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Abstract: Several studies have indicated a relationship between melatonin and idiopathic scoliosis, including our
previous work which demonstrated that melatonin can inhibit osteoblast proliferation; however, the mechanism
remains unclear. Here, we utilized a MTT assay to show that melatonin significantly reduces osteoblast proliferation
in a concentration-and time-dependent manner. Through a combination of techniques, including real-time PCR,
MTT assays, immunofluorescence, and luciferase assays, we confirmed that melatonin-induced changes in phos-
phorylated cAMP response element-binding protein (CREB) reduced transcriptional activity in a melatonin receptor-
dependent manner. Surprisingly, treatment of osteoblasts with the mitogen-activated protein kinase/extracellular
signal-regulated kinase kinase (MEK) inhibitor PD98059 up-regulated other cascades upstream of CREB. We next
treated cells with PKA and Src inhibitors and observed that melatonin can also activate the protein kinase A (PKA)
and Src pathways. To examine whether Src is upstream from the cAMP-PKA pathway, we measured cAMP levels in
response to melatonin with and without a Src inhibitor (PP2) and found that PP2 had no additional effect. Therefore,
the transcription-dependent mechanisms involved in CREB phosphorylation, along with melatonin, activated Src via
a parallel signaling pathway that was separate from that of PKA. Finally, we transfected osteoblasts with lentiviral
CREB short hairpin (sh) RNAs and found a decrease in the expression of proliferating cell nuclear antigen (PCNA)
and osteoblast proliferation. These results suggest that CREB and PCNA are downstream targets of melatonin
signaling, and that the down-regulation of CREB, which is regulated via PKA and Src pathways, contributes to the
melatonin-induced inhibition of osteoblast proliferation.

Keywords: Melatonin, osteoblast proliferation, CRE-dependent gene transcription, ERK pathway, PKA pathway,
SRC pathway

Introduction melatonin (at concentrations greater than the
physiological secretion of melatonin in plasma)

Idiopathic scoliosis (IS), the most common form can prevent the development of experimental

of scoliosis, is characterized by a three-dimen-
sional spinal deformity accompanied by rota-
tion of the vertebrae. The pathogenesis of IS is
not yet fully understood [1, 2]; however, several
studies have indicated that melatonin may play
a role. Melatonin, a hormone produced by the
pineal gland, is entrained by the light/dark
cycle and performs important functions in the
biological regulation of circadian rhythms, anti-
oxidant protection, bone physiology, and aging
[3-6]. Interestingly, basic research studies have
found that excision of the pineal gland in dou-
ble-foot rats results in a spinal deformity simi-
lar to human IS, and intraperitoneal injection of

IS [7, 8]. However, an alternative study found
that intraperitoneal injections of melatonin, at
concentrations that were close to the physiolog-
ical levels of melatonin in the plasma, did not
prevent IS. Conversely, the results of clinical
studies have shown that low levels of melatonin
can prevent the progression of partial IS [9].
Taken together, we speculate that melatonin
may be associated with IS in a concentration-
specific manner: a hypothesis that has not yet
been fully investigated.

We have previously shown that melatonin has a
dual effect on osteoblast proliferation that is


http://www.ajtr.org

Melatonin effects osteoblast proliferation

dependent on concentration [10]. Specifically,
concentrations of melatonin ranging from 1 nM
to 100 uM promote osteoblast proliferation,
whereas higher concentrations (1 mM) can
induce G1 and G2/M phase arrest and inhibit
osteoblast proliferation. This dose-dependent
relationship between melatonin and osteo-
blasts could explain the differential effects of
melatonin observed in the experiments des-
cribed above, as certain concentrations of mel-
atonin may decrease osteoblast proliferation,
thereby restoring normal bone growth and pre-
venting the progression of deformity.

Melatonin exerts its actions primarily through
specific receptors, which has been described in
different tissues and species [11, 12].
Therefore, the regulation of osteoblast prolifer-
ation by melatonin could be related to changes
in the melatonin receptors. Three types of
mammalian melatonin receptors have been
identified so far: MT1, MT2, and MT3, although
the MT3 receptor is only expressed in birds and
rodents [13]. Melatonin receptors act primarily
through G-protein uncoupling, receptor down-
regulation, internalization, and phosphoryla-
tion, which could contribute to regulation of
melatonin receptors [14, 15].

The primary aim of this study is to explore the
mechanism underlying the inhibitory effect of
melatonin on osteoblast proliferation. Here, we
examine the dose-dependent relationship
between melatonin and osteoblast prolifera-
tion, and investigate the possibility that melato-
nin affects CRE-dependent gene transcription
via a regulation system composed of multiple
molecules. A better understanding of the regu-
lation of osteoblasts by melatonin could be
critical to the utilization of melatonin as a thera-
peutic option for IS, as improper melatonin
supplementation could fail to prevent the pro-
gression of IS deformity.

Materials and methods
Reagents and cell culture

Melatonin, chemical inhibitors (PD98059, H89,
PP2 and luzindole) and 3-(4,5-dimethyl-thiazol-
2-yl)-2,5-diphenyl-tetrazolium (MTT) were obta-
ined from Sigma (St. Louis, MO, USA), the TRIzol
Reagent and LipofectamineTM2000 Reagent
from Invitrogen (Carlsbad, CA, USA), the Re-
verse-Transcription Kit and SYBR Premix Ex
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Tag™ Il from TaKaRa (Dalian, China), the Cyclic
AMP EIA Kit from Cayman (Ann Arbor, Michigan,
USA), Luciferase Kit from Promega (Madison,
WI, USA) and Fluoroshield Mounting Medium
from Abcam Technology (Cambridge, US).

The primary antibodies for total-ERK1/2
(t-ERK1/2), phospho-ERK1/2 (p-ERK1/2), to-
tal-CREB (t-CREB), phospho-CREBser133 (p-
CREB), total-p90RSK (t-p90RSK), phospho-
pOORSK (p-p90RSK) and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) were
obtained from Cell Signaling Technology
(Danvers, MA, USA), the antibodies for PCNA
and phospho-Src (p-Src) from Abcam Te-
chnology (Cambridge, US), and the fluorescent
secondary antibodies from Cell Signaling
Technology.

The human fetal osteoblastic cell line hFOB
1.19, kindly provided by Dr. Mamayannan [16].
Subramaniam, was maintained in a 1:1 mixture
of Ham’s F-12 Medium/Dulbecco’s modified
Eagle’'s Medium without phenol red (Gibco, Life
Technologies, Carlsbad, USA), supplemented
with 10% fetal bovine serum (FBS) (HyClone,
Thermo, Fremont, USA), in a humidified 5% CO,
atmosphere at 37°C, and the medium was
changed every other day. The cells were utilized
in Passages 8-12 and plated at 10* cells/cm?
for 4, 24 or 48 h before treatment. Cells were
treated with melatonin, which was dissolved in
0.2% dimethyl sulfoxide (DMSO) or vehicle
(0.2% DMSO in culture medium only) media
containing 10% FBS.

Cell proliferation assay

A MTT proliferation assay was performed to
determine the effect of melatonin on osteo-
blast proliferation, and was performed as previ-
ously described [10]. Briefly, human osteoblast
cells (hFOB 1.19) were seeded onto 96-well
plates (6000 cells/well) for 24 h. The medium
was then replaced with 10% serum medium
containing different concentrations of melato-
nin (range: 1-4 mm) for O, 4, 24, or 48 h. To
investigate the signaling pathway, cells were
exposed to melatonin (2 mM) or one of the fol-
lowing inhibitors: the MEK inhibitor PD98059
(50 uM), the PKA inhibitor (H89; 50 uM), the
Src inhibitor PP2 (20 uM), the melatonin recep-
tor antagonist luzindole (10 uM), CREB-shRNA,
or lentivirus Ctrl-shRNA alone, or in combina-
tion. After treatment, culture media was ch-
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Table 1. Primer sequences used in real-time PCR experiments

phRL-TK as an internal control to

normalize the observed values

Gene Primer sequence Sequence  Product ’
GAPDH F CAGTCAGCCGCATCTTCTTT NM_002046 101 cultured in 24-well plates on the
basis of the instructions. After 24
R CGCCCAATACGACCAAATC h, cells were pretreated with mel-
MT1H F AGAGGGTGAAACCTGACCGCAAAC NM_005958 104 atonin (2 mM) or PD98059 (50
R AGGAGCCCAGCAAATGGCAAAA uM) alone, or in combination for
MTNR1B F GGTGCACACAAGACCAAGGA NM_005959 198 24 h, luciferase activity was mea-
R

GCAGTTACCAAGTTCCAGTCC

sured using a Dual Luciferase Kit,

anged for serum-free culture media. MTT dis-
solved in phosphate buffer saline (PBS) was
added to each well and then incubated for 4 h
at 37°C. After this interval, the serum-free cul-
ture media containing MTT was discarded, and
dimethyl sulfoxide was added to each well to
dissolve the precipitate. The optical densities
were measured at 490 nm spectral wavelen-
gth using a microplate reader (Thermo, Swi-
tzerland). Cell proliferation results are ex-
pressed as percentages. The absorbency mea-
sured from untreated cells was taken to be
100%.

Immunofluorescence

Cells were seeded in 24-well plates and either
treated with vehicle or melatonin (2 mM) for 24
h. Following incubation, the subconfluent cells
were rinsed three times with PBS, fixed for 15
min in 4% paraformaldehyde, permeated for 5
min with PBS/0.5% Triton X-100, and then
treated for 30 min in PBS/4% bovine serum
albumin (BSA) to block non-specific binding. All
of the above procedures were carried out at
room temperature, and cells were rinsed with
PBS between each step. Next, cells were incu-
bated overnight at 4°C with the p-CREB anti-
body, washed three times with PBS with Tween
20 and incubated for 1 h with a fluorescent sec-
ondary antibody. Finally, cells were washed in
PBS, mounted with a Fluoroshield Mounting
Medium, and visualized using a fluorescent
microscope (Olympus, Japan). All steps were
carried out in the darkroom, starting with the
addition of the fluorescent secondary anti-
body.

Luciferase assay

The pGL3-CRE, pGL3-luc and phRLTK were
purchased from Genechem (China), and using
the LipofectamineTM2000 reagent, cells tran-
siently cotransfected with pGL3-CRE-luc or with
pGL3 as the corresponding control, and with
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per manufacturer’s instructions.
Real-time RT-PCR

RNA extraction and reverse-transcriotion PCR
were performed as described previously [10].
Real-time PCR was performed on ABI Prism
7900HT Fast System (Applied Biosystems, Life
technologies, Foster, CA, USA) using SYBR
Premix Ex Tag™ Il. Real-time PCR data were cal-
culated using 222°t Method by the SDS 2.4 soft-
ware package (Applied Biosystems). The se-
quences of all primers can be found in Table 1,
and GAPDH was used as an endogenous con-
trol. Amplified products were resolved by elec-
trophoresis on 1.8% agarose gels in TAE buffer.
The products of the reaction were visualized by
ethidium bromide staining.

Immunoblotting

Whole-cell lysates were lysed in radioimmuno-
precipitation assay (RIPA) buffer on ice for 30
min, the protein fractions were centrifuged for
15 min at 4°C at 12000 g, and supernatants
containing total protein were harvested. Then,
the proteins were separated using 12% SDS-
PAGE gels and transferred onto polyvinylidene
fluoride (PVDF) membranes. The membranes
were blocked with 5% BSA for 2 h incubated
with the primary antibody (t-ERK1/2, p-ERK1/2,
t-CREB, p-CREB, t-p90RSK, p-p90RSK, PCNA,
p-Src and GAPDH overnight at 4°C. Following
incubation, a horseradish peroxidase-conjugat-
ed secondary antibody was applied for 2 h at
4°C, and blots were visualized with an enhanc-
ed chemiluminescence (ECL) system (UVP Inc.,
Upland, CA, USA). Protein levels were normal-
ized to the corresponding glyceraldehyde
3-phosphate dehydrogenase (GAPDH) band,
and the optical density was quantified using
Image J Software (NIH, Bethesda, MD, USA).

Infection with lentivirus

The CREB-shRNA lentiviral and ctrl-shRNA lenti-
viral were purchased from Genechem (China).
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Figure 1. Effects of melatonin on osteoblast prolifer-
ation. Melatonin inhibited osteoblast proliferation in
a concentration- and time-dependent manner, as de-
termined by MTT assay. Cells were treated with mela-
tonin at various concentrations (1, 2, 3, or 4 mM) or
vehicle for O, 4, 24 or 48 h. Results are displayed
as the percent absorbance at 490 nm relative to un-
treated cells at O h. Experiments were performed in
triplicate, and data are shown as the mean + S.E.M.
*P < 0.05 or **P < 0.01 compared with control cells.

Osteoblasts were infected with CREB-inducible
lentivirus particles (5-GTGGATAGTGTAACTGA-
TT-3") or negative control lentiviral particles
(5-TTCTCCGAACGTGTCACGT-3") at multiplicity
of infection (40) with ENi.S and 5 ug/ml
Polybrene to obtain stably transfected CREB-
shRNA and ctrl-shRNA cells. At 3 days after
transfection, cells were stimulated with or with-
out melatonin. The expression of p-CREB or
PCNA was examined by Western blot, and cell
proliferation was tested by MTT.

Quantification of CAMP levels

Cellular cAMP levels were quantified using
Cyclic AMP EIA Kit. Cells was seeded in 12-well
plates and cultured for 18-24 h at 37°C. Then
treated for 30 min with 2 mM melatonin and/or
20 uyM PP2. The cAMP quantitated according to
the manufacturer’s instructions.

Statistical analyses

All data are expressed as the mean + S.E.M.
Two-way analysis of variance (ANOVA) was per-
formed to analyze osteoblast proliferation.
Statistical analysis among groups was per-
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formed using one-way ANOVA with Tukey’s mul-
tiple comparison test for the analysis of CRE-
dependent gene transcription. All analysis was
performed by R 3.3.1 software. The level of
significance was set at P < 0.05. Results are
representative examples of three independent
experiments.

Results
Effects of melatonin on osteoblast proliferation

We first performed a MTT assay to analyze the
dose-dependent effects of melatonin on the
proliferation of hFOB 1.19 cells, which is a
homogeneous and rapidly proliferating normal
human mature osteoblastic cell line. As shown
in Figure 1, all examined concentrations of mel-
atonin (1, 2, 3, 4 mM) inhibited hFOB 1.19 pro-
liferation in a concentration- and time-depen-
dent manner, compared with untreated con-
trols. In addition, the results of the MTT assay
also showed that, At the 2 mM concentration,
this inhibition was most prominent. (One-way
ANOVA: 4 h, P<0.05;24 h,P<0.01;48 h,P <
0.01).

Effects of melatonin receptor on osteoblast
proliferation

Melatonin may act by binding to the MT1 and
MT2 receptors, which are both G-protein-
coupled, PTX-sensitive membrane receptors.
Given the known role of melatonin receptors in
cell proliferation, we examined whether melato-
nin inhibits osteoblast proliferation in a melato-
nin receptor-dependent manner. An examina-
tion via PCR revealed that both the MT1 (104
bp) and MT2 (198 bp) receptors were presentin
hFOB 1.19 cells, although the level of MT1 was
higher than that of MT2 (Figure 2A). To further
investigate whether melatonin inhibits prolifer-
ation through the melatonin receptors, a MTT
assay was performed in the presence of a mel-
atonin receptor antagonist (luzindole; 10 uM).
Results showed that luzindole could block the
inhibitory effect of melatonin on osteoblast pro-
liferation, suggesting that cell growth inhibition
is dependent on the melatonin receptors
(Figure 2B).

Effects of melatonin on CREB phosphorylation
and transcriptional activity

To examine a potential role of CREB in the inhib-
itory effects of melatonin, we analyzed the
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Figure 2. Effects of melatonin on cell proliferation are melatonin receptor-dependent. A: Total RNA was isolated from
hFOB 1.19 cells and subjected to real-time RT-PCR using specific primers as shown in Table 1. GAPDH was used as
an internal control. B: Osteoblast cells were pre-incubated with 10 uM of a melatonin receptor antagonist (luzindole)
for 2 h, then treated with 10 uM melatonin for 24 h. Cells receiving only melatonin treatment or only luzindole were
included for comparison. Cell proliferation was assessed with a MTT assay, and the results are displayed as the
percent absorbance at 490 nm relative to controls (untreated). All experiments were performed in triplicate, and the
data are shown as the mean + S.E.M. *P < 0.05 or **P < 0.01, compared to controls.

expression of p90 ribosomal S6 kinase
(p9ORSK) and CREB at 24 and 48 h with 2 mM
melatonin. As shown in Figure 3A, melatonin
inhibited the phosphorylation of p9QORSK and
CREB, as compared to controls (P < 0.01), with
stronger suppression observed at 48 h; how-
ever, neither total p9ORSK nor CREB levels
exhibited a marked change. Next, an immuno-
fluorescence assay was used to investigate
p-CREB expression and nuclear localization.
The results showed that the melatonin-treated
group had less fluorescent staining than con-
trols, especially with respect to nuclear local-
ization (Figure 3B). This suggests that melato-
nin might influence gene transcription via
p-CREB. Therefore, we used a cCAMP responsive
element (CRE)-luciferase assay to assess if
melatonin-induced p-CREB inhibition leads to
changes in CRE-dependent gene transcription,
after transfection with a CRE-luc plasmid. The
results of this assay showed that melatonin
reduces the activity of CRE-luciferase (P < 0.01)
and confirmed that melatonin can down-regu-
late CRE-dependent gene expression.

90

To test whether there is a specific effect of
MEK on CREB-induced transcription, cells were
treated with the MEK inhibitor PD98059.
Unexpectedly, treatment with both melatonin
and PD98059 did not cause an obvious inhibi-
tion of CREB-induced transcriptional activity
and was promoted simply with PD98059 (P <
0.05, Figure 3C). In addition, our results show-
ed that the level of CREB phosphorylation was
also elevated in the PD98059 group (P < 0.05,
Figure 3D).

Relationship between PKA and the ERK/
P90ORSK/CREB pathway

We speculated that PD98059 was up-regulat-
ing other cascades upstream from CREB
through a feedback mechanism. Many phos-
phorylation pathways relevant to melatonin can
affect CREB activity; therefore, CREB inhibition,
as observed in osteoblasts, could be the result
of cooperation between multiple upstream fac-
tors. Since PKA is known to phosphorylate
CREB at serine133, to examine the relationship
between PKA and the ERK1/2 pathway we uti-

Am J Transl Res 2018;10(1):86-100
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Figure 3. Effects of melatonin on CREB phosphorylation & transcriptional activity. A: The phosphorylation of pP9ORSK
and CREB were investigated by Western blotting following treatment with melatonin (2 mM; indicated by “+”) or ve-
hicle (indicated by “-”) for 24 or 48 h. Melatonin decreased the phosphorylated expression of pP9ORSK and CREB in
osteoblast cells. Protein levels were analyzed and normalized to the corresponding GAPDH band. Data are displayed
as the percent optical density relative to the respective controls. B: Osteoblast cells were treated with vehicle (a) or
melatonin (2 mM; b) and stained with a p-CREB antibody. Visualization of the immunofluorescence assay confirmed
that treatment with melatonin reduced fluorescent staining, especially nuclear localization. C: Osteoblasts were
transiently co-transfected with the luciferase reporter vector pGL3-CRE-luc or with pGL3, and with phRL-TK. After
24 h, cells were treated with melatonin (2 mM) or a MEK inhibitor (PD98059; 50 uM) alone, or in combination for
24 h. CRE-luciferase activity was measured by CRE-luciferase assay. Melatonin treatment reduced the activity of
the CRE-luciferase, whereas activity was elevated by PD98059 treatment. D: Osteoblasts were treated with mela-
tonin (2 mM; indicated by “+”) or PD98059 (50 uM; indicated by “+”) alone, or in combination. Protein levels were
analyzed by Western blotting and normalized to their respective GAPDH bands. Data are displayed as the percent
optical density relative to each protein’s untreated control. Treatment with PD98059 increased the level of CREB
phosphorylation. All experiments were performed in triplicate and data are shown as the mean + S.E.M. *P < 0.05
or **P < 0.01, compared to controls.
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Figure 5. Relationship between Src and the ERK/CREB Pathway. A: Osteoblasts were treated with melatonin (2
mM) for 24 or 48 h and the expression of phosphorylated Src was analyzed by Western blotting. Protein levels were
analyzed and normalized to the corresponding GAPDH band. Results are shown as the percent optical density rela-
tive to the respective control time point (24 or 48 h). Melatonin decreased the expression of phosphorylated Src in
osteoblast cells. Protein levels were normalized to the corresponding GAPDH band. B: Osteoblast cells were treated
with melatonin (2 mM; indicated by “+”) or the Src inhibitor PP2 (20 uM; indicated by “+”) alone, or in combination.
Expression levels of p-ERK and p-CREB were analyzed by Western blotting. Protein levels were analyzed and nor-
malized to the corresponding GAPDH band, and the results are shown as the percent optical density relative to the
respective control (untreated) for each protein. Expression levels of p-ERK and p-CREB were remarkably reduced
in the melatonin-treated group, and this effect was more pronounced in the melatonin + PP2 group. C: Osteoblast
cells were treated with melatonin (2 mM) and/or PP2 (20 uM) for 24 h. Cell proliferation was assessed with a MTT
assay, and the results are displayed as the percent absorbance at 490 nm relative to controls (untreated). All experi-
ments were performed in triplicate and data are shown as the mean + S.E.M. *P < 0.05 or **P < 0.01, compared
to controls.

Relationship between Src and the ERK/CREB
pathway
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To further investigate the regulation mecha-
nism occurring upstream of CREB, we explored
the Src protein. As shown in Figure 5A, we
found that melatonin inhibited the expression
of phosphorylated Src, compared with controls
(P < 0.05), although no significant change was
observed between 24 and 48 h. Next, we used
the Src inhibitor PP2 to examine the effect of
Src on p-ERK1/2 and p-CREB (Figure 5B). We
compared the effect of PP2 on melatonin-treat-
ed cells and untreated controls, and found that
the expression of phosphorylated ERK was
remarkably reduced in the melatonin group (P <
0.01), as was the basal p-ERK1/2 level. A simi-
lar result was observed in p-CREB expression
(P < 0.01). The results of a MTT assay showed
the same trends occurred for cell proliferation
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Figure 6. Relationship between cAMP-PKA and the
Src pathway. Osteoblasts were pre-treated with
melatonin (2 mM) and/or the Src inhibitor PP2 (20
uM) for 24 h. Levels of CAMP were then assessed by
ELISA, and data are presented as the percent opti-
cal density relative to controls (untreated). Melatonin
decreased cAMP, but treatment with PP2 had no ad-
ditional effects. Experiments were performed in trip-
licate, and data are shown as the mean + S.E.M. **P
< 0.01, compared to control cells.

lized a PKA inhibitor (H89). As shown in Figure
4A, cells pretreated with H89 and melatonin
had only a slight reduction in expression of the
p-ERK1/2/p-pQORSK/p-CREB pathway. In con-
trast, treatment with H89 alone induced an up-
regulation (P < 0.05), suggesting that PKA has
a significant inhibitory effect on the ERK1/2
cascade. Finally, we tested the effect of H89 on
cell proliferation using a MTT assay and
observed similar results (P < 0.05, Figure 4B).
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(Figure 5C). These observations indicate that
melatonin mediates a signal transduction cas-
cade involving Src, as a bridge that connects
upstream of the CREB pathway.

Relationship between cAMP-PKA and the Src
pathway

To further examine whether Src is upstream
from the cAMP-PKA pathway, we measured
cAMP levels in response to melatonin with and
without PP2. However, while melatonin de-
creased cAMP levels in osteoblasts, co-treat-
ment with PP2 had no further effect (Figure 6).

Effects of melatonin on the expression of
PCNA

Finally, we analyzed the expression of PCNA, a
CREB-related gene associated with prolifera-
tion. We performed a Western blot to determine
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Figure 7. Relationship between CREB and PCNA expression and cell proliferation. A: Osteoblasts were treated with
melatonin (2 mM; indicated by “+”) or vehicle for 24 or 48 h. The expression of proliferating cell nuclear antigen
(PCNA) was assessed by Western blotting. Protein levels were normalized to the respective GAPDH band, and data
are displayed as the percent optical density relative to the corresponding control (24 or 48 h). The analysis revealed
that cells treated with melatonin exhibited weaker PCNA expression. B: Osteoblasts were treated with melatonin (2
mM; indicated by “+”) or vehicle and transfected with either lentiviral CREB shRNA or a control shRNA. The expres-
sion levels of p-CREB and PCNA were assessed by Western blotting. Protein levels were analyzed and normalized
to the corresponding GAPDH band, and the results are shown as the percent optical density relative to the respec-
tive control (untreated) for each protein. Transfection with lentiviral CREB shRNAs decreased the expression of
PCNA, and this effect was more pronounced by treatment with melatonin. C: Osteoblast cells were pre-treated with
melatonin (2 mM) and transfected with either lentiviral CREB shRNA or a control shRNA. Cell proliferation was as-
sessed with a MTT assay, and the results are displayed as the percent absorbance at 490 nm relative to controls
(untreated). All experiments were performed in triplicate and data are shown as the mean + S.E.M. *P < 0.05 or

**P < 0.01, compared to controls.

the effect of CREB on PCNA at the protein level.
Our analysis revealed that cells treated with
melatonin exhibited reduced PCNA expression
compared to controls (P < 0.01) and that no sig-
nificant change was observed between 24 and
48 h (Figure 7A). To further understand the
relationship between CREB, PCNA and cell pro-
liferation in osteoblasts, cells were transfected
with lentiviral CREB shRNAs to knock down
CREB expression. Our results showed that cells
transfected with lentiviral CREB shRNAs had
decreased expression of PCNA and osteoblast
proliferation, and in cells that received melato-
nin in addition to CREB shRNAs the effect was
more pronounced (P < 0.01, Figure 7B and 7C).

Discussion

Discerning the pathogenesis of IS, along with
developing effective preventions and therapeu-
tics, remains a challenge for orthopedic experts
[17-19]. Pharmaceutical treatments for IS may
serve an auxiliary role alongside surgical
options in the future. Here, we investigated the
mechanism by which melatonin exerts inhibito-
ry effects on osteoblast proliferation. Multiple
studies have previously shown that melatonin
levels are closely associated with IS [20, 21],
whereas studies investigating the effect of mel-
atonin on osteoblasts are limited. In a prior
study, we confirmed that melatonin exerts a
dose-dependent effect on osteoblast prolifera-
tion [10]. In this work, we found that this inhibi-
tory effect is most pronounced at a concentra-
tion of 2 mM. Accordingly, we conducted the
following experiments utilizing 2 mM of melato-
nin. A growing number of studies have demon-
strated that IS patients may have abnormalities
in the melatonin pathway [22-24]. Recently,
Moreau and colleagues found that abnormali-
ties in melatonin signaling were 100% found in
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osteoblasts isolated from a group of IS pati-
ents undergoing surgical treatment [25]. In
our study, we identified CREB and PCNA as
novel downstream targets of melatonin signal-
ing, and demonstrated that melatonin-induced
changes in phosphorylated CREB can reduce
transcriptional activity in a melatonin receptor-
dependent manner. In addition, we confirmed
that melatonin exerts its inhibitory effect on
osteoblast proliferation through both the Src
and PKA pathways, thereby inducing transcrip-
tion-dependent mechanisms involved in down-
regulation of CREB phosphorylation and PCNA
expression. These findings suggest a possible
clinical application for melatonin in the preven-
tion and reversal of IS progression.

Melatonin membrane receptors have been
reported to be widely expressed in a number of
different tissues. A recent study found that mel-
atonin protects cardiac progenitor cells against
premature senescence in a melatonin mem-
brane receptor-dependent manner [26]. How-
ever, in human leukemia cells, it has been
reported that melatonin induces apoptosis
through a pathway independent of melatonin
membrane receptor activation [27]. These data
confirm that melatonin can exert its biological
functions through both melatonin membrane
receptor-dependent and independent mecha-
nisms. In the present study, we demonstrated
that both MT1 and MT2 are present in hFOB
1.19 cells, and that the non-selective MT recep-
tor antagonist luzindole can block the effect of
melatonin on osteoblast proliferation. These
results indicate that melatonin promotes osteo-
blast proliferation via a melatonin membrane
receptor-dependent pathway.

Previous studies, using other cell types, have
reported that activation of the mitogen-activat-
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ed protein kinase (MAPK) pathway is associat-
ed with melatonin-mediated antiproliferative
effects [28]. The MAPK family mainly consists
of ERK, p38, and c-Jun N-terminal kinase (JNK).
Once activated, the resulting signaling casca-
de activates downstream response molecules
through phosphorylation, thereby regulating
gene expression, cell proliferation, and differ-
entiation [29, 30]. We have previously demon-
strated that melatonin has an inhibitory effect
on osteoblast proliferation and that this is
potentially mediated via the ERK pathway [31,
32]. The kinase p90RSK is a main, proximal,
intracellular, downstream target of ERK;
p9OORSK is activated and phosphorylated by
ERK, which leads to the phosphorylation of
CREB or c-Fos following nuclear translocation
[33, 34]. Other studies have shown that CREB
expression is related to the transcriptional
activity of cyclin D1 [35], which may be involved
in the regulation of cell proliferation. To identify
the downstream effectors that mediate the
inhibitory actions of melatonin, we chose to
focus on the mechanisms described above,
particularly the expression of p9ORSK and
CREB.

Our data demonstrated that melatonin depre-
ssed the phosphorylation of p9ORSK and
CREB, as well as the nuclear localization of
CREB. CREB is an important nuclear transcrip-
tion factor that belongs to the CREB family, and
its roles in the regulation of transcriptional
functions, ranging from learning and memory
to cell proliferation and differentiation to neuro-
nal regeneration, have been emphasized [36].
Within the promoter regions of eukaryotic cells,
CREB binds to DNA sequences known as CRE.
CREB activation requires phosphorylation of
the Ser-133 region of the kinase inducible
domain (KID), which results in histone acetyla-
tion at the promoter sequence of CRE and fur-
ther promotes gene transcription [37]. To deter-
mine if the decline in CREB phosphorylation,
mediated by melatonin, leads to a change in
CRE-dependent gene transcription, we per-
formed a CRE-luciferase assay. Our results
showed that melatonin treatment reduced
CRE-luciferase activity, after transfection with a
CRE-luc plasmid. We also observed that mela-
tonin notably decreased the expression of CRE-
dependent genes and CREB transcriptional
activity in osteoblasts.
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To better understand the role of MEK/ERK in
CREB-induced transcriptional activity, we tre-
ated osteoblasts with the MEK inhibitor
PD98059. Since CREB is a downstream recep-
tor of ERK, we expected to observe an inhibi-
tion of CREB activationinresponse to PD98059.
However, not only did we find that PD98059 did
not block melatonin-mediated CREB phosphor-
ylation, but levels of both CREB phosphoryla-
tion and CREB transcriptional activity were
elevated. This suggests that PD98059 up-regu-
lates other cascades upstream from CREB, and
we therefore hypothesized that CREB activa-
tion is regulated by a complex process.

The cAMP content of bone tissue has been
implicated in orthopedic diseases through the
cAMP/PKA pathway [38]. CREB is the principal
mediator in response to increased cAMP pro-
duction, following phosphorylation by PKA, and
activation of G-protein-coupled melatonin
receptors could elevate levels of intracellular
cAMP. Since CREB is a common substrate in
the MEK/ERK and cAMP-PKA pathways, we
assumed that the physiological process con-
necting melatonin-induced activation to CREB
phosphorylation possibly involved the ERK and
PKA pathways. To examine this possibility, we
investigated the effect of cAMP-dependent pro-
tein kinase inhibitor H89 on CREB activation.
Our results showed that H89 activated CREB
phosphorylation, along with substantial in-
creases in p-ERK1/2 and p-p90RSK expres-
sion. This suggests that, following melatonin
treatment in osteoblasts, the PKA pathway
exerts an inhibitory effect on the ERK1/2 path-
way. It is also possible that a more extensive
relationship exists, as multiple levels of cross-
talk between the MEK/ERK1/2 pathway and
cAMP-PKA cascade have been described [39].
However, the effects observed in CREB cannot
be fully attributed to PKA, and the possibility
exists that other transduction cascades con-
tribute to the regulation of CREB expression.
Therefore, we investigated Src family kinases
(SFKs) as a potential alternative candidate
associated with melatonin’s effects.

The Src protein is upstream of the MAPK path-
way. Src regulates the activity of downstream
kinases such as Ras, c-Raf, or ERK and contrib-
utes to numerous biological effects [40]. In
addition, certain pathways can be phosphory-
lated by Src, leading to the activation of gene
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transcription [41]. Furthermore, Src activation
can promote the expression of the cyclin A, D3/
cyclin-dependent kinase (CDK) 4/6 complex,
accelerate cell cycle transitions, and cause cell
proliferation [42]. We previously demonstrated
that melatonin regulates cell prolif eration via
the regulation of cell cycle proteins [10], sug-
gesting a potential role for Src in the inhibition
of osteoblasts by melatonin. The results of this
study showed that melatonin reduces the
expression of phosphorylated Src protein. In
addition, treatment of osteoblasts with the Src
family kinase inhibitor PP2 further confirmed
that Src plays a role in this process upstream of
p-ERK/p-CREB. Taken together, we have shown
that cAMP-PKA and Src pathways are involved
in the melatonin-induced regulation of osteo-
blast proliferation. As PKA and ERK are down-
stream of cAMP, it is possible that Src is either
upstream of the cAMP pathway, or works in par-
allel. To test this, we measured cAMP levels in
response to melatonin, with and without PP2.
Our results showed that the Src inhibitor had no
effecton cAMP levels in osteoblasts in response
to melatonin, suggesting that activation of the
Src and cAMP-PKA pathways occurs in parallel,
rather than sequentially.

The results of our CRE-luciferase assay proved
that melatonin mediates CRE-dependent gene
transcription in osteoblasts. To investigate
potential CREB target genes associated with
proliferation, we focused on PCNA, which is a
CREB-related gene. In addition, PCNA is a CRE-
dependent gene that is expressed at high lev-
els particularly in the early G1 phase and is
indispensable for the initiation of cell prolifera-
tion. Different complexes formed by the inter-
actions between cyclin, CDK, and cyclin-depen-
dent kinase inhibitor (CKI) regulate transfor-
mations of the cell cycle during each phase,
while PCNA and CDK/cyclin compose an active
complex in the nucleus, regulating cell prolifer-
ation [43]. In this study, we used RNA interfer-
ence to investigate PCNA expression and found
that cells transfected with lentiviral CREB shR-
NAs had decreased PCNA expression and
osteoblast proliferation. Furthermore, co-treat-
ment with melatonin and CREB shRNAs
increased this effect, which confirmed that
PCNA expression and osteoblast proliferation
are dependent on CREB.

In summary, our results establish CREB and
PCNA as novel downstream targets of melato-
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nin signaling, and show that the down-regula-
tion of CREB is regulated via the PKA and Src
pathways, which contributes to the melatonin-
induced inhibition of osteoblast proliferation. In
addition, we show that melatonin activates Src
via a parallel signaling pathway, separate from
that of PKA. These results provide important
insight into the mechanisms underlying melato-
nin supplementation, and this knowledge could
be applied to using these supplements to pre-
vent IS progression. Our data provide evidence
for further research regarding the efficacious
treatment of IS with melatonin.
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