
J Pineal Res. 2020;68:e12618. wileyonlinelibrary.com/journal/jpi   |  1 of 14
https://doi.org/10.1111/jpi.12618

© 2019 John Wiley & Sons A/S . 
Published by John Wiley & Sons Ltd

1 |  INTRODUCTION

Melatonin, an endogenously produced indoleamine discov-
ered by Lerner and colleagues in 1958, is released by the 
vertebrate pineal gland during the daily period of darkness. 
It has multiple functions on many physiological processes, 

including modulation of circadian cycles, anti‐osteoporosis, 
anti‐aging, anti‐antioxidant, anti‐cancer, and anti‐inflamma-
tory.1-4 As currently known, the regulation of the multiple 
functions of melatonin in cells is mediated by binding to its 
receptors in the plasma membrane or on the mitochondria 
membrane; these receptors include melatonin receptor types 
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Abstract
Previous studies confirmed that melatonin regulates Runx2 expression but the mech-
anism is unclear. There is a direct interaction between Runx2 and the vitamin D 
receptor (VDR). Herein, we observed a direct interaction between melatonin and the 
VDR but not Runx2 using isothermal titration calorimetry. Furthermore, this direct 
binding was detected only in the C‐terminal ligand binding domain (LBD) of the 
VDR but not in the N‐terminal DNA‐binding domain (DBD) or the hinge region. 
Spectrophotometry indicated that melatonin and vitamin D3 (VD3) had similar up-
take rates, but melatonin's uptake was significantly inhibited by VD3 until the con-
centration of melatonin was obviously higher than that of VD3 in a preosteoblastic 
cell line MC3T3‐E1. GST pull‐down and yeast two‐hybrid assay showed that the in-
teractive smallest fragments were on the 319‐379 position of Runx2 and the N‐termi-
nus 110‐amino acid DBD of the VDR. Electrophoretic mobility shift assay (EMSA) 
demonstrated that Runx2 facilitated the affinity between the VDR and its specific 
DNA substrate, which was further documented by a fluorescent EMSA assay where 
Cy3 labeled Runx2 co‐localized with the VDR‐DNA complex. Another fluorescent 
EMSA assay confirmed that the binding of the VDR to Runx2 was significantly en-
hanced with an increasing concentrations of the VDR, especially in the presence of 
melatonin; it was further documented using a co‐immunoprecipitation assay that this 
direct interaction was markedly enhanced by melatonin treatment in the MC3T3‐E1 
cells. Thus, the VDR is a novel melatonin‐binding nuclear receptor, and melatonin 
indirectly regulates Runx2 when it directly binds to the LBD and the DBD of the 
VDR, respectively.
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1 (MT1 and MT2). Additionally, melatonin's antioxidant 
effects including its actions via MT3 (quinone reductase 2, 
NQO2) and its direct free radical scavenging actions have 
been described.3

Runt‐related transcription factor 2 (Runx2), a member of 
Runx family, is a DNA‐binding transcription factor which is 
essential for osteoblast development from mesenchymal stem 
cells (MSCs) and maturation into osteocytes; it also orga-
nizes crucial events during bone formation.5 In mutant Runx2 
mice, maturational arrest of osteoblasts blocks intramembra-
nous and endochondral ossification completely.6 The ex-
pression of Runx2 is essential for osteoblast differentiation, 
chondrocyte maturation and bone formation.7-9 Moreover, 
Runx2 gene expression is associated with age‐related changes 
in bone mineral density in the healthy young adult individu-
als.10 Also, Runx2 highly correlates with osteoporosis where 
it coordinates a number of cellular events to directly regulate 
bone formation and bone resorption.11,12 Thus, Runx2 has a 
positive action on bone, and up‐regulation of its expression 
by melatonin contributes to osteoblast differentiation and re-
duces osteoporosis. Although MT2 plays a specific role in 
osteoblast differentiation from human MSCs,13 Gao et al14 
reported that this effect of melatonin on Runx2 is not associ-
ated with MT1 and MT2 during chondrogenic differentiation 
of human MSCs. Furthermore, the precise regulatory mecha-
nisms of melatonin are unclear.

Vitamin D receptor (VDR), a member of the nuclear re-
ceptor family,15 is a transcription factor that plays important 
roles in calcium mobilization and bone formation.5 The VDR 
can specifically bind the promoter regions of certain critical 
genes related to osteoblast differentiation and maturation to 
regulate the transcription and expression of these genes.16 It 
is widely known that there is a functional relationship be-
tween Runx2 and the VDR.17,18 For instance, Runx2 accounts 
for 70% in the VDR‐binding site.19 There is a functional co-
operation between Runx2 and the VDR in the regulation of 
osteopontin transcription20 and Runx2‐mediated activation is 
further enhanced by cotransfection with the VDR.21 Silencing 
the VDR or Runx2 attenuates the procalcific effects of vita-
min D3 (VD3), and vascular calcification induced by high‐
dose VD3 is completely inhibited in the VDR knockout or 
Runx2 carboxy‐terminus truncated heterozygous mice.22 
Stephens and Morrison16 reported that Runx2 and the VDR 
combine to cooperatively regulate the expression of numer-
ous genes. Moreover, the VDR may increase the expression 
levels of Runx2 by positively regulating calcium levels in pri-
mary renal tubular epithelial cells.23

Runx2 also interacts with the VDR in the promoter re-
gion of target genes, which can trigger a synergic activation 
of their transcription. This interaction involves a domain lo-
cated in the C‐terminal of the runt homology DNA‐binding 
region of Runx2 and the N‐terminal end of the VDR.17,18 
Furthermore, Runx2 at 209‐361 position is sufficient to 

interact with the VDR.24 Runx2 co‐immunoprecipitates with 
the VDR protein present in nuclear extracts of rat osteo-
blasts, and their regulatory interaction is incorporated in the 
genetic program involved in the specification and differenti-
ation of osteoblasts.25 Recently, Prado et al26 demonstrated 
that melatonin also has a positive effect on the regulation of 
the VDR although its regulation is primarily by binding VD3 
to regulate serum calcium levels which indirectly influences 
bone formation and osteoblast differentiation. However, the 
interactive relationship between melatonin and the VDR has 
not been examined although they play essential roles in bone 
formation and bone resorption.

Herein, we demonstrate that melatonin indirectly reg-
ulates Runx2 when it directly binds to the ligand binding 
domain (LBD) and the DNA‐binding domain (DBD) of the 
VDR, respectively; this suggests that the VDR is a novel mel-
atonin‐binding receptor. Interestingly, melatonin and VD3 
have similar uptake rates, but melatonin's uptake is signifi-
cantly inhibited by VD3 until the concentration of melatonin 
is obviously higher than that of VD3 in a preosteoblastic 
cell line MC3T3‐E1. Runx2 facilitates the affinity between 
the VDR and its specific DNA substrate. Furthermore, this 
direct interaction between the VDR and Runx2 is markedly 
enhanced by melatonin treatment. Information garnered from 
this study could be helpful for further exploring the mecha-
nism of melatonin how to promote osteoblast differentiation 
and for identifying more melatonin receptors through homol-
ogous structure of the VDR's hormone receptor binding do-
main and the similar regulatory mechanisms.

2 |  MATERIAL AND METHODS

2.1 | Protein expression and purification
The Runxs and VDR clone cDNA fragments were obtained 
from human embryonic kidney (HEK 293) cells. Homo sa-
piens Runxs and VDR full length and fragment genes were 
cloned into a modified pET28b vector with a SUMO protein 
fused at the N‐terminus after the 6xHis tag. The proteins were 
expressed in Escherichia coli BL21 (DE3). After induction 
for 16 hours with 0.2 mmol/L IPTG at 16°C, the cells were 
harvested and resuspended in lysis buffer (50 mmol/L Tris‐
HCl pH 8.0, 500  mmol/L NaCl, 10% glycerol, 1  mmol/L 
PMSF, 2  mmol/L 2‐mercaptoethanol, and a home‐made 
protease inhibitor cocktail). The 100 × home‐made protease 
inhibitor cocktail included 100 mmol/L PMSF, 100 mg/mL 
benzamidine, 100  g/mL leupeptin, 100  g/mL aprotinin and 
100 g/mL pepstatin. After sonication and centrifugation, the 
supernatant was mixed with Ni‐NTA agarose beads (Qiagen) 
and rotated for 1 hours at 4°C. Then, Ulp1 protease was added 
at a molar ratio of 1:200 to remove the 6xHis and SUMO tag 
at the N‐terminus of the VDR proteins. The VDR proteins 
were collected after on‐beads Ulp1 digestion for 12 hours at 
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4°C and were further purified by gel‐filtration chromatogra-
phy on Hiload Superdex200 column (GE Healthcare) equili-
brated with buffer (25 mmol/L Tris‐HCl pH 8.0, 150 mmol/L 
NaCl). The purified proteins were concentrated to 10  mg/
mL and stored at − 80°C. The GST‐tagged VDR was cloned 
and purified from pGEX‐6p‐1 vector. After induction for 
16 hours with 0.2 mmol/L IPTG at 16°C, the cells were har-
vested and resuspended in lysis buffer (50 mmol/L Tris‐HCl 
pH 8.0, 400 mmol/L NaCl, 10% glycerol, 1 mmol/L PMSF, 
5 mmol/L DTT and the home‐made protease inhibitor cock-
tail). After sonication and centrifugation, the supernatant was 
mixed with glutathione‐sepharose 4B (GE) and rotated for 
2 hours at 4°C. After elution by 15 mmol/L GSH, the eluted 
proteins were further purified by gel‐filtration chromatogra-
phy on Hiload Superdex200 column (GE Healthcare) equili-
brated with buffer (25 mmol/L Tris‐HCl pH 8.0, 150 mmol/L 
NaCl). The fractions containing the proteins were collected 
and analyzed.

2.2 | Isothermal titration calorimetry (ITC)
The equilibrium dissociation constants of interactions were 
determined by using an ITC 200 calorimeter (MicroCal). 
Firstly, we dissolved melatonin (Sigma) in dimethyl sulfoxide 
(DMSO) solution at 50 mmol/L concentrations. Then, mela-
tonin solution was diluted to 1 mmol/L using the ITC buffer 
(25 mmol/L Tris pH8.0, 150 mmol/L NaCl). 0.5 mmol/L pu-
rified VDR protein stock was diluted to 0.1 mmol/L using 
the ITC buffer. Then, melatonin and VDR protein sample 
were put in 1000 mL ITC buffer to dialysis for 6 hours using 
3.5 kDa dialysis membrane cut off. Following dialysis, we 
used the melatonin to titrate the VDR. Every 90  seconds, 
2 μL melatonin solution at 1 mmol/L concentrations would 
be injected into 0.1  mmol/L VDR solution. The enthalp-
ies of binding between melatonin (1000‐1500 μmol/L) and 
Runx2 (100‐150  μmol/L) or the VDR (100‐150  μmol/L) 
were measured at 20°C in 20 mmol/L Tris‐HCl (pH 8.0) and 
150 mmol/L NaCl. Two independent experiments were per-
formed for every interaction described herein. The ITC data 
were subsequently analyzed and fitted with one binding site 
model using Origin 7 software (OriginLab) with blank injec-
tions of melatonin into buffer subtracted from the experimen-
tal titrations prior to data analysis.

2.3 | Cell culture and melatonin preparation
Mouse preosteoblastic cell line MC3T3‐E1 cells were cul-
tured in a Minimum Essential Medium α (Gibco; Thermo 
Fisher Scientific), supplemented with 10% fetal bovine serum 
(FBS) (HyClone; Thermo Fisher Scientific), in a humidified 
5% CO2 atmosphere at 37°C with the medium being changed 
every other day. The cells were utilized in passages 7‐11. 

Melatonin solution was prepared as follows: starting from a 
melatonin stock solution in 100% DMSO and serial dilutions 
with culture media in accordance with the tested doses were 
done. This ensured that culture media contain 0.2% DMSO at 
every concentration of melatonin or vehicle group.

2.4 | Spectrophotometry
VD3 and 1,25‐(OH)2‐vitamin D3 (1,25(OH)2VD3) were 
obtained from Sigma. The MC3T3‐E1 cells were seeded 
in 6‐well plates at a density of 4 × 105 cells per well under 
regular culturing conditions. After culturing 6  days, they 
were washed three times with PBS. Then, 1.5 mL samples 
diluted with PBS were added to each well. The cells were 
randomly divided into five groups: VD3 (VD3 at 5 μg/mL 
concentrations), melatonin (melatonin at 5  μg/mL concen-
trations), melatonin + VD3 (5 μg/mL) (melatonin at 5 μg/
mL concentrations plus VD3 at 5  μg/mL concentrations), 
melatonin + VD3 (0.2 μg/mL) (melatonin at 5 μg/mL con-
centrations plus VD3 at 0.2 μg/mL concentrations), and me-
latonin + 1,25(OH)2VD3 (0.2 μg/mL) (melatonin at 5 μg/mL 
concentrations plus 1,25(OH)2VD3 at 0.2 μg/mL concentra-
tions). After 4 hours incubation, 0.75 mL of the supernatant 
was taken out from each well and then centrifuged at 6000 g 
for 5 minutes. The concentration of VD3 or melatonin was 
determined by ultraviolet spectrophotometer under 352 nm 
or fluorescence spectrophotometer under Ex 227.96 nm and 
Em 352 nm, respectively.

2.5 | GST pull‐down assays
GST‐tagged VDR with different Runx2 fragments, and 10 μL 
glutathione‐sepharose 4B beads were suspended with 50 μL 
of binding buffer (25 mmol/L Tris, pH 8.0 and 100 mmol/L 
NaCl, 10% glycerol). 30 μg GST‐tagged VDR and 30 μg pu-
rified Runx2 proteins were added into the suspension beads 
and incubated at 4°C for 40 minutes. The beads were washed 
three times with 150  μL binding buffer. The bead‐bound 
proteins were eluted by 50 μL SDS‐PAGE sample loading 
buffer. The protein samples were analyzed with SDS‐PAGE, 
followed by immunoblotting and coomassie brilliant blue 
(CBB) gel staining.

2.6 | Yeast two‐hybrid (Y‐2‐H)
Yeast cell growth and manipulation were done accord-
ing to standard procedures.27 The yeast strain L40 (MATa 
his3Δ200 trp1‐901 leu2‐3112 ade2 LYS::(4lexAop‐HIS3) 
URA3::(8lexAop‐LacZ)GAL4) was used in this study. The 
yeast two‐hybrid assays were performed with two plasmids: 
pBTM116 (binding domain) and pACT2 (activation do-
main). The colonies containing both plasmids were selected 



4 of 14 |   FANG et Al.

on ‐Leu ‐Trp plates. Then, we used histidine and adenine ab-
sent media (‐His, ‐Ade) to screen the interaction.

2.7 | Electrophoretic mobility shift assay 
(EMSA)
The sequence of the DNA template used for the assay 
was 5′‐ATCTTAATTATATTATATAGG‐3′. Proteins 
of the VDR at 0‐320  nmol/L concentrations or the VDR 
plus Runx2 at 10 µmol/L concentrations in binding buffer 
(25 mmol/L Tris‐HCl, pH 8.0, 100 mmol/L NaCl, 2 mmol/L 
DTT, and 10% glycerol) were mixed with 25 nmol/L FAM‐
labeled dsDNA probe in a total volume of 15 µL. The re-
action mixtures were incubated at room temperature for 
30 minutes before being loaded onto a 6% nondenaturing 
polyacrylamide gel. The gels were then dried and visual-
ized on Bio‐Rad PharosFX Plus.

2.8 | Cy3 fluorescence labeling of 
Runx2310‐390

We used Cy3 fluorescence to label Runx2 310‐390 peptide 
(in principle, Cy3 labeling at cysteine amino acid). The fluo-
rescence tracks Runx peptide trace in the native gel. We took 
100  μL peptide at 200  μmol/L concentrations, then added 
10 μL Cy3 dye at 20 mmol/L concentrations (at a 1:10 molar 
ratio). This was mixed and put on ice for 30 minutes, then 
loaded the reaction solution on a 5 mL de‐salt column to re-
move the free dye, finally collected the first 600 μL sample 
from the column for research study.

2.9 | Co‐immunoprecipitation (co‐IP)
The MC3T3‐E1 cells were plated at 104 cells/cm2 for 
24  hours before treatment. Thereafter, they were treated 
with melatonin dissolved in 0.2% DMSO or vehicle (0.2% 
DMSO in culture medium only) media containing 10% FBS. 
After treatment with or without melatonin for 24  hours, 
the MC3T3‐E1 cell extracts were prepared by lysis buffer 
(10 mmol/L KCl, 1.5 mmol/L MgCl2, 10 mmol/L HEPES, 
150 mmol/L NaCl, 1% Triton X‐100, 1 mmol/L DTT) sup-
plemented with a complete protease inhibitor cocktail 
(Roche). After cells were broken by ultrasonic waves, the 
extracts were centrifuged at 12 000 g for 15 minutes at 4°C, 
and then, the supernatants containing total protein were har-
vested. Equal amounts of lysates were incubated with the 
Flag antibody for 3 hours at 4°C before adding protein A/G 
agarose (Santa Cruz Biotechnology) for another 2 hours. The 
immunoprecipitates were washed extensively three times 
with lysis buffer, boiled, and microcentrifuged. Then, the im-
munoprecipitates were subjected to immunoblot assays with 
monoclonal antibodies against Flag or Myc. To ensure the 
data validity and repeatability, the MC3T3‐E1 cells used in 
the experiments were from the same treated batch.

2.10 | Statistical analysis
Data were analyzed using SPSS 16.0 software. An independ-
ent‐samples t test or a one‐factor analysis of variance was 
used to evaluate the differences between groups with various 
treatments, and least significant difference (LSD) test was 

F I G U R E  1  Purification and characterization of the VDR and Runx2 proteins. A, The gel filtration (Hiload Superdex200) and SAD‐PAGE of 
the hVDR. B, The gel filtration (Hiload Superdex200) and SAD‐PAGE of hRunx2. C, The molecular size calculation by standard sample in Hiload 
Superdex200. At least three independent experiments were performed. Representative results were present
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used for post hoc subgroup analysis. All data were presented 
as mean ± SEM of at least three independent experiments. 
Results were considered statistically significant when the P‐
value was less than .05. Finally, representative figures were 
present.

3 |  RESULTS

3.1 | Purification and characterization of 
the VDR and Runx2 proteins
To clarify the interaction between proteins, we puri-
fied the VDR and Runx2 proteins using Escherichia coli 
(BL21 DE3) expression system. After purification, we 
used size‐exclusion to analyze the characterization of pro-
teins. As shown in Figure 1, high quality (a) VDR and (b) 
Runx2 protein samples were obtained by systematically 
screening and optimizing for expressive vectors, expres-
sive systems, expressive conditions and purification steps. 
The elution volume from size‐exclusion profiles suggests 
that purified VDR and Runx2 proteins exist in solution as 
a monomer (c).

3.2 | There is a direct interaction between 
melatonin and the VDR but not Runx2, and 
melatonin and VD3 compete with each other to 
bind to the VDR
Because melatonin easily penetrates cytomembrane to enter 
into cells, we tested whether there is a direct interaction be-
tween melatonin and Runx2. We conducted an exploratory 
study by the ITC in which melatonin at 1 mmol/L concen-
trations was used to titrate the Runx2 protein at 0.1 mmol/L 
concentrations. As shown in Figure 2A, no exothermy or en-
dothermy was found, which suggests that there is no direct 
interaction between them and melatonin does not directly 
regulate Runx2.

Taking into consideration that there is a direct interaction 
between Runx2 and the VDR expressed primarily in the cell 
nucleus, a transcription factor the same as Runx2 in osteo-
blast differentiation and maturation, we speculated whether 
melatonin may directly bind to the VDR to indirectly reg-
ulate Runx2. Thus, we examined the interaction between 
melatonin and the VDR using the ITC. The VDR protein at 
0.1  mmol/L concentrations was titrated with melatonin at 

F I G U R E  2  Test for the interaction between melatonin and Runx2 or the VDR and the competitive binding of the VDR by melatonin or 
the VDR's natural ligand. The ITC assay between melatonin and (A) Runx2 or (B) VDR was performed using 1 mmol/L melatonin titrating 
0.1 mmol/L Runx2 or the VDR. C, The spectrophotometry assay for VD3 and melatonin was performed to evaluate their uptake rates in a 
preosteoblastic cell line MC3T3‐E1. The cells were randomly divided into five groups: VD3 (VD3 at 5 μg/mL concentrations), melatonin 
(melatonin at 5 μg/mL concentrations), melatonin + VD3 (5 μg/mL) (melatonin at 5 μg/mL concentrations plus VD3 at 5 μg/mL concentrations), 
melatonin + VD3 (0.2 μg/mL) (melatonin at 5 μg/mL concentrations plus VD3 at 0.2 μg/mL concentrations), and melatonin + 1,25(OH)2VD3 
(0.2 μg/mL) (melatonin at 5 μg/mL concentrations plus 1,25(OH)2VD3 at 0.2 μg/mL concentrations). The uptake rate of VD3 or melatonin was 
calculated in accordance with the percent of drop in their concentrations in the media, which was determined by ultraviolet spectrophotometer 
for VD3 under 352 nm or fluorescence spectrophotometer for melatonin under Ex 227.96 nm and Em 352 nm. **P < .01, compared with VD3, 
melatonin, melatonin + VD3 (0.2 μg/mL), or melatonin + 1,25(OH)2VD3 (0.2 μg/mL). Data were expressed as mean ± SEM. At least three 
independent experiments were performed. Representative results were present
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1 mmol/L concentrations at 20°C. We found that melatonin 
was capable of binding with the VDR; the Kd values were 
21.2 ± 1.9 μmol/L (Figure 2B).

Since 1,25(OH)2VD3 formed by VD3 is the natural ligand 
of the VDR28 and VD3 and melatonin have similar binding 
affinities for the VDR,29 we tested whether there is a compet-
itive binding of the VDR by melatonin or VD3. To accom-
plish this, we examined their binding abilities to the VDR 
in the MC3T3‐E1 cells using spectrophotometry. Melatonin 
and VD3 had similar uptake rates (~15%) when they were 
individually added to the MC3T3‐E1 cells at 5 μg/mL con-
centrations. However, melatonin's uptake was significantly 
decreased to ~ 2% when VD3, at the same concentrations, 
was simultaneously added. Interestingly, melatonin's uptake 
rates were almost recovered to original levels when VD3 was 
added at 0.2 μg/mL concentrations even in the presence of 
1,25(OH)2VD3 (0.2 μg/mL) with the highest activity (Figure 
2C). Thus, the competitive binding ability of VD3 was sig-
nificantly inhibited when the concentration of melatonin was 
obviously higher than that of VD3 or 1,25(OH)2VD3. These 
findings suggest that these molecules, to some extent, com-
pete with each other to bind to the VDR.

3.3 | Other small indole molecules do not 
effectively bind to the VDR
Since melatonin is a small indole molecule, we selected other 
simple indole molecules based on their structural similari-
ties, including tryptophan (Trp), indole‐3‐acetic acid (IAA) 
and dopamine, to further validate that there was a direct 

interaction between melatonin and the VDR. We tested the 
interaction between these small molecules and the VDR 
using the ITC. The VDR protein at 0.1 mmol/L concentra-
tions was titrated with Trp, IAA or dopamine at 1 mmol/L 
concentrations at 20°C. We found that Trp maintained a little 
affinity for the VDR with 317.4 ± 28.9 μmol/L Kd (Figure 
3A). However, both IAA and dopamine had no affinity for 
the VDR (Figure 3B,C). These results indicate that it is not 
that all small indole molecules have the ability to bind to the 
VDR.

3.4 | There is a direct binding between 
melatonin and the LBD of the VDR but not the 
DBD or the hinge region
To further identify how melatonin binds with the VDR, we 
analyzed the VDR structure. The VDR can be divided into 
the following domains: N‐terminus, a zinc finger binding 
domain (also named the DBD), C‐terminus, a hormone re-
ceptor binding domain (also named the LBD)30 and a hinge 
region between them which enables flexibility for dimeriza-
tion (Figure 4A).31 The VDR is a member of steroid hormone 
receptor superfamily. The conventional steroid hormone is 
usually composed of a benzene ring and a phenyl hydroxy 
group, plus some carbon side chains, such as glucocorticoid. 
By analogy of structures of melatonin, epinephrine, and glu-
cocorticoid, we noticed that they had structural similarities.

The VDR was, therefore, subdivided into several frag-
ments (Figure 4B). We examined interactions between these 
fragments and melatonin. The results showed that only 

F I G U R E  3  Test for the interaction between other small indole molecules and the VDR. The ITC assay between other small molecules (A, 
tryptophan; B, indole‐3‐acetic acid; C, dopamine) and the VDR was performed using 1 mmol/L these molecules titrating 0.1 mmol/L VDR. At least 
three independent experiments were performed. Representative results were present
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C‐terminal domain containing the LBD of the VDR directly 
bound to melatonin while no interaction was detected in other 
regions. The interactive Kd values were 35  ±  2.7  μmol/L 
(Figure 4C). Therefore, there was a direct binding between 
melatonin and the C‐terminal LBD of the VDR but not the 
N‐terminal DBD (N100) or the hinge region of the VDR 
(Inter110).

3.5 | The N‐terminus 110‐amino acid 
DBD of the VDR interacts with the 319‐379 
position of Runx2
Previous studies have reported that the N‐terminal end of the 
VDR binds directly with the C‐terminal DNA‐binding region 
of Runx217,18 and Runx2 at 209‐361 position is sufficient to 
interact with the VDR,24 which makes it possible that the 
VDR links with the regulation of melatonin to Runx2. To 
further identify the smallest segment of interaction between 
the VDR and Runx2, we performed a GST pull‐down assay. 
Firstly, we applied the purified GST‐fused VDR_FL (VDR 
full length) and various Runx2 truncations to perform a GST 
pull‐down experiment (Figure 5A). The results showed that 
the smallest fragment of Runx2 interacting with the VDR_
FL was approximately on the 319‐398 position (Figure 5B). 
Secondly, we performed a GST pull‐down assay between the 

Runx2_300‐379 region and the VDR_FL or the VDR trunca-
tions (Figure 5C). Based on the results from the comparison, 
we confirmed that the minimum region of Runx2 combined 
with the VDR was on the 319‐379 position (about 60 amino 
acid regions) (Figure 5B). Similarly, we examined the small-
est fragment of the VDR interacting with Runx2. The results 
suggested that the smallest region at which the VDR interacts 
with Runx2 was at the N‐terminus 110‐amino acid DBD of 
the VDR (Figure 5D).

Because we used GST‐tagged VDR or Runx2, a control 
GST pull‐down assay was performed using GST empty pro-
tein pulling down Runx2 or the VDR fragments to check 
whether there is a nonspecific interaction between GST tag 
and Runx2 or the VDR. The results showed that there was 
no nonspecific interaction between GST and Runx2 or the 
VDR (Figure 5E), which validates that the results of GST 
pull‐down are reasonable and reliable. So far, our interac-
tive analyses were based on in vitro assay. So, we did yeast 
two‐hybrid (Y‐2‐H) assay to study the interaction to mimic 
in vivo conditions. We used Gal4's DNA‐binding domain 
(BD, pBTM vector) fused Runx2's different fragments to bait 
the Gal4's activation domain (AD, pACT vector) fused VDR 
(Figure 5F). As we expected, the results of Y‐2‐H assay were 
consistent with the in vitro GST pull‐down assay, which sug-
gests that our interactive analysis also exists in vivo.

F I G U R E  4  Structural and interaction domain analysis of the VDR‐melatonin complex. A, The domain organization and overall structure of 
the VDR (the N‐terminal zinc finger domain, PDB: 4NQA; the C‐terminal hormone domain, PDB: 1DB1). B, The constructions of Homo sapiens 
VDR for the VDR‐melatonin interaction analysis. C, The ITC assay was conducted for the different constructs using 1 mmol/L melatonin titrating 
0.1 mmol/L VDR's full length (FL), C‐domain, 100‐210 (Inter110) and 1‐100 (N100) of N‐terminus. At least three independent experiments were 
performed. Representative results were present

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=4NQA
http://www.rcsb.org/pdb/search/structidSearch.do?structureId=1DB1
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3.6 | Runx2 facilitates the affinity 
between the VDR and its specific DNA 
substrate, and melatonin enhances the direct 
interaction between the VDR and Runx2
Since the VDR is capable of binding DNA sequences, we 
tested whether Runx2 enhances the binding ability of the 

VDR with its specific DNA sequences. We found that the 
VDR was mainly biased toward AT DNA‐binding se-
quence and designed its specific DNA‐binding sequences 
in accordance with reports of Shaffer and Gewirth.32 The 
designed DNA‐binding sequence (FAM‐DNAVDR) was 
FAM‐5′ATCTTAATTATATTATATAGG‐3′. EMSA assay 
was performed at the N‐terminus 110‐amino acid DBD of the 

F I G U R E  5  Interactive analyses between the VDR and Runx2. A, Summary of Runx2 constructs used for mapping the minimum VDR‐
binding motif of Runx2. B, GST pull‐down assays identified the minimum Runx2 region responsible for binding to the VDRFL. C, Summary of 
the VDR constructs used for mapping the Runx2‐binding motif of the VDR. D, GST pull‐down assays identified the VDR region responsible for 
binding to Runx2300‐379. E, The GST pull‐down assay used GST empty protein to test the VDR and Runx2's nonspecific interaction with GST tag. 
F, Yeast two‐hybrid assay to study the interaction between Runx2's fragments and the VDR in the mimic in vivo conditions
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VDR (VDR_2‐111). We found that the binding of the VDR 
with its specific DNA sequences was markedly enhanced 
with the increasing concentrations of the VDR, especially in 
the presence of 10 μmol/L Runx2310‐390 (Figure 6A,B).

Since a higher shift band (Runx2‐VDR‐DNA ternary 
complex) after adding Runx2 peptide has not been shown, 
this is not sufficient to conclude that Runx2 increases the 
VDR's DNA‐binding activity by binding with the VDR. So, a 

F I G U R E  6  Characteristics of the interaction between the VDR and Runx2. A, EMSA assays of the VDRN100 with 25 nmol/L FAM‐labeled 
dsDNA in the absence (−) or presence (+) of 10 μmol/L Runx2310‐390 (dsDNA: 5'‐ATCTTAATTATATTATATAGG‐3'). B, The quantified 
results based on the percent of the amount of free DNA in the absence of the VDR in the EMSA assay. C, The EMSA assay to identify the co‐
localization of Runx2310‐390 and DNA‐VDRN100 complex. D, The EMSA assay to titrate the affinity values between Cy3 labeled Runx2 and the 
VDR in presence or absence of 10 μmol/L melatonin. E, The quantified results based on the percent of the amount of Cy3 labeled Runx2310‐390 in 
the absence of the VDR in the EMSA assay. F, Co‐immunoprecipitation (co‐IP) of the MC3T3‐E1 cells expressing Myc‐VDR and Flag‐Runx2 in 
melatonin at 0, 10, or 100 μmol/L concentrations. Flag antibody was used for immunoprecipitation. G, The quantified results based on the amount 
of normalized proteins from co‐IP. * P < .05 or ** P < .01, compared with control group of DMSO. Data were expressed as mean ± SEM. At least 
three independent experiments were performed. Representative results were present
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fluorescent EMSA assay was conducted to track whether Cy3 
labeled Runx2 co‐localizes with the VDR‐DNA complex. In 
this assay, we clearly documented the DNA, the VDR‐DNA 
complex and Cy3 labeled Runx2 bands (Figure 6C; lane 1, 
2, and 3). Interestingly, when only Cy3‐Runx2 peptide was 
loaded, we observed one green band on the gel. However, if 
Cy3‐Runx2 with the VDR‐DNA complex were loaded, we 
observed two bands of Cy3‐Runx2 (Figure 6C; lane 4), which 
suggests that Cy3‐Runx2 co‐localizes with the VDR‐DNA 
complex. Overall, Runx2 indeed promotes the VDR's DNA‐
binding activity by interacting with the VDR directly.

We then performed another fluorescent EMSA assay using 
Cy3 labeled Runx2 peptide with the VDR in the presence or 
absence of 10 μmol/L melatonin (Figure 6D). In this assay, 
the binding of the VDR to Runx2310‐390 was significantly en-
hanced with an increasing concentrations of the VDR, espe-
cially in the presence of 10 μmol/L melatonin (Figure 6E). 
This in vitro assay shows that melatonin can enhance the di-
rect interaction between the VDR and Runx2.

To further verify whether melatonin enhances the direct 
interaction between the VDR and Runx2, we transfected 
preosteoblastic cell line MC3T3‐E1 with Myc‐VDR and 
Flag‐Runx2 plasmids. The MC3T3‐E1 cells were randomly 
divided into three groups and treated with 0.2% DMSO, 
melatonin (dissolution with 0.2% DMSO) at 10  μmol/L or 
100 μmol/L concentrations for 12 hours. Then, we applied 
Flag antibody for co‐IP assay. As shown in Figure 6F, there 
was a significantly progressive increase in the amount of 
Myc‐VDR co‐immunopecipitated with Flag antibody, com-
pared with the control group, when exogenous melatonin 
was gradually increased. The findings suggest that melatonin 
markedly enhances the direct interaction between the VDR 
and Runx2 in the MC3T3‐E1 cells. In accordance with the 
quantified results, we observed a significant effect of mel-
atonin on promoting the binding of the VDR with Runx2 
(Figure 6G).

4 |  DISCUSSION

Melatonin is involved in many physiological process includ-
ing bone formation, circadian rhythms, sleep, antioxidant 
protection, aging, tumor growth, reproduction, and blood 
pressure regulation.33 In animals, via receptor‐mediated 
means, melatonin functions in the regulation of sleep, modu-
lation of circadian rhythms, enhancement of immunity, and 
as a multifunctional oncostatic agent, etc, while retaining 
its ability to reduce oxidative stress by processes that are, 
in part, receptor‐independent.4 Suofu et al34 found that neu-
ronal mitochondria‐produced melatonin, binding to MT1 on 
the mitochondrial membrane (MM), inhibits cytochrome C 
release, caspase activation, and apoptosis. Mitochondria are 
also major sites of melatonin production in organisms, and 

the melatonin synthetic efficiency in mitochondria is much 
higher than that in cytosol.35-38 Mitochondria synthesize mel-
atonin de novo and possess an uptake mechanism to maintain 
high levels of melatonin.34,35,38,39 Moreover, mitochondria‐
produced melatonin is not released into the systemic circula-
tion, but rather is primarily used in its cells of origin.34,35,37 
Whether the cells with more mitochondria, such as muscles 
and hepatocytes, generate more melatonin than other types 
is currently unknown. The bile of vertebrates contains ex-
tremely high levels of melatonin. For example, the level of 
melatonin in shark bile is several orders of magnitude higher 
than that in the serum of mammals.36 These findings suggest 
that melatonin may be considered as a therapeutic agent at 
much higher concentrations that are present in the blood.

Both Runx2 and the VDR, as transcription factors, 
play a key role in osteoblast differentiation, and there is a 
widely recognized functional relationship between them.17,18 
Melatonin also has a positive effect on the regulation of os-
teoblasts.13,26,40-43 However, available information regarding 
interactive relationships between them is limited. In the pres-
ent study, we demonstrate that melatonin indirectly regulates 
Runx2 by direct binding to the VDR, which indicates that the 
VDR is a novel melatonin‐binding receptor.

Melatonin positively regulates Runx2 in many cells and 
tissues, such as osteogenic40-44 and chondrogenic14 differen-
tiation of human MSCs, osteoblastic differentiation of MSCs 
from rats,45 co‐culture models (transwell or layered) of human 
MSCs and peripheral blood monocytes,13 human osteosar-
coma‐derived Saos2 cells,46 human periodontal ligament 
cells and cementoblasts,47 osteogenic potential of platelet‐
rich plasma in dental stem‐cell cultures,48 the differentiation 
of mouse osteoblastic MC3T3‐E1 cells,49 primary bone mar-
row MSCs from ovariectomized mice,50 bovine ovarian gran-
ulosa cells,51 a blind mouse model (MMTV‐Neu transgenic 
mice),52 and pinealectomized53 or ovariectomized54 rats. Our 
study further confirmed that there was no direct interaction 
between melatonin and Runx2 although melatonin directly 
penetrates cytomembrane and enters the cell nucleus where 
it could bind to Runx2. Hence, melatonin may well indirectly 
regulate Runx2.

The ITC assay documented that there was a direct interac-
tion between melatonin and the VDR and their binding sites 
were in the C‐terminal LBD of the VDR but not in the N‐ter-
minal DBD or the hinge region. This indicates that the VDR 
links with the regulation of melatonin to Runx2 since there 
is a putative interaction and a functional cooperation between 
Runx2 and the VDR.16-25 Moreover, melatonin bound to the 
C‐terminus hormonal receptor binding domain of the VDR, 
suggesting that there may be a broad‐spectrum regulatory 
mechanism: proteins with a VDR‐like hormonal receptor 
binding domain may have the ability to bind melatonin; this 
should be further tested by structural analysis in subsequent 
experiments. Since melatonin and VD3 have similar binding 
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affinities for the VDR29 and melatonin is a small indole mol-
ecule, we compared chemical structures among VD3, mela-
tonin, and other indole molecules (Trp, IAA, and dopamine). 
We noticed that there were additional structural similarities 
among VD3, melatonin, and Trp (Figure 7A). Briefly, they 
all have a long carbon side chain and at least 2 carbon rings. 
At the end of the long side chain of VD3 and melatonin mol-
ecules is a methyl group, which inserts into the VDR's other 
hydrophobic cavity (Figure 7B). From the VDR‐VD3 crystal 
structural analysis, the carbon rings locate in the deep hydro-
phobic cavity of the VDR (Figure 7C).

VD3, formed in the epidermis or provided by the diet, 
is transported to the liver where it is hydroxylated to form 
25‐(OH)‐vitamin D3 (25(OH)VD3). The 25(OH)VD3 en-
ters the circulation and is then hydroxylated at C1α either 
in the kidney or peripheral tissues to form 1,25(OH)2VD3.28 
In this process, VD3  →  25(OH)VD3 (the major form) → 
1,25(OH)2VD3 (the strongest activity), they show evident 
differences in blood concentrations (VD3, 25(OH)VD3 and 
1,25(OH)2VD3, ~6  nmol/L, ~60  nmol/L; and ~0.02  nmo-
l/L, respectively55-57) and in binding affinity for the VDR 
(VD3, 25(OH)VD3 and 1,25(OH)2VD3, Kd  ~  20  μmol/L, 
~0.1  μmol/L, and ~0.1  nmol/L, respectively29,58,59). The 
physiological concentration of 1,25(OH)2VD3 is distinctly 
lower than that of melatonin (~0.2 nmol/L60) but its affinity 
to the VDR is far stronger than melatonin (Kd ~ 20 μmol/L, 
Figure 2). Melatonin and VD3 have similar binding affinities 
for the VDR,29 but VD3 can compete with melatonin to bind 
to the VDR. We found that melatonin and VD3 had similar 
uptake rates but melatonin's uptake was significantly reduced 
when VD3 at the same concentrations was simultaneously 
added. Interestingly, this competitive binding ability was sig-
nificantly inhibited when the concentration of melatonin was 
obviously higher than that of VD3, even in the presence of 
the highest activity 1,25(OH)2VD3. These findings suggest 
that there is a competitive relationship between VD3 and 
melatonin in binding to the VDR, but this inhibitory effect of 
VD3 is eliminated by increasing the concentration of mela-
tonin. The reason for this may be that the biological activities 

of VD3 and its analogues are determined by their ability to 
induce the VDR transcription rather than the binding affinity 
for the VDR only.61

Our findings documented that melatonin enhanced Runx2 
actions by directly binding to the VDR. In contrast, the ex-
pression of Runx2 is downregulated by 1,25(OH)2VD3 
within 24 hours in MC3T3‐E1 and ROS 17/2.8, but not in 
ROS 24.1 cells, which lacks a functional VDR. Furthermore, 
1,25(OH)2VD3 inhibits Runx2 transcription in ROS 24.1 
cells only upon forced expression of the VDR.62 Studies in 
primary calvarial cultures reveal that ablation of the VDR 
enhances osteoblast differentiation.63 These findings sug-
gest that 1,25(OH)2VD3 and melatonin play opposite roles 
in the regulation of Runx2 by binding to the VDR, which 
is possibly related to the fact that the biological effects of 
1,25(OH)2VD3 on osteoblast differentiation and function 
differ significantly depending upon the maturation state of 
the cells.19 Given that Runx2 plays a key role in osteoblast 
differentiation rather than maturation,6,8,64,65 these functional 
differences between 1,25(OH)2VD3 and melatonin may be 
meaningful to coordinate and maintain dynamic equilibrium 
between differentiation and maturation of osteoblasts.

Other simple indoles such as Trp, IAA, and dopamine 
did not effectively bind with the VDR although there was 
an almost negligible interaction between Trp and the VDR. 
Relative to these small molecules, from melatonin to dopa-
mine, the molecular size gradually decreases. For instance, 
melatonin contains two carbon rings and two side chains. Trp 
contains the same two carbon rings but just one side chain. 
The one side chain is similar to that of melatonin. IAA has 
a shorter side chain and dopamine contains just one benzene 
ring. Trp is an essential amino acid that is obtained exclusively 
from dietary intake in humans. Since Trp is the substrate for 
the biosynthesis to melatonin and has higher physiological 
concentrations than melatonin (~30  μmol/L vs. ~0.2  nmol/
L66) it is very advantageous to melatonin's biosynthesis and 
physiological functions when the affinity of melatonin to the 
VDR is far greater than that of Trp. Indeed, this needs to be 
further examined by structural analysis, etc.

F I G U R E  7  Structural comparison and analysis of small molecules. A, Molecular structural comparison among VD3, melatonin, tryptophan, 
indole‐3‐acetic acid, and dopamine. B, Structural analysis for small molecules based on the VDR‐VD3's crystal structure. C, Structural analysis of 
the VDR‐VD3 complex (PDB: 3CS6)

http://www.rcsb.org/pdb/search/structidSearch.do?structureId=3CS6
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The VDR‐Runx2 complex not only contributes to osteo-
genesis by the action of stabilizing transcriptional complexes 
at specific promoters25 but also up‐regulates osteocalcin 
gene expression in osteoblastic cells.17,18 What's more, the 
VDR and Runx2 cooperate in the transcriptional regulation 
of osteopontin.17,18 Consistent with previous reports,17,18,24 
we further precisely confirmed that the minimum region of 
combination of Runx2 with the VDR was on the 319‐379 
position (about 60 amino acid regions) and that the smallest 
region at where the VDR interacts with Runx2 was at the 
N‐terminus 110‐amino acid DBD of the VDR. This suggests 
that the binding of the VDR with Runx2 is at the DBD but not 
the LBD of the VDR. Therefore, the DBD of the VDR binds 
with Runx2 while the LBD of the VDR binds with melatonin. 
In other words, the VDR directly mediates the interaction be-
tween melatonin and Runx2, and the VDR can simultane-
ously bind with both melatonin and Runx2. Moreover, we 
further documented that melatonin markedly enhanced the 
direct interaction between the VDR and Runx2 by both a flu-
orescence EMSA and co‐IP in the MC3T3‐E1 cells. This in-
dicates that melatonin indirectly regulates Runx2 by its direct 
binding with the LBD and the DBD of the VDR, respectively.

The VDR is a DNA‐binding transcription factor.5 To fur-
ther clarify the effect of Runx2 on the binding of the VDR 
with its specific DNA sequences, we compared the differ-
ences in the VDR specific binding DNA sequences before 
and after adding Runx2 using EMSA. We found that the 
DNA‐binding ability of the VDR was markedly enhanced 
after Runx2 was added. These findings to some extent sug-
gest that this interaction facilitates the binding of the VDR 
with its specific DNA sequences, which is beneficial to os-
teoblast differentiation due to the rise or drop in transcrip-
tional regulation of target genes associated with osteoblast or 
osteoclast, respectively.

For the first time, this study provides evidence that the 
VDR can act as a novel melatonin‐binding nuclear recep-
tor and elucidates the connections between the VDR and 
Runx2 based on a molecular and structural analysis. The 
discovery that melatonin binds to the C‐terminus hormonal 
receptor binding domain of the VDR may be helpful for fur-
ther exploring the mechanism of melatonin in terms of how 
it promotes osteoblast differentiation and for identifying a 
broad‐spectrum regulatory mechanism mentioned above.
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