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Retinal progenitor cells (RPCs) transplantation has become a promising therapy for retinal
degeneration, which is a major kind of ocular diseases causing blindness. Since RPCs
have limited proliferation and differentiation abilities toward retinal neurons, it is urgent to
resolve these problems. MicroRNAs have been reported to have vital effects on stem cell
fate. In our study, the data showed that overexpression of miR-381-3p repressed Hes1
expression, which promoted RPCs differentiation, especially toward neuronal cells, and
inhibited RPCs proliferation. Knockdown of endogenous miR-381-3p increased Hes1
expression to inhibit RPCs differentiation and promote proliferation. In addition, a luciferase
assay demonstrated that miR-381-3p directly targeted the Hes1 3’ untranslated region
(UTR). Taken together, our study demonstrated that miR-381-3p regulated RPCs
proliferation and differentiation by targeting Hes1, which provides an experimental
basis of RPCs transplantation therapy for retinal degeneration.

Keywords: retinal progenitor cells, MiR-381-3p, Hes1, differentiation, proliferation

INTRODUCTION

Retinal degeneration is a primary kind of blindness-causing ocular disease worldwide, including age-
related macular degeneration and retinitis pigmentosa, which can cause irreversible blindness in
patients (Bourne et al., 2013). The pathogenesis of retinal degeneration is related to permanent
damage and death of the photoreceptor cell layer (Lim et al., 2012). Retinal progenitor cells (RPCs),
which have been discovered in adult mammalian eyes and even successfully extracted from the
human retina, have the potential for self-renewal and differentiation toward retinal neuronal and
glial lineages (Tropepe et al., 2000; Coles et al., 2004; Xia et al., 2012). However, the limited ability of
RPCs to proliferate and differentiate toward retinal neurons hinders their future clinical application
(Gu et al., 2007). Hence, finding a method to ameliorate the existing problems of RPCs proliferation
and differentiation has become a matter of urgency.

MicroRNAs play essential roles in many biological processes, such as metabolism, development,
proliferation, apoptosis, and stem cell differentiation (Krol et al., 2010). Based on current studies, a
few microRNAs have been identified that can regulate RPCs proliferation and differentiation. For
instance, miR-17 and miR-29a can reduce RPCs proliferation and promote differentiation (Zhang
et al., 2017; Sun et al., 2020). Moreover, miR-762 can promote RPCs proliferation and inhibit
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differentiation (Gao et al., 2020). However, the role microRNAs
play in RPCs fate is not thoroughly understood.

In our study, we demonstrated that miR-381-3p, the expression
of which obviously increased with the process of RPCs
differentiation, could regulate not only RPCs differentiation but
also proliferation. TargetScan (http://www.targetscan.org) and
miRDB (http://mirdb.org) were used to predict that Hes1 was a
potential target of miR-381-3p. We sought to demonstrate that
Hes1 is the direct target gene of miR-381-3p by a luciferase assay.
Furthermore, we investigated the effect of Hes1 on RPCs fate. In
general, our data explained that miR-381-3p inhibited RPCs
proliferation and promoted RPCs differentiation, especially
toward neuronal cells, by directly targeting Hes1. This study
provided a new perspective and a better understanding of
microRNA determination in RPCs fate.

MATERIALS AND METHODS

Isolation, Culture and Differentiation of
Retinal Progenitor Cells
RPCs were isolated from fresh retinal tissue of GFP transgenic
postnatal Day 1 C57BL/6 mice. The assays were performed as
previously described (Tang et al., 2019). In brief, retinal tissue was
extracted under a type microscope after the eyeball was removed.
Then we digested the tissue with TrypLE Express enzyme (Gibco)
diluted five times and then centrifuged it. The cells were seeded in
T25 flasks and cultured with proliferation medium containing
advanced Dulbecco’s modified Eagle’s medium (DMEM)/F12
(Invitrogen, Carlsbad, CA, United States), 20 ng/ml
recombinant epidermal growth factor (EGF, Invitrogen), 1%
N2 neural supplement (Invitrogen), 2 mM L-glutamine
(Invitrogen) and 100 U/mL penicillin-streptomycin. In
differentiation studies, cells were cultured in differentiation
medium containing 10% fetal bovine serum (FBS) (Invitrogen)
without EGF. RPCs from third passage to fifth passage were used
in this study. RPCs were cultured for 3 days in proliferation
medium and for 7 days in differentiation medium.

All animals were treated according to the ARVO animal usage
standards, and experimental protocols were approved by the
Ethics Committee of the Ninth People’s Hospital affiliated
with Shanghai Jiao Tong University School of Medicine.

miRNA, siRNA Construction
miR-381-3p oligonucleotides (miR-381-3p mimics, miR-381-3p
inhibitors and negative control) and small interfering RNAs (si-
Hes1) were synthesized chemically by Zuorun Biotech Co., Ltd.
(Shanghai, China). The oligonucleotides sequences of miR-381-
3p mimics were: 5′-UAUACAAGGGCAAGCUCUCUGU-3′, of
miR-381-3p inhibitors were: 5′-ACAGAGAGCUUGCCCUUG
UAUA-3′, of miR-381-3p negative control were: 5′-UUUGUA
CUACACAAAAGUACUG-3’. The oligonucleotide sequences of
si-Hes1 were: 5′-CCGGCAUUCCAAGCUAGAGAATT-3′.

Transfection
RPCs were cultured with differentiation medium in 6-well plates
for 12 h before transient transfection. A final concentration of

50 nM in Opti-MEM (Invitrogen) containing miR-381-3p
mimics, miR-381-3p inhibitors, negative control and si-Hes1
was mixed with Lipofectamine 2000 (Invitrogen) in serum-free
medium and incubated at room temperature for 20 min. Then,
the cells were transfected for 6 h at 70% confluence. After
transfection, the medium was renewed with fresh proliferation
or differentiation medium. RPCs were repeatedly transfected
every 3 days in differentiation culture conditions.

Isolation, Quantification of Total RNA and
Test of RNA Integrity
Total RNA was isolated from the cultured cells using Trizol
reagent (TaKaRa, Japan) according to previously reported study
(Tang et al., 2021a). The concentration and purity of total RNA
were tested by spectrophotometry at optical density (OD) 260
and 280 nm. RNA samples whose OD260/280 ratio was between
1.9 and 2.1 were selected for cDNA synthesis. Moreover, we tested
the integrity of the RNA by Eukaryote total RNA Nano assay on
Agilent Bioanalyzer.

Reverse Transcription and Quantitative
Polymerase Chain Reaction
One thousand nanograms of total RNA was transcribed reversely
into cDNA using the PrimeScript RT reagent kit protocol (Perfect
Real Time; TaKaRa), and finally, a 20 μL reaction volume was
synthesized (Tang et al., 2021b). cDNA was obtained using a
miRcute miRNA first-strand cDNA synthesis kit (Tiangen
Biotech Co., Ltd.). qPCR was performed to detect the
expression of mRNA in a 10 μL final reaction volume
including Power SYBR Green PCR Master Mix (Applied
Biosystems). MicroRNA qPCR was conducted with 2*miRcute
miRNA premix (Tiangen Biotech Co.). The relative mRNA or
miRNA expression levels are expressed as the fold change relative
to the controls after normalizing the expression of the reference
gene (β-actin or U6). These primer sequences are listed in
Supplementary Table S1.

Western Blot Analysis
The protein was extracted after 3 days under proliferation culture,
and extracted after 7 days under differentiation culture. RIPA
(pH 7.4, 50 mM Tris–HCl, 150 mM NaCl, 1 mM EDTA, 1 mM
Na3VO4, 1% Triton X-100, 0.1% SDS, 5 mM PMSF) was used to
extract total proteins on ice. Then the concentration of total
proteins was detected by BCA protein kit (Thermo Scientific,
United States). Proteins were separated by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) and
transferred to PVDF membranes (Millipore, Billerica, MA,
United States). The membranes were blocked with 5%BSA for
1 h, and then incubated with the following primary antibodies,
respectively: mouse anti-β-actin (Proteintech; 1:5,000), rabbit
monoclonal anti-Hes1 (ABclonal; 1:1,000), rabbit polyclonal
anti-β3-tubulin (Abcam; 1:1,000), rabbit polyclonal anti-PKC-α
(Proteintech; 1:1,000) at 4°C for 8 h. After adding the respective
secondary antibodies to the membranes, protein expression was
visualized by an ECL Plus Western Blot Detection Kit (Tanton).

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 8532152

Wang et al. miR-381-3p Regulate RPCs Fate

http://www.targetscan.org
http://mirdb.org
https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


EdU Assays
EdU assay was used to assess cell proliferation using an in vitro EdU
Kit (RiboBio, China), following the manufacturer protocol. In brief,
the assay was performed in 24-well format, with EdU reagent being
added to proliferating cells transfected with miR-381-3p mimics,
inhibitors, or control for 8 h. Then RPCs were fixed with 4%
paraformaldehyde (PFA) for 30min at room temperature and
stained with Apollo Dye Solution. Then, nuclei acids were
incubated with Hoechst 33,342 for 30 min. The cells were
observed by fluorescence microscopy (Olympus BX51, Japan).

Immunocytochemistry Analysis
Immunocytochemistry analysis was conducted to evaluate the
differentiation ability of RPCs that were plated on glass coverslips
(VWR, West Chester, PA, United States) in 24-well plates with
differentiation medium. At the right time after RPCs were
transfected with miR-381-3p mimics, miR-381-3p inhibitors, or
si-Hes1, RPCs were fixed by using 4% PFA (Sigma–Aldrich) for
1 h at room temperature. Then, RPCs were blocked with PBS
containing 10% goat serum (Gibco) and permeabilized with 0.3%
Triton X-100 (Sigma–Aldrich) for 1 h. Subsequently, RPCs were
incubated for 8 h at 4°C with rabbit polyclonal anti-β3-tubulin
(Abcam; 1:200) and rabbit polyclonal anti-PKC-α (Proteintech; 1:
200) antibodies. Afterward, the cells were incubated for 1 h at room
temperature with fluorescently labeled anti-rabbit antibodies (BD
Biosciences, 1:800). Hoechst (Invitrogen) was used to stain the cell
nucleus. The images of immunoreactive RPCs were filmed by
fluorescence microscopy (Olympus BX51, Japan).

Luciferase Assay
The procedures of luciferase assay were conducted as described
above (Wang et al., 2018). In brief, the Hes1 3′UTR fragments,
including putative miR-381-3p binding sites (positions 183–190),
were inserted into luciferase reporter sequences. Then, luciferase
reporter vectors were cotransfected into HEK293 cells with miR-
381-3p mimics or miR-NC. After 48 h, the luciferase activity of cells
was detected by a Dual Luciferase Reporter Assay System (Zuorun
Biotech Co., Ltd., China) according to the manufacturer’s protocol.

Statistical Analysis
All data are shown as the mean ± standard deviation (SD). Each
experiment was performed at least three times, unless otherwise
specified. Statistical significance was analyzed by Student’s t-tests or
one-way ANOVA using GraphPad Prism 7.0 software. Differences
were considered statistically significant when p < 0.05.

RESULTS

Endogenous Expression Levels of
miR-381-3p and Hes1 in the Process of
Retinal Progenitor Cells Differentiation
Previous studies suggested that miR-381 had a great effect on cell
growth, migration or apoptosis (Jin et al., 2020; Yang et al., 2020;
Fang et al., 2021). To determine the role that miR-381 plays in RPCs,
we first evaluated the endogenous expression levels of miR-381-3p

during RPCs differentiation. qPCR analysis showed thatmiR-381-3p
expression increased dramatically with the process of RPCs
differentiation, which finally reached approximately 200-fold at
the seventh day compared to the expression at the beginning
(Figure 1A). In contrast, the expression of Hes1, which is a
potential target gene of miR-381-3p according to the prediction
of both TargetScan and miRDB, decreased gradually with the RPCs
differentiation process. The expression of Hes1 mRNA at day 7 was
reduced by approximately 0.5-fold compared to that at day 0
(Figures 1B,C). These data implied that miR-381-3p and Hes1
had an underlying negative correlation during RPCs differentiation
and that both of them could regulate RPCs fate.

miR-381-3p Inhibits Retinal Progenitor Cells
Proliferation and Promotes Retinal
Progenitor Cells Differentiation
To investigate whether miR-381-3p had an effect on RPCs
proliferation and differentiation, RPCs were transfected with miR-
381-3p mimics or inhibitors and then cultured in proliferation or
differentiation medium. miR-381-3p expression in the pre-miR-381-
3p group was increased nearly 150-fold, while that in the anti-miR-
381-3p group was decreased nearly 0.002-fold compared to that in
the controls, thus showing great transfection efficiency (Figure 2A).
We next evaluated the proliferation ability of RPCs by qPCR. As
shown in Figure 2B, Ki-67 (proliferative marker) expression was
reduced in the miR-381-3p mimic group but increased in the
inhibitor group. EdU assays also showed that miR-381-3p mimics
attenuated proliferation in cells while miR-381-3p inhibitors
significantly promoted proliferation (Supplementary Figure S1).

To investigate the effect of miR-381-3p on RPCs
differentiation, qPCR, western blot and immunocytochemistry
experiments were carried out. The gene expression of retinal
neuronal cell markers, including rhodopsin (photoreceptor
marker), PKC-α (bipolar neuron marker), β3-tubulin
(panneuronal marker) and Brn-3a (marker of ganglion cells),
increased by approximately 2-fold, while the expression of glial
cell marker (GFAP) increased by approximately 1.3-fold in pre-
miR-381-3p treated RPCs compared to the controls. Moreover,
the expression of these markers in anti-miR-381-3p-treated RPCs
was downregulated (Figure 2C). In addition, western blot
analysis revealed that pre-miR-381-3p could significantly
increase the protein levels of PKC-α and β3-tubulin. In
contrast, the miR-381-3p inhibitors had the opposite effect on
these neuronal cell markers (Figures 2D,E). The
immunocytochemistry results were consistent with the western
blot results (Figure 2F). Taken together, these results suggested
that miR-381-3p obviously promotes RPCs differentiation
toward retinal nerve cells, especially neuronal cells.

Knockdown of Endogenous Hes1 Promotes
Retinal Progenitor Cells Differentiation and
Inhibits Retinal Progenitor Cells
Proliferation
Based on the gradual reduction in the expression of endogenous
Hes1 in RPCs during the onset of differentiation (Figure 1B), we
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next sought to determine whether Hes1 plays a potential role in
RPCs fate. We transfected si-Hes1 into RPCs to knock down
endogenous Hes1 and examined the knockdown efficiency. The
qPCR and western blot analyses revealed a dramatic reduction in
the mRNA and protein expression levels of Hes1 in RPCs treated
with si-Hes1 compared to controls (Figures 3A–C). After
culturing RPCs in proliferation medium for 3 days, the gene
expression of Ki-67 was markedly decreased in the si-Hes1
groups (Figure 3D), which indicated that repression of Hes1
inhibited RPCs proliferation.

Next, we investigated the effect of Hes1 on RPCs
differentiation. In RPCs treated with si-Hes1, there was a
significant increase in the expression of differentiation-
related markers, including rhodopsin, PKC-α, β3-tubulin
and GFAP, and the increase in the expression of retinal
neuronal markers was markedly higher than that in glial
cell markers (Figure 3E). This result illustrated that si-
Hes1 can enhance RPCs differentiation and make RPCs
tend to differentiate to retinal neuronal cells. To confirm
this result, we detected the expression of PKC-α and β3-
tubulin by western blot and immunostaining analyses. The
results were consistent with the qPCR results (Figures
3F–H). Above all, these results indicated that Hes1
negatively regulated RPCs differentiation and positively
regulated proliferation.

Hes1 Is a Functional Target Gene of
miR-381-3p in Retinal Progenitor Cells
As shown in Figure 1, miR-381-3p and Hes1 were negatively
correlated during RPCs differentiation. Moreover, both

TargetScan and miRDB predicted that miR-381-3p would
interact with Hes1. According to these findings, we
hypothesized that miR-381-3p targets Hes1 to affect RPCs
fate. To verify this hypothesis, we first assessed the mRNA and
protein levels of Hes1 in the pre-miR-381-3p and anti-miR-
381-3p groups. The expression of Hes1 mRNA was
downregulated in RPCs with miR-381-3p mimics and
upregulated in RPCs with inhibitors (Figure 4A).
Meanwhile, the protein levels of Hes1 were markedly
decreased in the pre-miR-381-3p groups and increased in
the anti-miR-381-3p groups compared to the controls
(Figures 4B,C). This phenomenon suggested that miR-381-
3p repressed the protein expression of Hes1 by interacting with
its mRNA.

To confirm that miR-381-3p directly binds to the Hes1 mRNA
3′UTR to posttranscriptionally repress Hes1 expression, a luciferase
assay was performed. Luciferase reporter vectors carrying the
sequences of the Hes1 3′UTR at positions 183–190, including
either the putative miR-381-3p binding site (called Hes1 3′UTR-
wt) or its mutant sequences (called Hes1 3′UTR-mu), were
constructed to verify the direct interaction (Figure 4D). The
relative luciferase activity was diminished by cotransfection of
miR-381-3p and Hes1 3′UTR-wt compared to other groups,
while cotransfection of miR-381-3p and Hes1 3′UTR-mu had
nearly no effect on luciferase activity (Figure 4E). Taken
together, miR-381-3p repressed the expression of Hes1 by
directly targeting the Hes1 3′UTR.

In summary, these results demonstrated that miR-381-
3p inhibited RPCs proliferation and promoted
differentiation by targeting Hes1 through direct binding
to its 3′UTR.

FIGURE 1 | Endogenous expression levels of miR-381-3p and Hes1 in the process of RPCs differentiation. (A,B) qPCR results showed that the expression of miR-
381-3p gradually increased while the expression of Hes1 gradually decreased during RPCs differentiation. (C) TargetScan and miRDB predicted the 3′UTR of Hes1 as a
potential target of miR-381-3p. Day 0, which represented the undifferentiated RPCs state, was used as a normalizer. Error bars represent the mean standard deviation
for n = 3 independent experiments. *p < 0.05, **p < 0.01 (one-way ANOVA).
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DISCUSSION

Currently, RPCs, embryonic stem cells (ESCs), induced pluripotent
stem cells (iPSCs) and mesenchymal stem cells (MSCs) are
research hotspots in retinal degeneration stem cell therapy.
However, ESCs present low efficiency of transformation and
ethical issues (Rivron et al., 2018); iPSC induced differentiation
depends on the virus and has potential tumorigenicity (Gao et al.,

2016); MSC transplantation has complications, etc. (Park et al.,
2017). Comparatively, RPCs do not present these problems, which
makes RPCs the preferred cell source for ophthalmic stem cell
therapy (Li et al., 2009; Zhou et al., 2015). However, RPCs present a
poor ability to proliferate and differentiate into retinal neurons, and
these problems must be resolved. Efficient methods have been
researched to address the abovementioned problems, such as
supplementation with factors, including ciliary neurotrophic

FIGURE 2 |miR-381-3p inhibits RPCs proliferation and promotes RPCs differentiation. (A) qPCR results showed that the expression of miR-381-3p wasmarkedly
increased by transfection with mimics and decreased by inhibitors treatment. (B) qPCR results showed that the expression of Ki-67 was reduced in RPCs transfected
with mimics and increased in RPCs transfected with inhibitors. (C) qPCR showed that the expression levels of differentiation-related markers, including rhodopsin, PKC-
α, β3-tubulin, Brn-3a and GFAP, were upregulated by mimics and downregulated by inhibitors. (D,E) Western blot results showed that the expression levels of
PKC-α and β3-tubulin were increased by transfection with mimics and reduced by transfection with inhibitors. (F) Immunocytochemistry assessment results were
consistent with the western blot results. Western blot bands were normalized to β-actin. Scale bars: 50 µm. Error bars represent the mean standard deviation for n = 3
independent experiments. *p < 0.05, **p < 0.01 (one-way ANOVA).
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factors, and the use of microRNAs and retinal tissue engineering
using hyaluronan (Tang et al., 2017). However, ciliary
neurotrophic factor treatment leads to serious peripheral side
effects (Pasquin et al., 2015), and retinal tissue engineering
using artificial materials requires testing for biocompatibility,
biotoxicity and mechanical properties. In comparison,
microRNAs represent excellent mimics for the biological
production of retinal cells and have no biotoxicity. Moreover,

the self-renewing properties of stem cells are regulated by
intracellular mechanisms, including differential gene expression
controlled at epigenetic, translational and posttranslational levels,
andmicroRNAs play important roles in regulating gene expression
and stem cell fate (Gangaraju and Lin, 2009). Hence, the
identification of microRNAs that can modulate the proliferation
and differentiation of RPCs obviously has a great impact on stem
cell therapy (Fan et al., 2016).

FIGURE 3 |Knockdown of endogenous Hes1 promotes RPCs differentiation and inhibits RPCs proliferation. (A–C) qPCR andwestern blot results showed that the
expression of Hes1 was significantly decreased by transfection with si-Hes1. (D) qPCR results showed that the expression of Ki-67 was inhibited by transfection with si-
Hes1. (E) According to the qPCR results, the expression levels of differentiation-related markers, including rhodopsin, PKC-α, β3-tubulin and GFAP, were markedly
upregulated in the si-Hes1-treated group. (F,G) Western blot results showed that the expression of PKC-α and β3-tubulin was increased in the si-Hes1 groups
compared to the controls. (H) Immunocytochemistry assessment results were consistent with the western blot results. Western blot bands were normalized to β-actin.
Scale bars: 50 µm. Error bars represent the mean standard deviation for n = 3 independent experiments. *p < 0.05, **p < 0.01 (one-way ANOVA or Student’s t-tests).
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miR-381 belongs to the miR-154 gene family and is
encoded on the 14q32.31 chromosomal region, where
microRNAs have been discovered to regulate
tumorigenicity (Rothschild et al., 2012). Indeed, miR-381
has been reported to suppress tumors by repressing cancer
cell proliferation in various cancer types, such as breast
cancer (Xue et al., 2017), pancreatic cancer (Qiao et al.,
2019), and cervical cancer (Liu et al., 2018). Furthermore,
previous studies demonstrated that miR-381 also had an
impact on biological function in noncancerous conditions.
For example, miR-381 favors the repair of nerve injury (Xue
et al., 2020). However, few studies on miR-381 have focused
on its impact in noncancerous conditions. Since retinal
tissue belongs to nervous tissue and the effect of miR-381
on RPCs fate has not been determined, we explored whether
miR-381 regulates the proliferation and differentiation of
RPCs. In this study, we found that miR-381-3p, the
expression of which increased obviously with the process
of RPCs differentiation, had a great impact on RPCs
proliferation and differentiation. Our data illustrated that
miR-381-3p especially increased the expression of these
differentiation-related markers including rhodopsin, PKC-
α, β3-tubulin and Brn-3a, and decreased the expression of
Ki-67, which indicated that miR-381-3p promoted RPCs

differentiation, especially toward neuronal cells, and
inhibited RPCs proliferation.

To determine the mechanism underlying the mediation of
RPCs proliferation and differentiation by miR-381-3p, we
predicted and validated the possible target genes of miR-381-
3p. According to the predictions of TargetScan and miRDB,
Hes1 was revealed to be a potential target of miR-381-3p.
Additionally, the expression of miRNA target gene should be
at high levels when miRNA expression is at a low level (Ni
et al., 2014). Our data showed a remarkable negative
correlation between miR-381-3p and Hes1 during RPCs
differentiation. Together with the data that demonstrated
that overexpression of miR-381-3p repressed the
expression of Hes1 at the mRNA and protein levels, we
hypothesized that Hes1 was the direct target gene of miR-
381-3p. Since microRNA binding sites in animal mRNA
occur at the 3′UTR (Carthew and Sontheimer, 2009), a
luciferase assay was conducted, and the data proved that
miR-381-3p modulates Hes1 expression by directly
targeting its 3′UTR.

Hes1, the transcriptional repressor Hairy Enhancer of Split 1,
is a member of the hairy-related basic helix-loop-helix (bHLH)
family (Kageyama et al., 2007). Hes1 is an evolutionarily
conserved target of Notch signaling which regulates

FIGURE 4 | Hes1 is a functional target gene of miR-381-3p in RPCs. (A–C) qPCR and western blot results showed that Hes1 expression was downregulated by
miR-381-3p mimics and upregulated by inhibitors. (D) Positions 183–190 of the 3′UTR of Hes1 mRNA or mutated 3′UTR sequences were designed and inserted into
the pGL3 control plasmids. (E) Luciferase assay showed that the relative luciferase activity was diminished by cotransfection of miR-381-3p and Hes1 3′UTR-wt
compared to the other groups, while cotransfection of miR-381-3p and Hes1 3′UTR-mu had nearly no effect on luciferase activity. Western blot bands were
normalized to β-actin. Error bars represent the mean standard deviation for n = 3 independent experiments. *p < 0.05, **p < 0.01 (one-way ANOVA).

Frontiers in Cell and Developmental Biology | www.frontiersin.org February 2022 | Volume 10 | Article 8532157

Wang et al. miR-381-3p Regulate RPCs Fate

https://www.frontiersin.org/journals/cell-and-developmental-biology
www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


neurogenesis timing and progenitor cell population dynamics in
the course of mouse retinal development (Jarriault et al., 1995). A
previous study found that all cells expressed Hes1 initially during
the development of the eye. Hes1 maintains proliferation while
blocking retinal ganglion cell and bipolar neuron formation
throughout retinal neurogenesis, indicating that Hes1 plays an
important role in retinal development (Bosze et al., 2020).
Consistent with previous studies, we found that knockdown of
Hes1 significantly regulated RPCs fate by promoting RPCs
differentiation to retinal neuronal cells and inhibiting
proliferation.

In summary, our study illustrated that miR-381-3p
regulated RPCs proliferation and differentiation by directly
targeting Hes1, thus providing a more comprehensive
understanding of the molecular mechanism underlying
RPCs fate and new inspiration for RPCs transplantation
treatment for retinal degeneration. Further studies on the
functions of miR-381-3p and Hes1 in vivo will attract much
interest in this field.
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