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Functional Genomics Identify a Regulatory Risk
Variation rs4420550 in the 16p11.2 Schizophrenia-
Associated Locus
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ABSTRACT
BACKGROUND: Genome-wide association studies (GWASs) have reported hundreds of genomic loci associated
with schizophrenia, yet identifying the functional risk variations is a key step in elucidating the underlying
mechanisms.
METHODS: We applied multiple bioinformatics and molecular approaches, including expression quantitative trait loci
analyses, epigenome signature identification, luciferase reporter assay, chromatin conformation capture, homology-
directed genome editing by CRISPR/Cas9 (clustered regularly interspaced short palindromic repeats/Cas9), RNA
sequencing, and ATAC-Seq (assay for transposase-accessible chromatin using sequencing).
RESULTS: We found that the schizophrenia GWAS risk variations at 16p11.2 were significantly associated with
messenger RNA levels of multiple genes in human brain, and one of the leading expression quantitative trait loci
genes, MAPK3, is located w200 kb away from these risk variations in the genome. Further analyses based on the
epigenome marks in human brain and cell lines suggested that a noncoding single nucleotide polymorphism,
rs4420550 (p = 2.36 3 1029 in schizophrenia GWAS), was within a DNA enhancer region, which was validated via
in vitro luciferase reporter assays. The chromatin conformation capture experiment showed that the rs4420550 region
physically interacted with the MAPK3 promoter and TAOK2 promoter. Precise CRISPR/Cas9 editing of a single base
pair in cells followed by RNA sequencing further confirmed the regulatory effects of rs4420550 on the transcription of
16p11.2 genes, and ATAC-Seq demonstrated that rs4420550 affected chromatin accessibility at the 16p11.2 region.
The rs4420550-[A/A] cells showed significantly higher proliferation rates compared with rs4420550-[G/G] cells.
CONCLUSIONS: These results together suggest that rs4420550 is a functional risk variation, and this study illustrates
an example of comprehensive functional characterization of schizophrenia GWAS risk loci.

https://doi.org/10.1016/j.biopsych.2020.09.016

Accumulating evidence suggests that schizophrenia is a highly
heritable polygenic disorder, and genome-wide surveys have
reported more than 100 risk loci containing common single
nucleotide polymorphisms (SNPs) (1,2) or rare copy number
variations (CNVs) (3–6). Among them, the chromosome
16p11.2 region has been consistently highlighted in genetic
studies of schizophrenia. For example, rare microduplications
at the recurrent w600-kb 16p11.2 BP4-BP5 locus are signifi-
cantly associated with schizophrenia (4,5,7). This 16p11.2 CNV
region encompasses more than 25 genes. A previous study
examined the effect of each individual gene on zebrafish head
sizes and identified KCTD13 as the major driver, which
participated in head-size regulation by interacting with MAPK3
and MVP (8). Besides, Blizinsky et al. (9) observed increased
dendritic arborization in cortical pyramidal neurons isolated
from mice carrying the heterozygous 16p11.2 duplication,
which was rescued through pharmacological targeting of
ERK-1 (extracellular signal-regulated kinase 1) (encoded by

MAPK3). Other studies also reported regulatory effects of
16p11.2 CNV genes on dendritic spine development and
synaptic function (10–12), which are believed to contribute to
the pathogenesis of schizophrenia (13–18).

Common variations in the proxy 16p11.2 CNV region also
showed genome-wide significant associations with schizo-
phrenia (1,2,19). However, risk SNPs primarily locate in non-
coding regions with undetermined physiological impact. It is
presumed that such noncoding DNA variations should either
be in linkage with unknown causal mutations or exert regula-
tory effects themselves (20–27), e.g., they might affect
messenger RNA (mRNA) expression through modulating
physical interaction between transcription factors and
sequence elements (e.g., DNA enhancers) (28–34). In the pre-
sent study, we performed brain expression quantitative trait
loci (eQTLs) analyses and found that schizophrenia risk SNPs
at 16p11.2 were significantly associated with mRNA expres-
sion of multiple genes. Combinatory analyses including the
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epigenome signature identification, luciferase reporter assay,
chromatin conformation capture (3C), homology-directed
genome editing by CRISPR/Cas9 (clustered regularly inter-
spaced short palindromic repeats/Cas9), RNA sequencing
(RNA-Seq), and ATAC-Seq (assay for transposase-accessible
chromatin using sequencing) identified a functional noncoding
SNP rs4420550 residing in an enhancer region at 16p11.2.

METHODS AND MATERIALS

The study protocol was approved by the Institutional Review
Board of Kunming Institute of Zoology, Chinese Academy of
Sciences. Detailed methods and materials are described in the
Methods and Materials in Supplement 1. The primer se-
quences in real-time quantitative polymerase chain reaction
(RT-qPCR) analysis are shown in Table S1 in Supplement 2,
the primers used in the 3C assay are listed in Table S2 in
Supplement 2, the single guide RNA oligo sequences targeting
genes are shown in Table S3 in Supplement 2, and the
nucleotide sequences of the double-stranded oligonucleotides
in electrophoretic mobility shift assay are shown in Table S4 in
Supplement 2.

The eQTL analyses were performed using datasets of the
dorsolateral prefrontal cortex (DLPFC) tissues from BrainSeq
Phase 1 (n = 412) (35), Brain xQTL (n = 494) (36), Common-
Mind Consortium (n = 467) (37), Genotype-Tissue Expression
(GTEx) Project (n = 175) (38), and PsychENCODE Consortium
(n = 1387) (39). We applied the summary data–based
Mendelian randomization (SMR) analysis (40,41) to prioritize
risk genes, which integrated the schizophrenia genome-wide
association studies (GWASs) (40,675 cases and 64,643
controls) (2) with the aforementioned eQTL datasets to assess
the pleiotropic effects of SNPs on diagnosis and mRNA
expressions.

Linkage disequilibrium (LD) between pairwise SNPs was
calculated using Haploview v4.1 (42) based on the European
genotype data from 1000 Genomes Project (43). Histone
marks (such as H3K4me1, H3K4me3, and H3K27ac) were
queried in the available Roadmap Epigenomics projects and
ENCODE (Encyclopedia of DNA Elements) datasets of brain
tissues and cell lines (HEK293 [human embryonic kidney 293]
and SK-N-SH) (44,45). RegulomeDB (http://www.regulomedb.
org/) (46) and HaploReg v4.1 (https://pubs.broadinstitute.org/
mammals/haploreg/haploreg.php) (47) were also used to
determine the SNPs overlapped with open chromatin peaks
and chromatin immunoprecipitation sequencing (ChIP-Seq)
peaks of histone modifications in brain tissues.

Luciferase reporter assay was conducted in the HEK293T
and SK-N-SH cells to examine the effects of SNPs on DNA
enhancer activities. DNA fragments containing target SNPs
were amplified, and site-directed mutagenesis was employed
to generate sequences containing either alleles. The DNA
fragments were then cloned into the pGL3-promoter vector,
and equal amounts of each plasmid were transiently trans-
fected into cells together with pRL-TK using Lipofectamine
2000 (Thermo Fisher Scientific, Waltham, MA). Twenty-four
hours posttransfection, cells were lysed and luciferase activ-
ity was determined using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI). The firefly luciferase activity

was normalized to that of Renilla luciferase to control for
transfection efficiency variations. All assays were performed in
triplicate in at least three independent experiments. Two-tailed
t test was performed for statistical analyses.

The 3C assay was performed following previous studies
(48,49) to detect physical interactions between genomic re-
gions. A total of 1 3 107 HEK293T cells in 10 mL of Dulbecco’s
Modified Eagle Medium culture medium were fixed using 1%
formaldehyde at room temperature for 10 minutes, and the
fixed cells were lysed in 5 mL lysis buffer for 15 minutes at 4�C
with gentle pipetting. The mixture was centrifuged, and the
nuclei pellet was then suspended in 500 mL of 1.23 restriction
enzyme buffer. Following this, the pellets were digested with
400 U restriction enzyme EcoRI (New England Biolabs, Ips-
wich, MA), and T4 DNA ligase (100 U; Promega) was added to
the diluted chromatin and incubated for 4 hours at 16�C.
Proteinase K (500 mg) was then added and incubated at 65�C
overnight to reverse crosslinks, and RNA was removed
through RNase A (300 mg) treatment for 60 minutes at 37�C.
TaqMan RT-qPCR (Thermo Fisher Scientific) was performed to
determine the interaction frequencies between target sites of
interest, and the PCR products were purified using a QIAGEN
quick gel purification kit for Sanger sequencing of each
chimeric DNA (QIAGEN, Hilden, Germany). To normalize primer
efficiency, control PCR templates were generated by digestion
and random ligation of bacterial artificial chromosomes
covering the 16p11.2 region.

Homology-directed repair–mediated genome editing of
rs4420550 by CRISPR/Cas9 was conducted in HEK293T cells
following a previous study with modifications (50). The proto-
spacer sequence of CRISPR/Cas9 targeting rs4420550 (50-
GATGTTGCTAGGAGCTGACC-30) was designed using Opti-
mized CRISPR Design (http://crispr.mit.edu), and annealed olig-
omers were cloned into the pL-CRISPR-E.EFS.GFP plasmid. A
single-stranded oligodeoxynucleotide (50-gttttttgtgaaattattttgct-
caacaggacaccaccatggccgtgctgttggtgccaggCcagctcctagcaa-
catcaaggcttctggagtgagggtgcaaaccagctcccagctggcagc-30) was
synthesized as a homology-directed repair template for precise
editing of the rs4420550 locus. The pL-CRISPR-E.EFS.GFP
construct and the single-stranded oligodeoxynucleotide
were transiently cotransfected into HEK293T cells on 100-mm
plates using Lipofectamine 3000. Forty-eight hours after
transfection, cells positive for green fluorescent protein were
sorted with a flow cytometer. Colonies derived from single
cells were then obtained from these cells, and four colonies
were selected for each homozygous genotype ([A/A] or [G/G])
of rs4420550. Sanger sequencing was conducted to ensure
that the colonies had the same DNA sequence, except for the
rs4420550 locus.

These eight single-cell colonies were then subject to
RT-qPCR, RNA-Seq, Western blotting, and ATAC-Seq ana-
lyses. The raw RNA-Seq and ATAC-Seq data in rs4420550-
edited HEK293T cells are accessible in the Gene Expression
Omnibus repository (accession number GSE152177). The
Wald test in DESeq2 (51) was used to analyze the mRNA
expression differences revealed by RNA-Seq and different
chromatin accessibility peaks in ATAC-Seq between colonies
carrying [A/A] or [G/G] genotypes at rs4420550. Relative
mRNA expression assessed by RT-qPCR was presented as
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means of 2

ˇ

2DDCt; densities of bands in Western blotting were
quantified using ImageJ (version 1.52a; National Institutes of
Health, Bethesda, MD); and statistical differences between
experimental groups in both assays were examined using 2-
tailed t test.

Cell proliferation assays were performed using the CCK-8
(cell counting kit-8) reagent (Beyotime Biotechnology, Hai-
men, China). HEK293T cells with genotype rs4420550-[A/A] or
-[G/G] were seeded into 96-well plates at a density of 3 3 103

cells/well and cultured for 24, 48, and 72 hours, and 10 mL of
CCK-8 was added into each well and incubated with the cells
at 37�C for 1 hour. Optical density at 450 nm was measured for
each well using a multidetection microplate reader (Bio-Rad
Laboratories, Hercules, CA). All assays were performed in
triplicate in at least three independent experiments, and sta-
tistical differences of cell proliferation rates at each time point
were examined through 2-tailed t test.

RESULTS

The Schizophrenia GWAS Risk SNP rs12691307 Is
Associated With mRNA Levels of MAPK3, INO80E,
and Other Genes at 16p11.2

To investigate potential impact of the schizophrenia risk SNPs
at 16p11.2 on human brain transcriptome, we first examined
the correlations between rs12691307 [the leading schizo-
phrenia GWAS risk SNP at 16p11.2, p = 1.303 10210 in 34,241
cases and 45,604 controls (1)] (odds ratio for A allele [i.e., the
risk allele], 1.073) and brain transcriptomes in four independent
DLPFC eQTL datasets [BrainSeq Phase 1 (n = 412) (35), Brain
xQTL (n = 494) (36), CommonMind (n = 467) (37), and GTEx
Project frontal cortex (n = 175) (38)], and we found that the risk
SNP rs12691307 was consistently and significantly associated
with mRNA levels of MAPK3 (p = 2.57 3 10211, 8.62 3 10218,
1.933 10210, and 9.70 3 10211, respectively) and INO80E (p =
2.33 3 10210, 4.58 3 10212, 1.24 3 1029, and 3.60 3 1025,
respectively) (Table S5 in Supplement 2). We also examined
the eQTL associations of rs12691307 in a larger dataset
from PsychENCODE (n = 1387) (39). Despite that some of
these samples were overlapped with those of BrainSeq (35)
and CommonMind (36), rs12691307 was again significantly
associated with mRNA expression levels of MAPK3 (p =
1.31 3 10226) and INO80E (p = 4.98 3 10219) (Table S5 in
Supplement 2).

SMR Integrative Analysis of DLPFC eQTL Datasets
and Differential Expression Analysis Confirm
MAPK3 and INO80E as Schizophrenia Susceptibility
Genes

We then performed the SMR analysis (41) integrating schizo-
phrenia GWAS and brain eQTL datasets to define 16p11.2
genes whose mRNA levels were affected by schizophrenia
genetic risk. In the DLPFC eQTL datasets from BrainSeq
Phase 1 (35), Brain xQTL (36), CommonMind (37), GTEx Proj-
ect frontal cortex (38), and PsychENCODE (39), we found
that mRNA levels of MAPK3 and INO80E were again signifi-
cantly associated with genetic risk of schizophrenia
(MAPK3: pSMR-multi = 2.68 3 1025, 6.56 3 1026, 2.16 3 1025,
1.75 3 1024, and 2.80 3 1026, respectively; INO80E:

pSMR-multi = 2.713 1027, 7.593 1027, 6.453 1026, 7.573 1025,
and 7.22 3 1027, respectively) (Table S6 in Supplement 2).
Genetic risk of schizophrenia consistently predicted higher
mRNA levels of both MAPK3 and INO80E in all these eQTL
datasets.

Besides, the PsychENCODE Consortium has recently
analyzed the differentially expressed genes in the DLPFC tis-
sues from 559 cases with schizophrenia versus those from 936
controls (52). Using these data, we found that the mRNA
expression of MAPK3 was significantly higher in the DLPFC of
patients with schizophrenia compared with unaffected controls
(p = 3.49 3 1024) (Table S7 in Supplement 2). However, the
mRNA levels of INO80E did not differ between patients with
schizophrenia and controls in their study (p = .429) (52).

LD Analysis of the Schizophrenia Risk SNPs at
16p11.2

We then sought to identify the functional variation(s) among
the over 70 schizophrenia risk SNPs at the 16p11.2 GWAS
locus (p , 5.00 3 1028) (Figure 1A) (1). We first examined the
LD structure of these SNPs using European genotype data
from the 1000 Genomes Project (43). These SNPs primarily
constitute two LD blocks (Figure S1 in Supplement 1).
rs12691307 locates in LD block 1, and schizophrenia risk
SNPs in this LD block generally show stronger association with
MAPK3 than with INO80E, and their association signals with
MAPK3 are also stronger than those of the SNPs in LD block 2
[taking results from GTEx Project dataset (38) as an example]
(Table S8 in Supplement 2). However, the association signals
between INO80E and LD block 2 SNPs are stronger than those
between INO80E and LD block 1 SNPs. Further analyses
revealed that the schizophrenia risk SNPs in LD block 2 were
located either within or near INO80E. Nevertheless, the dis-
tance between LD block 1 SNPs andMAPK3 on the genome is
quite far (w200 kb), suggesting long-range regulatory effects
of these SNPs. Given that dysregulation of MAPK3 has been
observed in patients with schizophrenia (52) and in behaviorally
abnormal animals (53), further studies investigating whether
and how the schizophrenia risk SNPs in LD block 1 regulate
MAPK3 mRNA expression is necessary.

Identification of a Potential Regulatory SNP
rs4420550 in an Enhancer Element at 16p11.2

To prioritize the regulatory SNP(s) in LD block 1, we examined
their functional annotations in human brain tissues and cells
using data from the ENCODE (44) and Roadmap Epigenomics
projects (45). By comparing the SNP locations with regions of
open chromatin depicted by DNase I hypersensitivity, and with
regions of active histone H3 lysine modifications (H3K4me1,
H3K4me3 and H3K27ac), we found a “potential regulatory
region” spanning the GWAS leading risk SNP rs12691307. This
region exhibited the largest spatial overlap with regulatory
marks in multiple human cell lines (HEK293 and SK-N-SH) and
brain tissues (Figure 1A).

This “potential regulatory region” primarily resides in the 50

flanking region of KCTD13 and harbors 5 high-LD schizo-
phrenia risk SNPs (rs12716972, rs12716973, rs4420550,
rs4424923, and rs12691307) (Figure 1A). However, their eQTL
associations with KCTD13 expression were much weaker than
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with MAPK3 (Tables S9 and S10 in Supplement 2). We then
used RegulomeDB (46) and HaploReg (47) to prioritize the
most likely causative SNP(s) among these 5 SNPs. Intriguingly,
analyses using the RegulomeDB dataset (46) suggested that
rs4420550 was in an enhancer region in brain tissues
(Figure S2 in Supplement 1), rs12716972 and rs12716973 were
in a (flanking) active transcription start site (TSS) region, and
rs4424923 and rs12691307 were unlikely to be functional
(Figure S3 in Supplement 1). Consistently, rs4420550 also

colocalized with enhancer histone marks in 16 human tissues,
including the brain, in the HaploReg dataset (Figure S4 in
Supplement 1) (47).

rs4420550 is in high LD with rs12691307 (r2 = .99), and is
also genome-wide significantly associated with schizophrenia
(p = 2.36 3 1029; odds ratio for A allele, 1.065) (1). The eQTL
analyses suggested that rs4420550 was significantly associ-
ated with MAPK3 expression in human brains (Figure 1B) and
other organs (Figure S5 in Supplement 1). We then performed
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Figure 1. Molecular characterization of rs4420550. (A) Genetic associations of SNPs spanning the 16p11.2 CNV region with schizophrenia, and the epi-
genome signatures in human brains and cell types, lead to identification of a “potential regulatory region” and a regulatory SNP (rs4420550). A physical map of
the region is given and depicts known genes within the region, and the LD is defined based on the SNP rs12691307. (B) eQTL analyses of rs4420550 with
MAPK3 mRNA expression in the BrainSeq Phase 1 and GTEx Project datasets. (C) Results of the reporter gene assay testing the regulatory activities of
rs4420550. Effects of rs4420550 allele variation on pGL3-promoter activity are shown in the panels for HEK293T and SK-N-SH cells. The Comparison in the
figure represents the empty pGL3 promoter vector, and NC represents the empty pGL3 basic vector. The y-axis values represent fold changes of luciferase
activity relative to the empty pGL3-promoter vector. Error bars represent SEM of three biological replicates. Data are representative of three independent
experiments with consistent results. CHR, chromosome; CNV, copy number variation; ENCODE, Encyclopedia of DNA Elements; eQTL, expression quanti-
tative trait locus; GTEx, Genotype-Tissue Expression; LD, linkage disequilibrium; mRNA, messenger RNA; NC, negative control; SCZ, schizophrenia; SNP,
single nucleotide polymorphism; TSS, transcription start site.
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bars represent SEM of four biological replicates. Data are representative of three independent experiments with consistent results. Note: the antibodies against
these 16p11.2 proteins have been verified through sgRNA knockdown plasmids (Figure S18 in Supplement 1), and the full-scaled gel plot of Western blotting is
shown in Figure S19 in Supplement 1. 3C, chromatin conformation capture; CNV, copy number variation; eQTL, expression quantitative trait locus; GTEx,
Genotype-Tissue Expression; RNA-Seq, RNA sequencing; sgRNA, single guide RNA; TPM, transcripts per million.
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experimental verification of the regulatory effect of rs4420550
on gene expression. The 589-bp sequence surrounding
rs4420550 was cloned into pGL3-promoter vectors, and the
enhancer luciferase activities of vectors containing both alleles
of rs4420550 were measured in different cell lines. Consistent
with the eQTL associations, the homozygotes of risk allele [A/
A] led to w80% higher luciferase activities compared with the
protective alleles [G/G] in both HEK293T cells (p = .0016) and
SK-N-SH cells (p = .01) (Figure 1C). We also cloned the 477-bp
region surrounding rs12691307 into pGL3-promoter vectors to
examine its allelic effects on enhancer activities, but no dif-
ference was seen between different alleles (Figure S6 in
Supplement 1).

The rs4420550 Locus Physically Interacts With
MAPK3 Promoter and TAOK2 Promoter in the 3C
Assay

Given the w200-kb distance between rs4420550 and MAPK3
in the genome, we hypothesized that the regulatory effect likely
resulted from interaction between a distal enhancer and target
gene promoters owing to chromatin looping. To investigate if
the region surrounding rs4420550 acted as an enhancer
element for MAPK3 via this mechanism, we performed 3C
assay. Briefly, a 16p11.2 regional-wide 3C in HEK293T cells
was carried out using a series of PCR primers designed with
sequences spanning from rs4420550 to the distal MAPK3
promoter. Intriguingly, an increased interaction frequency was
detected between the restriction fragment containing
rs4420550 and that containing MAPK3 promoter in our 3C li-
brary, demonstrating a direct physical interaction between
rs4420550 and MAPK3 promoter (Figure 2A; the RT-qPCR Ct
values are shown in Table S11 in Supplement 2). Moreover, in
the 3C experiments, higher peaks of interaction frequencies
were observed between the restriction fragment containing
rs4420550 and that containing TAOK2 promoter (Figure 2A),
suggesting that rs4420550 likely affected expression of
TAOK2 through the chromosome looping mechanism.

We also examined the potential physical interactions within
the 16p11.2 region using public Hi-C data in human tissues
(30,54) via the 3D Genome Browser (55). In the DLPFC and
developing brain cortical plates, the DNA sequences spanning
rs4420550 and MAPK3 (and other 16p11.2 genes such as
TAOK2) were located in the same large topologically associ-
ated domain (Figure S7 in Supplement 1). In the nonbrain tis-
sues (e.g., adrenal gland, bladder, lung, pancreas), rs4420550
and those genes were also in the same topologically associ-
ated domain, suggesting that their physical interactions were
not restricted to brains. These Hi-C data are in line with the
eQTL analyses in human tissues and the 3C results in
HEK293T cells.

Precise CRISPR/Cas9 Editing at rs4420550
Confirms Its Regulatory Effect on MAPK3 and Other
16p11.2 Genes

The wild-type HEK293T cells carry [A/A] genotype at
rs4420550. To gain direct evidence of the regulatory effect of
rs4420550 on MAPK3 mRNA expression, we employed
homology-directed repair–mediated genome editing by
CRISPR/Cas9 and thereby obtained HEK293T cells carrying

homozygotes [G/G] genotype at rs4420550. T7EN1 assay was
performed to ensure that no off-target effects were introduced
by CRISPR/Cas9 (Figure S8 in Supplement 1 and Table S12 in
Supplement 2). Four single cell–derived colonies of each ge-
notype ([A/A] and [G/G]) at rs4420550 were expanded, and
their total mRNAs were isolated. RT-qPCR of MAPK3 and
other 16p11.2 genes in these eight colonies was conducted.
As expected, theMAPK3mRNA levels in rs4420550-[A/A] cells
were higher than those in the rs4420550-[G/G] cells (p ,

.0001), and other 16p11.2 genes (e.g., INO80E, KCTD13,
TAOK2, ALDOA, HIRIP3) were also expressed differently be-
tween cells of different genotypes (Figure S9 in Supplement 1).
RNA-Seq was then performed on these 8 samples, and 48
differentially expressed genes (false discovery rate [FDR] ,
.05) with clustering of samples according to the rs4420550
genotypes were identified (Table S13 in Supplement 2). The
expression changes of MAPK3 showed the most significant
association with rs4420550 (p = 7.33 3 10211, FDR = 5.47 3

1027) (Figure 2B), followed by INO80E (p = 8.50 3 10210,
FDR = 5.47 3 1027). Notably, 12 of the 48 genes were located
in the 16p11.2 region (FDR , .05) (Figure 2C). We then
compared the association signals between rs4420550 and the
genes within the proxy 16p11.2 CNV region in GTEx (38), Brain
xQTL (36), and the RNA-Seq results of rs4420550-[A/A] and
-[G/G] HEK293T cells. In all these datasets, the mRNA
expression levels of MAPK3 and INO80E were significantly
affected by different alleles of rs4420550 with the same di-
rection of allelic effects (Figure 2D).

We further confirmed that the MAPK3 protein levels were
significantly higher in rs4420550-[A/A] cells compared with
rs4420550-[G/G] cells (p = .0015) (Figure 2E). The endogenous
proteins of INO80E and KCTD13 were undetectable in
HEK293T cells (data not shown). The protein levels encoded
by other 16p11.2 genes, such as HIRIP3, TAOK2 and ALDOA,
were also upregulated in rs4420550-[A/A] cells compared with
rs4420550-[G/G] cells, despite the fact that TAOK2 did not
reach nominal significance level (p = .086) (Figure 2E).

rs4420550 Affects Chromatin Accessibility at
16p11.2 Region

We then tested whether rs4420550-[A/A] and -[G/G] cells had
different chromatin accessibility of the 16p11.2 region using
the ATAC-Seq method. After quality control, we obtained an
average of 11.7 million nonduplicated paired fragments only
mapped to human reference genome GRCh37 autosomes and
X-chromosome. After exclusion of blacklisted regions, an
average of 34,490 narrow peaks called using MACS2 (https://
pypi.org/project/MACS2/) remained. The results showed that
the insert size between peaks was about w180 bp or multiple
180 bp (Figure S10 in Supplement 1), so that Tn5 can only
access the linker DNA rather than nucleosome-occupied re-
gions (w147 bp). We also found that sequence tag intensity
was significantly enriched around TSS in all samples
(Figure S11 in Supplement 1). To analyze the chromatin
accessibility differences between rs4420550-[A/A] and -[G/G]
HEK293T cells, the read counts of 50,644 merged peaks were
used as inputs and analyzed using the DESeq2 program. After
comparison, we noticed substantial quantitative differences in
peak signals at 16p11.2 between rs4420550-[A/A] and -[G/G]
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cells (Figure 3A). One of the most significant differences across
the genome was MAZ in the 16p11.2 region (p = 7.28 3 1027)
(Figure S12 in Supplement 1 and Table S14 in Supplement 2).
Remarkably, in the TSS regulatory regions of MAPK3, the
chromatin accessibility was significantly higher in the
rs4420550-[A/A] cells compared with the rs4420550-[G/G]
cells (p = 3.34 3 1024) (Figure 3B–D). The chromatin acces-
sibility at the INO80E TSS regulatory region was also higher in
rs4420550-[A/A] cells (p = 3.90 3 1024) (Figure S13 in
Supplement 1).

To reveal the potential mechanisms explaining the impact of
rs4420550 on gene expression, we screened potential tran-
scription factor(s) that could bind the rs4420550 locus. By
functional predictions using RegulomeDB (46) and HaploReg
v4.1 (47), we found that the DNA sequences spanning
rs4420550 likely bound some transcription factors, such as
CREB3L1, PAX6, and HDAC2 (Figure S14 in Supplement 1).
We then manipulated the expression of these three transcrip-
tion factors respectively and found that overexpression of
PAX6 or HDAC2 significantly increased MAPK3 mRNA
expression, whereas knockdown of them led to decreased
MAPK3 mRNA levels (Figure S15 in Supplement 1). We con-
ducted electrophoretic mobility shift assay assays using nu-
clear extracts from wild-type HEK293T cells, HEK293T cells
overexpressing PAX6, and HEK293T cells overexpressing
HDAC2, but no specific shift bands were observed for either
allele of rs4420550 (Figure S16 in Supplement 1). We then
examined whether different alleles of rs4420550 affected gene
expression by modulating the effects of HDAC2 or PAX6.
Briefly, we overexpressed either HDAC2 or PAX6 in the
HEK293T cells with rs4420550-[A/A] or -[G/G], but over-
expression of either transcription factor did not result in any
MAPK3 mRNA expression differences between rs4420550-[A/
A] and -[G/G] cells (Figure S17 in Supplement 1). We also
examined whether the rs4420550 locus was highlighted in the
ChIP-Seq analyses of diverse transcription factors in multiple
cell lines or tissues using ENCODE dataset (44). However,
rs4420550 was not implicated in the ChIP-Seq assays of any

transcription factors (data not shown). Thus, the molecular
mechanisms underlying the regulatory effects of rs4420550
remain unclear. We speculate that its regulatory function might
involve mechanisms other than transcription factor binding
(e.g., noncoding RNAs), and this hypothesis awaits further
explorations.

rs4420550 Affects Cell Proliferation

Previous studies suggested that several genes in the 16p11.2
region, including MAPK3, could affect cell proliferation (8,56);
we therefore investigated whether cells carrying different ge-
notypes of rs4420550 showed different proliferation rates. By
performing the CCK-8 assay, we observed that the HEK293T
cell clones carrying rs4420550-[A/A] showed significantly
higher cell proliferation rates compared with the clones car-
rying rs4420550-[G/G] (p = .015 at 48 hours and p = .017 at 72
hours) (Figure 4), further confirming the putative physiological
impact of rs4420550.

Figure 3. ATAC-Seq analysis of rs4420550-[A/A] and -[G/G] HEK293T cells. (A) Genome-wide chromatin accessibility in rs4420550-[A/A] and -[G/G]
HEK293T cells. (B) The open chromatin of the MAPK3 gene in the 8 rs4420550-[A/A] and -[G/G] HEK293T samples. (C) The chromatin accessibility in the TSS
regulatory region of the MAPK3 gene. (D) Boxplot of ATAC-Seq signal at the TSS regulatory region of MAPK3 for the 8 rs4420550-[A/A] and -[G/G] HEK293T
samples. ATAC-Seq, assay for transposase-accessible chromatin using sequencing; BPM, bins per million mapped reads; TSS, transcription start site.
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Figure 4. rs4420550 affects HEK293T cell proliferation abilities. The blank
absorbance values from wells without cells were subtracted from all
absorbance values. Error bars represent SEM of four biological replicates.
Data are representative of three independent experiments with consistent
results. *p , .05, rs4420550-[A/A] versus rs4420550-[G/G]. OD, optical
density.
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DISCUSSION

Through an integrative functional analysis combining eQTL
associations, epigenome annotations, and experimental vali-
dations, we identified a functional risk variation rs4420550 in
the schizophrenia-associated 16p11.2 locus. Although not
showing the most significant association with schizophrenia in
GWAS (1), rs4420550 likely locates in the DNA enhancer region
and exerts regulatory effects on transcription of multiple genes
in the 16p11.2 region. While our results suggest that a number
of genes are affected by rs4420550, MAPK3 remains those
most significantly affected. In addition, regulation of the
INO80E mRNA by rs4420550 is also consistently observed in
multiple analyses, and this gene previously showed significant
eQTL associations with schizophrenia genetic risk in a tran-
scriptome study of human fetal brains (57).

Previous studies have shown that MAPK3 mRNA expres-
sion is significantly higher in the DLPFC of patients with
schizophrenia compared with controls (52), and elevated
synaptic ERK-1 (encoded by MAPK3) activation leads to long-
term memory deficits in mice (53). Conversely, lacking Mapk3
can result in enhanced synaptic plasticity in the striatum and
facilitate striatal-mediated learning and memory (58). Addi-
tionally, inhibition of ERK-1 signaling rescues the pathophysi-
ological alterations observed in mice carrying the 16p11.2
microduplication (9). These studies suggest that higherMAPK3
expression (or ERK-1 level/activity) is a risk factor for schizo-
phrenia and other neurodevelopmental disorders. INO80E is a
component of chromatin remodeling complex (59), which
modulates nucleosome spacing and sliding in an ATP (aden-
osine triphosphate)-dependent manner (60), and regulates
transcription during cortical neurogenesis (61–63).

Despite the fact that consistent impacts of rs4420550 on
MAPK3 and INO80E expression have been reported in a series
of analyses, inconsistencies exist regarding its effects on other
16p11.2 genes. For example, while many genes at 16p11.2
showed different expression levels between the rs4420550-[A/
A] and -[G/G] HEK293T cells, not all of them showed evidence
of eQTL associations with rs4420550 in human brains
(e.g., HIRIP3 and ALDOA in Figure 2D). Given that expression
of a gene is usually regulated by multiple independent or
correlated genetic variations, the eQTL associations of a gene
revealed in currently available datasets likely reflect the
“summed” effects of multiple genetic variations. Therefore,
additional functional variations, which either interact with
rs4420550 or directly affect transcription, may explain the
nonsignificant eQTL associations between some 16p11.2
genes and rs4420550.

In line with hypothesis, we acknowledge the potentially
incomplete assessment of other plausible functional SNPs in
the 16p11.2 locus as a limitation of the current study. Actually,
existence of multiple functional variations (either independent
or correlated with each other) in one GWAS risk locus has been
commonly seen (33,64–68). In fact, functional predictions of
16p11.2 variations using HaploReg v4.1 (47) suggested that
several SNPs are potentially functional. For example,
rs12716973, in high LD with rs4420550 and in the active TSS
region of KCTD13, has 22 bound proteins in the ChIP-Seq
assays of human tissues as implemented in HaploReg data-
set (Figure S4 in Supplement 1). Further validation of the

physiological impact of these potentially functional variations is
needed.

In summary, we have performed a detailed molecular
characterization of a potential functional variation within the
schizophrenia-associated 16p11.2 region. Future studies of
rs4420550 using human induced pluripotent stem cells, and
reprogrammed cells via genome editing, may provide essential
insights into its relevant schizophrenia pathophysiology
(69,70).
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