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Decreased CNNM2 expression in prefrontal cortex affects
sensorimotor gating function, cognition, dendritic spine
morphogenesis and risk of schizophrenia
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Genome-wide association studies (GWASs) have reported multiple single nucleotide polymorphisms (SNPs) associated with
schizophrenia, yet the underlying molecular mechanisms are largely unknown. In this study, we aimed to identify schizophrenia
relevant genes showing alterations in mRNA and protein expression associated with risk SNPs at the 10q24.32-33 GWAS locus. We
carried out the quantitative trait loci (QTL) and summary data-based Mendelian randomization (SMR) analyses, using the
PsychENCODE dorsolateral prefrontal cortex (DLPFC) expression QTL (eQTL) database, as well as the ROSMAP and Banner DLPFC
protein QTL (pQTL) datasets. The gene CNNM2 (encoding a magnesium transporter) at 10q24.32-33 was identified to be a robust
schizophrenia risk gene, and was highly expressed in human neurons according to single cell RNA-seq (scRNA-seq) data. We further
revealed that reduced Cnnm2 in the mPFC of mice led to impaired cognition and compromised sensorimotor gating function, and
decreased Cnnm2 in primary cortical neurons altered dendritic spine morphogenesis, confirming the link between CNNM2 and
endophenotypes of schizophrenia. Proteomics analyses showed that reduced Cnnm2 level changed expression of proteins
associated with neuronal structure and function. Together, these results identify a robust gene in the pathogenesis of
schizophrenia.
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INTRODUCTION
Schizophrenia is a serious disabling public health problem
worldwide. Twin studies have revealed strong heritability of
schizophrenia [1], and genome-wide association studies (GWAS)
have reported multiple genomic loci showing robust statistical
associations [2]. Given that majority of GWAS identified risk single
nucleotide polymorphisms (SNPs) are in noncoding genomic
regions, they are hypothesized to regulate gene expression in
relevant cells and tissues [3]. Therefore, integrating GWAS and
brain tissues-derived expression resources was applied to char-
acterize genes correlated to genetic risk of schizophrenia [4–7]. The
10q24.32-33 locus is the 4th most significant schizophrenia GWAS
locus across the whole genome [2], for example, rs11191580
exhibited genome-wide significant associations with schizophrenia
(e.g., P= 2.23 × 10–8 in schizophrenia PGC1 GWAS [8];
p= 7.07 × 10–16 in schizophrenia PGC2 GWAS [9]; P= 4.47 × 10–23

in schizophrenia PGC3 GWAS [2], Fig. 1B). However, whether
rs11191580 (or its high LD SNPs) was associated with the
expression of any genes remained to be investigated.

Prepulse inhibition (PPI) of acoustic startle reflex is an
operational measure of sensorimotor gating that reflect the
information processing and filtering function [10], and there is
considerable evidence to support sensorimotor gating deficits in
schizophrenia patients [11]. In preclinical studies, impairment of
PPI is a reliable endophenotype for evaluating animal models
relevant to schizophrenia and has become the most influential
experimental paradigm for understanding its pathophysiology
[12], and murine models of many schizophrenia risk genes
exhibited deficits in sensorimotor gating function [13–15]. In
addition, accumulating studies indicated abnormal structures and
dysfunction of brain areas that engage in cognitive processes,
such as prefrontal cortex [16]. Altered dendritic spine morphogen-
esis and synapse formation in the dorsolateral prefrontal cortex
(DLPFC) have been repeatedly observed in schizophrenia patients
[17–23], and multiple schizophrenia risk genes have been found to
affect dendritic spines, such as ZNF804A, ANK3 and DISC1 [24–27],
suggesting they may contribute to disease susceptibility at least in
part via modulating dendritic spine structure and function.
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Therefore, risk gene identification for schizophrenia usually
require demonstration that they affect the aforementioned
endophenotypes. Here, through analyzing DLPFC mRNA and
protein quantitative trait loci (QTL) in combination with other
integrative analyses, we have identified an essential schizophrenia
risk gene CNNM2 (encoding a magnesium transporter) in the
prominent 10q24.32-33 schizophrenia GWAS locus. The risk SNPs
predicted lower CNNM2 mRNA and protein levels in human
DLPFC, and reduced Cnnm2 expression led to compromised

sensorimotor gating function and impaired cognition in mice as
well as altered dendritic spine morphogenesis.

METHODS AND MATERIALS
Schizophrenia GWAS dataset
The Psychiatric Genomics Consortium (PGC3) has conducted GWAS of
schizophrenia including 69,369 cases and 236,642 controls [2]. We
retrieved the GWAS summary statistics from https://www.med.unc.edu/
pgc/download-results. Details of sample description and GWAS analyses
can be found in the original study.

DLPFC eQTL and pQTL datasets
We utilized PsychENCODE expression quantitative trait loci (eQTL) data to
examine the impact of risk SNPs on mRNA expression in human DLPFC
tissues of 1387 European individuals [28]. Briefly, the eQTL was calculated
with FastQTL [29] using top 5 genotyping principal components, sequencing
platform, sequencing protocol, sex and 50 factors identified by Probabilistic
Estimation of Expression Residuals method [30] as covariates. The mapping
window was defined as 1Mb from the transcription start site and nominal p-
values were generated for each SNP-gene pair using a linear regression
model. The eQTL summary data in BESD format could be downloaded at
https://cnsgenomics.com/software/smr.
For ROSMAP protein quantitative trait loci (pQTL) data, human DLPFC

proteomes were generated using the isobaric tandem mass tag and mass
spectrometry of European individuals from the ROSMAP project. After
quality control, 376 subjects with both proteomic and genetic data were
proceeded for the pQTL analysis. PLINK [31] was used to estimate the
pQTLs by linear regression within a 100 kb window around the protein-
coding gene. Clinical diagnosis, the first ten genetic principal components,
and ten surrogate variables was used as covariates during the pQTL
mapping. The DLPFC pQTL summary data was downloaded from the AMP-
AD Knowledge Portal (https://doi.org/10.7303/syn23627957) [32, 33].
For Banner pQTL data, human DLPFC proteomes of European

participants from the Banner Sun Health Research Institute were generated
using the same approach as described for the ROSMAP proteomes with
minor differences. After quality control, 152 subjects with both proteomic
and genetic data were proceeded for the pQTL analysis. The DLPFC pQTL
summary data was downloaded from the AMP-AD Knowledge Portal
(https://doi.org/10.7303/syn23627957) [32, 33].

SMR integrative analyses
The summary data-based Mendelian randomization (SMR) was applied to
identify risk genes using the summary statistics from schizophrenia GWAS
and QTL datasets [34]. Like Mendelian randomization, the SMR use genetic
variants (SNPs) as instrumental variable to test for the causative effect of an
exposure (in this study, in refers to gene expression) on an outcome
(schizophrenia). We respectively integrated the PsychENCODE DLPFC eQTL
datasets [28] as well as ROSMAP and Banner DLPFC pQTL datasets [32, 33]
with the schizophrenia PGC3 GWAS [2] to perform the SMR analyses
(version 1.03). The threshold of eQTL/pQTL P-value in the SMR analysis was
set to be 5.00 × 10−4 and default values of other parameters were used. We
also used its accompanying heterogeneity in dependent instruments
(HEIDI) test to examine whether the causal role of a gene detected by SMR
was due to linkage disequilibrium (PHEIDI < 0.05). About 10,000 genes
retrieved from the DLPFC eQTL datasets were included in the SMR analysis
[28], and therefore genes with PSMR ≤ 5.00 × 10–6 (after multiple testing
correction according to number of tested genes, 0.05/10,000) and
PHEIDI > 0.05 were considered as potential susceptibility genes associated
with genetic risk of schizophrenia. For SMR analysis with DLPFC pQTL
datasets [32, 33], about 1000 proteins were included, and PSMR ≤ 5.00 × 10–5

plus PHEIDI > 0.05 were considered as risk proteins significantly associated
with schizophrenia genetic risk.

Gene expression analyses in human tissues and cells
The GTEx (release v8) RNA-Seq results of 17,382 samples out of 53 tissues
from 948 donors [35] were downloaded from https://www.gtexportal.org/
home/. Single cell RNA-seq (scRNA-seq) data, published by ref. [28] by
merging and re-analyzing results of three single cell studies [36–38], which
included both excitatory and inhibitory neurons, major nonneuronal types
(e.g., microglia and astrocytes), and additional cell types associated with
development, was downloaded from http://resource.psychencode.org.

Fig. 1 Genetic and molecular characterizations of 10q24.32-33
GWAS locus. Associations of SNPs spanning 10q24.32-33 region
with risk of schizophrenia (SZ) in PGC3 GWAS (A), CNNM2 mRNA
expression in PsychENCODE dataset (B), CNNM2 protein expression
in ROSMAP (C) and Banner (D) datasets, respectively. A physical map
of the region is given and depicts known genes within the region,
and the LD is defined based on the SNP rs11191580. Rs11191580
and rs7085104 (or its LD-linked SNP rs12241517) were marked in the
figure.
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Cnnm2-shRNA sequence
Knockdown of rat and mouse Cnnm2 was achieved by short hairpin RNA
(shRNA). The shRNA sequence targeting Cnnm2 exon 4 was
5’-GCCCGTAGACTACTTCGTC-3’ and a non-specific target sequence
(5’-GATTTGCTGTTCGCCCAAG-3’) was employed as negative control.

Adeno-associated virus (AAV) package and purification
The shRNA sequences were constructed into the pAAV-CAG-tdTomato
vector (Addgene, #59462) and Sanger sequencing was used to ensure
the correct construction. These shRNA sequences were incorporated into
plasmid including AAV2 inverted terminal repeat sequence, which
were used for packaging adeno-associated virus (AAV). The plasmid
encoding AAV-DJ capsid (pAAV-DJ-N589X, Addgene #130878) and
the helper plasmid (pAdDeltaF6, Addgene #112867) were also used
for AAV packaging; the resulting AAV were named AAV-Cnnm2-shRNA
(expressing Cnnm2-shRNA) and AAV-Control-shRNA (expressing
Control-shRNA).

Stereotaxic surgery and virus injection in mice
All animal experiments were performed following the guidelines (devel-
oped by the National Advisory Committee for Laboratory Animal Research)
for ethical conduct in the care and use of animals, and the protocols were
approved by the Animal Ethic Committee of Kunming Institute of Zoology
prior to the study. 6–7 weeks wild-type C57BL/6J male mice purchased
from GemPharmatech Co., Ltd. (Nanjing, China) were housed in groups of
3–5 with free access to food and water in a temperature-controlled room
(23 ± 2 °C) with 50–60% relative humidity and 12 h light/dark cycle. The
mice were acclimated to the environment for a week, then stereotaxic
surgery was performed following a previous study with minor modifica-
tions [39]. Mice were randomly divided into two groups for injection of
AAV-Cnnm2-shRNA and AAV-Control-shRNA. Mice were anesthetized by
inhaling isoflurane and mounted on a stereotaxic frame. For intra-mPFC
viral injection, AAV-Cnnm2-shRNA and AAV-Control-shRNA were respec-
tively injected bilaterally into the mPFC at a titer of 5 × 1012 vg/mL, based
on the antero-posterior and lateral coordinates assigned to the prelimbic
cortex (PrL, AP= 1.80mm, ML= ± 0.40mm, DV=−2.30mm from the
bregma) of male C57BL/6J mice (300 nL per side at 1 nL/s). Behavioral tests
were performed 4 weeks after AAV injection. The AAV-infected cells in the
mPFC expressed a red fluorescent protein. The injection site was verified
through detecting the location of red fluorescent protein at the end of the
behavioral experiment.

RNA extraction and real-time quantitative PCR (RT-qPCR)
The mice were euthanized using a CO2 chamber 4 weeks after virus
injection, and mPFC tissues were immediately dissected under stereoscope
on ice (n= 4, each group). The tissues were snap frozen in liquid nitrogen
after dissection, and total RNA was isolated with TRIzol reagent. The cDNA
was generated with the RevertAid First Strand cDNA Synthesis Kit and real-
time quantitative PCR (RT-qPCR) was performed using FastStart Universal
SYBR Green Master. Primers for amplification of mice Cnnm2 were
5’-TCCGGATGACTGTACTCCCT-3’ (forward) and 5’-GTTCACTCGCTGCA-
CAATGG-3’ (reverse), and primers for amplification of mice Gapdh were
5’-TGTGTCCGTCGTGGATCTGA-3’ (forward) and 5’-TTGCTGTTGAAGTCG-
GAGGAG-3’ (reverse).

Behavioral tests
Mice behavioral tests were performed following previous studies with
minor modifications [40]. All behavioral procedures were conducted
during the light periods between 9:00 am and 18:00 pm in the behavioral
room, and less stressful tests were performed prior to more stressful ones.
Before testing, mice were habituated to the behavioral room and the
investigator, who was blind to the treatment, for a week. In each
experiment, the mice from two groups were tested alternately. The
movement of mice in these tests was tracked and recorded with the
SuperMaze and VisuTrack software (Shanghai XinRuan Information
Technology Co., Shanghai).

Open filed test. The open field device (40 cm × 40 cm × 40 cm, L ×W × H)
was divided into central and corner areas. At the beginning of the
experiment, the mice were placed in the corner area facing the wall and
allowed to explore freely for 5 min. The distance traveled and time spent in
different areas were recorded and analyzed.

Rotarod test. On days 1–3, mice were trained to run on the rotarod and
rotated at a constant speed of 10 rpm/min for 5 min per day. On day 4, the
mice were placed on the rotarod and rotated from 4 to 40 rpm/min at a
random acceleration speed within 5min. The mice were tested three times
at 30min intervals, and the latency to fall was recorded for each time.

Novel object recognition. The open field apparatus (40 cm× 40 cm× 40 cm,
L ×W×H) was used for this experiment. On the first day, mice were allowed
to explore the apparatus freely for 5min. On the second day, mice were
allowed to explore two identical objects (familiar object, wooden, triangular,
purple, 3 cm × 3 cm× 3 cm) for 10min (training session). After an intertrial
interval of 6 h, one of the two objects was replaced with a new one (novel
object, wooden, square, red, 3 cm × 3 cm× 3 cm) and mice were allowed to
explore the two different objects for 10min (test session). To avoid the
influence of the spatial bias of mice for a certain position, the position of
the familiar object and the novel one was alternated between trials in test
session. The time mice spent respectively in exploring the two objects (with
the nose point within 2 cm of the object) in training session and test session
was record. The discrimination rate was calculated as (the exploring time for
novel object − the exploring time for familiar object)/(the exploring time
for novel object + the exploring time for familiar object).

Y-maze for spatial reference memory. A Y-shaped maze composed of three
identical closed arms (35 cm×5 cm×15 cm, L ×W×H,) at an angle of 120°
between each other was used for this test. These arms were defined respectively
as arm A, B and C, and different shaped signs were attached to the ends of arm B
and C. This experiment consists of two trials, training session and test session,
with an intertrial interval of 2 h. On the training session, mice were placed into
arm Awith the arm C (which was defined as the novel arm) closed off, and were
allowed to explore freely in arm A and B for 10min. On the testing session, the
arm C was opened on and mice were allowed to explore all the arms freely for
5min. The time spent in the novel arm and entries to the novel armwere record
and used to assess the spatial reference memory of mice.

Y-maze spontaneous alternation. This test was conduct with the Y-maze
apparatus above mentioned. At the beginning, mice were placed at
the terminal of one arm facing the center of the maze and allowed to
explore freely for 8min. The sequence of arm entries was recorded, and
three consecutive entries to the different arms (including ABC, BCA, CAB,
ACB, BAC, CBA) were defined as once spontaneous alternation. The
spontaneous alternation rate was calculated as follow: the number of
spontaneous alternation / (total number of arm entries – 2).

Prepulse inhibition. The PPI test was performed using an acoustic startle
reflex measurement system (VisuStartle, Shanghai XinRuan). The test
mouse was put into a plastic restrainer which was placed on a gravity
sensing platform in a soundproof chamber for 5 min for preadaptation.
62 dB background noise was presented in the chamber throughout the
experiment. In session 1, mice were exposed to 120 dB startle pulse lasting
40ms with random intervals (the average interval was 15 s) for 10 times. In
session 2, mice were exposed to five different trials: various intensity of
prepulse (74 dB, 78 dB, 86 dB) only, 120 dB startle pulse only, 74 dB
prepulse and 120 dB startle pulse, 78 dB prepulse and 120 dB startle pulse,
86 dB prepulse and 120 dB startle pulse. The prepulse (20ms) was given
100ms before the startle pulse (40ms). In this session, each trial was
repeated for 10 times and presented in pseudorandom order at random
intervals (the average interval was 15 s). The startle responses of mice were
recorded, and the percent of PPI was calculate as 100 – (average of startle
response to prepulse)/(average of startle response to startle pulse) × 100 to
evaluate the function of sensorimotor gating.

Statistical analysis. For normally distributed data evaluated by Shapiro-
Wilk test, two-tailed student’s t tests were used to assess the difference
between two groups. For comparing the percent of PPI in the PPI test,
repeated-measures t-test was used. All data were analyzed using GraphPad
Prism software and were presented as mean with standard error of mean
(mean ± SEM), and P ≤ 0.05 was considered as significant.

Rat cortical neuronal cultures and dendritic spine analyses
Wild-type Sprague Dawley rats were bred with free access to food and
water in a temperature-controlled (23 ± 2 °C) room with 50–60% relative
humidity and 12 h light/dark cycle. The neuronal culture protocols were
following our previous studies [41, 42]. Briefly, pregnant Sprague Dawley
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rats (E18/19) were euthanized using a CO2 chamber. Cortices from
embryos were dissected and treated with DNase I and Papain, followed by
gently trituration to obtain single-cell suspensions. The dissociated
neurons were then seeded in six well culture-plates, which were previously
coated with poly-D-lysine and laminin at 37 °C for 12 h. Cultures were
maintained at 37 °C with 5% CO2 in Neurobasal medium supplemented
with 2% B27, 2.5% FBS, and 1×GlutaMAXTM-I.
The shRNA sequences were constructed into the pSicoR-Ef1a-mCh-Puro

vector (Addgene, #31845), which were verified through Sanger sequen-
cing. Primary neurons were cultured for 14 days and then transfected with
the aforementioned constructs (as well as a Venus vector which encodes
Venus protein) using Lipofectamine 3000, and were fixed in 4%
paraformaldehyde with 4% sucrose after three days. The neurons were
stained with antibodies against EGFP and mCherry, and fluorescence
positive neurons were randomly selected and their images were captured
using an LSM 880 Basic Operation (Carl Zeiss) under consistent acquisition
parameters. All assays were blind to experimental conditions in this step.
Dendritic spine analyses were conducted following previous studies

[27, 43]. We applied NeuronStudio to analyze spines on secondary and
tertiary dendrites [44], and dendrites from one neuron were averaged.
Two-tailed student’s t tests were used to quantify the differences of total
dendritic spines between genotypic groups, and two-way ANOVA followed
by Bonferroni post-hoc correction was calculated between groups with
two independent variables. Results are presented as mean ± SD (Control-
shRNA, n= 70; Cnnm2-shRNA, n= 74), and P ≤ 0.05 was considered as
significant.

Proteomics analyses
The identification and quantitation of proteins were performed based on 4D
label-free technique with the main procedures as follows. The AAV injected
mPFC tissues of mice were dissected and stored as the aforementioned
method (n= 3, each group). Protein was extracted with SDT (4%SDS,
100mM Tris-HCl, pH7.6) buffer and digested with trypsin. After desalination,
the digest peptides were concentrated by vacuum centrifugation and
reconstituted in 0.1% (v/v) formic acid. Then the peptides were subjected to
LC-MS/MS analysis on a timsTOF Pro mass spectrometry (Bruker). The MS
raw data for each sample were combined and searched using the MaxQuant
1.6.14 software for identification and quantitation analysis. The differentially
expressed proteins (DEPs) were selected on the basis of the combination of |
log2(fold change)| ≥ 1 and P ≤ 0.05. Gene ontology (GO) enrichment analysis
of the DEPs was performed with Blast2GO [45].

RESULTS
The schizophrenia GWAS risk SNPs at 10q24.32-33 are
associated with mRNA and protein levels of CNNM2 in human
DLPFC tissues
We examined the associations of 10q24.32-33 schizophrenia risk
SNPs with gene expression using the PsychENCODE DLPFC eQTL
dataset (n= 1387) [28]. The schizophrenia risk SNPs (e.g., rs11191580
or its LD-index SNPs) were significantly associated with mRNA levels
of CNNM2 in the DLPFC of PsychENCODE sample (Fig. 1B). We also
examined the eQTL associations in GTEx dataset, which contains
multiple brain and peripheral tissues, and the risk SNP (e.g.,
rs11191580) was significantly associated with the CNNM2 mRNA
expression only in brain tissues rather than peripheral tissues
(Fig. S1). Considering that PsychENCODE and GTEx datasets both
primarily comprised of adult individuals, we then examined whether
rs11191580 was also associated with CNNM2 mRNA expression in
fetal brains or early developmental stage cells (e.g., neural progenitor
cells and neurons) [46–50], but the SNP did not show any evidence
of association with CNNM2 in either database (all P > 0.05),
suggesting that the eQTL associations were evident only in adults.
Compared to mRNAs, proteins are the eventual products of

gene expression and the primary functional components in the
molecular processes of cells [51], and integrative analyses
combining pQTL and GWAS of brain disorders (e.g., Alzheimer’s
disorders and depression) have revealed causal brain proteins in
the illnesses [32, 52, 53]. We then utilized two independent DLPFC
pQTL datasets (n= 376 for ROSMAP and n= 152 for Banner) [32]
to identify proteins whose abundances were correlated with those

risk SNPs, and again observed that the protein levels of
CNNM2 showed significant associations (Fig. 1C, D).

Integrative analyses of DLPFC eQTL and pQTL datasets
confirm CNNM2 as a schizophrenia risk gene
We then performed SMR analyses integrating schizophrenia PGC3
GWAS and DLPFC eQTL/pQTL datasets to identify risk genes at
10q24.32-33 whose mRNA/protein levels were affected by genetic
risk of schizophrenia. In the DLPFC eQTL datasets from PsychEN-
CODE [28], lower mRNA levels of CNNM2 were significantly
associated with increased genetic risk of schizophrenia (PSMR= 9.29
× 10−8, PHEIDI= 0.276, Fig. 2A). In the independent DLPFC pQTL
datasets from ROSMAP [32] and Banner [54], reduced protein levels
of CNNM2 were also significantly associated with elevated genetic
risk of schizophrenia (ROSMAP, PSMR= 1.50 × 10−5, PHEIDI= 0.637,
Fig. 2B; Banner, PSMR= 5.01 × 10−5, PHEIDI= 0.989, Fig. 2C). Notably,
CNNM2 was the only schizophrenia risk gene showing significance
that survived multiple corrections at both mRNA and protein levels,
and modulation of CNNM2 expression likely explain part of the
biological impact of schizophrenia risk in the 10q24.32-33 region.

Temporal-spatial expression profiling of CNNM2 in human
tissues and cells
CNNM2 encodes a magnesium transporter playing essential roles
in magnesium homeostasis [55, 56]. To specifically explore how
CNNM2 dysfunction contributes to schizophrenia, we firstly
investigated the temporal-spatial expression pattern of CNNM2
in human tissues and cells. According to the GTEx dataset [35],
CNNM2 was highly and widely expressed in human brain tissues
including cerebellum and frontal cortex, whereas CNNM2 mRNA
levels were generally low in peripheral tissues (Fig. S2). By
analyzing the temporal expression of CNNM2 using PsychENCODE
dataset [28], we found that CNNM2 expression in brain was slightly
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Fig. 3 Knockdown of Cnnm2 in the mPFC of mice results in behavioral abnormalities associated with schizophrenia. A Timeline of the
behavioral tests. B Schematic illustration of stereotaxic injection of AAV-Cnnm2-shRNA or AAV-Control-shRNA in mPFC (left), and
representative image showing red fluorescent protein expression at the injection sites (right). C Verification of Cnnm2 knockdown efficiency
by AAV expressing shRNA targeting Cnnm2. RT-qPCR showed significantly reduced Cnnm2 expression in the mPFC of mice injected with AAV-
Cnnm2-ShRNA compared with the mice injected with AAV-Control-shRNA. n= 4 per group, two-tailed student’s t tests. D–O Behavioral
performance of the control and Cnnm2 knockdown mice. Two-tailed student’s t tests. D, E Open field test. Total distance traveled in the open
field apparatus (D) and the time spent in the center area (E); n= 31 per group. F Rotarod test. The latency of mice to fall off the rotarod; n= 31
per group. G–J Novel object recognition test. The percent of time spent in exploration of two identical objects separately (G) and the
discrimination ratio of mice to object 2 (H) in the training session. The percent of time spent in exploration of the familiar and novel objects
separately (I) and the discrimination ratio of mice to the novel object (J) in the testing session; n= 31 per group. K, L Y-maze test for spatial
reference memory. The time spent in the novel arm (K) and the number of entries into the novel arm (L); Control-shRNA, n= 30; Cnnm2-
shRNA, n= 28.M Y-maze spontaneous alteration test. The alteration rate of mice for three consecutive entries to the different arms; n= 30 per
group. N, O Prepulse inhibition test. The startle response of the mice to 120 dB pulse stimulus (N) and the inhibition of the mice startle
response to 120 dB pulse stimulus by prepulse (74 dB, 78 dB, 86 dB) (O); n= 31 per group. *P < 0.05, **P < 0.01, ****P < 0.0001. Error bars
indicated standard error of mean. Abbreviations: AP anteroposterior, ML mediolateral, DV dorsoventral, PrL prelimbic cortex.
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increased after birth compared to that in fetal stages, and
remained relatively unchanged throughout postnatal to adult
stages (Fig. S3). Notably, comparisons of CNNM2 mRNA levels in
different types of brain cells [28] revealed that the expression of
this gene was higher in neurons at the adult stage than that at the
developmental stage and the non-neuronal cells (Fig. S4).

Knockdown of Cnnm2 in the mPFC of mice leads to cognitive
impairment and reduces prepulse inhibition
The human DLPFC and its rodent equivalent medial PFC (mPFC)
have been implicated in the behavioral abnormalities associated
with schizophrenia [57]. The above expression analyses indicate
that decreased expression of CNNM2 in DLPFC was associated with
an increased risk of schizophrenia. We then evaluated whether
reduced Cnnm2 expression in mPFC would affect murine behaviors
relevant to schizophrenia. We reduced the Cnnm2 expression in
the mPFC of 7-week-old wild-type C57BL/6J male mice through
AAV injection, and the timeline of behavioral tests was shown in
Fig. 3A. The stereotaxic injection of AAV in mice mPFC was verified
at the end of the behavioral tests, and we found that the red
fluorescent protein was mainly restricted to the PrL (prelimbic
cortex, the targeted brain region) (Fig. 3B). The knockdown
efficiency of Cnnm2 by AAV was confirmed by RT-qPCR. Compared
to control group, the expression of Cnnm2 in mPFC of mice was
significantly decreased in Cnnm2-shRNA group (Fig. 3C).
Before the behavioral test, all the tested mice had no obvious

health problem, such as weight loss or microbial infection. In the
open field test, there was no significant difference in total traveled

distance and time spent in center area between Cnnm2 knockdown
mice and control mice (total distance, P= 0.207; time spent in center,
P= 0.496, Fig. 3D, E). We then assessed the effect of Cnnm2
knockdown on the motor and coordination of mice by rotarod test,
and demonstrated that the Cnnm2 knockdown mice exhibited
normal motor and coordination function (latency to fall, P= 0.180,
Fig. 3F). In the light and dark box, the mice with decreased Cnnm2
showed no significant change in the entries to the light box and the
time spent in the light box compared with control mice (entries to
the light box, P= 0.264; time spent in the light box, P= 0.979,
Fig. S5A, B). In the elevated plus maze, there was also no difference in
the time spent in the open arms and the distance traveled in the
open arms between experimental groups (time spent in the open
arms, P= 0.716; distance traveled in the open arms, P= 0.677,
Fig. S5C, D). These results indicated that Cnnm2 expression reduction
in mPFC of mice did not lead to anxiety-like behavior.
In the behavioral tests for assessment of recognition memory,

there was no significant difference in the time of exploring two
identical objects for the Cnnm2 knockdown mice and control mice
(percent of exploration time of Control-shRNA, P= 0.095; percent
of exploration time of Cnnm2-shRNA, P= 0.420, Fig. 3G), and the
discrimination rate between two groups also showed no
significant difference on training session (discrimination ratio,
P= 0.663, Fig. 3H); the control mice spent significantly more time
exploring the novel object than the familiar one, whereas the
Cnnm2 knockdown mice did not (percent of exploration time of
Control-shRNA, P < 0.0001; percent of exploration time of Cnnm2-
shRNA, P= 0.194, Fig. 3I), and the discrimination to the novel
object was significantly decreased when Cnnm2 was repressed
(discrimination ratio, P= 0.036, Fig. 3J). These results suggest that
reducing Cnnm2 expression in mice may impair recognition
memory. Moreover, we assessed the spatial memory of mice using
the Y-maze test, although there was no statistical difference in the
time spent in the novel arm (time spent in novel arm, P= 0.223,
Fig. 3K), the entries of the Cnnm2 knockdown mice were markedly
reduced compared to the control mice (entries to novel arm,
P= 0.045, Fig. 3L). Furthermore, the spontaneous alternation rate
in Cnnm2 knockdown mice was significantly lower than control
mice (alternation, P= 0.027, Fig. 3M). In addition, we found that
both groups spent more time exploring the strange mouse than
the empty enclosure (percent of exploration time of Control-
shRNA, P < 0.0001; percent of exploration time of Cnnm2-shRNA,
P < 0.0001, Fig. S5E) and the familiar mouse (percent of explora-
tion time of Control-shRNA, P= 0.056; percent of exploration time
of Cnnm2-shRNA, P= 0.004, Fig. S5G) in the three-chambered
social interaction test, and there was no difference in the
discrimination ratio between two groups on both stages
(discrimination ratio of stage 2, P= 0.874; discrimination ratio of
stage 3, P= 0.612, Fig. S5F, H), indicating that the Cnnm2
knockdown mice showed normal social interest and social novelty.
Taken together, these results indicated that knockdown of Cnnm2
in mPFC of mice led to cognitive impairment.
In the PPI test, no differences in amplitude of the startle

response at 120 dB were observed between mice of different
experimental groups (startle response, P= 0.166, Fig. 3N). We
hence continued to evaluate sensorimotor gating, measured as a
reduction of the acoustic startle response after prepulse exposure.
Notably, the mice with reduced Cnnm2 exhibited significantly
attenuated inhibition in response to the startle pulse when given
the 86 dB pre-pulse (percent of PPI-74 dB, P= 0.323; percent of
PPI-78 dB, P= 0.079; percent of PPI-86 dB, P= 0.031, Fig. 3O). This
indicated that the sensorimotor gating function of mice was
compromised by the suppression of Cnnm2.

Knockdown of Cnnm2 in primary neurons affects dendritic
spine morphogenesis
We transfected Cnnm2-shRNA construct in cortical neurons to
reduce the expression of Cnnm2, which corroborated a higher
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Fig. 4 Knockdown of Cnnm2 expression in rat primary cortical
neurons and their impacts on dendritic spine morphogenesis
(n ≥ 70 neurons in each experimental group). Confocal images of
whole neurons transfected with Control-shRNA or Cnnm2-shRNA,
and scale bars represent 20 μm. Dendritic branches were from
each corresponding neuron respectively, and scale bars represent
5 μm. Neuronal morphologies were visualized by staining for
Enhanced Green Fluorescent Protein (EGFP). All neuronal experi-
ments were replicated at least twice with consistent conduct and
acquisition parameters, and within each experiment the dendritic
spines were counted for each condition from more than three
separate cultures. *P ≤ 0.05, **P ≤ 0.01. Error bars indicated
standard deviation.
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genetic risk of schizophrenia. The knockdown efficiencies of
Cnnm2 by shRNA constructs were confirmed (Fig. S6). We
observed significant increased total spine density in Cnnm2
knockdown neurons compared with control neurons (Control-
shRNA, 4.121 ± 1.476 spines per 10 μm; Cnnm2-shRNA,
4.735 ± 1.449 spines per 10 μm; P= 0.0129; Fig. 4). Further
post-hoc multiple comparisons showed that suppression of
Cnnm2 leads to a significantly increased density of stubby
dendritic spines (Control-shRNA, 1.422 ± 0.678 spines per 10 μm;
Cnnm2-shRNA, 1.768 ± 0.746 spines per 10 μm; P= 0.0053; Fig. 4),

while the densities of thin or mushroom spines were not
affected.

Decreased Cnnm2 level causes changed expression of proteins
associated with neuronal function
We then investigated the molecular changes in mPFC induced by
decreased Cnnm2 levels through proteomic analysis. In brief, 111
proteins were identified differentially expressed (|log2(fold
change)| ≥ 1 and P ≤ 0.05) in Cnnm2 knockdown mice compared
with controls (Fig. 5A, B, Table S1). Among these DEPs, 16 DEPs

Fig. 5 overview of the altered proteome of mPFC in Cnnm2 knockdown mice. A Volcano plot of differentially expressed proteins, |log2(fold
change)| > 1, P < 0.05. B Hierarchical clustering analysis of all identified differentially expressed proteins and the corresponding Heatmap. Red:
upregulated. Blue: downregulated. The color in the Heatmap indicates the protein expression level which was scaled across all samples and
displayed as Z-score. C The top GO enrichment of biological process of all identified differentially expressed proteins. The circle size represents
the number of proteins enriched in each item.
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were involved in synaptic plasticity regulation or ion channel
formation (Table S2), for example, Neuronal pentraxin-2 (encoded
by Nptx2) enhances the accumulation of AMPARs on the
postsynaptic membranes [58], and Girdin (encoded by Ccdc88a)
regulates NMDAR activation associated with neuronal plasticity
[59]. GO enrichment analysis showed that the DEPs were
significantly enriched in the biological processes related to
neuronal structure and function, resting membrane potential,
and organic cation transport (Fig. 5C).

DISCUSSION
Accumulating GWAS have reported hundreds of genomic loci
associated with clinical diagnosis of schizophrenia, and the
10q24.32-33 locus has been consistently characterized as one of
the most significant genomic loci. Here, we reported an important
schizophrenia risk gene CNNM2 in the 10q24.32-33 region, and its
reduced mRNA and protein expression in DLPFC tissues predicted
higher genetic risk of the illness in Europeans. Intriguingly, CNNM2
was also highlighted in a SMR analysis integrating schizophrenia
GWAS and prefrontal cortex eQTL dataset in East Asian popula-
tions [60], suggesting that this gene was likely involved in
schizophrenia across different ethnic populations. Another study
of phenotype atlas for abnormal behavior and brain activity in
zebrafish mutants also reported that Cnnm2 was a potential driver
of the schizophrenia risk associations at 10q24.32-33 [61]. These
lines of evidence suggest pivotal roles of CNNM2 in schizophrenia
pathogenesis, and it is of great interest to explore the function of
this risk gene in brain development. In the present study, we have
demonstrated that reduced Cnnm2 in the mPFC of mice could
lead to cognitive impairment and sensorimotor gating deficit (an
endophenotype of schizophrenia). Since CNNM2 plays essential
roles in the homeostasis of magnesium [55], an essential regulator
in neuronal maturation and neuropathology [56], our discovery
may be related to the dysfunction of CNNM2 in transporting
Magnesium ion (Mg2+). Mg2+ is a highly selective inhibitor of
NMDA receptor, and the Mg2+ homeostasis is essential for the
activity of NMDAR [62]. The long-term potentiation and long-term
depression induced by NMDAR stimulation are the most
important mechanisms of synaptic plasticity, which plays crucial
roles in the process of learning and memory formation [63].
Notably, we have shown that reduced Cnnm2 affected dendritic
spine morphogenesis, and abnormal expression of proteins
involved in synaptic plasticity regulation or ion channel formation.
Therefore, decreased Cnnm2 in mPFC may induce sensorimotor
gating dysfunction through affecting Mg2+ homeostasis, NMDAR
activity and synaptic plasticity.
However, cautions should also be kept given some incon-

sistent observations, for example, previous studies found
reduced dendritic spines in the brains of schizophrenia patients
[17, 20], while our study found that higher genetic risk of CNNM2
predicted increased stubby dendritic spines. Stubby spines are
prevalent in the early stages of postnatal development and their
number declines during the brain maturation [64, 65]. They lack
distinctive head and neck, and are less mature compared with
mushroom spines and likely represent the transient stages of
spine formation and elimination [66], whereas an over-
representation of the less mature spines is likely to cause
impaired cognitive functions [67]. Although there is a general
consensus that schizophrenia was associated with decreases in
dendritic spine density [17, 20, 23, 68], there are still obstacles
and challenges to the dendritic spine pathology hypothesis of
schizophrenia. One crucial issue is that the findings of reduced
density of dendritic spines in schizophrenia were identified in
postmortem brain tissue, a result inevitably affected by some
confounding factors including antipsychotics treatment, dura-
tion and severity of illness, tobacco and alcohol use, and drug

abuse [69]. It is thus difficult to simulate this time-dependent
developmental changes with primary neurons cultured in vitro.
In addition, there were also studies reporting that schizophrenia
risk genes lead to an increased density of immature spines and
impaired synaptic function in primary cortical neurons or in the
rodent PFC. For example, Kristina et al. have reported that
increased nitric oxide synthase 1 adapter protein (encoded by a
schizophrenia risk gene NOS1AP [70]) promoted the formation of
immature spines in primary rat cortical neurons and influenced
synaptic function [71]. Expression and activity of the phosphoi-
nositide 3-kinase (PI3K) catalytic isoform, PIK3CD/p110δ, is
increased in schizophrenia, and overexpression of p110δ in
primary rat hippocampal cultures significantly increased imma-
ture and mature dendritic spine densities [72]. Moreover, Tcf4tg
mice, the transgenic mice overexpressing transcription factor 4
(encoded by a schizophrenia risk gene TCF4 [2]) in forebrain,
showed higher density of immature (stubby) spines during
development and displayed deficits in sensorimotor gating [73].
Therefore, increased density of stubby spines is not equivalent
to enhanced synaptic plasticity and better cognitive function,
and our results indicate that knockdown of Cnnm2 in primary
neurons may affect neuronal development and may be involved
in impaired cognitive functions.
In addition, we acknowledge another potential limitation that it

would be best to perform the behavioral analyses and spine
density experiment both in mice. Nevertheless, there has been
studies showing that manipulation of schizophrenia risk genes
lead to consistent spine phenotypes in rat and mice primary
neurons, for example, knockdown of Zfp804a could decrease the
dendritic spine density both in primary rat cortical neurons and
mouse cortical neurons [13, 26, 74]. In addition, since Cnnm2 is
highly conserved across rat and mice (~99.4%), the effects of this
gene on the dendritic spine morphogenesis of rat and mouse
neurons might be consistent.
In conclusion, we have characterized a schizophrenia risk gene

CNNM2. Its critical functional impact on sensorimotor gating
function and dendritic spine morphogenesis highlights its
putative involvement in schizophrenia pathogenesis. Further
studies are warranted to explore the effect of decreased CNNM2
expression on synaptic function to illustrate the detailed
mechanism of this gene in schizophrenia.
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