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Genetic regulatory and biological
implications of the 10q24.32
schizophrenia risk locus

Junyang Wang," Jiewei Liu,* Shiwu Li,* Xiaoyan Li,* Jinfeng Yang," Xinglun Dang,’
Changgai Mu," Yifan Li,* Kaiqin Li,* Jiao Li,* Rui Chen,’ Yixing Liu,* Di Huang,'
Zhijun Zhang®** and ®Xiong-Jian Luo??

Genome-wide association studies have identified 10q24.32 as a robust schizophrenia risk locus. Here we identify a
regulatory variant (rs10786700) that disrupts binding of transcription factors at 10924.32. We independently con-
firmed the association between rs10786700 and schizophrenia in a large Chinese cohort (n=11547) and uncovered
the biological mechanism underlying this association. We found that rs10786700 resides in a super-enhancer elem-
ent that exhibits dynamic activity change during the development process and that the risk allele (C) of rs10786700
conferred significant lower enhancer activity through enhancing binding affinity to repressor element-1 silencing
transcription factor (REST). CRISPR-Cas9-mediated genome editing identified SUFU as a potential target gene by
which rs10786700 might exert its risk effect on schizophrenia, as deletion of rs10786700 downregulated SUFU expres-
sion. We further investigated the role of Sufu in neurodevelopment and found that Sufu knockdown inhibited prolif-
eration of neural stem cells and neurogenesis, affected molecular pathways (including neurodevelopment-related
pathways, PI3K-Akt and ECM-receptor interaction signalling pathways) associated with schizophrenia and altered
the density of dendritic spines. These results reveal that the functional risk single nucleotide polymorphism
rs10786700 at 10g24.32 interacts with REST synergistically to regulate expression of SUFU, a novel schizophrenia
risk gene which is involved in schizophrenia pathogenesis by affecting neurodevelopment and spine morphogenesis.
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Introduction

Schizophrenia (SCZ) is a debilitating mental disorder with a neuro-
developmental origin.*** The lifetime prevalence of SCZ is ap-
proximately 1% in the general population.” High morbidity and
mortality makes SCZ a major threat to global health.®’ Although
SCZ imposes a tremendous economic burden on society and is a
leading cause of disability,®*'° so far, therapeutic approaches for
SCZ are limited and many cases do not respond to pharmacological
treatments. More importantly, most antipsychotics were discov-
ered decades ago, and these drugs exert their main therapeutic ef-
fects by antagonizing the type 2 dopaminergic receptor.** Discovery
of new and effective antipsychotics has proved to be extremely dif-
ficult, partly due to the unknown pathophysiology of SCZ.
Identifying the risk factors involved in SCZ is the first step towards
elucidating the pathophysiology of SCZ and developing new
treatments.

High heritability (the heritability of SCZ was estimated as high
as 81%) indicates that genetic components play important roles in
the pathogenesis of SCZ.™ The advent of the genome-wide associ-
ation study (GWAS) has provided an unprecedented opportunity to
decipher the genetic basis of SCZ. To date, multiple large-scale
GWASs have been performed in different continental populations
and hundreds of risk loci have been reported for SCZ.'**1¢ Of
note, a recent large-scale study by Trubetskoy et al.'” identified
287 risk loci for SCZ, expanding the SCZ risk loci substantially.
Although these GWASs provided pivotal insights into the genetic
architecture of SCZ, translating the GWAS findings into disease
biology and clinical applications remains challenging. Identifying
the functional (or potential causal) variants at the reported risk
loci is a critical step towards elucidating the molecular mechan-
isms by which a risk variant confers disease risk. In our previous
study,'® we identified 132 functional single nucleotide polymorph-
isms (SNPs; from the SCZ risk loci identified by GWAS) that disrupt
binding of transcription factors (TFs), suggesting the potential caus-
ality of these functional SNPs. Among these TF binding-disrupting
SNPs, rs10786700 showed robust association with SCZ (P=9.76 x
10721, 56418 cases and 78818 controls).’® Clearly, these functional
SNPs could provide important genetic insights into disease suscep-
tibility and biological implications of SCZ. Nevertheless, so far,
there are no known regulatory or molecular mechanisms under-
lying the function of rs10786700.

To delineate the regulatory mechanisms and investigate the po-
tential biological implications of the functional SNP rs10786700, we
explored the role of rs10786700 in SCZ. We first independently con-
firmed that rs10786700 was associated with SCZ in the Chinese
population, with the same risk allele as in European populations.
We then verified the regulatory effect and functionality of
rs10786700 with reporter gene and electrophoretic mobility shift
assays (EMSA). We further showed that the functional variant
rs10786700 is located in a super-enhancer (SE) element and regu-
lates SUFU expression by interacting with repressor element-1 si-
lencing transcription factor (REST). Of note, we demonstrated that
the risk allele (C) of rs10786700 conferred lower enhancer activity
through enhancing binding affinity to REST. We also found that
the SE element containing rs10786700 exhibits dynamic activity
change during the development process, i.e. the activity of the SE
element containing rs10786700 decreases gradually as the develop-
ment progresses, indicating that rs10786700 mainly exerts its regu-
latory effect at an early stage of neurodevelopment. Finally, we
demonstrated the potential role of SUFU (whose expression is regu-
lated by rs10786700) in SCZ pathogenesis using the neural stem cell
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and primary cortical neuron models. Our study elucidated the com-
plex regulatory mechanisms of rs10786700 and revealed that this
functional risk variant modulates the activity of the SE (where
1s10786700 resides) through differential binding to EP300 and
REST. Of note, this regulation is a dynamic process that mainly oc-
curs at an early stage of neurodevelopment and this dynamic regu-
lation led to differential expression of SUFU (at an early
neurodevelopmental stage), which eventually confers SCZ risk by
affecting neurodevelopment and dendritic spine density.

Materials and methods

All of the reagents, kits, software and instruments used in this
study are provided in Supplementary material.

The procedures of functional genomics analysis have been de-
scribed in our previous studies.'® Briefly, chromatin immunopreci-
pitation sequencing (ChIP-seq) data performed in brain tissues or
cell lines originated from the brain of 30 TFs were downloaded
from ENCODE,” and binding motifs of these TFs were derived.
Risk SNPs were then mapped to the derived binding motifs to inves-
tigate if different alleles of the SNPs disrupt (or affect) binding of
TFs. DNase-seq and histone modification data were downloaded
from ENCODE to explore if rs10786700 is located in active regulatory
element.

We investigated the genetic association between rs10786700 and
SCZ in a large Chinese cohort, including 3 718 SCZ cases and 7 829
controls. All SCZ cases were carefully assessed by at least two ex-
perienced psychiatrists and all available information, including on-
set of symptoms, medications, illness duration, medical records
and conversations with family members were evaluated thorough-
ly to reach a consensus diagnosis (according to the DSM-IV criteria).
The mean age of cases and controls were 42+15.75 and 36+
9.59 years, respectively. The healthy controls were recruited from
local volunteers. Informed consent was obtained from all partici-
pants and this study was approved by the internal review board
of Kunming Institute of Zoology. More detailed information about
sample recruitments and diagnosis procedures was described in
our previous studies.’>?' Genotyping was performed using the
SNaPShot method. Detailed information about genotyping is pro-
vided in the Supplementary material. The primer sequences are
provided in Supplementary Table 1. PLINK (v1.07) was used to test
the association between rs10786700 and SCZ.?? We also examined
the association between rs10786700 and SCZ in UK Biobank (571
cases and 365476 controls) and FINNGEN (https:/www.finngen.fi/
en; release 5, 760 cases and 249610 controls) datasets.?®> We con-
ducted a meta-analysis (using PLINK) to obtain the overall P-value
between rs10786700 and SCZ in the combined samples.

HEK293T, SK-N-SH and SH-SYSY cells were purchased from the Cell
Bank of Kunming institute of Zoology, Chinese Academy of
Sciences. Mouse neural stem cells (nNSCs) and rat primary cortical
neurons were isolated from embryos of wild-type mice (embryonic
Day 13.5, C57BL/6) and rats (embryonic Day 18, SD), respectively.
These cells were isolated as previously described.’®'*?° Detailed in-
formation about cell culture is provided in Supplementary material.
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Dual-luciferase reporter gene assays were performed as previously
described.’® The primer sequences for DNA fragment cloning and
point-mutation are listed in Supplementary Table 1. In brief, the
581 bp DNA fragments containing rs10786700 were cloned and in-
serted into the pGL3-Promoter vector (Promega, Cat. No. E1761),
which was used to detect enhancer activity of the inserted sequences.
HEK-293 T, SH-SY5Y and SK-N-SH cells were plated into the 96-well
plates at a density of 2 x 10% 6 x 10* and 6.5 x 10* cells/well, respective-
ly. The recombinant vectors (150 ng) and the pRL-TK (internal control,
50 ng, Promega, Cat. No. E2241) were then co-transfected into three
cell lines (HEK293T, SK-N-SH and SH-SYS5Y) using the
Lipofectamine™ 3000 transfection reagent (Invitrogen, Cat. No.
L3000-015). Forty-eight hours post-transfection, cells were lysed and
luciferase activity was determined with the Dual-Luciferase®
Reporter 1000 Assay System (Promega, Cat. No. E1980) on the
Luminoskan Ascent chemiluminesence analyser (Thermo
Scientific, Thermo Luminoskan Ascent). We also co-transferred the
recombinant vectors (100 ng), the pRL-TK (50 ng) and REST overex-
pression plasmid (100 ng) to explore the effect of REST on the tran-
scriptional activity of rs10786700.

EMSAs were carried out as previously described.?* The oligonucleo-
tides (41 bp) containing the C or T allele of rs10786700 were synthe-
sized and the sequences are provided in Supplementary Table 2.
The synthesized oligonucleotides were labelled with biotin at the
3’ end with the EMSA Probe Biotin Labelling Kit (Beyotime, Cat.
No. GS008) and annealed to form double strands. The nuclear ex-
tracts of SH-SYSY cells were prepared using the Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime, Cat. No. P0028).
EMSA were performed using the Chemiluminescent EMSA Kit
(Beyotime, Cat. No. GS009) according the manufacturer’s instruc-
tions. Details about EMSA are provided in the Supplementary
material.

We calculated the expression correlation between SUFU and EP300
in the human brain using the expression data from the LIBD dataset
(n=452; http:/eqtl.brainseq.org/) and expression data from the
study of Walker et al. (n=219).>”” Briefly, RNA sequencing was
performed to quantify gene expression in the human brain in
both datasets. Brain tissues (the dorsolateral prefrontal cortex)
from prenatal to adulthood human individuals were included in
the LIBD dataset. However, only brain tissues from prenatal sub-
jects were included in the study of Walker et al.?” Pearson correl-
ation coefficients were calculated and statistical tests were
conducted to explore the expression correlation between SUFU
and EP300.

We used CRISPR-Cas9-mediated genome editing to delete the genom-
ic region containing rs10786700. Two sgRNAs (located upstream and
downstream of rs10786700) were designed using the guide design re-
sources (https:/zlab.bio/guide-design-resources; Supplementary
Table 3). The designed sgRNAs were then cloned into the PX459M vec-
tor. The recombinant vector (2 pg) containing two sgRNAs was
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transfected into SH-SYSY cells using Lipofectamine™ 3000. The
empty vectors (without sgRNA insertion) were used as the control
group. Forty-eight hours post transfection, 2 pg/ml puromycin
(Sigma, Cat. No. 540222) was added and cultured for 2 days to kill
the untransfected cells.

We isolated mNSCs according to the published protocols,?®?° with
some minor modifications as described in our recent study.?® In
brief, brains of mouse embryos (embryonic day 13.5, C57BL/6)
were dissected under microscope and tissues from the ventricular
zone (VZ) and subventricular zone (SVZ) were dissociated to obtain
neural stem cells. Details about mNSC culture are provided in the
Supplementary material.

The short hairpin RNAs (shRNAs) were designed using two online
shRNA design tools (https:/rnaidesigner.thermofisher.com/
rnaiexpress/sort.do and https:/www.sigmaaldrich.com/china-
mainland/zh/life-science/functional-genomics-and-rnai/shrna/
individual-genes.html). For EP300 knockdown experiments, three
pairs of shRNAs were designed for EP300 (human) and the two pairs
with high knockdown efficiency were used for further experiments.
For neural stem cell experiments, six pairs of shRNAs were de-
signed for Sufu (mouse) and the shRNAs with relatively higher
knockdown efficiency (>50%) were used for further experiments.
For dendritic spine assays, five pairs of shRNAs were designed for
Sufu (rat) and the two shRNAs pairs with high knockdown efficiency
were used for further experiments. The target regions of shRNAs
are provided in Supplementary Fig. 1 and the sequences of
shRNAs are provided in Supplementary Table 3. shRNAs targeting
Sufu (mouse and rat) were inserted into pSicoR-Efla-mCh-puro vec-
tor (Addgene, Cat. No. 31845). Protein sequence alignment (using
COBALT?") showed that the amino acid sequence of SUFU is highly
conserved in human, mouse and rat (Supplementary Fig. 2), indi-
cating the functional importance of SUFU. Detailed information
about knockdown experiments is provided in the Supplementary
material.

Total RNA was extracted with TRIzol Reagent (Life technologies,
Cat. No. 15596018) and cDNA (1 pg) was reversely transcribed using
the PrimeScript RT reagent Kit with gDNA Eraser (TaKaLa, Cat. No.
RR047B). Quantitative analysis of mRNA level was then performed
using the TB Green® Premix Ex Taq™ II (Tli RNase H Plus; SYBR
Green fluorescence, TaKala, Cat. No. RR820B). Relative mRNA ex-
pression levels were normalized to ACTB or Actb, and fold change
was determined by the 27**“* method.?" All primer sequences are
listed in Supplementary Table 4.

Proliferation assays were performed as previously described.?>*32
For 5-bromo-2’-deoxyuridine (BrdU) proliferation assay, mNSCs
were plated into 24-well plates at a density of 10x 10* cells per
well. After culturing for 48 h, BrdU (Thermo, Cat. No. MA511282)
was added into medium (final concentration 10 mM) and incubated
for 1 h. BrdU-positive cells were detected by immunostaining. For
cell counting kit-8 (CCK-8) proliferation assays, the mNSCs were
seeded into 96-well plates at a density of 1.8 x 10* cells per well.
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After plating cells for 0, 1, 2 and 3 days, 10 pl CCK-8 (Beyotime, Cat.
No. C0042) reagent were added to each well and incubated for 2 h.
The absorbance at 450 nm wavelength was detected with a
Spectrophotometer (BioTek).

Differentiation assay were performed as previously de-
scribed.?>%3* In brief, mNSCs were plated into 24-well plates and
cultured in proliferation medium for 24 h, proliferation media
were then replaced with differentiation media and cultured for
3 days for spontaneous differentiation. The cells were fixed for
quantification of MAP2- (a marker for mature neurons) and GFAP-
(a marker for astrocytes) positive cells by immunostaining.

Total RNA (from wild-type and Sufu knockdown mNSCs) was iso-
lated using TRIzol Reagents (Life Technologies, Cat. No. 15596018).
Transcriptome data were generated with the Illumina NovaSeq
6000 platform. DESeq2 package was used to identify the differen-
tially expressed genes (DEGs, |[fold change| >1.5, adjusted
P<0.05),* P values were adjusted using the Benjamini and
Hochberg method.*® Gene Ontology (GO) enrichment analysis and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis were then performed with ClusterProfiler.’” Genes ex-
pressed in mNSCs were used as background genes in GO analysis.

The density and morphology of dendritic spines were analysed as
previously described.?®3%° Briefly, primary cortical neurons were
isolated from brain tissues of embryonic rats (E17.5-E18.5, SD
rats) and cultured for 14-15days. The recombinant
pSicoR-Efla-mCh-Puro (containing shRNAs targeting Sufu) and
Venus plasmids (control vectors) were co-transfected into neurons
at a ratio of 3:1 (a total of 3 ug) by lipofectamine™ 3000. Three days
after transfection, immunofluorescence staining was carried out.
NeuronStudio was used for dendritic spine analyses.’®*! Stubby,
thin and mushroom of spines of the secondary or tertiary dendrites
were used for analysis. Two to three dendrites were analysed for
each neuron (the length of each analysed dendrite was >50 pum).

Detailed information about immunofluorescence staining assays is
provided in the Supplementary material.

To explore if rs10786700 is associated with brain structure (regional
brain volumes), we examined the associations between rs10786700
and regional brain volumes using the results published by Zhao
et al.*? In brief, Zhao et al. used brain image data of 19629 partici-
pants from the UK Biobank and conducted GWASs to investigate
the associations between genetic variation and brain volumetric
phenotypes. The association results were accessed from the Brain
Imaging Genetics Knowledge Portal (BIG-KP; https:/bigkp.org/).
We also examined the association between rs10786700 and cogni-
tive function using the data from the study by Davies et al.*®
Briefly, Davies et al. used data from the UK Biobank to investigate
the associations between genetic variation and three cognitive
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functions, including memory (n=112067), verbal-numerical rea-
soning (n=36035) and reaction time (n=111483).*> Detailed infor-
mation about these two studies can be found in the original
publications.***3

Unpaired two-tailed Student’s t-test was used for quantitative PCR
(qPCR) experiments, proliferation and differentiation assays of
mNSCs. Statistical significance was set at P <0.05. Genetic associ-
ation analysis and meta-analysis were performed using PLINK
(chi-square test).?” Transcriptome differential expression analysis
was analysed using DESeq2 (Wald test).> Statistical significance
for differentially expressed genes was set at |fold change| >1.5,
adjusted P <0.05.

The data that support the findings of this study are available in
ENCODE, PsychENCODE, UCSC genome browser, SZDB,
RegulomeDB, BrainSpan atlas, 3D Interaction Viewer and database
(3D1V), the comprehensive human Super-Enhancer database
(SEdb), UCSC cell Browser and Human Protein Atlas. These data
were derived from the following resources available in the public
domain: ENCODE, https:/www.encodeproject.org/; PsychENCODE,
http:/resource.psychencode.org/; UCSC genome browser, http:/
genome.ucsc.edu/; SZDB, http:/www.szdb.org/; RegulomeDB,
https://www.regulomedb.org/; BrainSpan atlas, http:/www.
brainspan.org/; 3DIV, http:/kobic.kr/3div/; SEdb, http:/www.
licpathway.net/sedb/; UCSC cell Browser, https:/autism.cells.
ucsc.edu; Human Protein Atlas, https:/www.proteinatlas.org/;
COBALT, http:/www.ncbi.nlm.nih.gov/tools/cobalt/. Other data
are available from the corresponding author upon reasonable
request.

Results

The psychiatric genomic consortium (PGC) reported 108 SCZ risk
loci in 2014.'° For each risk locus, PGC identified a credible set of
SNPs and there is a 99% probability that the credible set of SNPs
contains the causal variants. To identify the functional SNPs from
the credible set of SNPs, we previously utilized a functional genom-
ics approach to identify risk SNPs that disrupt (or affect) binding of
TFs.™ SNP rs10786700 (the index SNP of this risk locus is rs7907645)
is one of the 132 identified functional SNPs that disrupt binding of
TFs.™ To further explore the role of these 132 TF binding-disrupting
SNPs in SCZ, we examined the associations between these SNPs
and SCZ in a larger SCZ GWAS (56 418 cases and 78 818 controls).*®
SNP 1510786700 (P=9.76 x 10~2) showed the second most signifi-
cant association with SCZ among the 132 SNPs (Supplementary
Table 5). Of note, although rs3131340 (P=1.57x107%%) (6p21.33)
showed the most significant association, considering the complex
linkage disequilibrium pattern in the major histocompatibility
complex region, we focused on rs10786700 in this study.

To investigate whether rs10786700 is associated with SCZ in the
Chinese population, we conducted an association study and found
that rs10786700 is also associated with SCZ in the Chinese popula-
tion (3 718 cases and 7 829 controls; P=1.56 x 1074, OR(r antele) = 0.897;
Table 1). To further strengthen the finding of rs10786700 in associ-
ation with SCZ, we conducted a trans-ancestry meta-analysis by
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combining association results from Europeans (including PGC, UK
Biobank and FINNGEN), East Asians and our Chinese samples.
Meta-analysis (66467 cases and 701733 controls) revealed that
rs10786700 showed strong association with SCZ (P=1.25x10"%,
OR(r aneley=0.894; Table 1). In fact, rs10786700 is one of the few
risk variants that showed genome-wide significant association
with SCZ in both European (P=1.14x 1075 Fig. 1A) and East Asian
(P=1.38x107*3; Fig. 1B) populations.’® These consistent and con-
vergent genetic findings provide robust genetic evidence that sup-
port rs10786700 is an authentic risk variant for SCZ.

Having confirmed that rs10786700 is robustly associated with SCZ,
we next sought to elucidate the role of this risk SNP in SCZ.
1s10786700 resides in the 11th intron of SUFU (Fig. 2A), a genomic re-
gion with multiple SNPs showed strong associations with SCZ
(Fig. 1A and B).">">™** Chromatin features analysis of the genomic
sequence surrounding rs10786700 showed that rs10786700 is lo-
cated in an open chromatin region marked with strong
DNase-seq signal in foetal human brain (Supplementary Fig. 3). In
addition, histone modification data also showed that rs10786700
is located in a genomic region marked with intensive enhancer sig-
nal, including H3K27ac, H3K4mel and H3K9ac, in foetal human
brain (Fig. 2B), indicating that rs10786700 is located in an actively
transcribed genomic region. In addition to the foetal human brain,
we found that rs10786700 is located in an open chromatin region
marked with strong DNase-Seq and H3K27ac signals in human
neuroblastoma cells (SK-N-SH) (Fig. 2C). Consistent with the obser-
vations in human neuroblastoma cells, the genomic region con-
taining rs10786700 was also marked with H3K27ac signal in other
celllines (including NHLF, NHEK, HUVEC, HSMM and H1-hESC cells;
Supplementary Fig. 4). Finally, the genomic region containing
1510786700 was also marked with histone H3K27ac modification
in olfactory neuroepithelium.*® ChIP-seq data further showed
that REST could bind to the genomic sequence containing
rs10786700 (Fig. 2C) and binding motif analysis revealed that differ-
ent alleles of rs10786700 affect REST binding (Fig. 2D). These con-
sistent results suggested that rs10786700 is a functional SNP that
is located in an active enhancer element in the human brain and
neuronal cells.

To further test the functionality of rs10786700, we performed
dual-luciferase reporter assays. In line with the histone-
modification data, we validated the enhancer activity of the gen-
omic region containing rs10786700 in SH-SY5Y and SK-N-SH cells
(but not in the HEK293T cell line; Fig. 2E-G). Interestingly, we found
that the luciferase activity of C (risk) allele was significantly lower
than that of T allele (Fig. 2F and G). To further investigate if the en-
hancer activity of the genomic sequence containing rs10786700 is
regulated by REST, we co-transfected the recombinant vector (con-
taining rs10786700) and REST overexpression vector. REST overex-
pression decreased the enhancer activity of the genomic region
containing rs10786700 significantly (Fig. 2H), indicating that
1510786700 and REST act synergistically to regulate enhancer activ-
ity. We next performed EMSA to test whether different alleles of
1510786700 affect REST binding. EMSA detected four binding bands,
indicating that the 41 bp DNA fragment (centred at rs10786700)
could interact with nuclear extracts. EMSA also showed that the C
risk allele of rs10786700 exhibited stronger binding affinity than
the non-risk T allele for binding band 3 (Fig. 2I). Super-shift assays
validated that REST is one of the TFs that bind rs10786700, as
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binding band 3 became weaker after the addition of REST antibody
(Fig. 2J). Collectively, these results indicated that rs10786700 is a
functional SNP that regulates the enhancer activity of the genomic
sequence it located (by affecting REST binding).

To further investigate the effects and regulatory mechanisms of
rs10786700 in SCZ, we examined the chromatin characteristics of
the genomic sequence surrounding rs10786700 at several different
developmental stages. Interestingly, we found that rs10786700 is
located in a SE (marked with EP300 and H3K27ac) at early develop-
mental stages, including H1 human embryonic stem cell (H1-hESC)
and H1-derived neuronal progenitor cell (H1-hNPC; Supplementary
Fig. 5A and B).*®*” However, SE activity disappeared in the dorsolat-
eral prefrontal cortex (PFC) and hippocampus (HIP) (Supplementary
Fig. 5C and D; data were from the 3D Interaction Viewer and data-
base, 3DIV).*® Further interrogation using the comprehensive hu-
man Super-Enhancer database (SEdb)*° showed consistent results
(i.e. rs10786700 is located in SE elements in hESC, hNPC and neuro-
blastoma cells, but not in the PFC, HIP, astrocyte and neural cells
(NC); Supplementary Table 6). In addition, the genomic region con-
taining rs10786700 was marked with EP300 binding signals in
H1-hEST, human neural stem cell (hNSC), SK-N-SH and H1-hNPC,
but not in NC (Fig. 3A, data were from the ENCODE portal).’
These data suggest that rs10786700 is located in a SE that exhibits
dynamic activity change in development. That is, rs10786700 is lo-
cated in a SE with strong EP300 and H3K27ac signals at early neuro-
developmental stage. As neurodevelopment progresses, the
binding of EP300 to rs10786700 decreases (Fig. 3A), which inacti-
vates the regulatory activity of the SE element gradually. Of note,
the activity of the SE containing rs10786700 was completely lost
in highly differentiated brain tissues (Supplementary Fig. 5 and
Supplementary Table 6). Binding motif analysis revealed that
rs10786700 affected EP300 binding (Fig. 3B). To further ascertain
whether rs10786700 affects EP300 binding, we conducted EMSA
and found that binding bands 3 and 4 were significantly weakened
after the addition of EP300 antibody (Fig. 3C and D). These results in-
dicate that both EP300 and REST could bind to the genomic se-
quence containing rs10786700. Taken together, these data
indicate that rs10786700 dynamically regulates the activity of the
SE (surrounding rs10786700) through affecting EP300 and REST
binding. These results suggest that rs10786700 may exert its main
effects at early neurodevelopmental stage by regulating expression
of its target gene (or genes).

Having demonstrated the functionality and temporal regulation
characteristics of rs10786700, we next sought to identify the
potential target gene (or genes) by which rs10786700 exerts its
biological effect on SCZ. To this end, we knocked out a 379 bp
genomic sequence containing rs10786700 (located in the 11th in-
tron of the SUFU gene) using CRISPR/Cas9-mediated genome
editing (Fig. 3E). PCR verified that the 379 bp DNA sequence con-
taining rs10786700 was successfully deleted in U251 and
SH-SYSY cells (Fig. 3E). We then measured the expression
change of five genes (including TMEM180, ACTR1A, SUFU, TRIMS8
and ARL3) near rs10786700 (Fig. 1B) using qPCR. We found that
rs10786700 deletion resulted in significant downregulation of
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Figure 1 rs10786700 shows robust association with SCZ. (A and B) The locus zoom plots show the associations between variants near rs10786700
(500 kb) and SCZ in European and East Asian populations. rs10786700 shows genome-wide significant association with SCZ in both European and

East Asian populations.

SUFU and TRIM8 in SH-SY5Y and U251 cells (Fig. 3F and
Supplementary Fig. 6A). However, TMEM180 and ACTR1A were
downregulated in only one cell type (Supplementary Fig. 6B
and C), and the expression of ARL3 did not change in either cell
type (Supplementary Fig. 6D). These results suggest that SUFU

and TRIM8 are two promising candidates for rs10786700, as these
two genes are located nearest to rs10786700 and deletion of the
genomic sequence containing rs10786700 altered the expression
of these two genes in neuroblastoma (SH-SYS5Y) and glioma
(U251) cell lines.


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac352#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac352#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac352#supplementary-data
http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac352#supplementary-data

BRAIN 2023: 146; 1403-1419 | 1409

rs10786700 confers SCZ risk by regulating SUFU

A
rsi 0786700
M UTR cDs SUFU
1 2 3 45678 910 11|
Tl —1M
B g E067 Brain Angular Gyrus c DNase-seq D
ﬁ i Eggg grain .gf!teri::rtCaGudate H3K27ac REST-MOTIF1
I : rain Cingulate Gyrus
£ ! E070 Brain Germinal Matrix SKme § %
< E071 Brain Hippocampus Middle H3K9ac a1
500 somiend@iie... | |E072 Brain Inferior Temporal Lobe EP300 Rep1 ™ -
gl‘. - EO073 Brain_Dorsolateral_Prefrontal_Cortex EP300 Rep2 L == 3
[ - =
5, E074 Brain Substantia Nigra REST Rep1 59 N CTGGC AGTGCCC
5 | E081 Fetal Brain Male BEST Rbnd i
T s atntitnee...| |E082 Fetal Brain Female BPC et rs10786700
- rs10786700
0 | E F G H OrCAG  p=3saxi0®
HEKNZSQBT SH-SY5Y SK-N-SH @REST-OE PR TR
= — P =292x107 P =3.75x10" 2.0 ~Possani”
o L6 NS 2.0 = 5 _ 81 po27axin® Rt
E > —_— P=213x10% | PE274x10° 2 "
Z = g # E |p=s70xi07 & 3 gt
2 I 5 £ |P=tsrxp0? s — S5 B
@ 1.24 @® 1.5 @ 6 '
@ @ @ 3 NS
(72} v w [ D
o o o T
Dos D 1.4 By 21.0
0 = = = °©
g 204 205 2, 205
e TN 0.0 . 0.0 0 0
- A O\ ’ -
Assay  rs10786700 Sample 0921 e‘l““ %610 oot %610;}‘%@10 oot 610;31%610 oo c,oo(j“;@gf .,-_,,-101%.31Q .510“’
PRSAREA SO N PRAUTRR O O N
|
Nuclear extract (ug) 0 1.5 3.0 45 0 1.5 3.0 4.5 Nifiear extract (19).0 60 5.0 6.0 8.0
rs10786700 C allele + + + + +
rs10786700 C allele + + + + - - - - Unlabelled probe C allele - - + - -
Unlabelled probe T allele - - - + -
rs10786700 T allele .' = s = + + + + REST antibody (“g) - - = - 08
Binding band 4. .
Binding band 3= e H J H Bindiriy bend 3m= (W
Binding band 2 | Binding band 2 ‘
Binding band 1= K-Q Binding band 1= |

Free probe-'.‘ ' 'UUU Free probes— . HUU

Figure 2 Validation of the enhancer regulatory effect of rs10786700. (A) rs10786700 is located in the last intron of the Sufu gene. (B) rs10786700 is located
in an enhancer element (marked with H3K27ac, H3K4mel and H3K9ac signals) in human foetal brain. Data were from Roadmap (http:/www.
roadmapepigenomics.org/). (C) rs10786700 is located in an open chromatin region (i.e. actively transcribed) marked with strong DNase-seq and histone
H3K27ac signals in human neuroblastoma cells (SK-N-SH). (D) Position weight matrix (PWM) and FIMO analyses showed that rs10786700 affects REST
binding in SK-N-SH cells. (E-G) Dual-luciferase reporter gene assays validated the enhancer activity of rs10786700. The genomic sequence containing
rs10786700 exhibited enhancer activity compared with control vector in SH-SY5Y and SK-N-SH cells (but not HEK293T). Of note, the risk allele (C allele)
of 1s10786700 conferred significant lower luciferase activity compared with the T allele in SH-SY5Y and SK-N-SH cells. Values on the y-axis represent
relative reporter gene activity (i.e. the luciferase activity of pGL3 promoter vector containing the cloned sequence relative to the pRL-TK (internal con-
trol) vector). n=8 for control group, n=16 for experimental groups. (H) REST overexpression significantly repressed the luciferase activity of the gen-
omic fragment containing rs10786700. n = 8. (I) EMSA showed the preferential binding of nuclear extracts to C allele of rs10786700. The loaded amounts
of nuclear extracts were 0, 1.5, 3.0 and 4.5 pg, respectively (from left to right). Four binding bands were detected, and the risk allele (C allele) of rs10786700
shows stronger binding affinity to nuclear extracts than the T allele for binding band 3. (J) Super-shift and competitive experiments for EMSA. The bind-
ing specificity of rs10786700 to transcription factors was verified by competitive experiments (using unlabelled probes). Super shift experiments were
performed to detect the binding of rs10786700 to REST by adding 0.8 pg REST antibody; 6.0 pg total nuclear extracts were added to each lane. The
amount of labelled probe was 50 fmol per lane. (I and J) Unpaired two-tailed Student’s t-test; data are presented as mean + SD; NS, not significant.

To further investigate if these genes were regulated by EP300, we We next examined the long-range chromatin interactions be-

knocked-down EP300 in SH-SY5Y and examined the expression
change of genes near rs10786700. EP300 knockdown did not affect
TRIM8 expression (Supplementary Fig. 6E); however, the expression
of the other four genes (SUFU, TMEM180, ACTR1A and ARL3)
was downregulated significantly (Fig. 3G, Supplementary Fig. 6E).
These results indicate the regulation effect of EP300 on SUFU,
TMEM180, ACTR1A and ARL3.

tween rs10786700 and nearby genes and found that rs10786700
mainly interacts with genes in the same topological associated
domain (TAD) region (Supplementary Fig. 5). Of note, rs10786700
has the highest interaction frequency with the SUFU gene
(Supplementary Fig. 5), and rs10786700 also interacts with the pro-
moter of SUFU (including upstream regulatory region and transcrip-
tion start site). Consistent with these results, SUFU also exhibits
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Figure 3 rs10786700 regulates SUFU expression by dynamically modulating the activity of the SE in neurodevelopment. (A) DNase-seq and histone
modifications for genomic region surrounding rs10786700 (1 Mb centred on rs10786700) showed that rs10786700 is located in an actively transcribed
genomic region. Of note, ChIP-Seq data showed that EP300 and REST bind to the genomic sequence containing rs10786700 in a development-dependent
manner. In early neurodevelopment stage, the ChIP-seq signals of EP300 and REST were high. As development progresses, the ChIP-seq signals de-
crease gradually. (B) Position weight matrix (PWM) and FIMO analyses showed that rs10786700 disrupts binding of EP300 in SK-N-SH cells. (C) The
amounts of nuclear extracts were 0, 3 and 6 g, respectively (from left to right). Four binding bands were observed. The risk allele (C allele) of
rs10786700 showed stronger binding affinity to nuclear extracts than the T allele for binding band 3. (D) Super-shift experiments validated the binding
of rs10786700 to EP300. (E) A 379bp fragment containing rs10786700 (located in the 11th intron of SUFU gene) was knocked out by CRISPR/
Cas9-mediated editing in SH-SYS5Y and U251 cells. (F) gPCR showed that rs10786700 knock-out resulted in significant downregulation of SUFU expres-
sion in both SH-SYSY and U251 cells. (G) gPCR validation of SUFU expression in EP300 knocked-down SH-SYSY cells. n=3 for F and G. Unpaired two-
tailed Student’s t-test; data are presented as mean + SD. (H) Expression patterns of SUFU in the developing and adult human frontal cortex. Expression
level of SUFU across the entire developing stages (from 8 pcw to 40 years) were depicted in different areas of the frontal cortex. The expression data (42
human subjects) were from BrainSpan (http:/www.brainspan.org/).>® Pcw, post-conception weeks; yrs, years; DFC, dorsolateral prefrontal cortex; MFC,
medial prefrontal cortex; OFC, orbital prefrontal cortex; VFC, ventrolateral prefrontal cortex. (I-L) The Pearson expression correlations between SUFU
and EP300 in the human brain. (I) Correlations in prenatal human brain (LIBD dataset). (J) Correlations in prenatal human brain (expression data from
Walker et al.>”). (K) Correlations in childhood human brain. (L) Correlations in adulthood human brain. Sample group: prenatal (age < 0), child (0 < age <

18), adult (age > 18), non-prenatal (age > 0).

dynamic expression change during development (Fig. 3H). SUFU ex-
pression level was high at early neurodevelopmental stages; as
neurodevelopment progresses, SUFU expression level gradually de-
creases (Fig. 3H, data from the BrainSpan atlas, http:/www.
brainspan.org/).>® To further explore if SUFU expression was asso-
ciated with EP300 (binding to DNA sequence was affected by
rs10786700) in the human brain, we conducted Pearson’s correl-
ation analysis. The results showed that the expression level of
EP300 was significantly correlated with SUFU in the human brain
(Fig. 31-L). Of note, the correlation strength also showed a develop-
ment stage-dependent manner, i.e. EP300 exhibited stronger corre-
lations with SUFU expression at an early developmental stage
(prenatal stage; Fig. 3I and J) than at childhood (Fig. 3K) and adult
stages (Fig. 3L). Collectively, these results indicated that
rs10786700 may regulate SUFU expression by interacting with the
regulatory element of SUFU.

As 1510786700 affects binding of REST, we next investigated the
synergistic effect of rs10786700 and REST on transcription regula-
tion. REST overexpression significantly repressed the transcription

activity of the genomic fragment containing rs10786700 (Fig. 2H),
indicating that rs10786700 and REST act synergistically to regulate
the transcription activity of the genomic sequence containing
rs10786700. Collectively, these convergent lines of evidence suggest
that rs10786700 regulates the expression of SUFU by affecting REST
binding, and the C (risk) allele of rs10786700 was associated lower
SUFU expression by enhancing REST binding affinity (which in
turn decreases the activity of the enhancer element it located).

Sufu regulates proliferation and differentiation
of mNSCs

Our results suggested that rs10786700 confers SCZ risk through
regulating SUFU expression. We thus explored the potential role
of SUFU in SCZ pathogenesis. SUFU expression level in the human
brain (i.e. higher expression at early neurodevelopmental stage) is
concordant with the dynamically changed activity of the SE con-
taining rs10786700 (Fig. 3H), suggesting that SUFU may have a piv-
otal role in neurodevelopment. We thus investigated the effect of
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rs10786700 confers SCZ risk by regulating SUFU

Sufu (the human SUFU orthologue) on neurodevelopment using the
mNSCs model, a model that was widely used to explore the poten-
tial pathogenesis of SCZ.>"*>**** Immunostaining co-labelling with
three well-characterized markers (PAX6, SOX2 and NESTIN) for
neural stem cells confirmed that the isolated cells were NSCs
(Fig. 4A). We then knocked-down Sufu in mNSCs and conducted
BrdU and CCK-8 proliferation assays. Both BrdU and CCK-8 assays
showed that Sufu knockdown inhibited proliferation of mNSCs sig-
nificantly (Fig. 4B-E), indicating the important role of Sufu in NSC
proliferation.

In addition to proliferation, we also investigated the role of Sufu in
neural differentiation, an important process for neurodevelopment
(many morphological and functional distinct cell types—including
neurons, astrocytes and oligodendrocytes—were generated in this
process). Immunofluorescence results showed that Sufu knockdown
led to significant increase of the ratio of GFAP- (a marker for astro-
cytes) positive cells compared with controls (Fig. 4F and G). In con-
trast, the ratio of MAP2- (a marker for mature neurons) positive
cells was significantly decreased in Sufu knockdown mNSCs (com-
pared to controls; Fig. 4H and I). qPCR also revealed similar results
(i.e. Sufu knockdown resulted in significant upregulation of Gfap
mRNA expression level and downregulation of Tujl, a marker for
newly generated immature post-mitotic neurons; Supplementary
Fig. 7). Overall, these findings demonstrate the pivotal role of Sufu
in regulating proliferation and differentiation of NSCs.

To further explore the molecular pathways regulated by Sufu, we
performed transcriptome analysis using RNA sequencing
(RNA-seq). We identified 860 DEGs (|fold change| >1.5, adjusted
P<0.05, Fig. 5A). Among them, 470 genes were downregulated
and 390 genes were upregulated in Sufu knockdown mNSCs
(Fig. 5A). We validated the RNA-seq results by quantifying five
genes (Grpl7, Ankslb, Ppp2r2c, Col5a3 and Cbs, selected from the
top 30 of DEGs) using qPCR (Fig. 5B and C). GO analysis based on bio-
logical process showed that the DEGs were mainly enriched in neu-
rodevelopmental processes, including regulation of nervous
system development, neurogenesis and nervous system process
and synaptic transmission processes (Fig. 5D). In addition, the
DEGs were also enriched in memory, a pivotal cognitive process
that was impaired in SCZ (Fig. 5D).°>*° Finally, KEGG analysis re-
vealed significant enrichments of DEGs in ECM-receptor inter-
action, PI3K-Akt and focal adhesion signalling pathways (Fig. 5E).
Of note, these pathways have been reported to be dysregulated in
SCZ.57:°8:59,60.616263.64 In symmary, these results demonstrate that
Sufu regulates neurodevelopmental processes and suggest SUFU
may contribute to SCZ risk by affecting these SCZ-associated bio-
logical processes (such as neurodevelopment) and signalling path-
ways (such as including ECM-receptor interaction,”*%%° focal
adhesion and PI3K-Akt signalling pathway).6%-61:6263.6%

Although the pathophysiology of SCZ remains largely unknown so
far, accumulating evidence supports the dendritic spine pathology
of SCZ.55:66:67.6889 Intriguingly, GO analysis based on cell compo-
nents (CC) showed that the DEGs were significantly enriched in syn-
apse component, including the postsynaptic component
(Supplementary Fig. 8), implying the potential role of Sufu in
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dendritic spine morphogenesis. Single-cell RNA sequencing data
also showed that SUFU is mainly expressed in neurons, especially
in excitatory neurons (L2/3, L4, L5/6 and L5/6-CC; Supplementary
Fig. 9, data were from the UCSC cell Browser, https:/autism.cells.
ucsc.edu).” To further study the potential role of Sufu in SCZ, we in-
vestigated the effect of Sufu knockdown on dendritic spine density,
one of the most well-characterized pathophysiological alternations
in SCZ. Sufu knockdown in rat primary neurons did not affect the
density of mushroom spines (a type of mature dendritic spines;
Fig. 6A-C). Nevertheless, the density of stubby spines (a type of ma-
ture dendritic spines) was significantly increased and the density of
thin spines (immature dendritic spines) significantly decreased in
Sufu knockdown neurons compared with controls (Fig. 6A-C).
These findings indicate that Sufu plays a role in the morphogenesis
of dendritic spines, suggesting that Sufu may confer SCZ risk
through affecting dendritic spine morphology. These results also
provide further evidence that support the dendritic spine pathology
of SCZ.

Discussion

rs10786700 is located in 10924.32, a risk locus which has been re-
peatedly reported to be associated with SCZ.'>**'” Several previous
studies have explored the underlying risk variants and genes re-
sponding for the association. For example, Duarte et al. found that
the schizophrenia risk variant rs11191419 at this locus is associated
with the expression of BORCS7, AS3MT and NT5C2 in the human
brain.”® Li et al. also found that multiple polymorphic variants (in-
clude a human-specific variable number of tandem repeats
(VNTR)) in this risk locus were associated with the expression of
AS3MT and BORCS7.”* Interestingly, Li et al. showed that a specific
AS3MT isoform (which lacks exon 2 and 3, AS3MT%%) may have a
role in SCZ.*® Besides, Ding et al. found that the risk allele (A allele)
of rs5011218 promotes TRIMS8 expression by increasing the binding
affinity of POU3F2, and TRIM8 knockdown promotes human neural
progenitor cell (NPC) proliferation, inhibits neurogenesis and im-
pairs excitatory synaptic transmission in NPC-derived neurons.””
Another candidate risk gene in this locus is ARL3, a schizophrenia
susceptibility gene shared by Chinese and European popula-
tions.’® ¢ Finally, a recent study identified TMEM180 (located at
10924.32) as a schizophrenia risk gene through transcriptome-wide
association studies (TWAS) and Mendelian randomization analysis
(SMR). TMEM180 was downregulated in peripheral blood of schizo-
phrenia patients and affects proliferation and neurogenesis of
mNSCs.? These results indicate that the 10q24.32 risk locus may
harbour multiple schizophrenia risk genes and variants.

In this study, we identified rs10786700 as one of potential patho-
genic SNPs for SCZ at the 10924.32 risk locus and we demonstrated
the molecular regulation and biological mechanisms of rs10786700
in SCZ (Fig. 7). First, we provide lines of robust evidence that sup-
port rs10786700 being an authentic risk variant for SCZ (Fig. 7A).
Considering rs10786700 is one of the few risk variants that achieve
the genome-wide significance (GWS) level in both East Asian (P=
1.14x 107*%) and European populations (P = 1.38 x 10~%), delineation
of the function of this variant will provide important insights into
SCZ pathogenesis. Second, we validated the regulatory effect of
rs10786700. We demonstrated that rs10786700 resides in the REST
binding motif and regulates the activity of the enhancer element
by affecting binding affinity to REST. Third, we showed that
rs10786700 is located in an SE that exhibits dynamically activity
change during neurodevelopment, and we identified SUFU as the
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potential target gene regulated by rs10786700. The binding of EP300
to the enhancer element containing rs10786700 is strong at early
developmental stages, indicating the high enhancer activity of
this regulatory element. As development progresses, the activity
of the SE containing rs10786700 decreases gradually. Consistently,
SUFU expression level is concordant with the dynamic activity
change of the enhancer element containing rs10786700 (Fig. 3).
That is, the SUFU expression level shows a high degree of concord-
ance with the regulatory activity of the SE containing rs10786700.
Fourth, we revealed how different alleles of rs10786700 affect en-
hancer activity and SUFU expression. The risk allele (C allele) of
1s10786700 exhibits stronger binding affinity to REST (RE1 silencing
transcription factor) than does the T allele. Fifth, to further explore
the potential role of SUFU in SCZ pathogenesis, we investigated the
function of Sufu in neurodevelopment and dendritic spine morpho-
genesis. We found that Sufu regulates proliferation, differentiation
and dendritic spine morphogenesis, implying that SUFU may con-
tribute to SCZ risk by affecting neurodevelopment. Finally, tran-
scriptome analysis showed that Sufu knockdown affects
biological processes and pathways associated with SCZ, including
negative regulation of nervous system development, synaptic
transmission, ECM-receptor interaction,®’*®*° focal adhesion and
PI3K-Akt signalling pathways.®%616%6364 These results not only elu-
cidated the molecular regulatory mechanisms of rs10786700, but
also revealed the potential role of the target gene SUFU located in
this risk locus in SCZ pathogenesis.

We also explored whether rs10786700 was associated with other
psychiatric disorders and found that it is associated with bipolar

disorder (BIP, 41917 cases and 371549 controls; P=4.08x 107°),””
but is not associated with autism spectrum disorder (ASD),”® major
depressive disorder (MDD),”® anxious disorder,®® posttraumatic
stress disorder (PTSD),®! attention deficit/hyperactivity disorder
(ADHD) and panic disorder (Supplementary Fig. 10).52#% These asso-
ciations indicate that rs10786700 may be a risk variant for BIP and
SCZ.84’8S

One of the novel findings of this study is that we found that
1510786700, a functional variant showing genome-wide significant
association with SCZ in both East Asian and European populations,
is located in an SE of SUFU. SEs consist of clusters of enhancers oc-
cupied by high-density transcriptional regulators and they are usu-
ally marked by the strong signal of EP300% or the marks of H3K27ac
and H3K4me1.***” SEs have strong transcriptional activation abil-
ity®® and are involved in cell differentiation and tumour pathogen-
esis.*’**® SEs play important roles in regulation of gene expression,
especially in the process of development. SEs have strong cell-type
specificity and different cell types have a different SE landscape and
SE-associated TF networks. The trait-associated SNPs were mainly
enriched in SEs rather than in typical enhancers.® Previous studies
have revealed the important roles of SEs in complex diseases and
developmental disorders,”>*! including Type 1 diabetes, rheuma-
toid arthritis and Alzheimer’s disease.’® The genetic variation in
SEs can affect disease risk by regulating gene expression. For ex-
ample, 152168101, a polymorphism within an SE element located
in the first intron of LMO1, influences neuroblastoma susceptibility
by changing GATA transcription factor binding and regulating
LMO1 expression.®” rs539846, which resides in the SE (located in


http://academic.oup.com/brainj/article-lookup/doi/10.1093/brain/awac352#supplementary-data

rs10786700 confers SCZ risk by regulating SUFU BRAIN 2023: 146; 1403-1419 | 1413
ontrol ufu-s|
A B C [ Control [ Sufu-shRNA#1
P=342x10% P=391%x107 P=144x10° P=106x10" P=358x102
| Gpri7  ai1s 215 o2 @45 218
i Ankstb & 8 [ 3 3
Ppp2r2c %210 K10 @ o 312
0 P27 & g o = 3
iy o < O
Gm49164 Zos Qo5 £1 Los Los
i Cita i 5 3 & l 5
o x 7]
I Tdg Too Zo0 .— ol €00 Too
Prss23 D negative regulation of cell development
TH » Negative regulation of nervous system development
Col5a3 E negative regulation of neurogenesis
2 extracellular structure organization
Col4a5 E negative regulation of neuron differentiation
Rab3b £ positive regulation of neurological system process
Eps8 S memory
Itgad < regulation of membrane potential
a antigen processing and presentation
Fnde3c1 ml negative regulation of cell projection organization
Col5a2 8 extracellular matrix organization
Six30s1 regulation of neurological system process
Cd93 collagen metabolic process
0 2 4 6 8
Sparc E ~log, P adj)
Atp1ad £ ECM-receptor interaction
Cbs 3 Human papillomavirus infection
Coldab £ Focal adhesion
i o Viral myocarditis
E
Mir7009 = Hypertrophic cardiomyopathy
Tmsb4x = Dilated cardiomyopathy
Itgb5 g PI3K-Akt signaling pathway
Emilin1 @  Protein digestion and absorption
w 0 2 4 6
Gm42§03 E = 187 p=oos  ~109F adj)
TpS53it1 Control  Sufu-shRNA#1 o
Adamts4 512
Shisa3 < [ Control
e B T 1585 161kDa s == w» o= e e» PTCH1 T [ Sufu-shRNA#1
o(\“o v\P?‘ o(‘“o V\P‘ﬁ' 2o
oo O 5\0@ o

50,‘\)."9 & \)s‘\y

42 kD2 m——————— B-actin

0.
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t-test; data are presented as mean + SD.

intron 3) of BMF, influences chronic lymphocytic leukaemia suscep-
tibility through differential RELA binding and modulation of BMF
expression.”® Despite the important roles of genetic variants in
SEs in complex diseases, so far, the role of risk variants located in
SEs in SCZ pathogenesis is unclear. In this study, we showed that
the risk variant rs10786700 in SE has a pivotal role in SCZ. We de-
monstrated that rs10786700, a SNP that is located in an SE in the
last intron of SUFU, may confer SCZ risk by regulating the expres-
sion of SUFU (through modulating REST binding to regulate the ac-
tivity of the SE where it is located).

Another interesting finding of this study is the dynamic change of
the SE (surrounding rs10786700) activity in neurodevelopment. The
activity of the SE containing rs10786700 is high (marked by strong
EP300, DNase-Seq, H3K27ac and H3K4me1 signals) at early develop-
mental stages (such as in embryonic stem cells and neural stem
cells). Therefore, rs10786700 has a stronger regulation effect at these
early developmental stages. However, the SE activity decreases grad-
ually as development progresses. This finding revealed the complex
and dynamic regulatory mechanism of the SCZ risk SNP rs10786700.
This result also indicates that we need to pay special attention to the

spatiotemporal effect of risk variants when investigating the regula-
tory mechanisms of SCZ risk variants.

The third interesting finding of this study is that rs10786700 reg-
ulates the expression of SUFU, which is a negative regulator of the
hedgehog (HH) signalling pathway (Supplementary Fig. 11). The
HH signalling pathway is essential for normal embryonic develop-
ment and human brain development.®*°* Mammals have three
HH genes, including sonic hedgehog (Shh), Indian hedgehog (Ihh)
and desert hedgehog (Dhh), and they are expressed in different tis-
sues.”® Shh (but not Ihh and Dhh) is widely expressed in human
and mouse brain tissues (Supplementary Fig. 12; data from The
Human Protein Atlas, https:/www.proteinatlas.org/). Lines of evi-
dence suggest that the SHH signalling pathway plays a role in SCZ.
First, the SHH pathway has been reported to be associated with
SCZ.97°%%9 Second, antipsychotic drugs (haloperidol, clozapine
and imipramine) inhibit the hedgehog signalling pathway by upre-
gulating 7-dehydrocholesterol reductase,'® a sonic hedgehog sig-
nalling inhibitor.’* Third, the expression of DISC1, an SCZ risk
gene, was altered in sonic hedgehog-mutant embryos.’*® As a nega-
tive regulator of hedgehog signalling, SUFU is mainly located in the
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Figure 6 Sufu regulates dendritic spine density. (A) Representative immunofluorescence staining images for the density and morphology of dendritic
spines in Sufu knockdown neuron compared with control neuron. (B) Sufu expression in rat primary neurons was significantly knocked-down by
shRNAs. (C) The result of dendritic spine density analysis for stubby, thin and mushroom spines. n=36 for control, n=34 for Sufu-Rat-shRNA#1, n=
40 for Sufu-Rat-shRNA#2. Unpaired two-tailed Student’s t-test; data are presented as mean + SD.

cytosol and nucleus, and is widely expressed in various tissues
(Supplementary Fig. 13; data from The Human Protein Atlas,
https://www.proteinatlas.org/). SUFU has a crucial function in em-
bryo development'®**°* and the deletion of Sufu causes embryo le-
thality.’®* Previous studies have revealed that SUFU is a tumour
suppressor gene that inhibits the proliferation of cancer cells.'%>1%
In addition, SUFU also plays a vital role in cell differentiation. For ex-
ample, SUFU deficiency delays cerebellar cell differentiation and
Sufu deletion can inhibit proliferation of osteoprogenitor cells,'”
ventral retinal progenitor cells and mNSCs."*'% Qur findings are
consistent with these results (i.e. Sufu knockdown inhibits prolifer-
ation and neurogenesis of mNSCs). Of note, transcriptome data
showed that Sufu knockdown affected the expression of SHH signal-
lingpathway-related genes, including Ptch1, Glil and Gli3 (adjusted P
<0.05, Supplementary Table 7). Western blot also confirmed the ef-
fect of Sufu knockdown on PTCH1 expression (Fig. 5F and G). Our
findings provide evidence that support the role of SUFU in SCZ (by
regulating the SHH signalling pathway that affects neurodevelop-
ment). As a matter of fact, neurodevelopmental hypothesis of SCZ
has received much support.>***° First, genes disrupted by rare
structural variants in SCZ were enriched in neurodevelopmental
pathways."™ Second, Gulsuner et al. showed that genes disrupted
by de novo mutations in SCZ were mainly involved in a foetal

prefrontal cortical network.’? Third, many SCZ risk genes, includ-
ing DISC1,>? ZNF804A,'*® RELN,>* C4A,"* GLT8D1,** TMEM180,>” etc.
have been reported to be involved in neurodevelopment. These
lines of evidence support the neurodevelopmental hypothesis of
SCZ and suggest thatrs10786700 may contribute to SCZ risk by regu-
lating SUFU, a gene with an important role in neurodevelopment.
Although many studies have shown the pivotal role of SHH signal-
lingin SCZ, the genes in the SHH signalling pathway were not high-
lighted in recent SCZ GWASs. For the first time, our study links SUFU
(a critical regulator of the SHH signalling pathway) to SCZ. Our study
demonstrated how arisk variant reported by GWAS confers SCZ risk
by regulating the SHH signalling pathway.

Several studies have demonstrated that SCZ associations were
enriched in genes that are highly expressed in early brain develop-
mental stage. For example, Cameron et al. recently conducted single
nuclei RNA sequencing using five regions of the human prenatal
brain, and they found significant enrichments of SCZ associations
in genes with high expression level in developing populations.'** In
addition, this study also showed that SCZ risk variants were signifi-
cantly enriched in genes with important functions in neurodevelop-
ment and synaptic signalling.'*® In addition, Gulsuner et al. also
found that perturbations of foetal prefrontal cortical neurogenesis
have a critical role in the pathophysiology of schizophrenia.'*?
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Figure 7 The working model of rs10786700 in SCZ pathogenesis. (A) rs10786700 is located at 10q24.32 schizophrenia risk locus, a genomic region with
multiple SNPs showing robust associations with SCZ. We confirmed the genetic association between rs10786700 and SCZ in a large Chinese cohort
(3 718 cases, 7 829 controls; P=1.56 x 10~°%). Trans-ancestry meta-analysis indicated that rs10786700 was robustly associated with SCZ (66 467 cases,
701733 controls; P=1.25x 107%). (B) Molecular regulatory mechanisms of rs10786700. rs10786700 modulates the activity of the SE (where rs10786700
islocated) by dynamically binding EP300 and REST during neurodevelopment. During early neurodevelopmental stages, the genomic region containing
1510786700 exhibits strong SE activity and rs10786700 regulates SUFU expression through affecting REST binding. As development progresses, the ac-
tivity of the SE containing rs10786700 decreased gradually. The risk allele (C allele) of rs107867000 conferred significant lower SUFU expression by en-
hancing REST binding. (C) The function of Sufu in the CNS and the potential role of Sufu in SCZ pathogenesis. As a negative regulator of sonic hedgehog
signalling pathway, Sufu plays an important role in brain development. Lower Sufu expression inhibits proliferation of mNSCs, promotes gliogenesis
and represses neurogenesis. Of note, Sufu knockdown also affected dendritic spine density. Collectively, these results indicated that the functional
variant rs10786700 may confer risk of SCZ by dynamically regulating expression of SUFU in the developing human brain, and dysregulation of SUFU
contributes to SCZ pathogenesis by affecting neurodevelopment and spine morphogenesis (two characteristic features of schizophrenia
pathophysiology).

These findings are consistent with our results. We found that the Structural brain abnormalities have been widely reported in
schizophrenia risk variant rs10786700 regulates the expression of SCZ.1%'7 We thus explored if rs10786700 is associated with brain
SUFU gene, which is highly expressed in the frontal cortex in early volumetric phenotypes, using the data from Zhao et al*
stage of development (Fig. 3H) and in excitatory neurons rs10786700 showed the most significant association with grey matter
(Supplementary Fig. 9). In addition, SUFU affects neurodevelopment volume (Supplementary Table 8). In addition, significant associations

and dendritic spine morphogenesis. between rs10786700 and other brain volumetric phenotypes were
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also observed, including the fourth ventricle, cerebellar vermal lo-
bules and brainstem (Supplementary Table 8). We further examined
if rs10786700 is associated with cognitive function using the data
from Davies et al.** No significant association was found between
1510786700 and cognition (Supplementary Table 9). These results
suggest that r1s10786700 may influence brain volumetric phenotypes
by affecting neurodevelopment.

There are several limitations in this study. First, the presence of
multiple bindingbands in EMSA results suggests the complex regula-
tory effect of rs10786700 (Fig. 2I and J). However, we only focused on
REST and EP300 in this study. Second, binding band 3 was significant-
ly weakened after the addition of REST antibody or EP300 antibody
(Fig. 2J, Fig. 3D), suggesting that REST and EP300 might form com-
plexes to exert their regulatory effect. Third, we explored expression
quantitative traitloci data generated using human brain tissues from
prenatal and adulthood stages (Supplementary Fig. 14).®*” However,
no significant correlation between rs10786700 and SUFU expression
was observed. A possible reason is the relatively small sample size
of the prenatal eQTL dataset. In addition, considering there are
many cell types in the brain tissue, we could not detect association
if the regulatory effectis cell type-specific. Finally, although our study
revealed the potential function of SUFU in SCZ, the exact role and me-
chanisms of SUFU in SCZ remain to be elucidated.

In conclusion, our findings demonstrate that rs10786700 confers
risk of SCZ by modulating the activity of the SE it located and regu-
lating SUFU expression, a gene whose expression dysregulation
plays a role in SCZ pathophysiology through affecting neurodeve-
lopment and dendritic spine morphogenesis.
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