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MicroRNA-29a promotes the neural differentiation of
rat neural stem/progenitor cells by targeting KLLF4
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Abstract. Neural stem/progenitor cells (NSPCs) remain in the
mammalian brain throughout life, where they have the ability
to self-renew and generate different types of cell in the central
nervous system (CNS). Therefore, NSPCs may be a potential
novel therapeutic strategy following damage to the CNS.
Previous research has reported that microRNA (miR)-29a
served an important role in regulating cell proliferation, differ-
entiation and survival; however, to the best of our knowledge,
little is known of the effect of miR-29a in neural differentiation.
The present study aimed to investigate the effect of miR-29a
on the differentiation of NSPCs, determined via RNA interfer-
ence, immunostaining, reverse transcription-quantitative PCR
and western blotting. The present study discovered that the
expression levels of miR-29a were significantly upregulated
in a time-dependent manner during neural differentiation.
Immunostaining showed that overexpression of miR-29a
promoted neural differentiation, which manifested in increased
expression levels of neuron-specific class III -tubulin (Tujl);
however, miR-29a had no effect on neuroglial differentiation.
The expression levels of Kruppel-like factor 4 (KLF4) were
downregulated following overexpression of miR-29a, whereas
the inhibition of miR-29a demonstrated the opposite effect.
These results suggested that the overexpression of miR-29a
may promote neural differentiation in cultured rat NSPCs by
decreasing the expression levels of KLF4. Thus indicating that
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targeting KLF4, a crucial regulatory factor for the mainte-
nance of stemness, may be a potential underlying mechanism
of action for miR-29a. In conclusion, the findings of the present
study identified a potential mechanism of action for miR-29a
in NSPC differentiation and provided a novel insight into the
treatment strategies for CNS damage.

Introduction

Neural stem/progenitor cells (NSPCs) remain in the mamma-
lian central nervous system (CNS) throughout life, where they
have the ability to self-renew and differentiate into multiple
different types of cell (1). In the postnatal brain, the vast
majority of NSPCs are spatially restricted to two specific brain
regions: The subventricular zone of the lateral ventricles and the
subgranular zone in the dentate gyrus of the hippocampus (2).
Previous studies have indicated that postnatal NSPCs may be
activated in response to pathophysiological stimuli, such as
cerebral hemorrhage, traumatic brain injury and stroke, and
that they may participate in CNS damage repair and func-
tional recovery (3-5). Therefore, NSPC replacement therapy
may aid in the development of new treatment modalities for
diseases of the CNS. Nonetheless, this technique is restricted
by the number of NSPCs and newly generated neurons in the
brain, thus it is currently difficult to use NSPCs for clinical
therapy (6). Therefore, there remains an urgent requirement to
identify the regulatory functions of NSPCs that permit their
positive enrichment in the CNS.

Numerous factors, including intracellular signal molecules,
the extracellular niche and microRNAs (miRNAs/miRs) have
been discovered to be involved in regulating the proliferation,
differentiation and maintenance of NSPCs (7-9). For example,
as anovel regulatory factor, miR-29a demonstrated huge poten-
tial over the control of cell behavior not only in cancer cells,
but also in stem/progenitor cells (10,11). More importantly,
our previous study revealed that the overexpression of miR-29
promoted the proliferation of cultured rat NSPCs (12). These
findings indicated that miR-29a may be an important indicator
of regulatory factors in NSPC development. However, to the
best of our knowledge, very little is known about the function
of miR-29a in NSPC differentiation, let alone its intracellular
signaling mechanisms.
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The present study aimed to investigate the effect of
miR-29a on the differentiation of NSPCs. The finding of
the study suggested that the overexpression of miR-29a may
promote neural differentiation, whilst having little influence
on astrocyte differentiation, potentially through regulating the
zinc-finger transcription factor Kruppel-like factor 4 (KLF4).
This research may offer novel insights into the onset of neuro-
development and provide a potential therapeutic target for the
treatment of diseases of the CNS.

Materials and methods

Rat NSPC culture. Rat NSPCs were prepared from E14.5
Sprague-Dawley rat embryos, which were obtained from
pregnant Sprague-Dawley rats (certificate no. 22-9601018;
Experimental Animal Center of Xi'an Jiantong University
Health Science Center) as previously described with minor
modifications (13,14). A total of 5 pregnant Sprague-Dawley
rats (age, 12 weeks; weight, 386-422 g) were used. All rats
were maintained at 23+2°C on a 12-h light/dark cycle with
free access to standard rat food and water. NSPCs were
incubated in a humidified atmosphere of 5% CO, and 95%
air at 37°C, and cultured in serum-free complete medium,
consisting of DMEM/F12 (1:1; Thermo Fisher Scientific,
Inc.), 1% N-2 supplement (cat. no. 17502048; Thermo Fisher
Scientific, Inc.), 2% B-27 supplement (cat. no. 17504044,
Thermo Fisher Scientific, Inc.), 20 ng/ml epidermal
growth factor (EGF; Thermo Fisher Scientific, Inc.) and
10 ng/ml basic fibroblast growth factor (bFGF; Thermo
Fisher Scientific, Inc.) The differentiation medium was the
same as the complete medium but did not contain bFGF and
EGF. After 3-5 days of culture, suspended neurospheres of
80-200-um in diameter were observed in the medium using
a binocular compound microscope (cat. no. CX200; Olympus
Corporation) (magnification, x10). The neurospheres were
subsequently dissociated using TrypLE (Invitrogen; Thermo
Fisher Scientific, Inc.) into single NSPCs, which were used
for follow-up studies. For single-cell adhesive culture, single
NSPCs in the differentiation medium were allowed to attach
onto poly-D-lysine (PDL)-coated coverslips at 37°C. All
experimental protocols were approved by the Animal Care and
Use Regulation of Xi'an Jiaotong University Health Science
Center. All efforts were made to minimize the suffering of
the animals and to keep the numbers of animals used to a
minimum.

Cell transfection. NSPCs were plated in PDL-coated 24-well
or 6-well plates and transfected with 50 nM miRNA or small
interfering RNA (siRNA) for 6 h at 37°C, then cells were
cultured in normal differentiation medium for 3 days prior
to use in subsequent experiments. The cells plated into the
24-well plates were used for immunofluorescence staining,
whereas the cells plated into the 6-well plates were used for
the reverse transcription-quantitative (RT-q)PCR and western
blotting experiments. Transient transfections were performed
using Lipofectamine® 2000 reagent (Invitrogen; Thermo Fisher
Scientific, Inc.), according to the manufacturer's protocol, and
equivalent transfection medium was used as a control.

The miR-29a mimic-negative control (NC), miR-29a mimic,
anti-miR-29a-NC, anti-miR-29a, miR-200c, miR-200¢c-NC,
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siRNA targeting KLF4 (siKLF4) and non-specific siRNA
(siNC) were purchased from Shanghai GenePharma Co., Ltd.
All siRNA was pre-labeled by the supplier with fluorescent
dye (fluorescein amidite, FAM). The target sequences were
as follows: miR-29a mimic, 5-ACUGAUUUCUUUUGG
UGUUCAG-3"; miR-29a mimic-NC, 5'-UUCUCCGAACGU
GUCACGUTT-3"; anti-miR-29a, 5'-ACTGATTTCAAAT
GGTGCT-3'; anti-miR-29a-NC, 5-UUGUACUACACAAAA
GUACUG-3"; miR-200c¢, 5'-CGUCUUACCCAGCAGUGU
UUG-3"; miR-200¢c-NC, 5'-UCACAACCUCCUAGAAAG
AGUAGA-3"; siKLF4, 5-UCCAAAGAAGAAGGAUCU
CUU-3'; and siNC, 5-CGTACGCGGAATACTTCGATT-3".
Transfection efficiency was examined using a fluorescence
inverted microscope (magnification, x10) (DMI3000B; Leica
Microsystems, Inc). Knockdown of KLF4 expression levels
was further evaluated via western blotting.

Dual-luciferase reporter assay. The dual-luciferase reporter
assay was performed as previously described (15). Briefly,
the sequence of the KLF4 3' untranslated region (UTR) was
cloned into the pSICHECK?2 vector (Promega Corporation),
and the following KLF4 primer: Forward, 5'-GCCTCGAGA
TCCCAGACAGTGGATAT-3' and reverse, 5'-GCGCGGCCG
CTTCAGATAAAATATTAT-3'". Cells were co-transfected
with plasmid for 6 h at 37°C in the presence of Lipofectamine
2000, according to the manufacturer's instructions (Invitrogen;
Thermo Fisher Scientific, Inc.). After 48 h incubation, the
media was removed and the cells were lysed in a 1.5-ml
Eppendorf tube using a Dual-Luciferase Reporter assay system
(Promega Corporation), according to the manufacturer's
protocol. Fluorescence was detected using a microtiter plate
reader (BioTek Instruments, Inc). Relative luciferase activity
was determined by normalizing the Firefly luciferase activity
(Flu value) to the Renilla luciferase activity (Rlu value). Each
experiment was performed in triplicate. The Flu/RIu value was
calculated to obtain a mean of three independent experiments.

RT-gPCR. RT-qPCR was performed as previously described
with minor modifications (12). Total RNA was isolated from
NSPCs using TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.), according to the manufacturer's protocol.
Total RNA (1 ug) was reverse transcribed into cDNA using
Megaplexd Primer Pools (Applied Biosystems; Thermo
Fisher Scientific, Inc.) and the TagManid MicroRNA Reverse
Transcription kit (Applied Biosystems; Thermo Fisher
Scientific, Inc.). All RT reactions were carried out in triplicate
in a Mastercycler ep gradient S cycler (Eppendorf) at 16°C for
30 min, 42°C for 30 min and 85°C for 5 min. gPCR was subse-
quently performed using single tube TagMan® MicroRNA
assays and TagMan® 2X Universal PCR Master mix, No
AmpErase® UNG (cat. no. 4324018; Applied Biosystems;
Thermo Fisher Scientific, Inc.), according to the manufac-
turers' protocols, in 10 ul reactions. All the reactions were
performed in triplicate in an iQ5 Real-Time PCR Detection
system (Bio-Rad Laboratories, Inc.). To analyze the expression
levels of KLF4 and GAPDH, total RNA (1 ug) was reverse
transcribed into cDNA using a RevertAid First Strand cDNA
synthesis kit (Fermentas; Thermo Fisher Scientific, Inc.)
supplemented with a mix of OligodT and random primers.
gPCR was subsequently performed using a GoTaq qPCR
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Master mix (Roche Diagnostics GmbH). The primer pairs
used for the qPCR, synthesized by Takara Biotechnology
Co., Ltd., were as follows: miR-29a forward, 5'-AGTGAAT
GAGGCCTTCGAGA-3' and reverse, 5-GCATCTGAGTCG
CCACTGTA-3"; miR-200c forward, 5'-GGTTGCCCACTG
GAAGAACACAAT-3' and reverse, 5"TAGACAATCCCA
AGGCCAAGGTCTG-3"; KLF4 forward, 5'-GAAATTCGC
CCGCTCCGATGA-3" and reverse, 5S-CTGTGTGTTTGC
GGTAGTGCC-3"; U6 forward, 5'-GCATCTGAGTCGCCA
CTGTA-3' and reverse, 5'-CGCTTCACGAATTTGCGTGTC
AT-3"; and GAPDH forward, 5-CATCACTGCCACCCAGAA
GACTG-3' and reverse, 5-ATGCCAGTGAGCTTCCCGTTC
AG-3". The following thermocycling conditions were used for
the qPCR: Initial denaturation at 95°C for 5 min; followed by
40 cycles at 95°C for 10 sec and 60°C for 1 min. Expression
levels were analyzed using the 2224 method (16).

Immunofluorescence. The immunofluorescence procedure
was conducted according to a previous study (17). Briefly,
following transfection and incubating for 3 days, NSPCs
plated onto PDL-coated coverslips were fixed using 4% para-
formaldehyde for 30 min at room temperature and washed
twice with PBS. The cells were subsequently permeabilized
with 0.3% Triton X-100 (diluted with PBS) and blocked with
10% normal donkey serum (Sigma-Aldrich; Merck KGaA) for
1 h at room temperature. The cells were incubated with the
following primary antibodies diluted in PBS which contained
5% normal donkey serum overnight at 4°C: Anti-nestin (1:200;
cat. no. MAB353; EMD Millipore), anti-neuron-specific class
III B-tubulin (Tujl; 1:200; cat. no. ab78078; Abcam), anti-glial
fibrillary acidic protein (GFAP; 1:200; cat. no. ab7260;
Abcam). Following the primary antibody incubation, the cells
were washed with PBS and incubated with anti-mouse IgG
ReadyProbesi secondary antibody, Alexa Fluor 488 (1:500;
cat. no. R37114; Invitrogen; Thermo Fisher Scientific, Inc.)
or anti-rabbit IgG ReadyProbes™ secondary antibody, Alexa
Fluor 594 (1:500; cat. no. R37119; Invitrogen; Thermo Fisher
Scientific, Inc.) for 2 h at room temperature. The nuclei were
counterstained with 1 gg/ml DAPI at room temperature for
10 min. Fluorescence images were observed and counted
using a BX51 fluorescence microscope equipped with a DP70
digital camera (magnification, x400; Olympus Corporation)
in 5 randomly selected fields of view. For semi-quantification,
Image-Pro Plus 5.1 software (Media Cybernectics, Inc.) was
used. The percentage of labeled cells was calculated and
normalized by DAPI nuclei staining. A total of three inde-
pendently prepared NSPC cultures were used for each assay.
The experiments were performed in triplicate and repeated
independently =3 times.

Western blotting. At each end of the experiment, following
transfection and incubating for 3 days, total protein was
extracted by using RIPA lysis buffer (Pierce; Thermo Fisher
Scientific, Inc.) complemented with a Protease Inhibitor
Cocktail (Roche Diagnostics GmbH). Total protein was quan-
tified using a Bradford assay bicinchoninic acid assay (Pierce;
Thermo Fisher Scientific, Inc.) and 20-40 pg protein/lane
(20 ug protein was used for GFAP and -Actin, 40 ug protein
was used for remaining test) was subjected to 12% SDS-PAGE.
The separated proteins were subsequently transferred onto
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PVDF membranes and blocked with 5% non-fat dry milk at
room temperature for 2 h. The membranes were incubated
with the following primary antibodies: Anti-Tujl (1:800),
anti-KLF4 (1:1,000), anti-GFAP (1:1,000) and anti-f-actin
(1:5,000; cat. no. A1978; Sigma-Aldrich; Merck KGaA) over-
night at 4°C. Following the primary antibody incubation, the
membranes were incubated at room temperature for 2 h. with a
horseradish peroxidase-conjugated anti-rabbit IgG secondary
antibody (1:10,000; cat. no. AP307P; Sigma-Aldrich; Merck
KGaA). Protein bands were visualized using an enhanced
chemiluminescent substrate (Pierce; Thermo Fisher
Scientific, Inc.), exposure to a Fuji X-ray film (Fujian Gutian
Yuanhang Medical Co., Ltd.) and a G:Box gel imaging system
(Syngene Europe, CHEMI-XT16). The expression levels were
semi-quantified using ImagelJ 3.5 software (National Institutes
of Health).

Statistical analysis. All statistical analyses were performed
using SPSS version 12.0 software (SPSS, Inc.) and the data
are presented as the mean + SD from =3 independent in vitro
experiments. Statistical differences between groups were
analyzed using a one-way ANOVA, followed by Tukey's post
hoc test for multiple comparisons. P<0.05 was considered to
indicate a statistically significant difference.

Results

miR-29a is overexpressed during NSPC differentiation.
Following the culture of primary rat NSPCs for 3 days,
~100-ym diameter neurospheres were observed in the
medium (Fig. 1A). Subsequently, the neurospheres were
dissociated into single cells and plated onto PDL-coated
coverslips for immunofluorescence analysis (Fig. 1B); =95%
of cells were discovered to express nestin, a specific marker
of NSPCs (data not shown) (18). To observe the differentiation
of NSPCs, single cells were plated onto PDL-coated cover-
slips and cultured in normal differentiation medium. Both
Tujl-(a marker of immature neurons) and GFAP-(a marker of
astrocytes) positive cells were observed following immuno-
fluorescence staining (Fig. 1C). To determine the expression
levels of miR-29a during NSPC differentiation, the expression
levels of miR-29a were analyzed using RT-qPCR analysis.
The results revealed that the expression levels of miR-29a
increased in a time-dependent manner (Fig. 1D), indicating
that the expression levels of miR-29a may increase during
NSPC differentiation. There were little differences observed
between the miR-29a expression levels in NSPCs at days 3, 5
and 7, thus cells cultured in normal differentiation medium for
3 days was used in subsequent experiments.

Effects of miR-29a on NSPC differentiation. To investigate
the effects of miR-29a on NSPC differentiation in cultured rat
NSPCs, cells were transfected with miR-NC, miR-29a mimic,
anti-miR-29a or anti-miR-29a-NC. Following transfection,
the cells were cultured in normal differentiation medium for
3 days and the expression levels of miR-29a were detected
using RT-qPCR analysis. The results indicated that compared
with the control (Ctrl) group, both the NCs exerted no effect on
the expression levels of miR-29a (Fig. 2A). Notably, following
the transfection with the miR-29a mimic, the expression levels
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Figure 1. Expression levels of miR-29a are upregulated during neural differentiation. (A) NSPCs were dissected from E14.5 fetal rat cortexes. Neurospheres
of ~100-um in diameter were observed following culture for 3 days. Scale bar, 100 gm. (B) Single NSPCs were dissociated using TrypLE and cultured on the
poly-D-lysine-coated slides. NSPCs were identified by nestin (green) immunofluorescence staining. Scale bar, 50 ym. (C) Both Tujl-(green) and GFAP-(red)
positive cells were visualized using immunostaining. Scale bar, 50 ym. (D) Reverse transcription-quantitative PCR analysis revealed that the expression levels
of miR-29a during neuronal differentiation in NSPCs were upregulated in a time-dependent manner. Data are presented as the mean + SD of three independent
experiments. "P<0.05, ““P<0.001 vs. control (0 d). Tujl, neuron-specific class III B-tubulin; GFAP, glial fibrillary acidic protein; miR, microRNA; NSPCs,
neural stem/progenitor cells.
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Figure 2. Overexpression of miR-29a increases the number of Tujl-positive cells. Single neural stem/progenitor cells were transfected with miR-29a mimic-NC,
miR-29a mimic, anti-miR-29a or anti-miR-29a-NC and cultured in the differentiation medium for 3 days. (A) Expression levels of miR-29a in each group were
analyzed using reverse transcription-quantitative PCR analysis. ““P<0.001 vs. anti-miR-29a-NC. ##P<0.001 vs. miR-29a mimic-NC. (B) Tujl-positive cells
were identified in each group using immunofluorescent staining. (C) Quantification of part (B). (D) GFAP-positive cells were detected in each group using
immunofluorescent staining. (E) Quantification of part (D). Scale bar, 50 ym. Data from three independent experiments are presented as the percentage of
Tujl- or GFAP-positive cells in the total population of DAPI cells. “P<0.01 vs. miR-29a mimic-NC. "P<0.05 vs. anti-miR-29a-NC. *4P<0.001 vs. miR-29a
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Figure 3. Overexpression of miR-29a upregulates the expression levels of Tujl. Single neural stem/progenitor cells were transfected with miR-29a mimic-NC,
miR-29a mimic, anti-miR-29a or anti-miR-29a-NC and cultured in the differentiation medium for 3 days. (A) Western blotting was used to analyze the expres-
sion levels of Tujl and (B) GFAP in each group. (C) Semi-quantification of the protein expression levels presented in part (A). (D) Semi-quantification of the
protein expression levels presented in part (B). The data are presented as the mean + SD of three independent experiments. “P<0.01 vs. anti-miR-29a-NC.
"P<0.05 vs. miR-29a mimic-NC. “4¢P<0.001 vs. anti-miR-29a. miR, microRNA; Tujl, neuron-specific class III -tubulin; GFAP, glial fibrillary acidic protein;

NC, negative control; Ctrl, control.

of miR-29a were significantly increased compared with the
miR-NC group, whereas the anti-miR-29a group demonstrated
the opposite trend compared with the anti-miR-29a-NC group
(Fig. 2A). These findings indicated that both the miR-29a
mimic and anti-miR-29a had a significant effect on the miR-29a
expression levels in NSPCs. Following the transfection, Tujl
and GFAP immunofluorescence staining was performed to
determine the impact of miR-29a on NSPC differentiation.
Tujl and GFAP immunofluorescence staining observed that
there were no significant differences in the expression of
Tujl or GFAP between the Ctrl and miR-29a mimic-NC or
anti-miR-29a-NC groups (Fig. 2B-E), which suggested that
the transfection did not impact the differentiation of NSPCs.
Furthermore, compared with the miR-29a mimic-NC,
the overexpression of miR-29a significantly increased the
number of Tujl-positive cells (Fig. 2B and C). In contrast, the
number of Tujl-positive cells was decreased by inhibiting the
expression of miR-29a compared with the anti-miR-29a NC
(Fig. 2B and C). Notably, despite the increased or decreased
expression levels of miR-29a achieved by the miR-29a mimic
or anti-miR-29a, respectively, the number of GFAP-positive
cells was not altered across the groups (Fig. 2D and E).

To further investigate the effects of miR-29a on NSPC
differentiation, the expression levels of Tujl and GFAP
were detected using western blotting. Similar to the
immunofluorescence staining results, the overexpression of
miR-29a increased the expression levels of Tujl compared
with the miR-29a mimic-NC, whereas the downregulation of

miR-29a expression levels demonstrated the opposite trend
compared with the anti-miR-29a-NC (Fig. 3A and C). Notably,
no significant differences were observed in the expression
levels of GFAP across all groups following the overexpression
or downregulation of miR-29a (Fig. 3B and D). These results
indicated that miR-29a may promote neural differentiation,
while having no impact on neuroglial differentiation.

miR-29a modulates the expression levels of KLF4 following
NSPC differentiation. KLF4, as a member of the KLFs, has
been reported to be involved in a number of cellular processes,
including proliferation, differentiation and survival (19,20).
Thus, the expression levels of KLF4 during NSPC differentia-
tion were determined using RT-qPCR. The results demonstrated
that the expression levels of KLF4 were downregulated in
a time-dependent manner (Fig. 4A). To determine whether
KLF4 was a direct target gene of miR-29a, the possible targets
of miR-18a were predicted using TargetScan 6.2 (http:/www.
targetscan.org/vert_61/) and miRDB databases (http://mirdb.
org/). The results showed that the KLF4 3'UTR containing the
predicted miR-29a-binding site was co-transfected into NSPCs
to analyze the relative luciferase activity in the presence of the
miR-29a mimic, anti-miR-29a, and negative control miRNA.
The predicted binding site for miR-29a in the KLF4 3'UTR
is presented in Fig. 4B. As KLF4 was found to be targeted
by miR-200c (21), exogenous miR-200c was used as a control
to repress the KLF4 3'UTR and a dual-luciferase reporter
assay and western blotting were performed. Dual-luciferase
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Figure 4. miR-29a regulates the expression levels of KLF4. (A) NSPCs were cultured in normal differentiation medium and the expression levels of KLF4 were
analyzed using reverse transcription-quantitative PCR at different time points. “P<0.05, “P<0.01, ““P<0.001 vs. control (0 d). (B) Potential binding region of
miR-29a on the KLF4 3'UTR was predicted using TargetScan. (C) Dual-luciferase activity was performed to determine the relative luciferase activity of NSPCs
co-transfected with the KLF4 3'UTR and the miR-29a mimic-NC, miR-29a mimic, anti-miR-29a, anti-miR-29a-NC, miR-200c-NC or miR-200c. “"P<0.01 vs.
miR-29a mimic-NC. "P<0.05 vs. anti-miR-29a-NC. *4P<0.001 vs. miR-29a mimic. (D) Single NSPCs were transfected with miR-29a mimic-NC, miR-29a
mimic, anti-miR-29a, anti-miR-29a-NC, miR-200c (positive control) or miR-200¢c-NC and cultured in the differentiation medium for 3 days. Western blotting
was used to analyze the expression levels of KLF4. (E) Semi-quantification of the protein expression levels presented in part (D). The data are presented as the
mean = SD of three independent experiments. "P<0.05 vs. miR-29a mimic-NC. ”P<0.05 vs. anti-miR-29a-NC. °P<0.05 vs. miR-200c-NC. ¥4¢P<0.001 vs. miR-29a
mimic. (F) NSPCs were transfected for 6 h with FAM-labeled non-specific siNC or siKLF4 using Lipofectamine® 2000. An equal volume of medium was added to
the control group. On the second day, >90% of cells were observed to be transfected (green). Scale bar, 100 ym (G) Western blotting analysis and (H) semi-quan-
tification demonstrated that siKLF4 reduced the expression levels of KLF4. ““P<0.001 vs. the siNC group. (I) Following the transfection of NSPCs with miR-29a
mimic-NC, miR-29a mimic, anti-miR-29a, anti-miR-29a-NC or anti-miR-29a + siKLF4, NSPCs were cultured in the differentiation medium for 3 days and Tujl
expression levels were detected using western blotting. (J) Semi-quantification of the protein expression levels presented in part (I). The data are presented as the
mean = SD of three independent experiments. "P<0.05 vs. miR-29a mimic-NC. "P<0.05 vs. anti-miR-29a-NC. ®P<0.05 vs. anti-miR-29a-NC+siNC. “*¢P<0.001
vs. anti-miR-29a. KLF4, Kruppel-like factor 4; miR/miRNA, microRNA; UTR, untranslated region; NC, negative control; NSPCs, neural stem/progenitor cells;
Flu/Rlu, Firefly luciferase activity/Renilla luciferase activity; Ctrl, control; Tujl, neuron-specific class III B-tubulin; si, small interfering RNA.
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reporter assay demonstrated that miR-29a mimic significantly
decreased luciferase activity, whereas anti-miR-29a had the
opposite effect (Fig. 4C). Furthermore, overexpression of
miR-29a significantly downregulated the expression levels
of KLF4 compared with the miR-29a mimic-NC group
(Fig. 4D and E). Conversely, significantly upregulated expres-
sion levels of KLF4 were observed in the anti-miR-29a group
compared with the anti-miR-29a-NC group (Fig. 4D and E).
To determine whether KLF4 regulated the effects of miR-29a
on differentiation, the expression level of KLF4 was knocked
down using target siRNA. The siRNA were effectively
transfected into NSPC cultures and significantly reduced the
expression levels of KLF4 (Fig. 4F-H). Subsequently, KLF4
expression levels were knocked down in the anti-miR-29a
group; the inhibition of KLF4 expression levels reversed
the effects of anti-miR-29a on the expression levels of Tujl
(Fig. 41 and J). These data indicated that miR-29a may modu-
late the expression levels of KLF4.

Discussion

Previous research indicated that miR-29a had been discovered
to serve an important role in numerous biological processes
through regulating its target genes; it has been reported
to impact proliferation, apoptosis, invasion and oncogen-
esis (10,22). Increasing evidence has suggested that miR-29a
may also be involved in regulating different types of stem
cells, including embryonic (11), mesenchymal (23) and hema-
topoietic stem cells (24). The present study indicated that the
overexpression of miR-29a may promote neural differentiation,
as the expression levels of Tujl were found to be increased.
The induction and differentiation of NSPCs into functional
neurons have been identified as important steps in the treat-
ment of CNS disease (25). Therefore, the results of the present
study suggested that miR-29a may be a novel therapeutic target
to treat disorders of the CNS.

The current study demonstrated that miR-29a promoted
neural differentiation in cultured rat NSPCs; however, miR-29a
was not found to have a role in neuroglial differentiation. It was
hypothesized that the excessive percentage of GFAP-positive
cells may offer a possible alternative explanation for these
findings; the percentage of GFAP-positive cells remained rela-
tively high following the transfection of the miR-29a mimic,
leading to little impact on the statistical results.

Accumulating evidence has reported that the miR-29
family target the expression of particular proteins that are
significantly involved in disease pathogenesis; for example,
miR-29a was reported to be a candidate biomarker for
Alzheimer's disease (AD) and Parkinson's disease (PD),
due to the abnormal expression levels of miR-29a identi-
fied in both AD and PD (26,27). Furthermore, the miR-29b
cluster was observed to be decreased in patients with AD,
where it participated in regulating the expression levels of
B-secretase 1, which subsequently promoted the overpro-
duction of amyloid B (28). miR-29c was also reported to
be involved in the regulation of cerebral ischemia-induced
cell death, which depended on its ability to influence the
expression levels of REI-silencing transcription factor and
DNA (cytosine-5)-methyltransferase 3A (29). The present
study also indicated that miR-29a may promote neuronal
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differentiation in cultured rat NSPCs, which provided novel
insights into the role of miR-29a in neurological disorders
and its potential as a therapeutic strategy.

As a zinc finger-containing transcription factor, KLF4 has
been found to be expressed in numerous types of mammalian
cells, where it regulates diverse cellular processes, such as
proliferation, differentiation and maintaining stemness (30-32).
For example, in a previous study, following the transfection of
the four genes, Oct4, Sox2, KLF4 and c-Myc, somatic cells
were reprogrammed and differentiated into induced pluripo-
tent stem cells (33,34). The current study demonstrated that
miR-29a downregulated the expression levels of KLF4, which
were detected using RT-qPCR and western blotting. These
findings suggested that miR-29a may influence neural differ-
entiation by regulating KLLF4, which provided a novel insight
into the potential function of KLF4 in NSPCs. However, it
should be noted that the overexpression of miR-29a may reside
in the potential lack of faultless control, which manifests as
an increased risk of cancer or differentiation into unpredicted
cell phenotype. Therefore, additional research is required to
determine the precise mechanism by which miR-29a regulates
the neural differentiation of NSPCs.

The present study demonstrated that miR-29a promotes
neuronal differentiation in cultured rat NSPCs via regulation
of KLF4 factor. The present study also provides a novel insight
into potential treatment strategies for CNS damage.
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