
Summary. Although melatonin has been shown to
exhibit a wide variety of biological functions, its effects
on promoting self-renewal in retinal stem cells remain
unknown. We found that melatonin can significantly
increase proliferation and enhance expression of a stem
cell marker, nestin, in retinal neural stem cells (NSCs)
via melatonin receptor 1 (MT1). The ERK pathway
inhibitor SCH772984 and TGF-β pathway inhibitor
SB431542 were used to study the melatonin-mediated
molecular mechanisms of cell proliferation in NSCs. The
results revealed a novel molecular mechanism of
melatonin promotion of self-renewal of NSCs in which a
chain reaction in the ERK and TGF-β/Smad pathways
promotes self-renewal and transcription of nestin. In
addition, dual-luciferase assays revealed that Smad4
directly regulated nestin transcription after melatonin
treatment in NSCs. These findings revealed novel
mechanisms through which the ERK pathway cooperates
with the Smad pathway to regulate self-renewal in NSCs
to enhance nestin expression.
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Introduction

Melatonin is a small neurohormone that is both lipid
and water soluble with diverse physiological functions.
It can scavenge hydroxyl and peroxyl radicals
(Melchiorri et al., 1995; Garcia et al., 2014; Zhang and
Zhang, 2014; Manchester et al., 2015), reduce
myocardial ischemia-reperfusion injury, regulate
circadian rhythms, and modulate visual, reproductive,
cerebrovascular, neuroendocrine, and neuroimmuno-
logical activity (Dubocovich, 2007; Hardeland, 2008;
Yang et al., 2014). The vertebrate retina is a well-
characterized central nervous system, consisting of the
outer retinal pigmented epithelium and the inner neural
retina, which are arranged in a laminar organization and
diaplay no evidence of regeneration in adults. Neural
stem cells (NSCs) have been found in a few places in
adult mammals, including the subventricular zone,
olfactory epithelium and retina, and they can self-renew
and differentiate into astrocytes, oligodendrocytes, and
neurons (Shi et al., 2010). NSCs from the retina are
defined as stem cells with the potential to self-renew and
produce all cell types of the nervous system following
differentiation, so they are an ideal biomaterial for
retinal regeneration. Nestin is initially identified as a
marker of pancreatic progenitor cells and neural stem
cells, and melatonin can influence functions of nestin-
positive pancreatic progenitor cells and neural stem
cells, such as proliferation and reprogramming in our
previous reports (Bai et al., 2016; Qi, 2016). However,
no evidence regarding the promotion of nestin
expression by melatonin in retina NSCs is available, and
the molecular mechanisms underlying this process are
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unclear. In this research, we measured the effects of
melatonin in increasing proliferation of retinal NSCs in
vitro, and demonstrated that melatonin increases the
proliferation of retinal NSCs via activation of the
ERK1/2 and TGF-β1/Smad pathway, and enhances
nestin transcription in retinal NSCs via Smad 4
transcriptional regulation. Finally, we suggest a potential
molecular mechanism of melatonin action that maintains
stemness of retinal NSCs and promotes its proliferation. 
Materials and methods

Ethics statement

This research was executed in strict accordance with
recommendations of the Institutional Animal Care and
Use Committee of Jining Medical University. The
protocol was approved by the Committee on the Ethics
of Animal Experiments of Jining Medical University
(License ID: 2017-JZ-003). Pregnant mice were
purchased from the Beijing Laboratory Animal Research
Center (Beijing, China).
Immunohistochemistry

Immunohistochemistry (IHC) was performed in
accordance with previous reports (Kushner et al., 2002).
Briefly, murine retina were obtained from eyes and fixed
in 4% paraformaldehyde (PFA) solution overnight, and
then the sample was embedded in paraffin. Five-
micrometer sections were cut from paraffin blocks and
rehydrated with xylene, followed by 95%, 70% and 50%
ethanol solution. Sections were microwaved in 0.01 M
sodium citrate for 20 min and permeabilized with 1%
Triton X-100 in PBS for 15 min at room temperature.
Primary antibodies against nestin (Abcam, Cambridge,
UK), MT1(Bioss, Beijing, China), and MT2 (Abcam,
Cambridge, UK) were used at dilutions of 1:100 to
incubate sections at 4°C overnight, and then sections
were incubated with FITC/Cy3-conjugated second
antibodies for 2 h at room temperature. 4’,6-diamidino-
2-phenylindole (DAPI) was used to label cell nuclear,
and confocal microscopy was used to obtained images
after counterstaining. 

Cultured NSCs were seeded in poly-L-Lysine coated
coverslips and incubated for 48 h, then fixed in PFA for
15 min, and were permeabilized with 0.2% Triton X-100
for 10 min. The cells were blocked with 4% BSA for 30
min and incubated at 4°C overnight in primary antibody
(against Musashi 1, 1:100, Abcam, Cambridge, UK).
And then the cells were incubated with FITC/Cy3-
conjugated second antibodies. DAPI was used to label
cell nuclear, and confocal microscopy was used to
obtained images after counterstaining.
Primary cultures of murine retinal NSCs in vitro

NSCs were isolated according to the procedure for
mammalian retinal stem cell isolation as described
previously, with some improvements (Das et al., 2006).

Retinal tissue was isolated from suckling mouse, rinsed
three times, and then transferred to a plate containing
Dulbecco’s Modified Eagle’s Medium/Ham’s F-12
(D/F12, Thermo Fisher, Waltham, MA). Plates were
cultivated into monoplast suspension after repetitive
mixing with a pipette and mechanical separation, and
cells were cultured in a 5% CO2 incubator at 37°C for 24
h. Then the cell suspension was transferred to untreated
T-25 tissue culture flasks, and the culture was continued
at 37°C, in 5% CO2. Epithelial and other cells were
attached to the bottom of the plates after a 24-h culture,
and NSCs were suspended in the culture medium (Sun et
al., 2006). Suspended single cells were plated at a
density of 1×104 cells/ml in untreated T-25 tissue culture
flasks and cultured in complete NSC medium (StemPro
NSC SFM, Thermo Fisher), which was half-refreshed
every 2 days. The complete NSC medium consisted of
D/F12 supplemented with 1% N2 supplement (Gibco,
Carlsbad, CA, USA), 20 ng/mL epidermal growth factor
(Peprotech, Rocky Hill, TX, USA), 20 ng/mL fibroblast
growth factor-basic (Peprotech, Rocky Hill, TX, USA)
and 2 μg/mL heparin (Gibco, Carlsbad, CA, USA). After
6 days, cultures were harvested, mechanically
dissociated, and replated under the same conditions.
After performing this procedure twice to eliminate short-
term dividing precursors, bulk cultures were generated
by passaging cells at higher density (104 cells/cm2)
every 6 days in the same growth medium.
Proliferation assay

To test the function of melatonin in retina NSCs,
cells were treated using different doses of melatonin
according to previous reports. Briefly, retinal NSCs were
seeded in 24-well culture plates as 1×104 cells/ml and
cultured for 8 days in complete medium at 37°C in 5%
CO2. The different dose of 0.01, 0.1, 1, 10, or 100 μM
melatonin were added into NSC cultures at day 0,
diameter of neurospheres per well were counted at the
end of 8-day proliferation culture period. Neurosphere
size was measured using a microscope graticule.
Meanwhile, Bromodeoxyuridine (BrdU) was used to
analyze retinal NSCs proliferation. BrdU can incorporate
into the newly synthesized DNA of replicating cells,
cells were treated with 10 µM BrdU (Sigma, Sigma-
Aldrich, St. Louis, MO, USA) for 24 h, and then fixed
for immunofluorescent antibody assays (Anti-BrdU
antibody, 1:50, Abcam, Cambridge, MA, USA), and the
BrdU-positive cells were counted and analyzed using
flow cytometry. Ki67 as a pan-proliferation marker for
NSCs, was also used to analyze retinal NSCs
proliferation. The Ki67 antibody (Abcam, Cambridge,
MA, USA) was incubated into melatonin-treated retinal
NSCs, and then Ki67-positive cells were counted and
analyzed using flow cytometry. 
RNA interference

Small interfering RNA (siRNA) of melatonin receptor
1 (MT1) and melatonin receptor 2 (MT2) were designed
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and synthesized, cloned into a lentiviral vector.
Recombinant lentiviral vector harbored siRNA targeting
the MT1 or MT2, as well as enhanced green fluorescence
protein (eGFP) as a marker to detect infection efficiency.
The recombinant lentivirus harvested from 293T cells had
a titer of 6×107 TU/mL. NSCs were infected with the
recombinant lentivirus, and positive cells were used for
subsequent studies (siMT1 and siMT2 cells). Western blot
analysis was used to measure protein expression of genes
targeted by siRNAs. siMT1: 5’ AAGAACTCGC-
TCTGCTACGTG 3’, scrambled: 5’ ACGUGACACG-
UUCGGAGAATT 3’, and siMT2: 5’ AAGCTGCGG-
AACGCAGGTAAT 3’, scrambled: 5’ UUCUCCGAAC-
GUGUCACGUTT 3’.
qPCR

Total RNA was isolated from cells using TRIzol
reagent (Invitrogen, USA). cDNA synthesis was carried
out with the High Capacity cDNA synthesis kit (Applied
Biosystems, USA) using 2 ng of total RNA as a
template. The sequence-specific reverse-transcription
PCR primers for MT1, MT2 and endogenous control
Gapdh were synthesized by Sangon (Shanghai, China).
Real-time PCR analysis was carried out using the
Applied Biosystems 7500 real-time PCR system, and
was performed in 20 μl mixture containing 10 μl SYBR
premix Ex Taq buffer, 0.4μl ROX Reference Dye,
0.8μM each of forward and reverse primers, 1μl
template cDNA and 7 μl ddH2O. The gene expression
cycle threshold (CT) values of mRNAs from each
sample were calculated by normalization to those of
internal control and relative values were plotted. Primers
of MT1, F: 5' GCTGACACTCATCGCCATCATG-
CCCAACCT 3', R: 5' GCAGAAGATGACAATAATC-
ATAGGCACGATGAAATGG 3'. Primers of MT2 , F: 5'
ACGCAGGTAATTTGTTTGTGGTGAGTCTGGC 3',
R: 5' GTAGCGGTTGATGGCAATGGCTGTGATGTT
3'. Primers of GAPDH F: 5' GAACGGGAAGCTCAC-
TGG3', R: 5' GCCTGCTTCACCACCTTCT 3'.
Site-directed mutagenesis

Site-directed mutagenesis was performed with a
PCR-based method using the Fast Site-Directed
Mutagenesis Kit (Tiangen, Beijing, China). Primers, F:
5' TCTTAGGGTGTTCTGGGCACACTGG 3', R: 5'
CCAGTGTGCCCAGAACACCCTAAGA 3' and F: 5'
GCTTTGATGTCCGTCGCGCTGCATG 3', R: 5'
CATGCAGCGCGACGGACATCAAAGC 3', which
contain appropriate base substitutions. PCR was carried
out with 1 μl template plasmid DNA, 0.5 μl Prime STAR
DNA polymerase, and 1 μl of the primer pairs in a final
volume of 50 μl. The products were digested with DpnI
at 37°C for 8 h and then transformed into competent E.
coli cells. The mutations were confirmed by sequencing.
Western blotting

Nestin, ERK1/2, p-ERK1/2, Smad 2, p-Smad2,

Smad3, p-Smad3 and Smad4 were purchased from
Abcam (Cambridge, UK), and used to detect protein
expression following treatment of melatonin or pathway
inhibitor. Protein concentrations within extracts were
measured using a BCA assay (Pierce, USA) and
equalized with extraction reagent. and 15 μg protein
lysates were subjected to SDS-PAGE, the
electrophoresed proteins were transferred to 0.2 μm
PVDF membranes (Millipore, USA), which were
blocked in 5% non-fat milk and incubated overnight at
4°C with diluted primary antibodies (nestin, 1:300;
ERK1/2, 1:500; p-ERK1/2, 1:800; Smad3, 1:500;
Smad2, 1:500; Smad4, 1:800; GAPDH, 1:10,000).
PVDF membranes were then incubated with horseradish
peroxidase-conjugated secondary antibody (1:2000).
After washing three times with PBST buffer, the ECL
Western Blotting Kit was used to visualize color
development on the membranes. GAPDH was used as an
internal control. 
Statistical analysis

In our research, all studies were performed in three
to five separate experiments, each performed in
triplicate. Data are expressed as the mean ± SD.
Differences between experimental groups were assessed
using the two-tailed t-test. Statistical significance was
defined as *, P<0.05 and **, P<0.01.
Data availability

The datasets generated during the current study are
available from the corresponding author on reasonable
request.
Results

Melatonin promotes cell proliferation in retinal NSCs

As shown in Fig. 1A, IHC was used to analyze the
expression of MT1, MT2, and nestin in murine retinal
tissue, and our results demonstrated that MT1, MT2, and
nestin were extensively localized in the stratum
nervosum retinae. Retinal NSCs derived from murine
were suspended in completed culture medium and tested
for cell proliferation after different doses of melatonin
treatment. Cultured retinal NSCs revealed neurosphere
structures in vitro, similar to neural stem cells derived
from central nervous system (Fig. 1B,C). Musashi 1, the
specific molecular marker for retinal neural stem cells,
were detected using immunofluorescence, and is shown
in Fig. 1C. To test cell proliferation, we supplemented
melatonin in the culture medium at 0.01, 0.1, 1, 10, or
100 μM respectively, retinal NSCs viability measured
via neurosphere diameter using a microscope graticule
indicated that proliferation stagnated after melatonin
treatment. Diameters measured from days 0 to 8
indicated that melatonin treatment improved retinal
NSCs viability in a dose-dependent manner compared
with untreated cells, and retina NSCs diameter
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dramatically increased after 10 μM and 100 μM
melatonin treatment but they were not significantly
different. Then, BrdU staining was used to confirm

retinal NSCs proliferation after melatonin treatment and
the results were in agreement with diameter
measurement (Fig. 1E,F).
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Fig. 1. Characterization of NSCs
derived from retinal tissue. 
A. Spatiotemporal distribution of NSCs
in retinal tissue. Immunofluorescent
staining of Nestin (red) and MT1 or
MT2 (green) in retinal tissue and
nuclear counterstaining with DAPI
(blue). MT1 or MT2 staining (FITC).
NSCs marker using Nestin staining
(Cy5.5). Merged image shows co-
localization of Nestin and MT1 or MT2
expression in retinal tissue. B and C.
Floating neural spheres generated from
retinal NSCs. B. retinal NSCs plated
onto flask after 0 hours. 
C. Neurosphere structures were formed
after cultured 8 days. 
D. Immunofluorescent analysis of
special markers in NSCs. Nuclei are
stained with DAPI (blue). E and F.
Melatonin increases viability of NSCs in
vitro. E. Curves of neurosphere
diameter in 0- to 8-day-cultured cells
after melatonin treatment. Floating
neurospheres were the primary
morphology of NSCs in vitro. Diameter
was measured with a microscope
graticule and diameter increased after
10 μM and 100 μM melatonin treatment
but they were not significantly different
(n=20). F. Proliferation of NSCs in 0- to
8-day-cultured NSCs after melatonin
treatment via BrdU labeling indicating
more proliferation with 10 and 100 μM,
in agreement with measurement of
neurosphere diameter. Therefore, 10
μM melatonin was selected to increase
proliferation of NSCs.  Scale bars: A,
100 μm; B, C, 50 μm.



Melatonin influences nestin expression in retinal NSCs

Nestin is speculated that when the cells are
differentiated, which can be subsequently down-
regulated and replaced by tissue specific intermediate
filament proteins, a theory confirmed in pancreatic
progenitor cells in previous research (Bai et al., 2018 ;
Soleimannejad et al., 2018). In this research, to test
whether the increased nestin expression in retinal NSCs
was due to melatonin treatment, 0.01, 0.1, 1, 10, or 100
μM melatonin were added in NSCs culture medium to
detect changes of nestin expression in retinal NSCs.
Results indicated that nestin expression levels increased
in a dose-dependent manner in melatonin-treated retinal

NSCs after melatonin treatment. Retinal NSCs incubated
with 10 μM and 100 μM melatonin had dramatically
increased expression level of nestin compared with the
other groups (0.01 μM, 0.1 μM and 1 μM, P<0.01), but
no significant changes in expression level occurred
between 10 μM and 100 μM (P>0.05, Fig. 2A). To
assess the role of melatonin receptor 1 (MT1) and
melatonin receptor 2 (MT2) in melatonin-treated NSCs
proliferation, small interfering RNAs (siRNA) for MT1
and MT2 were synthesized and detected effects in down-
regulated its targets using western blotting and qPCR,
the results demonstrated that MT1 or MT2 was
significantly impressed its expression level (Fig. 2B,C).
And then, our results indicated that MT1 is an important
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Fig. 2. Role of melatonin
receptors in melatonin-induced
nestin expression and NSC
proliferation. A. Nestin expression
was tested using western blotting
after NSCs were exposed to
various melatonin concentrations.
These results demonstrated that
nestin levels increased in a
concentration-dependent manner,
and that NSCs incubated with 10
μM melatonin had significantly
increased expression levels
compared with other groups. B, C
and D. Role of melatonin
receptors in nestin expression.
Melatonin receptors, which
included MT1 and MT2, belong to
the family of G-protein-coupled
receptors. For scanning biological
functions of MT1 and MT2,
siRNAs were used to knock down
MT1 or MT2 when NSCs were
exposed to 10 μM melatonin, and
protein levels were analyzed
using western blotting. B. Small
RNA knocks down MT1 and MT2
expression without melatonin
treatment. C. Relative expression
levels of MT1/2 during the
expression of small RNA, data
were normalized to control. D.
Role of MT1 and MT2 receptors
in nestin expression under 10 μM
melatonin treatment. The results
indicated that MT1 is an
important melatonin receptor for
the induction of nestin expression
in NSCs. Protein abundance was
analyzed using Image J tools and
normalized using endogenous
control. Full size WB images are
shown in Figure S1. E and F.
Role of melatonin receptors in
melatonin-induced NSC
proliferation. The results indicated
that MT1 is an important
melatonin receptor for cell
proliferation in NSCs.
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Fig. 3. Role of ERK pathway and TGF-β1/Smad pathway in 10 μM melatonin-induced nestin expression and NSC proliferation. A. activation of ERK
pathway and TGF-β1/Smad pathway in NSCs after melatonin treatment. The results revealed p-ERK1/2, p-Smad2, p-Smad3 and activated Smad4
were significantly increased after 10 μM melatonin treatment. B. Protein abundance of penal A was analyzed and normalized using Image J tools. C.
Role of ERK pathway and TGF-β1/Smad pathway in melatonin-induced nestin expression. D. Protein abundance of penal C was analyzed and
normalized using Image J tools. The western blotting revealed that melatonin activated the ERK pathway and TGF-β1/Smad pathway to promote nestin
expression, nestin expression levels were positively correlated with activation of the ERK and TGF-β1/Smad pathway, decreased when SB431542
or/and SCH772984 were exposed to melatonin-treated NSCs. E and F. Role of ERK pathway and TGF-β1/Smad pathway in 10μM melatonin-induced
NSC proliferation. The results indicated that ERK pathway and TGF-β1/Smad pathway play an important role for cell proliferation in NSCs.



receptor for the induction of nestin expression and
proliferation in melatonin-treated retinal NSCs (Fig. 2D-
F).
Role of ERK and TGF-β1/Smad pathways in melatonin-
treated retina NSCs proliferation

The ERK pathway plays an important role in cell
survival and proliferation, which can communicate a
molecular signal from surface receptor to cellular
nucleus, and the members include ERK1/2, MEK, JNK,
and P38. Previous research showed that ERK1/2 was
activated by phosphorylation after melatonin treatment,
and it has been found that melatonin can promote cell
proliferation via the ERK pathway (Bai et al., 2018). In
this research, the data indicated that melatonin
influences phosphorylation of ERK1/2 and promotes cell
proliferation. As shown in Fig. 3A, total expression level
and phosphorylation of ERK1/2 were dramatically up-
regulated after 10 μM melatonin treatment.

TGF-β signaling is involved in many cellular
processes, including differentiation, growth, apoptosis,
and other cellular functions, which need a ligand to bind
TGF-β receptors (type I and type II receptors). The
activation of the type I receptor is subsequently followed
by the phosphorylation of Smad2 and Smad3, and then
Smad4 translocated into the nucleus and regulated the
transcription of target genes. The TGF-β1/Smad
pathway plays an important role in cell proliferation, and
Smad2, Smad3, and Smad4 are essential components of

the intracellular TGF-β1/Smad pathway, and we found
that melatonin could increase total expression level of
Smad2, Smad3, and Smad4, promote the
phosphorylation of Smad2 and Smad3, and induce
Smad4 to enter the cell nucleus in 10 μM melatonin-
treated retinal NSCs.

To test the roles of the ERK1/2 and Smad pathways
in retinal NSCs proliferation, SB431542 (TGF-β/SMAD
pathway inhibitor) and SCH772984 (ERK pathway
inhibitor) were added into culture media of retinal NSCs
in combination with 10 μM melatonin. Our data
demonstrated that SB431542 or SCH772984 prevented
NSC proliferation under melatonin treatment. These
results indicated that melatonin promotes NSC
proliferation via the ERK and Smad pathways (Fig. 3).
Smad4 promotes transcription of nestin in retinal NSCs

To determine the mechanisms that cause elevated
levels of nestin in 10 μM melatonin-treated retinal
NSCs, we used ALGGEN-PROMO (version 8.3) and
JASPAR (version 7.0) tools to screen potential Smad4-
binding sites (S4BSs) in the promotor region of nestin.
PROMO is a classical bioinformatics tools for the
selection of putative transcription factor-binding sites in
promotor sequences of target genes using TRANSFAC
database. Transcription factor-binding sites defined in
the TRANSFAC database are used to construct specific
binding site weight matrices for transcription factor-
binding site prediction (Farre et al., 2003). JASPAR is an
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Fig. 4. Smad4 up-regulates expression of
nestin through transcriptional activation of its
promoter. A. Schematic of each Smad4
binding site (S4BSs) in promoter regions of
nestin. B. Experiments of the full-length
nestin promoter (WT) with different Smad4-
mutated sites. Co-transfected with pRL-SV40
into NSCs, 48 h later, cells were harvested
and lysed with passive lysis buffer.
Luciferase activity was measured by using a
dual luciferase reporter assay. The pRL-
SV40 vector was used as an internal control.
The results were expressed as relative
luciferase activity. Columns represent the
mean of three independent experiments, bar
represent s.e.



open-access database of curated, transcription factor
binding profiles stored as position frequency matrices
and transcription factor flexible models for transcription
factors across multiple species in six taxonomic groups
(Khan et al., 2018a,b). By combining these tools, we
found two putative Smad4-binding motifs within the
promotor region of nestin. Next, we constructed a
pGL3.0-nestin promoter vector for testing luciferase
activity when co-transfected with Smad4 in 293T cells.
We separately co-expressed the wild-type (WT)
promotor of nestin or its mutated (MUT) counterparts
together with an internal control vector in 293T cells
with Smad4 overexpression. Forced expression of
Smad4 induced activity of the WT but not the MUT
promoter of nestin compared with the control (Fig. 4).
These results clearly revealed that Smad4 could bind to
sequences of the nestin promoter to enhance its
transcription.
Discussion

Melatonin is an indolamine originally isolated from
pineal tissue, which has many important physiological
functions, including sleep-wake timing, blood pressure
regulation, seasonal reproduction and many other
regulated functions. Previous reports have revealed that
melatonin has multiple functions in the neuroimmuno-
endocrine system, and a wide extracellular and
intracellular distribution, indicating potentially broad
functions. Melatonin is also a well-known free radical
scavenger, with anti-apoptotic activity and antioxidant
(Lezoualc'h et al., 1996; Radogna et al., 2008; Hong et
al., 2010; Jou et al., 2010; Espino et al., 2013; Zhang and
Zhang, 2014; Manchester et al., 2015; Yang et al., 2015).
Previous studies have indicated that melatonin increases
the viability of neural stem cells and pancreatic
progenitor cells (Kong et al., 2008; Bai et al., 2018), and
our study confirms that melatonin can promote the
proliferation of retinal NSCs. Previous reports have
found that activation of melatonin signaling can
attenuate expression of anti-apoptotic genes. Nestin is a
structural protein to use a maker for NSCs, when the
NSCs are differentiated, which can be subsequently
down-regulated and replaced by tissue specific
intermediate filament proteins (Bai et al., 2018;
Soleimannejad et al., 2018). However, no reports
regarding melatonin promotion of nestin for maintaining
stemness in retinal NSCs are available.

Our research confirms that melatonin can increase
the proliferation of retinal NSCs, and given that it is a
well-known activator for the ERK pathway, western
blotting showed significant up-regulation of total protein
expression and phosphorylation levels of ERK1/2 in
melatonin-treated groups. The ERK1/2 acts in a
signaling cascade that regulates various cellular
processes such as proliferation, differentiation, and cell
cycle progression in response to a variety of extracellular
signals (Hayne et al., 2000; Johnson and Lapadat, 2002).
The ERK pathway plays an important role in melatonin’s

proliferative actions in neural cells (Kong et al., 2018),
induced pluripotent stem cells, and pancreatic beta cells
(Costes et al., 2015; Bai et al., 2016). ERK1/2
phosphorylation has been well demonstrated as
necessary for cell proliferation, and participates in G1
and G2/M phase of cell cycle (Chambard et al., 2007;
Meloche and Pouyssegur, 2007; Liu et al., 2016). Since
melatonin increased the phosphorylation of ERK1/2 and
expression level of total ERK1/2, we used SCH772984,
an inhibitor of the ERK pathway to inhibit
phosphorylation of ERK1/2, and found that it disrupted
the proliferative effect of melatonin in retinal NSCs.
These findings implied that phosphorylation of ERK1/2
plays an important role in the observed melatonin-
mediated retinal NSCs proliferation.

TGF-β1 is a polypeptide member of the
transforming growth factor beta superfamily of
cytokines, which performs many cellular functions,
including the control of cell growth, proliferation,
differentiation and apoptosis. Previous reports have
demonstrated that the TGF-β1 pathway acts through
Smad-dependent and -independent pathways (Attisano
and Wrana, 2002; Lu et al., 2010). Smad2 and Smad3
are activated by TGF-β type I receptor kinase, then enter
the cellular nucleus complex with a common co-Smad,
Smad4, to bind to promotor sequence of target genes and
regulate its transcription (Shi and Massague, 2003; Akel
et al., 2013). We used SB431542, an inhibitor of the
TGF-β1/Smad pathway to inhibit the activation of
Smads, and found that it disrupted the proliferative effect
of melatonin in retinal NSCs. These findings revealed
that Smads activation plays an important role in the
melatonin-mediated retinal NSCs proliferation. Smad4 is
a highly-conserved protein and acts as a mediator of
TGF-β signal transduction. Once it enters the cellular
nucleus, a complex of SMAD4 and two R-SMADS
binds to DNA and regulates the expression of target
genes. We demonstrated dramatic elevation of Smad4
expression in the nucleus of NSCs after melatonin
treatment in our study. Transcription factors are
sequence-specific DNA-binding proteins involved in the
transcriptional regulation of gene expression, which bind
to DNA through their DNA-binding domains to enhance
transcription. In this research, bioinformatics tools,
ALGGEN-PROMO (version 8.3) and JASPAR (version
7.0) were used to screen potential Smad4-binding sites
in the promotor region of nestin , (Farre et al., 2003,
Khan et al., 2018a,b) and bioinformatics analysis
showed that Smad4 bound to promoter sequences of
nestin. Dual-luciferase assays also revealed that Smad4
directly regulated nestin transcription.
Conclusion

In conclusion, melatonin promotes retinal NSCs
proliferation due at least in part to the activation of the
ERK and TGF-β1/Smad pathways. Melatonin activates
Smad4 to enter the nucleus to enhance the transcription
of nestin in retinal NSCs, and this may involve cascade
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pathways, including the TGF-β/Smad and ERK
pathways. These findings reveal a novel mechanisms
melatonin through which the ERK pathway
cooperatively interacts with the TGF-β/Smad pathway to
enhance nestin transcription in retina NSCs.
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