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The regulatory role of SOX11 during 
neurodevelopment

ZZhilin Luan, Xin Dai, Tianlan Lu, Yan Ruan, Weihua Yue, Eric Boddeke, 
Sjef Copray, Dai Zhang. SOX11, a novel schizophrenia candidate gene, is 

required for multiple phases of neurodevelopment – to be submitted

Sox11 plays a crucial role in 
multiple phases of early-stage 

neurodevelopment
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Abstract
The development of the brain comprises many different cellular stages, including neural stem 

cell (NSC) proliferation, neuronal differentiation, neuronal morphogenesis, neuronal migration, 
and neuronal functional maturation in  synaptic circuitry. Disturbances in neurodevelopment can 
be dramatic and ultimately lead to clinical conditions marked by failing to attain proper intellect, 
behavior and cognition. Genes involved in neurodevelopment are crucial for regulating the proper 
composition of the central nervous system (CNS). As a member of the Sox (SRY-related HMG-
box) family of transcription factors, Sox11 is reported as a neuronal factor for neurodevelopment. 
In this study, we aimed to investigate the function of Sox11 in neurodevelopment by manipulating 
its expression in developing mouse neuronal cells in vitro and in vivo. Sox11 expression has a 
specific regional expression in CNS in a time-dependent manner. After the induction of exogenous 
mouse Sox11 expression in vitro, the proliferation of mouse NSC was inhibited. Over-expressing 
and down-regulating Sox11 in primary cultured cortical neurons disturbed the neurite growth and 
cell maturation. Knockdown experiments by using in utero electroporation showed that reduction of 
Sox11 resulted in delayed cortical radial neuronal migration and severely impaired neuronal leading 
process. Analysis of RNAi array data showed that Sox11 down-regulates various neurodevelopmental 
genes and is involved in several important cellular signaling pathways, such as cytoskeleton, apoptosis 
and chromatin organization. Our data revealed a finely tuned regulatory role of Sox11 in early-stage 
neurodevelopment.

Key Words 
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Introduction
Neurodevelopment is a complex process comprising the generation, shaping, functional 

maturation and regeneration (after injury) of the central nervous system (CNS), from early-stage 
embryogenesis throughout life [1-3]. Neurodevelopment follows a consecutive course with multiple 
phases with specific landmarks, including differentiation of neural stem cells (NSC) into neurons, 
neurite formation and outgrowth, neuronal migration from place of origin to final functional 
location, and neuronal circuitry formation depending on proper synapse generation with active pre-
synaptic and post-synaptic specialisations. [4, 5]. Unbiased neurodevelopment is the prerequisite 
for intact brain functions which is the fundamental assurance for appropriate intellect, behavior and 
cognition [6-8]. Disturbance of neurodevelopment  can lead to a cluster of disorders characterized 
by emotional impairments, learning ability decline, memory disorganization, or bizarre behaviors 
[9, 10]. Neurodevelopmental research aims to elucidate the cellular and molecular mechanisms 
underlying the delicate nervous system formation, which may provide far-reaching insight of use 
for clinical treatment strategies. Early-stage prenatal neurodevelopment is relatively independent 
of external environmental factors and mainly determined by endogenous genetic programs. Various 
neurodevelopmental genes have been discovered and investigated in systematic developmental 
studies or neurodevelopmental disorder probing [11-14]. Dependent of their role in specific 
aspects of neurodevelopmental progression, expression disruption or functional deficiency of these 
neurodevelopmental genes may bring irreversible abnormality of the CNS, impacting physiological 
and social subsequences. 

Sox11 belongs to the subgroup C of the Sox (Sry-related high-mobility-group box) gene family 
encoding a group of critical development-regulated transcriptional factors [15]. Sox11 has been 
cloned and mapped to human chromosome 2p25 [16]. The expression of Sox11 is widely discovered 
in the developing nervous system, implicating a potential role in neurogenesis, neural survival 
and neurite outgrowth. Sox11 is almost absent in the mature differentiated brain, only confined 
constricting to two specific regions, thesubventricular zone and the dentate gyrus of hippocampus, 
with ongoing neurogenesis. Interestingly, Sox11 coincides with the silencing of Sox2 and the onset of 
neuronal precursor markers, such as doublecortin (DCX) [17]. A genome wide binding study showed 
that Sox11 binds to many neuron-specific genes in embryonic stem-cell derived neurons, suggesting 
a prominent regulatory role of Sox11 in the differentiation of NSCs towards neurons [18]. Together 
with another SoxC member Sox4, Sox11 ablation inhibits neurogenesis by adult neuronal precursor 
cells in vitro and in vitro [19]. After peripheral nervous system (PNS) injury in vitro or in vivo, Sox11 
expression is up-regulated in PNS and enhances neuronal regeneration. It has been also reported 
that Sox11 is involved in different CNS malignancies [20], solidifying its role in neurodevelopment. 
Our previous work indicated an association of Sox11 with schizophrenia (data not published), a 
neurodevelopmental disorder afflicting approximately 1% population worldwide. 

However, the precise role of Sox11 in neurodevelopment is still unclear. In this study, we 
aimed to investigate the periodic functions of Sox11 during the early-stage activity-independent 
neurodevelopment by manipulating its expression in mouse NSCs and in developing neurons in vitro 
and in vivo and to explore the downstream regulation of neurodevelopmental genes.

Materials and Methods
Cell line culture and transfection
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Human embryonic kidney cell line 293T (HEK293T) and human neuroblastoma cell line SH-
SY5Y were maintained in DMEM (Invitrogen, USA.) supplemented with 10% FBS. Transient 
transfection of the cell lines was performed with LipofectamineTM 2000 (Invitrogen, USA.) 
according to the manufacturer's instructions. 
In Situ hybridization 

In situ hybridization was performed on fresh or fixed frozen sections. Wild-type postnatal 
C57Bl/6J mice were sacrificed by decapitation, and the whole brains were frozen and stored at -80°C. 
Embryos were explanted from pregnant mice, frozen and stored at -80°C. Sections were sequentially 
cut by using a cryostat microtome at -20°C, thaw-mounted on gelatin-coated microscopic slides, fixed 
in 4% paraformaldehyde for 20 min, digested by proteinase K at 10 µg/ml for a duration attuned to 
the age of the mouse, refixed in 4% paraformaldehyde for 15 min, incubated in triethanolamine-acetic 
anhydride solution for 10 min, pre-hybridized in hybridization buffer [50% formamide, 4x saline-
sodium citrate (SSC), 0.3mg/ml Yeast tRNA, 0.1mg/ml heparin, 1×Denhardt's solution, 0.1% Tween 
20, 0.1% CHAPS, 5mM EDTA (pH 8.0)] in 65°C water bath for 4 h, and immersed with probes for 12 
h. All solutions were prepared in deionized 0.1% DEPC-treated water. After washed by 65°C 2×SSC 
for 1 min twice, sections were incubated in 65°C 2×SSC for 15 min. Spare probes were digested by 
1μg/ml RNAse A in 37°C water bath for 30 min. After washed by 65℃ 0.2×SSC for 30 min twice, 
sections were blocked by 10% heat inactivated bovine serum in PBT for 1 h at room temperature, 
and incubated with anti-DIG antibodies (diluted 1:2000 in PBT plus 10% serum) at 4°C overnight. 
Sections were then washed in alkaline-phosphatase (AP) buffer for 5 min twice at room temperature. 
Sections were developed in the dark for 2-20 h depending on the abundance of RNA after 1μl/ml NBT 
and 3.5 μl/ml BCIP were added to AP buffers. At last, sections were fixed in 4% paraformaldehyde to 
terminate the visualization reaction, embedded overnight in 75% glycerol with coverslip, and sealed.
Isolation and culture of neural stem cells and neurospheres

Embryos from wild-type C57BL/6J mice were harvested on embryonic day 13.5 (E13.5). The 
brain was isolated from each embryo and dissociated in 1 ml neurobasal media supplemented with 
glutamax and antibiotics (Invitrogen, USA.) by using 200 μl filtered tips to obtain a homogeneous 
cell suspension. The cell suspension was diluted to 10 ml with the same medium and then filtered. 
The filtrates were centrifuged at 1000 rpm for 5 min at room temperature. Cell pellets were carefully 
triturated by 200μl filtered tips and cultured in non-adherent culture flasks in complete Neurobasal 
medium (Neurobasal medium supplemented with B27 supplement (1×), 2mM Glutamax, penicillin-
streptomycin mix (1×), 20 ng/ml recombinant hEGF, 10 ng/ml recombinant hFGF-b).  After 3 
days, distinct cell clumps were observed in the non-adherent culture flask. After every 3 days, half 
of the culture medium was replaced with fresh medium. When the primary neurospheres grew to 
an appropriate size, they were collected and re-cultured in complete Neurobasal medium. After 3 
passages, the neurospheres were triturated and transfected with various constructed vectors by using 
Nucleofector (Amaxa Biosystems, Germany), and then seeded in normal 6-well plates or non-adherent 
culture flasks. After 3 days of culture in 6-well plates, serum was added to induce differentiation of 
the attached neural stem cells. In the non-adherent culture flasks, distinct spheres became visible after 
6 days of culture. 
Primary cortical neuron culture

Primary culture of mouse cortical neurons was derived from E14.5 wild-type C57BL/6J mice. 
Cerebral cortices were trypsinized with 0.25% trypsin (Invitrogen, USA.) at 37 °C for 5 min, and 



T
he regulatory role of SO

X
11 during neurodevelopm

ent

6

77

then neutralized with fetal bovin serum (FBS). Cells were collected by centrifugation at 900g for 
10 min. The cell pellet was resuspended in prepared transfection medium and then transfected 
with constructed SOX11 vectors by Nucleofector (Amaxa Biosystems, Germany) according to the 
manufacturer's protocol . Cells were plated on poly-D-lysine-pretreated cover slips (Sigma, USA.) 
in 6-well or 24-well plates with certain amount of culture medium at 37 °C in 5 % CO2/95 % air. 
Glutamine and B27 supplement were added into neurobasal medium (Invitrogen, USA.) immediately 
before use. Half culture medium was changed every three days. 
Real-time quantitative PCR 

Total RNA was isolated from the wild-type C57BL/6J mouse cerebral cortex at different ages 
(E12.5, E14.5, E17.5, P0, P4, P7, P14 and adult) by using the RNeasy Mini Kit (Qiagen, Germany), 
and quantified according to the manufacturer instructions. The quantity and purity of the RNA samples 
were determined by measuring the absorbance at 260/280 nm using a Nanodrop spectrophotometer 
(Thermo, USA). Reverse transcription was performed by a reverse transcription kit (Promega, USA). 
The cDNA was used as template for real-time quantitative PCR by using the Prism 7500 real-time 
PCR instrument with SYBR Green PCR Master Mix (Applied Biosystems, USA). β-actin was used 
as loading control. Primers were designed by using Oligo 6.0 (MBI Inc., Colorado, USA.): mouse 
Sox11, 5'-AGAGTTAGAGGATGAAGGGATTAT-3' and 5'-TTCCAAGGACCACTTACAGG-3', and 
human SOX11, 5'-AGCAAGAAATGCGGCAAGC-'3 and 5'-ATCCAGAAACACGCACTTGAC-3'. 
Western blot analysis

Tissues and cells were dissolved in RIPA Lysis buffer (50 mM Tris-HCl, pH 8.0, with 150 
mM sodium chloride, 1.0% Igepal CA-630((NP-40), 0.5% sodium deoxycholate, and 0.1% sodium 
dodecyl sulfate (SDS)) containing protease inhibitors (Sigma, USA.), and then sonicated. Samples 
were centrifuged for 15 min at 15,000 rpm at 4°C and then the supernatants were collected. The 
protein concentrations were determined with the bicinchoninic acid protein assay kit (Sigma, USA.). 
Samples were denatured by heating the mixture of the lysates and loading buffer for 10 min at 95°C. 
The denatured samples were separated by 10% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 
and proteins were then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, 
USA.). The membranes were directly incubated in Odyssey blocking Buffer (LI-COR, USA.) for 1 h 
at room temperature and immuno-blotted with primary antibodies, anti-SOX11 or anti-myc, diluted 
in PBST and stored overnight at 4°C. Membranes were washed and probed with fluorescent labeled 
secondary antibody in PBST and incubated for 0.5-1h at room temperature. The signals were detected 
with the Odyssey Imaging System (LI-COR, USA.).
In utero electroporation

The pregnancy of female wild-type C57BL/6J mice was checked by the presence of vaginal 
plugs. All the in utero electroporations were performed at E14.5. Pregnant C57BL/6J mice were 
heavily anesthetized with isoflurane (5% induction, 2% maintenance) and the abdomen was 
opened. The uterus was drawn out from the abdominal cavity, and the embryos were exposed and 
visualized under the fiber optic light source. The plasmid DNA solution was injected into the lateral 
cerebral ventricle by a glass pipette through the uterine wall. Then the embryo cerebral walls were 
electroporated by the square wave Electroporator CUY21SC (Sonidel, Ireland). The applied electric 
pulses were generated as 35 V, 50 ms each and a total of five pulses at an interval of 100 ms. The 
plasmids were prepared in PBS at a concentration of 1μg/μl for pcAGGs-IRES-EGFP-mSox11, 3 μg/
μl for pSuper-basic-shRNA and 5 μg/μl for pcAGGs-IRES-EGFP-hSox11. Embryos or pups were 
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sacrificed at different ages. 
Immunostaining

The primary mouse neurons attached to a coverslip were fixed with 4% paraformaldehyde (PFA) 
at 37 °C for 30 min, permeated with 0.1% Triton X-100 for 10 min, treated in PBS containing 3% BSA 
(Invitrogen, USA.) and 0.1% Triton X-100 for 1 h, and subsequently incubated with diluted primary 
antibodies, anti-GFP , anti-MAP2 and/or anti-β-tubulinIII , at 4 °C overnight. After washed with 
PBS for several times, neurons were exposed to fluorescently labeled secondary antibodies diluted in 
PBS for 0.5-1 h at room temperature. Brains of electroporated embryos and pups were dissected and 
fixed overnight in 4% PFA at 4 °C, and placed in 30% sucrose in PBS for cryoprotection. The brains 
were then frozen in OCT (Tissue-Tek, USA.) and sectioned coronally at 14 μm thickness by Cryostat 
CM3050 S (Leica, Germany). The sections were treated with PBS containing 1% fetal calf serum, 
3% normal goat serum and 0.1% Triton X-100 for 1 h, and then incubated with PBS diluted primary 
antibodies, anti-GFP, anti-Nestin, and/or anti-GFAP at 4 °C overnight. After several washes with 
PBS, sections were treated with fluorescently labeled secondary antibodies diluted in PBS for 0.5-1 h 
at room temperature. Nuclei were stained with Hoechst (Sigma, USA.). The sections were analyzed 
under a laser scanning confocal microscopy (Leica, Germany).
Adenovirus packaging

Recombinant adenovirus particles were generated with the AdMax system (Microbix Biosystems) 
according to the manufacturers’ recommendations. In brief, the shRNA sequence that target Sox11 
and Sox4 was synthesized, annealed and inserted into HindIII and BamHI sites of the shuttle plasmid 
pDC316-U6-EGFP under the control of the U6 promoter. A negative control vector (non-silence) was 
constructed with a 19bp DNA sequence for T7 phage, which has no analogy in eukaryotic cell. For 
over-expression, EGFP fused Sox11 or Sox4 ORF was inserted into another shuttle plasmid pDC316 
under the control of the CMV promoter. The loxP site harboring shuttle plasmids were co-transfected 
with Adenovirus backbone plasmid pBHGloxΔE1, E3Cre into HEK293A cells and the viral 
cytopathic effect was observed 10~15 days later indicating successful recombination. The virus was 
expanded and purified with ViraBind Adenovirus Purification Kit. The purified and concentrated virus 
particles were titrated by sequential dilution and infection efficiency was checked in HEK293 cells. 
The recombinant adenoviruses were tagged as Ad-Non-silence, Ad-Sox11-RNAi, Ad-Sox4 RNAi, Ad-
Sox11-overepression, and Ad-Sox4-overexpression respectively.
Microarray analysis

SH-SY5Y cells were routinely cultured in DMEM plus 10% FBS. For the microarray analysis, 
the cells were treated with 1μM Retinoic Acid (RA) and infected with recombinant adenovirus at 50% 
confluence in triplicate groups: 1) the control group, infected with Ad-Non-silence at MOI (multiplicity 
of infection) of 100, 2) the RNAi group, infected with Ad-SOX11-RNAi and Ad-Sox11-RNAi at a 
MOI of 25 each, with the total MOI added up to 100 with Ad-Non-silence,  and 3) the RNAi group 2, 
infected with Ad-Sox11-RNAi and Ad-Sox11-RNAi at a MOI of 50 each. 72 hours after infection, the 
cells were harvested and total mRNA was purified with PrepEase mRNA MiniSpin Kit. The mRNA 
was further processed according to Affymetrix Two Cycle Eukaryotic Gene Expression Sample 
Processing Protocol. The samples were subjected to the HUman Genome U133 Plus 2.0 Array and 
processed with Affymetrix GeneChip Workstation for gene profiling. The data were collected with a 
GeneChip Scanner 3000 7G and analyzed with MAS 3.0 software. Genes with a significantly changed 
expression were chosen for pathway analysis and GO (Gene Ontology) annotation with GenMAPP 
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software.
Statistics

All the data were presented in a format of mean±standard deviation. The software package SPSS 
17.0 was applied for one-way ANOVA analysis. LSD method was used for differences between 
multiple samples for variance homogeneity. A nonparametric test was used for variance non-
homogeneity. Differences were considered statistically significant at p<0.05.

Results
The expression of mouse Sox11 is regulated during neurodevelopment
a.Distribution of Sox11 in mouse tissues

To elucidate the biological functions of Sox11, we examined the Sox11-expression profile 
in several mouse tissues: embryonic brain, adult brain, adult heart, adult liver, and adult kidney. 
Western blot analyses revealed strong Sox11 expression in embryonic and adult brains compared 
with the other tissues (Figure 1A). We then examined the expression profile of Sox11 in different 
brain regions, cerebellum, cortex, hippocampus, and thalamus. The Sox11 expression level in the 
brain was highest in the cortex and the hippocampus (Figure 1B). The distribution of mouse Sox11 
in the mouse brain at different age, E(Embryonic)14.5, P(Postnatal)0, P7 and P14, was investigated 
by in situ hybridization. As shown in Figure 1C, Sox11 was broadly expressed in the embryonic 
brain, however, as neurodevelopment progressed, Sox11 expression gradually concentrated to the 
hippocampus and the subventricular zone (SVZ). At adult stage, the Sox11 expression was confined 
to the dentate gyrus (DG) and the SVZ. The results showed a specific spatial expression of Sox11 in 
mouse brain, suggesting a possibility that Sox11 is involved in neurodevelopment.
b.Sox11 is temporarily regulated during neurodevelopment

We next examined the temporal expression profile of Sox11 during cerebral cortex development. 
The Sox11 mRNA and protein samples were collected at E12.5, E14.5, E17.5, P0, P7, P14, and P21 
days. The Western blot result showed that the Sox11 expression was already visible at E12.5 and then 
dramatically increased, reaching a maximal level around E17.5, and gradually declining after P7, 
to a relative low level in the adult (Figure 1D). The real-time quantitative PCR analyses of Sox11 
transcription supported its developmental expression in the cerebral cortex (Figure 1E). These data 
indicated that Sox11 is regulated during neurodevelopment.



T
he regulatory role of SO

X
11 during neurodevelopm

ent

6

80

Figure 1. Expression profile of Sox11 in the developing mouse brain

(A) The lysates of mouse embryonic brain, adult brain, adult heart, adult liver and adult kidney were separated by SDS-PAGE and subjected to 

immunoblotting; (B) Real-time quantitative PCR was performed to estimate the mRNA expression of mouse Sox11 in different brain regions; (C) Whole 

lysates of cerebral cortices at various developmental stages were subjected to SDS-PAGE and immunoblotted with antibodies against mouse Sox11; (D) 

Real-time quantitative PCR was performed to analyze the mRNA levels of mouse Sox11 during cortical development at indicated time points; (E) The 

distribution of Sox11 in the mouse brain at various time points was investigated by in situ hybridization, CTX-cortex, Hip-Hippocampus, DG-dentate 

gyrus, SVZ- subventricular zone.
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Sox11 inhibits the proliferation of neural stem cells in vitro
Neurospheres derived from the neonatal brains of wild-type C57BL/6J mice at E14.5 were 

cultured and transfected with plasmids encoding GFP together with mouse Sox11 or shRNA. After 
passaging for three times, neurospheres were re-smashed, re-suspended and cultured for another 
3 days in a 24-well plate. The number of neurospheres and their perimeter were established. As 
shown in Figure 2, after exogenous mouse Sox11 expression, the number of neurospheres and their 
perimeter significantly decreased compared to those of the control group. In addition, after mouse 
Sox11 was down-regulated, the neurosphere number significantly increased. However, there was no 
obvious change of the neurosphere perimeter after Sox11 down-regulation, which may be caused by 
growth limitation in vitro. These data indicated that Sox11 inhibited the proliferation of neural stem 
cells in vitro.

Figure 2. Neurosphere morphology alteration after Sox11 expression regulation

(A) Representative morphology was demonstrated after the differently regulated expression of mouse Sox11; (B) Neurospheres were quantified 

after the treatment as indicated in A; (C) The neurosphere perimeter was measured in neurospheres treated as indicated in A. Data were representative of 

at least three independent experiments. ***p <0.001.
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Sox11 promotes the differentiation of neural stem cells in vitro
After three passages, neurospheres derived from C57BL/6J mice were triturated into single cells, 

double transfected with plasmids encoding GFP and mouse Sox11, and then induced to differentiate 
into neurons. After neuronal differentiation for 48 h, the cells were immunofluorescently stained for 
GFP and βIII-tubulin (a neuron-specific marker) (Figure 3A). The total cell number and the number 
of neurons were counted (Figure 3B). In the control group, about 20% of the neural stem cells 
differentiated into neurons. However, when Sox11 was over-expressed, nearly 60% of the neural 
stem cells turned out as neurons. On the contrary, when Sox11 was down-regulated, only 10% of 
the neural stem cells differentiated into neurons. The differentiation differences between control 
group and Sox11 expression interference groups were statistically significant, indicating that Sox11 
can promote the neuronal differentiation in vitro.  Morphological changes were investigated after 
neuronal differentiation for 96 h. The cells were immuno-fluorescently co-stained for GFP and MAP2 
(a neuronal marker for mature neurons) (Figure 3C/D). We observed that although lesser neural stem 
cells differentiated into neurons, the definite neurons possessed a relative mature neuronal morphology 
with distinct axons compared to the neurons in the exogenous Sox11 group, suggesting that Sox11 
inhibits growth of premature neurons despite of its neuronal differentiation-promoting function.

Figure 3. Effect of mouse Sox11 on neuronal differentiation.
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(A) Neural stem cells were co-transfected with pcAGGs-EGFP and with mouse Sox11. 48 hours after induction of neuronal differentiation, the 

cells were immunostained by anti-GFP (green) showing all the transfected cells and anti-βIII-tubulin (red) showing differentiated neurons; (B) The 

number of GFP/βIII-tubulin double-positive cells (neurons) among GFP-positive cells were counted, ***p <0.001; (C) Representative images showed 

the characteristic morphology of normal neural stem cells 96 hours after induced neuronal differentiation; (D) Representative images showed the 

characteristic morphology of mSox11-overexpressing neural stem cells 96 hours after induced neuronal differentiation.

Sox11 impacts the neuronal growth
a.Sox11 blocks the maturation of cultured cortical neurons 

In dissociated neuron cultures, post mitotic cortical neurons display specific transitions through 
several stages (Figure 4A). At stage 1, immature neurons (βIII-tubulin negative) display intense 
protrusive activity, which initiates the formation of multiple immature neurites of neurons (βIII-
tubulin positive) at stage 2. At stage 3, neurons represent a critical step when neuronal symmetry 
breaks and a single neurite outstands rapidly to become the axon, while other neurites acquire 
dendritic identity. Stage 4 is characterized by rapid axon and dendritic outgrowth. Finally, at stage 
5, neurons are terminally differentiated and possess dendritic spines and the axon initial segment 
[21]. To determine the effect of Sox11 on neuronal growth, we cultured primary mouse neurons from 
wild-type C57BL/6J mice at E14.5, transfected these neurons by Nucleofector (AMAXA, Germany) 
with plasmids encoding GFP together with mouse Sox11 at the time of plating. The neuronal 
maturation was estimated after 48 h by immunofluorescent staining. As shown in Figure 4B/C, Sox11 
overexpression resulted in a marked reduction in the percentage of neurons in stage 3. Nearly 70% 
of the neurons in the control group developed into stage 3 and possessed a distinct axon, while about 
60% of the neurons stayed in stage 2 with consistent multiple neurites as Sox11 was over-expressed. 
These results suggested that Sox11 blocks the maturation of cultured cortical neurons in vitro.

Figure 4. Effect of mouse Sox11 on neuronal maturation

(A) Cultured neurons proceed through several stages, from freshly plated stage 1 (cells bearing immature neurites) to stage 5( cells exhibiting 

mature axons, dendrites, dendritic spines and functional synapses) [21]; (B) Representative images of normal neural stem cells transfected with only 

pcAGGs-EGFP 48 hours after induced neuronal differentiation; (C) Representative images of mSox11-overexpressing neural stem cells 48 hours after 

induced neuronal differentiation; (D) Quantitative analysis of induced neurons in different stages, ***p <0.001. 
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b.Sox11 regulates the neurite growth of cultured cortical neurons
We also estimated the effect of Sox11 on neurite growth. After double transfection with plasmids 

encoding GFP and mouse Sox11 at the time of plating for 96 h, the axon length of neurons were 
measured and statistically analyzed. We found that Sox11 expression significantly reduced the total 
length of both axons and dendrites (Figure 5), indicating an important function of Sox11 on neuronal 
morphogenesis in vitro. 

Figure 5. Effect of mouse Sox11 on neurite growth

(A)Representative images of cultured primary neurons transfected with pcAGGs-EGFP alone or together with mSox11; (B) Quantitative analysis 

of total axon length of cultured primary neurons, ***p <0.001; (C) Quantitative analysis of total dendrite length of cultured primary neurons, ***p 

<0.001.

Sox11 is required for neuronal migration
To investigate the role of Sox11 in neuronal migration, we sought to decrease Sox11 expression 

by RNAi with in utero electroporation. The designed mouse Sox11 shRNA effectively knocked down 
the expression of myc-Sox11 in SH-SY5Y cells. Rat Sox11 cDNA was cloned and modified to rescue 
the down-regulation of mouse Sox11, which achieved an effective recovery of Sox11 expression 
(Figure 6A). To examine the possible function of Sox11 in neuronal migration, Sox11 shRNA and 
pCAGGs-EGFP were co-electroporated into the VZ at E14.5. The electroporated mice were sacrificed 
at various ages (E17.5, P0, P4, and P7) to observe the localization of transfected cells. Generally, the 
migration of Sox11-shRNA transfected neurons was delayed compared to the migration of control-
shRNA transfected neurons (Figure 6B). At E17.5, a portion of the control-shRNA transfected 
neurons reached the superficial layer of the cortical plate (CP), while most of the Sox11-shRNA 
transfected neurons remained suspended in the VZ and the intermediate zone (IZ). At P0, most 
control-shRNA transfected neurons had migrated to the superficial layers of the CP. In contrast, a 
considerable portion of Sox11-shRNA transfected neurons remained in the IZ. At P4, some Sox11-
shRNA transfected neurons managed to migrate to the superficial layers of the CP. At P7, a portion 
of Sox11-shRNA transfected neurons finally reached the superficial layer of the CP, however, most 
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Sox11-shRNA transfected neurons were still in layer V-IV of the CP and the IZ and still progressing 
to their final location. The percentages of neurons at P4 in different locations were determined (Figure 
7C/D), which revealed a statistically significant difference in neuron distribution between the control 
and the Sox11 knock-down groups. We also found that, compared with normal neurons, the neurons 
expressing Sox11 shRNA exhibited a markedly modified leading process morphology, including 
finer and longer leading processes and a smaller peri-nuclear area (Figure 6E/F). Thus, the neuronal 
migration in mouse cortex requires Sox11.

Figure 6. Requirement of Sox11 for cortical development in vivo.

(A) pcDNA3.1-mSOX11-myc was co-transfected into SH-SY5Y cells alone or with control shRNA or mSox11 shRNA, and pcDNA3.1-rSOX11-

myc was co-transfected into SH-SY5Y with mSox11 shRNA. After 72 hours, the transfected cells. were lysed and subjected to immunoblotting with anti-

myc and anti-GAPDH; (B) Control shRNA or mSox11-shRNA were transfected into cerebral cortices by in utero electroporation at E14.5. The cortices 

were fixed at E17.5, P0, P4 or P7. Transfected cells were visualized by immunostaining of the coronal sections with GFP antibody; (C) Control shRNA, 

mSox11-shRNA or mSOX11 shRNA plus rSox11 were transfected into cerebral cortices at E14.5. Coronal sections were fixed at P0 and immunostained 

with anti-GFP (green). Nuclei were stained with Hoechst (blue). Cortices were stained with Nestin (Red) to distinguish the cortical plate (CP) and the 

intermediate zone (IZ); (D) Quantification of the distribution of GFP-positive cells in distinct parts of the cerebral cortex (CP, IZ, and SVZ), **p <0.01; (E) 

High-magnification images of leading processes were presented for neurons transfected with control shRNA, mSox11 shRNA or mSox11 shRNA plus 

rSox11; (F) The length of leading processes was measured in neurons transfected with the different constructs, **p <0.01.

Sox11 down-regulated several actin-related components 
Considering that Sox11 is a transcriptional factor and exerts its function by regulating 

downstream gene expression, a microarray gene profiling was performed with SH-SY5Y cells after 
Sox11 RNAi operation to identify candidate target genes. The RNAi efficiency was consistent with 



T
he regulatory role of SO

X
11 during neurodevelopm

ent

6

86

the adenovirus MOI value. 569 and 555 genes were found down-regulated significantly after Sox11/4 
knockdown in RNAi group 1 and 2 respectively compared to the control group. 339 genes were shown 
in both comparisons, and 128 genes out of these genes dropped down in a dose-dependent manner 
indicating a higher possibility of direct regulation. These 128 genes were subjected to GenMAPP for 
pathway analysis: interestingly, 13 of them (10.2%) were found to be related to actin, either directly 
or indirectly (Figure 7A). Otherwise, collectively 204 genes were dose-dependently up-regulated after 
RNAi, of which only 2 were related to actin activity. The regulation of SOX11 to some of these genes 
were confirmed by RT-PCR and qPCR (Figure 7B). Pathway analysis also indicated that Sox11/4 may 
regulate the expression of genes involved in apoptosis and chromatin organization.

Figure 7. Regulation of Sox11 on several actin-related genes.

(A) 13 actin-related genes were discovered as potential candidate targets of SOX11 by a microarray gene profiling; (B) The SOX11 regulation of 

the 13 potential targets were investigated by real-time quantitative PC

Discussion
Previous studies have revealed that Sox11 is widely expressed in post-mitotic neurons of CNS 

and developmentally down regulated[20]. Sox11 is absent in most adult differentiated tissues, and 
only appeared in SVZ and hippocampus DG where adult stem cells accommodate [22]. Consistent 
with the previous reports, our results of Sox11 distribution and temporary expression showed that 
Sox11 expressed strongly in brain compared to other organs, and the expression location of Sox11 
was generally concentrated from whole brain to SVZ and DG after CNS formation morphologically 
completed. Sox11 expression profile defined its neurodevelopmental regulating role and underlined 
further exploration of its delicate control on neurodevelopment progression.

Here we examined Sox11 function in mouse NSC and observed that Sox11 inhibited NSC 
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proliferation with a neuronal differentiation promoting role, supporting the Sox11 co-existence 
with neuronal precursor marker. It has been indicated that SoxCs (Sox4 and Sox11) target regions 
of genes induced on neuronal differentiation of adult NSCs [19] and independently knockdown of 
Sox11 resulted in a diminished neuronal differentiation while enhanced proliferation of intermediate 
progenitors [23]. Additionally, for PNS, Sox11 induced activation of endogenous neural stem cells 
into neuronal determination within injured PNS [24]. Sox11 is essential for controlling the transition 
of NSC to determined neuronal line, and may be a promising strategy for restorative therapy after 
mammalian nervous system injury [25]. 

By induced neuronal differentiation of NSC, we observed that Sox11 inhibited neuronal 
maturation despite of its neuronal determination function. Also, by primary neuronal culture, we 
found that Sox11 regulated neuronal morphogenesis by reducing the growth of axon and dendrite. 
In Neuro2A cells and dorsal root ganglia (DRG) neurons, Sox11 is required for neuronal survival 
and neurite growth[26]. Together with Sox4, Sox11 plays a central regulatory role during neuronal 
maturation and mechanistically separate cell cycle withdrawal from establishment of neuronal 
properties [27]. Forced expression of Sox11 decreased axonal dieback of DRG axons, and promotes 
cortico-spinal tract sprouting and regenerative axon growth in both acute and chronic injury paradigms 
[28]. Thus, Sox11 is a morphological regulator for neuronal growth in vivo and in vitro.

After Sox11 knocked down by in utero electroporation, we observed that neuronal migration 
was delayed with differed morphology including finer and longer leading processes and a smaller 
peri-nuclear area. During neurodevelopment, correct positioning of neurons achieved by directed 
migration is the basis for proper mammalian cerebral cortex function[29]. A Numerous genes involved 
in neuronal migration have been associated with neuropsychiatric disease, such as schizophrenia and 
autism [30-33]. It has been reported that defects in neuronal migration may be related to cognitive 
dysfunction in schizophrenia and bipolar disorder [31]. Our previous association study revealed 
positive results for Sox11 with schizophrenia. Thus, the involvement of Sox11 in neuronal migration 
supports the physiological importance of this gene in schizophrenia etiology. After effective treatment 
electroconvulsive shock (ECS) for patients suffering from schizophrenia, Sox11 expression increased 
significantly in dentate gyrus of hippocampal formation and piriform cortex, where ECS-induced 
neural activation is highlighted [34]. To investigate the fine downstream regulation of Sox11 in neural 
cells, we performed a microarray gene profiling in SH-SY5Y cells after Sox11 RNAi operation 
and indentified hundreds of dose-dependently down-regulated genes. Pathway analysis found that 
many of these genes were involved in actin activity and microtubule stabilization. One of the down-
regulated genes is Reelin, a well-known schizophrenia-associated gene, which is a serine protease of 
the extracellular matrix and involved in signaling pathways underlying neurotransmission, memory 
formation and synaptic plasticity [35]. It has been reported that Reelin was a regulator of microtubule 
function for neuronal migration by controlling cellular interaction [36]. 

Sox11 was also expressed in the cells of oligodendrocyte lineage with high level in precursors and 
down-regulated level during terminal differentiation [37]. Sox11 has been related to human malignant 
glioma [38]. During embryonic development, Sox11 is expressed in many tissues undergoing 
inductive remodeling. Sox11-deficience leads to mouse death at birth from congenital cyanosis, likely 
resulting from heart defects [39]. Sox11 has been broadly explored in cancer, especially in mantle 
cell lymphoma (MCL) [40]. The role of Sox11 in cancer is similar in developmental processes, 
suppressing cell proliferation, restricting maturation and promoting migration.
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In conclusion, we suggested that the SOX11 is an important regulator for multiple phases of 
neurodevelopment and may control the neurodevelopment by down-regulating several major actin-
associated neurodevelopmental genes.
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