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Abstract: MicroRNAs have been shown to play an important role in stem cell fate determination and self-renewal. 
However, the role of miRNAs in neural stem cells (NSCs) remains poorly understood. In this study, we showed that 
miR-346, a less characterized microRNA, promoted NSCs proliferation, differentiation and apoptosis by targeting 
KLF4, a core transcriptional factor in stem cell fate determination. Our data suggested that miR-346 could directly 
target the 3’-untranslated region of KLF4. Overexpression of miR-346 decreased KLF4 expression at both mRNA 
and protein levels in NSCs. More importantly, Overexpression of miR-346 repressed NSC proliferation and induced 
the expression of lineage markers including GFAP and Tuj1. Additionally, overexpression of miR-346 promoted apop-
tosis of NSCs. In concert, suppressing its expression by an antisense RNA, anti-miR-346, promoted NSC prolifera-
tion, and meanwhile inhibited its differentiation and apoptosis. We also showed that the effects of miR-346 overex-
pression could be reversed by re-expression of KLF4. Taken together, Those data suggest that miR-346 is a novel 
miRNA that regulates NSC proliferation and differentiation by targeting KLF4. 
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Introduction

Neural stem cells (NSCs) are a group of self-
renewing, undifferentiated precursor cells that 
retain the abilities to differentiate to both glial 
(astrocytes and oligodendrocytes) and neuro-
nal lineages [1]. NSCs are mainly located in the 
subventricular zone and the subgranular zone 
of the brain, both in the adult and developing 
mammalian [2, 3]. Recently, studies indicated 
that NSCs can serve as cell replacement  
therapies for neurological disorders, such as 
Alzheimer’s disease, Parkinson’s disease, 
Huntington’s disease, and spinal cord injuries 
[4-7]. Additionally, engineered NSCs are emerg-
ing as a promising new therapeutic strategy  
for cancer therapy attributed to their tumor-
homing properties [8]. Despite of the great 
prospect for clinically intervention, it is still a 
long distance before clinical applications due 
to the limited understandings of the underlying 
mechanisms of NSCs self-renewal and differ- 
entiation.

MiRNAs (microRNAs) are a large family of 
endogenous single-stranded non-coding RNAs 
with, 19-23 nucleotides in length, that modu-
late gene expression post-transcriptionally by 
either targeting the 3’-untranslated regions 
(UTRs) of aimed mRNA for degradation or direct-
ly inhibiting their translation [9]. As far as we 
know, about 30% of the human genome, that is 
upto 10,000 genes, could be potentially be reg-
ulated by miRNAs [10, 11]. Growing studies evi-
dences show that miRNAs play pivotal roles in a 
wide area of biological processes, including cell 
development, proliferation, differentiation, inva- 
sion, and apoptosis [12]. Recently it was report-
ed that miRNAs have been shown to playedact 
an important role in stem cell fate determina-
tion and self-renewal by controlling the expres-
sion of stem cell regulators, such as Nanog [13-
16]. However, the precise role of miRNAs in 
neural stem cells remains poorly understood.

The Krüppel-like transcription factor (KLF) fami-
lies have been reported to regulate a diverse 
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array of cellular processes, including develop-
ment, differentiation, proliferation, and apopto-
sis [17, 18]. KLF4, a member of this family, was 
known to be one of the four transcriptional fac-
tors (OCT3/4, SOX2, KLF4, and c-MYC), essen-
tial for reprogramming differentiated cells into 
induced pluripotent stem (iPS) cells [19-25]. As 
an transcriptional factor, it promotes or repress 
gene expressions depending on the interaction 
partners and the context of the binding sites. 
For example, human telomerase reverse tran-
scriptase (hTERT), the dominate factor main-
taining telomere length in human cells, was 
identified as a target gene of KLF4 in embryonic 
stem cells (ESCs) [26, 27]. KLF4 is required for 
maintaining hTERT expression in human ESCs 
and cancer cells by directly activating its tran-
scription [27]. lectin galactoside binding solu-
ble 3 (Lgals3), also known as galectin-3, impli-
cated in a broad range of biological processes, 
from chemotaxis and inflammation to fibrosis 
and apoptosis, was another newly identified 
target gene of KLF4 [28]. In spite, there are 
many other targets of KLF4, including p21, a 
cell-cycle related gene [29, 30].

MiR-346, located in the second intron of the 
glutamate receptor ionotropic delta 1 (GRID1) 
gene, was firstly reported to be redundant in 
follicular thyroid carcinoma (FTC) [31, 32]. 
Further studies showed that miR-346 also reg-
ulates other physiological and pathological pro-
cesses, including cell differentiation, carcino-
genesis and inflammatory response [33-37]. 
However, the role of miR-346 in NSCs was still 
unknown. Here, we reported that miR-346 is a 
novel regulator of cell proliferation and differen-
tiation of NSCs by targeting KLF4, a crucial 
transcriptional factor of stem cells. Our study 
give new insight into NSCs regulation by miR-
NAs, and also suggested a role of KLF4 in NSCs 
regulation.

Materials and methods

Cell isolation and cultures

NSCs used in this study were isolated from the 
forebrains of C57/BL6 mice (male, 8-10 week 
old) using a Percoll gradient-centrifugation 
manner. The animal experimental procedures 
were fully complied with the guidelines of 
Institutional Animal Care and Use Committee of 
Xi’an Jiaotong University. The cells were main-
tained in DMEM/F12 medium (Invitrogen, 

Carlsbad, CA, USA) supplemented with 1 mM 
L-glutamine (Sigma, St. Louis, MO, USA), 1% N2 
supplement (Gibco, Rockville, MD, USA), 20 ng/
ml epidermal growth factor (EGF, PeproTech, 
Rocky Hill, NJ, USA), 20 ng/ml basic fibroblast 
growth factor (FGF, PeproTech), 50 ng/ml hepa-
rin (Sigma) and 1% penicillin and streptomycin 
(Invitrogen). For astrocyte differentiation, NSCs 
were grown in DMEM/F12 medium containing 
1% N2 supplement, 5 mM forskolin (Sigma) and 
0.5% fetal bovine serum (FBS; Gibco) for 3 
days. For neural differentiation, NSCs were 
treated with 1 mM retinoic acid (Sigma) and 
0.5% FBS for 3 days in 1% N2 supplemented 
medium.

Reagents and transfections

The miR-346 mimics and miR-346 inhibitor 
(anti-miR-346) and their controls miR-NC and 
anti-miR-NC were synthesized by Shanghai 
GenePharma Co. Ltd (Shanghai, China). Before 
transfection, NSCs were seeded into a 6-well 
plates at a density of 1×105 per well and cul-
tured overnight. Then, miRNAs mimics or 
pcDNA3.1 vectors were transfected using 
Lipofectamine 2000 (Invitrogen, CA, USA) 
according to the manufacturer’s instructions.

Luciferase reporter assay

The cDNA fragment of KLF4 3’-UTR containing 
the miR-346 binding site was amplified and 
then, subcloned into the pmirGLO vector 
(Promega, Madison, WI, USA). For the detection 
of luciferase activity, human embryonic kidney 
(HEK) 293 cells were seeded into a 48-well 
plate 24 h before transfection. 10 ng pmirGLO-
KLF4 recombinant vectors and 50 nM miR-346 
mimics were cotransfected into the cells using 
Lipofectamine 2000. The luciferase intensity 
was measured with a Dual Luciferase Assay 
System (Promega) in accordance with the man-
ufacturer’s protocol 24 h later.

RNA extraction and qPCR analysis

Total RNA of cells were isolated using miR-
NAeasy mini kit (QIAGEN, Dusseldorf, Germany). 
First-strand cDNA was synthesized by M-MLV 
reverse transcriptase (Clontech, Palo Alto, CA, 
USA). Quantitative PCR was performed on an 
ABI 7500 thermocycler (Applied Biosystems) 
using SYBRGreen MasterMix (Bio-Rad, Hercu- 
les, CA, USA) according to the manufacturer’s 
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instructions. GAPDH was served as an internal 
control.

Western blot analysis

Total protein from cells were lyzed by RIPA buf-
fer. The β-actin was regarded as the endoge-
nous normalizer. Primary antibodies including 
anti-KLF4, anti-hTERT, anti-LGALS3, anti-p21 

and anti-β-actin were purchased from Santa 
Cruz Biotechnology Inc. (Santa Cruz, CA, USA). 

Cell proliferation assay

Cell proliferation was detected by a BrdU incor-
poration assay using a commercial kit (Millipore, 
Billerica, MA, USA) according to the manufac-
turer’s instructions.

Figure 1. miR-346 expression inversely correlates with KLF4 expression during NSC differentiation. qPCR analysis of 
miR-346 (A) and KLF4 mRNA (B) expression in NSCs during differentiation over a period of 7 days. Day 0 represents 
undifferentiated cells and was normalized to a value of 1. *p < 0.05. (C) Diagram of the predicted miR-346 targeting 
site within the 3’UTR of KLF4. (D) Bioinformatics analysis of the conservation of the target sequences of miR-346 
in the  3’UTR of KLF4 acrossing species. (E) The recombinant pmirGLO vectors containing WT or MT 3’UTR of KLF4 
were co-transfected with miR-NC or the miR-346 mimics. *p < 0.05 vs. miR-NC. (F) Correlation of miR-346 expres-
sion to KLF4 mRNA expression in NSCs during differentiation. R-squared = 0.9687, p < 0.001. Data were shown as 
means ± standard deviation (SD) and were processed by one-way ANOVA analysis. Correlations were assessed by 
Spearman’s rank correlation coefficients. All experiments were repeated at least three times independently.



MicroRNA-346 targets KLF4

5403 Am J Transl Res 2017;9(12):5400-5410

Figure 2. miR-346 regulates KLF4 expression and NSC proliferation and differentiation. (A) qPCR analysis of KLF4 
mRNA expression in NSCs transfected with the miR-346 mimics or antimiR-346. (B) Western blot analysis of KLF4 
protein expression in NSCs transfected with the miR-346 mimics or anti-miR-346. The relative protein expression 
of KLF4 was quantified using Image-Pro Plus 6.0. After transfection for 48 h, cells were harvested for analysis. 
*p < 0.05 vs. miR-NC, &p < 0.05 vs. anti-miR-NC. (C) Proliferation of NSCs was detected by the BrdU assay. NSCs 
were transfected with the miR-346 mimics or anti-miR-346 for 48 h followed by detection with BrdU assay. (D) 
qPCR analysis of GFAP expression in NSCs. NSCs were transfected with the miR-346 mimics or anti-miR-346 in the 
presence with 5 mM forskolin and 0.5% FBS and cultured for 3 days. (E) qPCR analysis of Tuj1 expression in NSCs 
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Apoptosis detection

Cells were seeded into a 6-well plate with com-
plete medium. 24 h later, cells were transfect-
ed with miRNA mimics, anti-miRNAs, their con-
trols or left untreated (mock) as indicated. After 
40 h, cells were serum-starved overnight in 
DMEM/F12 medium containing 0.1% FBS. 
Then all cells were collected by centrifugation, 
and stained with 0.5 μg annexin V for 20 min in 

the dark, followed by incubation with 10 μg of 
Propidium Iodide (PI) for 5 min. The cells were 
then analyzed on a FACS Calibur flow cytometer 
(Beckman Coulter). 

Data analysis

Data were shown as means ± standard devia-
tion (SD). Statistical analyses were performed 
by SPSS version 19.0 (SPSS Inc., Chicago, IL, 

transfected with the miR-346 mimics or anti-miR-346 in the presence with 1 mM retinoic acid and 0.5% FBS for 3 
days. (F) qPCR analysis of Nestin expression in NSCs transfected with the miR-346 mimics or anti-miR-346. Cells 
were cultured in the maintaining medium for 3 days before analysis. *p < 0.05 vs. miR-NC, &p < 0.05 vs. anti-343 
miR-NC. Data were shown as means ± standard deviation (SD) and were processed by one-way ANOVA analysis. All 
experiments were repeated at least three times independently.

Figure 3. miR-346 regulates cell apoptosis of NSCs. NSCs 
were transfected with a scramble miRNA, miR-346 mimics, 
anti-NC, anti-miR-346 or left untreated (mock). 48 h later, 
cells were harvested after serum-starvation over night for 
FACS analysis. Stastics results (A) and representative pic-
tures (B). Data were shown as means ± standard deviation 
(SD) and were processed by one-way ANOVA analysis. All 
experiments were repeated at least three times indepen-
dently. *p < 0.05.
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USA) using one-way ANOVA analysis. Corre- 
lations were assessed by Spearman’s rank cor-
relation coefficients. Results were considered 
statistically significant at p < 0.05.

Results

KLF4 was a potential target gene of miR-346

To investigate whether miR-346 is involved in 
regulating NSC differentiation, its expression 
was determined during NSC differentiation in 
vitro. qPCR analysis showed that the level of 
miR-346 was gradually increased along with 
NSC differentiation (Figure 1A), whereas the 
mRNA level of KLF4 decreased in this process 
(Figure 1B). Therefore, we attempted to find 
potential target sequences of miR-346 in KLF4 
gene. By bioinformatic algorithms, we found 
there was a predicted target site located in the 
3’-UTR of KLF4 mRNA (Figure 1C). Further anal-
ysis suggested that this sequence was con-
served between species (Figure 1D). To confirm 
this hypothesis, we constructed reporter vec-
tors harbor either the wild-type miR-346 target 
sequences in KLF4 3’UTR or mutant ones 
(Figure 1C). Luciferase reporter assay showed 

that miR-346 mimics transfection significantly 
decreased the expression of wild-type reporter 
vector, but not that of the mutant one (Figure 
1E). Correlation analysis showed that miR346 
expression was inversely correlated with KLF4 
expression (Figure 1F). These results suggest-
ed that KLF4 was a potential target of miR- 
346.

miR-346 regulates the expression of KLF4 and 
NSC proliferation and differentiation

Previously, we have shown that the KLF4 may 
be a direct target of miR-346. To further verify 
this assumption, we performed gain and loss-
of-function assays using the miR-346 mimics 
and anti-miR-346. Overexpression of miR-346 
in NSCs significantly decreased the mRNA lev-
els of KLF4, whereas suppression of miR-346 
expression by its inhibitor anti-miR-346, appar-
ently increased KLF4 expression (Figure 2A). 
These results were further confirmed by west-
ern blot assay (Figure 2B). In summary, these 
results further confirmed that KLF4 was a 
direct target of miR-346. Given that KLF4 was a 
core regulator of stem cells, we hypothesized 
that miR-346 may have a role in NSCs. 

Figure 4. miR-346 regulates target genes of KLF4. NSCs were transfected with a scramble miRNA, miR-346 mim-
ics or left untreated (mock). hTERT, LGALS3 and p21 mRNA and protein levels were determined by qPCR (A-C) or 
western bolt (D-F) respectively 48 h after transfections. For qPCR analysis, GAPDH was served as a internal control. 
For western bolt analysis, actin was taken as a loading control. Mock cells and was normalized to a value of 1. Data 
were shown as means ± standard deviation (SD) and were processed by one-way ANOVA analysis. All experiments 
were repeated at least three times independently. *p < 0.05.
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Figure 5. Overexpression of KLF4 conversed effects of miR-346. NSCs were transfected with a scramble miRNA, 
miR-346 mimics or miR-346 combined with KLF4 respectively. mRNA and protein levels of KLF4 were determined 
by qPCR (A) or western bolt (B) respectively 48 h after transfections. (C) NSCs were treated as in (A). 24 h later, 
proliferation was detected by the BrdU incorporation assay. mRNA levels of GFAP (D), Tuj1 (E) and Nestin (F) were 
determined by qPCR analysis. Data were normalized to GAPDH and shown as means ± standard deviation (SD). 
Data were processed by one-way ANOVA analysis. All experiments were repeated at least three times independently. 
*p < 0.05.
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Overexpression of miR-346 repressed prolifer-
ation of NSCs, whereas suppression of miR-
346 markedly enhanced their proliferation 
(Figure 2C). Additionally, miR-346 overexpres-
sion significantly promoted expression of the 
astrocyte marker, glial fibrillary acidic protein 
(GFAP) in NSCs treated with forskolin and FBS 
(Figure 2D). Similarly, The neuronal marker 
neuronal class III b-tubulin (Tuj1) was also 
upregulated by miR-346 overexresion when 
treated with retinoic acid and FBS (Figure 2E). 
In contrast, the marker of neuroepithelial stem 
cell, neuroepithelial stem cell protein (Nestin) 
was depressed by miR-346 overexpression 
(Figure 2F). In concert, suppression of miR-346 
exhibited opposite effects to miR-346 overex-
pression on NSCs differentiation (Figure 2D-F). 
Collectively, these results indicated that miR-
346 promotes NSCs differentiation and sup-
presses their proliferation.

Overexpression of miR-346 induced apoptosis 
of NSCs

Nest we tested whether miR-346 influence cell 
apoptosis of NSCs. FACS analysis suggested 
that overexpression of miR-346 apparently 

induced apoptosis of NSCs, and its inhibitor, 
anti-miR-346 decreased their apoptosis (Figure 
3A). Preventative pictures were revealed in 
Figure 3B. These results indicated that miR-
346 could promote cell apoptosis of NSCs.

MiR-346 regulated the target genes of KLF4

Given that miR-346 could directly target KLF4 
and suppressed its expression, we inferred that 
miR-346 may aslo regulate the downstream 
targets of KLF4. qPCR analysis revealed that 
hTERT, Lgals3 and p21 expressions were 
decreased after overexpression of miR-346 
(Figure 4A). These results were further verified 
by western blot analysis (Figure 4B). These 
results supported the conclusion that KLF4 
was a target of miR-346.

The functions of miR-346 in NSCs was depen-
dent on KLF4

We have shown that miR-346 play a critical role 
in proliferation, differentiation and apoptosis of 
NSCs and KLF4 was a direct target of miR-346. 
As KLF4 was one of the core regulators of stem 
cells, we reasoned that miR-346 may exert 

Figure 6. Overexpression of KLF4 represses miR-346 induced apoptosis of NSCs. NSCs were transfected with a 
scramble miRNA, miR-346 mimics combined with KLF4 expressing vector or a control vector, or left untreated 
(mock). 48 h later, cells were harvested after serum-starvation over night for FACS analysis. Stastics results (A) and 
representative pictures (B). Data were shown as means ± standard deviation (SD) and were processed by one-way 
ANOVA analysis. All experiments were repeated at least three times independently. *p < 0.05.
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these influences through KLF4. To verified this 
assumption, a series of loss and gain function 
assays were carried out. In NSCs, overexpres-
sion of miR-346 remarkably decreased KLF4 
mRNA level and this effect could be reversed by 
transfection of a KLF4 expressing vector (Figure 
5A). This result was further confirmed by west-
ern blot analysis (Figure 5B). BrdU assay 
showed that KLF4 overexpression recovered 
the proliferate capabilities of NSCs, which were 
dampened by miR-346 overexpression previ-
ously (Figure 5C). Similar effects on differentia-
tion were observed. The linage markers, GFAP 
and Tuj1 were repressed, whereas the stem 
cells marker, Nestin were upregulated by KLF4 
re-expression (Figure 5D-F). Apoptosis of NSCs 
induced by miR-346 overexpression was 
reduced by KLF4 overexpression (Figure 6A 
and 6B). These results suggested that the func-
tions of miR-346 in NSCs was dependent on 
KLF4.

Discussion

MiR-346, a less characterized miRNA, can tar-
get different genes such as SRCIN1 and GSK-β 
to exert distinct biological effects, including cell 
differentiation, carcinogenesis and inflamma-
tory response [33-37]. However, the role of 
miR-346 in stem cells remains largely unknown. 
In this study, we showed that miR-346 positive-
ly regulate NSCs differentiation in a KLF4-
dependent manner. Besides, we aslo showed 
that it regulated proliferation and apoptosis of 
NSCs. The underlying mechanism also involved 
KLF4.

KLF4 was known as one of the four famous 
transcriptional factors essential for reprogram-
ming different kinds of differentiated cells into 
iPS cells [19-25]. However, its role in NSCs 
remains poorly understood. In this study, our 
primary data suggested that KLF4 may also 
have an important role in maintaining the stem 
cell properties of NSCs, as suppression of its 
expression by miRNA (miR-346) led to differen-
tiation of NSCs and re-expression of it would 
converse this effects (Figure 5). Additional work 
were still needed to verify this conclusion. As a 
critical transcriptional factor, KLF4 has been 
shown to be intensively regulated. To date, it 
has been reported to be regulated by several 
miRNAs, including miR-10b, miR-32, miR-7a, 
7b, miR-375, miR-367, miR-200b [39-44]. 
However, most of them were characterized in 

tumor cells. Here, we reported another miRNA, 
miR-346, as a novel regulator of KLF4 in NSCs. 
In conclusion, our study identified a new miRNA, 
miR-346, involved in NSCs regulation, and 
unveiled the underlying mechanism, that was 
by directly target a stem cell transcriptional fac-
tor KLF4. This study also added new insights 
into the regulation of KLF4 and its function in 
NSCs.
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