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miR-103-3p targets Ndel1 to regulate neural stem cell 
proliferation and differentiation
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Abstract  
The regulation of adult neural stem cells (NSCs) is critical for lifelong neurogenesis. MicroRNAs (miRNAs) are a type of small, endogenous 
RNAs that regulate gene expression post-transcriptionally and influence signaling networks responsible for several cellular processes. In 
this study, miR-103-3p was transfected into neural stem cells derived from embryonic hippocampal neural stem cells. The results showed 
that miR-103-3p suppressed neural stem cell proliferation and differentiation, and promoted apoptosis. In addition, miR-103-3p negatively 
regulated NudE neurodevelopment protein 1-like 1 (Ndel1) expression by binding to the 3′ untranslated region of Ndel1. Transduction of 
neural stem cells with a lentiviral vector overexpressing Ndel1 significantly increased cell proliferation and differentiation, decreased neural 
stem cell apoptosis, and decreased protein expression levels of Wnt3a, β-catenin, phosphor-GSK-3β, LEF1, c-myc, c-Jun, and cyclin D1, all 
members of the Wnt/β-catenin signaling pathway. These findings suggest that Ndel1 is a novel miR-103-3p target and that miR-103-3p acts 
by suppressing neural stem cell proliferation and promoting apoptosis and differentiation. This study was approved by the Animal Ethics 
Committee of Nantong University, China (approval No. 20200826-003) on August 26, 2020.
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Introduction 
Adult hippocampal neurogenesis is a complicated process that 
involves proliferation, survival, differentiation, and integration 
of newborn neurons into pre-existing neuronal networks (de 
Miranda et al., 2017; Chen et al., 2018a; Rizk et al., 2021). It 
has been shown that adult neural stem cells (NSCs) contribute 
to the plastic nature of the mature central nervous system 
(CNS) (Bond et al., 2015; Bao and Song, 2018). NSCs can 
self-renew and differentiate into three major CNS cell types: 

neurons, astrocytes, and oligodendrocytes (Shoemaker and 
Kornblum, 2016; Zarco et al., 2019). NSCs are involved in the 
maintenance, development, repair, and regeneration of the 
CNS, and could potentially be used to treat neurodegenerative 
diseases by repairing damaged and diseased parts of the CNS 
(Taupin, 2011; Shoemaker and Kornblum, 2016; Sugaya and 
Vaidya, 2018). Numerous preclinical studies have found that 
transplantation of exogenous NSCs is an effective therapy 
that significantly complements or replaces damaged tissues 
damaged by ischemic stroke (Boese et al., 2018; Zhang et 
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al., 2019b). Another report demonstrated that, in mouse 
models of Alzheimer’s disease, exogenous NSCs can migrate 
to injury sites, where they reduce amyloid beta levels and 
attenuate plaque formation (Boese et al., 2020). Thus, cell 
therapy based on NSCs is a promising tool for the treatment 
of neurodegenerative diseases.

Most of the genome is transcribed, although not all transcripts 
are translated; indeed, transcription of the human genome 
is thought to produce thousands of unique noncoding RNAs 
(Hangauer et al., 2013). Noncoding RNAs are central to 
the intricate and dynamic regulation of various molecular 
processes in the CNS, such as synaptic plasticity, neuronal 
differentiation, and synaptic protein synthesis (Kanai et al., 
1996; Satterlee et al., 2007; Daidone et al., 2021). MicroRNAs 
(miRNAs) are approximately 22-nt-long, small, regulatory, 
noncoding RNAs that can functionally silence genes in a post-
transcriptional manner by complementary base-pairing with 
the target mRNA (Lu and Rothenberg, 2018; Matsuyama and 
Suzuki, 2019; Zhang et al., 2021). miRNAs play functional roles 
not only in cell proliferation, differentiation, and apoptosis, but 
also in tumorigenesis and host-pathogen interactions (Cai et al., 
2009; Cao and Zhen, 2018). To date, a large number of miRNAs 
have been identified that are expressed in the mammalian 
brain (Kou et al., 2020). Multiple studies have shown that 
miRNAs are abundant in the CNS, where they are essential 
regulators of gene expression (Stoicea et al., 2016; Chandran et 
al., 2017). Previous studies have suggested that brain-enriched 
miRNAs are potential regulators of brain development and 
function that play roles in neurogenesis, synapse formation 
and plasticity, neuroinflammation, and neurodegeneration 
(Nguyen et al., 2018; Cho et al., 2019). For example, Li et 
al. (2019) reported that miR-223 deficiency significantly 
ameliorates CNS inflammation and demyelination, as well as 
the clinical symptoms of autoimmune encephalomyelitis, by 
targeting the autophagy-related 16-like 1 gene. Furthermore, 
Lehmann et al. (2012) found that the miRNA let-7 activates 
expression of RNA-sensing Toll-like receptor 7 and induces 
neurodegeneration. Although these findings are encouraging, 
miRNA-based regulation during neurogenesis still requires 
further elucidation, especially considering the large number of 
miRNAs expressed in the CNS.

To better understand the function of the miRNA regulatory 
network in NSCs, we overexpressed miR-103-3p in NSCs and 
evaluated cell proliferation, differentiation, and apoptosis.
 
Materials and Methods
Animals
Twenty pregnant Sprague-Dawley rats (gestational day 15) 
were obtained from the Laboratory Animal Center of Nantong 
University (license No. SYXK (Su) 2017-0046). Every effort 
was made to minimize the number and suffering of animals 
used in this study. The study was approved by the Animal 
Ethics Committee of Nantong University, China (approval No. 
20200826-003) on August 26, 2020.

Cell culture
NSCs were obtained from the embryos on embryonic day 
(E)15, as described previously (He et al., 2018). In brief, after 
intraperitoneal anaesthetization with 2 mL/kg equithesin 
(pentobarbital sodium, Cat# Y0002194, Sigma-Aldrich, St. 
Louis, MO, USA; chloral hydrate, Cat# 15307, Sigma-Aldrich), 
the embryos were removed by cesarean section, and the 
embryonic hippocampi were isolated. The hippocampi were 
then combined and rapidly converted into a single-cell 
suspension by mechanical dissociation. The cell suspensions 
were maintained in cell culture flasks in Dulbecco’s modified 
Eagle’s medium/F12 (1:1; Gibco, Grand Island, NY, USA) 
containing 2% B27 (Gibco) supplemented with epidermal 
growth factor (20 ng/mL; Sigma-Aldrich) and basic fibroblast 
growth factor (20 ng/mL; Sigma-Aldrich). Cells were incubated 

at 37˚C 5% CO2 and passaged every 5 days by dissociating the 
newly formed neurospheres with trypsin (Gibco). The NSCs 
were then randomly divided into miR-NC, miR-103-3p, LV-NC, 
LV-Ndel1, and LV-Ndel1 + miR-103-3p groups.

MiRNA transfection and lentiviral transduction
Transfection and transduction were performed when NSCs 
were 60–80% confluent. Vector controls and miRNAs (miR-NC 
and miR-103-3p) were purchased from Ribobio (Guangzhou, 
China). Cells were transfected with miR-NC or miR-103-3p using 
Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) according 
to the manufacturer’s instructions. The lentiviruses (LV-NC and 
LV-Ndel1) were purchased from Genechem (Shanghai, China) 
and transduced into NSCs at a multiplicity of infection of 10. 
Briefly, the media were replaced with the infection complex 
medium, which was composed of lentiviral supernatant 
and fresh NSC growth medium (Dulbecco’s modified Eagle’s 
medium/F12 containing 2% B27 supplemented with epidermal 
growth factor and basic fibroblast growth factor). Neurosphere 
diameters were measured using an EVOS FL Auto fluorescence 
microscope (Invitrogen).

Flow cytometry assays
At 24 hours after transduction, cells were harvested for cell 
cycle, apoptosis, and differentiation analyses. For the cell 
cycle analysis, cells were fixed in ice-cold 75% ethanol at 4°C 
overnight, followed by staining with Propidium Iodide/RNase 
Staining Buffer (BD Biosciences, San Diego, CA, USA). For the 
apoptosis analysis, a PE Annexin V Apoptosis Detection Kit (BD 
Biosciences) was used to stain the harvested cells according 
to the manufacturer’s instructions. For the differentiation 
analysis, cells were trypsinized, collected, washed twice in ice-
cold phosphate-buffered saline, and fixed in 1× Fix/Perm Buffer 
at 4°C for 50 minutes. After washing twice with 1× Perm/
Wash Buffer, the cells were incubated with an APC-conjugated 
anti-class III beta-tubulin (Tuj1) antibody (BD Biosciences) at 
4°C for 50 minutes. The cells were then washed twice with 
1× Perm/Wash Buffer, centrifuged, and resuspended in 350 
µL of flow cytometry staining buffer. All the stained cells were 
assessed using a FACSCalibur Instrument (BD Biosciences).

5-Ethynyl-2′-deoxyuridine assay
At 24 hours after transduction, cell proliferation was measured 
using a Cell-Light 5-ethynyl-2′-deoxyuridine (EdU) Apollo567 
In Vitro Kit (Ribobio) according to the manufacturer ’s 
protocol, as previously described (Zheng et al., 2020). Briefly, 
the cells were exposed to EdU for 2 hours, then washed 
and fixed with 4% paraformaldehyde for 30 minutes. Following 
washing with phosphate-buffered saline, the cells were 
blocked with phosphate-buffered saline containing 0.5% Triton 
X-100 for 10 minutes. Cells were incubated with 200 μL of 
1× Apollo® staining reaction solution for 30 minutes, and the 
nuclei were stained with Hoechst 33342 (Abcam, Cambridge, 
MA, USA, Cat# ab228551, 1:1000).

Immunofluorescence assay
At 24 and 96 hours after transduction, cells were fixed with 
4% paraformaldehyde for 15 minutes and then rinsed in 
phosphate-buffered saline three times. Cells were then 
blocked with 0.3% Triton X-100 containing 10% goat serum 
for 2 hours. Next, the cells were incubated with one of 
the following primary antibodies at 4°C overnight: mouse 
monoclonal anti-Nestin (Millipore, Billerica, MA, USA, Cat# 
MAB353, #RRID:AB_94911, 1:200), rabbit monoclonal 
anti-Ki67 (Abcam, Cat# ab16667, #RRID:AB_302459, 
1:200), mouse monoclonal anti-microtubule associated 
protein 2 (Millipore, Cat# M1406, #RRID:AB_477171, 
1:1000), or mouse monoclonal and anti-DCX (Abcam, Cat# 
ab18723, #RRID:AB_732011, 1:1000). Then, samples were 
incubated with an appropriate secondary antibody (Alexa 
Fluor488-conjugated goat anti-mouse IgG, Cat# A-11029, 
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#RRID:AB_138404, 1:1000, or Alexa Fluor594-conjugated goat 
anti-rabbit IgG, Invitrogen, Cat# A-11037, #RRID:AB_2534095, 
1:1000) for 2 hours at room temperature. Finally, the 
cell nuclei were stained with Hoechst 33342 (Abcam). All 
cells were examined using an EVOS FL Auto fluorescence 
microscope (Invitrogen). The results are expressed as 
percentages.

Immunohistochemistry
Cell apoptosis was measured using a Super-Sensitive 
Horseradish Perox idase Immunohistochemistry  K i t 
(rabbit, Sangon Biotech, Shanghai, China) according to the 
manufacturer’s protocol. At 24 hours after transduction, cells 
were fixed with 4% paraformaldehyde for 30 minutes, then 
incubated with endogenous peroxidase blocking solution for 
15 minutes. Samples were pre-incubated in blocking solution 
for 30 minutes and then incubated with a rabbit anti-Caspase 
3 antibody (Cell Signaling Technology, Danvers, MA, USA, Cat# 
9664, #RRID AB_2070042, 1:1000) overnight at 4°C. Next, 
the samples were subjected to color development with DAB 
and hematoxylin (Vector Laboratories, Burlingame, CA, USA) 
counterstaining. All cells were examined under the EVOS FL 
Auto fluorescence microscope, and the average optical density 
of the positive area was measured.

Real-time quantitative polymerase chain reaction analysis
At 24 hours after transduction, total RNA was extracted from 
cells using TRIzol (Vazyme Biotech, Nanjing, China). Next, 
1 μg of total RNA was reverse-transcribed into cDNA using 
the HiScriptII Reverse Kit (Vazyme Biotech) according to 
the manufacturer’s instructions. Amplification was tracked 
using an AceQ real-time-quantitative polymerase chain 
reaction (qPCR) Kit (Vazyme Biotech). Primers for qPCR were 
synthesized by Sangon Biotech and are listed in Additional 
Table 1.

Western blot analysis
Total protein was extracted from cells with RIPA buffer 
(Solarbio, Beijing, China) 48 hours after transduction. The 
protein samples were separated by 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and then 
transferred to nitrocellulose membranes (Millipore), which 
were blocked with 5% non-fat dry milk (Sangon Biotech) for 
2 hours and incubated with one of the following primary 
antibodies overnight at 4°C: rabbit monoclonal anti-Ndel1 
(Abcam, Cat# ab124895, #RRID:AB_10975781, 1:1000), rabbit 
monoclonal anti-Wnt3a (Abcam, Cat# ab219412, 1:1000), 
rabbit monoclonal anti-β-Catenin (Cell Signaling Technology, 
Cat# 8480, #RRID:AB_11127855, 1:1000), rabbit monoclonal 
anti-glycogen synthase kinase 3β (GSK-3β; Cell Signaling 
Technology, Cat# 12456, #RRID:AB_2636978, 1:1000), 
rabbit monoclonal anti-phospho-GSK-3β (Cell Signaling 
Technology, Cat# 5558, #RRID:AB_10013750, 1:1000), 
rabbit monoclonal anti-lymphoid enhancer binding factor 1 
(Abcam, Cat# ab137872, 1:1000), rabbit monoclonal anti-
MYC proto-oncogene, bHLH transcription factor (Abcam, Cat# 
ab168727, 1:1000), rabbit monoclonal anti-c-Jun (Abcam, 
Cat# ab218576, 1:1000), rabbit monoclonal anti-cyclin D1 
(Abcam, Cat# ab156448, 1:1000), rabbit polyclonal anti-Bax 
(Abcam, Cat# ab32503, #RRID:AB_725631, 1:1000), rabbit 
monoclonal anti-p53 (Abcam, Cat# ab182733, 1:1000), rabbit 
monoclonal anti-Caspase3 (Cell Signaling Technology, Cat# 
9664, #RRID:AB_2070042, 1:1000), or mouse monoclonal 
anti-β-actin (Abcam, Cat# ab8226, #RRID:AB_306371, 1:1000). 
This was followed by incubation with secondary antibodies 
(horseradish peroxidase-conjugated anti-rabbit IgG (Abcam, 
Cat# ab205718, #RRID:AB_2819160, 1:1000)and anti-mouse 
IgG (Abcam, Cat# ab205719, #RRID:AB_2755049, 1:1000)) 
for 2 hours at room temperature. Next, the protein bands 
were visualized using enhanced chemiluminescence reagent 
(Bio-Rad, Hercules, CA, USA). The intensity of each band was 

quantified using Software Quantity One (Bio-Rad). β-Actin was 
used as a loading control.

Target gene prediction and luciferase reporter assay
miRNA target genes were predicted using TargetScan (http://
www.targetscan.org), miRDB (http://www.mirdb.org/), and 
miRWalk (http://mirwalk.umm.uni-heidelberg.de/); targets were 
considered authentic when they were predicted by all three 
databases. The tissue expression patterns and Gene Ontology 
annotations of the 131 selected predicted target genes were 
analyzed using DAVID 6.7 (https://david.ncifcrf.gov/).

Wild-type (WT) and mutant (Mut) versions of the miR-
103-3p binding site in the NDE1 3′-UTR were synthesized 
by Genechem. 293T cells (Nantong University, Nantong, 
China) were transfected with miR-103-3p or miR-NC and 
with WT-Ndel1 or Mut-Ndel1 using Lipofectamine 3000 
(Invitrogen). Relative luciferase activity was analyzed by dual-
luciferase assay (Promega, Madison, WI, USA) 72 hours after 
transfection; firefly luciferase activity was normalized to 
Renilla luciferase activity for the calculations.

Statistical analysis
All quantitative data are expressed as the mean ± standard 
deviation (SD) of at least three separate experiments. 
GraphPad Prism 6 (GraphPad Software, San Diego, CA, USA) 
was used to analyze the results. Two-tailed paired Student’s 
t-test and one-way analysis of variance followed by Tukey’s 
post hoc test were used to compare corresponding groups, as 
indicated. P < 0.05 was considered statistically significant. 

Results
Overexpression of miR-103-3p in NSCs inhibits cell 
proliferation and promotes apoptosis
To determine the effect of miR-103-3p on NSC proliferation, 
we transfected NSCs with miR-103-3p or miR-NC. As shown 
in Figure 1A, the percentage of cells in G1 phase in the 
miR-103-3p group was increased (P < 0.05), whereas the 
percentage of cells in S phase was decreased (P < 0.01), 
compared with the miR-NC group. Transfection with miR-
103-3p notably decreased the number of EdU-positive cells 
compared with the miR-NC–transfected group (P < 0.05; 
Figure 1B). In addition, the diameter of neurospheres that 
formed in the miR-103-3p group was dramatically decreased 
compared with the miR-NC group (P < 0.01; Figure 1C). 
Using immunofluorescent Ki67 staining, we found that miR-
103-3p overexpression dramatically decreased the NSC 
growth rate compared with miR-NC overexpression (P < 
0.001; Figure 1D). Next, we examined whether miR-103-
3p affects apoptosis. Flow cytometry analysis showed that 
miR-103-3p overexpression significantly increased the ratio 
of apoptotic to non-apoptotic NSCs compared with miR-NC 
overexpression (P < 0.05; Figure 1E). Consistent with these 
results, immunohistochemistry showed that more cells were 
Caspase 3-positive in the miR-103-3p group compared with 
the control group (P < 0.001; Figure 1F). qPCR and western 
blot analyses showed that transfection with miR-103-3p 
significantly increased the mRNA (P < 0.05) and protein (P < 
0.01) expression levels of three cell survival-related markers, 
Bax, P53, and Caspase 3 (Figure 1G and H), compared with 
the control group. Taken together, these results indicate that 
miR-103-3p overexpression suppresses NSC proliferation and 
promotes NSC apoptosis.

miR-103-3p overexpression suppresses NSC differentiation 
into neurons
To characterize the role of miR-103-3p in NSCs differentiation, 
we performed qPCR analysis of the expression of two nerve-
specific molecules, Map2 and Neurod1 (Sánchez et al., 2000; 
Lai et al., 2020), in cells overexpressing miR-103-3p. Both of 
these genes were downregulated significantly in the miR-
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103-3p group compared with the miR-NC group (P < 0.05; 
Figure 2A). Flow cytometry analysis showed that, compared 
with the miR-NC group, the percentage of Tuj1-positive cells 
was notably decreased in the miR-103-3p group (P < 0.05; 
Figure 2B). Similarly, an immunofluorescence assay showed 
that there were fewer DCX- and MAP2-positive cells in the 
miR-103-3p group than in the miR-NC group (P < 0.05; Figure 
2C and D). These results demonstrate that miR-103-3p 
suppresses NSC differentiation. 

miR-103-3p regulates Ndel1 expression in NSCs
To explore the potential molecular mechanism by which miR-
103-3p promotes apoptosis and inhibits proliferation and 
differentiation in NSC cells, miR-103-3p binding sites were 
predicted using TargetScan, miRDB, and miRWalk (Figure 3A). 
The 131 predicted target genes were further analyzed using 
DAVID 6.7. Of these 131 potential target genes, 25 were found 
to be significantly expressed in the brain (Figure 3B). Next, 
Gene Ontology analysis was conducted to identify biological 
processes that were enriched in these 25 predicted target 
genes expressed in the brain (Figure 3C). Among the 25 target 
genes, Ndel1 was enriched in retrograde axonal transport, 
neuron projection development, positive regulation of GTPase 

activity, vesicle transport along microtubules, centrosome 
localization, and establishment of mitotic spindle orientation. 
qPCR analysis showed that Ndel1 mRNA expression was 
downregulated in cells transfected with miR-103-3p compared 
with cells transfected with miR-NC (P < 0.05; Figure 3D). 
Western blot analysis further confirmed that Ndel1 was 
downregulated in the miR-103-3p group compared with the 
miR-NC group (P < 0.05; Figure 3E). Importantly, a luciferase 
reporter assay showed that miR-103-3p binds to the 3′-UTR of 
Ndel1 (P < 0.01; Figure 3F). 

miR-103-3p regulates NSC proliferation and apoptosis by 
targeting Ndel1
Since miR-103-3p regulates Ndel1 expression, we further 
examined Ndel1 function in NSCs. As shown in Figure 4A, 
Ndel1 overexpression decreased the number of cells in 
G1 phase and increased the number of cells in S phase 
compared with the LV-NC group (P < 0.05). miR-103-3p 
overexpression significantly rescued these phenotypes. An 
EdU assay demonstrated that Ndel1 overexpression increased 
the number of EdU-positive cells compared with the LV-
NC group, and that transfection with miR-103-3p partially 
rescued this response (P < 0.001; Figure 4B). In addition, 
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Figure 1 ｜ Effects of miR-103-3p overexpression on neural stem cell (NSC) proliferation and apoptosis 24 hours after transduction.
(A) Cell cycle distribution of NSCs as detected by flow cytometry. (B) Assessment of NSC proliferation by EdU assay. (C) Representative images of neurospheres 
(arrows) transduced with miR-103-3p or miR-NC. The miR-103-3p group had a lower sphere-forming capacity compared with the miR-NC group. (D) NSC 
apoptosis was detected by flow cytometry. (E) Ki67 immunofluorescence staining (red, stained with Alexa Fluor594). The ratio of Ki67-positive to Ki67-negative 
cells in the miR-NC group was higher than in the miR-103-3p group. (F) Immunohistochemical detection of Caspase 3-positive cells. The ratio of Caspase 
3-immunopositive to Caspase 3-immunonegative cells in the miR-NC group was lower than that in the miR-103-3p group. Scale bars: 400 μm in C, 200 μm 
in D, 100 μm in F. (G, H) The mRNA and protein expression levels of the cell survival-related gene, Bax, P53, and Caspase 3 were measured by quantitative 
polymerase chain reaction and Western blot analysis. Expression levels were normalized to miR-NC. Data are expressed as the mean ± SD. Each point represents 
one independent experiment performed in duplicate. *P < 0.05, **P < 0.01, ***P < 0.001, vs. miR-NC group (two-tailed paired Student’s t-test). EdU: 5-Ethynyl-
2′-deoxyuridine; NSC: neural stem cell.
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Figure 2 ｜ Effects of miR-103-3p overexpression on NSC differentiation 96 hours after 
transduction.
(A) Map2 and Neurod1 expression were measured by quantitative polymerase chain reaction. 
The relative mRNA expression was normalized to miR-NC. (B) Flow cytometry quantification of 
Tuj1-positive cells after transfection. (C, D) Representative images and quantification of DCX- 
(green, stained with Alexa Fluor488) and MAP2- (green, stained with Alexa Fluor594) positive 
cells. The miR-103-3p group had a lower ratio of DCX- and MAP2-positive cells compared 
with the other groups. Scale bars: 100 μm. Data are expressed as the mean ± SD. Each point 
represents one independent experiment performed in duplicate. *P < 0.05, vs. miR-NC group 
(two-tailed paired Student’s t-test). DCX: Doublecortin; MAP2: microtubule-associated protein 2; 
NSC: neural stem cell; Tuj1: class III beta-tubulin.
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Ndel1 overexpression dramatically increased the sphere-
forming capacity of NSCs compared with the LV-NC group (P 
< 0.05), while co-transfection with miR-103-3p reversed this 
effect (P < 0.01) (Figure 4C). Consistent with this, we found 
that Ndel1 overexpression dramatically increased the number 
of Ki67-positive cells compared with the LV-NC group, and 
concomitant transfection with miR-103-3p reversed this effect 
(P < 0.01; Figure 4D). 

To characterize the role of Ndel1 in NSC apoptosis, we 
overexpressed Ndel1 in NSCs. Flow cytometry analysis showed 
that Ndel1 overexpression decreased the ratio of apoptotic to 
non-apoptotic NSCs compared with the LV-NC group, while co-
overexpression of miR-103-3p increased apoptosis (P < 0.001; 
Figure 4E). Immunohistochemistry analysis showed that there 
were fewer Caspase 3-positive cells in the LV-Ndel1 group 
compared with the LV-NC group and that miR-103-3p partially 
rescued this effect (P < 0.001; Figures 4F). Similarly, qPCR 
and western blot analyses showed that Ndel1 overexpression 
significantly decreased the mRNA and protein expression 
levels of Bax, P53, and Caspase 3 compared with the LV-NC 

group, and that this effect was reversed by co-overexpression 
of miR-103-3p (P < 0.05, P < 0.01 or P < 0.001; Figure 4G and 
H). Taken together, these results indicate that miR-103-3p 
suppresses NSC proliferation and induces NSC apoptosis by 
targeting Ndel1.

miR-103-3p regulates NSC differentiation by targeting Ndel1
As shown in Figure 5A, Ndel1 overexpression substantially 
increased the expression of Map2 and Neurod1 compared 
with the LV-NC group, and co-transfection with miR-103-
3p partially inhibited this effect (P < 0.05, P < 0.01 or P < 
0.001). Flow cytometry analysis demonstrated that the 
percentage of Tuj1-positive cells notably increased after 
Ndel1 overexpression, whereas co-overexpression with miR-
103-3p reversed this effect (P < 0.001; Figure 5B). Consistent 
with this, we found that Ndel1 overexpression dramatically 
increased the number of neurons, whereas miR-103-3p 
decreased the number of neurons (P < 0.01; Figure 5C and 
D). These data indicated that miR-103-3p suppresses NSC 
differentiation by regulating Nde1 concentrations.

Figure 3 ｜ miR-103-3p targets Ndel1 in NSCs. 
(A) miR-103-3p target genes predicted by bioinformatic analysis. (B) The tissue 
expression patterns of the predicted miR-103-3p target genes were analyzed 
using DAVID 6.7. (C) Gene Ontology (GO) analysis of predicted target genes. 
Nde1 mRNA (D) and protein (E) expression were measured by quantitative 
polymerase chain reaction and western blot analyses, respectively. The relative 
mRNA and protein expression levels were normalized to miR-NC. (F) Luciferase 
reporter analyses of 293T cells co-transfected with Luciferase-Ndel1 and miR-
103-3p or vector. Data are expressed as the mean ± SD. Each point represents 
one independent experiment performed in duplicate. *P < 0.05, **P < 0.01, 
vs. miR-NC group (two-tailed paired Student’s t-test or one-way analysis of 
variance followed by Tukey’s post hoc test). Ndel1: NudE neurodevelopment 
protein 1-like 1; NSC: neural stem cell.
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Figure 4 ｜ miR-103-3p regulates NSC proliferation and apoptosis 24 hours after transduction by targeting Ndel1. 
(A) Cell cycle distribution of NSCs as detected by flow cytometry. (B) Assessment of NSC proliferation by EdU assay. (C) Representative images of neurospheres 
(arrows) transfected with LV-Ndel1 or transduced with miR-103-3p. The LV-Ndel1 group had a higher sphere-forming capacity compared with the other 
two groups. (D) Proliferation was detected by Ki67 immunofluorescence staining (red, stained with Alexa Fluor594). The ratio of Ki67-positive to Ki67-
negative cells in the LV-Ndel1 group was higher than in the LV-NC and LV-Ndel1 + miR-103-3p groups. (E) NSC apoptosis as detected by flow cytometry. (F) 
Immunohistochemical detection of Caspase 3 (brown). Markedly fewer cells in the LV-Ndel1 group were Caspase 3-immunopositive compared with the LV-NC 
and LV-Ndel1 + miR-103-3p groups. Scale bars: 400 μm in C, 200 μm in D, 100 μm in F. (G, H) The mRNA and protein expression levels of Bax, P53, and Caspase 
3 were measured by quantitative polymerase chain reaction and western blot analyses, respectively. The relative mRNA and protein expression levels were 
normalized to LV-NC. Data are expressed as the mean ± SD. Each point represents one independent experiment performed in duplicate. *P < 0.05, **P < 0.01, 
***P < 0.001 (one-way analysis of variance followed by Tukey’s post hoc test). EdU: 5-Ethynyl-2′-deoxyuridine; Ndel1: NudE neurodevelopment protein 1-like 1; 
NSC: neural stem cell.
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Figure 5 ｜ miR-103-3p regulates NSC 
differentiation by targeting Ndel1. 
(A) Map2 and Neurod1 mRNA expression 
levels were detected by quantitative 
polymerase chain reaction. The relative 
mRNA expression levels were normalized 
to LV-NC. (B) Flow cytometry detection of 
Tuj1-positive cells after transfection. (C, D) 
Representative images and quantification of 
DCX- (green, stained with Alexa Fluor488) 
and MAP2- (green, stained with Alexa 
Fluor488) positive cells. The LV-Ndel1 
group had a higher ratio of DCX- and Map2-
positive cells to DCX- and Map2-negative 
cells than the other two groups. Scale bars: 
100 μm. Data are expressed as the mean ± 
SD. Each point represents one independent 
experiment performed in duplicate. *P < 
0.05, **P < 0.01, ***P < 0.001 (one-way 
analysis of variance followed by Tukey’s 
post hoc test). DCX: Doublecortin; MAP2: 
microtubule-associated protein 2; Ndel1: 
NudE neurodevelopment protein 1-like 1; 
Neurod1: neuronal differentiation 1; NSC: 
neural stem cell; Tuj1: class III beta-tubulin.
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miR-103-3p regulates the Wnt/β-catenin signaling pathway 
through Ndel1
To investigate the regulatory effects of miR-103-3p on the 
Wnt/β-catenin pathway, we detected the expression of Wnt3a, 
β-catenin, GSK-3β, phospho-GSK-3β, LEF1, c-myc, c-Jun, and 
cyclin D1 by western blot. The results showed that the levels 

of Wnt3a, β-catenin, phospho-GSK-3β, LEF1, c-myc, c-Jun, and 
cyclin D1 expression were higher in the LV-Ndel1 group, but 
lower in the LV-Ndel1 + miR-103-3p group, than in the LV-NC 
group (P < 0.05, P < 0.01 or P < 0.001; Figure 6A and B). These 
results illustrate that miR-103-3p regulates the Wnt/β-catenin 
signaling pathway through Ndel1.
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Figure 6 ｜ Nde1 overexpression promotes activation of the Wnt/β-catenin pathway. 
(A) Wnt3a, β-catenin, GSK-3β, p-GSK-3β, LEF1, c-myc, c-Jun, and cyclin D1 protein expression are induced by Ndel1 overexpression. (B) Quantification of Wnt3a, 
β-catenin, GSK-3β, p-GSK-3β, LEF1, c-myc, c-Jun, and cyclin D1 protein expression results. The data are presented as mean ± SD from three independent 
experiments. *P < 0.05, **P < 0.01, ***P < 0.001 (one-way analysis of variance followed by Tukey’s post hoc test). c-myc: MYC proto-oncogene; GSK-3β: 
glycogen synthase kinase 3β; LEF1: lymphoid enhancer binding factor 1; Ndel1: NudE neurodevelopment protein 1-like 1; p-GSK-3β: phospho-glycogen synthase 
kinase 3β.

Discussion
Evidence indicates that abnormal expression of miR-103 plays 
an important role in cancer. For example, Chen et al. (2018b) 
found that miR-103 post-transcriptionally downregulates 
the expression of Sal-like 4, inhibits glioma cell proliferation, 
migration, and invasion, and induces glioma cell apoptosis. Yu 
et al. (2018) showed that miR-103 regulates cell proliferation 
through PI3K/AKT signaling by directly targeting the 
phosphatase and tensin homologue gene in bladder cancer. 
Chen et al. (2019) found that miR-103 expression is negatively 
correlated with Axin2 expression and affects Wnt/β-catenin 
signaling activity, leading to poor overall survival in patients 
with colorectal cancer. To date, however, few studies have 
investigated the role of miR-103 in neurogenesis. One study 
by Yang et al. (2018) found that miR-103 promotes total 
neurite outgrowth and suppresses cells apoptosis in a PC12 
cell model of Alzheimer’s disease, suggesting that this miRNA 
plays a role in Alzheimer’s disease progression. Furthermore, 
Croizier et al. (2018) demonstrated that inhibition of miR-
103 reduces the number of pro-opiomelanocortin-positive 
cells and promotes the differentiation of Pomc progenitor 
cells into NPY neurons. In addition, Li et al. (2018) found 
that miR-103 protects against apoptosis and autophagy in 
lipopolysaccharide-injured PC12 cells and a rat model of 
spinal cord injury. Taken together, current evidence suggests 
that miR-103 is notable for being evolutionarily conserved 
and involved in regulating multiple cellular processes such as 
cell division, autophagy, apoptosis, angiogenesis (Zhou and 
Rigoutsos, 2014; Shi et al., 2018; Zhang et al., 2019a). In this 
study, we found that miR-103-3p overexpression significantly 
suppresses cell proliferation, induces apoptosis, and inhibits 
differentiation, suggesting that regulation of miR-103-3p could 
potentially be useful as a novel therapeutic approach in the 
treatment of neurodegenerative diseases.

miRNAs bind to the 3′-UTR of target genes to regulate their 
expression (Remsburg et al., 2019). Here, we investigated 
the molecular mechanisms regulating the effects of miR-103-
3p on NSCs and found a possible interaction between miR-
103-3p and the 3′-UTR of Ndel1. GO analysis showed that 
Ndel1 is significantly expressed in the brain and is enriched 
in pathways related to neuron development and cell division, 

which suggests that it may have multiple regulatory effects 
on cell growth and survival. Ndel1 was originally identified 
as a binding partner of lissencephaly 1, which interacts with 
dynein and modifies its activity (Inaba et al., 2016). Recent 
studies have reported that Ndel1 plays multifaceted roles in 
neurodevelopmental processes, such as mitosis, neuronal 
development, and neuronal migration (Okamoto et al., 
2015; Inaba et al., 2016; Ye et al., 2017; Woo et al., 2019). 
In this study, we demonstrated that Ndel1 promotes NSC 
proliferation, inhibits NSC apoptosis, and promotes NSCs 
differentiation. 

In this study, we found that miR-103-3p and Ndel1 expression 
were regulated by activation of the Wnt/β-catenin pathway. 
Furthermore, Ndel1 activated the canonical Wnt/β-catenin 
signaling pathway, whereas miR-103-3p had the opposite 
effect. The Wnt signal transduction cascade controls a variety 
of biological phenomena throughout development and during 
adulthood in all animals. Wnt signaling plays an important 
role in neuronal synapse formation and remodeling, dendritic 
growth and arborization, neurotransmission, neuroplasticity, 
neurogenesis, and neuroprotection (Maguschak and Ressler, 
2012). However, there were some limitations to our study. 
Firstly, the upstream regulatory mechanism of miR-103-3p 
requires further investigation. Secondly, it remains unclear 
whether miR-103-3p also regulates other target genes.

In conclusion, in this study, we demonstrated that miR-103-
3p significantly regulates NSC proliferation, apoptosis, and 
differentiation. Additionally, we showed that miR-103-3p 
expression is inversely correlated with Ndel1 expression. 
Ndel1 overexpression promoted NSC proliferation, inhibited 
NSC apoptosis, and promoted NSCs differentiation into 
neurons via the Wnt/β-catenin pathway. However, further 
studies are needed to explore the upstream regulatory 
mechanism of miR-103-3p, as well as to determine whether 
miR-103-3 regulates the expression of other target genes 
involved in neurogenesis.
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Additional Table 1 The sequences of primers for real-time quantitative polymerase chain reaction

analysis

Gene Sequence

Bax Forward: 5’-ACA GAT CAT GAA GAC AGG GGC-3’

Reverse: 5’-CAA GGT CAG CTC AGG TGT CT-3’

Caspase3 Forward: 5’-CAA CAA CGA AAC CTC CGT GG-3’

Reverse: 5’-ACA CAA GCC CAT TTC AGG GT-3ʹ

Gapdh Forward: 5ʹ-CCA CGG CAA GTT CAA CGG CAC AG-3ʹ

Reverse: 5ʹ-GAC GCC AGT AGA CTC CAC GAC AT-3ʹ

Map2 Forward: 5’-CTT GAT TCT ATT GCC CTT GGG TTT A-3’

Reverse: 5’-CAT CCA TCG TTC CGC TAG TGT TG-3’

Ndel1 Forward: 5’-AGC ACC CGT TCA TCA CAT CT-3’

Reverse: 5’-GAT GCT TGG CAG GAG CTT AGA-3’

Neurod1 Forward: 5’-CAG GGT TAT GAG ATC GTC ACT ATT C-3’

Reverse: 5’-CCT TCT TGT CTG CCT CGT GTT CC-3’;

P53 Forward: 5ʹ-TAG CGG TGC TAG CCA GAA GT-3ʹ

Reverse: 5’-AAC CGG AAA TGC TCC TGC AA-3ʹ

Gapdh: Glyceraldehyde-3-phosphate dehydrogenase; Map2: microtubule associated protein 2; Ndel1:

NudE neurodevelopment protein 1 like 1; Neurod1: neuronal differentiation 1.


