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a b s t r a c t

Major depressive disorder (MDD) is one of the most prevalent and disabling mental disorders, but the
genetic etiology remains largely unknown. We performed a meta-analysis (14,543 MDD cases and 14,856
controls) through combining the GWAS data from the Major Depressive Disorder Working Group of the
Psychiatric GWAS Consortium and the CONVERGE consortium and identified seven SNPs (four of them
located in the downstream of SCL25A37) that showed suggestive associations (P < 5.0 � 10�7) with MDD.
Systematic integration (Sherlock integrative analysis) of brain eQTL and GWAS meta-analysis identified
SCL25A37 as a novel MDD risk gene (P ¼ 2.22 � 10�6). A cis SNP (rs6983724, ~28 kb downstream of
SCL25A37) showed significant association with SCL25A37 expression (P ¼ 1.19 � 10�9) and suggestive
association with MDD (P ¼ 1.65 � 10�7). We validated the significant association between rs6983724 and
SCL25A37 expression in independent expression datasets. Finally, we found that SCL25A37 is significantly
down-regulated in hippocampus and blood of MDD patients (P ¼ 3.49 � 10�3 and P ¼ 2.66 � 10�13,
respectively). Our findings implicate that the SCL25A37 is a MDD susceptibility gene whose expression
may influence MDD risk. The consistent down-regulation of SCL25A37 in MDD patients in three inde-
pendent samples suggest that SCL25A37 may be used as a potential biomarker for MDD diagnosis.
Further functional characterization of SCL25A37 may provide a potential target for future therapeutics
and diagnostics.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Major depressive disorder (MDD) is a complex mental disorder
characterized by persistent and pervasive lowmood, including low
self-esteem, loss of interest or pleasure, and feelings of personal
worthlessness. The lifetime prevalence of MDD is around 15%
(Hasin et al., 2005; Kessler et al., 2003), which makes it one of the
most prevalent mental disorders. MDD has a high mortality and
significant long-term morbidity (Angst et al., 2002; Lopez et al.,
2006). Persons with MDD have a high risk for suicide and
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approximately 11% MDD patients die from suicide (Wulsin et al.,
1999). The economic and social burden of MDD is particularly
great (Ferrari et al., 2013; Olchanski et al., 2013). For example, the
cost of MDD in USA (including direct costs such as outpatient,
inpatient, drugs, and long-term care) and non-health care costs
(such as law enforcement, reduced workplace productivity, and
unemployment) was estimated to be $173.2 billion in 2005
(Greenberg et al., 2015). However, this number was rapidly
increased to $210.5 billion in 2010 (rose by 21%) (Greenberg et al.,
2015). With the continuously increase of cost, MDD poses a major
global health and economy challenge.

Though MDD affects millions of people and is a leading cause of
disability worldwide, the pathophysiology of MDD remains largely
unknown. Accumulating evidence indicated that both genetic and
environmental factors are involved in the pathogenesis of MDD
(CONVERGE consortium*, 2015; Flint and Kendler, 2014; Lesch,
2004; Subbarao et al., 2008; Sullivan et al., 2012). The heritability
of MDD was estimated around 0.32 (Lubke et al., 2012; Sullivan
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et al., 2000), indicating that genetic factors play a role in MDD. To
elucidate the genetic basis of MDD, numerous genetic studies have
been conducted in different human populations (Kohli et al., 2011;
Lewis et al., 2010; Muglia et al., 2010; Rietschel et al., 2010; Ripke
et al., 2012; Shi et al., 2011; Wray et al., 2011). Nevertheless, only
very limited risk genetic variants or susceptibility genes have been
identified and validated (CONVERGE consortium*, 2015). The
advent of genome-wide association studies (GWAS) provides a
chance to decipher the genetic mechanisms of MDD. Due to the
dramatic increase in sample size and genotyping throughput,
GWAS can identify genetic variants with small effect (CONVERGE
consortium*, 2015). In 2012, the Major Depressive Disorder
Working Group of the Psychiatric GWAS Consortium (Ripke et al.,
2012) conducted a large GWAS analysis of MDD. In the first stage,
more than 1.2 million SNPs were analyzed in 9240 MDD cases and
9519 controls. In the second stage, 554 SNPs (P < 0.001) from the
first stage were replicated in independent samples, including 6783
MDD cases and 50,695 controls. Despite the fact that 76,237 in-
dividuals (including 16,023 MDD cases) were included (Ripke et al.,
2012), no genome-wide significant SNP was identified, strongly
suggest that the genetic architecture of MDD is much complex than
we had thought.

Sample size, genetic and phenotypic heterogeneity (there are
several subtypes of MDD) may be the possible reasons for the
failure of identification of genome-wide significant variants for
MDD. To minimize the genetic and phenotypic heterogeneity, the
CONVERGE consortium collected a relatively homogenous Chinese
sample (5303MDD cases and 5337 controls) and performedwhole-
genome sequencing at low coverage (CONVERGE consortium*,
2015). Two genome-wide significant loci (one near the SIRT1 gene
and the other one in an intron of the LHPP gene) were identified by
the CONVERGE consortium. Though the CONVERGE consortium has
successfully identified two MDD risk loci, much of the heritability
of MDD remains unknown. More importantly, the identified MDD
risk variants reside in non-coding regions, with limited annotation
and no obvious functional consequence. Therefore, how these
susceptibility variants contribute to MDD risk remains elusive. In
addition, many loci may have small effects and fail to reach the
genome-wide significance in a single GWAS study. Thus, mining the
potential effect of the weak GWAS associations (e.g., variants with
P < 10�5) may help to uncover the missing heritability of MDD.

Here we carried out a meta-analysis by combining the GWAS
data from the Major Depressive Disorder Working Group of the
Psychiatric GWAS Consortium (Ripke et al., 2012) and the
CONVERGE consortium (CONVERGE consortium*, 2015). We then
systematically integrated genetic association signals from the
meta-analysis and brain expression quantitative trait loci (eQTL)
data through using a Bayesian statistical framework (Sherlock), and
identified SLC25A37 as a novel MDD risk gene. To further charac-
terize the potential role of SLC25A37 inMDD etiology, we attempted
to validate our results in independent gene expression datasets,
and investigated the expression of SLC25A37 in MDD patients and
healthy controls in independent samples. Our consistent and
convergent results suggest that SLC25A37 may have a role in the
etiology of MDD.

2. Materials and methods

2.1. MDD GWAS data and meta-analysis

Sample size is an important factor for GWAS of MDD. New MDD
risk variants (or loci) may be identified with the increase of sample
size. To this aim, we combined two large-scale GWAS datasets of
MDD. The first GWAS dataset was from the Major Depressive Dis-
order Working Group of the Psychiatric GWAS Consortium (Ripke
et al., 2012). In brief, this study represents a mega-analysis of
genome-wide association studies for major depressive disorder.
The SNP associations (a total of 1,235,109 SNPs) from the discovery
phase (including 9240 MDD cases and 9519 controls, all of the
subjects were of European ancestry) (hereafter referred as Euro-
pean sample) were used for meta-analysis. The second GWAS
dataset was from the CONVERGE consortium (CONVERGE
consortium*, 2015) (referred as Chinese sample). Briefly, 5303
Chinese women with recurrent MDD and 5337 controls were
recruited and low-coverage whole-genome sequencing was con-
ducted. After stringent quality controls, 6,242,619 SNPs were
remained and a linear mixedmodel was used to test the association
between the SNPs and MDD. More detailed information about
sample ascertainment, diagnosis, genotyping quality control, and
statistical analyses can be found in the original studies (CONVERGE
consortium*, 2015; Ripke et al., 2012).

For the meta-analysis, we first extracted the SNP associations
from the Major Depressive Disorder Working Group of the Psy-
chiatric GWAS Consortium (Ripke et al., 2012) and the CONVERGE
consortium (CONVERGE consortium*, 2015). Meta-analysis was
then performed using MENTAL program (Willer et al., 2010), which
uses an inverse-weighted fixed-effects model.

2.2. Brain eQTL data for integrative analysis

To elucidate if gene expression level in human brain is associ-
ated with genetic variation, Myers et al. systematically investigated
the correlation between brain-expressed genes and whole-genome
SNP genotypes (Myers et al., 2007). In brief, 193 neuro-
pathologically normal (i.e., without known neurological diseases
and had no clinical history of stroke, cerebrovascular disease and
Lewy bodies) human brain samples (cortex) were used in the study
of Myers et al. All of the subjects were of European ancestry. Myers
et al. first measuredwhole-transcriptome expression data using the
Illumina HumanRefseq-8 Expression BeadChip platforms. They
then performed whole-genome genotyping by utilizing the Affy-
metrix GeneChip Human Mapping 500 K Array Set. Finally, they
conducted allelic test of association to determine the potential as-
sociation between each transcript and SNP through using linear
regression. The association results were separated into cis and trans
according to the genomic distance between the tested SNP and
transcript. If the test SNP is located within the transcript, or located
within 1 Mb of the 50 or 30 end of the transcript, this SNP was
defined as Cis SNPs. SNPs that did not meet cis criteria were defined
as trans SNPs. For more detailed information about sample ascer-
tainment, gene expression measurement, SNP genotyping, and
statistical analyses, please refer to the original study of Myers et al.
(Myers et al., 2007).

2.3. Integrative analysis (Sherlock) of MDD GWAS data and brain
eQTL

Numerous disease-associated genetic variants have been iden-
tified by GWAS (Hindorff et al., 2009a; Welter et al., 2014). How-
ever, how these identified genetic variants contribute to disease
risk remains elusive. As most of the disease- and trait-associated
genetic variants are located in noncoding regions (Hindorff et al.,
2009b), elucidating the functional effects of these variants is a
major challenge in human genetics. A growing body of evidence
strongly suggests that dysregulation of gene expression play a
crucial role in the pathogenesis of MDD (Bernard et al., 2010;
Bunney et al., 2015). Considering that the genome-wide signifi-
cant variants identified by the CONVERGE consortium are located in
noncoding region, it is possible that these risk variants perturb the
expression of MDD-associated genes rather than affect the protein
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structure and function. To explore genes whose expression changes
may contribute to MDD risk, we utilized a statistical framework
(named Sherlock) developed by He et al. (He et al., 2013). Sherlock
infers potential disease-associated genes through systematically
integrating eQTL data and SNP associations from GWAS, with the
underlying assumption that the expression alteration of a specific
gene may influence disease risk. For a given gene, there may be
several genetic variants (including cis, i.e., close to the gene, and
trans, i.e., distant to the gene or on different chromosomes) in the
genome that act together to regulate the expression level of this
gene (these expression-associated SNPs are called eSNPs). Geno-
type difference at any of these eSNPs will influence the expression
level of this gene, which could in turn affect the disease risk.
Therefore, combined evidence from both eQTL and GWAS findings
are indicative of association with disease. The Sherlock statistical
inference includes three steps: First, through using the whole
genome eQTL data from a disease-associated tissue (brain tissues
were used in this study), Sherlock identifies all eSNPs of each gene.
Second, for each eSNP, Sherlock assesses its associationwith disease
using the GWAS data. Based on the association significance be-
tween the eSNP and the disease, Sherlock scores each eSNP. The
scoring systems are as follows: (i) A positive score would be given if
the eSNP of a specific gene is also associated with disease in GWAS;
(ii) A negative score would be assigned if the eSNP of this gene is
not associated with disease; (iii) Association only in GWAS (i.e.,
non-eSNPs) does not alter the score. The total score of a gene in-
creases along with the increase of the number of SNPs with com-
bined evidence (SNPs that are associated with certain disease and
expression simultaneously). Finally, Sherlock infers gene-disease
associations through using the Bayes statistical framework (He
et al., 2013). Bayes factor (BF, the probability of the observed data
under a specific model) is an important indicator that evaluates
evidence supporting that the gene is associated versus not associ-
ated with the disease. For a given gene, the LBF (logarithm of BF) of
each putative eSNP was calculated and the sum of LBFs of all SNPs
constitutes the final LBF score for the gene. The value of the LBF
score of a gene reflects the strength of evidence (i.e., a larger LBF
represents higher probability that this gene is associated with the
disease). P values of the LBF were calculated with simulation using
the Bayes/non-Bayes compromise (Servin and Stephens, 2007) and
false discovery rate (FDR) was calculated using the Benjami-
nieHochberg procedure (Benjamini and Hochberg, 1995) at a P
threshold of 10�5. For more detailed information about the statis-
tical model and the underlying algorithm, please refer to the
original study of He et al. (He et al., 2013).

2.4. eQTL datasets for replication analysis

In addition to brain eQTL data fromMyers et al. (whichwas used
at the discovery phase in our study, i.e., Sherlock integrative anal-
ysis) (Myers et al., 2007), we also used other available well-
characterized expression datasets to validate eQTL results. A brief
description of the gene expression datasets from brain tissues and
blood is provided below, and more detailed information can be
found in the original studies (Ramasamy et al., 2014; The Genotype-
Tissue Expression (GTEx) pilot analysis: Multitissue gene regulation
in humans, 2015; Westra et al., 2014). (i) The Brain eQTL Almanac
(Braineac) (Ramasamy et al., 2014), which contains genome-wide
genotype data and whole transcriptome expression data
(included 10 brain regions) of 134 normal human subjects (i.e.,
without neuropathological or neuropsychiatric diagnosis)
(Ramasamy et al., 2014). After stringent quality control, eQTL ana-
lyses were performed to detect the association between genetic
variants (SNPs) and gene expression. (ii) The Genotype-Tissue
Expression project (GTEx) (The Genotype-Tissue Expression
(GTEx) pilot analysis: Multitissue gene regulation in humans, 2015;
The Genotype-Tissue Expression (GTEx) project, 2013). The goal of
the GTEx consortium is to provide a resource with which to study
human gene expression and regulation and its relationship to ge-
netic variations. It contains genome-wide genetic information and
gene expression from a diverse set of human tissues, including the
different brain tissues from amygdala, anterior cingulate cortex,
cortex, hippocampus, and so on. Tissues from different brain re-
gions, including amygdala, anterior cingulate cortex, cortex, hip-
pocampus (and etc) were also collected. As of January 2016, 7333
samples from 449 postmortem donors have been collected for the
GTEx project. Expression data of these samples were analyzed us-
ing a RNA sequencing (RNA-seq)ebased gene expression approach.
(iii) Blood eQTL data (Westra et al., 2014). Westra et al. conducted a
large-scale eQTL meta-analysis in non-transformed peripheral
blood samples from 5311 individuals (Westra et al., 2014). Whole-
genome eQTL data (peripheral blood) of 5311 samples from 7 co-
horts were obtained and meta-analyzed. They identified numerous
genetic variants that are robustly associated with gene expression
in blood. More detailed information about sample description,
genotyping, quality control, and statistical analyses can be found in
the original paper (Westra et al., 2014).

2.5. Expression analysis of SLC25A37 in brain tissues of MDD
patients

As the Sherlock integrative analysis suggested that the expres-
sion level of SLC25A37 may contribute to MDD risk, we examined
the expression of SLC25A37 in brain tissues fromMDD subjects and
controls (Duric et al., 2010). To identify the dysregulated genes in
hippocampus of MDD subjects, Duric et al. (Duric et al., 2010)
collected postmortem brain tissues (hippocampus) from 21 MDD
individuals and 18 controls, and performed a whole-genome
expression profiling using the microarray method. MDD cases
and healthy controls were matched for age, gender, tissue pH and
postmortem interval. More detailed information about human
subjects (including MDD diagnosis), tissue preparation, microarray
analysis and statistical analyses can be found in the original study
(Duric et al., 2010).

2.6. Expression analysis of SLC25A37 in blood of MDD patients
(Chinese sample)

To have an independent validation of the result, we measured
SLC25A37 expression in peripheral blood from MDD patients and
healthy controls. We recruited 50 unrelated MDD subjects (un-
medicated) and 50 controls (age and sex-matched) from Shanghai
Mental Health Center. All of the subjects are Han Chinese. MDD
diagnosis was based on the Diagnostic and Statistical Manual of
Mental Disorders, Fourth Edition (DSM-IV) criteria. After providing
written informed consent, each subject was diagnosed with stan-
dard diagnostic assessments by two experienced doctors. Assess-
ments of the Hamilton Rating Scale for Depression -17 (HRSD-17)
were conducted independently by two experienced psychiatrists
(interrater reliability, kappa ¼ 0.84). Demographic data on age, sex,
smoking status, alcoholic abuse, duration of illness prior to
admission, number of episode, family history of mood disorders
was collected (Supplementary Table 1). This study was approved by
Institutional Review Boards of Shanghai Mental Health Center and
was performed in accordance with the guidelines laid out in the
Declaration of Helsinki as revised in 1989.

On admission, 20 ml peripheral blood of fasting patients and
healthy controls were collected between 07:00 a.m. and 09:00 a.m.,
to avoid potential diurnal influence. Total RNA was extracted from
10 ml peripheral blood samples using the QIAamp RNA blood Mini



Table 1
SNPs with P-values less than 5 � 10�7 in the combined sample (14,543 MDD cases and 14,856 controls).

SNP id (Chr) Chr:Posa Nearest gene Location A12
b ORc (CEU) Pc (CEU) ORd (CHB) Pd (CHB) ORe (Combined) Pe (Combined)

rs12549100 8:23461175 SLC25A37 Intergenic A/G 0.939 4.99 � 10�3 0.859 2.43 � 10�6 0.910 1.05 � 10�7

rs6983724 8:23457587 SLC25A37 Intergenic A/G 1.06 6.36 � 10�3 1.16 2.95 � 10�6 1.10 1.65 � 10�7

rs11995691 8:23469198 SLC25A37 Intergenic A/G 1.06 6.84 � 10�3 1.16 3.16 � 10�6 1.10 1.91 � 10�7

rs4862792 4:188201350 LOC339975 Intergenic T/G 1.15 2.09 � 10�5 1.13 1.94 � 10�3 1.10 1.99 � 10�7

rs11995896 8:23472742 SLC25A37 Intergenic A/C 0.941 6.66 � 10�3 0.860 3.50 � 10�6 0.912 2.01 � 10�7

rs7647854 3:184876783 EHHADH-AS1 Intergenic A/G 0.860 6.51 � 10�7 0.93 2.15 � 10�2 0.892 2.69 � 10�7

rs16836496 2:155176299 GALNT13 Intron T/C 1.10 8.19 � 10�4 1.13 1.35 � 10�4 1.11 4.08 � 10�7

a Chromosome position, based on hg19.
b A12, Reference and alternative alleles (Odds ratios are based on reference allele).
c Odd ratios and P values are from European sample (The Major Depressive Disorder Working Group of the Psychiatric GWAS Consortium) (Ripke et al., 2012).
d Odd ratios and P values are from Chinese sample (The CONVERGE consortium) (CONVERGE consortium*, 2015).
e Odd ratios and P values of the combined samples.
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Kit (Qiagen, Chatsworth, California, USA). After treating with DNase
(Qiagen, Chatsworth, California, USA) (to remove the potential DNA
contamination), complementary DNA (cDNA) was synthesized by
incubating DNase-treated total RNA with omniscript reverse tran-
scription reagents (Qiagen, Chatsworth, California, USA) and a
random primer according to the manufacturer's instruction. Real-
time quantitative PCR were performed as previously described
(Luo et al., 2012, 2013) using the SYBR Green master mix and the
Bio-Rad CFX Real-Time PCR Systems (BioRad). The specificity of
product was assessed by agrose gel electrophoresis, followed with
melting curve analysis. The expression of SLC25A37 in each sample
was normalized to the expression of GAPDH. The analysis of
quantitative PCR data was based on the DCt values and fold change
was determined by 2�DDCt method (Livak and Schmittgen, 2001).
All reactions were run in triplicate and statistical significance was
evaluated by student's t-test.

2.7. Expression analysis of SLC25A37 in blood of MDD patients
(European sample)

In addition to Chinese sample, we also explored the expression
of SLC25A37 in peripheral blood of MDD patients and healthy
controls using an independent European sample (Jansen et al.,
2016). To investigate if dysregulation of gene expression play a
role in MDD, Jansen et al. performed a large-scale expression study
(Jansen et al., 2016). Briefly, they measured gene expression in
peripheral blood from 1848 subjects from The Netherlands Study of
Depression and Anxiety. These subjects were divided into three
groups, including current MDD (N ¼ 882), remitted MDD (N ¼ 635)
and control (N ¼ 331) groups. More detailed information about
human subjects, tissue preparation, gene expression measurement,
quality control and statistical analyses can be found in the original
study (Jansen et al., 2016).
Table 2
Integrative analysis (Sherlock) of MDD GWAS and brain eQTL reveals that SLC25A37 had

Gene symbol LBFa P-valueb Suppo

SLC25A37 6.79 2.22 � 10�6 rs6983
PGAM2 5.44 1.33 � 10�5 rs1713
MDM1 4.98 2.22 � 10�5 rs4478
PTPRR 4.82 3.33 � 10�5 rs1313
SNCA 4.55 5.99 � 10�5 rs9293

a LBF (Log Bayes Factors for each gene) assesses whether the combined evidence fromM
High Bayes factors suggest higher probability that the gene is associated with MDD.

b P-value from Sherlock integrative analysis.
c SNP with the highest LBF score.
d P-value for eQTL SNP from the gene expression study (Myers et al., 2007).
e P-value for eQTL SNP from the meta-analysis of MDD GWAS (CONVERGE consortium

our previous study (Luo et al., 2015). Cis SNPs were defined as follows: SNPs located withi
1 Mb downstream of the gene (30).
3. Results

3.1. Meta-analysis of MDD GWAS

Meta-analysis of GWAS datasets from the Major Depressive
Disorder Working Group of the Psychiatric GWAS Consortium
(Ripke et al., 2012) and the CONVERGE consortium (CONVERGE
consortium*, 2015) revealed that no SNPs reached genome-wide
significant level (P < 5.0 � 10�8). However, we detected several
interesting SNPs that have the same direction of effect in both
European and Chinese samples. Table 1 lists the SNPs that have P-
values less than 5 � 10�7 in the combined sample (14,543 MDD
cases and 14,856 controls). These SNPs may represent promising
MDD risk variants. Further work will be required to verify if these
SNPs are associated with MDD.

3.2. Integration of MDD GWAS and brain eQTL identified SLC25A37
as a MDD risk gene

Meta-analysis results from the combined sample (European and
Chinese) was used as input for further Sherlock integrative analysis.
Through systematic integration of brain eQTL (Myers et al., 2007)
and SNP associations from meta-analysis of the two large GWAS of
MDD (CONVERGE consortium*, 2015; Ripke et al., 2012), SLC25A37
(8p21.1) showed the most significant association with MDD
(LBF ¼ 6.79, Psher ¼ 2.2 � 10�6) (Table 2). One eSNP of SLC25A37
(rs6983724) showed significant association with SLC25A37
expression (PeQTL ¼ 1.19 � 10�9) and suggestive evidence for asso-
ciation with MDD (P ¼ 1.65 � 10�7) (Table 2). We noticed that in-
dividuals with AA genotype at rs6983724 have lower SLC25A37
expression compared with GG carriers (Fig. 1). Intriguingly, A allele
of SNP rs6983724 is the risk allele in both European (OR¼ 1.06) and
Han Chinese (OR ¼ 1.16) populations (Table 1). The top five genes
the most significant association with MDD.

rting SNPc (cis or trans) PeQTLd PGWAS
e

724 (cis) 1.19 � 10�9 1.65 � 10�7

8095 (trans) 5.33 � 10�6 1.33 � 10�4

240 (trans) 9.00 � 10�7 5.81 � 10�5

2638 (trans) 1.05 � 10�7 8.24 � 10�4

13 (trans) 1.11 � 10�6 1.92 � 10�5

DD GWAS and brain expression studies support a gene being associated with MDD.

*, 2015; Ripke et al., 2012). More detailed descriptions about the LBF can be found in
n gene, SNPs located upstream of the gene (within 1 Mb) (50), or SNPs located within



Fig. 1. SNP rs6983724 is significantly associated with SLC25A37 expression in hu-
man brain (P ¼ 2.6 � 10¡3). Expression data was extracted from the Braineac
(Ramasamy et al., 2014), which contained brain tissues of 134 normal subjects. Of note,
the individuals with AA genotype have lower SLC25A37 expression level.

Fig. 2. SLC25A37 is significantly down-regulated in peripheral blood of MDD pa-
tients. Compared with healthy controls, SLC25A37 expression was significantly down-
regulated in MDD cases.
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from Sherlock integrative analysis are listed in Table 2.

3.3. SNP rs6983724 is associated with SLC25A37 expression in
independent datasets

Sherlock integrative analysis suggested that SLC25A37 may be a
novel MDD risk gene. Interestingly, we found that SNP rs6983724 is
significantly associated with SLC25A37 expression in human brain,
suggesting that rs6983724 may confer risk of MDD through
affecting SLC25A37 expression. To further validate the association
between rs6983724 and SLC25A37 expression, we examined three
independent expression datasets. Two of the expression datasets
(the Braineac (Ramasamy et al., 2014) and the GTEx (The Genotype-
Tissue Expression (GTEx) project, 2013)) used human brain tissues,
and one expression dataset used blood sample (Westra et al., 2014).
We found that rs6983724 is significantly associated with SLC25A37
expression (P ¼ 2.6 � 10�3) in Braineac dataset (N ¼ 134 subjects)
(Fig. 1). In GTEx dataset, rs6983724 is also significantly associated
with SLC25A37 expression (P < 0.05) in cortex and anterior cingu-
late cortex (Supplementary Fig. 1). Consistently, rs6983724 is also
highly associated with SLC25A37 expression (P ¼ 1.06 � 10�167) in
the peripheral blood sample dataset (N ¼ 5311 individuals) from
Westra et al. (Westra et al., 2014). SNP rs6983724 is located in
~28 kb downstream of SLC25A37 (Supplementary Fig. 2), according
to the criteria described in previous papers (Bryois et al., 2014; He
et al., 2013; Li and Deng, 2010; Wittkopp, 2005), rs6983724 is a cis
eQTL of SLC25A37. These consistent results suggested that
rs6983724 is an authentic eQTL for SLC25A37 gene.

3.4. Significant downregulation of SLC25A37 in the hippocampus
and peripheral blood of MDD patients

Our Sherlock integrative analysis suggested that the expression
alterations of SLC25A37 may contribute to MDD risk. To further
verify this, we tested whether SLC25A37 expression in hippocam-
pus was dysregulated in MDD patients using expression data from
Duric et al. (Duric et al., 2010). We found that SLC25A37 expression
is significantly down-regulated in MDD patients compared with
normal controls (decreased by 38%) (P ¼ 3.49 � 10�3)
(Supplementary Fig. 3). We further examined if SLC25A37 is
differentially expressed in peripheral blood of MDD cases and
controls using the data from a recent large-scale MDD expression
study (Jansen et al., 2016). Compared with controls, SLC25A37
expression is significantly down-regulated in current MDD cases
(N ¼ 882 cases and 331 controls, P ¼ 3.06 � 10�3) and remitted
MDD cases (N¼ 635 cases and 331 controls, P¼ 1.13� 10�3). When
current and remitted MDD cases were combined (N ¼ 1157 cases
and 331 controls), a more significant P value was observed
(P ¼ 7.90 � 10�4). Finally, we validated the significant down-
regulation of SLC25A37 in Chinese sample using quantitative PCR
(down-regulated by 55%) (P ¼ 2.66 � 10�13) (Fig. 2). These
consistent results indicated that SLC25A37 expression is signifi-
cantly down-regulated in MDD cases. Taken together, these
convergent lines of evidence suggested that SLC25A37 may repre-
sent a novel MDD susceptibility gene.
4. Discussion

MDD is one of the most prevalent mental disorders. Though the
heritability of MDD is relatively high (around 0.32) (Lubke et al.,
2012; Sullivan et al., 2000), only very limited MDD risk variants
(or genes) have been identified by recent large-scale GWAS. The
conundrum of genetic studies suggest the complex genetic archi-
tecture of MDD. As stated in the work of Ripke et al. (Ripke et al.,
2012), sample size may be an important factor and new risk loci
may be identified with the increase of sample size. Consistent with
this, Hyde et al. recently reported the largest GWAS of MDD (Hyde
et al., 2016). A total of 75,607 MDD cases and 231,747 controls were
included in the first stage (discovery), and 45,773 MDD cases and
106,354 controls were included in the second stage (replication).
Hyde et al. successfully identified 15 novel genetic loci for MDD
through combing the results from discovery and replication phases.
The genes located near the identified risk variants including
TEME161B, MEF2C, VRK2, L3MBTL2, NEGR1, RERE, HACE1, LIN28B,
SORCS3, OLFM4, PAX5, MEIS2, TMCO5A, RSRC1, MLF1, SLC6A15,
KIAA0020 and RFX3. These important findings further indicate the
pivotal role of sample size in genetic study of MDD.

In this study, we performed a meta-analysis through combing
two large GWAS datasets of MDD. Though no genome-wide
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significant variants were observed, we identified several promising
candidate SNPs that have the same direction of effect in both Eu-
ropean and Chinese samples. These SNPs may represent promising
candidate variants for MDD and genome-wide significant associa-
tions may be observed with the increase of sample size. Four of the
seven top SNPs are located 8p21.1 (Supplementary Fig. 2), sug-
gesting this regionmay harbor novel MDD risk variants. In addition
to the identification of a potential risk variant (rs6983724) for MDD,
our study also suggested that integrative analysis may provide a
useful way to mine the missing heritability of complex diseases.
Most of the disease-associated genetic variants identified by GWAS
are located in non-coding region, suggesting that these risk variants
manifest their effects through regulating gene expression. Thus,
characterization of the regulatory architecture of these variants is
important for interpreting GWAS loci and understanding basic
biology. Expression quantitative trait locus (eQTL) is one of the
most common methods used to dissect the effects of non-coding
genetic variation. Though a large amount of disease and trait-
associated genetic variants have been identified (Welter et al.,
2014) and numerous tissue-specific eQTL databases (The
Genotype-Tissue Expression (GTEx) project, 2013; Westra et al.,
2014) are available, how to systematically integrate these two
different data types in genetic study remains a major challenge.
Recently, He et al. developed a novel method (named Sherlock) to
detect gene-disease associations by matching patterns of expres-
sion QTL and GWAS (He et al., 2013). Through using this integrative
method (Sherlock), we identified ZNF323 as a novel schizophrenia
risk gene (Luo et al., 2015). More important, we successfully repli-
cated the association between ZNF323 and schizophrenia in inde-
pendent samples, suggesting that Sherlock integrative analysis is
powerful to detect disease-associated genes through integrating
eQTL and GWAS.

Through using Sherlock integrative analysis, we showed that
SLC25A37may be a novel risk gene for MDD. First, among the 7 top
SNPs (P < 5.0 � 10�7) identified by meta-analysis (Table 1), four of
them (rs6983724, rsrs12549100, rs11995691, and rs11995896)
(Table 1) are located in the downstream of SLC25A37. Linkage
disequilibrium analysis using genotype data (Europeans) from the
1000 Genomes project (Abecasis et al., 2010) indicated that these
four SNPs are highly linked (r2 > 0.95) (Supplementary Fig. 4). In
fact, SLC25A37 is the nearest gene for the these four SNPs. Second,
systematic integration brain eQTL and MDD GWAS revealed that
SLC25A37 had the most significant association with MDD, further
supporting that SLC25A37 may be a MDD risk gene. SNP rs6983724
is significantly associated with SLC25A37 expression and suggestive
association with MDD. Intriguingly, among the four SNPs
(rs6983724, rsrs12549100, rs11995691, and rs11995896) that
located in the downstream of SLC25A37, rs6983724 has the nearest
distance to SLC25A37 (Supplementary Fig. 2). Compared with GG
genotype carriers, individuals with AA genotype at SNP rs6983724
showed a reduced expression of SLC25A37 (Fig. 1). We validated the
association between rs6983724 and SLC25A37 expression in inde-
pendent datasets. Third, expression analyses indicated that
SLC25A37 is significantly down-regulated in MDD patients. We also
verified the down-regulation of SLC25A37 expression in indepen-
dent populations. Finally, SNP rs6983724 showed significant asso-
ciation with MDD in both European and Chinese samples. Of note,
we found that the A allele of rs6983724 is the risk allele in both
Chinese (OR ¼ 1.16) and European (OR ¼ 1.06) samples. The
strengths of association significance between rs6983724 and MDD
increases when Chinese and European samples were combined,
strongly suggesting that rs6983724 may represent a promising risk
variant for MDD. These convergent evidence suggest that SLC25A37
may be a new MDD risk gene.

SLC25A37 (Solute Carrier Family 25 Member 37) encodes
mitochondrial iron transporter (Mitoferrin-1) that is essential for
erythroid iron assimilation (Shaw et al., 2006). It functions as an
essential iron importer that imports ferrous iron from the inter-
membrane space of the mitochondria to the mitochondrial matrix
for the synthesis of heme groups and FeeS clusters (Chen et al.,
2009; Paradkar et al., 2009). Expression analysis revealed that
SLC25A37 is widely expressed in central nervous system (Haitina
et al., 2006), suggesting that it may play a role in brain develop-
ment and function. Recent studies revealed that SLC25A37 is
important for many biological processes, including erythroid heme
biosynthesis (Chen et al., 2010; Shaw et al., 2006), fertility
(Metzendorf and Lind, 2010), body size and movement (Ren et al.,
2012). SLC25A37 is physically interacted with ABCB10, a trans-
porter that also plays an important role in heme biosynthesis (Chen
et al., 2009). Through forming complex, ABCB10 can enhance
SLC25A37 stability and function, and loss of Abcb10 greatly
impacted the heme biosynthesis (Yamamoto et al., 2014). Visconte
et al. showed that SLC25A37 is regulated by SF3B1 (Visconte et al.,
2015), a member of the RNA slicing machinery. Mutation of SF3B1
resulted in overexpression of SLC25A37, which eventually lead to
iron overload. In addition, abnormal expression of SLC25A37 was
observed in human diseases such as erythropoietic protoporphyria
(Wang et al., 2011) and reduction of Mitoferrin resulted in
abnormal development (Ren et al., 2012). Interestingly, a recent
study reported by Korkmaz et al. showed that among MDD pa-
tients, 22% was diagnosed with anemia (Korkmaz et al., 2015),
strongly suggesting that SLC25A37 may have pivotal role in MDD.
We noticed that Mitoferrin-1 is an important component of mito-
chondrion, the central machinery to produce the energy currency
(ATP) of the cell. Accumulating evidence suggested that mito-
chondrial dysfunction may have pivotal role in MDD (Cai et al.,
2015; Chang et al., 2015; Gardner and Boles, 2010; Klinedinst and
Regenold, 2015; Rezin et al., 2009; Tobe, 2013). Consistently, the
CONVERGE consortium also found that one of the two genome-
wide loci is located to SIRT1, a gene involved in mitochondrial
biogenesis (Gerhart-Hines et al., 2007). These evidence imply that
mitochondrial dysfunction may be associated with abnormal brain
function and MDD. Further work is needed to validate our findings
in a larger sample or in an independent set of samples.
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Supplementary Table 1. Demographics of MDD cases and controls for expression analyses 

 Cases Controls P 
Number of subjects (n) 50 50  
Age (years), mean (SD) 29.2 (6.0) 30.8 (6.1) 0.19 
Gender, male n (%) 17 (34.0) 21 (42.0) 0.54 
Smoking status, n (%) 13 (26.0) 15 (30.0) 0.82 
Alcoholic abuse, n (%) 0 (0) 0 (0)  
Duration of illness (month) a, mean (SD) 2.9 (1.0) N/A  
HRSD-17 b, mean (SD) 24.9 (2.2) N/A  
Number of episode, mean (SD) 1.4 (0.4) N/A  
Family history of mood disorders, n (%) 3 (6.0) N/A  
Note: aDuration of illness prior to admission 

bHRSD-17 on admission 
 
 
 
 
 
 

 
Figure S1. SNP rs6983724 is significantly associated with SLC25A37 expression in brain tissues 
(A, Cortex; B, Anterior Cingulate Cortex). Expression data was extracted from The GTEx 
consortium (1).  



 

 
Figure S2. Genomic structure of SLC25A37 gene and SNP rs6983724. 
 
 
 
 

 
Figure S3. SLC25A37 is significantly down-regulated in hippocampus of MDD patients. 
Expression data was extracted from Duric et al (2). 
 
 
 
 



 
Figure S4. Linkage disequilibrium (LD) between the top four SNPs located on 8q21.1. Genotype 
data of European population was obtained from the 1000 genomes project (3). LD values (r2) are 
shown. 
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