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ORIGINAL ARTICLE

Analysis of induced pluripotent stem cells carrying 22q11.2
deletion
M Toyoshima1, W Akamatsu2,3, Y Okada2,4, T Ohnishi1, S Balan1, Y Hisano1, Y Iwayama1, T Toyota1, T Matsumoto2, N Itasaka1,
S Sugiyama5, M Tanaka5, M Yano6, B Dean7, H Okano2 and T Yoshikawa1
Given the complexity and heterogeneity of the genomic architecture underlying schizophrenia, molecular analyses of these
patients with deﬁned and large effect-size genomic defects could provide valuable clues. We established human-induced
pluripotent stem cells from two schizophrenia patients with the 22q11.2 deletion (two cell lines from each subject, total of four cell
lines) and three controls (total of four cell lines). Neurosphere size, neural differentiation efﬁciency, neurite outgrowth, cellular
migration and the neurogenic-to-gliogenic competence ratio were signiﬁcantly reduced in patient-derived cells. As an underlying
mechanism, we focused on the role of DGCR8, a key gene for microRNA (miRNA) processing and mapped in the deleted region. In
mice, Dgcr8 hetero-knockout is known to show a similar phenotype of reduced neurosphere size (Ouchi et al., 2013). The miRNA
proﬁling detected reduced expression levels of miRNAs belonging to miR-17/92 cluster and miR-106a/b in the patient-derived
neurospheres. Those miRNAs are reported to target p38α, and conformingly the levels of p38α were upregulated in the patientderived cells. p38α is known to drive gliogenic differentiation. The inhibition of p38 activity by SB203580 in patient-derived
neurospheres partially restored neurogenic competence. Furthermore, we detected elevated expression of GFAP, a gliogenic
(astrocyte) marker, in postmortem brains from schizophrenia patients without the 22q11.2 deletion, whereas inﬂammation markers
(IL1B and IL6) remained unchanged. In contrast, a neuronal marker, MAP2 expressions were decreased in schizophrenia brains.
These results suggest that a dysregulated balance of neurogenic-to-gliogenic competence may underlie neurodevelopmental
disorders such as schizophrenia.
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INTRODUCTION
Schizophrenia is a debilitating mental illness, with a prevalence of
approximately 1% worldwide, making it a relatively common
disease. Although a complete understanding of the pathological
architecture is still elusive, the genetic components are thought to
consist of numerous weak, risk-conferring genomic variations and/
or rare and large effect-size variations. Rare structural variations
(copy number variants) contribute to genetic risk for neurodevelopmental disorders such as schizophrenia.1,2
The 22q11.2 deletion syndrome is caused by a hemizygous
microdeletion in the 22q11.2 chromosome region and has an
incidence of 1 in 2000–4000 live births.3,4 Although atypical microdeletions have been described, most of the deletions (around
90%) are 3 Mb in size, which includes approximately 60 genes. The
remaining microdeletions (~10%) are 1.5 Mb in size and include
approximately 35 genes. Most the genes within the microdeletions are expressed in the brain.4,5 Patients with the microdeletion
exhibit a spectrum of cognitive deﬁcits, and approximately 30% of
them develop typical schizophrenia in adolescence or early
adulthood.6,7 It is suggested that the 1.5 Mb microdeletion is sufﬁcient for psychiatric phenotypes, possibly because this deletion
encompasses multiple genes involved in the development,
maturation and function of neurons and neuronal circuits.4,8

Previous studies mainly focused on ﬁve genes located in the
1.5 Mb region, which confer risk of schizophrenia based on studies
of human genetics and using animal models.4,9–13 The ﬁve genes
are: COMT (encoding a central enzyme in monoamine catabolism),
PRODH (encoding an enzyme required for proline metabolism),
TBX1 (encoding a transcription factor involved in the embryonic
development of multiple tissues and organs), ZDHHC8 (encoding a
palmitoyl transferase enzyme) and DGCR8 (encoding a key
regulator of microRNA synthesis).
To gain a deeper understanding of the changes leading to
schizophrenia during neurodevelopment,14 cellular models are
needed to help identify biological mechanisms that are perturbed
during this process. Such cellular models are now possible
because of the availability of human-induced pluripotent stem
cells (hiPSCs) derived from schizophrenia patients and their
differentiated neural stem or progenitor cells and neurons.15–19
Using such a model, we initially examined cell morphologies and
differentiation efﬁciencies of hiPSCs to neurospheres (mainly
consisting of neural stem/progenitor cells) and further to neuronal
cells. Neurospheres derived from hiPSCs from subjects with
schizophrenia showed abnormal phenotypes similar to neurospheres derived from Dgcr8 heterozygous knockout mice.10
Therefore, we focused on the changes in microRNA (miRNA)
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expression potentially elicited by DGCR8 haploinsufﬁciency, and
investigated subsequent molecular cascades.

the neuronal nuclear marker, NeuN. Average neurite lengths and migration
distances from each neurosphere were measured using NIH Image J.

MATERIALS AND METHODS
Ethical approval

miRNA array analysis

This study was approved by the Ethics Committees of RIKEN and all
participating institutes, including the Keio University School of Medicine
Ethical Committee for Skin Biopsy and hiPS Cell Production (approval no.
20080016), and conducted according to the principles expressed in the
Declaration of Helsinki. All controls and patients gave informed, written
consent to participate in the study after being provided with, and receiving
an explanation of study protocols and objectives.

Establishment of hiPSC lines and hiPSC culture
Two hiPSC clones were established from each of two female schizophrenic
patients: SA001-1D2, SA001-3B1 from SA001 (aged 37 years old), and
KO001-19 and KO001-25 from KO001 (aged 30 years old; Supplementary
Figure 1a). The clinical histories of the patients have been described in our
previous reports.20,21 The control hiPSC lines 201B7 and YA9 were
generated from a 36-year-old Caucasian female22,23 (Supplementary
Figure 1a). The remaining control hiPSC lines WD39 and KA23 were
generated from a 16-year-old Japanese female and a 40-year-old Japanese
male,22,24 respectively (Supplementary Figure 1a). The control and patient
human dermal ﬁbroblasts were reprogrammed with retrovirus expressing
the transcription factors OCT4, SOX2, KLF4 and C-MYC. The maintenance of
human dermal ﬁbroblasts, retroviral preparation, infection methods, hiPSC
culturing and characterization of established cells were performed as
described previously.23

Differentiation of hiPSCs to neuronal lineage
For the induction of neurospheres, hiPSCs were incubated with TrypLE
Select (Life Technologies, Carlsbad, CA, USA) for 10 min at 37 °C. The
digestion was quenched with 0.02% w/v trypsin inhibitor (Sigma-Aldrich,
St Louis, MO, USA) in phosphate-buffered saline (PBS). The hiPSCs were
dissociated into single cells by pipetting and plated at a density of 10 000
cells ml− 1 in an uncoated T75 ﬂask containing the neural culture medium20
supplemented with human leukemia inhibitory factor (Merck Millipore,
Darmstadt, Germany) and with basic ﬁbroblast growth factor (PeproTech,
Rocky Hill, NJ, USA). The cells were cultured in an atmosphere containing
4% O2 and 5% CO2 for 14 days. The neurospheres were passaged
repeatedly by culture in the same manner. The neurospheres in passages
four to seven were used for analysis. The neurospheres were then collected
for neural differentiation. For neural differentiation, the neurospheres were
dissociated into single cells by pipetting and plated at a density of 200 000
cells per well on coverslips coated with poly-L-ornithine (Sigma-Aldrich)
and ﬁbronectin (Sigma-Aldrich) into 24-well plates. To induce neuronal
differentiation, the cells were further cultured for 10 days in the neural
culture medium (without human leukemia inhibitory factor or basic
ﬁbroblast growth factor) supplemented with 2% (v/v) B27 (Life Technologies), 10 ng ml − 1 brain-derived neurotrophic factor (R&D Systems,
Minneapolis, MN, USA), 10 ng ml − 1 glial-derived neurotrophic factor
(R&D Systems), 200 μM ascorbic acid (Sigma-Aldrich) and 1 mM dibutyrylcAMP (Sigma-Aldrich).

Neurosphere formation assay
The hiPSCs were incubated with TrypLE Select for 5 min, then dissociated
into single cells by pipetting. The cells were plated at a density of 10 000
cells in an uncoated 24-well plate, containing neural culture medium
supplemented with human leukemia inhibitory factor and basic ﬁbroblast
growth factor. The cells were then cultured in an atmosphere containing
4% oxygen and 5% carbon dioxide, for 5 days.

Neurite growth and cellular migration assays
The neurospheres at passages four to ﬁve were used for this analysis. Five
to 10 neurospheres were allowed to adhere to coverslips coated with polyL-ornithine and ﬁbronectin in a 24-well plate containing neural culture
medium, supplemented with 2% (v/v) B27. The cells were cultured in an
atmosphere containing 4% oxygen and 37% carbon dioxide for 48 h. After
culturing, the cells were stained with the neurite marker, βIII-tubulin and
Translational Psychiatry (2016), 1 – 10

For microarray-based miRNA analysis, we used the Human miRNA
Microarray, Release 19.0, 8 × 60K array (Agilent Technologies, Santa Clara,
CA, USA), capable of measuring 2042 mature human miRNAs. The miRNAs
were isolated from neurospheres using the miRNeasy Mini Kit (Qiagen,
Valencia, CA, USA), and labeled using the miRNA Complete Labeling
Reagent and Hyb Kit (Agilent Technologies). Array hybridization was
performed according to the manufacturer’s instructions. The microarrays
were then scanned in a High-Resolution C scanner (Agilent Technologies),
and analyzed using GeneSpring GX (Agilent Technologies). The percentile
shift method (90th percentile) was used to normalize the inter-microarray
range of expression intensities. The P-values were calculated using
Student’s t-test (two-tailed) between data from patient (n = 4) and control
(n = 4) groups.

Messenger RNA array analysis
Total RNA from neurospheres was extracted using the RNeasy Mini Kit
(Qiagen). The quality of RNA was assessed using a Bioanalyzer RNA 6000
Nano Chip (Agilent Technologies). The RIN (RNA Integrity Number; Agilent
Technologies) values that reﬂect the integrity of RNA were greater than 8.0
in all the samples. Total RNA was reverse-transcribed, labeled with biotin
and hybridized to the Human Genome U133 plus 2.0 Array (Affymetrix,
Santa Clara, CA, USA). Hybridization, washing and scanning were
conducted according to the manufacturer’s instructions. The data analysis
was performed using GeneSpring GX (Agilent Technologies). To normalize
the inter-microarray range of expression intensities, the percentile shift
method (90th percentile) was used. The P-values were calculated using
Student’s t-test (two-tailed) between data from patient (n = 4) and control
(n = 4) groups. The gene ontology option on GeneSpring GX was utilized to
determine the most signiﬁcant biological processes (corrected Po0.05)
represented in the neurosphere transcriptome.

Real-time quantitative RT-PCR of messenger RNA, miRNA and
primary miRNA
Total cellular RNAs including messenger RNA (mRNA), miRNA and primary
miRNA (pri-miRNA) were extracted from neurospheres using miRNeasy
Mini Kit (Qiagen), and then single-stranded complementary DNA (cDNA)
was synthesized using SuperScript VILO Master Mix (Life Technologies).
Real-time quantitative RT-PCR (qRT-PCR) analysis of RNAs was conducted
using a QuantStudio 12 K Flex Real-Time PCR System (Applied Biosystems,
Grand Island, NY, USA). TaqMan probes were TaqMan Assays products
(Applied Biosystems). All qRT-PCR data were captured using the
QuantStudio 12 K Flex software v1.2.2 (Applied Biosystems). The ratios of
relative concentrations of target molecules to the GAPDH gene for mRNA
and pri-miRNA, and to U6 snRNA (small nuclear RNA) for miRNA, were
calculated. All the reactions were performed in triplicate, based on the
standard curve method.

Immunocytochemical analysis
The cells were ﬁxed in PBS containing 4% paraformaldehyde for 10 min at
room temperature. Thereafter, the cells were incubated with the blocking
buffer (10% goat serum in PBS plus 0.05% Tween 20: PBS-T) for 1 h at room
temperature. The primary antibodies were applied overnight at 4 °C.
Detection was by the following primary polyclonal mouse antibodies;
SOX2 (Abcam, Cambridge, MA, USA; dilution 1/200), NeuN (Abcam; dilution
1/500), βIII-tubulin (Merck Millipore; dilution 1/500), MAP2 (Sigma-Aldrich;
dilution 1/1000), GFAP (Merck Millipore; dilution 1/750), S100B (SigmaAldrich; dilution 1/100), OLIG2 (Merck Millipore; dilution 1/200) and SOX10
(R&D Systems; dilution 1/100). After three washes in PBS-T, a secondary
antibody (Alexa Fluor 488-labeled goat anti-mouse IgG, Life Technologies;
dilution 1/1000) was applied for 1 h at room temperature. The cells were
counterstained with DAPI (4′,6-diamidino-2-phenylindole) to highlight the
nuclei. After washing in PBS-T, the cells were mounted in PermaFluor
Aqueous Mounting Medium (Thermo Fisher Scientiﬁc, Waltham, MA, USA).
Fluorescent signals were detected using a confocal laser-scanning
microscope FV1000 (Olympus, Tokyo, Japan). We counted cells positive
for both βIII-tubulin and DAPI signals as neurons. These signals can
differentiate each cell as βIII stains neuronal cell bodies and neurites, and
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DAPI stains nuclei. Astrocytes were deﬁned as both GFAP- and DAPIpositive.

Western blot analysis
The neurospheres were isolated, suspended in RIPA lysis buffer (Cell
Signaling Technology, Danvers, MA, USA) supplemented with a protease
inhibitor cocktail (Sigma-Aldrich), triturated and centrifuged at 10 000 g for
10 min at 4 °C. The resultant supernatants were separated on 10% SDS
polyacrylamide gel electrophoresis gels (10 μg protein per lane), and the
proteins were blotted onto a polyvinylidene diﬂuoride membrane. After
blocking with 5% skimmed milk, the membranes were incubated with
either anti-p38α antibody (Cell Signaling Technology; dilution 1/1000) or
anti-GAPDH antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA;
dilution 1/1000) at 4 °C overnight, followed by incubation with HRP (horse
radish peroxidase)-conjugated anti-rabbit IgG (GE Healthcare, Little
Chalfont, UK; dilution 1/5000) or HRP-conjugated anti-goat IgG (GE
Healthcare; dilution 1/5000) at room temperature, for 1 h. Detection of
the signals was carried out with an Immobilon Western Chemiluminescent
HRP Substrate (Merck Millipore), and the bands were analyzed using the
LAS-1000 plus image analyzer (Fuji Film, Tokyo, Japan). The intensities of
the bands were quantiﬁed using the Image Gauge software (Fuji Film). The
expression levels of p38 were normalized to that of GAPDH.

Postmortem brain analysis
For human postmortem studies, the tissue was obtained from Brodmann’s
area 8 in the left hemisphere from 95 subjects with schizophrenia and 93
age- and sex-matched controls. The tissue was obtained from the Victorian
Brain Bank Network (The Florey Institute for Neuroscience and Mental
Health, Parkville, VIC, Australia, http://www.ﬂorey.edu.au/research/brainbank-network). The tissue was collected after obtaining permission from
the Ethics Committee of the Victorian Institute of Forensic Medicine. Total
RNA was extracted using the miRNAeasy Mini kit (Qiagen), and we used
the samples whose RIN was ⩾ 7.0. The demographic data of those 51
samples from schizophrenia and 70 from controls are described in
Supplementary Table S1. Single-stranded cDNA was synthesized using
SuperScript VILO Master Mix (Invitrogen). Quantitative RT-PCR analysis was
conducted as stated above. TaqMan probes and primers for MAPK14, GFAP,
MAP2, IL1B, IL6 and GAPDH (internal control; see ref. 25) were chosen from
TaqMan Gene Expression Assays (Life Technologies). All real-time
quantitative RT-PCR reactions were performed in triplicate, based on the
standard curve method. The expression ratio of GFAP/MAP2 in each
postmortem brain sample was calculated as (GFAP/GAPDH)/(MAP2/GAPDH).

Genomic quantitative PCR analysis of 22q11.2 deletions in
postmortem brain samples
Insertions/deletions within the genomic length of Hs04090007_cn
(Chr.22:19,318,224-19,419,219) were analyzed by real-time genomic
quantitative PCR using the TaqMan Copy Number Assay (Applied
Biosystems). For the analysis of copy number variant in the 22q11.2
region, the RNaseP gene was used as a normal copy number control gene.
No copy number polymorphisms have been documented in RNaseP genes.
For genomic quantitative PCR, DNA solutions were ﬁrst measured using an
ultraviolet spectrophotometer and further quantiﬁed using a TaqMan
RNase P Detection Reagent kit (Applied Biosystems).

Statistical analysis
Statistical evaluation was performed either by Student’s t-test (two-tailed)
or by Mann–Whitney U-test (two-tailed) for means between patient and
control groups, or by Pearson’s method for correlation, using SPSS
software version 19 (IBM, Tokyo, Japan). Within each group, the subjects
with transcript levels 42 s.d. from the group mean were considered as
outliers and removed. In addition, for the expression analyses of GFAP,
MAP2 and ratio of GFAP/MAP2, the P-values were also calculated using
analysis of covariance by adjusting the age.

RESULTS
Generation of hiPSCs derived from schizophrenia patients with the
22q11.2 microdeletion
We generated hiPSCs from schizophrenia patients with the
22q11.2 microdeletion (four lines from two patients), using the

ﬁbroblasts according to standard methods20,21,23 (Supplementary
Figure 1a). CGH array analyses revealed that both patients carried
a 2.6 Mb-hemizygous deletion at chromosome 22q11.2.21 This
should correspond to a typical 3 Mb deletion because the CGH
array lacks the probes for detecting regions near the ends of 3 Mb
region.26 No other psychiatric disorder-relevant copy number
variants1 were found in the two patients (Supplementary Tables 2
and 3). All of the hiPSC lines could be differentiated into neurons
through a stage of neurosphere formation (Supplementary
Figure 1b). In our protocol, all the cells in neurospheres expressed
the neural marker Nestin, suggesting that our neurospheres
consisted almost entirely of neural stem or progenitor cells.20,21,27
Thus, all the hiPSC lines were suitable for neuronal analyses.
Neurosphere formation from hiPSCs
Previous reports of hiPSCs and differentiated neurons, which were
derived from patients with schizophrenia, demonstrated several
abnormal phenotypes in vitro.18,20,28–31 We performed neurosphere formation assays using control- and patient-derived
hiPSCs. The size and number of neurospheres were measured
on the 14th day after passage (Figure 1a). The neurospheres
expressed the neural stem cell marker SOX2 (Figure 1a). The mean
size of neurospheres generated from patient-derived hiPSCs was
reduced by 30% compared with that of control hiPSCs (P o0.0001;
Figures 1a and b). We also found that the number of spheres with
a diameter of less than 100 μm was signiﬁcantly increased among
patient-derived neurospheres (P = 0.0046), whereas the number of
neurospheres with a diameter of more than 200 μm was
signiﬁcantly decreased among patient-derived neurospheres
(P = 0.0265; Figure 1c). However, the total numbers of neurospheres generated from control hiPSCs and patient-derived hiPSCs
did not differ signiﬁcantly (Figure 1d). Importantly, the reduction
in the size of neurospheres is also reported for neurospheres
generated from the hippocampus of Dgcr8 heterozygous knockout (Dgcr8+/ −) mice.10
Neuronal differentiation from hiPSC-derived neurospheres
We investigated whether neuronal cells differentiated from
patient-derived hiPSC show abnormal cell phenotypes. First, we
induced neural differentiation, by using non-adherent ﬂoating
culture and then plated the cells on a poly-L-ornithine- and
ﬁbronectin-coated surface. We then compared the lengths of
outgrown neurites and distance of cellular migration between
control and patient-derived neurospheres. The neurites were
visualized by immunocytochemical staining using the neuronal
marker βIII-tubulin (Figure 2a). The neurite lengths were signiﬁcantly shortened in patients’ neurospheres (112 ± 36 μm),
compared with controls (204 ± 19 μm; P = 0.0345; Figure 2b). The
nuclei were visualized by immunocytochemical staining using the
neuronal marker, NeuN (Figure 2c). The migration distances were
signiﬁcantly decreased in neurospheres from patients (90 ± 8 μm),
compared with controls (133 ± 7 μm; P = 0.0032; Figure 2d). Therefore, the shortened neurite lengths in patients’ samples cannot
solely be explained by impaired cell migration.
We next examined neural differentiation efﬁciencies from
neurospheres into neurons and glial cells. The neurospheres were
plated on ﬁbronectin- and poly-L-ornithine-coated plates, and they
were under differentiation conditions using neural culture
medium containing four factors (brain-derived neurotrophic
factor, glial-derived neurotrophic factor, ascorbic acid and
dibutyryl-cAMP) for 10 days. The differentiated cell types were
identiﬁed by immunocytochemical analysis using the neuronal
markers, βIII-tubulin and MAP2 (microtubule-associated protein 2),
the astrocyte markers, GFAP (glial ﬁbrillary acidic protein) and
S100B, and the oligodendrocyte markers, OLIG2 and SOX10. After
10 days, the differentiated cells expressed the neuronal marker
and astrocyte marker in both the sample groups, but they did not
Translational Psychiatry (2016), 1 – 10
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Figure 1. Reduction in size of patient-derived neurospheres. (a) Bright-ﬁeld and immunoﬂuorescent images of neurospheres stained for SOX2
(green), derived from control and patient-derived human-induced pluripotent stem cells (hiPSCs). Dotted white circles in the right panel show
the outline of neurospheres. Scale bars, 100 μm. (b) Quantitative analysis of the mean size of neurospheres derived from control or patient
hiPSCs. The mean size of neurospheres derived from patient hiPSCs was signiﬁcantly smaller than that from control hiPSCs (n = 180–210
neurospheres per cell line). (c and d) Quantitative analysis of the number of neurospheres derived from control or patient-derived hiPSCs. The
number of neurospheres with a diameter of less than 100 μm or more than 200 μm were signiﬁcantly different in patient-derived
neurospheres, but the total number of neurospheres was not signiﬁcantly different (n = 4 for each group). Error bars show mean ± s.e.m.
(*Po 0.05, **Po 0.01; two-tailed t-test).

express oligodendrocyte marker (Figure 2e and Supplementary
Figure 2). These results indicate that the control and patientderived neurospheres could differentiate into neurons and astrocytes, but not oligodendrocytes. We compared the efﬁciencies of
neural and glial inductions between control and patient-derived
neurospheres. The fraction of neurons in the total differentiated
cells was signiﬁcantly reduced by approximately 10% in patientderived neurospheres (P = 0.0086) when compared with that in
control ones (Figure 2f). In contrast, the fraction of astrocytes in the
total cells was signiﬁcantly increased by approximately 12% in
patient-derived neurospheres (P = 0.0056; Figure 2f).
Expression analysis of miRNA in hiPSC-derived neurospheres
The neurospheres derived from hiPSCs from subjects with
schizophrenia with 22q11.2 deletion showed abnormal phenotypes similar to the neurospheres derived from Dgcr8 heterozygous knockout mice.10 Therefore, we focused on DGCR8 in our
subsequent analyses. The DGCR8 gene encodes a double-stranded
RNA binding protein, an important component of the ‘microprocessor’ complex that processes primary forms (pri-forms) to
pre-miRNAs that have a hairpin structure, which is further
processed by the Dicer complex to produce mature miRNAs.32
Translational Psychiatry (2016), 1 – 10

First, we conﬁrmed that the expression levels of DGCR8 in
patient-derived neurospheres were reduced compared with those
from controls (P = 0.0423) by real-time quantitative RT-PCR
(Figure 3a), although there was not a large difference of DGCR8
expression between control and patient ﬁbroblasts or hiPSCs
(Figure 3a). Next, we performed microarray-based miRNA analysis
and measured the expression levels of 2042 human mature
miRNAs using the miRBase Rel. 19.0 platform in control and
patient-derived neurospheres. We found that 19 miRNAs satisﬁed
our differential expression criteria of an absolute fold change (FC)
o0.83 or 41.2 and P o0.05 (Figure 3b and Supplementary
Figures 3a and 3b).
miRNAs are categorized according to base sequences and their
genomic loci. A microRNA ‘family’ is a group of miRNAs that have
an identical seed sequence, and a miRNA ‘cluster’ is a group of
miRNAs that reside in the same genomic locus. In previous studies,
the miRNAs of miR-17 family and miR-17/92 cluster have been
reported to show abnormal expression levels in schizophrenic
brains.33 The miR-17 family (Figure 3c) includes miR-17 (in the
current study, hsa-miR-17-3p showed FC = 0.7 and P = 0.0449;
Supplementary Figures 3a and 3b), miR-20a/b, miR-93 and
miR-106a/b.34,35 The miR-17/92 cluster (Figure 3c) includes miR-17,
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Figure 2. Patient-derived neurospheres undergo abnormal neural differentiation. (a) Representative images of neurite outgrowth from
neurospheres. The neurites were visualized by immunocytochemical staining of βIII-tubulin. The average distance between the sphere and the
neurite tip (white dashed line) was calculated. Scale bars, 100 μm. (b) Quantitative analysis of the neurite length. The neurite lengths were
signiﬁcantly decreased in patient-derived neurospheres (n = 300 neurites per cell line). (c) Representative images of cellular migration from
neurospheres. Nuclei were visualized by immunocytochemical staining with NeuN. The average distance between the sphere and the most
distant cell (white dashed line) was calculated. Scale bars, 100 μm. (d) Quantitative analysis of cellular migration. The cellular migrations were
signiﬁcantly decreased in patient-derived neurospheres (n = 300 cells per cell line). (e) Representative images of neural differentiation from
neurospheres. Neural cells derived from neurospheres expressed βIII-tubulin and glial ﬁbrillary acidic protein (GFAP) in the patient and controlderived samples, but not OLIG2. The magniﬁed pictures of GFAP-positive cells are shown in the insets. Scale bars, 100 μm. (f) The analysis of
neural differentiation efﬁciencies between control and patient-derived neurospheres (n = 10 per cell line). The error bars show mean ± s.e.m.
(*P o0.05, **Po 0.01; two-tailed t-test).

miR-18a, miR-19a, miR-19b-1, miR-20a and miR-92a-1. Therefore,
we set out to precisely quantify the expression levels of those
eight miRNAs (miR-17, miR-18a, miR-19a, miR-19b-1, miR-20a,
miR-92a-1 and miR-106a/b), all of which belong to the miR-17
family or the miR-17/92 cluster, using real-time quantitative RTPCR with U6 snRNA as an internal control probe. All the eight
miRNAs showed signiﬁcant downregulation in patient-derived
neurospheres (Figure 3d). Importantly, downregulation of
miR-106b detected in patient neurospheres is also reported in
schizophrenic brains36 and Df(16)A+/ − mice.9 Complementing
these results, pri-miR-106b, the pri-form of miR-106b, was
upregulated in patient-derived neurospheres (P = 0.0466;
Supplementary Figure 3c), suggesting that the processing
efﬁciency of pri-form to pre-form of miR-106b was lowered,
probably due to reduced DGCR8 expression.
Implication of p38 in modulating neuronal differentiation
competencies
It has been reported that (i) miR-17/106 targets the MAPK14
transcript (encoding the α-isoform of p38 protein kinase) in mice
and (ii) the miR-17/106-p38 axis is a critical regulator of the
neurogenic-to-gliogenic transition competence.37 Therefore, the
protein expression levels of p38α in patient-derived neurospheres
were predicted to be increased by the downregulation of

miR-17/92 cluster members. Conformingly, western blot analysis
showed that the expression levels of p38α were signiﬁcantly
increased in patient-derived neurospheres (1.36-fold higher;
P = 0.0162) than those in controls (Figures 4a and b). On the basis
of previously published studies,37,38 we hypothesized that the
upregulation of p38α is causally linked to the abnormal neuronal
differentiation pattern (preferential gliogenic competence) in
patient-derived neurospheres. If this is true, the abnormal
differentiation phenotype could be at least partially rescued by
inhibiting p38 activity. Consistent with this idea, treatments with a
p38-speciﬁc inhibitor, SB203580,39,40 produced a signiﬁcantly
higher number of neurons (P = 0.0426) (Figures 4c and d) and a
signiﬁcant reduction of the astrocyte population (P = 0.0394;
Figures 4c and e) in samples derived from patients. The
SB203580 treatment did not alter the fractions of neurons and
astrocytes in control samples (Figures 4c–e).
Transcriptome analysis in hiPSC-derived neurospheres
Microarray-based mRNA expression analysis in patient and
control-derived neurospheres was conducted to understand the
transcriptome proﬁle relevant to schizophrenia with a 22q11.2
deletion. Of genes that are mapped in the deleted region of
22q11.2, expression levels of 22 genes including DGCR8 were
signiﬁcantly decreased in patient-derived neurospheres
Translational Psychiatry (2016), 1 – 10
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Figure 3. Downregulation of the miRNAs of miR-17 family and miR-17/92 cluster in patient-derived neurospheres. (a) Quantitative real-time
PCR (RT-PCR) analysis of DGCR8 in ﬁbroblasts, human-induced pluripotent stem cells (hiPSCs) and neurospheres (n = 3–4 for each group). (b)
Heat map showing differential expression of 19 miRNAs between patient and control-derived neurospheres. (c) Sequences of the members of
the miR-17, 18, 19 and 92 family. The sequences are divided into four families according to the miRNA seed sequences (marked in blue).
Members of the miR-17/92 cluster are shown in right panel with information on their chromosomal location. Red: members of the miR-17
family; blue: members of the miR-18 family; green: members of the miR-19 family; yellow: members of the miR-92 family. (d) Quantitative RTPCR analysis of eight miRNAs in neurospheres. U6 snRNA was used as an internal control (n = 4 for each group). Error bars show mean ± s.e.m.
(*Po 0.05, **Po 0.01; two-tailed t-test). miRNA, microRNA; snRNA, small nuclear RNA.

(Supplementary Table 4). The genome-wide results depicted 263
upregulated and 123 downregulated genes with a 2-fold cutoff
value and P o 0.05 (Supplementary Figure 4). The differentially
expressed genes were mainly enriched for gene ontology terms
relevant for cell differentiation, neuronal development and
microRNA processing (Supplementary Table 5). Further analysis
revealed that upregulated genes were signiﬁcantly enriched for
MAPK (mitogen-activated protein kinase)-mediated nuclear
events, neurotransmitter receptor binding, transmission across
Translational Psychiatry (2016), 1 – 10

chemical synapses, nerve growth factor signaling and NMDA
receptor activation (Supplementary Table 6). The downregulated
genes fell into classes associated mainly with cell cycle-related
events (Supplementary Table 6).
Expression analysis in postmortem brains
Last, we investigated the mRNA expression levels of MAPK14, GFAP
and the inﬂammation markers, IL1B and IL6 in postmortem brain
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Figure 4. Effects of p38 protein on controlling neurogenic competence in patient-derived neurospheres. (a) Expression levels of p38α in
human-induced pluripotent stem cell (hiPSC)-derived neurospheres examined by western blotting using an anti-p38α antibody. (b)
Quantitative analysis of p38α protein levels in neurospheres derived from control or patient hiPSCs. The p38α protein levels were signiﬁcantly
increased in patient-derived neurospheres (n = 4 for each group). (c) Representative images of neural differentiation from neurospheres
treated with SB203580 (1.0 μM). Neurons and astrocytes were visualized by immunocytochemical staining of βIII-tubulin and glial ﬁbrillary
acidic protein (GFAP), respectively. Scale bars, 100 μm. (d and e) Analysis of the effects of p38 on neural differentiation efﬁciencies between
control and patient-derived neurospheres. In the total differentiated cells derived from patient neurospheres treated with SB203580 (1.0 μM),
neuronal population was signiﬁcantly increased and astrocyte population was signiﬁcantly reduced (n = 10 per cell line). The cells used here
were prepared separately from those in Figure 2f. Error bars show mean ± s.e.m. (*Po0.05; two-tailed t-test).

tissues from schizophrenia patients. In the frontal cortex
(Brodmann’s area 8), there were no signiﬁcant differences in the
expression levels of MAPK14 between control and schizophrenia
samples (P = 0.648; Figure 5a). However, the GFAP expression level
was nominally signiﬁcantly increased in the patient samples
(P = 0.044; age-adjusted P = 0.05; Figure 5b). In contrast, IL1B

expression levels were signiﬁcantly decreased in patient samples
(P = 0.001; Figure 5c). The expression levels of IL6 were unchanged
between control and schizophrenia samples (P = 0.25; Figure 5d).
In addition, MAP2 expression levels were signiﬁcantly decreased in
the patient samples (P = 0.0001; age-adjusted P = 0.000015;
Figure 5e). Furthermore, the expression ratios of GFAP/MAP2 were
Translational Psychiatry (2016), 1 – 10

DGCR8 cascade in schizophrenia with 22q11.2 deletion
M Toyoshima et al

8

Figure 5. mRNA expression analyses of MAPK14, GFAP, IL1B and IL6 and MAP2 in postmortem brains. Expression levels of MAPK14 (a), GFAP (b),
IL1B (c), IL6 (d), MAP2 (e) and GFAP/MAP2 (f) in postmortem brain tissues (Brodmann’s area 8; BA8) of schizophrenia patients and controls were
analyzed using real-time quantitative RT-PCR. The P-values were calculated using two-tailed Mann–Whitney U-test. Horizontal bars show
mean ± s.d. GFAP, glial ﬁbrillary acidic protein; IL, interleukin; MAP, microtubule-associated protein; MAPK, mitogen-activated protein kinase;
mRNA, messenger RNA.

signiﬁcantly increased in the patient samples (P = 0.007; ageadjusted P = 0.002; Figure 5f). There were no signiﬁcant correlations between expression levels of GFAP and levels of IL1B or IL6
(Supplementary Figures 5a and b). The expression levels of the
two inﬂammation marker genes showed signiﬁcant correlation
(Supplementary Figure 5c). The RIN and pH of schizophrenia
samples were signiﬁcantly and marginally lower than those of
controls, respectively (Supplementary Table 1). However, the RIN
(pH) and GFAP expression levels in the postmortem brain
samples were not signiﬁcantly correlated to each other:
P = 0.706 (0.987), 0.585 (0.919) and 0.120 (0.682) for control,
schizophrenia and total brains, respectively. Therefore, the results
suggest an elevated gliogenic competence in schizophrenia
without 22q11.2 deletion.
Translational Psychiatry (2016), 1 – 10

DISCUSSION
The genetic underpinnings of schizophrenia are multifactorial,41
making it challenging to identify convergent points of common
pathways, which is essential for developing novel therapeutic and
preventive measures. The cells from schizophrenia patients with
the 22q11.2 deletion can serve as an entry point for teasing apart
this complexity and resolving the principal pathways shared
among ‘general’ schizophrenia, because this copy number variant
is one of the largest effect-size predisposing factors. In this study,
we revealed several characteristic features of hiPSCs and their
differentiated cell lineage derived from schizophrenia patients
with the 22q11.2 microdeletion.
We observed that patient-derived neurospheres are smaller
in size and that differentiated neurons display abnormal
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morphology, phenotypes shared with those seen in model mice
for the 22q11.2 microdeletion (Df(16)A+/– mice and Df1
mice).4,9,42,43 As a potentially relevant gene, we focused on DGCR8
among genes that are mapped on the deleted interval, because
neurospheres generated from the hippocampus of Dgcr8+/ − mice
also showed size reduction.10 In addition, the Dgcr8+/ − mice
displayed working memory deﬁcits and sensory informationprocessing deﬁcits,9,42 which are seen in schizophrenia patients.
DGCR8 is essential for miRNA biogenesis.32 As the downstream
targets of DGCR8, which may be causally linked to the observed
phenotypes, we examined the miR-17/92 cluster and miR-106a/
b.37 The patient-derived neurospheres showed reduced expression levels of miR-17/92 cluster members and miR-106a/b.
Downregulation of the DGCR8 gene suppresses the conversion
of a subset of pri-forms of miRNA to pre-miRNAs and results in the
dampened generation of a particular subset of mature miRNAs.44
In the patient-derived neurospheres, the expression level of the
pri-form of miR-106b was signiﬁcantly increased, conforming to
haploinsufﬁciency of DGCR8.
The miR-17/92 have a general role in cell proliferation and
survival during normal development and also during
tumorigenesis.34,45 A recent study of the miR-17/92 cluster and
miR-106a/b has shown that miR-19 and miR-92a repress PTEN and
TBR2, and suppress the transition from radial glial cells to
intermediate progenitors,46 and that miR-17 and 106a/b repress
p38α (MAPK14), leading to increased neurogenic and suppressed
gliogenic competences in mice.37 The upregulation of p38α
(MAPK14) protein seen in the current human study may be owing
to the decreased expression of miR-19a/b, members of the
miR-17/92 cluster, or miR-185-5p, as they are predicted to target
human MAPK14 (TargetScan release 7.0: http://www/targetscan.
org/, Supplementary Table 7; Supplementary Figure 6). These
miRNAs are reported to show abnormal expression levels in
schizophrenic brains.33 Therefore, the underexpression of miR-17/92 cluster members, miR-185-5p and miR-106a/b, and subsequent upregulation of p38α may underlie the observed size
reduction of patient-derived neurospheres and the decreased
neural differentiation efﬁciency in patient-derived neurospheres.
In support of this theory, abnormal neurogenic-to-gliogenic
transition competence balance in patient-derived differentiated
cells could be partially recovered by the addition of p38 inhibitor.
The recent studies reported that the RAF/MEK/ERK pathway also
controls gliogenesis.47 In the patient-derived neurospheres,
upregulated genes were signiﬁcantly enriched for ERK-mediated
nuclear events in addition to MAPK-associated pathways
(Supplementary Table 6), implying the involvement of the ERK
pathway in the abnormal of neurogenic-to-gliogenic transition
competence balance in the patient-derived neurospheres seen in
our study.
Interestingly, we detected increased expression of GFAP, an
astrocyte marker, decreased expression of MAP2, a neuronal
marker, and elevated ratio of GFAP/MAP2, in postmortem brains of
patients with schizophrenia. This may correspond to the aberrant
neurogenic-to-gliogenic transition balance seen in the neurospheres derived from schizophrenia patients with the 22q11.2
deletion. Therefore, the theory of ‘reduced neurogenic and
elevated gliogenic competences’ could be a hallmark of schizophrenia pathology.48 With respect to a potential mechanism of
elevated GFAP expression in the postmortem brains, several
studies have reported that oxidative stress and inﬂammatory
cytokines contribute to the pathophysiology of schizophrenia.49
However, in our postmortem brains, the examined inﬂammatory
markers, IL1B and IL6, were not upregulated in the disease group
nor did their expression levels correlate with GFAP levels.
Therefore, upregulated GFAP expression is unlikely to be related
to the inﬂammatory status at autopsy.
The following are the limitations of the current study: (1) small
iPS sample sizes; (2) iPS samples were not matched between cases

and controls in terms of ethnicity and gender; (3) as no histopathological examinations were performed, it would be difﬁcult
to completely exclude the possible contribution of ‘gliosis’ to
elevated GFAP expression in schizophrenia brains; and (4) the
precise mechanisms for the upregulation of GFAP and downregulation of MAP2 in the postmortem brain samples from
schizophrenia remain elusive. These limitations considered,
replication studies using large cohorts are warranted.
In summary, by integrating information obtained from manifold
analyses of reprogrammed neuronal cells, we deepened an in vitro
mechanistic understanding of how the 22q11.2 microdeletion
affects neurodevelopment. From the current results, we propose a
hypothetical concept of ‘reduced neurogenic and elevated
gliogenic competences’ as a shared underpinning of etiologically
heterogeneous schizophrenia. We also propose the potential
beneﬁt of developing compounds that have high speciﬁcity
against p38α and can pass through blood–brain barrier, as novel
therapeutics for schizophrenia.
CONFLICT OF INTEREST
HO is a paid scientiﬁc advisory board member and a founding scientist for SanBio.
The remaining authors declare no conﬂict of interest.

ACKNOWLEDGMENTS
We thank the late Motoichiro Kato of the Department of Psychiatry, Keio University
School of Medicine, for the recruitment of a patient. We also thank members of
Okano’s laboratory for support of iPSCs establishment and culture. We are grateful to
the Support Unit for Bio-Material Analysis at RIKEN BSI Research Resource Center, for
technical help with array analysis. This study was supported in part by the Grant-inAid for Scientiﬁc Research (25861037, 15K09849 to MT) from Japan Society for the
Promotion of Science and the Grant-in-Aid for Scientiﬁc Research on Innovative Areas
(Unraveling the microendophenotypes of psychiatric disorders at the molecular,
cellular and circuit levels; TY), the Strategic Research Program for Brain Sciences from
Japan Agency for Medical Research and development, AMED (TY), AMED-CREST from
Japan Agency for Medical Research and Development, AMED (TY) and Leading
Project for Realization of Regenerative Medicine (HO) from the Ministry of Education,
Culture, Sports, Science and Technology. In addition, this study was supported by
‘Funding Program for World-Leading Innovative R&D on Science and Technology’
(HO) and RIKEN Brain Science Institute Fund (TY) and NHMRC Fellowship
(APP1002240 to BD).

REFERENCES
1 Merikangas AK, Corvin AP, Gallagher L. Copy-number variants in neurodevelopmental disorders: promises and challenges. Trends Genet 2009; 25: 536–544.
2 Hiroi N. Small cracks in the dam: rare genetic variants provide opportunities to
delve into mechanisms of neuropsychiatric disorders. Biol Psychiatry 2014; 76:
91–92.
3 Botto LD, May K, Fernhoff PM, Correa A, Coleman K, Rasmussen SA et al. A
population-based study of the 22q11.2 deletion: phenotype, incidence, and
contribution to major birth defects in the population. Pediatrics 2003; 112:
101–107.
4 Karayiorgou M, Simon TJ, Gogos JA. 22q11.2 microdeletions: linking DNA structural variation to brain dysfunction and schizophrenia. Nat Rev Neurosci 2010; 11:
402–416.
5 Edelmann L, Pandita RK, Morrow BE. Low-copy repeats mediate the common 3Mb deletion in patients with velo-cardio-facial syndrome. Am J Hum Genet 1999;
64: 1076–1086.
6 Gothelf D, Presburger G, Zohar AH, Burg M, Nahmani A, Frydman M et al.
Obsessive-compulsive disorder in patients with velocardiofacial (22q11 deletion)
syndrome. Am J Med Genet B Neuropsychiatr Genet 2004; 126b: 99–105.
7 Jonas RK, Montojo CA, Bearden CE. The 22q11.2 deletion syndrome as a window
into complex neuropsychiatric disorders over the lifespan. Biol Psychiatry 2014;
75: 351–360.
8 Hiroi N, Takahashi T, Hishimoto A, Izumi T, Boku S, Hiramoto T. Copy number
variation at 22q11.2: from rare variants to common mechanisms of developmental neuropsychiatric disorders. Mol Psychiatry 2013; 18: 1153–1165.
9 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: 751–760.

Translational Psychiatry (2016), 1 – 10

DGCR8 cascade in schizophrenia with 22q11.2 deletion
M Toyoshima et al

10
10 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: 9408–9419.
11 Mukai J, Dhilla A, Drew LJ, Stark KL, Cao L, MacDermott AB et al. Palmitoylationdependent neurodevelopmental deﬁcits in a mouse model of 22q11 microdeletion. Nat Neurosci 2008; 11: 1302–1310.
12 Mukai J, Tamura M, Fenelon K, Rosen AM, Spellman TJ, Kang R et al. Molecular
substrates of altered axonal growth and brain connectivity in a mouse model of
schizophrenia. Neuron 2015; 86: 680–695.
13 Hiroi N, Zhu H, Lee M, Funke B, Arai M, Itokawa M et al. A 200-kb region of human
chromosome 22q11.2 confers antipsychotic-responsive behavioral abnormalities
in mice. Proc Natl Acad Sci USA 2005; 102: 19132–19137.
14 Rapoport JL, Addington AM, Frangou S, Psych MR. The neurodevelopmental
model of schizophrenia: update 2005. Mol Psychiatry 2005 10: 434–449.
15 Imaizumi Y, Okano H. Modeling human neurological disorders with induced
pluripotent stem cells. J Neurochem 2014; 129: 388–399.
16 Brennand KJ, Simone A, Tran N, Gage FH. Modeling psychiatric disorders at the
cellular and network levels. Mol Psychiatry 2012; 17: 1239–1253.
17 Okano H, Yamanaka S. iPS cell technologies: signiﬁcance and applications to CNS
regeneration and disease. Mol Brain 2014; 7: 22.
18 Brennand KJ, Simone A, Jou J, Gelboin-Burkhart C, Tran N, Sangar S et al. Modelling schizophrenia using human induced pluripotent stem cells. Nature 2011;
473: 221–225.
19 Hook V, Brennand KJ, Kim Y, Toneff T, Funkelstein L, Lee KC et al. Human iPSC
neurons display activity-dependent neurotransmitter secretion: aberrant catecholamine levels in schizophrenia neurons. Stem Cell Rep 2014; 3: 531–538.
20 Bundo M, Toyoshima M, Okada Y, Akamatsu W, Ueda J, Nemoto-Miyauchi T et al.
Increased l1 retrotransposition in the neuronal genome in schizophrenia. Neuron
2014; 81: 306–313.
21 Maekawa M, Yamada K, Toyoshima M, Ohnishi T, Iwayama Y, Shimamoto C et al.
Utility of scalp hair follicles as a novel source of biomarker genes for psychiatric
illnesses. Biol Psychiatry 2015; 78: 116–125.
22 Imaizumi Y, Okada Y, Akamatsu W, Koike M, Kuzumaki N, Hayakawa H et al.
Mitochondrial dysfunction associated with increased oxidative stress and alphasynuclein accumulation in PARK2 iPSC-derived neurons and postmortem
brain tissue. Mol Brain 2012; 5: 35.
23 Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K et al. Induction
of pluripotent stem cells from adult human ﬁbroblasts by deﬁned factors. Cell
2007; 131: 861–872.
24 Matsumoto T, Fujimori K, Andoh-Noda T, Ando T, Kuzumaki N, Toyoshima M et al.
Functional neurons generated from T cell-derived induced pluripotent stem cells
for neurological disease modeling. Stem Cell Rep 2016; 6: 422–435.
25 Yamada K, Hattori E, Iwayama Y, Toyota T, Iwata Y, Suzuki K et al. Populationdependent contribution of the major histocompatibility complex region to schizophrenia susceptibility. Schizophr Res 2015; 168: 444–449.
26 Bittel DC, Yu S, Newkirk H, Kibiryeva N, Holt A 3rd, Butler MG et al. Reﬁning the
22q11.2 deletion breakpoints in DiGeorge syndrome by aCGH. Cytogenet Genome
Res 2009; 124: 113–120.
27 Matsui T, Takano M, Yoshida K, Ono S, Fujisaki C, Matsuzaki Y et al. Neural stem
cells directly differentiated from partially reprogrammed ﬁbroblasts rapidly
acquire gliogenic competency. Stem Cells 2012; 30: 1109–1119.
28 Brennand K, Savas JN, Kim Y, Tran N, Simone A, Hashimoto-Torii K et al. Phenotypic differences in hiPSC NPCs derived from patients with schizophrenia. Mol
Psychiatry 2015; 20: 361–368.
29 Yoon KJ, Nguyen HN, Ursini G, Zhang F, Kim NS, Wen Z et al. Modeling a genetic
risk for schizophrenia in iPSCs and mice reveals neural stem cell deﬁcits associated with adherens junctions and polarity. Cell Stem Cell 2014; 15: 79–91.
30 Yu DX, Di Giorgio FP, Yao J, Marchetto MC, Brennand K, Wright R et al. Modeling
hippocampal neurogenesis using human pluripotent stem cells. Stem Cell Rep
2014; 2: 295–310.
31 Wen Z, Nguyen HN, Guo Z, Lalli MA, Wang X, Su Y et al. Synaptic dysregulation in
a human iPS cell model of mental disorders. Nature 2014; 515: 414–418.

32 Kawahara H, Imai T, Okano H. MicroRNAs in neural stem cells and neurogenesis.
Front Neurosci 2012; 6: 30.
33 Im HI, Kenny PJ. MicroRNAs in neuronal function and dysfunction. Trends Neurosci
2012; 35: 325–334.
34 Concepcion CP, Bonetti C, Ventura A. The microRNA-17-92 family of microRNA
clusters in development and disease. Cancer J 2012; 18: 262–267.
35 Mogilyansky E, Rigoutsos I. The miR-17/92 cluster: a comprehensive update on its
genomics, genetics, functions and increasingly important and numerous roles in
health and disease. Cell Death Differ 2013; 20: 1603–1614.
36 Moreau MP, Bruse SE, David-Rus R, Buyske S, Brzustowicz LM. Altered microRNA
expression proﬁles in postmortem brain samples from individuals with schizophrenia and bipolar disorder. Biol Psychiatry 2011; 69: 188–193.
37 Naka-Kaneda H, Nakamura S, Igarashi M, Aoi H, Kanki H, Tsuyama J et al. The
miR-17/106-p38 axis is a key regulator of the neurogenic-to-gliogenic transition in
developing neural stem/progenitor cells. Proc Natl Acad Sci USA 2014; 111:
1604–1609.
38 Correa SA, Eales KL. The role of p38 MAPK and its substrates in neuronal plasticity
and neurodegenerative disease. J Signal Transduct 2012; 2012: 649079.
39 Cuenda A, Rouse J, Doza YN, Meier R, Cohen P, Gallagher TF et al. SB 203580 is a
speciﬁc inhibitor of a MAP kinase homologue which is stimulated by cellular
stresses and interleukin-1. FEBS Lett 1995; 364: 229–233.
40 Kempf H, Lecina M, Ting S, Zweigerdt R, Oh S. Distinct regulation of mitogenactivated protein kinase activities is coupled with enhanced cardiac differentiation of human embryonic stem cells. Stem Cell Res 2011; 7: 198–209.
41 Ripke S, O'Dushlaine C, Chambert K, Moran JL, Kahler AK, Akterin S et al. Genomewide association analysis identiﬁes 13 new risk loci for schizophrenia. Nat Genet
2013; 45: 1150–1159.
42 Fenelon 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 shortterm plasticity in the prefrontal cortex. Proc Natl Acad Sci USA 2011; 108:
4447–4452.
43 Toritsuka M, Kimoto S, Muraki K, Landek-Salgado MA, Yoshida A, Yamamoto N
et al. Deﬁcits in microRNA-mediated Cxcr4/Cxcl12 signaling in neurodevelopmental deﬁcits in a 22q11 deletion syndrome mouse model. Proc Natl Acad Sci
USA 2013; 110: 17552–17557.
44 Petri R, Malmevik J, Fasching L, Akerblom M, Jakobsson J. miRNAs in brain
development. Exp Cell Res 2014; 321: 84–89.
45 He L, Thomson JM, Hemann MT, Hernando-Monge E, Mu D, Goodson S et al. A
microRNA polycistron as a potential human oncogene. Nature 2005; 435:
828–833.
46 Bian S, Hong J, Li Q, Schebelle L, Pollock A, Knauss JL et al. MicroRNA
cluster miR-17-92 regulates neural stem cell expansion and transition to intermediate progenitors in the developing mouse neocortex. Cell Rep 2013; 3:
1398–1406.
47 Li X, Newbern JM, Wu Y, Morgan-Smith M, Zhong J, Charron J et al. MEK
is a key regulator of gliogenesis in the developing brain. Neuron 2012; 75:
1035–1050.
48 Andoh-Noda T, Akamatsu W, Miyake K, Matsumoto T, Yamaguchi R, Sanosaka T
et al. Differentiation of multipotent neural stem cells derived from Rett syndrome
patients is biased toward the astrocytic lineage. Mol Brain 2015; 8: 31.
49 Leza JC, Bueno B, Bioque M, Arango C, Parellada M, Do K et al. Inﬂammation in
schizophrenia: a question of balance. Neurosci Biobehav Rev 2015; 55: 612–626.

This work is licensed under a Creative Commons Attribution 4.0
International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

© The Author(s) 2016

Supplementary Information accompanies the paper on the Translational Psychiatry website (http://www.nature.com/tp)

Translational Psychiatry (2016), 1 – 10

