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Abstract
Abnormal mossy fiber connections in the hippocampus have been implicated in schizophrenia. However, it remains unclear 
whether this abnormality in the patients is genetically determined and whether it contributes to the onset of schizophrenia. 
Here, we showed that iPSC-derived hippocampal NPCs from schizophrenia patients with the A/A allele at SNP rs16864067 
exhibited abnormal NPC polarity, resulting from the downregulation of SOX11 by this high-risk allele. In the SOX11-
deficient mouse brain, abnormal NPC polarity was also observed in the hippocampal dentate gyrus, and this abnormal NPC 
polarity led to defective hippocampal neurogenesis—specifically, irregular neuroblast distribution and disrupted granule cell 
morphology. As granule cell synapses, the mossy fiber pathway was disrupted, and this disruption was resistant to activity-
induced mossy fiber remodeling in SOX11 mutant mice. Moreover, these mutant mice exhibited diminished PPI and schiz-
ophrenia-like behaviors. Activation of hippocampal neurogenesis in the embryonic brain, but not in the adult brain, partially 
alleviated disrupted mossy fiber connections and improved schizophrenia-related behaviors in mutant mice. We conclude 
that disrupted mossy fiber connections are genetically determined and strongly correlated with schizophrenia-like behaviors 
in SOX11-deficient mice. This disruption may reflect the pathological substrate of SOX11-associated schizophrenia.

Keywords Mossy fiber remodeling · Schizophrenia-associated SNPs · SOX11 polymorphisms · Synaptic circuits · 
Hippocampal formation · Dentate gyrus neurogenesis

Introduction

Schizophrenia is a severe mental illness resulting from mal-
formation of neural circuits [1] in the brain. For example, 
mossy fiber connections, a key component of the trisynaptic 

circuit in the hippocampus, have been reported to be altered 
in the brain of schizophrenia patients [2, 3]. Notably, how-
ever, mossy fibers are under constant remodeling with high 
dynamics in the adolescent brain [4] and vulnerable to dis-
ease conditions [5]. Therefore, it is difficult to determine 
whether the alterations of mossy fibers are just an outcome, 
or, instead, an etiological factor of schizophrenia.

Mossy fibers are hippocampal granule cell axons that pri-
marily connect to pyramidal neurons in the CA3 region [6]. 
The development of mossy fibers involves both embryonic 
and adult neurogenesis in the hippocampus. Hippocampal 
neurogenesis starts from embryonic day 14.5 (E14.5) in 
the mouse brain [7]. At this stage, the dentate neuroepithe-
lium begins to migrate along the dentate migration stream 
(DMS) to form the primitive dentate gyrus (DG). During 
DMS migration,  SOX2+ dentate neuroepithelium differen-
tiates into TBR2 + intermediate precursors (IPCs). In turn, 
these precursors differentiate further into  DCX+ neuroblasts, 
which eventually become  PROX1+ granule cells at the primi-
tive DG [8, 9]. In the neonatal mouse brain, embryonic 
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neurogenesis shifts to a slower adult neurogenesis [8]. Dur-
ing the transition from embryonic to adult neurogenesis, the 
DG granule cells project mossy fibers to CA3 pyramidal 
neurons to form the trisynaptic circuit in the hippocampus 
[10]. It has been reported that abnormal mossy fiber connec-
tions to CA3 neurons were observed in patients with psychi-
atric disorders including schizophrenia [5, 11].

The formation of appropriate mossy fiber connections is 
composed of two phases: genetically determined assembly 
of synapses and activity-dependent remodeling [12]. In the 
P0 mouse brain, the DG granule cells begin to project mossy 
fibers [13]. At P7, mossy fibers reach the stratum lucidum 
(SL), stratum oriens (SO), stratum pyramidale (SP), and 
other layers [14] in the hippocampal CA3 region, and their 
maturation in the neonatal brain is completed around P21 
[15]. After maturation in the neonatal brain, mossy fiber 
connections are mostly restricted to the SL region. Non-
mature mossy fiber connections to either the SO or SP 
region must be pruned during circuit remodeling to avoid 
excessive excitatory connections, which were linked with 
schizophrenia [5]. Both embryonic and adult neurogenesis 
contribute to the formation of appropriate mossy fiber con-
nections, failure of which leads to defects in memory [16] 
and cognition [17] and schizophrenia-like behaviors [18].

Recently, an independent case–control study reported 
that single-nucleotide polymorphism (SNP) rs16864067 in 
3ʹ UTR of SOX11 had a significant genome-wide associa-
tion with schizophrenia [19]. SOX11 is a member of the 
SRY-related high-mobility-group C (Sox-C) subfamily of 
transcription factors [20]. It has been documented that, 
sometimes acting in redundancy with other Sox-C mem-
bers, SOX11 is required for neuronal differentiation during 
hippocampal neurogenesis [21]. It is known that SOX11 
mutations are associated with Coffin–Siris syndrome [22, 
23], and some of these patients show mental retardation and 
have a high risk of psychiatric disorders [24]. However, the 
mechanism underlying the pathological alteration of both 
disorders is unclear.

In the present study, we collected blood samples from 
patients with a high-risk A/A allele or healthy controls with 
a low-risk G/G allele at SNP rs16864067 (Fig. S1A, B). 
Using blood cells, we generated induced pluripotent stem 
cells (iPSCs). Because human SOX11 expression is signifi-
cantly higher in hippocampal neural progenitor cells (NPCs) 
than in human cortex NPCs [25], but most iPSC studies of 
schizophrenia have been performed on cortical neurons [26], 
we differentiated iPSCs further into hippocampal NPCs 
[27] to study whether SOX11-associated schizophrenia 
could result from abnormal hippocampal neurogenesis. To 
this end, we found that high-risk SNP rs16864067 directly 

downregulated the expression of SOX11 (Fig. S1A–S1C). 
Moreover, we observed that Sox11-deficient NPCs exhibited 
abnormal cell polarity and defective neuronal differentiation. 
Given that neuronal polarity is associated with abnormal 
mossy fiber sprouting in the brain [28], we investigated the 
hippocampal neurogenesis, particularly mossy fiber connec-
tions, in the SOX11-deficient mouse brain to probe possible 
pathological alterations related to SNP rs16864067-associ-
ated schizophrenia.

Methods

Generation and characterization of human iPSC 
lines

Human iPSC lines were established from peripheral blood 
cells (PMNCs) [29]. PMNCs were isolated by density gra-
dient centrifuging with Ficoll-Paque Plus (GE Healthcare, 
Waukesha). PMNCs (5 ×  106) were introduced with 3 mg 
of expression plasmid (a combination of plasmids encod-
ing OCT3/4, SOX2, KLF4, L-MYC, LIN28, EBNA1 and 
shRNA for TP53) mixture by electroporation using Nucleo-
fector 2b Device (Lonza, Basel, Switzerland) and Amaxa 
Human T-cell Nucleofector kit (Lonza). After transfection, 
the cells were cultured in X-Vivo10 (Lonza) supplemented 
with 30 U/ml IL-2 (PeproTech) and 5 μl/well of Dyna-
beads Human T-activator CD3/CD28 (Thermo Fisher). 
2 days after later, an equal volume of ESC medium mTESR 
(STEM CELL) with 10 μm Y27632 (STEMCELL) was 
added into the previous medium. 4 days after the transfec-
tion, the culture medium was replaced with ESC medium 
with 10 μm Y27632. The colonies were counted 4 weeks 
after plating, and were selected for further cultivation and 
characterization.

Generation of genetically modified isogeneic hESCs 
mediated by CRISPR–CAS9

Genome editing hESCs (H1) was carried out according 
to the protocol “CRISPR/CAS9 Gene Editing of Human 
Induced Pluripotent Stem Cells (iPSCs)” from Sigma. 
CRISPR single guide RNAs (sgRNAs) were cloned into 
sgRNA/CAS9 expressing plasmid pX330 tagged with GFP 
(Addgene, Cambridge, MA, USA).  GFP+ cells were FACS-
sorted and plated as one cell/per well. Single colony was 
picked and grew for approximately 5 days before PCR analy-
sis for on-target and off-target mutagenesis.
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Differentiation of human PSCs into hippocampal 
NPCs

Differentiation of hippocampal NPCs was performed as 
previously published [27]. Briefly, EBs were treated with 
DKK1 (0.5 µg/ml), SB431542 (10 µM), noggin (0.5 µg/ml), 
and cyclopamine (1 µM) in NeuroCul NS-A Basal Medium 
(Human) plus N2 and B27 supplements. The treatment 
was continued for about 3 weeks followed by plating onto 

polyornithine/laminin-coated dishes in Neurobasal Medium 
(N2 and B27).

Statistical analysis

All statistical tests and sample sizes were included in the 
figure legends. All data were shown as mean ± SEM. Sta-
tistical analysis was performed using GraphPad Prism 8.0.1 
with either Student’s t test or ANOVA followed by Dunnett’s 

Fig. 1  SOX11 deficiency caused abnormal polarity in NPCs derived 
from schizophrenia patients. SOX11 mRNA (A) and the protein (B) 
in NPC derived from four schizophrenia patients or the paired con-
trols. Error bars, mean ± SEM, n = 4 cultures, *p < 0.05 (Student’s 
t test). C Formation of neural rosettes by immunostaining of ZO-1 
(red) and PAX6 (green). Scale bar, 20  μm. D Percentage of neural 
rosettes in NPC colonies from C. Error bars, mean ± SEM, n = 4 cul-
tures, **p < 0.01 (Student’s t test). E Neural rosettes and the inten-
sity of SOX11 in the circled NPCs derived from ESCs with either the 
A/A- or G/G allele. Error bars, mean ± SEM, n = 32 cells, **p < 0.01 

(Student’s t test). F Ectopic expression of SOX11 in NPCs differenti-
ated from ESCs with the A/A allele (upper panel) and knockdown of 
SOX11 in NPCs differentiated from ESCs with the G/G allele. Scale 
bar, 20  μm. Quantifications of neural rosettes from F. Error bars, 
mean ± SEM, n = 3 cultures, *p < 0.05, (Student’s t test). G Immu-
nostaining TUJ1 in young neurons differentiated from isogenic ESCs, 
patients, or the controls. Scale Bar, 20  μm, and the percentage of 
 TUJ1+ cells in total DAPI + cells. Error bars, mean ± SEM, n = 3 cul-
tures, *p < 0.05 (Student’s t test)
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multiple comparisons test or Tukey’s multiple comparisons 
test (more than three groups). p < 0.05 was considered sta-
tistically significant.

Results

SOX11 deficiency caused abnormal polarity 
in hippocampal NPCs derived from schizophrenia 
patients or isogenic human ESCs

We first characterized the pluripotency in the established 
iPSCs. We did not see any significant difference in morphol-
ogy and pluripotent markers between the four schizophrenia 
patients (P1–P4) and the paired cohort controls (C1–C4) 
(Fig. S1D). In addition, iPSCs from both the patients and 
the controls efficiently differentiated into neural ectoderm, as 
indicated by PAX6 and NESTIN immunofluorescence (Fig. 
S1E). However, a difference emerged when the cells differ-
entiated further into hippocampal NPCs. First, the SOX11 
expression decreased significantly in NPCs derived from the 
patients (Fig. 1A and B). Second, based on immunofluores-
cent staining of ZO-1, a tight junction protein [30], NPCs 
from healthy controls formed well-structured neural rosettes 
(rosette formation), indicated by asymmetric apical locali-
zation of ZO-1. In contrast, NPCs from the patients failed 
to form rosettes (Fig. 1C and D). Because neural rosette 
structures recapitulate the apical–basal polarity of NPCs 
in the brain [31], the failure of rosette formation indicated 
abnormal cell polarity in the hippocampal NPCs derived 
from schizophrenia patients’ iPSCs. These results indicated 

that SOX11 deficiency may cause abnormal polarity in hip-
pocampal NPCs.

To avoid bias due to genetic variation in patients, we 
edited human H1 embryonic stem cells (ESCs) using 
CRISPR–Cas9-based technology to generate isogenic ESCs 
with either an A/A allele or a G/G allele at SNP rs16864067 
(Fig. S2A). We then differentiated these cells into hippocam-
pal NPCs and found that rosette formation was indeed 
defective (Fig. 1E), and SOX11 mRNA and protein levels 
(Fig. S2B and S2C) were both compromised in these NPCs 
derived from A/A allele ESCs. We examined the immunoflu-
orescence of SOX11 in the area of neural rosettes formed by 
G/G allele NPCs or the same-size area of A/A allele NPCs. 
SOX11 fluorescence correlated well with rosette formation 
in these cells (Fig. 1E). Moreover, after introducing SOX11 
cDNA without inclusion of SNP rs16864067 into the A/A 
allele NPCs from ESCs, we observed that the defective 
rosette formation was significantly corrected (Fig. 1F, upper 
panels). Downregulation of SOX11 in G/G allele NPCs 
by SOX11-shRNA resulted in abnormal polarity in NPCs 
(Fig. 1F, lower panels). Therefore, we concluded that the 
high-risk allele at SNP rs16864067 led to abnormal polarity 
in NPCs due to SOX11 deficiency.

To further evaluate the functional consequences of 
impaired NPC polarity, we calculated TUJ1 + neuron num-
bers after NPCs’ neuronal differentiation. There were 
much fewer TUJ1 + young neurons (YN) (Fig. 1G) differ-
entiated from patient iPSCs or A/A allele ESCs than from 
the G/G control samples, which instead had many more 
cPARP + apoptotic cells (Fig. S2D). We therefore concluded 
that high-risk SNP rs16864067 downregulated SOX11 
expression, leading to abnormal NPC polarity and defec-
tive neuronal differentiation.

Abnormal NPC polarity, irregular neuroblast 
distribution, and disrupted morphology of granule 
cells in SOX11‑mutant hippocampus

The polarity of NPCs is crucial for brain development [32]. 
To investigate whether SOX11 deficiency causes abnor-
mal NPC polarity in the mouse brain, we deleted Sox11 
selectively from the telencephalon, since Sox11 is mainly 
expressed in this region [33]. Thinking about the dose effect 
of SNP rs16864067 on the expression of SOX11, we studied 
the brain development in both Sox11cHET and Sox11cKO 
mice. Consistent with the observation by Shim and col-
leagues [34], we did not find any obvious changes in brain 
size. There were no apparent gross defects in either the cer-
ebrum or the olfactory bulb (Fig. S3A–S3C) in the adult 
mutant brain. Immunostaining for SOX2 in the subventricu-
lar zone (SVZ) and DCX in the SVZ-RMS-OB region [35], 
did not show an obvious difference between the mutant and 
the control mice (Fig. S3D and S3E), suggesting that the 

Fig. 2  SOX11 deficiency results in random distribution and irregu-
lar morphology of hippocampal granule cells and causes diminished 
PPI. A Abnormal distribution of HOPX + NPCs in the DG in the 
SOX11-mutant adult brain. Scale bar, 100  μm. B Quantifications of 
HOPX + NPCs in the granule cell layer, SGZ, and hilus within the DG 
in adult mouse brain, n = 3 mice. Morphology (C) and quantification 
(D) of radial or multipolar NPCs in the DG in the SOX11-deficient 
or control mouse brain. Scale bar, 20  μm. Error bars, mean ± SEM, 
n = 5 mice. (Student’s t test). Distribution (E), quantification (F) and 
average dendrite length (G) of DCX + neuroblasts in the SOX11-defi-
cient or control mouse hippocampus. Scale bar, 50  μm. Error bars, 
mean ± SEM (n = 7, *p < 0.05, one-way ANOVA). H Golgi–Cox 
staining of the hippocampus (coronal section) from the SOX11-defi-
cient or control mouse brain. Scale bar, 50 μm. I–J Sholl analyses of 
dendritic complexity of dentate granule cells in the SOX11-deficient 
or control mouse brain (I). Cumulative distribution of branch num-
bers of neurons in the DG granule cells in SOX11-deficient or control 
mouse brain. Error bars, mean ± SEM, n = 27, *p < 0.05, **P < 0.01 
versus the indicated group (Student’s t test). K Mossy fiber con-
nections decreased to the SL region but increased to the SP and SO 
regions in the SOX11-deficient hippocampal CA3 region. Error bars, 
mean ± SEM, n = 3 mice, *p < 0.05, (one-way ANOVA). L PPI was 
diminished in the SOX11-deficient mice. Error bars, mean ± SEM, 
n = 13, *p < 0.05 (one-way ANOVA)

◂
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cerebral cortex neurogenesis had changed little. In contrast, 
there was abnormal neuron distribution in the DG region and 
a significant reduction in PROX1-positive granule cells in 
the hippocampus of heterozygous (Sox11cHET) or homoge-
neous (Sox11cKO) mice (Fig. S3F and S3G).

Furthermore, we performed behavioral measurements to 
evaluate functional alterations in the hippocampus of mutant 
mice. Non-hippocampus-dependent novel object recogni-
tion (NOR) [36] did not differ between the mutant mice and 

the controls (Fig. S3H), whereas hippocampus-dependent 
object–place recognition (OPR) [36] was significantly 
altered in the mutant mice (Fig. S3I). These data suggested 
that SOX11 deficiency may cause defects in the development 
and related functions of the hippocampus.

To investigate the cellular mechanisms in the SOX11-
deficient hippocampus, we performed immunofluores-
cence and found that most HOPX + NPCs in the wild-type 
mouse brain lined up along the subgranular zone (SGZ). 
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In contrast, in Sox11cKO mice, 22% of NPCs stayed at 
the hilus and 27% of the cells migrated from SGZ to GCL 
(Fig. 2A and B). Sox11cHET mice also exhibited similar 
alterations (Fig. 2A and B). NPCs were not restricted to 
SGZ and were distributed randomly in the granule cell 
layer (GCL) and hilus. Notably, unlike NPCs of wild-type 
mice, which showed a radial shape, about half of NPCs in 
the mutant brains showed multipolar morphology (Fig. 2C 
and D), indicating that SOX11 is required for appropriate 
NPC polarity in the hippocampus.

To assess the impact of NPC polarity on hippocampal 
neurogenesis, we examined the number of DCX + neu-
roblasts in the DG region. Neuroblasts were significantly 
reduced, and their distribution was obviously disrupted 
(Fig. 2E and F), in the SOX11 mutant hippocampus. In 
addition, the average dendrite length in these neuroblasts 
significantly decreased (Fig. 2G). To investigate the cause of 
the reduction in hippocampal cells, we measured cell prolif-
eration and apoptosis by immunostaining Ki67 and cPARP, 
respectively. All the Ki67 + cells decreased significantly (Fig. 
S4A), with both HOPX + NPCs (Fig. S4B) and  TBR2+  IPCs 
(Fig. S4C) decreased significantly in the mutant hippocam-
pus. Given that there was no increase in cPARP + cells (Fig. 
S4D) in the hippocampus of the mutant brain, we concluded 
that abnormal NPC polarity caused defects in the differen-
tiation of neuroblasts and granule cells (Fig. S3G) in the 
hippocampal DG region.

Disrupted mossy fiber connection, diminished PPI, 
and behavior disorders in SOX11‑deficient mice

To further investigate the pathological changes in the mutant 
brain, we examined neuronal dendrite structures through 
Golgi–Cox staining. The hippocampal DG neurons showed 
an abnormal distribution (Fig. 2H) in the mutant mice. The 
branch number and the complexity of hippocampal neurons 
in the mutant mice significantly decreased (Fig. 2I and J). 
In contrast, there were no obvious differences in morphol-
ogy, distribution, and the dendrite structure of pyramidal 
neurons in cortical areas between the control and SOX11-
mutant mice (Fig. S5A–S5D). In the mutant mice, while 
pyramidal neurons exhibited disrupted dendrite structure in 
the hippocampal CA3 region (Fig. S5F), the CA1 region did 
not show obvious defects (Fig. S5E).

Given the irregular distribution and the morphology 
of DG granule cells in the SOX11-deficient hippocampus 
(Fig. 2H–J and S3G), as granule cell synapses, the mossy 
fibers were evaluated in the DG–CA3 pathway. In the normal 
hippocampus, mossy fibers selectively projected to the SL 
region (> 80%) (Fig. 2K, blue). In the mutant hippocampus, 
however, mossy fibers were not restricted to the SL region; 
instead, more than half of the mossy fibers projected to the 
wrong targets in the SO and SP regions, indicated by stain-
ing of KA-1, a glutamate receptor that is mainly expressed 
on pyramidal cells in the SP layer [37] (Fig. 2K). To exam-
ine if these misconnected mossy fibers were functional 
abnormal, the mossy fibers at the DG–hilus border were 
stimulated, and excitatory postsynaptic potentials (EPSPs) 
were recorded in the CA3 pyramidal cell layer. Compared 
with the wild-type controls, we found that, with increasing 
frequency of stimulations, neural adaption was altered in 
the hippocampal DG–CA3 pathway of SOX11-mutant brain 
(Fig. S6B–S6D), indicating abnormal mossy fiber functions 
in the mutant mice [38].

Since abnormal mossy fiber function may induce hip-
pocampal hyperactivity [5] that causes diminished prepulse 
inhibition (PPI) [39], we measured PPI and found that PPI 
was significantly diminished in all of the stimulating condi-
tions in SOX11-mutant mice (Fig. 2L). It has been docu-
mented that disrupted neural circuitry and diminished PPI 
are the pathological and behavioral hallmarks of schizophre-
nia [40, 41]. Therefore, we proposed that SOX11 deficiency 
may contribute to the susceptibility to schizophrenia due to 
the disrupted mossy fiber connections.

Anxiety and social dysfunction are prominent features of 
schizophrenia [42, 43]. We further measured animal anxi-
ety using elevated plus maze [44]. In this test, a preference 
for enclosed space and avoidance of open height indicate 
anxiety. As expected, SOX11-deficient mice spent more 
time than the controls in the closed arms of the maze (Fig. 
S7A), indicating that SOX11 deficiency exacerbated animal 

Fig. 3  Pathological defects in the SOX11-deficient hippocam-
pus are initiated from abnormal progenitor polarity and defec-
tive differentiation in the E13.5–E15.5 embryonic brain. A Stain-
ing of SOX2 + NPCs in the postnatal dentate gyrus at P7. Scale 
bar, 100  μm. B Distribution of SOX2 + NPCs in the postnatal den-
tate gyrus in the P7 brain from the SOX11-mutant or control mice. 
GCL, SGZ and Hilus. n = 3 mice, *p < 0.01 (Student’s t test). Stain-
ing (C) and quantification (D) of PROX1 + granule cells at the DG 
in P7 brain from SOX11-mutant or control mice. Scale bar, 100 μm. 
E Mossy fiber connections decreased to the SL region but increased 
to the SP and SO regions in the SOX11-deficient hippocampal CA3 
region at P7. Scale bar, 100  μm, Error bars, mean ± SEM, n = 3, 
*p < 0.05, (Student’s t test). Immunostaining of SOX2 + NPCs (F) and 
PROX1 + granule cells (G) at the primitive dentate gyrus in the E18.5 
brain from the SOX11-mutant or control mice. Scale bar, 50  μm. 
H and I SOX11 deficiency leads to decreased primitive DG region 
and enlarged ventricles in the developing primitive dentate gyrus in 
the E15.5 mouse brain. Scale bar, 200 μm. Error bars, mean ± SEM, 
n = 3 mice, *p < 0.05, (Student’s t test). The number of SOX2 + cells 
did not show reduction (J), but the percentage of double-positive 
cells (SOX2 and TBR2) in total SOX2 + cells (K) was significantly 
decreased in the developing primitive dentate gurus in the E15.5 
mutant hippocampus. Error bars, mean ± SEM, n = 3 mice, *p < 0.05, 
(Student’s t test). L The area of PROX1 + granule cells decreased 
significantly in the developing primitive dentate gyrus in the E15.5 
mutant hippocampus. Scale bar, 200  μm. Error bars, mean ± SEM, 
n = 3 mice. *p < 0.05, (Student’s t test)

◂
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anxiety. We also measured social novelty recognition as well 
as social challenge between the controls and SOX11-mutant 
mice using a three-chamber test [45]. SOX11-mutant mice 
had poor social recognition (Fig. S7B); they tended to avoid 

unfamiliar mice (Fig. S7C). We concluded that pathologi-
cal alterations from SOX11 deficiency caused hippocampal 
dysfunction in the brains of mutant mice.

Fig. 4  Early embryonic neurogenesis treatments with P7C3-A20 
improved deficit appearance in adult SOX11-deficient mice. A and 
B Analysis of PROX1 + granule cells in the Sox11 cHET mouse hip-
pocampus treated with or without P7C3-A20 intervention in the adult 
(8–12  W), adolescence (P21–P49), or embryonic (E12.5-P0) stage 
(n = 4 mice; *p < 0.01, one-way ANOVA). Scale bar, 100 μm. Error 
bars, mean ± SEM. C PPI of SOX11-deficient mice treated with or 
without P7C3-A20 intervention during the embryonic stage (n = 13; 
*p < 0.01, one-way ANOVA). D Hippocampus-dependent memory 
test in the SOX11-deficient mice treated with P7C3-A20 intervention 

during the adult, adolescence or embryonic stage (n = 13; *p < 0.05, 
Student’s t test). E Elevated Plus maze test. Representative heat 
maps and quantification of the cumulative movement of the SOX11-
deficient mouse after treatment with P7C3-A20 intervention during 
embryonic neurogenesis. Error bars, mean ± SEM, n = 13, *p < 0.05, 
(one-way ANOVA). F Quantification of mossy fiber connections to 
the hippocampal CA3-SL region in Sox11 cHET mouse mice after 
treatment with P7C3-A20 intervention during the adult, adolescence 
or embryonic stage. Error bars, mean ± SEM, n = 4 mice, *p < 0.05, 
(one-way ANOVA)
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Disturbed neurogenesis at E13.5 and disrupted 
mossy fiber connections at P7 were discovered 
in the SOX11‑deficient hippocampus

To determine when these pathological defects were initiated 
in the mutant hippocampus, we first examined postnatal DG 
at P7, the beginning of adult neurogenesis [8]. In the normal 
hippocampus, more than half of NPCs were concentrated at 
the SGZ region. In contrast, NPCs in the mutant hippocam-
pus were randomly distributed, and about 68% of these cells 
were scattered from the SGZ (Fig. 3A and B). Unlike the 
appropriate distribution of granule cells in the hippocampal 
DG region of the control mice, the hippocampal DG area in 
the Sox11 cKO mice shrank and showed an irregular shape 
(Fig. 3C and D). More importantly, in P7 mutant mice, 80% 
of mossy fibers projected to the wrong target areas from 
the very beginning before the start of adult neurogenesis 
(Fig. 3E) [13]. At E18.5, the time for establishment of the 
primitive DG, abnormal distribution of NPCs (Fig. 3F) and 
defective neurogenesis (Fig. 3G) were also present at the 
primitive DG in the mutant brains. The dentate neuroepithe-
lium at E12.5 appeared to be normal (Fig. S7D). However, 
the development of the primitive DG at E15.5 was obviously 
altered, given that the ventricle was enlarged and the primi-
tive DG shrank (Fig. 3H and I). Although the total number 
of SOX2 + cells was not obviously different (Fig. 3J), the 
percentage of double-positive IPCs (SOX2 + and TBR2 +) 
among the total SOX2 + cells significantly decreased at the 
primitive DG (Fig. 3K) but not  the SVZ region (Fig. S7E). 
In addition, the number of PROX1 + neurons significantly 
decreased (Fig. 3L). These results indicated that the defects 
in hippocampal development were obvious at E15.5 in 
SOX11-mutant brains.

To address how SOX11 deficiency disrupts dentate epi-
thelium, we performed transcriptional sequencing of the 
dentate neuroepithelium at E13.5, the time when the dentate 
neuroepithelium is ready to migrate along the dentate migra-
tory stream for differentiation. To this end, we found that 
409 genes (Fig. S7F) were increased in the mutant dentate 
epithelium, which was related to “the immune system pro-
cess” and “positive regulation of cell death” (Fig. S7G). In 
contrast, 50 genes (Fig. S7F) decreased in SOX11-deficient 
dentate epithelium. We were particularly interested in the 
genes that belong to both “cell adhesion” and “neuroepithe-
lial cell differentiation” categories (Fig. S7H). These genes 
included Cdh2, Dcx, and Wnt3a, which are all involved in 
hippocampal neurogenesis [46, 47]. Notably, the expression 
of SOX4, another highly related member of SOX gene fam-
ily, was not obviously changed (Fig. S7I). Given the diffi-
culty delivering these SOX11-downstream genes simultane-
ously to the fetal brains during the mothers’ pregnancy, we 
maternally injected P7C3-A20, an activator of neurogen-
esis [48], to examine whether it could improve pathological 

conditions in the SOX11-deficient hippocampus because we 
found that P7C3-A20 upregulated the expression of Sox11 
and, most likely through the SOX11 transcriptional activity, 
enhanced the production of Cdh2, Dcx and Wnt3a in the 
hippocampus of Sox11cHET mice (Fig. S8A), but not in the 
Sox11cKO mice.

Intervention neurogenesis in the embryonic brain, 
but not the adult brain, improved pathological 
conditions in the hippocampus, alleviated PPI, 
and attenuated behavioral disorders only in Sox11 
cHET mice

Hippocampal neurogenesis starts at E13.5 in the brain and 
persists into adulthood [49]. Although schizophrenia-related 
pathological alterations, such as disrupted mossy fibers, may 
occur in the neonatal brain (Fig. 3E), the onset of disease 
often takes place during adolescence [50]. Therefore, we 
induced neurogenesis through injection of P7C3-A20 to 
activate neurogenesisat in three different time windows: 
embryonic, adolescent, and adult.

As expected, in comparison with the nontreated Sox-
11cHET mice, the volume of the  PROX1+ DG area (Fig. 4A 
and B) and total number of  DCX+ cells (Fig. S8B and S8C) 
were significantly higher in animals treated with P7C3-
A20 in the embryonic or adolescent period. Interestingly, 
although PPI was not improved (Fig. S8D), OPR behav-
ior was enhanced in Sox11cHET mice treated during ado-
lescence (Fig. 4D). Impressively, if treated in the embry-
onic period, PPI (Fig. 4C), OPR behaviors (Fig. 4D), and 
anxiety-related behaviors (Fig. 4E) significantly improved 
in Sox11cHET mice. Notably, if treated in adulthood, Sox-
11cHET mice did not show any positive change in any of 
these regards (Fig. 4A and D, and S8E). This was also true 
for Sox11cKO mice (Fig. 4C and D, and S8D–S8F).

To examine whether these improvements in P7C3-A20-
treated Sox11cHET mice were related to mossy fiber con-
nections, we performed immunostaining. While abnormal 
mossy fiber projections in Sox11cHET mice did not change 
much after treatment in the adolescent or adult period 
(Fig. 4F), intervention in the embryonic brain significantly 
corrected abnormal mossy fiber connections, thereby reduc-
ing the wrong targets from 55% to close to 30% (Fig. 4F). 
Notably, mossy fiber connections have an average 20% of 
wrong targets in wild-type mice. Sox11cKO mice did not 
show any response to the treatment (Fig. S8G). Collectively, 
these data indicated that activation of neurogenesis in the 
embryonic brain could improve mossy fiber connection, 
attenuate PPI, and alleviate behavioral disorders in Sox-
11cHET mice.
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Discussion

Starting with iPSCs-derived NPCs from patients with schiz-
ophrenia, we found that a high-risk allele at SNP rs1686406 
directly downregulated SOX11 expression in the patients’ 
NPCs, and such NPCs exhibited abnormal polarity due to 
SOX11 deficiency. In the mouse brain, knockout SOX11 
caused abnormal distribution of DG granule cells in the 
hippocampus. In turn, these disturbed granule cells formed 
disrupted mossy fiber connections to CA3 neurons from 
the very beginning, first observed in the P7 hippocampus. 
Moreover, abnormal mossy fiber connections were resistant 
to neural circuit remodeling. It is interesting to note that 
the chemical activation of neurogenesis in the embryonic 
brain, but not in the postnatal brain, significantly reduced 
the percentage of abnormal mossy fiber connections, alle-
viated PPI, and attenuated schizophrenia-like behaviors in 
Sox11cHET mice. Therefore, disrupted mossy fiber con-
nections in the hippocampus were genetically determined 
and occurred before the onset of disordered behaviors in 
Sox11cHET mice. Therefore, abnormal mossy fiber connec-
tions may reflect pathological substrate in SOX11-associated 
schizophrenia.

In addition to the hippocampus, SOX11 is also expressed 
in the cerebral cortex. It has been reported that SOX11 may 
have a specific function in the generation of deep-layer neu-
rons in the cerebral cortex [51]. Based on this Emx1-CRE-
mediated knockout study, Chen and colleagues concluded 
that SOX11 deficiency led to an increase in SOX2 + NPCs 
at SVZ, but a significant reduction in CTIP2 + deep-layer 
neurons detected at E14.5. Controversially, Shim reported 
that, in the P0 neocortex, the number of CTIP2 + deep-layer 
neurons did not differ between Sox11cko mice and normal 
controls [34]. In our study, we analyzed dendritic complexity 
and neuronal distribution in the cortex and the hippocampus. 
We did not detect obvious differences in the cortex layers 
between the control and mutant mice in terms of neuronal 
distribution and dendritic complexity of pyramidal neurons 
(Fig. S5A–S5D). In contrast, in SOX11 mutant mice, neu-
rons in the hippocampal DG and CA3 regions exhibited 
irregular distribution and significant reduction in complex-
ity (Fig. 2H–J and S5F). These results are supported by the 
report that SOX11 expression in the hippocampal NPCs was 
significantly higher than that in the cortex NPCs [25] (Fig. 
S7J). More importantly, we found that SOX11 deficiency 
did not obviously affect cortical differentiation (Fig. S7E), 
whereas it significantly affected hippocampal development 
(Fig. 3G–K). Therefore, compared with the cortex, which 
appeared to be minutely affected, the hippocampus was 
severely altered in SOX11-deficient mice.

Most medicines currently used to treat schizophrenia 
target the dopamine system [52]. These drugs cannot 

prevent the onset of schizophrenia; they only temporarily 
attenuate the symptoms of the disease. The reason for the 
limited prevention drugs is the lack of understanding the 
molecular mechanism of the etiology of schizophrenia. In 
the present study, we showed that the SOX11 deficiency 
led to abnormal mossy fiber connections to the wrong 
target lamina in CA3, leading to abnormal electrophysi-
ological activity in the DG–CA3 system. Interestingly, the 
activation of neurogenesis in the adult brain neither cor-
rected abnormal mossy fiber connections nor improved 
PPI in the SOX11-mutant mice. In contrast, intervention 
neurogenesis in the embryonic brain significantly cor-
rected abnormal mossy fiber connections (Fig. 4F) and 
improved schizophrenia-associated behaviors (Fig. 4C 
and E) in Sox11cHET mice. These data indicated that 
mossy fiber mis-pathfinding (Fig. 3E) occurred before 
the onset of behavioral disorders in the SOX11-deficient 
mice (Fig. S7K). Collectively, these findings suggest that 
abnormal mossy fiber connections are genetically deter-
mined and strongly correlated with abnormal behaviors in 
SOX11-deficient mice. This abnormality may reflect the 
pathological substrate of SOX11-associated schizophrenia. 
One important implication of this study is that an early 
intervention in abnormal embryonic neurogenesis might 
represent a viable path toward preventing disease onset in 
individuals who are genetically at risk.
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