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Genome-wide association studies have shown that genetic variants at 2q33.1 are strongly associated with schizo-
phrenia. However, potential causal variants in this locus and their roles in schizophrenia remain unknown. Here,
we identified two functional variants (rs796364 and rs281759) that disrupt CTCF, RAD21 and FOXP2 binding at
2q33.1. We systematically investigated the regulatory mechanisms of these two variants with serial experiments,
including reporter gene assays and electrophoretic mobility shift assay.
Intriguingly, these two single nucleotide polymorphisms physically interacted with TYW5 and showed the most
significant associations with TYW5 expression in human brain. Consistently, CRISPR-Cas9-mediated genome edit-
ing confirmed the regulatory effect of the two single nucleotide polymorphisms on TYW5 expression. Additionally,
expression analysis indicated that TYW5 was significantly upregulated in brains of schizophrenia cases compared
with controls, suggesting that rs796364 and rs281759 might confer schizophrenia risk by modulating TYW5 expres-
sion.
We over-expressed TYW5 in mouse neural stem cells and rat primary neurons to mimic its upregulation in schizo-
phrenia and found significant alterations in the proliferation and differentiation of neural stem cells, as well as
dendritic spine density following TYW5 overexpression, indicating its important roles in neurodevelopment and
spine morphogenesis.
Furthermore, we independently confirmed the association between rs796364 and schizophrenia in a Chinese co-
hort of 8202 subjects. Finally, transcriptome analysis revealed that TYW5 affected schizophrenia-associated path-
ways. These lines of evidence consistently revealed that rs796364 and rs281759 might contribute to schizophrenia
risk by regulating the expression of TYW5, a gene whose expression dysregulation affects two important schizo-
phrenia pathophysiological processes (i.e. neurodevelopment and dendritic spine formation).
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Introduction
Schizophrenia is a severe and chronic psychiatric disorder with a
lifetime prevalence of about 1%. It is characterized by the presence
of delusions, hallucinations, lack of motivation, alogia, avolition and
cognitive impairments.1,2 Twin studies estimated that schizophre-
nia has a heritability (broad-sense heritability, total phenotypic vari-
ance explained by genetic variation or genes) of around 79–81%,3,4

indicating the dominant role of genetic factors in schizophrenia
pathogenesis. Genetic studies, especially recent genome-wide
association studies (GWAS), have made considerable advances in
identifying risk loci and dissecting the genetic architecture of
schizophrenia.5–12 For example, the Psychiatric Genomics
Consortium (PGC) and other research groups have carried out large-
scale GWAS and reported multiple robustly-associated loci for
schizophrenia in the past decade.5–10 In addition, Lam et al.10 con-
ducted a meta-analysis (56 418 schizophrenia cases and 78 818 con-
trols) by combining results from populations with European and
East Asian ancestries and identified 176 schizophrenia-associated
loci. Although these GWAS have provided important insights into
the genetic aetiology of schizophrenia, the genetic and pathogenic
mechanisms of the most reported risk loci in schizophrenia remain
elusive. Considering the vast majority of schizophrenia risk variants
identified by GWAS are located in non-coding regions, it is likely
that these variants contribute to schizophrenia susceptibility by reg-
ulating gene expression rather than altering protein structure or
function.6 Therefore, identifying the functional (or potential causal)
variants at the reported schizophrenia risk loci and elucidating their
regulatory mechanisms will provide important insights into the
genetic mechanisms of this disease.

Genetic variants at 2q33.1 (the index variant is chr2_200825237_I, a
single base insertion first reported by the PGC in 2014) are strongly
associated with schizophrenia.6 For each locus identified by GWAS, a
representative variant or single nucleotide polymorphism (SNP; in
most cases, the variant with the smallest P-value in the locus was
selected as the index variant) showed robust associations with schizo-
phrenia (Supplementary Table 1),6,8,10 indicating that the locus may
harbour authentic risk variants for schizophrenia. However, due to
the complexity of linkage disequilibrium (LD, the non-random associ-
ation between genetic variants at two or more loci; the SNP with the
smallest association P-value is not necessarily the causal variant) and
gene regulation (genetic variants may regulate distal genes by affect-
ing 3D chromosomal structure),13,14 pinpointing causal variants in risk
loci remains a major challenge in the post-GWAS era. Functional gen-
omics analyses are believed to promote the identification of function-
al variants.15–17 By integrating chromatin immunoprecipitation
sequencing (ChIP-Seq) and position weight matrix data, we identified
132 functional SNPs from the reported schizophrenia risk loci in our
previous study,16 including two functional SNPs (rs796364 and
rs281759) at the 2q33.1 locus (Fig. 1). Of note, among the 132 SNPs that

disrupted transcription factor binding (identified in our previous
study),16 rs796364 (P = 9.41 � 10–17) and rs281759 (P = 9.25 � 10–16)
showed the second and third most associations with schizophrenia in
a recent GWAS (Figs 1 and 2A),8 strongly suggesting that the two SNPs
are true risk variants for schizophrenia. Moreover, we explored the
associations between these two SNPs and schizophrenia in East Asian
populations and found that they were also associated with schizo-
phrenia in these populations (rs796364, P = 5.66 � 10–6; rs281759,
P = 2.88 � 10–6).10 Finally, we demonstrated previously that rs796364
and rs281759 are significantly associated with the expression of TYW5
and FTCDNL1 in multiple human brain tissues,16 suggesting their po-
tential functional consequences. These lines of evidence suggest that
rs796364 and rs281759 are potential causal variants for schizophrenia;
we therefore focused on these two SNPs in this study.

Of note, our functional genomics study showed that rs796364
disrupted CTCF and RAD21 binding, while rs281759 disrupted
FOXP2 binding (Fig. 2B and C).16 The distance between rs796364
(located in the promoter of FTCDNL1) and rs281759 (located in the
intron 1 of C2orf69) was 71 600 bp, and these two functional SNPs
were in high LD (r2 = 0.97). ChIP-Seq, DNase-Seq and histone modi-
fication data (from ENCODE) indicated that these two functional
SNPs were located in actively transcribed genomic regions (i.e.
regulatory elements) of human neuroblastoma cell lines, with
CTCF, RAD21 and FOXP2 binding (Fig. 2D and E).22,23 It is clear that
these functional SNPs could provide pivotal genetic insights into
the aetiology of schizophrenia. Nevertheless, their regulatory
mechanisms and the corresponding biological implications of this
locus in schizophrenia remain unknown.

To elucidate how these SNPs exert their regulatory effects, we
conducted serial experiments. We first validated the regulatory
effects of the SNPs with reporter gene assays, and our electrophor-
etic mobility shift assay (EMSA) showed that these two SNPs
affected the binding affinity of transcription factors. We then per-
formed expression quantitative trait loci (eQTL) analysis to identify
the potential target gene (or genes) regulated by these two SNPs
and found that they showed the most significant associations with
TYW5 expression in human brain. Further integrative analyses
that involved integrating GWAS associations and brain eQTL data
indicated that TYW5 is a schizophrenia risk gene. Consistent with
eQTL and integrative analyses, we found that TYW5 was signifi-
cantly dysregulated in the brains of patients with schizophrenia
compared with controls. Therefore, these two SNPs may confer
risk of schizophrenia by modulating TYW5 expression. We also
mimicked the effects of TYW5 dysregulation in schizophrenia and
found that TYW5 affected the proliferation and differentiation of
neural stem cells (NSCs), indicating pivotal roles for this gene in
neurodevelopment. Moreover, we found that TYW5 affected the
density and ratio of dendritic spines, further supporting its vital
roles in spine morphogenesis and maturity. Finally, we showed
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that rs796364 was significantly associated with schizophrenia in
Chinese populations (with the same risk allele as in Europeans),
suggesting that these two SNPs are likely to be authentic risk var-
iants for schizophrenia. In summary, our study demonstrates that
functional genetic variants rs796364 and rs281759 (at 2q33.1) may
confer risk of schizophrenia by affecting transcription factor bind-
ing and regulating the expression of TYW5, a novel schizophrenia
risk gene with important roles in neurodevelopment and dendritic
morphogenesis.

Materials and methods
Functional genomics analysis

Details of the functional genomics approach were described in our
previous study.16 Briefly, by integrating ChIP-Seq and position

weight matrix data, we identified 132 functional SNPs that dis-
rupted the binding of 21 distinct transcription factors. In this
study, we focused on the 2q33.1 risk locus (the functional SNPs in
this locus are rs796364 and rs281759). The flow chart of the func-
tional genomics for the 2q33.1 locus is provided in Fig. 1.

Linkage disequilibrium analysis

We used a well-established LD analysis database, SNiPA, which
calculates LD-values using data from the 1000 Genomes
Project.18,24 The main parameters used were as follows: GRCh37
genome build, 1000 genome phase3 v5 and European populations.
For further detailed information, please refer to the original SNiPA
publication24 and the SNiPA website (https://snipa.helmholtz-
muenchen.de/snipa3/).

Expression quantitative trait loci analysis

To explore the potential target genes of the identified functional
SNPs, we utilized two human brain eQTL datasets, CMC
(CommonMind Consortium) and LIBD2 (Lieber Institute for Brain
Development, Phase II),19,20 to perform eQTL analysis. Both eQTL
datasets used tissues from human dorsolateral prefrontal cortex.
The CMC dataset contains RNA sequencing (RNA-seq) data from
258 schizophrenia cases and 279 controls. Detailed information
about sample collection, RNA-seq data processing and eQTL calcu-
lation is provided in the original paper.19 The LIBD2 dataset con-
tained brain eQTL analysis data for 412 samples (175
schizophrenia cases and 237 healthy controls). Gene expression
levels were quantified with RNA-seq and detailed information can
be found in the original paper.20

Transcriptome-wide association study

To identify genes whose expression changes are associated with
schizophrenia, we performed a transcriptome-wide association
study (TWAS) analysis using FUSION software.25 Four predictive
models, including LASSO, GBLUP, Elastic Net and BSLM, were used.
Genome-wide association data and two SNP-expression weights
(from the dorsolateral prefrontal cortex; i.e. CMC and LIBD2) were
used for the TWAS analysis.10,19,20 Bonferroni correction was
applied to correct the TWAS P-values. Details about the TWAS ana-
lysis is provided in the original paper25 and on the FUSION website
(http://gusevlab.org/projects/fusion/).

TYW5 expression analysis in brains of
schizophrenia cases and controls

We used expression data from PsychEncode (http://resource.psy
chencode.org/) to explore whether TYW5 expression was dysregu-
lated in the brains of schizophrenia cases compared with con-
trols.21 Briefly, expression data (from the brain tissues) from 559
schizophrenia cases and 936 controls were measured using RNA-
seq. Detailed information about PsychEncode is given in the origin-
al study.21

Cell culture

Cell lines (HEK293T, SH-SY5Y and SK-N-SH) used in this study
were kindly provided by Dr Ming Li’s lab (Kunming Institute of
Zoology, Chinese Academy of Sciences; all cells were originally
from ATCC) and cultured as previously described.16,17 The proce-
dures for isolation and culture of mouse NSCs (embryonic Day 14)
and rat cortical neurons (embryonic Day 18) have also been previ-
ously described,26,27 and detailed information about cell culture is
listed in the Supplementary material. All cells were cultured at

Figure 1 Flow chart of the functional genomics analysis of the 2q33.1
locus. The 2q33.1 locus (index variant chr2_200825237_I) was ranked
among the top 10 most significant risk loci for schizophrenia
(P = 5.65 � 10–14).6 Our previous functional genomics identified two
functional SNPs (rs796364 and rs281759) at 2q33.1,16 and they ranked as

et al.8 Briefly, SNPs in LD (r2 4 0.3) with the index variant
(chr2_200825237_I) were extracted using genotype data (Europeans)
from the 1000 Genomes Project.18 The DNA binding motifs of the
included transcription factors were then derived and compared with
the position weight matrices (from the databases JASPAR, TRANSFC,
Uniprobe and Hi-SELEX) and those that were best matched were used
for the subsequent analysis. FIMO software was used to determine
whether the test SNP was located in the binding motif and if different
alleles of this SNP disrupted transcription factor binding. Two function-
al SNPs (rs796364 and rs281759) were identified at the 2q33.1 locus and
these two SNPs disrupted CTCF, RAD21 and FOXP2 binding.
Furthermore, brain eQTL data (CMC and LIBD2) were used to identify
the potential target genes of rs796364 and rs281759,19,20 and expression
data from the CMC (279 controls and 258 schizophrenia cases) and
PsychEncode (936 controls and 559 schizophrenia cases) were used to
investigate whether the target gene of rs796364 and rs281759 was dys-
regulated in schizophrenia.19,21 These data suggested that rs796364 and
rs281759 may confer schizophrenia risk by regulating TYW5 expression.
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Figure 2 Functional genomics identified two functional SNPs (rs796364 and rs281759) at 2q33.1. (A) The SNPs rs796364 (P = 9.25 � 10–16) and rs281759
(P = 9.41 � 10–17) were significantly associated with schizophrenia (data from PGC + CLOZUK).8 Of note, these two SNPs are in high LD (r2 = 0.97) and
both SNPs are located downstream of TYW5. The distance between these two SNPs is 71 600 bp. (B and C) Functional genomics showed that rs796364
and rs281759 disrupt transcription factor binding: rs796364 disrupts CTCF and RAD21 binding (B); and rs281759 disrupts FOXP2 binding (C). (D and E)
The SNPs rs796364 and rs281759 are located in genomics regions according to signals from DNase-Seq, ChIP-Seq and histone modifications in human
neuroblastoma cell lines, indicating that they are located in actively transcribed (i.e. regulatory elements) regions (with corresponding transcription
factor binding).
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37�C with 95% air and 5% CO2. Mycoplasma tests were performed
periodically using specific PCR primers, and no mycoplasma con-
tamination was detected in the cells used in this study.

Reporter gene assays (enhancer assay)

Reporter gene assays were conducted as previously described.16,17

Briefly, about 500 bp of genomic DNA containing rs796364 or
rs281759 were amplified using PCR and inserted into a pGL3-pro-
moter (Promega, E1761) vector using specific primers
(Supplementary Table 2). The pGL3-promoter (which contains pro-
moter sequences but lacks enhancer sequences, thus resulting in
moderate luciferase expression) vector can be used to test the en-
hancer (or repressor) effect of the target DNA sequence. If the tar-
get DNA sequence is inserted into the pGL3-promoter vector and
the inserted sequences have enhancer activity, the luciferase ac-
tivity will significantly increase compared with the pGL3-promoter
vector alone (Supplementary Fig. 1). The constructed vectors were
then used to transform DH5a-competent cells. Vectors containing
the alternative allele were generated by PCR-mediated point muta-
tion, with the use of Golden Star T6 Super PCR mix (TSINGKE,
TSE101), corresponding mutation primers (Supplementary Table 2)
and DpnI (NEB, R0176S). All constructed vectors were verified by
Sanger sequencing. Detailed information about the reporter gene
assays is provided in the Supplementary material.

Electrophoretic mobility shift assay

EMSA was used to investigate the interaction between DNA
sequences (containing the test SNP) and binding proteins.28,29 We
conducted EMSA as previously described.28 Briefly, 36 bp DNA
probes containing the test SNPs were synthesized (Supplementary
Table 3) and labelled with biotin (using a Biotin labelling kit,
Beyotime, GS008). The labelled probes were then incubated with
nuclear protein extracts (from SH-SY5Y cells; using a Nuclear and
cytoplasmic protein extraction kit, Beyotime, P0028). A
Chemiluminescent EMSA kit (Beyotime, GS009) was used to detect
whether the probes interacted with nuclear extracts. The results of
EMSA were quantified with ImageJ software (https://imagej.nih.
gov/ij/) by scanning the grey value of each target band. The relative
grey value was defined as follows: (grey value of target band) /
(total grey value of the same lane).

Chromatin interaction analysis

We explored the long-range chromatin interaction between two
regulatory variants (rs794364 and rs281759) and TYW5 using the
chromatin interaction data from 3DIV (a 3D-genome interaction
viewer and database).30 Interaction data from human brain tissues
and neuroblastoma cell lines were selected and visualized with
3DIV.

Knockout of genomic regions containing rs796364
and rs281759

We knocked out about 300 bp of genomic DNA containing rs796364
or rs281759 using the CRISPR-cas9 system as previously
described.17 Briefly, two single-guide (sg)RNAs (one located up-
stream and another downstream of the target SNP) were designed
using the CRISPR sgRNA design tool (https://zlab.bio/guide-design-
resources) (Supplementary Table 4). These sgRNAs were then
inserted into PX458M and EZ-guide XH vectors to assemble a
knockout vector (PX458M-sgRNA1/2, with a two sgRNA insertion)
by using two restriction enzymes, XhoI (Thermo Scientific, FD0694)
and HindIII (Thermo Scientific, FD0504). For the HEK293T cell
knockout assay, HEK293T cells were placed into 12-well plates

(2.0 � 105/ml) containing 1 ml culture medium and transfected
with 1.5 mg knockout vectors (PX458M-sgRNA1/2) or control plas-
mids (PX458M) using polyethylenimine. At 72 h post-transfection,
the cells were collected for total RNA and DNA extraction. For
knockout of rs796364 and rs281759 in the SH-SY5Y and SK-N-SH
cell lines, we inserted sgRNAs into lentiCRISPR v2 (Addgene,
52961), and the lentiviruses (expressing CAS9 and sgRNA1/2) pack-
aged with pMD2G (Addgene, 12259) and psPAX2 (Addgene, 12260)
were used to co-infect the two cell lines. The infected cells were
cultured with 1 lg/ml puromycin for 12 days to select the stably
infected cells. Genomic DNA was extracted to verify the knockout
efficiency (using PCR), and total RNA was used to detect TYW5
gene expression [using quantitative PCR (qPCR)]. As suggested by
Vandesompele et al.,31 different internal control genes were used
for the HEK293T (ACTB and GAPDH), SK-N-SH and SH-SY5Y (ACTB
and B2M) cell lines. The geometric averages of the two internal
control genes were used to normalize the qPCR data, and the ex-
pression level was determined using the 2-DDCt approach.32 The
primers used for PCR and qPCR in this study are provided in
Supplementary Tables 4 and 5.

Knockdown of CTCF, RAD21 and FOXP2

To test whether the transcription factors CTCF, RAD21 and FOXP2
regulate TYW5 gene expression, they were knocked down using
short hairpin (sh)RNAs designed using the ThermoFisher shRNA
design tool (http://rnaidesigner.thermofisher.com/rnaiexpress/).
The targeting sequences were as follows: CTCF-shRNA, 50-
GCGAAAGCAGCATTCCTATAT-30, RAD21-shRNA, 50-
GCCATTACTTTACCTGAAGAA-30 and FOXP2-shRNA, 50-
GCAAACAAGTGGATTGAAATC-30. The synthesized shRNA oligos
(Supplementary Table 6) were inserted into the pLKO.1-EGFP-Puro
vector at two restriction sites (AgeI and EcoRI), and the recombin-
ant plasmids were verified by Sanger sequencing. Lentiviral
viruses produced by control plasmids and target shRNA vectors
were used to infect the HEK293T, SH-SY5Y and SK-N-SH cell lines.
After a 72-h infection period, 1–2 mg/ml puromycin was used to kill
the uninfected cells. Quantitative PCR was used to quantify the ex-
pression of the target genes (i.e. CTCF, RAD21, FOXP2 and TYW5) in
the control and transcription factor-knockdown cells. The qPCR
primers used are listed in Supplementary Table 5.

TYW5 overexpression in mouse neural stem cells

Considering TYW5 was upregulated in schizophrenia cases, we
evaluated the effect of TYW5 overexpression on neurodevelop-
ment using mouse NSCs. Briefly, the lentiviruses (produced by
PCDH-TYW5-6�his and control vectors) were used to infect mouse
NSCs, and puromycin (1–2 mg/ml, increased gradually for a week)
was used to select NSCs stably expressing the human TYW5
gene. Reverse transcription (RT)-PCR and western blot were used
to validate the overexpression of TYW5. The primers used for RT-
PCR are listed in Supplementary Table 5. The antibodies used for
the western blot were as follows: primary antibodies were mouse
anti-his (1:500, Proteintech, 66005-1-Ig) and mouse anti-beta
actin antibody (1:1000, Proteintech, 66009-1-Ig); the secondary
antibodies were HRP-labelled goat anti-mouse (1:1000, Beyotime,
A0216).

Proliferation assays

To investigate whether TYW5 overexpression affected the prolifer-
ation of NSCs, we used a cell counting kit-8 (CCK-8) assay and per-
formed EdU (5-ethynyl-20-deoxyuridine) incorporation assays to
test proliferation capabilities. For the CCK-8 assay, 1 � 104 cells
were plated into 96-well plates (pre-coated with 5 mg/ml laminin).
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After culturing for 8, 42 and 66 h, the absorbance at 450 nm was
measured according to the manufacturer’s instructions. For the
EdU assay, 1 � 105 NSCs were plated into 48-well plates (pre-coated
with 5 lg/ml laminin). After culturing for 48 h, 20 lM EdU (RIBO-Bio,
C00054) was added to label the dividing cells. After incubation for
45 min, a Cell-light EdU Apollo567 in vitro kit (RIBO-Bio, C10310-1)
was used to detect EdU-labelled cells. Briefly, cells were washed
with PBS, fixed with 4% paraformaldehyde for 15 min, permeabi-
lized with 0.3% PBST for 20 min and then incubated with 100 ll
1�ApolloVR staining reaction solution for 1 h. A laser scanning con-
focal microscope (OLYMPUS, FV1000) was used to acquire images.
Twenty-five images in each group (five images in each well) were
used to analyse the ratio of EdU-positive cells (scaled to DAPI)
using ImageJ software.

Differentiation of neural stem cells

To investigate whether TYW5 overexpression affected the differen-
tiation of NSCs, we conducted a differentiation assay as previously
described.26 In brief, 3 � 105 cells (per well) in 24-well plates and
2 � 106 cells (per well) in 6-well plates pre-coated with 5 mg/ml lam-
inin were cultured in proliferation media for 12 h. The proliferation
media were then replaced with differentiation media (DMEM/F12,
containing 1% penicillin/streptavidin, 1% N2 supplement, 1% B27
supplement and 2 mg/ml heparin). Three days post-differentiation,
immunofluorescence staining was carried out to measure the pro-
portions of astrocytes (GFAP-positive) and neurons (MAP2-posi-
tive) in all cells, and qPCR was performed to detect the expression
of Gfap, Map2, Tubb3 (expressing TUJ1 protein, a marker for newly
generated immature post-mitotic neurons) and Cldn11 (expressing
O4 protein, a marker for oligodendroglia cells). The primary anti-
bodies used were rabbit anti-GFAP (1:1000, Sigma, G9269) and rab-
bit anti-MAP2 (1:200, Millipore, AB5622). The secondary antibodies
were goat anti-rabbit 555 (1:500, Invitrogen, A32732). The images
were captured by laser scanning confocal microscopes (Olympus,
FV1000) with the same scanning parameters. Fifteen images in
each group (five images from each biological replicate) were used
to analyse the ratio of GFAP- and MAP2-positive cells (scaled to
DAPI) using ImageJ software. The primers used for qPCR are pro-
vided in Supplementary Table 5. Western blot was also used to de-
tect the GFAP and MAP2 protein levels at three different time
points (differentiation of mouse NSCs for 24, 48 and 72 h). The pri-
mary antibodies were rabbit anti-GFAP (1:1000, Sigma, G9269), rab-
bit anti-MAP2 (1:500, Millipore, AB5622) and mouse anti-GAPDH
(1:2000, Proteintech, 60004-1-Ig). Secondary antibodies were HRP-
labelled goat anti-rabbit (1:1000, Beyotime, A0208) and HRP-
labelled goat anti-mouse (1:1000, Beyotime, A0216).

Morphological analysis of rat cortical neurons

Previous studies have shown dysregulation of dendritic spines in
schizophrenia.33–35 To investigate whether TYW5 overexpression
affected dendritic spines, we carried out morphological analysis of
dendritic spines as previously described.27 Briefly, after culturing
the isolated rat primary neurons for 14–15 days in vitro, 3 lg pCAG-
TYW5-1� flag vectors and 1 lg Venus plasmids (expressing green-
fluorescent protein, GFP) were co-transfected into rat cortical neu-
rons using Lipofectamine 3000 (Invitrogen, L3000015). At 72 h post-
transfection, immunofluorescence staining was performed. The
primary antibodies were rabbit anti-flag antibody (1:150, Sigma,
F7425-2MG) and chicken anti-GFP antibody (1:1000, Abcam,
ab13970). Secondary antibodies were goat anti-rabbit 555 (1:500,
Invitrogen, A32732) and donkey anti-chicken CyTM2 (1:200, Jackson
Immuno Research, 703-225-155). A laser scanning confocal micro-
scope (Leica, TCS SP8 X) was used to take images of neurons

co-expressing GFP and TYW5-flag fusion protein, using the same
scanning parameters. Images of at least 20 independent neurons
from each group were captured for morphological analyses. Two
secondary or tertiary dendrites of each neuron (at least a total
length of 100 lm) were selected to quantify spine numbers and
classify spines (thin, long thin, stubby, mushroom, filopodia and
branched).36,37 ImageJ software was used for the analysis.36 The
data were compared between two different groups using a two-
tailed Student’s t-test.37,38

Transcriptome analysis

To explore the genes and biological processes regulated by TYW5,
we conducted RNA-seq in control mouse NSCs and mouse NSCs
stably overexpressing TYW5. RNA-seq was performed by
ANOROAD Co. (Beijing), using a HiSeq/X-ten Illumina platform.
Transcriptome analysis was performed as follows: first, clean
reads were mapped to the mouse genome (GRCm38) using bowtie2
(v2.3.5) with default parameters.39,40 The sequence alignment map
(SAM) files were then converted to BAM and sorted by SAMtools
(v1.9).41 HTSeq (v0.12.4) was used to quantify the read counts for
each BAM file.42 Differentially expressed genes were identified
using the DEseq2 package in R (v3.5.1),43 and P-values were cor-
rected using the Benjamini-Hochberg method. The thresholds for
differentially expressed genes were set to j log2 (foldchange) j4 0.5
and Padj 5 0.01. Gene ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analyses were performed with DAVID
(v6.8) (https://david.ncifcrf.gov).44

Data availability

The data that support the findings of this study are available in
Schizophrenia Working Group of the Psychiatric Genomics
Consortium (PGC), GTEx, LIBD, CMC, ENCODE, 3DIV, PsychEncode,
PROMO, AliBaba2.1, Brennand Lab RNA-seq, CoDEx Viewer, UCSC
Cell Browser and GEO (GSE106589). These data were derived from
the following resources available in the public domain: PGC,
https://www.med.unc.edu/pgc/; GTEx, https://www.gtexportal.org/
home/index.html; LIBD, http://eqtl.brainseq.org/; ENCODE, https://
www.encodeproject.org/; 3DIV, http://kobic.kr/3div/; PsychEncode,
http://resource.psychencode.org/; PROMO software website, http://
alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=
TF_8.3; AliBaba2.1 website, http://gene-regulation.com/pub/pro
grams/alibaba2/index.html;

Brennand Lab RNA-seq website, https://schroden.shinyapps.io/
BrennandLab-ExpressionApp-limited/; CoDEx Viewer website,
http://solo.bmap.ucla.edu/shiny/webapp/; UCSC Cell Browser,
https://cells.ucsc.edu/; GEO (GSE106589), https://www.ncbi.nlm.
nih.gov/geo/query/acc.cgi?acc=GSE106589.

Results
Reporter gene assays validated the regulatory effects
of rs796364 and rs281759

Dual-luciferase reporter gene assays can be used to evaluate the
regulatory effect of target DNA sequences.45 By inserting target
DNA sequences into the regulatory region (promoter or enhancer)
of the reporter gene (firefly luciferase) vector, the regulatory effect
of target DNA sequences can be detected by measuring the activity
of firefly luciferase activity. Renilla luciferase was used to control
the transfection efficiency and the normalized ratio (i.e. firefly
luciferase/renilla luciferase) reflects the regulatory effect of the
target DNA sequences (Supplementary Fig. 1). To validate the regu-
latory effects of rs796364 and rs281759, we conducted reporter
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gene assays in neuroblastoma cell lines from human brain (SK-N-
SH and SH-SY5Y) and HEK293T (a cell line from human kidney).
For rs796364, the A and C allele of rs796364 did not show a signifi-
cant difference in luciferase activity in HEK293T (Fig. 3A). However,

the A allele conferred significantly higher luciferase activity than
the C allele in SK-N-SH and SH-SY5Y cells (Fig. 3B and C), suggest-
ing a cell-type specific regulatory effect of rs796364 (i.e. rs796364
has a regulatory effect in neuroblastoma cell lines but not in

Figure 3 Reporter gene assays and EMSA validated the regulatory effects of rs796364 and rs281759. (A–F) Reporter gene assays (enhancer assay)
showed that different alleles of rs796364 and rs281759 significantly affected luciferase activity. Compared with the C allele, the A allele of rs796364
conferred significantly higher luciferase activity in SH-SY5Y and SK-N-SH cells. For rs281759, the T allele exhibited significantly higher activity com-
pared with the C allele in all three tested cells lines. As these two SNPs were cloned into the pGL3-promoter, these assays reflect the regulatory (i.e.
enhancer) effect of the inserted fragments on the luciferase promoter. (G–J) rs796364 and rs281759 affected the binding affinity of nuclear protein
extracts. The quantification data (grey values, arbitrary units) of the probes/protein complexes were first quantified using ImageJ. The obtained val-
ues were then normalized to the total quantity of probes. The quantification data for G is shown in H, and those for I are shown in J. For rs796364, the
A allele showed stronger binding compared with the C allele (G and H). For rs281759, the T allele showed stronger binding compared with the C allele
(I and J). Data represent the mean ± SD. n = 16. Two-tailed Student’s t-test was used to test for a significant difference.
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HEK293T). For rs281759, the T allele exhibited significantly higher
luciferase activity than the C allele in all three tested cell lines
(Fig. 3D–F). These results confirmed the regulatory effects of

rs796364 and rs281759, suggesting that these two functional SNPs
regulate the expression level of their target gene (or genes) by
modulating the activity of enhancer elements.

Figure 4 Rs796364 and rs281759 are associated with TYW5 expression in the human brain. (A–D) Brain eQTL analysis (CMC and LIBD2) showed that
rs796364 and rs281759 were significantly associated with TYW5 expression in the human brain.19,20 (E and F) Knockout of genomic sequences (about
300 bp) containing rs796364 or rs281759 resulted in significant downregulation of TYW5 expression, indicating that the genomic regions surrounding
rs796364 and rs281759 act as enhancers to regulate TYW5 expression. (G–P) Transcription factor (CTCF, RAD21 and FOXP2) knockdown altered TYW5
gene expression, indicating that TYW5 gene expression was regulated by CTCF, RAD21 and FOXP2. CTCF, RAD21 and FOXP2 were significantly
knocked-down in HEK293T (G–I), SH-SY5Y (K and L) and SK-N-SH cell lines (N and O). (J, M and P) Quantitative PCR showed that TYW5 expression was
significantly altered in cells with knocked-down transcription factors. (Q) TYW5 expression was significantly upregulated in brains of schizophrenia
cases compared with controls. Data represent mean ± SD. n = 3 for F–P. ACTB and GAPDH were used as endogenous reference genes for HEK293T, and
ACTB and B2M were used as endogenous reference genes for SH-SY5Y and SK-N-SH. Two-tailed Student’s t-test was used to test for a significant
difference.
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EMSA showed that rs796364 and rs281759 affected
the binding affinities of transcription factors

Electrophoretic mobility shift assay is widely used to evaluate the
interaction between target DNA sequences and transcription fac-
tors.28,29 If a target DNA sequence binds specific transcription fac-
tor(s), the protein-probe complexes migrate more slowly than the
corresponding free probes during electrophoresis. To investigate
whether rs796364 and rs281759 affect the binding of transcription
factors, we conducted EMSA. The EMSA results indicated that
these two SNPs significantly altered binding affinities to nuclear
proteins extracted from SH-SY5Y cells (which contained abundant
proteins and transcription factors; Fig. 3G–J). The A allele of
rs796364 (Fig. 3G and H) and the T allele of rs281759 (Fig. 3I and J)
showed a higher affinity to transcription factors than the C allele.
Further bioinformatic analysis suggested that different alleles of
these two SNPs affect the binding of several transcription factors
(Supplementary Fig. 2 and Supplementary Table 7). These results
indicated that both of these two functional SNPs (rs796364 and
rs281759) may affect transcription factor binding. Interestingly, the
results of the reporter gene assay and EMSA showed that the
alleles associated with higher affinity (rs796364-A and rs281759-T)
to nuclear protein extractions exhibited higher luciferase activity.

Rs796364 and rs281759 showed the most significant
associations with TYW5 expression in human brain

Our reporter gene assays and EMSA verified the regulatory effects
of rs796364 and rs281759, indicating that these two SNPs might
confer schizophrenia risk by regulating gene expression. To iden-
tify the potential target gene (or genes) regulated by these two
SNPs, we examined their correlations with the expression of genes
in the CMC and LIBD2 brain eQTL datasets.19,20 We found that
these two SNPs were significantly associated with mRNA levels of
four genes (within 1 Mb distance) in the CMC dataset, including
C2orf47, FTCDNL1, SATB2 and TYW5 (Supplementary Fig. 3A and B).
Intriguingly, these two SNPs showed the most significant associa-
tions with TYW5 expression in both the CMC (Prs796364 = 9.25 � 10–5,
Prs281759 = 1.47 � 10–4) and LIBD2 (Prs796364 = 4.51 � 10–23,
Prs281759 = 3.83 � 10–25) datasets (Fig. 4A–D), implying that they like-
ly conferred schizophrenia risk by regulating TYW5 expression.

CRISPR-Cas9-mediated genome editing validated
the regulatory effects of rs796364 and rs281759 on
TYW5

As our eQTL analysis suggested that these two functional SNPs
regulate TYW5 expression, we sought to validate whether they in-
deed exerted regulatory effects on this gene. Considering that both
SNPs were located downstream of TYW5 (Fig. 2A) and reporter
gene assays revealed strong enhancer activity of the genomic
sequences containing rs796364 in neuroblastoma cells (Fig. 3B and
C), it appeared likely that rs796364 and rs281759 regulate TYW5 by
affecting enhancer activity. We thus knocked out genomic sequen-
ces of about 300 bp surrounding these two SNPs in three cell lines
(HEK293T, SH-SY5Y and SK-N-SH) and found that deletion of these
two SNPs resulted in significant downregulation of TYW5 in all
three cell lines (P50.05; Fig. 4E and F and Supplementary Fig. 4).
These data indicated that these two SNPs are located in the
enhancer elements of TYW5, and it is likely that they regulate
TYW5 expression by altering enhancer activity. Interestingly, chro-
matin interaction analyses in the human neuroblastoma cell line
SK-N-DZ and brain tissues (using 3DIV) showed that these
two SNPs physically interact with the TYW5 gene in the dorsolat-
eral prefrontal cortex, hippocampus and SK-N-DZ cell line

(Supplementary Figs 5–8),30 suggesting that rs796364 and rs281759
may regulate TYW5 expression by affecting chromatin
interactions.

Knock-down of corresponding transcription factors
affected TYW5 expression

Our functional genomics analysis revealed that rs796364 and
rs281759 disrupted the binding of CTCF, RAD21 and FOXP2, provid-
ing molecular explanations for their regulatory impact on TYW5
expression. To examine the regulatory effects of these transcrip-
tion factors on TYW5 expression, we knocked down CTCF, RAD21
and FOXP2 expression in HEK293T, SH-SY5Y and SK-N-SH cells
(using shRNAs). The qPCR results showed that RAD21 knockdown
resulted in significant downregulation of TYW5 (P50.05), while
CTCF knockdown led to significant upregulation of TYW5 (P5 0.05)
in all three tested cell lines (Fig. 4G–P). As FOXP2 expression in SH-
SY5Y and SK-N-SH cell lines was not detected by RT-PCR
(Supplementary Fig. 9), we did not knock-down FOXP2 in the SH-
SY5Y and SK-N-SH cell lines. Taken together, these results indi-
cated that rs796364 and rs281759 regulate TYW5 expression by
affecting transcription factor binding affinity.

Dysregulation of TYW5 in schizophrenia cases

We provided convergent lines of evidence (including functional
genomics, eQTL analysis, Cas9-mediated genome editing and tran-
scription factor knockdown), suggesting that the functional SNPs
rs796364 and rs281759 might confer schizophrenia risk by regulat-
ing TYW5 expression. It was therefore necessary to examine
whether expression perturbation of TYW5 was involved in schizo-
phrenia. We thus compared TYW5 expression in brains of schizo-
phrenia cases versus that in controls using expression data from
PsychEncode.21 Consistent with our hypothesis above, we found
that TYW5 expression was significantly upregulated in brains of
schizophrenia cases compared with controls (P = 8.20 � 10–4;
Fig. 4Q), indicating a potentially pivotal role of TYW5 dysregulation
in schizophrenia.

Overexpression of TYW5 inhibits proliferation of
mouse neural stem cells

Appropriate proliferation and differentiation of NSCs is necessary
for neurodevelopment,46 and previous studies have shown that
dysfunction of neurodevelopment might play important roles in
the pathogenesis of schizophrenia.47,48 To characterize the roles of
TYW5 in schizophrenia, we utilized the NSCs model (a model wide-
ly used to investigate the role of schizophrenia risk genes in neuro-
development).49,50 Of note, the neurodevelopmental hypothesis of
schizophrenia posits that schizophrenia risk genes may confer risk
of this disorder by affecting brain development.47,48 As TYW5 was
significantly upregulated in schizophrenia patients, we conducted
overexpression experiments to mimic the effects of TYW5 upregu-
lation. Cells from the ventricular zone of embryonic mouse brains
(embryonic Day 14) were isolated and the identity of these cells
was validated with three well-characterized NSC markers (SOX2,
NESTIN and PAX6) (Supplementary Fig. 10). The NSCs were then
infected with the packaged viral particles, and puromycin (1 lg/ml)
was added to select the stably infected cells for 2 weeks. Reverse
transcription-PCR and western blot confirmed stable overexpres-
sion of human TYW5 in the infected mouse NSCs (Fig. 5A and B).
We then conducted EdU incorporation and CCK-8 assays to assess
the effect of TYW5 overexpression on the proliferation of these
cells. Both assays showed that TYW5 overexpression significantly
inhibited the proliferation of mouse NSCs (Fig. 5C–E). Taken
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together, TYW5 overexpression affected proliferation of NSCs and
thereby modulated neurodevelopment.

Overexpression of TYW5 affects differentiation of
mouse neural stem cells

In addition to proliferation, differentiation is also important for
neurodevelopment.46 We thus sought to investigate whether
TYW5 played a role in neuronal differentiation. Neural stem cells
can differentiate into glia cells and neurons, two major cell types
in the human brain. The markers for astrocytes (GFAP), mature
neurons (MAP2), immature post-mitotic neurons (TUJ1 encoded by
Tubb3) and oligodendrocytes can be labelled with O4 (encoded by
Cldn11). These cell types are generated during the differentiation
of NSCs, and the markers can be used to investigate the differenti-
ation process.51,52 After 3 days of NSC differentiation, GFAP- and
MAP2-positive cells were counted. We found that the ratio of
GFAP- (a marker for glia cells, but not MAP2, a marker for neurons)
positive cells was significantly decreased in cells overexpressing
TYW5 compared with control cells (P50.05; Fig. 6A–D), indicating
that TYW5 overexpression impaired the differentiation of glia cells.
In addition, we also measured the mRNA level of Gfap, Map2, Tubb3
and Cldn11 in TYW5 overexpression and control cells using Actb
and Ywhaz as endogenous reference genes (Supplementary Table
5). We found that the expression of Tubb3 and Cldn11 (but not
Gfap and Map2) were significantly downregulated in TYW5

overexpression cells compared with the controls (P50.05;
Supplementary Fig. 11). To validate the effect of TYW5 overexpres-
sion on the differentiation of NSCs, we used western blotting to de-
tect GFAP and MAP2 protein expression after 24, 48, and 72 h of
NSC differentiation. After 24 h of differentiation, GFAP was signifi-
cantly downregulated in the TYW5 overexpressing groups com-
pared with the controls, and after 48 h, MAP2 was significantly
upregulated in the TYW5 overexpressing groups compared with
the controls. However, GFAP and MAP2 did not show significant
differences after 72 h of NSC differentiation (Fig. 6E–H). A possible
explanation for this is the degradation of GFAP and MAP2 proteins
(Fig. 6E). These data demonstrated that TYW5 overexpression may
affect the differentiation of mouse NSCs.

TYW5 regulates schizophrenia-related pathways

Our data above show that TYW5 overexpression affected the prolif-
eration and differentiation of NSCs. Nevertheless, the underlying
biological processes and signalling pathways remain unclear. We
thus used NSCs that stably overexpress TYW5 and control NSCs
(cultured in proliferation medium) to perform transcriptome ana-
lysis through RNA-seq. A total of 304 differentially expressed genes
(183 upregulated, 121 downregulated) were identified (Fig. 7A and
B and Supplementary Table 8). GO analysis showed that these
genes were significantly enriched in multiple essential physio-
logical processes, including DNA replication, cell adhesion and the

Figure 5 TYW5 overexpression significantly inhibited proliferation of mouse neural stem cells. (A and B) Validation of TYW5 overexpression in mouse
NSCs with RT-PCR (B) and western blot (C). To distinguish the endogenous and overexpressed TYW5 (both can express TYW5), we ligated a 6�His tag
to TYW5 to detect if the constructed overexpression vector can express TYW5 successfully in NSCs using antibodies that can recognize the His tag.
(C–E) EdU incorporation assays and CCK-8 assays showed that TYW5 overexpression significantly inhibited proliferation of mouse NSCs. (C and D)
Compared with controls, the ratio of EdU-positive cells was significantly decreased in TYW5 overexpression groups. (C) Representative immunofluor-
escence images for EdU staining; the statistical analysis result for C is shown in D. (E) A CCK-8 assay showed that the OD450 values of the TYW5 over-
expression groups were significantly decreased compared with the controls. Two-tailed Student’s t-test was used to test for a significant difference.
Data represent mean ± SD, n = 5 for D, n = 8 for E.
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cell cycle (PBenjamini 5 0.05; Fig. 7C). Further KEGG analysis indicated
that the differentially expressed genes were significantly enriched
in schizophrenia-associated signalling pathways, including extra-
cellular matrix-receptor interaction, focal adhesion and PI3K-Akt
(PBenjamini 5 0.05; Fig. 7D).53–55 Of note, both GO and KEGG analyses
indicated that the differentially expressed genes showed the most

significant enrichment in DNA replication-related pathways.
Collectively, these results suggested that TYW5 may contribute to
schizophrenia susceptibility by regulating extracellular matrix-re-
ceptor interaction, focal adhesion and PI3K-Akt pathways.53–55

Overexpression of TYW5 affects the morphology and
density of dendritic spines

In addition to the abnormality of neurodevelopment, the density
of dendritic spines was also significantly reduced in schizophrenia
cases,33–35 indicating that the formation of dendritic spines may

also participate in schizophrenia pathogenesis. We thus investigated
the effects of TYW5 overexpression on dendritic spine formation
using rat primary cortical neurons and found that TYW5 overexpres-
sion affected dendritic spine density (Fig. 8A–C). The density and ratio
of stubby spines was significantly decreased, while the density and
ratio of thin spines was significantly increased in TYW5-overexpress-
ing neurons compared with the controls (P5 0.05; Fig. 8A–C).
However, the density and ratio of mushroom spines, other spines
(including long thin, filopodia and branched spines) and total spines
were not affected (P40.05). We further analysed the long thin, filopo-
dia and branched spines and found that the density and ratio of
branched spines was significantly decreased in TYW5-overexpressing
neurons compared with the controls (P50.05; Supplementary Fig.
12E and F). Taken together, these results showed that overexpression
of TYW5 could affect the formation of dendritic spines on rat neurons,
proving that TYW5 has potentially important roles in the formation of
dendritic spines.

Figure 6 TYW5 overexpression significantly affected differentiation of mouse neural stem cells. (A and B) Representative immunofluorescence
images for GFAP (a marker for astrocyte cells) and MAP2 (a marker for mature neurons) staining. (C) Compared with the controls, the ratio of GFAP-
positive cells were significantly decreased in TYW5 overexpression groups, indicating that TYW5 overexpression impaired the differentiation of NSCs
into glia cells. (D) In contrast, the ratio of MAP2-positive cells remained unchanged. (C) The quantification data for A. (D) The quantification data for
B. (E–H) Western blot results for GFAP and MAP2 expression in TYW5 overexpression and control groups. For MAP2, two bands (MAP2 A/B, molecular
weight: 270–300 kDa; and MAP2 C/D, molecular weight: 70–75 kDa) were detected. (F–H) The quantification data of MAP2 A/B, MAP2 C/D and GFAP pro-
tein expression for E. Two-tailed Student’s t-test was used to test for a significant difference. Data represent mean ± SD, n = 3 for C, D and F–H).
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Discussion
Identifying the functional (or causal) risk variants at the reported
risk loci and elucidating their roles in schizophrenia is an import-
ant and necessary step towards understanding the genetic mecha-
nisms and pathogenesis of schizophrenia in the post-GWAS era.
Although recent studies have demonstrated the potential

regulatory mechanisms of some schizophrenia risk var-
iants,16,21,56,57 the functional variants and their roles in schizo-
phrenia for most of the GWAS risk loci remain largely unknown. In
this study, we systematically characterized the regulatory mecha-
nisms of risk variants rs796364 and rs281759, two functional SNPs
identified in our previous functional genomics study.16 We have
provided convergent lines of evidence to support the regulatory

Figure 7 TYW5 regulates schizophrenia-associated pathways. (A) Heat map for the 304 (183 upregulated and 121 downregulated) differentially
expressed genes (jfold changej4 0.5 and Padj 5 0.01) in the TYW5 overexpression group compared with the control group. (B) Heat map for the top 25
up or downregulated genes. (C) GO analysis showed that the differentially expressed genes showed the most significant enrichment in DNA replica-
tion. (D) KEGG enrichment analysis showed that the differentially expressed genes showed significant enrichment in schizophrenia-associated path-
ways, including extracellular matrix-receptor interaction, focal adhesion and PI3K-Akt signalling pathways.

781|BRAIN 2022: 145; 770–786TYW5 is a novel schizophrenia risk gene



effects of rs796364 and rs281759. First, we validated the regulatory
effects of these two functional SNPs with reporter gene assays.
Second, our EMSA results showed that they could affect the bind-
ing affinity of transcription factors. Third, PAINTOR fine-mapping
suggested that rs796364 is a potential causal variant (posterior
probability of causality 0.66) (Supplementary Table 9).58 Fourth, we
conducted eQTL analysis and found the potential target gene regu-
lated by these two SNPs, TYW5, whose mRNA expression was sig-
nificantly associated with these two SNPs in human brain. Fifth,

our integrative TWAS analyses showed that TYW5 is a schizophre-
nia risk gene whose change in expression might play a role in this
disorder [TWAS P(CMC) = 1.34 � 10–11, TWAS P(LIBD2) = 1.50 � 10–12;
GWAS associations and two brain eQTL datasets (CMC and LIBD2)
were used for TWAS integrative analyses; Supplementary Table
10].10,19,20 Furthermore, we confirmed the regulatory effect of
rs796364 and rs281759 on TYW5 expression using CRISPR-Cas9-
mediated genome editing and defined the transcription factors
facilitating such a regulatory effect. Therefore, rs796364 and

Figure 8 TYW5 overexpression affected dendritic spine density. (A) Representative immunofluorescence images for GFP (visualizing neuronal mor-
phologies with green) and TYW5-1 � flag (indicating overexpression with red) in rat primary cortical neurons. The arrows of different colours point
to different types of spines: stubby (green), thin (orange), long thin (blue) and mushroom (white). (B and C) Compared with the control, the density
and ratio of the stubby spines was significantly decreased in TYW5-overexpressing neurons. However, the density and ratio of thin spines was signifi-
cantly increased in TYW5-overexpressing neurons. (B) The quantification data for the density of stubby spines in A. (C) The quantification data for
the ratio of stubby spines in A. Two-tailed Student’s t-test was used to test for a significant difference. Data represent mean ± SD, the numbers of neu-
rons used for this quantitative analysis in the control and experimental groups were n = 20 and n = 22.
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rs281759 likely confer schizophrenia risk by affecting TYW5 ex-
pression. Consistent with this, we found that these two regulatory
variants physically interacted with TYW5 in the dorsolateral pre-
frontal cortex, hippocampus and neuroblastoma cells of human
brain. These data indicate that these two functional SNPs regulate
TYW5 expression by altering transcription factor binding and long-
range chromatin interaction. Intriguingly, expression analysis
showed that TYW5 was significantly upregulated in brains of
schizophrenia cases (Fig. 4Q), highlighting its pivotal roles in
schizophrenia pathogenesis.

In addition, we also independently confirmed that rs796364
was significantly associated with schizophrenia in non-Europeans
(i.e. a Chinese population; P = 9.68 � 10–4; data from a recent study
in our lab),59 with the same risk allele as in Europeans. A meta-
analysis (a total of 59 911 cases and 83 527 controls) using pub-
lished data indicated that rs796364 was strongly associated with
schizophrenia (P = 1.14 � 10–19). This successful genetic validation
in an independent population provided robust evidence for the in-
volvement of these two regulatory variants in schizophrenia and
further supported the potential functional consequences of this
SNP. Considering that cognitive impairment is a core symptom of
schizophrenia and previous studies have shown that schizophre-
nia risk variants are also associated with cognitive perform-
ance,1,2,60,61 if rs796364 represents an authentic risk variant for
schizophrenia, it may also be associated with cognitive perform-
ance. Examination of the association between rs796364 and cog-
nitive performance using published data showed that rs796364
was also associated with cognitive performances (PIntelligence =

3.91 � 10–4, PRT = 1.42 � 10–3 and PVNR = 9.00 � 10–3), and the risk
allele predicted poorer cognitive performance.62,63 This success-
ful validation in genetic independent populations and its associ-
ation with cognitive performance provides extra support for the
involvement of rs796364 in schizophrenia.

We noted that rs796364 is located in the promoter region of
FTCDNL1 (Fig. 2). We thus explored FTCDNL1 expression in differ-
ent cell types of human brain. FTCDNL1 expression in different
neural cells was much lower than that of TYW5 (Supplementary
Fig. 13A and B). We also examined FTCDNL1 and TYW5 expression
in the Cortical development expression viewer and UCSC Cell
browser and observed similar results (Supplementary Figs 14 and
15A and B).64–66 Intriguingly, TYW5 has a higher expression level in
neural progenitor cells and 6-week-old forebrain neurons (derived
from human-induced pluripotent stem cells of normal subject;
Supplementary Fig. 16). Of note, our RT-PCR showed no obvious
expression of FTCDNL1 in HEK293T, SK-N-SH and SH-SY5Y cell
lines (Supplementary Fig. 9). Finally, spatio-temporal expression
data showed that TYW5 is stably and highly expressed in different
regions of human brain over the whole life (Supplementary Fig.
17),67,68 implying the pivotal role of TYW5 in human brain. These
expression data suggest that rs796364 and rs281759 might confer
schizophrenia risk by modulating TYW5 (i.e. compared with
FTCDNL1, it is more likely that TYW5 represents the potential risk
gene at this locus).

In addition to elucidating the regulatory mechanisms of
rs796364 and rs281759, we also provided further evidence to sup-
port the involvement of TYW5 in schizophrenia pathogenesis.
TYW5 was upregulated in brains of schizophrenia cases and over-
expression of TYW5 affected the proliferation and differentiation
of NSCs, indicating that TYW5 has a role in neurodevelopment.
Intriguingly, we also found that TYW5 regulated the density of
dendritic spines, an important neuronal structure that is frequent-
ly found to be dysregulated in schizophrenics.33–35 We also
checked the associations between differentially expressed genes
(between TYW5-overexpression and control NSCs) and schizophre-
nia (detailed information is provided in the Supplementary

material).8 The differentially expressed genes (including Snap91,
Ndrg4, Ier3 and Ip6k3) showed significant associations with schizo-
phrenia, suggesting that TYW5 may confer risk of schizophrenia
by regulating these genes. Moreover, our transcriptome analysis
showed that TYW5 regulated schizophrenia-associated pathways,
including extracellular matrix-receptor interaction, focal adhesion
and the PI3K-Akt signalling pathway.53–55 Interestingly, a previous
TWAS (which used foetal brain eQTL) also suggested that TYW5
was a schizophrenia risk gene (TWAS P = 4.16 � 10–9) whose ex-
pression changes in early brain development might play a role in
schizophrenia.69 Finally, the exploration of association between
TYW5 and other psychiatric disorders (including bipolar disorder,
depression and attention deficit and hyperactivity) showed sug-
gestive associations between TYW5 and bipolar disorder
(rs73066802, P = 2.61 � 10–5; Supplementary Fig. 18).70–72 These con-
sistent and convergent lines of evidence demonstrated that TYW5
might confer schizophrenia risk by affecting neurodevelopment
and schizophrenia-associated pathways.

TYW5 encodes TRNA-YW synthesizing protein 5 [a Jumonji C
(JmjC)-domain-containing protein, JMJD], a tRNA modification en-
zyme which forms the OHyW nucleoside by carbon hydroxylation
using 2-oxoglutarate (2-OG) and Fe2 + ion as cofactors.73,74 JMJD
proteins usually act as epigenetic regulators. However, TYW5 acts
as a RNA hydroxylase.73,74 It is involved in the wybutosine biosyn-
thesis pathway, with six enzymes (including TRMT5 and TYW1-5)
working sequentially to transfer the original nucleoside in position
37 of tRNAPhe into hydroxy wybutosine (OHyW).73,75 By homo-di-
merization, a large and positively-charged patch is formed for
tRNA binding. TYW5 expression is significantly decreased under
iron depletion.76 Interestingly, the levels of trace element iron in
blood from schizophrenia cases were lower than those of normal
people.77 To date, the function of TYW5 remains largely unknown
and no study has investigated its role in brain development and
schizophrenia. Interestingly, we found that TYW5 is mainly
located in the cytoplasm and nucleus of five different cell-types
(HEK293T, SH-SY5Y, SK-N-SH, mouse NSCs and rat neurons)
(Supplementary Fig. 19–22), and for the first time we showed its
pivotal role in neurodevelopment and spine morphogenesis (i.e.
dysregulation of TYW5 affected the proliferation and differenti-
ation of NSCs and spine density in neurons). Although the patho-
physiology of schizophrenia remains elusive, accumulating data
support the involvement of aberrant neurodevelopment.47,48 Our
findings highlight TYW5 as an important gene in appropriate neu-
rodevelopment and schizophrenia susceptibility.

Despite the above implications of this study for the genetic
basis of schizophrenia, there are several limitations to be acknowl-
edged. First, although we showed that rs796364 and rs281759 could
regulate TYW5 expression (likely by affecting the binding of CTCF,
RAD21 and FOXP2), the exact mechanisms still need to be eluci-
dated, probably through precise single-base editing (using CRISPR-
Cas9 system) of these SNPs. Second, in addition to TYW5, chroma-
tin interaction analysis also showed interactions between
rs796364 and rs281759 and other genes (including C2orf69 and
MAIP1). Moreover, gene expression analysis showed significant
downregulation of FTCDNL1 in the brains of schizophrenia cases
compared with controls (P = 5.92 � 10–4, FDR 6.31 � 10–3) in
PsychENCODE.21 Therefore, we cannot exclude the possibility that
these two SNPs may confer schizophrenia risk by modulating
genes other than TYW5. Third, although PAINTOR fine-mapping
supported the causality of rs796364, we noticed that another SNP,
rs2949006, also had high posterior probability (0.838) for causality
(Supplementary Table 9). Expression QTL analysis showed that
rs2949006 was significantly associated with FTCDNL1
(P = 9.31 � 10–14) and TYW5 expression (P = 2.52 � 10–8) in human
brain.19 The strong association between rs2949006 and FTCDNL1
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suggested that FTCDNL1 may also be a potential risk gene for
schizophrenia. Furthermore, FTCDNL1 was significantly downregu-
lated in schizophrenia cases compared with the controls, further
supporting the potential role of FTCDNL1 in schizophrenia. These
data suggest that risk variants in this region may confer risk of
schizophrenia by modulating FTCDNL1. More work is needed to in-
vestigate whether FTCDNL1 is an authentic risk gene for schizo-
phrenia. Fourth, our results showed that TYW5 overexpression
affected the proliferation and differentiation of NSCs and the for-
mation of dendritic spines in vitro. Relevant physiological proc-
esses linking these alterations to schizophrenia pathogenesis
remain to be illuminated using animal models. Fifth, we used the
mouse NSC model to explore the role of TYW5 in neurodevelop-
ment. The rationale behind the use of NSCs are as follows: (i) the
neurodevelopmental hypothesis of schizophrenia posits that
schizophrenia risk genes may confer risk of this disorder by affect-
ing brain development.47,48 Consistent with this hypothesis, previ-
ous studies have indicated the pivotal roles of schizophrenia risk
genes in early neurodevelopment.49,50 Thus, we think that mouse
NSCs represent a feasible model to explore the function of schizo-
phrenia risk genes; (ii) compared with human NSCs, culturing (and
manipulating) of mouse NSCs is much easier, and the growth rate
of mouse NSCs is faster; (iii) immature/mature neurons may also
be a good model. Nevertheless, isolating and culturing immature/
mature neurons currently remains challenging. More work (includ-
ing the use of human NSCs and immature/mature neurons) is
needed to elucidate the role of TYW5 in schizophrenia pathogen-
esis. Sixth, considering the polygenicity nature of schizophrenia,78

the clinical relevance of this study is limited due to the tiny influ-
ence of each individual risk locus on the risk of schizophrenia.
Further work is needed to explore the potential clinical relevance
of this study in schizophrenia. Finally, while our study provides
insights into the biological relevance of TYW5 in schizophrenia,
further characterization of its functionality and underlying mecha-
nisms by which this gene participate in the disorder is needed.

In summary, we systematically characterized the regulatory
mechanisms of rs796364 and rs281759. We showed that these two
functional SNPs confer schizophrenia risk by regulating the ex-
pression of TYW5, a previous uncharacterized gene with important
roles in neurodevelopment and spine morphogenesis
(Supplementary Fig. 23).
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