighted by BD GWAS [4] using INRICH [49] and
observed significant enrichment under multiple GWAS p value
thresholds (e.g., enriched corrected p= 0.0024 at GWAS p value
threshold < 5.00 × 10−6, Fig. 5a). Since TRANK1 has also been
reported as a robust risk gene for schizophrenia [50], we then
conducted enrichment analysis of the 1742 TRANK1 COGs with risk
intervals/genes identified by schizophrenia GWAS [50] and again
found a significant enrichment (e.g., INRICH enriched corrected p
= 0.0020 at GWAS p value threshold < 5.00 × 10−6, Fig. 5a). In the
additional enrichment analysis of the 1742 TRANK1 COGs in GWAS
of major depressive disorder [51] and Alzheimer’s disease [52], no
significant enrichment was observed for these illnesses (Fig. 5a),
which is as expected since TRANK1 is not genetically associated
with the risk of either major depressive disorder or Alzheimer’s
disease. We also confirmed significant enrichment of the 1742
TRANK1 COGs among risk genes in the GWAS of BD and
schizophrenia using another program MAGMA [53] (MAGMA
enriched p= 5.54 × 10−7 for BD and p= 3.13 × 10−19 for schizo-
phrenia, Fig. 5b). We then performed a detailed examination of

genes shared between TRANK1 COGs and GWAS-identified risk
markers of BD or schizophrenia. Eight genes (CACNA1C, DFNA5,
SFMBT1, WHSC1L1, ZNF592, STK4, EFTUD1P1, UBE2Q2P1) were
simultaneously highlighted in “TRANK1 COGs”, “GWAS of BD”, and
“GWAS of schizophrenia” categories under the criteria that their
MAGMA gene-level p values being <5.00 ⨯ 10−6 (Fig. 5c); ten
additional genes (FAF1, BRE, TMEM178B, SF3B2, KLC2, C11orf80,
WSCD2, TERF2, ILF3, HLF) were overlapped only between “TRANK1
COGs” and “GWAS of BD”. Intriguingly, the expression of TRANK1
was highly correlated with CACNA1C (BrainGVEX: r= 0.97, p=
5.28 × 10−37; CommonMind: r= 0.96, p= 6.16 × 10−28), one of the
most significant genes in BD and schizophrenia.

Knockdown of Trank1 in cultured rat neurons confirms its impact
on synapses and other processes related to BD as well as GWAS
risk of psychiatric disorders
Given that the coding sequences of human TRANK1 and rat Trank1
are relatively conserved (≈84% in similarity), we then sought to
further confirm the TRANK1-involved pathways revealed by human
brain mRNA correlation analyses in rat neurons. Briefly, Trank1
shRNA infection of rat cortical neurons followed by RNA-seq were
carried out. Lentiviral constructs of two rat Trank1 shRNAs and a
negative control shRNA were established to infect the wild-type rat
neurons for 72h (n= 3 per condition). Infection efficiency was
estimated to be >80%, and the reduction of Trank1 mRNA was
confirmed using RT-qPCR and RNA-seq (Fig. S4). The mean
expression of Trank1 was reduced by 43.4% and 35.7%, respec-
tively, in cells infected with Trank1-shRNA#1 and Trank1-shRNA#2
relative to those infected with control shRNA (both FDR < 1.00 ×
10−19). Through RNA-seq analysis, we found that the expression
levels of 2571 genes exhibited significant differences between
neurons infected with Trank1-shRNA#1 and control shRNA (fold
change (FC) > 1.2 at an FDR < 0.1). When Trank1 expression was
knocked down using Trank1-shRNA#2, the expression levels of 4625
genes were significantly altered compared with controls (FC > 1.2 at
an FDR < 0.1). Further analyses identified 1100 DEGs affected by
both Trank1 shRNAs in the same direction, among which 594 DEGs
were downregulated and 506 DEGs were upregulated (Fig. 4b).
Since our mRNA correlation analyses in the human brains only

revealed genes positively correlated with TRANK1 expression, we
focused on the 594 downregulated DEGs after Trank1 was knocked
down. We found that proteins of these 594 DEGs also formed
dense PPI networks (PPI enrichment p value < 1.00 × 10−16, Fig. 4b),
and KEGG pathway analyses revealed significantly enriched
signals in circadian entrainment, dopaminergic synapse, axon
guidance, and oxytocin signaling pathway (FDR < 0.05, Fig. 4b and
Table S10). Gene set enrichment analysis further indicated that
these downregulated DEGs were strongly enriched in the GO
terms “regulation of synaptic plasticity”, “forebrain development”,
“synaptic membrane”, “postsynaptic membrane”, “regulation of
Wnt signaling pathway”, etc. (FDR < 0.05, Table S11). Collectively,
our correlation analyses and shRNA knockdown experiments
provided consistent results highlighting the involvement of
TRANK1 in dendritic spines and synapses.
We further examined the enrichment of the 594 downregulated

DEGs among risk intervals/genes identified by GWAS of BD and
schizophrenia [4, 50] and also found a significant enrichment
signal at a particular GWAS threshold (e.g., INRICH enriched
corrected p= 0.038 for BD at GWAS p value threshold < 5.00 ×
10−7, INRICH enriched corrected p= 0.0012 for schizophrenia at
GWAS p value threshold < 5.00 × 10−6, Fig. 5a). Collectively, these
results suggest that the function of TRANK1 may be related to
other psychiatric risk genes.

DISCUSSIONS
BD has been a severe threat to public well-being, but our
knowledge regarding this illness has been limited, let alone
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effective prevention and management. Accumulating studies
suggest that rs9834970 near TRANK1 is one of the best replicated
risk SNPs for BD [4, 6–8, 11, 14]. In the current study, using an
independent Han Chinese sample, we present further evidence for
the association between rs9834970 and BD, and meta-analyses in
four cohorts of East Asian individuals indicate that rs9834970 is
indeed a BD risk SNP. We also identified another SNP rs4789 in
considerable LD with rs9834970 showing genome-wide significant
association with BD. This SNP has been mentioned in previous
GWAS [6, 11], and the level of statistical significance was lower
than that of rs9834970, which is also in line with our results in the
Han Chinese samples. However, the lower significance level does
not deny its potential impact on TRANK1 expression, which is
reflected by its significant eQTL associations in independent brain
samples. The haplotype analysis of rs9834970 and rs4789 further
confirms significant association of TRANK1 with BD and suggests
that this region may harbor additional causal risk variations or be
affected by epistasis. Further fine-scale mapping analysis may
answer this question. Notably, a recent study also identified
another functional SNP rs906482 affecting TRANK1 expression and
CTCF-binding affinities [16]. Overall, these results suggest that
there may be more than one functional SNP in the TRANK1 locus.
Our eQTL results are consistent with a recent study [16], in

which the risk allele of rs9834970 was significantly associated with
lower expression of TRANK1 in hiPSC-derived neural progenitor
cells. They also showed that decreased expression of TRANK1
perturbed the expression of many genes involved in neural
development and differentiation, and the lower TRANK1 expres-
sion correlated with the rs9834970 BD risk allele could be rescued
by chronic treatment with therapeutic dosages of valproic acid
[16]. Therefore, lower expression of TRANK1 might be linked with
genetic risk of BD. We have also shown that the association of
rs4789 with lower TRANK1 expression is more significant in
multiple brain samples, further confirming that lower TRANK1
expression is likely involved in BD pathogenesis.
In summary, we have presented convergent evidence for the

association of TRANK1 with BD and have provided hints for the
underlying biological processes. Further in vivo disruption of
this gene followed by thorough pathophysiological analyses
and examination of BD-relevant cognitive, emotional, and
behavioral impairments is necessary for a better understanding
of BD pathogenesis. While the involvement of genetic variations
at 3p22 in BD is supported by the genetic analyses in the
current study, lacking of large-scale GWAS in East Asians
remains a major difficulty in the identification of additional BD
risk loci. To gain a more comprehensive understanding of BD
genetic architecture in this population, GWAS and fine-mapping
analysis are necessary. In addition, the controls of our sample
were recruited based on their self-report of no personal or
family history of mental illnesses rather than psychiatric
screening by professional staff, and a more stringent inclusion
criteria for controls would be ideal. Finally, despite significant
associations between genetic variations at 3p22 (e.g., rs9834970
and rs4789) and TRANK1 mRNA expression in multiple brain
eQTL samples (e.g., CommonMind, Brain xQTL, GTEx-cortex, and
our Chinese sample) and in hiPSC-derived neural cells [16],
inconsistency still exists in some other datasets in which these
SNPs are not associated with TRANK1 (such as BrainSeq [54] and
PsychENCODE [32]), probably due to the differences in the
sequencing platforms, analytical methods, and sample compo-
sitions (e.g., BrainSeq included many samples of African
American ancestry) between different datasets. Nevertheless,
it should be acknowledged that TRANK1 is unlikely the only
gene explaining the association between BD clinical risk and the
3p22 locus. Identifying the involvement and pathological
contribution of additional risk genes at 3p22 is necessary to
fully elucidate the psychiatric risk components underlying this
genomic region.
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