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DiGeorge Syndrome Critical Region Gene 8 (DGCR8) is a key component of the
microprocessor complex governing the maturation of most microRNAs, some of which
participate in schizophrenia and neural development. Previous studies have found that
the 22g11.2 locus, containing DGCRS, confers a risk of schizophrenia. However, the role
of DGCRS in schizophrenia and the early stage of neural development has remained
unknown. In the present study, we try to identify the role of DGCR8 in schizophrenia
from human samples and animal models. We found that the G allele and GG genotype
of rs3757 in DGCR8 conferred a higher risk of schizophrenia, which likely resulted
from higher expression of DGCR8 according to our test of dual-luciferase reporter
system. Employed overexpression model in utero and adult mice, we also revealed
that the aberrant increase of Dgcr8 delayed neuronal migration during embryological
development and consequently triggered abnormal behaviors in adult mice. Together,
these results demonstrate that DGCR8 may play a role in the etiology of schizophrenia
through regulating neural development.

Keywords: DGCRS8, schizophrenia, rs3757, neuronal migration, behavioral phenotype

INTRODUCTION

Schizophrenia (MIM181500) is a debilitating mental illness mainly characterized by hallucinations,
delusions, dampened emotions, social withdrawal and cognitive deficits (1). The global age-
standardized point prevalence of schizophrenia is estimated to be 0.28% (95% uncertainty interval:
0.24-0.31) (2). It has been established that individuals with 22q11.2 microdeletions, removing a
series of genes including DGCRS, exhibit a spectrum of cognitive deficits and approximately 30%
of them develop typical schizophrenia or schizoaffective disorder in adolescence or early adulthood
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(3), which account for up to 1-2% of sporadic schizophrenia
cases (4). DGCRS, one of the best-known genes disrupted by
the 22q11.2 microdeletion (5, 6), is essential to microRNA
production by encoding an RNA-binding moiety of the
“microprocessor” complex (7, 8).

Animal model Df(16)A* mice, carrying a hemizygous 1.3-
Mb chromosomal deficiency syntenic to the 1.5-Mb human
22q11.2 microdeletion, have consistently shown abnormalities
in sensory information processing, synaptic connectivity in the
hippocampus, working memory and migration of interneurons
(5, 6, 9, 10), which are also seen in schizophrenia patients.
Strikingly, analysis of Dgcr8 strain provided compelling
evidence that Dgcr8 haploinsufficiency and the ensuing
anomalies in miRNA biogenesis account, at least in part, for
the neuronal disruption and abnormal behavior observed
in Df(16)Ai mice (5, 11). While the link of schizophrenia
with 22q11.2 deletions as well as DGCRS8 depletion has been
well-established in the animal study, there are few functional
studies of microduplications of DGCR8/22q11.2 in schizophrenia
(12-14).

Human and mouse tissues from adult and fetus showed
rather ubiquitous expression of DGCR8/Dgcr8 (15), including
subventricular zone/ventricular zone (SVZ/VZ), cortical plate
(CP) and hippocampus (11, 16). The essential functions of Dgcr8
during development of the central nervous system involved
in neuronal progenitor cells (NPCs) expansion, corticogenesis
at early stages of development (16, 17) and neurogenesis in
adult hippocampus (11). Previous study reported that deletion
of Dgcr8 in postmitotic neurons of the postnatal mouse
hippocampus and neocortex was reported to induce lethal
phenotype (18). Overexpression of DGCRS8 in the embryonic
mouse neocortex promotes the expansion of NPC pools and
represses neurogenesis (19).

Moreover, increased miRNA biogenesis and DGCRS,
an RNA binding protein intimately involved in miRNA
processing, were observed in the schizophrenia cohort (20)
and it was featured in postmortem brain study that DGCR8
was significantly upregulated in the superior temporal gyrus
(STG), the dorsolateral prefrontal cortex (DLPFC) (12) and
hippocampus (21) which was in line with the elevation of
schizophrenia-associated miRNA.

Thus, we hypothesized that DGCR8 may be partially
responsible for schizophrenia and abnormal expression of
DGCRS8 may result in developmental deficits in the neural system
and abnormal behavioral phenotype in adulthood.

MATERIALS AND METHODS
Subjects

In this case-control study, a total of 1,034 unrelated schizophrenia
patients (625 males and 409 females, age: 52.1 £ 12.9 years
old) and 1,034 unrelated healthy controls (588 males and 446
females, age: 41.1 £ 10.0 years old) were recruited. All subjects
were Han Chinese in origin. All of the patients were chronic
schizophrenia recruited from Shanghai Mental Health Center
(Mental Health Center affiliated to Shanghai Jiao Tong University

School of Medicine), Shanghai Changning Mental Health Center
and Wuhu No.4 People’s Hospital (Wuhu psychiatric hospital)
from 2001 to 2003. Schizophrenia cases were diagnosed by
two independent psychiatrists using DSM-IV (Diagnostic and
Statistical Manual of Mental Disorders — Fourth Edition)
criteria. All the control subjects underwent a personal interview
with a 10-item questionnaire based on the Mini-International
Neuropsychiatric Interview (version 5.0.0), and none was found
to have any history of psychiatric illness. The study was approved
by the Ethics Committee of the Human Genetics Center in
Shanghai. Written informed consent was obtained from all the
individuals tested.

Animal

Timed pregnant C57BL/6 10-week-old female mice were
purchased from SLAC Laboratory Animal for in utero gene
transfer and C57BL/6 8-week-old male mice for behavioral tests.
Each five mice were housed in one cage, given food and water
and maintained on a 12 h light, 12 h dark cycle. Animal care
procedures were approved by the Institutional Animal Care and
Use Committee of Shanghai Jiao Tong University.

Antibodies

The primary antibodies used were: polyclonal anti-Dgcr8
(Proteintech), mouse anti-B-tubulin (Sigma), rabbit anti-f -
actin (CST).

The secondary antibodies used were: HRP-anti-rabbit (Kang
Chen), Alexa fluor 488 anti-rabbit (Invitrogen).

Genotyping

Genomic DNA was extracted from peripheral blood samples of
the subjects using the phenol-chloroform method. All SNPs were
genotyped on the ABI 7900 DNA detection system (Applied
Biosystems, Foster City, CA, United States) using TaqgMan®
technology. All probes were designed by the Applied Biosystems
service. The standard 5ml Polymerase chain reaction (PCR) was
carried out using TagMan® Universal PCR Master Mix reagent
kits under the guidelines provided.

Plasmid Construction
Luciferase plasmids were constructed as follows. Primers
were designed to amplify the 3 UTR of DGCRS8 in
humans with tags introducing the Xbal restriction enzyme
site:  5'-GCTCTAGAgggaggtggcacggg (Forward) and 5'-
GCTCTAGA ttcccttctggacagtttgctttatg (Reverse). After
amplification, PCR product was digested by Xbal. The
3’ UTR fragment was then inserted into the Xbal site
in a pGL3-promoter firefly luciferase reporter vector
(Promega) (pGL3-promoter-DGG); after which pGL3-
promoter-DGA was created using Quickchange Lightning
Site-directed Mutagenesis Kit (Stratagene). The primers for
mutation were 5'-ctgatgccatccagageactgggetgtge (F) and 5
gcacagcccagtgetetggatggeatcag  (R).  Both  constructs  were
sequence verified prior to use.

Full-length mouse Dgcr8 ¢cDNA was cloned from cerebral
cortical cDNA and inserted into pCAGIG overexpression vector
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by EcoRI and Notl to make pCAGIG-Dgcr8 for in utero gene
transfer. And full-length mouse Dgcr8 cDNA was inserted into
pCMV-mcherry for lentivirus package.

Luciferase Assay

Human embryonic kidney 293 (HEK293) cells were cultured
in Dulbecco’s modified Eagle’s medium with 10% fetal bovine
serum, 100 U/ml penicillin, 100 U/ml streptomycin at 5%
CO2 and 37°C. At 80-90% confluence in a 24-well culture
dish, the cells were transiently cotransfected with pRL-SV40
Renilla reporter vector (Promega) and pGL3-promoter-DGA or
pGL3-promoter-DGG or pGL3-promoter using FuGENE HD
Transfection Reagent (Roche) according to the manufacturer’s
protocol. Twenty-four hours after transfection, the cells were
harvested and the activities of both the firefly luciferase and
Renilla luciferase were measured using the Dual-Luciferase
Reporter Assay System (Promega) on Berthold LB940 according
to the manufacturer’s protocols. Renilla luciferase values were
used to normalize cell counts and transfection efficiency.

Secondary Structure Prediction

Secondary structures of 3 UTR of DGCRS8 with rs3757
polymorphism were predicted using the CentroidFold
program available at http://www.ncrna.org/centroidfold and the
RNAfold program available at http://rna.tbi.univie.ac.at/cgi-bin/
RNAWebSuite/RNAfold.cgi.

Verification of Overexpression Efficiency

of Constructs

HEK293 cells were transiently cotransfected with pCAG-GFP-
Dgcr8 and shRNA vectors using Lipofectamine 2000 (Invitrogen)
according to the manufacturer’s protocol. E18 primary cortical
neurons were cultured as described by Zhou et al. (22). shRNAs
were transfected into neurons using the Amaxa Rat Neuron
Nucleofector Kit and the Nucleofecor II Device (Lonza).

In utero Electroporation

The in utero electroporation was carried out as described by
Zhao et al. (23). Pregnant mice at E13.5 were anesthetized with
1% Nembutal solution (100 mg/kg, sigma). When the uterus
was taken out, 1-2 pl plasmids and Fast Green (0.001%, sigma)
mixture was microinjected into the lateral ventricle of embryos
using a fine glass micropipette. The brains of embryos were
then clamped by ECM830 (BTX Instrument Division, Harvard
Apparatus Inc., Holliston, MA, United States) at five times of 30 V
for 50 ms, with an interval of 100 ms. After injection, the uterine
horn was placed back in the abdominal cavity and the abdominal
wall and skin was surgically sutured. After surgery, the animal
was placed in a warm recovery incubator for 1 h. A total of 12
mice were underwent the embryonic electroporation surgery.

Virus Injection

Dentate gyrus (DG) was chosen for the target site of
lentivirus infection where neurogenesis in the brain of adult
mammals occurs throughout life. Mice were anesthetized with
1% Nembutal solution (100 mg/kg, sigma) and placed in a

stereotactic apparatus. A small craniotomy was performed and
1 pl of lentivirus was gradually injected using a finely pulled
capillary connected to a pulse generator and a vacuum pump. The
following stereotactic coordinates were used relative to Bregma
for DG: caudal 2.0, lateral 1.6, and ventral 1.9-2.1. A total of 32
mice were injected with the virus, that was 16 for lenti-Ctrl group
and 16 for lenti-Dgcr8 group.

Western Blotting

Tissue or cells were lysed in RIPA buffer (Sigma) including
a complete/phosphatase stop cocktail (Millipore). Protein
concentration was measured by Bradford assay (Bio-rad)
and lysates (20 pg per lane) were separated by 6-10%
SDS-PAGE and transferred onto a nitrocellulose membrane.
The transferred membrane was incubated with a blocking
solution [5% milk (BD) in TBST] 1 h at room temperature,
followed by overnight incubation with a primary antibody
at 4°C. The membrane was incubated with HRP-conjugated
secondary antibody (Millipore) for 1 h at room temperature.
Immunoreactivity was detected with an ECL kit (Millipore). The
optical density of the immunoreactivity bands was analyzed using
Image] software (NIH). All western blotting experiments used a
sample size of 3 versus 3.

Slice Imaging and Analysis

The pattern of migration in the developing cerebral cortex, the
numbers of GFP- positive cells was counted from four to five
different littermates. Brain slices were obtained under a Leica
confocal microscope. Cortical sublayers were identified based on
cell density using nuclei dye or specific markers.

Mouse Behavioral Tests

Due to the accidental death of 2 mice in control (lenti-Ctrl) group
during the virus injection, eventually 30 mice (14 for lenti-Ctrl
versus 16 for lenti-Dgcr8) entered the behavioral testing stage.
Mice were measured in a novel open field (27.5 cm x 27.5 cm)
for 20 min. The elevated plus maze was conducted in a device
(two open arms and two closed arms with walls of 17 cm height,
each arm is 29 cm long, and 8 cm wide.). In the sociability test,
mice were allowed to explore in a three-chambered box with
openings between the chambers for 10 min. After that, a strange
little mouse was placed inside a wire containment cup that was
located in one of the side chambers. Then the original mouse was
replaced in the same box for 5 min. In the forced swim test, mice
were placed in an 18 cm diameter and 25 cm high container and
recorded for 5 min. The context fear conditioning test was carried
out by using operant chambers (Med Associates) with electrifiable
steel grid floor. During the training phase, mice were habituated
to the chamber for 2 min, followed by 3 times foot shock. 24 h
after the training, the mice were placed in the same chamber for
5 min to record their reaction. The Startle Response System of
SR - LAB™ company was applied for prepulse inhibition test
(PPI). Mice were in the soundproof box with a pressure sensor
to 5 min, and then tested 90 trials. The background noise was
set as 65 decibels, strongly stimulated as 120 decibels, former
pulse as 76, 79, or 85 decibels. The apparatus for Morris water
maze test consists of a circular water tank filled with water and a
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hidden platform submerged a few centimeters under the water
surface in one quadrant of the tank. Training of the mice to
locate the hidden platform take for 7 days and tested spatial
learning of these mice at the 8th day where the platform was
removed from the pool.

Statistical Analysis

Genotypic association and Hardy-Weinberg equilibrium were
calculated on analysis.bio-x.cn (24), a powerful software platform
with integrated analysis tools appropriate for association studies.
100,000 permutations of positive genotypes were performed
using gplink (version 2.050). Linkage disequilibrium (LD) and
allele frequencies were analyzed using Haploview 4.0RC1 (25).
100,000 further permutations of positive alleles were also
obtained using Haploview 4.0RC1. Haplotypic frequencies were
initially estimated using UNPHASED including all window sizes
and all marker combinations (26). 100,000 further permutations
of positive haplotypes obtained from UNPHASED were corrected
using Haploview 4.0RC1. The power of the SNP data in the case-
control study was calculated using G*Power 3.1.2. The effect size
was set at 0.1 (corresponding to a weak gene effect), and the
significance level was set at 0.05.

The effect of polymorphisms of rs3557 on expression levels
was tested by one-way analysis of variance (ANOVA) using
GraphPad Prism 5. Values are presented as mean + SEM.
Western blot band intensities were qualified using Image Lab
3.0 (BIORAD). Neuronal distribution was analyzed by Image-Pro
Plus 6.0. Values are presented as the mean 4+ SEM. Student’s ¢-test
was used to measure the significance of differences between two
groups, and one-way analysis of variance (ANOVA) was used for
three or more groups.

RESULTS

rs3757, a SNP in 3’ UTR of DGCRS, Is
Associated With Schizophrenia in the

Han Chinese Population

The abnormality of Dgcr8* mice and strong association between
22ql11.2 microdeletion and schizophrenia prompted us to
speculate that DGCR8 expression levels could affect susceptibility
to schizophrenia. In addition, many other studies have inferred
that 3'UTR of a gene can significantly influence abundance
of corresponding protein through regulating mRNA stability
(27). We, therefore, chose 5 SNPs (rs1640299, rs2286928,
rs417309, rs720012, and rs3757) from 3’ UTR of DGCRS to
conduct an association study in 1034 schizophrenia patients and
1,034 healthy controls in the Han Chinese population. Among
these five SNPs, rs1640299 and rs720012 are tag SNPs in the
Chinese population.

Of these five SNPs, four met Hardy-Weinberg equilibrium
in both patients and controls and rs720012 was the exception.
Rs720012 was therefore discarded from further analysis. The
statistical power of all four SNPs was above 90%. The allelic and
genotypic frequencies of the four SNPs are listed in Table 1.
Among the four SNPs, rs3757 showed a statistically significant

difference in allelic and genotypic distribution between the
schizophrenia group and the healthy group (P = 0.003 for allele;
P =0.008 for genotype). Both allelic and genotypic association
remained after Bonferroni correction (P = 0.012 and 0.032,
respectively). As higher frequencies were found in the patient
group than in the control group, the G allele and GG genotype at
rs3757 were probably conferred a higher risk of schizophrenia. In
addition, we did gender stratification analysis, rs2286928 in male
and rs3757 in female showed a statistically difference in allelic
distribution between the schizophrenia group and the healthy
group after Bonferroni correction (both P = 0.028).

There was no strong linkage disequilibrium among the SNPs
(Supplementary Figure 1). Haplotype analysis revealed that
there were a series of positive associations of 2 phase, 3 phase, and
4 phase haplotypes with schizophrenia when the global p-value
was below 0.05 (Table 2).

rs3757 Polymorphism Affects Expression
in vitro
Our association study identified rs3757 in DGCRS8 gene as
a vulnerable factor to schizophrenia. The next question was
whether this association had anything to do with the protein
expression levels. To investigate this, we engineered luciferase
reporters carrying either wild-type or mutated versions of Dgcr8
3’UTR. Two constructs containing A or G at rs3757 (pGL3-
promoter-DGA, pGL3-promoter-DGG) were generated through
site directed mutation and were transfected into HEK293 cells.
As shown in Figure 1, the luciferase activity of pGL3-
promoter-DGG (DGG in short) was about 10% higher than that
of pGL3-promoter-DGA (DGA in short), while the luciferase
activities of both constructs were significantly lower than that of
pGL3-promoter vector with no fragment inserted.

Dgcr8 Overexpression Results in

Abnormal Behaviors

Since the overexpression of Dgcr8 associated with human
schizophrenia, we asked whether enhancing the expression
of Dgcr8 would affect mice behaviors and cognition. We
injected lentivirus lenti-Dgcr8 (case group) or lenti-Ctrl (control
group) into the DG region of the hippocampus in 8-week-
old mice, and the location of viral injection was shown in
Supplementary Figure 2. The efficiency of the lenti-Dgcr8 was
verified on protein levels (Figure 2). Two weeks after viral
injection, we analyzed the behavioral and cognitive performance
of two groups’ mice using various tests, including open field test,
elevated plus maze test, social interaction test, forced swim test,
fear conditioning test, PPI, and Morris water maze test.

We applied the forced-swim test to evaluate depression-
and anhedonia-like behavior in lenti-Dgcr8 mice, and used
“abandon time” (the time point when the mice initially gave
up struggling in the water) and “immobility time” (the total
amount of time the mice floated in the water during the 5 min
testing) to do the statistical results. It showed significantly
increased immobility among lenti-Dgcr8 micecompared with
lenti-Ctrl mice (Figure 3B) and this abnormality also appeared in
Dgcr8* mice (11), suggesting abnormalities in Dgcr8 gene trigger
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TABLE 1 | The distribution of alleles and genotypes for the four SNPs in DGCR8 3’ UTR.

SNP ID Allele frequency p-value? genotypic frequency p-value? H-W p-value
rs1640299 A AA AC CC
case 1528(0.766) 0.524 584(0.585) 364(0.364) 51(0.051) 1.000 0.554
control 1496(0.746) 557(0.553) 389(0.386) 62(0.062) 0.587
rs2286928 A AA AG GG
case 113(0.056) 0.320 6(0.006) 112(0.110) 896(0.884) 0.236 0.227
control 90(0.044) 3(0.003) 84(0.083) 931(0.915) 0.453
rs417309 A AA AG GG
case 76(0.039) 0.836 4(0.004) 72(0.074) 899(0.922) 0.840 0.055
control 63(0.032) 1(0.001) 61(0.061) 932(0.938) 0.999
rs3757 G AA AG GG
case 1566(0.825) 0.012 34(0.036) 267(0.280) 654(0.685) 0.032 0.301
control 15635(0.787) 44(0.045) 330(0.337) 605(0.618) 0.906
ap-values (after Bonferroni correction) <0.05 are in boldface.
TABLE 2 | Estimated haplotype frequencies in the case-control subjects.
Test markers? Haplotype Ca-Freq Co-Freq P-value? P-value® Global P-value®
2 SNP rs1640299-rs2286928 C-A 0.05 0.037 0.047 0.103 0.017
C-G 0.183 0.217 0.0094 0.015
rs1640299-rs3757 C-A 0.146 0.183 0.003 0.0065 0.015
rs2286928-rs417309 G-G 0.904 0.925 0.016 0.069 0.119
rs2286928-rs3757 G-A 0.173 0.21 0.0038 0.0066 0.021
rs417309-rs3757 G-A 0.172 0.211 0.0029 0.0063 0.011
G-G 0.788 0.756 0.02 0.046
3 SNP rs1640299-rs2286928-rs417309 C-G-G 0.183 0.215 0.013 0.023 0.16
rs1640299-rs2286928-rs3757 C-G-A 0.147 0.183 0.0031 0.0045 0.071
rs1640299-rs417309-rs3757 C-G-A 0.144 0.183 0.0023 0.0057 0.022
rs2286928-rs417309-rs3757 G-G-A 0.173 0.209 0.0037 0.0083 0.013
4 SNP rs1640299-rs2286928-rs417309-rs3757 C-G-G-A 0.145 0.183 0.0025 0.0032 0.164

Ca-Freq: the marginal frequency of the haplotypes in cases. Co-Freq: the marginal frequency of the haplotypes among controls. @haplotypes with a p-value (before
permutation) >0.05 are not shown. Pp-values(after permutation) <0.05 are in boldface. Cglobal p-values < 0.05 are in boldface.

depression phenotype. Performance in PPI task, a measure
of preattentive processing and a non-specific endophenotype
of several psychiatric, displayed abnormal sensorimotor gating
in lenti-Dgcr8 mice (Figure 3C). Notably, several genes
including Dgcr8 disrupted by 22q11.2 microdeletion have been
pointed toward to modulate PPI repeatedly (5, 28-30). In
addition, all the other behavior tests (open field, elevated plus
maze, social interaction, fear conditioning and Morris water
maze test) displayed negative results which were shown in
Supplementary Figure 4.

Dgcr8 Affects Neuronal Migration

We found that Dgcr8 was highly expressed in the mice neocortex
in the early stages of embryonic development and that it
decreased gradually with the growth of embryos. At postnatal
day 21 and beyond, Dgcr8 abundance was much lower, compared
to that of E9 (Figure 4). In addition, increasing evidence
has provided support for the neurodevelopmental hypothesis
of schizophrenia (31). Previous studies had inferred that the
miRNA pool changed dramatically during the first stage of
development (32, 33) and that Dgcr8 knockout mice died before

birth. We therefore further investigated the role of Dgcr8 in
neural development.

We introduced Dgcr8 overexpression vectors into progenitors
of the embryonic cerebral cortex using in utero electroporation
to investigate the role of Dgcr8 in the developing neocortex. The
efficiency of the overexpression vector was verified in both the cell
line and mouse cerebral cortex (Supplementary Figure 3).

pCAGIG-Ctrl and pCAGIG-Dgcr8 were introduced into
NPCs in the ventricular zone of the mouse cortex at embryonic
day 13.5 (E13.5). The time point of in utero electroporation was
determined by compromising between Dgcr8 expression profile
in developing the mouse neocortex and feasibility of surgery.
At embryonic day 16.5 (E16.5), we evaluated the distribution
of EGFP-positive cells in the dorsolateral area of the neocortex
in coronal sections (Figures 5A,B). In the pCAGIG-Ctrl group,
and most neurons expressing EGFP (77.68 £ 5.70%) were
located at the cortical plate at E16.5. However, when pCAGIG-
Dgcr8 was transfected into NPCs, the migration process of these
transfected neurons was significantly delayed. At E16.5 and
the percentage of neurons positioned at CP was much lower
(51.40 £ 2.54%). Moreover, a considerable amount of EGFP
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FIGURE 1 | The luciferase activity of the two constructs transfected in
HEK293 were graphed after normalization against the plasmid pRL-SV40
expressing the Renilla luciferase gene. Data of pGL3-promoter was presented
as mean with SEM of n = 9 samples. Data of pGL3-promoter-DGA and
pGL3-promoter-DGG were presented as means with SEM of n = 27 samples
respectively. “*p < 0.001, One-way ANOVA test.

positive neurons had not departed from the ventricular zone (VZ)
and the subventricular zone (SVZ) (32.43 & 4.38% for VZ and
16.17 &£ 2.11% for SVZ) in the pCAGIG-Dgcr8 mice. Thus, Dgcr8
might play a role in normal neuronal migration.

DISCUSSION

22q11.2 deletion syndrome (22q11DS) constitutes one of the
strongest genetic risks for schizophrenia. Many genes located in
this region have been found to be associated with the disease
(34, 35). However, these candidate genes do not fully explain
symptoms observed in schizophrenia patients with 22q11.2
microdeletion, such as miRNA abnormal expression profiles
in patients compared to healthy individuals. This infers that
there may be other genes in the 22q11.2 microdeletion region
responsible for specific symptoms. In the case-control study,
we revealed the link between rs3757 in DGCR8s 3 UTR and
schizophrenia which is consistent with previous study from
Zhou et al. in which rs3757 displayed a significantly increased
risk with an odds ratio (OR) of 3.73 loci in 256 schizophrenia
patients compared with 252 healthy controls of Chinese origin
(36). In addition, only two groups have explored the relationship
between DGCRS8 and schizophrenia prior to the present study

(35, 37), while neither of these was based on Asian populations.
Liu et al. genotyped two SNPs in DGCR8 (rs2073778 in the
promoter and rs1640299 in 3’ UTR) in South African and
US samples using a family based study and a case-control
study (35). They found no association, which was consistent
with our finding that rs1640299 conferred no susceptibility to
schizophrenia in the Chinese population. Another work analyzed
three SNPs in DGCRS8 (rs2531721, rs374225, and rs2073778)
among schizophrenia patients of Ashkenazi Jewish origin and
the results still failed to reach statistical significance (37). Our
investigation is, therefore, the first to report the correlation
between DGCRS8 and schizophrenia based on genetic factors in
relative large Chinese population (1,034 schizophrenia patients
versus 1,034 health control). And according to our subsequent
reporter gene test, the increased expression of DGCR8 derived
from rs3757 polymorphisms likely to initially explain this
association.

It has been reported that 3’ UTR polymorphisms could
affect the stability of mRNA as well as protein expression levels
by altering the mRNA secondary structure (38, 39). We tried
to predict a similar role for the secondary structures of 3’
UTR in DGCRS carrying A or G at rs3757 using CentroidFold
(Supplementary Figure 5). This prediction inferred that 3’ UTR
of DGCR8 with G at rs3757 would have lower free energy than
that with A at rs3757, which meant the former was more stable
than the latter. Another RNA secondary structure prediction
program — RNAfold replicated the difference. Concordant with
the reporter gene assay showing that the luciferase activity of
DGG was higher than that of DGA, it can be presumed that the
polymorphism of rs3757 confers susceptibility to schizophrenia
by regulating DGCR8 expression through changing the stability
of DGCR8 transcript. Indeed, evidence is showing that aberrant
expression of DGCR8 was demonstrated in schizophrenia
patients although the results are incongruence. Ota et al. (40)
discovered that DGCR8 was downregulated in first episode of
psychosis compared to people of health control and clinical
high risk for psychosis while the study from Danielle et al.
announced increased expression of DGCR8 and a broad increase
in miRNA expression in schizophrenia (20). Nevertheless, more
immediate evidence from postmortem cerebral samples of
individuals with schizophrenia showed DGCRS8 overexpressed in
several region, including hippocampus (21) superior temporal
cortex and dorsolateral prefrontal cortex (12), which strongly
supported our results.

Unlike 22q11.2 microdeletion syndrome, whose mouse
model has been among the few animal models that replicate

abnormalities  associated ~ with  schizophrenia, 22ql1.2
microduplication syndrome has been detected relatively
less (41) due to the lack of highly sensitive detection
technology (12) or misdiagnosis (13), although a recent

study suggested considerable frequency of this new syndrome
(42). Despite highlighted diversity of symptoms in patients
with 22ql11.2 microduplication syndrome, many shared
symptoms, such as abnormal behavior, cognitive defect,
and cardiovascular malformations have also been found
in patients with 22ql11.2 microdeletion syndrome (42).
In addition, Itsara et al. identified the link of 22ql1.2
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FIGURE 2 | Dgcr8 was overexpressed in hippocampus of case group. Lenti-Ctrl or lenti-Dgcr8 was injected into dentate gyrus of hippocampus. Two weeks later,
extracts from hippocampus were immunoblotted with Dgcr8 antibody (ProteinTech Group, 10996-1-AP). Protein levels were normalized to p-actin, presented as
means + SEM. N = 3 for lenti-Ctrl and lenti-Dgcr8, respectively. One-way ANOVA test. **p = 0.0035.
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FIGURE 3 | Results of the forced swim test. (A) Abandon time showed no significant difference between two groups (p = 0.5854). Abandon time: the time point
when the mice initially gave up struggling in the water. (B) The case group showed more immobility than the control group (p = 0.0092). Immobility: the total amount
of time the mice floated in the water during the 5 min testing. N = 14 for lenti-Ctrl group and n = 16 for lenti-Dgcr8 group. Results were presented as means + SEM.
Owe-way ANOVA test. **p < 0.01. (C) Results of the prepulse inhibition (PPI) test. The prepulse stimulus (76, 79, and 85 dB) and the startle stimulus (120 dB) were
used. The case showed significant higher PPI than the control group for each prepulse. N = 14 for lenti-Ctrl group and n = 16 for lenti-Dgcr8 group. Results are

presented as means + SEM. Two-way ANOVA test. *po < 0.05, **p < 0.01.

microduplication and schizophrenia using their own data
and other published genome-wide data on schizophrenia,
autism and mental retardation (43). Thus, it is possible
that some genes located in 22ql1.2, such as DGCRS, may
undergo rigid regulation and any divergence from normal
psychological expression level of these genes could lead to
severe consequences.

In the forced-swim test, lenti-Dgcr8 mice exhibited increased
immobility compared with littermate control suggesting the

depression-like behavior, an important characteristic feature
of the negative symptoms of schizophrenia. Surprisingly, this
increase in immobility time also appeared in Dgcr8-deficient
mouse model (11). It is likely that the dysregulation of Dgcr8
could give rise to the depression phenotype and the underlying
mechanism needs more refined work to uncover. Prepulse
inhibition, which humans and rodents are tested in similar
fashions, is a neural filtering process that allows attention to
be focused on a given stimulus and is deficient in patients
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FIGURE 4 | Western blot analysis of Dgcr8 protein levels in mice neocortex during cortical development at the indicated time points, including embryonic day (E) 9,
12, 15, 18, and postnatal day (P) O, 3, 7, 14, 21 as well as adult age. N = 3 for each time point.

with schizophrenia. Several genes in 22q11.2 locus have been
mapped as modulators for PPI, such as Comt (44), Prodh (28,
44), Tbx1 (30), Dgcr8 (5). These prior studies mentioned above
consistently demonstrated lower PPI in heterozygous deficient
mice compared to control, the abnormality seen in patients
with schizophrenia. Only one report, however, is available as
yet demonstrating increased PPI in mice with a deletion of the
DGCR syntenic region including seven genes but not Dgcr8 (29).
Interestingly, we found Dgcr8-overexpression mice displayed
significantly higher sensorimotor gating. To some extent, our
results are agreed with precious work that discovered the Dgcr8*
mice showing reduced PPI. One explanation might be that
DGCRS8 has a dosage-sensitive effect on pathways important
for PPI. And while PPI serves as a useful endophenotype
for schizophrenia, modifications of the PPI are very diverse
and could be caused by alteration of the voice in Parkinson’s
disease subjects (45), high trait anxiety (46), short sleep
duration in postpartum women (47), behavioral states (such
as emotional context or a stressor) (48-50), hormonal levels
(51). Even for schizophrenia, the lack of PPI attenuation has
not been seen in all patients. Pioneer studies have shown the
deficiency of PPI occurs only when the patient is in an acute
symptomatic stage, or when antipsychotics are not being used
(52). Furthermore, some also proposed that no statistically
significant correlations between PPI and neuropsychological
deficit in chronic schizophrenia was found in their study (53).
Another possible factor that might contribute to higher PPI
result in the present study is the mouse model. There are
several strains of mice that develop high frequency hearing
loss as they mature, like DBA/2 and C57BL/6, which makes
them potentially unable to hear the prestimulus in late life
(54). The mouse model in the present was generated by virus
injection which may not be able to fully reflect the syndrome of
schizophrenia. Besides, virus injection in mice may has a certain
influence on sensorimotor gating, which may does not agree with
schizophrenia phenotype.

What is the underlying mechanism of increased Dgcr8
causing these abnormal behaviors? We tried to combine clinical
results and behavior in mice. Our further exploration showed
Dgcr8 was highly expressed in the mice neocortex in the early
stages of embryonic development and aberrant upregulation
of Dgcr8 was involved in the delay of neuronal migration.
NJ Beveridge et al. detected a substantial schizophrenia-
associated increase in a host of microRNA expression from
the post-mortem brain tissue of schizophrenia sufferers, which
correlated with an ascent of pre-miRNA but not pri-miRNA
processing and consistent with an augment in the microprocessor
component DGCRS8 (12). miRNAs emerge as primary factors in
the regulation of specific neurobiological functions containing
neuronal migration, differentiation as well as synaptic plasticity.
In particular, miR-107, among the most significantly upregulated
miRNA in the study mentioned above (12), also implicated in
delaying neuronal migration by targeting CDK5RI gene (55).
Besides, overexpression of miR-9 could lead to the acceleration
of neuronal migration through a feedback regulatory loop with a
nuclear receptor TLX (56). Notably, current evidence from the
pathway analysis demonstrated that the genes targeted by the
alterant schizophrenia-associated microRNA highly enriched in
neural connectivity and synaptic plasticity pathways, such as axon
guidance, long-term potentiation, WNT, ErbB and MAP kinase
signaling (12) and this corresponds with the deficits of Dgcr8 mice
(5). Collectively, these experiments were broadly shed light on
the role of Dgcr8 in the regulation of miRNA-associated pathway
contributing to the pathophysiology of schizophrenia.

In summary, the present study showed for the first time that
rs3757 at 3’ UTR of DGCRS8 was associated with schizophrenia
via upregulating the expression of DGCRS in the Chinese Han
population. Furthermore, elevating expression of Dgcr8 in mice
delayed neuronal migration in the cerebral cortex and may
consequently progress to abnormal behaviors in adulthood. The
clinical findings along with data derived from animal approaches
in the present study suggested that DGCR8 dysregulation has a

Frontiers in Psychiatry | www.frontiersin.org

April 2022 | Volume 13 | Article 873873


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles

Bi et al.

DGCR8 Causes Delayed Neuronal Migration

A pCAGIG-Ctrl

pCAGIG-Dgcr8

B 100+
* % * * % @B pCAGIG-Ctrl
—~ 801 pCAGIG-Dgcr8
X
Y 60+
) —
%)
40-
B -
O 2. 1
0' T T -l
CP 1Z VZISVZ

FIGURE 5 | Overexpression of Dgcr8 in ceretral cortex at E13.5 delayed neural migration. Transfected cells expressed GFP, and sections were divided into three
zones according DAPI staining (Blue), including VZ/SVZ (ventricular zone/subventricular zone), IZ (intermediate zone), and CP (cortical plate). At 16.5, the amount of
GFP™ cells in every zone was counted and analyzed. Datas are presented as means + SEM. Two-way ANOVA test. *o < 0.05; **p < 0.01.

certain degree of influence on neurodevelopment. However, there
are two main limitations of the present study need to declare.
One is that the link between abnormal neuronal migration at
early development stage and psychiatric behavior at adulthood
stage due to the overexpression of Dgcr8 did not be confirmed.
Another one is that the miRNAs which might be affected
by the high expression of Dgcr8 were not detected. Further
refined studies, extended to DGCRS8-associated microRNAs
and related pathways to confirm the underlying molecular
mechanisms involved in the development of schizophrenia, are
clearly warranted.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding authors.

ETHICS STATEMENT

The studies involving human participants were reviewed
and approved by the Ethics Committee of the Human
Genetics Center in Shanghai. The patients/participants
provided their written informed consent to participate in
this study. The animal study was reviewed and approved by the
Institutional Animal Care and Use Committee of Shanghai Jiao
Tong University.

AUTHOR CONTRIBUTIONS

SC and JZ: conceptualization. YB and KH: data curation. GH:
funding acquisition. L] and LL: formal analysis. DR and FY:
investigation. JZ and ZG: methodology. XW and LW: project
administration. TY, XL, YX, SY, and FPY: resources. WL:
supervision. LH: validation. YB: roles/writing — original draft. YS

Frontiers in Psychiatry | www.frontiersin.org

April 2022 | Volume 13 | Article 873873


https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles

Bi et al.

DGCR8 Causes Delayed Neuronal Migration

and YB: writing - review and editing, YB, QS, and WN: revising.
All authors contributed to the article and approved the submitted
version.

FUNDING

This work was supported by the National Key Research and
Development Program (2016YFC0906400), the Interdisciplinary
Program of Shanghai Jiao Tong University (YG2019ZDA30),
the National Nature Science Foundation of China (81671326,

REFERENCES

1. Tamminga CA, Holcomb HH. Phenotype of schizophrenia: a review and
formulation. Mol Psychiat. (2005) 10:27. doi: 10.1038/sj.mp.4001563

2. Charlson FJ, Ferrari AJ, Santomauro DF, Diminic S, Stockings E, Scott JG,
et al. Global epidemiology and burden of schizophrenia: findings from the
global burden of disease study 2016. Schizophr Bull. (2018) 44:1195-203. doi:
10.1093/schbul/sby058

3. Chow EWC, Watson M, Young DA, Bassett AS. Neurocognitive profile in
22q11 deletion syndrome and schizophrenia. Schizophr Res. (2006) 87:270-8.
doi: 10.1016/j.schres.2006.04.007

4. Karayiorgou M, Morris MA, Morrow B, Shprintzen RJ, Goldberg R, Borrow
J, et al. Schizophrenia susceptibility associated with interstitial deletions of
chromosome 22q11. Proc Natl Acad Sci USA. (1995) 92:7612-6. doi: 10.1073/
pnas.92.17.7612

5. Stark KL, Xu B, Bagchi A, Lai WS, Liu H, Hsu R, et al. Altered brain
microRNA biogenesis contributes to phenotypic deficits in a 22q11-deletion
mouse model. Nat Genet. (2008) 40:751-60. doi: 10.1038/ng.138

6. Fénelon K, Mukai J, Xu B, Hsu PK, Drew LJ, Karayiorgou M, et al. Deficiency
of Dgcr8, a gene disrupted by the 22q11.2 microdeletion, results in altered
short-term plasticity in the prefrontal cortex. Proc Natl Acad Sci USA. (2011)
108:4447-52. doi: 10.1073/pnas.1101219108

7. Gregory RI, Yan KP, Amuthan G, Chendrimada T, Doratotaj B, Cooch N, et al.
The Microprocessor complex mediates the genesis of microRNAs. Nature.
(2004) 432:235-40. doi: 10.1038/nature03120

8. Tomari Y, Zamore PD. MicroRNA biogenesis: drosha can’t cut it without a
partner. Curr Biol. (2005) 15:R61-4. doi: 10.1016/j.cub.2004.12.057

9. Xu B, Hsu PK, Stark KL, Karayiorgou M, Gogos JA. Derepression of a
neuronal inhibitor due to miRNA dysregulation in a schizophrenia-related
microdeletion. Cell. (2013) 152(1-2):262-75. doi: 10.1016/j.cell.2012.11.052

10. Kates WR, Krauss BR, Abdulsabur N, Colgan D, Antshel KM, Higgins AM,
et al. The neural correlates of non-spatial working memory in velocardiofacial
syndrome (22q11.2 deletion syndrome). Neuropsychologia. (2007) 45:2863-73.
doi: 10.1016/j.neuropsychologia.2007.05.007

11. Ouchi Y, Banno Y, Shimizu Y, Ando S, Hasegawa H, Adachi K, et al. Reduced
adult hippocampal neurogenesis and working memory deficits in the Dgcr8-
deficient mouse model of 22q11.2 deletion-associated schizophrenia can be
rescued by IGF2. J Neurosci. (2013) 33:9408-19. doi: 10.1523/J]NEUROSCI.
2700-12.2013

12. Beveridge NJ, Gardiner E, Carroll AP, Tooney PA, Cairns MJ. Schizophrenia
is associated with an increase in cortical microRNA biogenesis. Mol Psychiat.
(2010) 15:1176-89. doi: 10.1038/mp.2009.84

13. Yobb TM, Somerville MJ, Willatt L, Firth HV, Harrison K, Mackenzie J, et al.
Microduplication and triplication of 22q11.2: a highly variable syndrome. Am
J Hum Genet. (2005) 76:865-76. doi: 10.1086/429841

14. Ensenauer RE, Adeyinka A, Flynn HC, Michels VV, Lindor NM, Dawson DB,
et al. Microduplication 22q11.2, an emerging syndrome: clinical, cytogenetic,
and molecular analysis of thirteen patients. Am ] Hum Genet. (2003) 73:1027—
40. doi: 10.1086/378818

15. Shiohama A, Sasaki T, Noda S, Minoshima S, Shimizu N. Molecular cloning
and expression analysis of a novel gene DGCRS8 located in the DiGeorge
syndrome chromosomal region. Biochem Biophys Res Commun. (2003)
304:184-90. doi: 10.1016/s0006-291x(03)00554-0

81421061, 81361120389, 31701086), Shanghai Municipal Science
and Technology Major Project (2017SHZDZXO01), the Shanghai
Key Laboratory of Psychotic Disorders (13dz2260500), and the
Shanghai Leading Academic Discipline Project (B205).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpsyt.
2022.873873/full#supplementary- material

16. Marinaro E Marzi MJ, Hoffmann N, Amin H, Pelizzoli R, Niola F et al.
MicroRNA-independent functions of DGCRS are essential for neocortical
development and TBRI1 expression. EMBO Rep. (2017) 18:603-18. doi: 10.
15252/embr.201642800

17. Hsu R, Schofield CM, Dela Cruz CG, Jones-Davis DM, Blelloch R, Ullian
EM. Loss of microRNAs in pyramidal neurons leads to specific changes in
inhibitory synaptic transmission in the prefrontal cortex. Mol Cell Neurosci.
(2012) 50(3-4):283-92. doi: 10.1016/j.mcn.2012.06.002

18. Babiarz JE, Hsu R, Melton C, Thomas M, Ullian EM, Blelloch R. A role for
noncanonical microRNAs in the mammalian brain revealed by phenotypic
differences in Dgcr8 versus Dicerl knockouts and small RNA sequencing.
RNA. (2011) 17:1489-501. doi: 10.1261/rna.2442211

19. Hoffmann N, Weise SC, Marinaro E, Vogel T, De Pietri Tonelli D. DGCR8
Promotes Neural Progenitor Expansion and Represses Neurogenesis in the
Mouse Embryonic Neocortex. Front Neurosci. (2018) 12:281. doi: 10.3389/
fnins.2018.00281

20. Santarelli DM, Beveridge NJ, Tooney PA, Cairns M]J. Upregulation of dicer and
microRNA expression in the dorsolateral prefrontal cortex Brodmann area 46
in schizophrenia. Biol Psychiat. (2011) 69:180-7. doi: 10.1016/j.biopsych.2010.
09.030

21. Rey R, Suaud-Chagny ME Dorey JM, Teyssier JR,  Amato T. Widespread
transcriptional disruption of the microRNA biogenesis machinery in brain and
peripheral tissues of individuals with schizophrenia. Transl Psychiat. (2020)
10:376. doi: 10.1038/541398-020-01052-5

22. Zhou Y, Wu H, Li S, Chen Q, Cheng XW, Zheng J, et al. Requirement of
TORCI for late-phase long-term potentiation in the hippocampus. PLoS One.
(2006) 1:e16. doi: 10.1371/journal.pone.0000016

23. Zhao CT, Li K, Li JT, Zheng W, Liang XJ, Geng AQ, et al. PKCdelta regulates
cortical radial migration by stabilizing the Cdk5 activator p35. Proc Natl Acad
Sci USA. (2009) 106:21353-8. doi: 10.1073/pnas.0812872106

24. Shi YY, He L. SHEsis, a powerful software platform for analyses of
linkage disequilibrium, haplotype construction, and genetic association at
polymorphism loci. Cell Res. (2005) 15:97-8. doi: 10.1038/sj.cr.7290272

25. Barrett JC, Fry B, Maller J, Daly MJ. Haploview: analysis and visualization
of LD and haplotype maps. Bioinformatics. (2005) 21:263-5. doi: 10.1093/
bioinformatics/bth457

26. Dudbridge F. Pedigree disequilibrium tests for multilocus haplotypes. Genet
Epidemiol. (2003) 25:115-21. doi: 10.1002/gepi.10252

27. Kamiyama M, Kobayashi M, Araki S, lida A, Tsunoda T, Kawai K, et al.
Polymorphisms in the 3> UTR in the neurocalcin § gene affect mRNA stability,
and confer susceptibility to diabetic nephropathy. Hum Genet. (2007) 122(-
):397. doi: 10.1007/s00439-007-0414-3

28. Gogos JA, Santha M, Takacs Z, Beck KD, Luine V, Lucas LR, et al. The gene
encoding proline dehydrogenase modulates sensorimotor gating in mice. Nat
Genet. (1999) 21:434. doi: 10.1038/7777

29. Kimber WL, Hsieh P, Hirotsune S, Yuvapaylor L, Sutherland HE, Chen A,
et al. Deletion of 150 kb in the Minimal Digeorge/Velocardiofacial Syndrome
Critical Region in Mouse. Hum Mol Genet. (1999) 8:2229-37. doi: 10.1093/
hmg/8.12.2229

30. Paylor R, Glaser B, Mupo A, Ataliotis P, Spencer C, Sobotka A, et al. Tbx1
haploinsufficiency is linked to behavioral disorders in mice and humans:
implications for 22q11 deletion syndrome. Proc Natl Acad Sci USA. (2006)
103:7729-34. doi: 10.1073/pnas.0600206103

Frontiers in Psychiatry | www.frontiersin.org

April 2022 | Volume 13 | Article 873873


https://www.frontiersin.org/articles/10.3389/fpsyt.2022.873873/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyt.2022.873873/full#supplementary-material
https://doi.org/10.1038/sj.mp.4001563
https://doi.org/10.1093/schbul/sby058
https://doi.org/10.1093/schbul/sby058
https://doi.org/10.1016/j.schres.2006.04.007
https://doi.org/10.1073/pnas.92.17.7612
https://doi.org/10.1073/pnas.92.17.7612
https://doi.org/10.1038/ng.138
https://doi.org/10.1073/pnas.1101219108
https://doi.org/10.1038/nature03120
https://doi.org/10.1016/j.cub.2004.12.057
https://doi.org/10.1016/j.cell.2012.11.052
https://doi.org/10.1016/j.neuropsychologia.2007.05.007
https://doi.org/10.1523/JNEUROSCI.2700-12.2013
https://doi.org/10.1523/JNEUROSCI.2700-12.2013
https://doi.org/10.1038/mp.2009.84
https://doi.org/10.1086/429841
https://doi.org/10.1086/378818
https://doi.org/10.1016/s0006-291x(03)00554-0
https://doi.org/10.15252/embr.201642800
https://doi.org/10.15252/embr.201642800
https://doi.org/10.1016/j.mcn.2012.06.002
https://doi.org/10.1261/rna.2442211
https://doi.org/10.3389/fnins.2018.00281
https://doi.org/10.3389/fnins.2018.00281
https://doi.org/10.1016/j.biopsych.2010.09.030
https://doi.org/10.1016/j.biopsych.2010.09.030
https://doi.org/10.1038/s41398-020-01052-5
https://doi.org/10.1371/journal.pone.0000016
https://doi.org/10.1073/pnas.0812872106
https://doi.org/10.1038/sj.cr.7290272
https://doi.org/10.1093/bioinformatics/bth457
https://doi.org/10.1093/bioinformatics/bth457
https://doi.org/10.1002/gepi.10252
https://doi.org/10.1007/s00439-007-0414-3
https://doi.org/10.1038/7777
https://doi.org/10.1093/hmg/8.12.2229
https://doi.org/10.1093/hmg/8.12.2229
https://doi.org/10.1073/pnas.0600206103
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles

Bi et al.

DGCR8 Causes Delayed Neuronal Migration

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Lieberman JA. Pathophysiologic mechanisms in the pathogenesis and clinical
course of schizophrenia. Journal of Clinical Psychiatry. 1999;1990(60 Suppl
12):9.

Suh N, Baehner L, Moltzahn F, Melton C, Shenoy A, Chen J, et al. MicroRNA
Function Is Globally Suppressed in Mouse Oocytes and Early Embryos. Curr
Biol. (2010) 20:265-70. doi: 10.1016/j.cub.2009.12.044

Ma J, Flemr M, Stein P, Berninger P, Malik R, Zavolan M, et al. MicroRNA
Activity Is Suppressed in Mouse Oocytes. Curr Biol. (2010) 20:271-7. doi:
10.1016/j.cub.2009.12.042

Nicodemus KK, Kolachana BS, Vakkalanka R, Straub RE, Giegling I, Egan MF,
et al. Evidence for statistical epistasis between catechol-O-methyltransferase
(COMT) and polymorphisms in RGS4, G72 (DAOA), GRM3, and DISCI:
influence on risk of schizophrenia. Hum Genet. (2007) 120:889-906. doi: 10.
1007/s00439-006-0257-3

Liu H, Abecasis GR, Heath SC, Knowles A, Demars S, Chen Y], et al. Genetic
variation in the 22q11 locus and susceptibility to schizophrenia. Proc Natl Acad
Sci USA. (2002) 99:16859-64. doi: 10.1073/pnas.232186099

Zhou Y, Wang ], Lu X, Song X, Ye Y, Zhou J, et al. Evaluation of six SNPs of
MicroRNA machinery genes and risk of schizophrenia. ] Mol Neurosci. (2013)
49:594-9. doi: 10.1007/s12031-012-9887- 1

Fallin MD, Lasseter VK, Avramopoulos D, Nicodemus KK, Wolyniec PS,
Mcgrath JA, et al. Bipolar I Disorder and Schizophrenia: a 440-Single-
Nucleotide Polymorphism Screen of 64 Candidate Genes among Ashkenazi
Jewish Case-Parent Trios. Am ] Hum Genet. (2005) 77:918-36. doi: 10.1086/
497703

Wang J, Pitarque M, Ingelman-Sundberg M. 3'-UTR polymorphism in the
human CYP2A6 gene affects mRNA stability and enzyme expression ¥.
Biochem Biophys Res Commun. (2006) 340:491-7. doi: 10.1016/j.bbrc.2005.12.
035

Pullmann R Jr, Abdelmohsen K, Lal A, Martindale JL, Ladner RD, Gorospe
M. Differential stability of thymidylate synthase 3’-untranslated region
polymorphic variants regulated by AUF1. ] Biol Chem. (2006) 281:23456-63.
doi: 10.1074/jbc.M600282200

Ota VK, Moretti PN, Santoro ML, Talarico E Spindola LM, Xavier G, et al.
Gene expression over the course of schizophrenia: from clinical high-risk for
psychosis to chronic stages. NPJ Schizophr. (2019) 5:5. doi: 10.1038/s41537-
019-0073-0

Edelmann L, Pandita RK, Spiteri E, Funke B, Goldberg R, Palanisamy N, et al.
A Common Molecular Basis for Rearrangement Disorders on Chromosome
22q11. Hummolgenet. (1999) 8:1157. doi: 10.1093/hmg/8.7.1157

Ou Z, Berg JS, Yonath H, Enciso VB, Miller DT, Picker J, et al
Microduplications of 22q11.2 are frequently inherited and are associated with
variable phenotypes. Genet Med Offic ] Am Coll Med Genet. (2008) 10:267.
doi: 10.1097/GIM.0b013e31816b64c2

Itsara A, Cooper GM, Baker C, Girirajan S, Li ], Absher D, et al. Population
Analysis of Large Copy Number Variants and Hotspots of Human Genetic
Disease. Am ] Hum Genet. (2009) 84:148-61. doi: 10.1016/j.ajhg.2008.12.014
Paterlini M, Zakharenko SS, Lai WS, Qin ], Zhang H, Mukai J, et al.
Transcriptional and behavioral interaction between 22q11.2 orthologs
modulates schizophrenia-related phenotypes in mice. Nat Neurosci. (2005)
8:1586-94. doi: 10.1038/nn1562

Millian-Morell L, Lopez-Alburquerque T, Rodriguez-Rodriguez A, Gomez-
Nieto R, Carro J, Meilan JJG, et al. Relations between Sensorimotor Integration
and Speech Disorders in Parkinson’s Disease. Curr Alzheimer Res. (2018)
15:149-56. doi: 10.2174/1567205014666170829103019

Ludewig S, Ludewig K, Geyer MA, Hell D, Vollenweider FX. Prepulse
inhibition deficits in patients with panic disorder. Depress Anxiety. (2002)
15:55-60. doi: 10.1002/da.10026

47. Comasco E, Gulinello M, Hellgren C, Skalkidou A, Sylven S, Sundstrom-
Poromaa I. Sleep duration, depression, and oxytocinergic genotype influence
prepulse inhibition of the startle reflex in postpartum women. Eur
Neuropsychopharmacol. (2016) 26:767-76. doi: 10.1016/j.euroneuro.2016.01.
002

Pereira-Figueiredo I, Castellano O, Riolobos AS, Ferreira-Dias G, Lopez DE,
Sancho C. Long-Term Sertraline Intake Reverses the Behavioral Changes
Induced by Prenatal Stress in Rats in a Sex-Dependent Way. Front Behav
Neurosci. (2017) 11:99. doi: 10.3389/fnbeh.2017.00099

Schmajuk NA, Larrauri JA, De la Casa LG, Levin ED. Attenuation of auditory
startle and prepulse inhibition by unexpected changes in ambient illumination
through dopaminergic mechanisms. Behav Brain Res. (2009) 197:251-61. doi:
10.1016/.bbr.2008.08.030

Breedh J, Comasco E, Hellgren C, Papadopoulos FC, Skalkidou A, Poromaa
IS. Hypothalamic-pituitary-adrenal axis responsiveness, startle response, and
sensorimotor gating in late pregnancy. Psychoneuroendocrinology. (2019)
106:1-8. doi: 10.1016/j.psyneuen.2019.03.008

Swerdlow NR, Hartman PL, Auerbach PP. Changes in sensorimotor
inhibition across the menstrual cycle: implications for neuropsychiatric
disorders. Biol Psychiatry. (1997) 41:452-60. doi: 10.1016/S0006-3223(96)00
065-0

Turetsky BI, Calkins ME, Light GA, Olincy A, Radant AD, Swerdlow NR.
Neurophysiological endophenotypes of schizophrenia: the viability of selected
candidate measures. Schizophr Bull. (2007) 33:69-94. doi: 10.1093/schbul/
sbl060

Molina V, Cortés B, Pérez ], Martin C, Villa R, Lopez DE, et al. No association
between prepulse inhibition of the startle reflex and neuropsychological deficit
in chronic schizophrenia. Eur Arch Psychiatry Clin Neurosci. (2010) 260:609—
15. doi: 10.1007/s00406-010-0102-5

Geyer MA, Mcllwain KL, Paylor R. Mouse genetic models for prepulse
inhibition: an early review. Mol Psychiat. (2002) 7:1039-53. doi: 10.1038/sj.
mp.4001159

Moncini S, Salvi A, Zuccotti P, Viero G, Quattrone A, Barlati S, et al. The
role of miR-103 and miR-107 in regulation of CDK5RI1 expression and in
cellular migration. PLoS One. (2012) 6:€20038. doi: 10.1371/journal.pone.
0020038

Zhao C, Sun GQ, Li S, Shi Y. A feedback regulatory loop involving microRNA-
9 and nuclear receptor TLX in neural stem cell fate determination. Nat Struct
Mol Biol. (2009) 16:365-71. doi: 10.1038/nsmb.1576

48.

49.

50.

51

52.

53.

54.

55.

56.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Bi, Chen, Shen, Guo, Ren, Yuan, Niu, Ji, Liu, Han, Yu, Yang,
Wu, Wang, Li, Yu, Xu, He, Shi, Zhang, Li and He. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Psychiatry | www.frontiersin.org

11

April 2022 | Volume 13 | Article 873873


https://doi.org/10.1016/j.cub.2009.12.044
https://doi.org/10.1016/j.cub.2009.12.042
https://doi.org/10.1016/j.cub.2009.12.042
https://doi.org/10.1007/s00439-006-0257-3
https://doi.org/10.1007/s00439-006-0257-3
https://doi.org/10.1073/pnas.232186099
https://doi.org/10.1007/s12031-012-9887-1
https://doi.org/10.1086/497703
https://doi.org/10.1086/497703
https://doi.org/10.1016/j.bbrc.2005.12.035
https://doi.org/10.1016/j.bbrc.2005.12.035
https://doi.org/10.1074/jbc.M600282200
https://doi.org/10.1038/s41537-019-0073-0
https://doi.org/10.1038/s41537-019-0073-0
https://doi.org/10.1093/hmg/8.7.1157
https://doi.org/10.1097/GIM.0b013e31816b64c2
https://doi.org/10.1016/j.ajhg.2008.12.014
https://doi.org/10.1038/nn1562
https://doi.org/10.2174/1567205014666170829103019
https://doi.org/10.1002/da.10026
https://doi.org/10.1016/j.euroneuro.2016.01.002
https://doi.org/10.1016/j.euroneuro.2016.01.002
https://doi.org/10.3389/fnbeh.2017.00099
https://doi.org/10.1016/j.bbr.2008.08.030
https://doi.org/10.1016/j.bbr.2008.08.030
https://doi.org/10.1016/j.psyneuen.2019.03.008
https://doi.org/10.1016/S0006-3223(96)00065-0
https://doi.org/10.1016/S0006-3223(96)00065-0
https://doi.org/10.1093/schbul/sbl060
https://doi.org/10.1093/schbul/sbl060
https://doi.org/10.1007/s00406-010-0102-5
https://doi.org/10.1038/sj.mp.4001159
https://doi.org/10.1038/sj.mp.4001159
https://doi.org/10.1371/journal.pone.0020038
https://doi.org/10.1371/journal.pone.0020038
https://doi.org/10.1038/nsmb.1576
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
https://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles

	Upregulation of DGCR8, a Candidate Predisposing to Schizophrenia in Han Chinese, Contributes to Phenotypic Deficits and Neuronal Migration Delay
	Introduction
	Materials and Methods
	Subjects
	Animal
	Antibodies
	Genotyping
	Plasmid Construction
	Luciferase Assay
	Secondary Structure Prediction
	Verification of Overexpression Efficiency of Constructs
	In utero Electroporation
	Virus Injection
	Western Blotting
	Slice Imaging and Analysis
	Mouse Behavioral Tests
	Statistical Analysis

	Results
	rs3757, a SNP in 3′ UTR of DGCR8, Is Associated With Schizophrenia in the Han Chinese Population
	rs3757 Polymorphism Affects Expression in vitro
	Dgcr8 Overexpression Results in Abnormal Behaviors
	Dgcr8 Affects Neuronal Migration

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Supplementary Material
	References


