
Stem Cells Translational Medicine, 2022, 11, 539–551
https://doi.org/10.1093/stcltm/szac009
Advance access publication 23 March 2022
Original Research

Received: 3 August 2021; Accepted: 24 January 2022.
© The Author(s) 2022. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License (https://creativecommons.org/
licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For 
commercial re-use, please contact journals.permissions@oup.com.

Neural Stem Cell-Derived Exosomal Netrin1 Contributes 
to Neuron Differentiation of Mesenchymal Stem Cells in 
Therapy of Spinal Bifida Aperta
Ling Ma1,2, , Xiaowei Wei1, Wei Ma1, , Yusi Liu1, Yanfu Wang1, Yiwen He1, Shanshan Jia1, 
Yu Wang1,3, Wenting Luo1, Dan Liu1, Tianchu Huang1, Jiayu Yan2, Hui Gu1, Yuzuo Bai1, 
Zhengwei Yuan1,∗
1Key laboratory of Health Ministry for Congenital Malformation, Department of Pediatric Surgery, Shengjing Hospital, China Medical University, 
Shenyang, Liaoning, People’s Republic of China
2Department of Pathophysiology, College of Basic Medical Science, China Medical University, Shenyang, Liaoning, People’s Republic of China
3Department of Ultrasound, Shengjing Hospital, China Medical University, Shenyang, Liaoning, People’s Republic of China
∗Corresponding author: Zhengwei Yuan, Key laboratory of Health Ministry for Congenital Malformation, Department of Pediatric Surgery, Shengjing Hospital, 
China Medical University, No. 36, Sanhao Street, Heping District, Shenyang 110004, China. Tel: +86 24 23929903; Email: yuanzw@hotmail.com

Abstract 
Spinal bifida aperta (SBA) is a congenital malformation with a high incidence. Bone marrow mesenchymal stem cell (BMSC) transplantation has 
the potential to repair the structure of damaged tissues and restore their functions. This is an optional treatment that can be used as a supple-
ment to surgery in the treatment of SBA. However, the application of BMSCs is limited, as the neuronal differentiation rate of BMSCs is not 
satisfactory when used in treating severe SBA. Thus, we aimed to assess the effect of neural stem cell (NSC)-derived exosomes on BMSC neur-
onal differentiation and observe the therapeutic effect in an ex vivo rat SBA embryo model. We found that NSC-derived exosomes increased the 
neuronal differentiation rate of BMSCs in vitro and in the SBA embryo model ex vivo. Proteomic analysis showed that NSC-derived exosomes 
were enriched in Netrin1, which positively regulated neuronal differentiation. Netrin1 increased the neuronal differentiation rate of BMSCs 
and NSCs and upregulated the expression of the neuronal markers, microtubule-associated protein (Map2), neurofilament, and β3-tubulin. 
Bioinformatic analysis revealed that Netrin1 treatment increased the expression of the transcription factors Hand2 and Phox2b, related to neur-
onal differentiation. Furthermore, the Netrin1-induced NSC neuronal differentiation was significantly blocked by Phox2b knockdown. We suggest 
that NSC-derived exosomal Netrin1 induces neuronal differentiation via the Hand2/Phox2b axis by upregulating the expression of Hand2 and 
Phox2b. Therefore, NSC-derived exosomes are a critical inducer of BMSC neuronal differentiation and represent a potential treatment agent 
that can benefit BMSC treatment in SBA.
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Introduction
Spinal bifida aperta (SBA) is the failure of neural tube closure 
along the dorsal spine and occurs in 2 to 6 per 10 000 live 
births worldwide.1,2 Despite advancements in surgical repair 
of fetal SBA, a significant portion of neonates undergoing in 
utero repair still experience neurological, lower motor neuron, 
and urinary/gastrointestinal morbidity.3,4 Therefore, it is ne-
cessary to develop new therapeutic alternatives that can repair 
neuronal damage and complement surgery shortcomings.

Cell therapy is an attractive therapeutic option that can 
achieve structural and functional regeneration after tissue 
damage due to any cause, using cell replacement.5 Among the 
various types of cell therapies, stem cell therapy has emerged 
as an effective therapeutic approach for SBA. Neural stem 
cells (NSCs) are undoubtedly the preferred stem cell source 
for the treatment of neural injury. However, their utilization 
is limited primarily owing to host immune rejection, as the 
transplanted cells are not autologous. Bone marrow mesen-
chymal stem cells (BMSCs) are one of the most frequently 
studied adult stem cell types owing to the broad range of cell 
types that they are able to generate, their low immunogenicity, 
ease of collection and availability for auto-transplantation at 
any stage of life and, importantly, their low tumorigenicity 
risk.6-8 Many studies on the potential use of MSCs for the 
treatment of neural tube defects (NTDs) have demonstrated 
that transplanted MSCs could reverse neurological damages 
in various SBA animal models.9-20 However, the application 
of BMSCs is limited, as their neural differentiation rate is not 
satisfactory when used in treating severe SBA.

MSCs and NSCs exert positive effects on each other when 
co-cultured.21 BMSCs are able to generate neural stem-like 
cells under NSC induction.22 Furthermore, cell therapies using 
co-transplantation of MSCs and NSCs in various neuro-
logical disease models, such as spinal cord or brain injury, 
Parkinson’s disease, and Alzheimer’s disease, have been re-
ported.23,24 Recently, it has been shown that exosomes can 
be released by nearly all cell types and participate in various 
physiological or pathological processes such as tissue repair 
and antigen presentation.

Exosomes have attracted attention as important mediators 
of intercellular communication. Furthermore, exosomes offer 
considerable advantages, such as a high safety profile and low 
immunogenicity, over NSCs. Hence, the use of exosomes can 
overcome many of the risks and challenges associated with 
cell therapy, especially immune rejection. Cell-specific pro-
teins, lipids, and nucleic acids in exosomes can act as signaling 
molecules that can be transmitted to other cells to modulate 
their function. Thus, we speculated that NSCs induce neur-
onal MSC differentiation through NSC-derived exosomes 
encapsulating specific NSC-derived molecules that can sus-
tain the neural phenotype.

Thus, we hypothesized that NSC-derived exosomes could 
be used to improve neuronal differentiation of BMSCs in cell 
therapy of SBA, which has not been previously reported. We 
also aimed to reveal the mechanism underlying NSC-induced 
BMSC neuronal differentiation.

Materials and Methods
Animals
Wistar rats were obtained from the animal center of China 
Medical University. Female virgin rats, 10-12 weeks old, were 

mated with healthy males of the same strain. Pregnancy was 
confirmed the following morning by the presence of sperm in 
the vaginal smear, and this was considered as day 0 of gesta-
tion. All experimental procedures involving animals were ap-
proved by the ethics committee of China Medical University 
(2020PS372K(X1)).

Cell Culture
Rat primary BMSCs, rat primary hippocampus-derived 
NSCs, and mouse NSC lines were used in this study. BMSCs 
were isolated from rat bone marrow. The method used for 
BMSC isolation, identification, and culture has been previ-
ously described.13,14 NSCs were isolated from rat hippo-
campus. Briefly, rat hippocampi, dissected from E14 embryos, 
was mechanically disassociated by gentle pipetting. Primary 
cells were grown to allow formation of neurospheres. For 
immune-staining of neurospheres, the floating spheres were 
hydrogel-embedded (ShakeGelTM3D, Hangzhou Kevin 
Biotechnology Co., Ltd, China) and then processed in a way 
similar to the processing of adherent cells. NSCs were identi-
fied using Nestin immunostaining. The culture supernatant of 
NSCs was harvested for exosome purification.

Exosome Purification, Characterization, and 
Analysis
Exosomes were purified using sequential centrifugation. The 
cell culture supernatant of NSCs was harvested and spun at 
300 × g, 4 °C for 20 minutes and 2000 × g, 4 °C for 20 min-
utes, successively. Then, the supernatant was filtered using 
a 0.22-µm filter, and then, spun at 10 000 × g, 4 °C for 1 
hours. Finally, exosomes were collected following spinning 
at 100  000 × g, 4 °C for 4 hours. Exosomes were washed 
in phosphate-buffered saline (PBS) and pelleted again using 
ultracentrifugation. The purified exosome pellet was re-
suspended in PBS. Exosomes were verified, using transmis-
sion electron microscopy (TEM) (80 Kv, 60 000×, H-7650, 
HITACHI, Japan). The exosome size and particle number 
were analyzed using a Laser Particle Size and Zeta Potential 
Analyzer (Nano ZS90, Malvern Instruments, UK), and ex-
pression of the exosome protein markers Alix and CD9 was 
analyzed using Western blotting.

Exosome Tracer Assay
Rat primary NSCs were stained with both Dio Cell-
Labeling Solution (V22886, Life Tech, USA) and SYTO Red 
Fluorescent Nucleic Acid Stain (S34900, Life Tech) according 
to the manufacturer’s instructions. Exosomes isolated from 
the Dio- and SYTO-stained NSCs were labeled simultan-
eously. BMSCs were cultured in medium supplemented with 
labeled exosomes for 24 hours. Next, BMSCs were washed 
twice with PBS, fixed in 4% paraformaldehyde, and stained 
with DAPI. Fluorescence signals of exosomes were captured 
using a confocal microscope.

Neuronal Differentiation Conditions
Neuronal differentiation of BMSCs was induced using NSC-
derived exosomes. BMSCs (104 cells/well) were cultivated 
in medium supplemented with 100 µg/mL NSC-derived 
exosomes, while BMSCs without exosomes were used as the 
control. Cells were allowed to differentiate for 7 days.

Neuronal differentiation of BMSCs was induced using 
recombinant Netrin1 (rNetrin1). BMSCs (104 cells/well) 
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were cultivated in medium supplemented with 500  ng/mL 
rNetrin1, while BMSCs cultured without rNetrin1 were used 
as the control. Cells were allowed to differentiate for 12 days.

rNetrin1 was also used to induce neuronal differentiation 
in a mouse NSC line. NSCs (103 cells/well) were cultivated 
in medium supplemented with 500  ng/mL rNetrin1, while 
mouse NSCs cultured without rNetrin were used as the con-
trol. Cells were allowed to differentiate for 7 days.

Whole-Embryo Culture
Dams were sacrificed on the morning of gestation day 10. 
The decidua was dissected from the uteruses. Only embryos 
having an intact visceral yolk sac, ectoplacental cone, and 
amnion, were placed in culture medium, which was normal 
rat serum containing 2 mg/mL glucose. To induce SBA, atRA 
(Sigma-Aldrich) was added to the culture medium at a con-
centration of 10 μM. As developmental stage variation at the 
start of culture could affect the in vitro development, embryo 
selection was performed. Embryos with 8-12 somites, 2 or 
3 brain vesicles, and S-shaped tubular heart were selected. 
BMSCs, combined with or without NSC-derived exosomes, 
were injected into the amniotic cavity of the embryos with 
a glass micropipette connected to a Hamilton syringe. For 
BMSC visualization after transplantation into the rat fetus, 
BMSCs were transfected with an enhanced green fluorescent 
protein (GFP) adeno-5 expression vector. Four embryos each 
were placed in a presterilized culture bottle containing 3 mL 
culture medium. Culture bottles were placed in a roller ap-
paratus and rotated at 30 rpm in a 37 °C incubator with a 
continuous supplement of a gas mixture, including different 
concentrations of oxygen (5% O2 for the first 18 hours, 20% 
O2 from 19 to 36 hours, and 60% O2 from 37 to 48 hours). 
The embryos were checked for survival, indicated by the pres-
ence of a yolk sac circulation and heartbeat. The embryos were 
harvested at 48 hours and fixed with 4% paraformaldehyde 
for 24 hours, followed by dehydration in 20% sucrose for 24 
hours. Then, they were sectioned into 20 µm serial transverse 
sections, and all GFP-positive BMSCs in the spinal column 
were observed. Sections with GFP-positive BMSCs were kept 
at −80 °C for further immunofluorescence analyses.25

Proteomic Analysis
For sample preparation, protein was extracted using SDT 
buffer and quantified. A total of 20 µg protein/sample was sep-
arated using 12.5% sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE). Protein bands were visual-
ized using Coomassie Blue R-250 staining.

For protein filter-aided sample preparation and digestion, 
200 µg of protein/sample was added to 30 µL SDT buffer 
(4% SDS, 100 mM DTT, 150 mM Tris-HCl, pH 8.0). After 
the detergent, DTT and other low-molecular-weight com-
ponents were removed and reduced cysteine residues were 
blocked, the protein suspensions were digested with 4 µg 
trypsin (Promega) in 40 µL 25 mM NH4HCO3 buffer, and 
the resulting peptides were collected. Then, the peptides were 
desalted on C18 Cartridges (Emproe SPE Cartridges C18 
[standard density], bed ID 7 mm, volume 3 mL, Sigma), con-
centrated using vacuum centrifugation, and reconstituted in 
40 µL of 0.1% (v/v) formic acid. The OD280 of the resulting 
peptides was measured.

For label-free liquid chromatography with tandem mass 
spectrometry (LC-MS/MS), each fraction was injected for 
nano LC-MS/MS analysis. The peptide mixture was loaded 

onto a reverse phase trap column (Thermo Scientific Acclaim 
PepMap100, 100 µm × 2 cm, nanoViper C18) connected to 
a C18-reversed phase analytical column (Thermo Scientific 
Easy Column, 10 cm long, 75 µm inner diameter, 3 µm resin) 
in buffer A (0.1% formic acid) and buffer B (84% acetonitrile 
and 0.1% formic acid) at a flow rate of 300 nL/minute. The 
120 minutes LC gradient was 0%-55% buffer B for 110 min-
utes, 55%-100% buffer B for 5 minutes, held in 100% buffer 
B for 5 minutes.

MS data were acquired using a data-dependent top 10 
method dynamically selecting the most abundant precursor 
ions from the survey scan (300-1800 m/z) for higher energy 
collisional dissociation (HCD) fragmentation. The automatic 
gain control target was set to 3 and 6, and the maximum in-
jection time to 10 ms. The dynamic exclusion duration was 
40.0 s. Survey scans were acquired at a resolution of 70 000 
at m/z 200, whereas the resolution for HCD spectra was set 
to 17 500 at m/z 200, and the isolation width was 2 m/z. The 
normalized collision energy was 30 eV and the under-fill ratio 
was defined as 0.15. The instrument was run with peptide 
recognition mode enabled. The MS data were analyzed using 
MaxQuant software version1.5.3.17 (Max Planck Institute 
of Biochemistry in Martinsried, Germany).

Bioinformatic Data Mining
We searched for Netrin1 in the Gene Expression Omnibus 
(GEO) database of NCBI and obtained the GSE54107 dataset. 
This dataset contains RNA sequencing data (Illumina HiSeq 
2000, Mus musculus) of mouse fibroblasts (n = 2) and mouse 
fibroblasts grown in media supplemented with rNetrin1 (n = 
4). The expression matrix file was downloaded.

Bioinformatic Analysis
Differentially expressed proteins were analyzed to identify 
significantly down- or upregulated proteins according to the 
criteria of fold difference >2 and P < .05. A heat map was 
presented as a visual aid of protein relative expression data. 
The Database for Annotation, Visualization and Integrated 
Discovery (DAVID) was used to conduct Gene Ontology 
(GO) analysis. The GO standard was used to categorize pro-
teins according to 3 ontologies, namely, biological process 
(BP), molecular function (MF), and cellular component (CC). 
GO enrichment was applied based on the Fisher’ exact test. 
Benjamini-Hochberg correction for multiple testing was fur-
ther applied to adjust the derived P-values. Only functional 
categories with P-values < .05 were considered statistically 
significant. The heat map and GO annotation results were 
plotted using R scripts. The protein–protein interaction 
(PPI) information of the studied proteins was retrieved using 
the STRING software. The results were downloaded in the 
XGMML format and imported into the Cytoscape5 software 
to visualize and further analyze the functional PPI networks.

Immunostaining
Whole-embryo sections were analyzed by immunofluor-
escence staining using rabbit anti-β3-tubulin (#5568, Cell 
Signaling Technology, USA, a neuronal marker), rabbit anti-
synapsin-1 (#5297S, Cell Signaling Technology, USA, a syn-
aptic marker), and mouse anti-GFP antibody (ab1218, Abcam, 
USA) to label the transplanted MSCs. In brief, after antigen 
retrieval, sections were washed in PBS and then blocked 
with a blocking serum containing 0.1% Triton Х-100 (v/v). 
Subsequently, sections were incubated with an anti-β3-tubulin 
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antibody (1:50) combined with an anti-GFP antibody (1:50) 
or anti-synapsin-1 antibody (1:50) combined with an anti-
GFP antibody (1:50). Afterward, sections were washed in PBS 
followed by incubation with both an Alexa-conjugate goat 
anti-rabbit IgG (1:100, #4413, Cell Signaling Technology) 
and an Alexa Fluor 488-conjugated goat anti-mouse IgG 
(1:100, #4408, Cell Signaling Technology). After washing, 
cell nuclei were stained with 4, 6-diamidino-2-phenyl indole 
(DAPI). To determine the percentage of BMSC differenti-
ation, all GFP-positive cells and GFP and β3-tubulin double-
positive cells were counted. The neuronal differentiation rate 
of BMSCs was determined as the number of β3-tubulin and 
GFP double-positive cells/total number of GFP-positive cells, 
and the number of synapsin-1 and GFP double-positive cells/
total number of GFP-positive cells.

The neuronal differentiation rate of BMSCs and NSCs was 
evaluated with immunocytochemical staining. Briefly, cells 
were fixed in 4% paraformaldehyde for 30 minutes, washed 
with PBS, and then blocked with blocking serum containing 
0.1% Triton Х-100 (v/v). Next, the cells were incubated with 
a β3-tubulin antibody and a TRITC-conjugate goat anti-
rabbit IgG antibody (1:100). Cell nuclei were stained with 
DAPI and counted to estimate the number of total cells. The 
number of β3-tubulin-positive cells was counted. The neur-
onal differentiation rate was determined as the number of 
β3-tubulin-positive cells/total cell number.

Western Blot Analysis
Total protein extraction was performed using a 
radioimmunoprecipitation assay solution. Protein concen-
tration was measured using the BCA assay, and an equal 
quantity of each sample (100 μg) was used for Western 
blotting. Following SDS-PAGE, the proteins were trans-
ferred onto 0.45 µm polyvinylidene difluoride mem-
branes (IPVH00010, Millipore, USA). Membranes were 
blocked with 5% (w/v) non-fat dry milk in Tris base sa-
line Tween 20 (TBST; 50 mM Tris, pH 8.0, 150 mM NaCl, 
and 0.1% Tween-20 (v/v)) for 1.5 hours, and then, washed 
thrice for 10 minutes in TBST, followed by incubation at 
4 °C overnight with mouse anti-Alix (ab88743, Abcam), 
rabbit anti-CD9 (ab223052, Abcam), rabbit anti-Netrin1 
(ab126729, Abcam), mouse anti-NF (#2836, Cell Signaling 
Technology), rabbit anti-microtubule-associated protein 
(MAP2) (#4542, Cell Signaling Technology), rabbit anti-
β3-tubulin (#5568, Cell Signaling Technology), rabbit anti-
Phox2b (25276-1-AP, Proteintech Group Inc, USA), rabbit 
anti-Hand2 (abs117611, Absin Bioscience Inc., China), 
GAPDH (10494-1-AP, Proteintech Group Inc), and Lamin 
A/C (ab169532, Abcam). Next, the membranes were washed 
thrice in TBST and incubated with a secondary antibody 
at room temperature for 2 hours. Following washing with 
TBST, the reaction was detected using chemiluminescence 
and the Western Bright ECL detection kit (WBKLS00100, 
USA).

shRNA Transfection
Mouse NSCs (1  ×  103 cells/well) were seeded in 6-well 
plates. Phox2b shRNA experiments were performed using 
Hu6-MSC-CMV-GFP-SV40-Neomycin vectors and three 
siRNA targeted Phox2b sequences (shPhox2b, Genechem 
Co. Ltd., Shanghai, China), (shPhox2b-1 target sequence: 

5ʹ-GCGTCTTATCTTCGCTCCAAA-3ʹ, shPhox2b-2 target se-
quence: 5ʹ-CGGCCTCAACGAGAAACGCAA-3ʹ, shPhox2b-3 
target sequence: 5ʹ-CGCAGTTTAGACATCTCTGTT-3ʹ). In 
parallel, an unrelated sequence was designed as a negative 
control (NC) for siRNA specificity. Plasmid transfection was 
performed using lipofectamine 3000 (L3000015, Invitrogen, 
USA).

Statistical Analysis
Statistical analyses were performed using the SPSS 22.0 soft-
ware. Results are presented as the means ± standard error of 
mean of 3 independent experiments. Differences between 2 
groups were analyzed using Student’s t tests, whereas differ-
ences among multiple groups were analyzed using 1-way ana-
lysis of variance. A P-value of <.05 was considered to indicate 
statistical significance.

Results
Generation and Initial Characterization of NSCs and 
NSC-Derived Exosomes
Primary NSCs from the rat hippocampus were observed to 
proliferate, form neurospheres floating in the culture me-
dium (Supplementary Fig. S1A), and express NSC markers 
(Supplementary Fig. S1B). NSC exosomes were isolated from 
the NSC culture medium; TEM (Supplementary Fig. S2A) and 
dynamic light scattering analyses (Supplementary Fig. S2B) 
revealed that the particles isolated using ultracentrifugation, 
most of which had diameters of approximately 80 nm, con-
tained abundant exosomes, as evidenced by expression of the 
exosomal protein markers Alix and CD9 in these fractions 
(Supplementary Fig. S2C).

NSC-Derived Exosomes Promoted BMSC Neuronal 
Differentiation In Vitro and In Vivo
To trace NSC-derived exosomes, an exosome tracer assay 
was performed (Fig. 1A). NSCs were stained with the Dio 
green fluorescent dye, which binds to cell membranes, and the 
SYTO red fluorescent dye, which binds to nucleic acids. The 
exosomes derived from the stained NSCs were simultaneously 
labeled with Dio and SYTO. After the labeled exosomes were 
added into the culture medium of BMSCs for 24  h, green 
and red fluorescence signals were also detected in the BMSCs 
(Fig. 1A), indicating that the NSC-derived exosomes had been 
taken up by the BMSCs.

To investigate the effect of NSC-derived exosomes on 
BMSC neuronal differentiation, BMSCs were treated with 
NSC-derived exosomes for 2, 5, and 7 days. As the duration 
of culture with NSC-derived exosome supplement increased, 
more BMSCs showed neuron-like morphological changes 
(Fig. 1B). Consistent with the observed neuron-like morpho-
logical changes, immunofluorescence staining revealed a high 
efficiency of differentiation by day 7. The rate of β3-tubulin 
positivity represented the neuronal differentiation rate. The 
rate of β3-tubulin positivity of the BMSCs supplemented 
with NSC-derived exosomes (6.344% ± 0.8251%, n =12) 
was higher than that of the BMSCs in basic culture me-
dium (3.069% ± 0.886%, n = 10, P = .0138; Fig. 1C, D). 
Furthermore, the expression of neurofilament (NF), Map2, 
and β3-tubulin was significantly upregulated under NSC-
derived exosome treatment (pNF = 0.0009, pMap2 = 0.0033,  
pβ3-tubulin = 0.028; Fig. 1E–H).

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac009#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac009#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac009#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac009#supplementary-data
https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac009#supplementary-data
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To determine the ex vivo effect of NSC-derived exosomes 
in promoting BMSC neuronal differentiation, BMSCs supple-
mented with NSC-derived exosomes or left untreated were 
injected into the amniotic cavity of SBA embryos (Fig. 2A). 
The amniotic cavity was intact after amniocentesis, and all 
embryos presented neural tube closure defects before the 
injection was performed after 48 hours of ex vivo culture 

(Fig. 2B). The transplanted GFP-labeled BMSCs survived, 
migrated, and integrated into the defective spinal cord re-
gion (Fig. 2B, C). Frozen serial sections of the embryos were 
stained for β3-tubulin, synapsin-1, and GFP (Fig. 2D–G). 
The neuronal differentiation rate of BMSCs supplemented 
with NSC-derived exosomes was higher for β3-tubulin 
(BMSCs+Exosomes group: 52.09% ± 4.127%, BMSCs 

Figure 1. Neural stem cell (NSC)-derived exosomes promote bone marrow mesenchymal stem cell (BMSC) neuronal differentiation. (A) BMSCs 
were incubated with both Dio (green) and SYTO (red)-labeled exosomes for 24 h. BMSC nuclei were stained with DAPI (blue). Scale bar: 50 µm. (B) 
Morphological changes in BMSCs at days 2, 5, and 7. Scale bar: 100 µm. (C) Immunofluorescence staining of β3-tubulin. β3-tubulin (red) and DAPI 
(blue) staining are shown. Scale bar: 100 µm. (D) Histogram showing statistical analysis for the proportion of tubulin+ cells, which was increased 
in the exosome-treated BMSC group compared with that in the control group. (E) Western blotting shows the relative expression of microtubule-
associated protein (Map2), neurofilament (NF), and β3-tubulin in the NSC-derived exosome-treated BMSC and control groups. Histograms showing 
statistical analysis for the relative expression of Map2 (F), NF (G), and β3-tubulin (H). Relative protein levels of Map2, NF, and β3-tubulin were 
upregulated in the NSC-derived exosome-treated BMSC group compared with those in the control group. Four duplicate samples are shown (∗: P < 
.05, ∗∗: P < .01, ∗∗∗: P < .001).
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Figure 2. Neural stem cell (NSC)-derived exosomes promote neuronal bone marrow mesenchymal stem cell (BMSC) differentiation in ex vivo cultured 
embryos with spinal bifida aperta (SBA). (A) Pattern diagram of amniocentesis. Every embryo is shown to have an intact visceral yolk sac, and BMSCs 
with or without NSC-derived exosomes were injected into the amniotic cavity. (B) Embryos, cultured for 48 hours ex vivo, with developmental neural 
tube closure defects (arrow). Digitally enlarged images show BMSCs labeled with green fluorescent protein (GFP) (green) distributed specifically at 
defective region of neural tube. The vertical line in the enlarged image of the head of embryo represent that sections were made on the sagittal plane 
of SBA embryos. (C) Image of sagittal sections of embryo show that BMSCs labeled with GFP (green) integrated specifically into defective region 
of neural tube and survived (arrow). (D) Immunofluorescence staining for β3-tubulin (red) and GFP (green). Image and its digitally enlarged images 
show some of the neurons from the implanted BMSCs expressed β3-tubulin (arrow). (E) Histograms showing statistical analysis for the proportion of 
β3-tubulin+ cells in transplanted BMSCs. (F) Immunofluorescence staining for synapsin-1 (red) and GFP (green). Image and its digitally enlarged images 
show some of the mature neurons differentiating from BMSCs expressed synapsin-1 (arrow). (G) Histograms showing statistical analysis for the 
proportion of synapsin-1+ cells in transplanted BMSCs. (∗∗: P < .01, ∗∗∗∗: P < .0001).
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group: 19.64% ± 3.951%, P < .0001, n = 11) and synapsin-1 
(BMSCs+Exosomes group: 41.74% ± 6.253%, BMSCs 
group: 17.98% ± 5.363%, P = .0099, n = 10) than that of 
BMSCs cultured in normal medium (Fig. 2D–G).

Netrin1 Was Enriched in and Transported by NSC-
Derived Exosomes
To identify proteins encapsulated in NSC-derived exosomes 
that could promote neuronal differentiation, we performed 
proteomic analyses on NSC-derived exosomes, NSCs, and 
BMSCs. NSC-derived exosomal proteins were annotated 
using GO terms. The top 20 enriched terms were con-
sidered, among which the terms “neuronal signal trans-
duction” and “stem cell differentiation” indicated that 
the molecular function of NSC-derived exosomal pro-
teins was mainly associated with neuronal differentiation 
(Supplementary Fig. S3). Thirty proteins were classified 
into the molecular function of positive regulation of neur-
onal differentiation (GO: 0045666). Next, the expression 
profiles of the 30 proteins were compared between NSC-
derived exosomes and NSCs or BMSCs and are displayed 
as heat maps (Fig. 3A, B). Netrin1 (Ntn1), Nedd4l, Ptprz1, 
and Fn1 in NSC-derived exosomes showed higher expres-
sion than that in NSCs. In contrast, Pafah1b1, Camk2d, 
Gsk3b, Prpf19, Netrin1(NTN1), Rufy3, Camk2b, Ptprz1, 
and Reelin in NSC-derived exosomes showed higher ex-
pression than that in BMSCs. Moreover, after Coomassie 
Blue staining, SDS-PAGE showed a significantly enriched 

band located between 45 and 66.2 kDa on the lane for the 
NSC-derived exosomes, which was different from that for 
the NSCs and BMSCs (Fig. 3C). This finding indicated that 
NSC-derived exosomes can not only transfer but also en-
rich some proteins from their source cells. Netrin1 were fur-
ther tested using Western blotting, it was confirmed to be 
enriched in NSC-derived exosomes and weakly expressed in 
BMSCs (Fig. 3D). Notably, the molecular weight of Netrin1, 
which is 64 kDa, is in the range of 45 to 66.2 kDa. Netrin1 
expression in NSC-derived exosomes was higher than that 
in NSCs or BMSCs, similar to the expression of exosome 
marker, CD9 which was enriched in exosomes. GAPDH 
was used as a loading control (Fig. 3D).

Netrin1 Promoted BMSC and NSC Neuronal 
Differentiation In Vitro
Since the effect of Netrin1 on BMSC neuronal differentiation 
was unknown, we next investigated whether Netrin1 can pro-
mote neuronal differentiation of BMSCs and NSCs in vitro. 
First, we investigated the effect of Netrin1 on BMSC neuronal 
differentiation. After 12 days of BMSC culture in medium 
supplemented with 500 ng/mL exogenous soluble rNetrin1, 
the β3-tubulin-positive cell proportion (46.36% ± 3.295%, 
n = 12) significantly increased compared with that in un-
treated control BMSCs (14.98% ± 4.318%, n = 9, P < .0001) 
(Fig. 4A, B). Furthermore, the protein levels of Map2 (P = 
.0001), NF (P = .0064), and β3-tubulin (P = .0061) increased 

Figure 3. Exosomal proteins capable of promoting neuronal differentiation identified using proteomic analysis. (A) Heat map hierarchical clustering 
revealed 30 differentially expressed proteins in neural stem cell (NSC)-derived exosomes compared with those in the NSCs. (B) Heat map hierarchical 
clustering revealed 30 differentially expressed proteins in NSC-derived exosomes compared with those in bone marrow mesenchymal stem cells 
(BMSCs). Ntn1 (Netrin1) is indicated by an arrow. (C) Proteins were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis. A high-
density band was observed at 45-66.2 kDa in NSC-derived exosomes (arrow). (D) Expression levels of Netrin1 in NSCs, NSC-derived exosomes, and 
BMSCs.

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac009#supplementary-data
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significantly in the Netrin1-treated BMSCs compared with 
those in untreated control BMSCs (Fig. 4C–F).

We further investigated the effect of Netrin1 on NSCs. After 
7 days of NSC culture in medium supplemented with 500 ng/
mL rNetrin1, the β3-tubulin-positive cell proportion (20.59% 
± 1.624%, n = 6) significantly increased compared with those 
in control mouse NSCs (9.79% ± 0.8687%, n = 6, P < .0001; 
Fig. 5A, B). Furthermore, Western blot analysis showed a sig-
nificant increase in Map2 (P = .0068), NF (P = .0112), and 
β3-tubulin (P = .002) levels in the Netrin1-treated mouse 
NSCs compared with those in control NSCs (Fig. 5C–F).

Netrin1 Promoted BMSC and NSC Neuronal 
Differentiation by Upregulating Hand2/Phox2b
To explore the mechanism underlying Netrin1-induced neur-
onal differentiation, a dataset (GSE54107) comprising RNA 
sequencing data of mouse fibroblasts and fibroblasts grown 
in media supplemented with rNetrin1 was downloaded from 
the GEO database. A total of 150 differentially expressed 
genes (DEGs) between the rNetrin1-treated and control 
groups were screened and integrated using the R software. A 
total of 76 up- and 74 downregulated DEGs were identified 
(Supplementary Table S1). To explore the proteins related 
with neuronal differentiation for the upregulated DEGs, the 
DAVID database was used to conduct GO analysis. Neural 
crest cell differentiation was found to be enriched in the 

biological process. Proteins for 3 upregulated DEGs (Hand2, 
Phox2b, and Wnt10a) were related to neural crest cell dif-
ferentiation, whereas Hand2 and Phox2b were also related 
to sympathetic nervous system development (Fig. 6A). To 
better understand the interactions among the upregulated 
DEGs, the STRING online database was used to generate 
a PPI network. Interactions were observed between Hand2 
and Phox2b (Fig. 6B), which suggested that Hand2/Phox2b 
are involved in Netrin1-induced neuronal differentiation.

Next, the expression of Hand2 and Phox2b was measured 
in NSCs and BMSCs treated with Netrin1. In both NSCs and 
BMSCs, we observed upregulated expression of Hand2 (P = 
.0023 and .0001, respectively) and Phox2b (P = .0013 and 
.0007, respectively; Fig. 6C–E) compared with that in un-
treated control cells (Fig. 6F–H).

Next, to explore whether the Hand2/Phox2b axis mediates 
Netrin1-induced neuronal differentiation, this signal axis 
was blocked using Phox2b knockdown. Phox2b shRNA3# 
effectively downregulated the expression of Phox2b in NSCs 
(Fig. 7A, B) along with that of Map2, NF, and β3-tubulin 
(Phox2b shRNA3# vs NC: pMap2 = 0.0056, pNF = 0.002,  
pβ3-tubulin < 0.0001). Notably, Netrin1 upregulated the expres-
sion of Map2, NF, and β3-tubulin in NSCs transfected with 
NC shRNA, which was consistent with the result shown in 
Fig. 6C. However, Netrin1 did not upregulate the expres-
sion of Map2, NF, and β3-tubulin in NSCs with Phox2b 

Figure 4. Netrin1 promotes the neuronal differentiation of BMSCs. (A) Immunofluorescence staining of β3-tubulin in BMSCs induced with 500 ng/mL 
recombinant Netrin1 (rNetrin1). β3-tubulin (red) and DAPI (blue) staining are shown as a counter stain. (B) Quantification of the proportion of β3-tubulin+ 
cells. (C) Western blotting results showing the expression levels of Map2, NF, and β3-tubulin in 500 ng/mL rNetrin1-treated BMSCs. Histograms 
showing the statistical analysis for the relative expression of Map2 (D), NF (E), β3-tubulin (F). (∗∗: P < .01; ∗∗∗: P < .001; ∗∗∗∗: P < .0001).

https://academic.oup.com/stcltm/article-lookup/doi/10.1093/stcltm/szac009#supplementary-data
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knockdown (Phox2b-RNAi + Netrin1 vs NC-RNAi + 
Netrin1: pMap2 = 0.0001, pNF = 0.0003, pβ3-tubulin = 0.0002). 
Phox2b-RNAi blocked Netrin1-induced neuronal differenti-
ation (Fig. 7C–F).

Discussion
Functional neuron deficiency in SBA is one possible reason 
for poor prognosis after surgical treatment. As neuron regen-
eration leads to better neural function recovery, we have been 
working on identifying methods to promote neuronal differ-
entiation of transplanted BMSCs to improve neurological 
outcomes. Previous studies have shown that MSCs and NSCs 
exert positive effects on each other when co-cultured. On 
one hand, BMSCs are able to generate neural stem-like cells 
under neuronal differentiation induction of NSCs.26 On the 
other hand, MSCs promote NSC proliferation and neuronal 
differentiation.27 Furthermore, MSCs increase the survival 
rate of NSCs via regulating the microenvironment, induce 
neuronal development and neurite outgrowth, and improve 
transplantation outcome.24,28,29 Recently, it has been shown 
that cells release numerous exosomes that can recapitulate the 
biological activity of the cells they are derived from. These 
exosomes are involved in cell-to-cell communication, cell 

signaling, and alteration of cell or tissue metabolism at short 
or long distances in the body. Exosomes can be used for cell-
free regenerative medicine. Therefore, NSC-derived exosomes 
have emerged as a more promising treatment source than 
NSCs. Owing to their anti-inflammatory, neurogenic, and 
neurotrophic effects, NSC-derived exosomes are also useful 
for treating multiple neurodegenerative diseases.30 Thus, in 
this study, NSC-derived exosomes were assessed as an ex-
cellent tool to improve neuronal differentiation of BMSCs. 
Combined NSC and MSC transplantation has an excellent 
therapeutic effect but is limited by host immune rejection 
and the source of NSCs used. We found that NSC-derived 
exosomes can replace NSCs, overcome the application limi-
tations of NSCs, and achieve a good therapeutic effect. 
Exosomes have a higher safety profile than the cells them-
selves. Our research group has conducted a series of studies 
on the role of MSCs in the treatment of SBA. MSCs showed 
the ability of neuronal differentiation. The strategy of com-
bined treatment with NSC-derived exosomes and BMSCs for 
SBA is novel, whereby the positive effects of both MSCs and 
exosomes are fully used.

Our in vitro experiments showed that NSC-derived 
exosomes promoted BMSC neuronal differentiation. 
Furthermore, NSC-derived exosomes benefited BMSC 

Figure 5. Netrin1 treatment promotes neuronal differentiation of neural stem cells (NSCs). (A) Immunofluorescence staining of β3-tubulin in the mouse 
NSC line induced with 500 ng/mL rNetrin1. β3-tubulin (red) and DAPI (blue) staining are shown as counter stains. (B) Quantification of the proportion 
of β3-tubulin+ cells. (C) Western blots showing the expression levels of microtubule-associated protein (Map2), neurofilament (NF), and β3-tubulin in 
500 ng/mL Netrin1-treated NSCs. Untreated NSCs served as the control. Histograms showing statistical analysis for the relative expression of Map2 
(D), NF (E), β3-tubulin (F) (∗: P < .05; ∗∗: P < .01; ∗∗∗∗: P < .0001).
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therapy of rat embryos with SBA by directly promoting neur-
onal differentiation of the transplanted BMSCs. Considering 
that exosomes perform their functions via the biomolecules 
they encapsulate,31-34 Netrin1 enriched and delivered by NSC-
derived exosomes could be a major functional molecule that 
directs BMSC neuronal differentiation. Now-classic experi-
ments characterized Netrin1 as an extracellular matrix (ECM) 
protein that guides axonal growth and cell migration during 
development.35-37 We found that exosomes could play a role 
in intercellular communication by modulating ECM compo-
nents. Exosomes can be considered among the structural and 
functional components of the ECM that participate in matrix 
organization and regulation of cells within the matrix, either 
directly or indirectly, via affecting matrix components.38,39 
Our study showed that NSC-derived exosomes provide a 
neural-specific ECM microenvironment through one of their 
cargo proteins Netrin1.

Functionally, Netrin1 exerts axonal attraction or repulsion 
and controls the guidance of CNS-conjugated and peripheral 
motor axons.40 Netrin1 can induce neuronal differentiation in 
human embryonal carcinoma cells.41 Conversely, Netrin1 can 
also regulate somatic cell reprogramming and pluripotency 
maintenance.42 Therefore, the actual function of Netrin1 in 
inducing neuronal differentiation remains to be elucidated. 

In this study, we demonstrated that Netrin1 promotes neur-
onal NSC and BMSC differentiation. Notably, we previously 
demonstrated that the embryonic spinal cord niche is more 
conducive to MSC differentiation after transplantation.16,43,44 
The niche refers to the specific embryonic spinal cord envir-
onment that consists of multiple heterologous cell types and a 
niche-specific ECM. Here, we propose that Netrin1 is a func-
tional molecule in the microenvironment of neural differen-
tiation. Our in vitro data suggest that Netrin1 plays a role 
similar to that played by NSC-derived exosomes in inducing 
neuronal differentiation. Further studies are required to elu-
cidate whether Netrin1 treatment on its own would elicit the 
same outcome as NSC-derived exosome treatment. Because 
the exosome is a vesicle containing a variety of bioactive mol-
ecules, and Netrin1 is one of functional proteins related to 
neuronal differentiation and high expressed in NSCs-derived 
exosomes, systematic testing is required to determine the op-
timal treatment dose.

Cell differentiation depends on sequential activation of 
transcription factors (TFs). In this study, our bioinformatic 
analysis predicted that Hand2 and Phox2b are downstream 
signal molecules. Hand2 belongs to the basic helix-loop-
helix (bHLH) family of TFs for sympathetic neuron mainten-
ance,45,46 whereas Phox2b is a member of the paired family of 

Figure 6. Mining functional proteins involved in Netrin1-induced neuronal differentiation via GEO and bioinformatic analyses, and verification of Phox2b 
and Hand2 expression induced by Netrin1 in BMSCs and NSCs, respectively. (A) Heat map of differentially expressed genes (DEGs) related to neural 
crest cell differentiation. (B) Protein–protein interaction network analysis of upregulated DEGs. (C) Western blots showing the expression levels of 
Hand2 and Phox2b in the 500 ng/mL rNetrin1-treated NSC group. Histograms showing statistical analysis for the relative expression of Phox2b (D) and 
Hand2 (E) in the 500 ng/mL rNetrin1-treated NSC and the control groups. (F) Expression levels of Hand2 and Phox2b in the 500 ng/mL rNetrin1-treated 
BMSC group. Histograms showing statistical analysis for the relative expression of Phox2b (G) and Hand2 (H) in the 500 ng/mL Netrin1-treated BMSC 
and control groups (∗: P < .05; ∗∗: P < .01; ∗∗∗: P < .001) .
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Figure 7. Netrin1 induces neuronal differentiation through the Hand2/Phox2b signal axis. (A) Knockdown efficiency of Phox2b in mouse neural stem 
cells (NSCs) evaluated via Western blotting. shRNA3# showed the most effective Phox2b knockdown. (B) Histograms showing statistical analysis for 
Phox2b expression in the 500 ng/mL Netrin1-treated BMSC and control groups. (C) Expression levels of the neuron markers microtubule-associated 
protein (Map2), neurofilament (NF), and β3-tubulin following Phox2b downregulation were measured in NSCs cultured with or without 500 ng/mL 
rNetrin1. Histograms showing statistical analysis for the relative expression of Map2 (D), NF (E), and β3-tubulin (F). (∗: P < .05, ∗∗: P < .01, ∗∗∗: P < .001, 
∗∗∗∗: P < .0001).
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homeobox proteins. The balance between Phox2b and SOX10 
determines the differentiation direction of neural cells. Phox2b 
promotes neuronal differentiation, whereas SOX10 promotes 
glial cell differentiation.47 Moreover, the interaction of Hand2 
with E2a is required for Phox2b transcription.48 We found that 
Netrin1 treatment increased the levels of Hand2 and Phox2b 
in NSCs and BMSCs under neuronal differentiation, and the 
neuronal differentiation induced by Netrin1 depended on the 
upregulation of Phox2b. Hand2 and Phox2b are involved in 
the differentiation of noradrenergic neurons.49 Furthermore, 
a recent study indicated that Hand2 and Phox2b, together 
with other 5 TFs (Ascl1, AP-2a, Gata3, Nurr1, and Phox2a), 
could convert astrocytes and fibroblasts into functional 
noradrenergic neurons.50 Further studies should be conducted 
to determine the neuronal subtype that Netrin1 promotes 
BMSC or NSC differentiation to. Moreover, the mechanism 
underlying the upregulation of Hand2/Phox2b should also be 
elucidated in the future.

Conclusion
Although previous studies have provided knowledge re-
garding BMSC and/or NSC-based therapies for NTDs, the 
treatment effects have been disappointing. Here, we demon-
strated that NSC-derived exosomes promote BMSC neuronal 
differentiation. Furthermore, we found that the mechanism 
underlying this effect involves exosome-mediated transfer of 
Netrin1, which upregulates Hand2/Phox2b nuclear TFs re-
lated to neuronal differentiation. The application value of 
NSC-derived exosomes was evaluated in BMSC therapy of 
SBA embryos. NSC-derived exosomes exerted the same thera-
peutic effects as NSCs, without the disadvantages associated 
with the use of NSCs. Thus, NSC-derived exosomes could re-
place NSCs. Our study, by providing novel insights into the 
role of exosomes and the ECM in neuronal differentiation, 
could facilitate the development of clinically useful exosomes. 
Given that the mechanism underlying neuronal direction of 
MSC differentiation induced by NSCs remains unclear, we 
focused on the role of NSC-derived exosomes, which are nat-
ural products of NSCs.
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