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Recent large-scale integrative analyses (including 
Transcriptome-Wide Association Study [TWAS] and 
Summary-data-based Mendelian Randomization [SMR]) 
have identified multiple genes whose cis-regulated expres-
sion changes may confer risk of schizophrenia. Nevertheless, 
expression quantitative trait loci (eQTL) data and genome-
wide associations used for integrative analyses were mainly 
from populations of European ancestry, resulting in po-
tential missing of pivotal biological insights in other con-
tinental populations due to population heterogeneity. Here 
we conducted TWAS and SMR integrative analyses using 
blood eQTL (from 162 subjects) and GWAS data (22 778 
cases and 35 362 controls) of schizophrenia in East Asian 
(EAS) populations. Both TWAS (P  =  2.89  × 10–14) and 
SMR (P  =  6.04  × 10–5) analyses showed that decreased 
TMEM180 mRNA expression was significantly asso-
ciated with risk of schizophrenia. We further found that 
TMEM180 was significantly down-regulated in the pe-
ripheral blood of schizophrenia cases compared with con-
trols (P = 8.63 × 10–4 in EAS sample), and its expression 
was also significantly lower in the brain tissues of schizo-
phrenia cases compared with controls (P = 1.87 × 10–5 in 
European sample from PsychENCODE). Functional ex-
plorations suggested that Tmem180 knockdown affected 
neurodevelopment, ie, proliferation and differentiation of 
neural stem cells. RNA sequencing showed that pathways 
regulated by Tmem180 were significantly enriched in brain 
development and synaptic transmission. In conclusion, 
our study provides convergent lines of evidence for the in-
volvement of TMEM180 in schizophrenia, and highlights 

the potential and importance of resource integration and 
sharing at this big data era in bio-medical research.
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Introduction

Schizophrenia is a severe mental disorder imposing great 
economic and societal burden.1 High heritability indi-
cates a dominant role of genetic risk factors in schizo-
phrenia,2 and over 200 risk loci have been reported by 
genome-wide association studies (GWASs).3–12 Despite 
that GWASs have made unprecedented achievements in 
the past decade, deciphering the genetic underpinnings 
and pathophysiology of schizophrenia is still challenging 
owing to the genetic heterogeneity of the disease between 
continental populations13–15 and the unclear functionality 
of most GWAS loci.

Recent endeavors to overcome these challenges have 
achieved prominent success. For example, GWASs 
performed in populations of  East Asian (EAS),8,9,11 
Indian,16 African and Latino ancestries17 have identi-
fied novel risk loci for schizophrenia. In addition, in-
tegrative studies using European data have identified 
potential target genes of  multiple schizophrenia risk 
variants.18–27 Although these studies have provided 
novel biological insights, almost all of  these integrative 
analyses utilized genome-wide associations and eQTL 
data of  populations of  European ancestry, potentially 
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missing pivotal genetic and biological insights in 
other populations. To overcome the deficiency of  in-
tegrative analyses in non-European populations and 
to illuminate the potential roles of  the identified risk 
genes in schizophrenia, in this study, we firstly con-
ducted large-scale integrative analyses (ie, TWAS and 
Summary-Data-Based Mendelian Randomization 
[SMR]) using reported genome-wide associations 
and eQTL data of  population of  East Asian ancestry 
(EAS). We then explored if  risk genes identified by in-
tegrative analyses were dysregulated in schizophrenia 
cases compared with controls. We also investigated 
the role of  the identified risk gene (ie, Tmem180) in 
neurodevelopment by using neural stem cell model. 
Finally, we investigated the genes and pathways po-
tentially regulated by Tmem180 using transcriptome 
sequencing. Our study suggests that TMEM180 is a 
schizophrenia risk gene whose expression alternation 
may have a role in schizophrenia (through affecting 
neurodevelopment and schizophrenia-associated bio-
logical pathways).

Materials and Methods

Genome-Wide Associations of EAS

Genome-wide SNP associations in EAS were retrieved 
from a recent schizophrenia GWAS.11 Briefly, Lam et al 
conducted the largest schizophrenia GWAS (22 778 cases 
and 35 362 controls) in EAS and identified 21 genome-
wide significant associations at 19 loci.11 Detailed in-
formation about the EAS GWAS can be found in the 
original paper.11

eQTL Data of EAS

Recent studies have revealed differences in genetic archi-
tecture of gene expression in different populations,28,29 
indicating the importance of conducting integrative ana-
lyses using genetic associations and eQTL data from the 
same population (ie, if  GWAS associations were from 
EAS, it is better to use eQTL data from EAS). We used 
eQTL data from lymphoblastoid cell lines of EAS popu-
lations (162 donors) in this study.30 Detailed information 
about eQTL data of EAS are provided in the supplemen-
tary methods.

Transcriptome-Wide Association Study

To identify genes whose cis-regulated expression changes 
are associated with risk of schizophrenia, we performed a 
Transcriptome-Wide Association Study (TWAS) by inte-
grating GWAS associations and eQTL data. The TWAS 
analysis was performed using the FUSION software31 
(http://gusevlab.org/projects/fusion/). Detailed informa-
tion about TWAS are provided in the supplementary 
methods.

SMR Analysis

We used SMR integrative analysis approach developed by 
Zhu et al. to identify schizophrenia risk genes through in-
tegrating eQTL data and GWAS signals.32 Details about 
the SMR analyses can be found in the original paper32 
and are provided in the supplementary methods.

Functional Annotation of rs2902544

We explored the functionality of rs2902544 using func-
tional annotation tools RegulomeDB33 and Alibaba234. 
Detailed information about functional annotation are 
provided in the supplementary methods.

Expression Analysis of TMEM180 in Peripheral Blood 
of Schizophrenia Cases and Controls (EAS Sample)

TWAS identifies disease-associated genes under the as-
sumption that genetic variations confer risk of disease by 
modulating gene expression.31 To further explore if  the 
schizophrenia risk gene TMEM180 identified by TWAS 
and SMR integrative analyses in EAS was dysregulated 
in schizophrenia cases, we examined gene expression 
level of TMEM180 in peripheral blood of schizophrenia 
cases and controls by using the expression data from the 
study of Sun et al.35 More detail information about schiz-
ophrenia diagnosis, blood collection, RNA extraction, 
quality control, and statistical analysis were provided in 
supplementary material and can be found in the original 
publication.35

Expression Analysis of TMEM180 in Brain Tissues of 
Schizophrenia Cases and Controls (European Sample)

We further examined TMEM180 mRNA expression level 
in brains of schizophrenia cases and controls. As there 
is no publicly available Asian brain expression data for 
analysis, we used European brain expression data from 
the PsychENCODE21 for TMEM180 expression analysis. 
We extracted the expression values (fragments per kilo-
base of transcript per million mapped reads (FPKM)) 
and P value of TMEM180 from PsychENCODE web-
site. Detailed information about the study subjects are 
provided in supplementary material and can be found in 
the related publication.21

Isolation and Culture of Mouse Neural Stem 
Cells (mNSCs)

We isolated mNSCs according to the published proto-
cols36,37 with some minor modifications as described in 
our recent study.38 In brief, brains of mouse embryos (em-
bryonic day 13.5 (E13.5), C57BL/6) were dissected under 
microscope to obtain neural stem cells from the ventric-
ular zone (VZ) and sub-ventricular zone (SVZ) tissues. 
Details about isolation and culturing of mNSCs are pro-
vided in supplementary material.
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Knockdown Experiments

The short hairpin RNAs (shRNAs) targeting mouse 
Tmem180 were designed using BLOCK-iT™ RNAi Designer 
(https://rnaidesigner.thermofisher.com/rnaiexpress/sort.do) 
(supplementary table 1). Detailed procedures were provided 
in supplementary methods.

Proliferation Assays of mNSCs

Proliferation assays (including EdU incorporation and 
CCK-8) were performed as previously described38 and 
detailed procedures were provided in supplementary 
methods.

Differentiation of mNSCs Into Neurons and 
Astrocyte Cells

The mNSCs cells were seeded onto the 24-well plates 
at a density of 2  × 105 cells/well (pre-coated with lam-
inin [SIGMA, Cat.No: L2020-1mg]) and cultured in 
proliferation medium. After one day, the proliferation 
medium was replaced with differentiation medium. 
Differentiation assays were performed as previously de-
scribed38 and detailed procedures were provided in sup-
plementary methods.

Immunofluorescence Staining

Detailed procedures about immunofluorescence staining 
are provided in supplementary material. The primary and 
secondary antibodies used in this study were provided in 
supplementary material.

Real-Time Quantitative PCR

RNA was extracted with TRIzol RNA Isolation 
Reagents (Life technologies, 15596018) according to the 
manufacturer’s instructions. Detailed information about 
procedures and analyses of qPCR are provided in the 
supplementary methods. Primers sequences are listed in 
supplementary table 1.

Transcriptome Analysis

Detailed procedures about transcriptome analysis (RNA 
sequencing) are provided in supplementary material.

Results

TWAS and SMR Integrative Analyses in EAS 
Identified TMEM180 as a Schizophrenia Risk Gene

To prioritize candidate genes whose expression alter-
ations may confer risk of schizophrenia, several inte-
grative analyses have been performed.18,22,23,25,27,31,32,39,40 
However, most of the integrative analyses were conducted 
in populations of European ancestry. In this study, we 
performed integrative analyses using genome-wide as-
sociations of schizophrenia (22 778 schizophrenia cases 
and 35  362 controls) and eQTL data (162 individuals) 
from populations of EAS ancestry.11,30 We first conducted 
a TWAS31 in EAS and identified 4 transcriptome-wide 
significant risk genes (including TMEM180, ACTR1A, 
SFXN2, and MAD1L1) for schizophrenia (corrected 
by Bonferroni multiple comparison testing) (table  1), 
and TMEM180 showed the most significant association 
(TWAS P  =  2.89  × 10–14). SNP rs2902544 showed sig-
nificant association with schizophrenia and TMEM180 
expression (figure  1a). Of note, functional annotation 
suggested that rs2902544 may be a functional variant 
(supplementary figure  1). We further performed an-
other integrative analysis (ie, SMR32) by using the same 
GWAS and eQTL data as the TWAS analysis. SMR in-
tegrative analysis identified 2 schizophrenia risk genes 
(SFXN2 and TMEM180) (corrected by Bonferroni mul-
tiple comparison testing) (table 2). Nevertheless, HEIDI 
(heterogeneity in dependent instruments) test32 showed 
that SFXN2 could not pass heterogeneity test (PHEIDI < 
0.05), suggesting that the association between SFXN2 
and schizophrenia might due to linkage or pleiotropic ef-
fect (rather than causal effect). Thus, the only significant 
risk gene identified by SMR is TMEM180 (P = 6.04 × 
10–5). Collectively, both TWAS and SMR integrative ana-
lyses supported that TMEM180 was significantly associ-
ated with schizophrenia.

Table 1.  Transcriptome-Wide Significant Schizophrenia Risk Genes Identified by TWAS in EAS

Gene CHR Best.GWAS.IDa A1 A2 ORb eQTL IDc TWAS.Zd TWAS.P

TMEM180 10 rs4147157 A G 0.89 rs2902544 −7.603 2.89E-14
ACTR1A 10 rs4147157 A G 0.89 rs284860 −5.2973 1.18E-07
SFXN2 10 rs4147157 A G 0.89 rs2902548 5.0379 4.71E-07
MAD1L1 7 rs10239050 A G 1.07 rs1107592 4.647 3.37E-06

Note: aThe SNP that showed the most significant association with schizophrenia in this locus.
bOdds ratio is based on A1.
cThe SNP that showed the most significant association with gene expression in this locus.
dThe Z statistic reflects the association strength between this gene and schizophrenia. Z<0 suggests that this gene was predicted to be 
down-regulated in schizophrenia cases compared with controls, and vice versa. Transcriptome-wide significant (Bonferroni corrected  
P <0.05) gene is shown in bold.
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Risk Allele of rs2902544 was Associated With Lower 
TMEM180 Expression

Our TWAS analysis showed that rs2902544 was simulta-
neously associated with schizophrenia (P = 3.45 × 10–13) 
and TMEM180 expression (P  =  2.88  × 10−10) in EAS 
(table  1), suggesting that genetic variation may confer 
schizophrenia risk by regulating TMEM180 mRNA ex-
pression. Further analysis showed that the risk allele 
(ie, C allele) of rs2902544 was associated with lower 
TMEM180 expression (figure  1a), implying that risk 
variants might contribute to schizophrenia risk through 
down-regulating TMEM180.

Down-Regulation of TMEM180 in Schizophrenia 
Cases Compared With Controls

As stated above, TWAS and eQTL analyses of rs2902544 
predicted down-regulation of TMEM180 in schizo-
phrenia cases compared with controls (table 1). We then 
examined TMEM180 mRNA expression changes be-
tween schizophrenia cases and controls using the expres-
sion data from Sun et al. (Chinese sample).35 Consistent 
with the prediction of integrative analyses, we found that 

TMEM180 was significantly down-regulated in the blood 
samples of schizophrenia cases compared with controls 
(P = 8.63 × 10–4) (figure 1b), with an effect size (Cohen’s 
d) of 1.22.

We further explored TMEM180 mRNA expression in 
brains of schizophrenia cases and controls using expres-
sion data from the PsychENCODE.41 Again, TMEM180 
was significantly down-regulated in the brains of schizo-
phrenia cases compared with controls (P = 1.87 × 10–5), 
with an effect size (Cohen’s d) of 0.906. These consistent 
results from different samples and tissues suggested 
that dysregulation of TMEM180 might play a role in 
schizophrenia.

Knockdown of Tmem180 Affected Proliferation of 
Mouse Neural Stem Cells

Although the pathophysiology of schizophrenia re-
mains largely unknown, multiple lines of evidence (in-
cluding genetic42 and functional studies27,43–45) support 
the neurodevelopmental hypothesis, which posits that 
schizophrenia is mainly attributed to abnormal brain 
development.46–50 To mimic the effect of TMEM180 
down-regulation on neurodevelopment, we used the 

Table 2.  Schizophrenia Risk Genes Identified by SMR Integrative Analysis in EAS

Gene Chr Top SNP Top SNP_Chr A1 A2 ORa HEIDI_Pb SMR_P

SFXN2 10 rs2902548 10 T C 0.92 2.27E-03 2.52E-06
TMEM180 10 rs17114641 10 T G 1.10 8.22E-02 6.04E-05

Note: aOdds ratio is based on A1.
bHEIDI (heterogeneity in dependent instruments) test was used to distinguish pleiotropy from linkage. If a gene passes HEIDI test 
(P>0.05), suggesting that there is a single causal variant influencing both disease risk and gene expression. Thus, the expression change of 
this gene may have a role in disease susceptibility. Transcriptome-wide significant (Bonferroni corrected P <0.05) gene is shown in bold.

Fig. 1.  Expression quantitative trait loci and TMEM180 expression analyses. (a) The schizophrenia risk allele of rs1902544 is associated 
with lower TMEM180 expression in EAS (effect size (beta) = 0.182). (b) TMEM180 expression was significantly down-regulated in 
schizophrenia cases compared with controls (with the effect size [Cohen’s d] of  1.22).
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mouse neural stem model, which was frequently used 
in studying the role of schizophrenia risk genes in 
neurodevelopment.27,43–45 We validated the identity of 
isolated mNSCs using well-characterized markers, in-
cluding PAX6, NESTIN and SOX2 (figures 2a–e). We de-
signed 2 shRNAs to knockdown Tmem180 expression in 
mNSCs and RT-qPCR showed that Tmem180 was signif-
icantly down-regulated by the shRNAs (figure 2f). Both 
EdU and CCK-8 assays showed that Tmem180 knock-
down promoted proliferation of mNSCs significantly 

(figures 2g–i), indicating that Tmem180 has a role in regu-
lating proliferation of NSCs.

Knockdown of Tmem180 Affected Differentiation of 
mNSCs Into Neuronal and Astrocyte Cells

In the early stage of neurodevelopment, the NSCs first 
undergo serial proliferation and self-renewal in the ven-
tricular zone (VZ) and sub-ventricular zone (SVZ) to 
generate numbers of  NSCs and neural progenitor cells.51 

Fig. 2.  Tmem180 knockdown promotes proliferation of mNSCs significantly. (a–e) Immunofluorescence staining showed that the 
isolated mNSCs express 3 well-characterized markers for NSCs, including SOX2, PAX6, and NESTIN, indicating that the cells were 
NSCs. (f) Expression of Tmem180 in mNSCs was significantly knocked-down by the designed shRNAs. (g) EdU incorporation assay 
showed that EdU+ (red) cells were significantly increased in Tmem180 knocked-down cells compared with controls. DAPI+ was used 
to stain the nucleus (blue). (h) The quantification results of the EdU incorporation assay. (i) CCK-8 assay revealed that the Tmem180 
knockdown significantly promote proliferation of NSCs. Data showed at 3 time points, 24, 48 and 72 hours. Two-tailed Student’s 
t test was used to compare if  the difference was significant. n = 3 for f, n = 3 (EdU positive cells were counted from 6 independent 
immunostaining images for each sample) for g, n = 9 for i. Data are represented as mean ± SD. *P < .05; **P < .01; ***P < .001.
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With the progress of  development, these NSCs and neural 
progenitors migrate outside and differentiate into dif-
ferent types of  neural cells and astrocyte cells. To further 
explore the role of  TMEM180 in neurodevelopment, we 
next investigated the role of  TMEM180 in neural differen-
tiation. Compared with control NSCs, we found that the 
proportion of GFAP positive astrocytes cells (GFAP+) 
was significantly decreased in Tmem180 knockdown 
group (figures 3a and 3b). By contrast, the proportion of 
MAP2 positive neuronal cells (MAP2+) was significantly 
increased (figures  3c and 3d). We validated the impact 
of  Tmem180 knockdown on neural differentiation with 
RT-qPCR. Consistent with the immunostaining results, 
RT-qPCR showed that Tmem180 knockdown signifi-
cantly altered the expression of GFAP and MAP2, with 
the same effect direction as observed in immunostaining 
assays (figures 3f  and 3g). Collectively, these results dem-
onstrate the important role of  TMEM180 in regulating 
neural differentiation.

TMEM180 Regulated Schizophrenia-Associated 
Pathways

To further investigate the biological and signaling path-
ways regulated by TMEM180, we performed transcrip-
tome analysis. We conducted RNA-Seq to examine the 
impact of Tmem180 knockdown on global gene expres-
sion profiling in mNSCs. We identified 654 genes (supple-
mentary table 2) that were differentially expressed (fold 
change > 1.5 and adjusted P < .05) in Tmem180 knock-
down mNSCs (compared with controls) (figure  4a). 
We selected 5 genes (including Nptx1, Ywhah, Gabra2, 
Col26a1, and Slc6a9) (figure 4b) to validate the results of 
RNA-seq using RT-qPCR (figures 4c–g), and the selec-
tion criteria of these 5 genes were as follows: First, these 5 
genes were from the top 30 differentially expressed genes 
(based on RNA-seq). Second, these genes are abundantly 
expressed (https://www.proteinatlas.org/)52 (supplemen-
tary figure 2) and have pivotal roles in the human brain.52–65  
Detailed information about the roles of these genes in the 
central nervous system was provided in the supplemen-
tary methods. Taken together, these lines of evidence in-
dicated the important role of the potential target genes 
of TMEM180 in brain development and psychiatric dis-
orders, suggesting that TMEM180 may confer risk of 
schizophrenia through regulating these genes.

We next performed GO analysis to explore if  the 654 
differentially expressed genes were enriched in specific 
biological categories or signaling pathways. Our GO 
analysis showed that the differentially expressed genes 
were mainly enriched in biological processes associ-
ated with schizophrenia, including action potential,66 
learning or memory,67,68 cognition,69–71 synaptic trans-
mission, etc (figure  4h). In addition, KEGG pathway 
analysis showed that the dysregulated genes were signif-
icantly enriched in schizophrenia-associated signaling 

pathways, including ECM-receptor interaction,72 cAMP  
signaling pathway,73 glutamatergic synapse, synaptic 
vesicle cycle,74–77 GABAergic synapse,78,79 etc (figure  4i). 
Collectively, our transcriptome analysis showed that 
TMEM180 may contribute to schizophrenia by regu-
lating these biological processes and signaling pathways.

Discussion

In this study, we identified TMEM180 as a schizophrenia 
risk gene through integrating genome-wide associations and 
eQTL data from EAS. We provided convergent lines of evi-
dence that support dysregulation of TMEM180 might have 
a role in schizophrenia. First, our TWAS and SMR inte-
grative analyses suggested that TMEM180 is schizophrenia 
risk gene whose down-regulation may have a role in schizo-
phrenia. Of note, previous TWAS studies21,60 using GWAS 
associations and brain eQTL data of Europeans did not 
identify TMEM180 as a schizophrenia risk gene (supple-
mentary table 3), indicating the necessity and importance 
of performing integrative analysis using GWAS and eQTL 
data from non-European populations. Second, consistent 
with the prediction of integrative analyses, mRNA expres-
sion analysis showed that TMEM180 was significantly 
down-regulated in peripheral blood of schizophrenia cases 
compared with controls in EAS sample. Third, TMEM180 
also showed a significant down-regulation in brains of schiz-
ophrenia cases compared with controls in European sample 
from the PsychENCODE,22 further supporting the poten-
tial involvement of TMEM180 in schizophrenia. Fourth, 
we found that Tmem180 knockdown affected proliferation 
and differentiation of NSCs, indicating that Tmem180 is 
required for normal proliferation and differentiation of 
NSCs. These results also suggested that TMEM180 may 
contribute to susceptibility of schizophrenia by affecting 
neurodevelopment. Finally, transcriptome analysis demon-
strated that Tmem180 regulates schizophrenia-associated 
pathways, including pathways related to synaptic transmis-
sion, memory and cognition.

TMEM180 is also known as MFSD13A (Major 
Facilitator Superfamily Domain Containing13A) and it 
encodes a transmembrane protein which contains 12 trans-
membrane domains.80 Previous studies have showed that 
TMEM180 knockdown (with siRNAs) promotes prolifer-
ation of the human pancreatic cancer cells.81 In addition, 
TMEM180 is highly expressed in colorectal cancer cells80 
and it may be a new marker for colorectal cancer.82,83 To 
date, the exact function of TMEM180 is still unclear and 
we know little about the role of TMEM180 in brain and 
schizophrenia pathogenesis. Our transcriptome sequencing 
showed that synaptic transmission and neuronal related 
pathways were significantly affected by Tmem180 knock-
down, suggesting that TMEM180 may have a pivotal role 
in the brain. The potential roles of TMEM180 in the brain 
are discussed in the supplementary discussion and related 
data are provided in supplementary figures 3–5.
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Recent integrative analyses have linked schizophrenia 
risk variants to genes,18,21,23,25,27,32,60 thus providing a 
starting point for further functional characterization and 

mechanism dissection. These integrative analyses not 
only translated the genetic associations into risk genes,24 
but also provided potential insights into schizophrenia 

pathways, including ECM-receptor interaction,72 cAMP  
signaling pathway,73 glutamatergic synapse, synaptic 
vesicle cycle,74–77 GABAergic synapse,78,79 etc (figure  4i). 
Collectively, our transcriptome analysis showed that 
TMEM180 may contribute to schizophrenia by regu-
lating these biological processes and signaling pathways.

Discussion

In this study, we identified TMEM180 as a schizophrenia 
risk gene through integrating genome-wide associations and 
eQTL data from EAS. We provided convergent lines of evi-
dence that support dysregulation of TMEM180 might have 
a role in schizophrenia. First, our TWAS and SMR inte-
grative analyses suggested that TMEM180 is schizophrenia 
risk gene whose down-regulation may have a role in schizo-
phrenia. Of note, previous TWAS studies21,60 using GWAS 
associations and brain eQTL data of Europeans did not 
identify TMEM180 as a schizophrenia risk gene (supple-
mentary table 3), indicating the necessity and importance 
of performing integrative analysis using GWAS and eQTL 
data from non-European populations. Second, consistent 
with the prediction of integrative analyses, mRNA expres-
sion analysis showed that TMEM180 was significantly 
down-regulated in peripheral blood of schizophrenia cases 
compared with controls in EAS sample. Third, TMEM180 
also showed a significant down-regulation in brains of schiz-
ophrenia cases compared with controls in European sample 
from the PsychENCODE,22 further supporting the poten-
tial involvement of TMEM180 in schizophrenia. Fourth, 
we found that Tmem180 knockdown affected proliferation 
and differentiation of NSCs, indicating that Tmem180 is 
required for normal proliferation and differentiation of 
NSCs. These results also suggested that TMEM180 may 
contribute to susceptibility of schizophrenia by affecting 
neurodevelopment. Finally, transcriptome analysis demon-
strated that Tmem180 regulates schizophrenia-associated 
pathways, including pathways related to synaptic transmis-
sion, memory and cognition.

TMEM180 is also known as MFSD13A (Major 
Facilitator Superfamily Domain Containing13A) and it 
encodes a transmembrane protein which contains 12 trans-
membrane domains.80 Previous studies have showed that 
TMEM180 knockdown (with siRNAs) promotes prolifer-
ation of the human pancreatic cancer cells.81 In addition, 
TMEM180 is highly expressed in colorectal cancer cells80 
and it may be a new marker for colorectal cancer.82,83 To 
date, the exact function of TMEM180 is still unclear and 
we know little about the role of TMEM180 in brain and 
schizophrenia pathogenesis. Our transcriptome sequencing 
showed that synaptic transmission and neuronal related 
pathways were significantly affected by Tmem180 knock-
down, suggesting that TMEM180 may have a pivotal role 
in the brain. The potential roles of TMEM180 in the brain 
are discussed in the supplementary discussion and related 
data are provided in supplementary figures 3–5.

Fig. 3.  Tmem180 knockdown affects differentiation of mNSCs. (a) Representative immunofluorescence staining images for GFAP+ 
astrocyte cells (green) and DAPI+ (blue). (b) Quantification for the ratio of GFAP positive astrocyte cells in Tmem180 knockdown and 
controls mNSCs. The ratio of GFAP positive astrocyte cells was significantly decreased in Tmem180 knockdown group compared to 
control group, indicating that the differentiation of mNSCs into astrocyte cells were impaired. (c) Representative immunofluorescence 
staining images for MAP2+ neurons (green) and DAPI+ (blue). (d) Quantification for the ratio of MAP2 positive neurons in Tmem180 
knockdown and controls NSCs. The ratio of MAP2 positive astrocyte cells was significantly increased in Tmem180 knockdown group 
compared to control group, indicating that the differentiation of NSCs into neurons were enhanced. (f,g) RT-qPCR results showed that 
Tmem180 knockdown significantly affected the relative expression level of GFAP and MAP2. pLKO.1-EGFP was used as controls (ie, 
these cells were transfected with random shRNAs and EGFP). Two-tailed Student’s t test was used to compare if  the difference was 
significant. n = 3 (GFAP positive cells were counted from 8 independent immunostaining images for each sample) for a, n = 3 (MAP2 
positive cells were counted from 6 independent immunostaining images for each sample) for c. *P < .05; **P < .01.
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pathogenesis. As the genome-wide associations and 
eQTL data used for integrative analyses were primarily 
from populations of Europeans, there is a necessity to 
look at the other continental populations in considera-
tion of the population genetic heterogeneity. Fortunately, 
recent studies have begun to dissect the genetic architec-
ture of  schizophrenia in other populations, including 
populations of EAS,9,11 African and Latino ancestries.17 
These studies provided important biological insights 
into the genetic etiology of schizophrenia and are well 
complementary to the GWASs conducted in European 
populations. In this study, we reported the first integra-
tive analysis on schizophrenia using genome-wide as-
sociations and eQTL data of EAS. Our study identifies 
TMEM180 as a novel risk gene for schizophrenia and 

provides a complementary scheme to the integrative 
studies performed in European populations. Of note, 
the original study by Lam et al. suggested that ACTR1A 
might be the responsible gene at this locus as ACTR1A 
is the gene nearest the top association (the lead or index) 
variant at this locus.11 Our study highlights that the 
gene nearest the top association cannot be simply pre-
sumed to harbor the causal variations. The risk or causal 
variants may confer schizophrenia risk through regu-
lating expression of distal genes (rather than the nearest 
gene). Interestingly, we noticed that TMEM180 did not 
show significant association with schizophrenia in pre-
vious GWAS10 (supplementary figure  6a) and integra-
tive studies of  schizophrenia (supplementary tables  3 
and 4) (using European),21,22,25 suggesting the potential 

Fig. 4.  Tmem180 regulates schizophrenia-associated biological processes and pathways. (a) Expression heatmap of all differentially 
expressed genes (n = 654) identified in Tmem180 knockdown NSCs compared with controls. (b) Heatmap plot of the top 30 differentially 
expressed genes. (c–g) qPCR validation of RNA-Seq results. Five genes (marked by red color in b) were selected for qPCR verification. 
All of the 5 genes that showed differential expression by RNA-Seq were validated by RT-qPCR, indicating the reliability of RNA-Seq. 
(h,i) GO and KEGG analyses of the differentially expressed genes. Pathways marked with red color were previously reported to be 
associated with schizophrenia. P values were calculated by Two-tailed Student’s t test was used for statistical test. n = 3 for c–g, *P < .05; 
**P < .01.
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population specificity of  this risk gene. Finally, the fre-
quency of the risk allele (C) of  rs2902544 also showed 
differences in Europeans and East Asians (supplemen-
tary figure 7), implying differential power to detect this 
association across ancestries, and either random drift or 
possibly positive selection favoring the minor allele in 
out-of-Africa populations.

Our study also suggests ancestry-specific findings di-
verge and converge across modalities in schizophrenia. 
Detailed discussions on this are provided in the supple-
mentary discussion.

There are several limitations of  this study. First, the 
sample size of  schizophrenia GWAS included in this 
study was still relatively small compared to integrative 
studies performed in European,22,25 which may limit the 
identification of  more promising candidate risk genes 
for schizophrenia. Second, as no brain eQTL data 
was available for EAS, we used eQTL data from the 
lymphoblastoid cell lines (as a surrogate) for integra-
tive analysis. Considering that schizophrenia is a mental 
disorder that is mainly originated from abnormal brain 
development and function, it is ideal to use eQTL data 
from brain tissues to conduct integrative analysis. Using 
eQTL data from non-brain tissues for integrative ana-
lyses may miss important information. In fact, only a sig-
nificant gene (ie, TMEM180) was identified in our study. 
The relatively small sample size included in EAS GWAS 
and the using of  non-brain eQTL data may be the major 
reasons for the identification of  only one significant gene 
in our study. Further investigations with larger sample 
size and using of  brain eQTL data (of  EAS) will help to 
validate this result and to identify more risk genes. Third, 
though our integrative analyses suggested that genetic 
variants may confer schizophrenia risk by regulating 
TMEM180 expression, the functional risk variants (or 
causal variants) and how these functional variants reg-
ulate TMEM180 expression remain unknown. Finally, 
despite our study revealed that TMEM180 may have a 
role in neurodevelopment, currently we still do not know 
the exact role of  TMEM180 in brain development and 
schizophrenia. Further in vivo functional studies are 
needed to demonstrate how TMEM180 confer risk of 
schizophrenia.

In summary, we performed a schizophrenia integrative 
analysis using genetic associations and eQTL data from 
EAS. Our study identified TMEM180 as a novel schiz-
ophrenia risk gene whose expression alternation may 
have a role in schizophrenia. Further functional study 
will elucidate the role and mechanisms of TMEM180 in 
schizophrenia.

Supplementary Material

Supplementary material is available at Schizophrenia 
Bulletin online.
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Supplementary methods11

12

Expression quantitative trait loci (eQTL) data of EAS13

In the original study, Stranger et al. quantified gene expression levels in lymphoblastoid cell lines14

of 726 individuals from 8 HapMap global populations using the Illumina’s whole genome15

expression array1. Of these subjects, 162 donors were EAS (80 Han Chinese from Beijing (CHB)16

and 82 Japanese in Tokyo (JPT)), and we downloaded the respective data from ArrayExpress:17

https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-264/. Their corresponding genotype18

data (obtained with the Illumina Sentrix Human-6 Expression BeadChip) were downloaded from19

HapMap: https://www.broadinstitute.org/medical-and-population-genetics/hapmap-3. More details20

of RNA extraction, gene expression quantification, genotyping, quality control, and statistical21

analyses can be found in the original study1.22

23

Transcriptome-wide Association Study (TWAS)24

In this study, we firstly calculated SNP-expression weights using eQTL data of EAS (from the25

https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-264/
https://www.broadinstitute.org/medical-and-population-genetics/hapmap-3
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HapMap2 or weblink). For a given gene, the associations between this gene and the SNPs1

surrounding it (within 1-Mb) were computed with FUSION.compute_weights.R script based on2

three predictive models included in FUSION (i.e., LASSO, top1, and Elastic Net)3. We used a3

strict Bonferroni-corrected P threshold to correct TWAS significant genes (i.e., TWAS P value4

= 6.84 × 10−5 (0.05/731)). The principles and detailed procedures of FUSION were provided in the5

original paper3.6

7

Summary-data based Mendelian Randomization (SMR) analysis8

Only SNP-gene associations with P values < 1 × 10-5 (--peqtl-smr 1e-5) were included in the SMR9

analysis. In addition, HEIDI test was also performed to test the presence of heterogeneity in the10

SMR association statistics4 and only genes passed HEIDI test (PHEIDI ≥ 0.05) were retained. The11

significant associations were determined by a Bonferroni-adjusted significance level of 1.34 × 10-412

(i.e., 0.05/372) to account for multiple comparisons.13

14

Functional annotation of rs290254415

We explored the functionality of rs2902544 using functional annotation tools RegulomeDB5 and16

Alibaba26. Briefly, RegulomeDB classifies SNPs into six categories based on their potential17

functional consequences (including their associations with gene expression (eQTL), location in18

binding motifs of transcription factors, disruption binding of transcription factors, Epigenomic19

annotation and etc). Low ranking indicates higher probability that the SNP is functional. For20

example, if a SNP has a RegulomeDB score of 1, suggesting this SNP is likely functional5.21

Accordingly, this SNP is more likely to be functional than other SNPs that have RegulomeDB22
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scores > 1. In other words, SNPs with lower RegulomeDB scores were more likely to be1

functional variants. Alibabi26 used TRANSFAC 3.5 public data to predict transcription factor2

binding of sequences6.3

4

Expression analysis of TMEM180 in peripheral blood of schizophrenia cases and controls5

(EAS sample)6

Briefly, 18 early-onset schizophrenia (EOS) patients and 12 healthy controls (all of the included7

subjects were Han Chinese) were included in the study by Sun et al.7. Whole-genome gene8

expression profiles in peripheral blood mononuclear cells were measured by using the Agilent9

Array platform and a total of 17 200 valid probes were used to quantify gene expression levels.10

We downloaded the gene expression data (GSE54913)7 generated by Sun et al. and performed11

differential gene expression using R software (Limma package). Student’s t test was used to12

compare if TMEM180 mRNA expression level was statistically different in schizophrenia cases13

and controls. And the effect size of (Cohen's d, which equals to (M1-M2)/(Std dev) (Cohen, J.14

1998. Statistical Power Analysis for the Behavioral Sciences. 2nd ed. Hillsdale, NJ: Lawrence15

Erlbaum Associates.). M1 and M2 represent the mean value of the group 1 and 2, respectively. Std16

dev represents the pooled standard deviation of the M1 and M2 groups) of differential expression17

results was calculated using rstatix R package8 based on the expression of TMEM180 in cases and18

controls.19

20

Expression analysis of TMEM180 in brain tissues of schizophrenia cases and controls21

(European sample)22
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Briefly, gene expression profiling in brain tissues of 559 schizophrenia cases and 936 controls1

were measured by RNA sequencing (RNA-Seq). Most of subjects were Caucasians (~70%) and2

African Americans (~22%), with 64.9% were males and 35.1% were females. The average age of3

cases and controls were 57 and 56 years, respectively.4

5

Spatio-temporal expression pattern of TMEM180 in developing and adult human brains6

To explore the potential role of TMEM180 in the central nervous system, we explored the7

spatio-temporal expression pattern of TMEM180 in developing and adult human brain using8

expression dataset from the BrainSpan (http://www.brainspan.org/)9. Gene expression values9

(based on RNA sequencing) of TMEM180 in the prefrontal cortex (PFC) (N = 42) were10

downloaded and transformed as previously described10. The transformed expression level was11

used to plot the temporal expression pattern of TMEM180 in developing and adult human brain.12

13

Knockdown assays14

shRNAs were cloned into pLKO.1-EGFP-Puro vector, which were then packaged into lentivirus15

in HEK-293T cells. Lentiviral particles were concentrated using Lenti-X Concentrator (Takala,16

Cat. No: 631231). Fourty-eight hours post infection, the cells were selected with 2 µg/mL17

puromycin (Sigma, Cat. No: 540222) for 14 days. Knockdown efficiency was determined by18

qPCR.19

20

Isolation and culture of mouse neural stem cells (mNSCs)21

The obtained brain tissues from embryonic day 13.5 mice were washed several times with ice-cold22
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PBS containing 1% penicillin/streptavidin (100 units/mL of penicillin and 100 µg/mL of1

streptomycin) (Gibco, 15140-122). The washed tissues were then transferred into proliferation2

medium and dissociated with repeated pipetting. The dissociated cells were then filtered with a3

400 Mesh strainer and transferred into a new 12-well plate (3 × 105 cells/mL). After culturing for 34

to 5 days in proliferation medium, the generated neurospheres were characterized for further5

experiments. The proliferation medium consists of DMEM/F12 (1:1, Gibco, Cat.No:6

C11330500BT), 2% B27 supplement (Gibco, Cat.No: 12587010), 1% N2 supplement (Gibco,7

Cat.No: 17502048), 20 ng/mL pidermal growth factor (EGF, STEMCELL, Cat.No: 78006), 108

ng/mL basic fibroblast growth factor (bFGF, STEMCELL, Cat.No: 78003), 1%9

penicillin/streptavidin (100 units/mL of penicillin and 100 µg/mL of streptomycin) (Gibco, Cat.No:10

15140-122), and 0.0002% heparin (20 µg/mL) (STEMCELL, Cat.No: 07980), as previously11

described11, 12.12

13

EdU proliferation assay14

The mNSCs cells from the neurospheres were plated onto the 24-well plates (pre-coated with15

laminin (Sigma, Cat.No: L2020-1mg)) at a density of 3 × 105 cells/mL. After culturing for 4816

hours, 20 ug/mL EdU (5-Ethynyl-2'-deoxyuridine, RiboBio, Cat.No: C00053) solution was added17

(diluted by using proliferation medium) and incubated for 1 hour in cell culture incubator. The18

Cell-Light EdU Apollo567 In Vitro Kit (RiboBio, Cat.No: C10310-1) was used to detect the19

incorporation of EdU. Briefly, the mNSCs were firstly washed once with PBS and fixed with 4%20

Paraformaldehyde (PFA) for 15 min at room temperature. Then the cells were incubated with 221

mg/mL glycine for 5 min and permeabilized with PBST (1 × PBS containing 3% Triton X-100)22

https://www.ribobio.com/product_detail/?sku=C10310-1
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for 15 min at room temperature. Each well was treated with Apollo®567 staining solution for 301

min in the dark and the EdU signal was detected with confocal microscope (Olympus, Japan,2

Cat.No: FV1000). DAPI (4′, 6-diamidino-2-phenylindole) (Beyotime, Cat.No: C1006) was used to3

label the DNA.4

5

Cell Counting Kit-8 (CCK-8) proliferation assays.6

The mNSCs cells were plated onto the 96-well plates (1.8 × 104 cells/well, pre-coated with7

laminin (Sigma, Cat.No: L2020-1mg)). After culturing for 0-3 days (0, 24, 48 and 72 hours),8

CCK-8 (Beyotime, Cat.No: C0042) solution (10 μL/well) was added to each well and incubated9

for 2 hours. The absorbance value of each well at wavelength of 450 nm was measured with10

Spectrophotometer (BioTek, USA).11

12

Differentiation of mNSCs into neurons and astrocyte cells13

Differentiation medium was composed of following recipes: DMEM/F12 (Gibco, Cat.No:14

C11330500BT) medium containing 2% B27 supplement (Gibco, Cat.No: 12587010), 1% N215

supplement (Gibco, Cat.No: 17502048), 1% penicillin/streptavidin (100 units/mL of penicillin and16

100 µg/mL of streptomycin) (Gibco, Cat.No: 15140-122), and 0.0002% heparin (20 µg/mL)17

(STEMCELL, Cat.No: 07980). After 3 days of spontaneous differentiation10, 13, cells were fixed18

and immunofluorescence staining was performed to count MAP2 positive neurons and GFAP19

positive astrocytes.20

21

Immunofluorescence staining22



7

The mNSCs cells were fixed with 4% PFA for 15 min and washed three times with PBS at room1

temperature. Then the cells were permeabilized with PBST (1 × PBS containing 3% Triton X-100)2

for 15 min and blocked with blocking buffer (Beyotime, Cat.No: P0102) for 1 h at room3

temperature. Subsequently, the cells were incubated with primary antibodies overnight at 4℃, and4

incubated with secondary antibodies for 30 min (in the dark room) at room temperature. Before5

taking images, the cells were incubated with DAPI for 15 min to label DNA.6

7

Detailed information about the selected genes for qPCR validation8

NPTX1 is highly expressed in the central nervous system, especially in the cerebellum,9

hippocampus, and cerebral cortex14, 15 and previous study showed it plays an important role in10

excitatory synaptogenesis16. Intriguingly, previous studies showed that NPTX1 was associated11

with Alzheimer’s disease and bipolar disorder17, 18. YWHAH encodes one of the 14-3-3 family of12

proteins, which have been recognized as key regulators in cortical development19. In addition,13

YWHAH has been repeatedly reported to be associated with both schizophrenia and bipolar14

disorder20-22, indicating the pivotal role of this gene in neurodevelopment and psychiatric disorders.15

GABRA2 encodes gamma-aminobutyric acid type A receptor alpha2 subunit, a gene previously16

reported to be associated with schizophrenia23. Intriguingly, a recent TWAS also showed that17

GABRA2 was a schizophrenia risk gene24. COL26A1 mutation was previously reported to be18

associated with schizophrenia25. Finally, the protein product of SLC6A9 is a glycine transporter,19

which regulates glycine levels and affects NMDAR-mediated neurotransmission (Cloning of the20

human glycine transporter type 1: molecular and pharmacological characterization of novel21

isoform variants and chromosomal localization of the gene in the human and mouse genomes).22
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Interestingly, this gene is currently considered as a potential target for the treatment of negative1

symptoms of schizophrenia26-28.2

3

Antibodies used in this study4

Primary antibodies were: PAX6 (Milipore, 1:500, ab2237), NESTIN (Chemicon, 1:500, mab353),5

SOX2 (Santa cruze, 1:200, sc-17320), GFAP (Sigma, 1:1000, G9269) and MAP2 (Millipore,6

1:200, AB5622). The secondary antibodies were: Alexa Fluor 488 donkey anti-rabbit (Life7

technology, 1:500, A32790), Alexa Fluor 555 donkey anti-mouse (Life technology, 1:500,8

A31570), Alexa Fluor 555 donkey anti-rabbit (Life technology, 1:500, A31572) and Alexa Fluor9

647 donkey anti-goat (Life technology, 1:500, A32849).10

11

Transcriptome analysis12

Total RNA was isolated using TRIzol RNA Isolation Reagents (Life technologies, Cat.No:13

15596018). RNA purity was assessed with the kaiaoK5500®Spectrophotometer (Kaiao, China).14

RNA integrity and concentration were evaluated using the RNA Nano 6000 Assay Kit of the15

Bioanalyzer 2100 system (Agilent technologies, USA). Sequencing libraries were prepared using16

the NEBNext® Ultra™ RNA Library Prep Kit for Illumina (NEB, Cat.No: E7530L). Libraries17

were sequenced to generate 150 bp paired-end reads with the Illumina NovaSeq 6000 platform.18

Differential expressed genes were identified using DESeq2 package29 implemented in19

Bioconductor based on fold change > 1.5 and adjusted P < 0.05. ClusterProfiler30 were used to20

enrichment analyses (Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology21

(GO)).22
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1

Real-time quantitative PCR2

cDNA was generated from 1 µg RNA with PrimeScript RT reagent Kit with gDNA Eraser (Takala,3

Cat.No: RR047B). We used 1 µL cDNA (1:5 dilution) as template for Real-time quantitative PCR4

(RT-qPCR). RT-qPCR was performed using TB Green® Premix Ex Taq™ II (Tli RNase H Plus)5

(Takala, Cat.No: RR820B) in 10 μL of reaction mixture. The Actb gene was used as the internal6

control. The relative changes in gene expression were analyzed using the 2-ΔΔCt method31.7

8

Supplemental Discussion9

The potential role of TMEM180 in the brain:10

TMEM180 encodes a cation symporter that belongs to the glycoside–pentoside–hexuronide (GPH):11

cation symporter family32, 33. To date, the exact cation transported by TMEM180 remains unclear.12

Our GO analysis results showed that the differentially expressed genes affected by TMEM18013

knockdown were enriched in divalent metal ion transport, divalent inorganic cation transport,14

calcium ion transport into cytosol, synaptic transmission and other biological processes. Divalent15

cations play an important role in the CNS. For example, calcium flows into the cytoplasm through16

voltage-gated calcium channels can triggers vesicle release34-36. Thus, it is possible that TMEM18017

may regulate downstream genes through affecting the transport of divalent cations, which plays an18

important role in regulating gene expression and signaling transduction.19

TMEM180 is widely expressed in different human tissues, with relative higher expression in20

brain tissues (data from GTEx37, supplementary figure 3). In addition, expression of TMEM18021

(data from the BrainSpan: http://www.brainspan.org/) was relatively higher at early developmental22
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stage compared with childhood and adulthood stages (supplementary figure 4).1

Cell-type-specific expression analysis (detailed information were provided in supplementary2

methods) showed that TMEM180 did not exhibit a cell-type-specific expression in mouse and3

human brains (supplementary figure 5). These expression data suggested that TMEM180 may4

have a pivotal role in the central nervous system and the genes regulated by TMEM180 are5

relatively conserved in mouse and human.6

7

Discussion on ancestry-specific findings diverge and converge across modalities in8

schizophrenia:9

Though GWAS and integrative analyses performed in European populations did not identify10

TMEM180 as a schizophrenia risk gene, TMEM180 expression was dysregulated in schizophrenia11

cases in the PsychENCODE (the brain tissues were mainly from Europeans). Besides, functional12

explorations revealed the important role of TMEM180 in neurodevelopment, a vital process that13

was recognized to be dysregulated in schizophrenia. Moreover, linkage disequilibrium analysis14

showed that the LD pattern of this genomic region surrounding rs2902544 is similar between CEU15

and CHB populations (supplementary figure 8 and 9). Finally, we noticed that 16 out of the top16

30 differentially expressed genes (affected by TMEM180 knockdown) showed expression change17

in schizophrenia cases compared with controls in the PsychENCODE (uncorrected P < 0.05)18

(supplementary table 5), implicating the convergence of the modalities.19
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Supplementary figures 1-9:

Supplementary figure 1. Different alleles of rs2902544 may affect transcription factors
binding. Binding to transcription factors was predicted by the Alibaba2
(http://gene-regulation.com/pub/programs/alibaba2/index.html)6. The C allele binds to IRF8, while
the T allele binds to CEBPA.
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Supplementary figure 2. The tissue-specific expression pattern of five genes for qPCR
validation. These 5 genes were from the top 30 differentially expressed genes of RNA-seq. (a-e)
NPTX1, YWHAH, GABRA2, COL26A1 and SLC6A9 are abundantly expressed in the human brain.
The tissue-specific expression data are from a public database (https://www.proteinatlas.org/) that
combined the data from three transcriptome datasets: Human Protein Atlas (HPA),
Genotype-Tissue Expression (GTEx) and Functional Annotation Of The Mammalian Genome 5
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(FANTOM5). The y axis indicates normalized expression (NX) levels. The x axis shows 55 tissue
types and 6 blood cell types. One color indicates one tissue group.

Supplementary figure 3. The tissue-specific expression pattern of TMEM180 in human
tissues. The tissue-specific expression data are from GTEx37 (https://gtexportal.org/). The x axis
shows 54 tissue types. Each color corresponds to a tissue group.

Supplementary figure 4. Temporal expression patterns of TMEM180 in human frontal
cortex. Expression of TMEM180 was relatively higher at early developmental stage compared
with childhood and adulthood stages (data from the BrainSpan).
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Supplementary figure 5. The brain-cell-specific expression pattern of TMEM180 and the top
30 differentially expressed genes (affected by TMEM180 knockdown, based on RNA-seq).
The brain-cell-specific expression data were accessed through the Allen Brain Atlas for human (a)
(https://celltypes.brain-map.org/rnaseq/human_m1_10x) and mouse brains (b)
(https://celltypes.brain-map.org/rnaseq/mouse_ctx-hip_10x). Genes, marked by red color, were
selected for qPCR verification.

https://celltypes.brain-map.org/rnaseq/mouse_ctx-hip_10x
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Supplementary figure 6. The association between TMEM180 and schizophrenia in EAS and
EUR. (a) The locus zoom plot showing the associations between variants in genomic region (300
kb) containing TMEM180 and SCZ in European sample38. (b) The locus zoom plot showing the
associations between variants in genomic region (300 kb) containing TMEM180 and SCZ in EAS
sample39.
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Supplementary figure 7. The frequency of the C allele (risk allele) of rs2902544 in world
populations. Data were from the Ensembl website (www.ensembl.org/). ALL, all genomeAD
genomes individuals; afr, Africans; ami, Amish; amr, Latino/admixed American; asj, Ashkeniza
Jewish; eas, East Asian; fin, Finnish; nfe, non-Finnish European; oth, other; sas, South Asian.

http://www.baidu.com/link?url=OEkNvsJg4Lz0HsZY3IT9zdiuqlOQxN3w09ct0Ml5lWRoapXk92QD7LBaZj-DlkQ7
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Supplementary figure 8. Linkage disequilibrium heatmap of SNPs around rs2902544 (± 10
kb) in 1000 genome CEU population

Supplementary figure 9. Linkage disequilibrium heatmap of SNPs around rs2902544 (± 10
kb) in 1000 genome CHB population

Supplementary tables 1-5:



18

Supplementary table 1. Primers and shRNA sequences used in this study

Supplementary table 3. Association significance between TMEM180 and schizophrenia in a
recent TWAS of European populations
Gene CHR Best.GWAS.IDa A1/A2 ORb eQTL IDc TWAS.Zd TWAS.P
TMEM180 10 rs7475853 A/G 0.87 rs7094906 -2.751 5.95E-03
aThe SNP that showed the most significant association with schizophrenia in this locus. bOdds
ratio is based on A1. cThe SNP that showed the most significant association with gene expression
in this locus. dThe Z statistic reflects the association strength between this gene and schizophrenia.
Z < 0 suggests that this gene was predicted to be down-regulated in schizophrenia cases compared
with controls, and vice versa. Data are from a previous study40.

Primers and shRNA Sequence

Tmem180-shRNA#1-F
CCGGGCTGGCTTGCAATTCTTACTGCTCGAGCAGTAAGAA
TTGCAAGCCAGCTTTTTG

Tmem180-shRNA#1-R
AATTCAAAAAGCTGGCTTGCAATTCTTACTGCTCGAGCAG
TAAGAATTGCAAGCCAGC

Tmem180-shRNA#2-F
CCGGGGTACTGAACCATCGGAAGCACTCGAGTGCTTCCGA
TGGTTCAGTACCTTTTTG

Tmem180-shRNA#2-R
AATTCAAAAAGGTACTGAACCATCGGAAGCACTCGAGTGC
TTCCGATGGTTCAGTACC

Tmem180-qPCR-F GTCACTTCAACAGTAACTTCTTCCC
Tmem180-qPCR-R ACATAGGAGATGCCCAACAGG
Actb-qPCR-F GGCTGTATTCCCCTCCATCG
Actb-qPCR-R CCAGTTGGTAACAATGCCATGT
Nptx1-qPCR-F GTGCTGGGTCAGGAACA
Nptx1-qPCR-R CAGATGTTGAAATGGGCTA
Ywhah-qPCR-F TTGGAGGGTTATTAGTAGCA
Ywhah-qPCR-R AGCAGAGCCAAGACATCA
Gabra2-qPCR-F AGCACATGCAATGTATGGTCTC
Gabra2-qPCR-R GATGGTGATGTTATTTTTAGCCT
Col26a1-qPCR-F AACCTCGTGAGGACTCTCAT
Col26a1-qPCR-R CGTTCACTCATGTCGCTAA
Slc6a9-qPCR-F AAAAGGTGCCAAAGGGAT
Slc6a9-qPCR-R GCAGAGGTATGGGAAACG
Gfap-qPCR-F CGGAGACGCATCACCTCTG
Gfap-qPCR-R AGGGAGTGGAGGAGTCATTCG
Map2-qPCR-F GCCAGCCTCAGAACAAACA
Map2-qPCR-R GCTCAGCGAATGAGGAAGGA
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Supplementary table 4. Association between rs2902544 and schizophrenia in EAS and EUR
populations
SNP Chr A1 A2 ORa SEb Beta P study

rs2902544 chr10:104261359 T C
0.92 0.015 -0.08 9.12E-08 PGC2+Clozuk38

0.91 0.014 -0.10 3.45E-13 Lam et al39
aOdds ratio is based on A1. bStandard error of the ln(OR). Data are from previous studies38, 39.

Supplementary table 5. Differential expression analysis of the top 30 genes affected by
Tmem180 knockdown in the PsychENCODE dataset
Gene symbol Chr Start Stop P value FDRa

SCARB2 chr4 77079890 77135046 2.38E-05 5.24E-04
CPE chr4 166282346 166419472 2.24E-04 3.00E-03
GABRA2 chr4 46250444 46477247 9.02E-04 8.62E-03
SDHA chr5 218356 256815 1.62E-03 1.34E-02
SLC6A11 chr3 10857885 10982419 2.04E-03 1.60E-02
JAM2 chr21 27011584 27089874 4.20E-03 2.77E-02
ERO1L chr14 53106634 53162618 5.30E-03 3.29E-02
ITGA4 chr2 182321929 182400914 2.06E-02 8.86E-02
ALDOC chr17 26900133 26904282 2.48E-02 1.01E-01
SPARCL1 chr4 88394487 88452213 2.71E-02 1.07E-01
APLN chrX 128779240 128788933 3.14E-02 1.19E-01
NPTX1 chr17 78440948 78451643 3.58E-02 1.30E-01
SERINC5 chr5 79407050 79551898 3.75E-02 1.35E-01
SLC6A9 chr1 44457172 44497139 4.00E-02 1.41E-01
RAB8B chr15 63481668 63559981 4.17E-02 1.45E-01
CD93 chr20 23059986 23066977 4.97E-02 1.64E-01
ZCCHC24 chr10 81142081 81205383 5.44E-02 1.74E-01
CRK chr17 1323983 1366456 9.07E-02 2.47E-01
ACSL4 chrX 108867473 108976632 9.62E-02 2.56E-01
ATP1A4 chr1 160121360 160156767 1.09E-01 2.79E-01
TMEM198B chr12 56223529 56230030 1.15E-01 2.89E-01
ACTA2 chr10 90694831 90751147 1.16E-01 2.91E-01
ATP6V1D chr14 67761088 67826982 2.64E-01 4.88E-01
LYN chr8 56792372 56923940 2.76E-01 5.02E-01
OAZ1 chr19 2269485 2273487 2.80E-01 5.06E-01
YWHAH chr22 32340447 32353590 3.41E-01 5.71E-01
COL26A1 chr7 101006101 101202304 3.78E-01 6.06E-01
ITGB5 chr3 124480795 124620265 5.78E-01 7.64E-01
H1F0 chr22 38201114 38203442 6.70E-01 8.27E-01
CCND2 chr12 4382938 4414516 7.73E-01 8.88E-01
aFDR-corrected q value. Data are from PsychENCODE dataset (http://resource.psychencode.org/).

http://resource.psychencode.org/
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