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Melatonin (Mlt) confers potential antitumor effects in various types of cancer. However,
to the best of our knowledge, the role of Mlt in the giant cell tumor of bone (GCTB)
remains unknown. Moreover, further research is required to assess whether Mlt can
enhance the therapeutic effect of zoledronic acid (Zol), a commonly used anti-GCTB
drug. In this research, we investigated the effects of Mlt, Zol, and the combination of
these two drugs on GCTB cells’ characteristics, including cell proliferation, apoptosis,
osteogenic differentiation, migration, and invasion. The cell counting kit-8 (CCK-8) assay,
colony formation assay, terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling assay (TUNEL), alkaline phosphatase (ALP) staining, alizarin red staining (ARS),
scratch wound healing assay, and transwell experiment were performed, respectively.
Our results showed that Mlt could effectively inhibit the proliferation, migration, and
invasion of GCTB cells, as well as promote the apoptosis and osteogenic differentiation
of tumor cells. Of note, a stronger antitumor effect was observed when Mlt was
combined with Zol treatment. This therapeutic effect might be achieved by inhibiting the
activation of both the Hippo and NF-κB pathways. In conclusion, our study suggests
that Mlt can be a new treatment for GCTB, which could further enhance the antitumor
effect of Zol.
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INTRODUCTION

Giant cell tumor of bone (GCTB) is a benign but aggressive bone tumor, which has
the potential to destroy the bone and invade into the surrounding soft tissue. This leads
to local pain and metastasis (Szendroi, 2004; Alberghini et al., 2010; Verschoor et al.,
2018). At present, surgical resection is the primary treatment for GCTB; however, this
treatment is not applicable in some sections of the body, such as the skull, pelvis,
and spine. Unfortunately, 15–50% patients still experience local tumor recurrence after
surgical treatment (Szendroi, 2004; Xu S. F. et al., 2013; van der Heijden et al., 2014).
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For patients with unresectable, residual, or recurring GCTB,
some adjuvant therapies, such as radiotherapy, chemotherapy,
drugs (including zoledronic acid and denosumab), and
embolization therapy, may be prescribed. However, these
methods are less effective, accompanied by high cost and side
effects (Gaston et al., 2011). Therefore, new treatments for GCTB
are urgently needed.

Melatonin (Mlt), a neuroendocrine hormone primarily
secreted by the pineal gland, exhibits a wide range of
physiological functions, such as improving sleep and
promoting poly-differentiation of stem cells, and is an antiaging,
antioxidative, and antiosteoporotic agent (Reiter et al., 2016;
Nopparat et al., 2017; Gao et al., 2018; Sharma et al., 2018; Qiu
et al., 2019; Wang et al., 2019; Wang et al., 2021). In recent years,
the therapeutic effect of Mlt on tumors, including lung cancer,
liver cancer, and breast cancer, has received great attention
(Ordonez et al., 2015; Borin et al., 2016; Ma et al., 2019) however,
the effect of Mlt on GCTB remains unknown.

Because Mlt has displayed fewer side effects with a relatively
lower cost than that of other tumor treatments, we explored the
therapeutic effect of Mlt on GCTB through in vitro and in vivo
experiments in this study. Moreover, we explored whether Mlt
can enhance the therapeutic effect of the commonly used anti-
GCTB drug zoledronic acid (Zol).

MATERIALS AND METHODS

Cell Culture
Human GCTB cells were purchased from Beijing Beina
Chuanglian Biotechnology Institute (Beijing, CN), and the cells
were cultured in Roswell Park Memorial Institute (RPMI) 1640
medium containing 10% fetal bovine serum (FBS), 100 mg/mL
streptomycin, and 100 U/mL penicillin. The culture medium was
changed every 2 days. The cells were cultured in an incubator at
37◦C with 5% CO2.

Antibodies and Reagents
Antibodies against osteopontin (OPN), osteocalcin (OCN),
P-LATS 1/2, LATS 1, LATS 2, P-yes-associated protein (YAP),
YAP, P-P65,P65, Lamin B1, P-IκBα, IκBα, CYCLIN B1, PCNA,
KI-67, CLEAVED CASPASE-3, CASPASE-3, BAX, and BCL2
were purchased from Abcam (Cambridge, United Kingdom).
Antibody against glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) and runt-related transcription factor-2 (RUNX2) was
purchased from CST (Boston, United States). Mlt and Zol were
purchased from MCE (New Jersey, United States).

Cell Counting Kit-8 Assay
After treatment, the cell proliferation was detected using the cell
counting kit-8 (CCK-8) assay (#ck3404, LABFOM, Guangzhou,
China) as instructed by the manufacturer. In brief, GCTB
cells were digested by trypsin–ethylenediamine tetraacetic acid
(EDTA) (0.25%) (#25200056, GIBCO, Guangzhou, China) and
then seeded into a 96-well plate at a density of 4 × 103 cells per
well. After 6, 12, 24, 48, and 72 h, CCK-8 was added to detect
the proliferation of GCTB cells via Elx800 (BioTek, Winooski,
Vermont, United States) at 450 nm spectrophotometry.

Colony Formation Assay
After Mlt or/and Zol treatment, cell proliferation was detected
via a colony formation assay. In brief, GCTB cells were digested
by trypsin-EDTA (0.25%) and then seeded into a 6-well plate at a
density of 1 × 103 cells per well. After 14 days, 0.1% crystal violet
solution was added to detect the proliferation of GCTB cells. The
culture plate was then scanned with a gross scanning instrument
(Bio-rad, GS-800, Hercules, CA, United States).

Terminal Deoxynucleotidyl
Transferase-Mediated dUTP Nick-End
Labeling Assay
After treatment, the apoptosis rate of GCTB cells was detected
with the terminal deoxynucleotidyl transferase-mediated dUTP
nick-end labeling (TUNEL) assay (#GB17002, GUGE, Wuhan,
China), as per manufacturer’s instructions. In brief, the cells were
digested by trypsin-EDTA (0.25%) and then seeded into a 6-well
plate at a density of 4 × 104 cells per well. After treatment, the
TUNEL assay was used to detect the apoptosis of GCTB cells.
TUNEL-positive cells were photographed using a microscope.
At least four images of 200 × magnification were captured at
random for each group. The number of TUNEL-positive cells
in each image was quantified using Image-Pro Plus 6.0, and the
percentage of TUNEL-positive cells relative to propidium iodide
(PI)-stained cells was calculated.

Alkaline Phosphatase Staining and
Alizarin Red Staining
The expression of alkaline phosphatase (ALP) in GCTB cells was
detected by using the BCIP/NBT ALP color development kit
(#B3679; Sigma), as per manufacturer’s instructions. To evaluate
osteogenic differentiation, the cells were also stained with an
alizarin red reagent (#G1450; LIUHEBIO) for 5 min at room
temperature. Finally, ALP and alizarin red staining (ARS) in
the cells were observed by gross scanning (Bio-rad, GS-800,
Hercules, United States).

Scratch Wound Healing Assay
After the cells were cultured on 6-well plates to a monolayer, a
wound was created with a 20-µL pipette tip, ensuring that all
scratch widths were consistent. Then, the cells were washed with
phosphate-buffered saline (PBS) three times, and the medium
was replaced with different treatments (GCTB cells were treated
with drugs (Mlt or/and Zol) during wound healing assay but not
pretreated cells with drugs). Then, the cells were cultured in an
incubator at 37◦C with 5% CO2. Cells were photographed after 0,
12, 24, 48, and 72 h, and the scratch width was measured using
the Photoshop software.

Transwell Invasion and Migration Assay
Matrigel was diluted using FBS-free RPMI 1640 medium in
a 1:8 ratio and coated on the upper chamber of the bottom
membrane of transwell chambers, followed by incubation at 37◦C
for 30 min. After 24 h cell starvation, the cells were digested,
and the cell density was adjusted to 2 × 105/mL. Then, 100 µL
cell suspension was added to the transwell chamber, and 600 µL
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medium containing 20% FBS was added to the lower chamber.
After the cells were cultured for 24 and 48 h and after removing
non-migrated cells and Matrigel with wet cotton balls from the
upper compartment, 0.1% crystal violet staining of the cells was
performed for 30 min as per the standard staining procedure and
counted. The cells’ transwell migration assay was performed in
the same manner as that for the invasion assay but without the
procedure of Matrigel coating.

Quantitative Reverse Transcription
Polymerase Chain Reaction and Real
Time PCR
Total RNA samples from cultured GCTB cells or mouse
tumors were prepared using the total RNA extraction
kit (#15596018; Invitrogen, Guangzhou, China), as per
manufacturer’s instructions. RNA concentrations were measured
using NanoDrop 2000 instrument (Thermo Fisher Scientific,
United States). The cDNA for quantitative reverse transcription
polymerase chain reaction (qRT-PCR) was subsequently
synthesized from 1 µg total RNA using Evo M-MLVRT kit
(#AG11706; Accurate Biotechnology, Hunan, China), according
to the manufacturer’s instructions. Then, the qRT-PCR assay
was performed using the LightCycler 480 SYBR Green I Master
Kit (#4887352001-1; Roche, Guangzhou, China), as per the
manufacturer’s instructions. The final expression levels of
mRNAs were calculated by the standard 2−11Ct method based
on at least three biological replicates. The primer sequences used
for quantitation are listed in Table 1.

Western Blot Analysis
Total protein samples were extracted from cultured GCTB cells
using radioimmunoprecipitation (RIPA) assay buffer containing
phosphatase and proteinase inhibitors (1:100). Cytoplasmic and
nuclear proteins were extracted using a MinuteTM cytoplasmic
and nuclear fractionation kit (Invent, United States). Protein
concentrations were determined by a bicinchoninic acid protein
assay kit (Beyotime, United States), and then the proteins were
separated by 10% sodium dodecyl sulfate–polyacrylamide gel and
blotted onto a polyvinylidene fluoride (PVDF) membrane. The
membranes were blocked using 5% lipid-free milk solution for
1 h; incubated with anti-phospho-LATS 1/2, anti-LATS 1, anti-
LATS 2, anti-phospho-YAP, anti-YAP, anti-p65, anti-phospho-
P65, anti-IκBα, anti-phospho-IκBα, and anti-GAPDH antibodies
overnight at 4◦C; and then incubated with diluted secondary
antibodies. Finally, the PVDF membranes were visualized with
an enhanced chemiluminescent western blot detection system.

Immunohistochemistry Analysis
Paraffin sections were prepared, and immunohistochemistry
(IHC) was performed using Histostain-Plus kit. The primary
antibodies included anti-CYCLIN B1, PCNA, KI-67, CLEAVED
CASPASE-3, CASPASE-3, BAX, and BCL2 antibodies. A DAB
horseradish peroxidase color development kit was used for
detection, and the staining intensity was scored according to the
previous article (Lian et al., 2019).

TABLE 1 | The primer sequences used for quantitative PCR.

Gene Primer sequence (5′–3′)

GAPDH Forward: AGAAAAACCTGCCAAATATGATGAC;

Reverse: TGGGTGTCGCTGTTGAAGTC;

CYCLIN B1 Forward: AATAAGGCGAAGATCAACATGGC;

Reverse: TTTGTTACCAATGTCCCCAAGAG;

PCNA Forward: CCTGCTGGGATATTAGCTCCA;

Reverse: CAGCGGTAGGTGTCGAAGC;

KI-67 Forward: ACGCCTGGTTACTATCAAAAGG;

Reverse: CAGACCCATTTACTTGTGTTGGA;

BAX Forward: CCCGAGAGGTCTTTTTCCGAG;

Reverse: CCAGCCCATGATGGTTCTGAT;

BCL2 Forward: GGTGGGGTCATGTGTGTGG;

Reverse: CGGTTCAGGTACTCAGTCATCC;

RUNX2 Forward: AGAAGGCACAGACAGAAGCTTGA;

Reverse: AGGAATGCGCCCTAAATCACT;

OPN Forward: GCGAGGAGTTGAATGGTG;

Reverse: CTTGTGCTGTGGGTTTC;

OCN Forward: CACTCCTCGCCCTATTGGC;

Reverse: CCCTCCTGCTTGGACACAAAG;

E-cadherin Forward: CGAGAGCTACACGTTCACGG;

Reverse: GGGTGTCGAGGGAAAAATAGG;

N-cadherin Forward: TCAGGCGTCTGTAGAGGCTT;

Reverse: ATGCACATCCTTCGATAAGACTG;

Vimentin Forward: AGTCCACTGAGTACCGGAGAC;

Reverse: CATTTCACGCATCTGGCGTTC;

Snail Forward: TCGGAAGCCTAACTACAGCGA;

Reverse: AGATGAGCATTGGCAGCGAG;

Slug Forward: CGAACTGGACACACATACAGTG;

Reverse: CTGAGGATCTCTGGTTGTGGT;

MMP9 Forward: TGTACCGCTATGGTTACACTCG;

Reverse: GGCAGGGACAGTTGCTTCT;

MMP13 Forward: ACTGAGAGGCTCCGAGAAATG;

Reverse: GAACCCCGCATCTTGGCTT;

CCL2 Forward: CAGCCAGATGCAATCAATGCC;

Reverse: TGGAATCCTGAACCCACTTCT;

Hematoxylin and Eosin Staining
Liver, spleen, kidney, and heart samples were fixed with 4%
paraformaldehyde, dehydrated, embedded in paraffin, and cut
into 5 µm slices, after which they were dewaxed by xylene
and alcohol. After slices were immersed in distilled water,
hematoxylin and eosin (HE) staining was performed according
to the standard protocols.

Animal Experiment
A total of 32 specific-pathogen-free (SPF) nude mice aged 6–
8 weeks (16 female nude mice and 16 male nude mice) were
purchased from Charles River Laboratories (Beijing, China).
They were randomly classified into four groups: the Con group,
Mlt group, Zol group, and Mlt and Zol combination group.
Each group included four female nude mice and four male nude
mice. The nude mice were housed in a 12-h light/12-h dark
condition. The right groin area was selected as the subcutaneous
tumor formation site of nude mice, where each nude mouse
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was injected with 100 µL tumor cell suspension (1 × 105

tumor cells). After the tumors grew for 1 week, the nude
mice were given an intraperitoneal injection of different drugs
(50 mg/kg/d Mlt or 5 mg/kg/d Zol) for 5 weeks. Then, the long
and short diameters of the tumors in each group of animals were
measured once a week, and the tumor volume was calculated.
After 5 weeks of drug administration, the tumor tissues of the
mice were removed and weighed, followed by qRT-PCR and
IHC experiments. This study was approved by the Forevergen
Biosciences Experimental Animal Ethics Committee (Animal
approval certificate information ID: IACUC-G16030).

Statistical Analysis
All quantitative data have been presented as the mean ± standard
and analyzed using SPSS 20.0 software. The differences between
2 and >2 groups were determined by the Student’s t-test and
analysis of variance methods, respectively. P < 0.05 is statistically
significant. Important notations are as follows: “∗” represents
P < 0.05 vs. Con group, “∗∗” represents P < 0.01 vs. Con group,
“∗∗∗” represents P < 0.001 vs. Con group, and “#” represents
P < 0.05 vs. Zol group.

RESULTS

Mlt, Zol, and the Combination of These
Two Drugs Inhibit the Proliferation of
GCTB Cells
We explored the effects of different Mlt concentrations (1 nM,
100 nM, 1 µM, 100 µM, 1 mM) and Zol concentrations (1, 5, 10,
50, 100 µM) on the proliferation of tumor cells. First, we used the
CCK-8 assay for detecting tumor cell proliferation at 6, 12, 24, 48,
and 72 h after treatment. We found that different concentrations
of Mlt or Zol inhibited the proliferation of GCTB cells, and the
effects of high concentrations were more obvious (Figures 1A,B).
Moreover, the combination of the two drugs (1 mM Mlt and
100 µM Zol) showed stronger inhibitory effects (Figure 1C),
and the combination index of Mlt and Zol showed that the
combination of Mlt and Zol had a moderate synergistic effect
(Supplementary Figure 1). We then performed the tumor colony
formation assay and observed similar effects (the concentrations
of Mlt and Zol were consistent with the drug concentrations
used in CCK-8 assay) (Figures 1D–F). Finally, via the mRNA
detection of proliferation markers CYCLIN B1, PCNA, and KI-
67, we found that treatment with different concentrations of
Mlt and Zol suppressed the mRNA expression of proliferation
markers (Figures 1G,H), and the mRNA and protein detection
of proliferation markers showed that the combination of the
two drugs showed a stronger inhibitory effect (Figures 1I,J).
In summary, Mlt inhibited the proliferation of GCTB and can
further enhance the inhibitory effect of Zol.

Mlt, Zol, and Their Combination Promote
the Apoptosis of GCTB Cells
We explored the impact of different Mlt and Zol concentrations
on tumor cell apoptosis. By exploring the mRNA expression

of the apoptosis marker BAX and antiapoptotic marker BCL2,
we found that exposure to Mlt and Zol resulted in the
downregulation of the mRNA expression of BCL2 and the
upregulation of the mRNA expression of BAX (Figures 2A,B).
Moreover, the mRNA and protein detection of these markers
showed the combination of the two drugs showed a stronger
apoptosis-promoting effect (Figures 2C,D). Furthermore, the
TUNEL assay showed that Mlt, Zol, and their combination
increased the apoptosis rate of tumor cells (Figures 2E,F). In
summary, Mlt promoted the apoptosis of GCTB cells and can
further enhance the positive effects of Zol.

Mlt, Zol, and Their Combination Promote
the Osteogenic Differentiation of GCTB
Cells
In this part of the study, we explored the effects of different Mlt
and Zol concentrations on the mRNA and protein expression
of osteogenesis markers (OPN, OCN, and RUNX2) in tumor
cells. We found that different concentrations of either Mlt or
Zol promoted the mRNA expression of osteogenesis markers
in GCTB cells, and the effect of a higher concentration was
more obvious (Figures 3A,B). Moreover, the combination of
the two drugs showed a stronger effect in promoting osteogenic
differentiation (Figures 3C,D). ALP staining and ARS were then
used to stain the GCTB cells after 7 days of drug treatment.
We found that Mlt and Zol increased the ALP staining and
ARS intensity of tumor cells; moreover, the combination of
the two drugs provided a stronger differentiation-promoting
effect (Figure 3E). In summary, the above results showed that
Mlt promoted the osteogenic differentiation of tumor cells
and the combined effect of Mlt and Zol was stronger than
that of Zol alone.

Mlt, Zol, and Their Combination Inhibit
the Scratch Healing Ability of GCTB Cells
We explored the effects of Mlt, Zol, and their combination on
the scratch healing ability of tumor cells. Using the tumor cell
scratch test to detect the healing ability of tumor cells after drug
treatments for 12, 24, 48, and 72 h, we found that Mlt, Zol, and
their combination inhibited the scratch healing ability of tumor
cells, and the combination of the two drugs showed a stronger
inhibitory effect (Figure 4A). The quantitative results of scratch
width at different time points are shown in Figure 4B. Moreover,
Mlt and Zol treatment significantly upregulated expression of
E-cadherin but downregulated N-cadherin, Vimentin, Snail, and
Slug in GCTB cells (Figure 4C). In conclusion, Mlt inhibited the
scratch healing ability of tumor cells, and the inhibitory effect of
Mlt combined with Zol was stronger than that of Zol alone.

Mlt, Zol, and Their Combination Inhibit
the Migration and Invasion of GCTB Cells
We explored the effect of Mlt, Zol, and their combination
on the migration and invasion of tumor cells. Based on the
transwell experiment performed after drug treatments for 24 and
48 h, we found that Mlt, Zol, and their combination inhibited
the migration and invasion of GCTB cells. Furthermore, the
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FIGURE 1 | Mlt, Zol, and their combination inhibit the proliferation of GCTB cells. (A) The proliferation ability of tumor cells treated with Mlt at different concentrations
(1 nM, 100 nM, 1 µM, 100 µM, and 1 mM) for 6, 12, 24, 48, and 72 h were detected via CCK-8 assay. (B) The CCK-8 assay was used to detect the proliferation of
tumor cells treated with Zol at different concentrations (1, 5, 10, 50, 100 µM) for 6, 12, 24, 48, and 72 h. (C) The CCK-8 assay was used to detect the proliferation
ability of tumor cells after treatment with Mlt, Zol, and Mlt + Zol at 6, 12, 24, 48, and 72 h. (D) The colony formation assay was used to detect the proliferation of
tumor cells treated with Mlt at different concentrations (1 nM, 100 nM, 1 µM, 100 µM, and 1 mM) for 14 days. (E) The colony formation assay was used to detect
the proliferation of tumor cells treated with Zol at different concentrations (1, 5, 10, 50, and 100 µM) for 14 days. (F) The colony formation assay was used to detect
the proliferation of tumor cells after 14 days of treatment with Mlt, Zol, and Mlt + Zol. (G) Relative mRNA levels of proliferation markers’ genes (CYCLIN B1, PCNA,
and KI-67) in human GCTB cells treated with Mlt were measured by qRT-PCR. (H) Relative mRNA levels of proliferation markers’ genes in human GCTB cells treated
with Zol were measured by qRT-PCR. (I,J) Relative mRNA and protein levels of proliferation markers in human GCTB cells treated with Mlt, Zol, and Mlt + Zol were
measured by qRT-PCR and western blot. Con: control; Mlt: melatonin; Zol: zoledronic acid; *P < 0.05 vs. Con, **P < 0.01 vs. Con, ***P < 0.001 vs. Con, #P < 0.05
vs. Zol. Scale bars: 5 mm.
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FIGURE 2 | Mlt, Zol, and their combination promote the apoptosis of GCTB cells. (A) Relative mRNA levels of apoptosis markers’ genes (BAX and BCL2) in human
GCTB cells treated with Mlt were measured by qRT-PCR. (B) Relative mRNA levels of apoptosis markers’ genes in human GCTB cells treated with Zol were
measured by qRT-PCR. (C,D) Relative mRNA and protein levels of apoptosis markers in human GCTB cells treated with Mlt, Zol and Mlt + Zol were measured by
qRT-PCR and western blot. (E) The TUNEL assay was used to detect the apoptosis of tumor cells after treatment with Mlt, Zol and their combination. (F) The
quantitative results of apoptosis rate in each group in the TUNEL experiment. Con: control; Mlt: melatonin; Zol: zoledronic acid; *P < 0.05 vs. Con, **P < 0.01 vs.
Con, ***P < 0.001 vs. Con, #P < 0.05 vs. Zol. Scale bars: 100 µm (magnification: 200×).
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FIGURE 3 | Mlt, Zol, and their combination promote osteogenic differentiation of GCTB cells. (A) Relative mRNA levels of osteogenic markers’ genes (OPN, OCN,
and RUNX2) in human GCTB cells treated with Mlt were measured by qRT-PCR. (B) Relative mRNA levels of osteogenic markers’ genes in human GCTB cells
treated with Zol were measured by qRT-PCR. (C,D) Relative mRNA and protein levels of osteogenic markers in GCTB cells treated with Mlt, Zol and Mlt + Zol were
measured by qRT-PCR and western blot. (E) The osteogenic differentiation of GCTB cells in different groups were evaluated by ALP staining and Alizarin Red
staining. Con: control; Mlt: melatonin; Zol: zoledronic acid; ALP: alkaline phosphatase; ARS: Alizarin Red staining; *P < 0.05 vs. Con, **P < 0.01 vs. Con,
***P < 0.001 vs. Con, #P < 0.05 vs. Zol. Scale bars: 2 mm.
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FIGURE 4 | Mlt, Zol, and their combination inhibit the scratch healing ability of GCTB cells. (A)The scratch healing assay was used to detect the scratch healing
ability of tumor cells after treatment with Mlt, Zol and the two drugs at 12 h, 24 h, 48 h and 72 h. (B) The quantitative results of the scratch healing experiment.
(C) Relative mRNA levels of EMT markers (E-cadherin, N-cadherin, Vimentin, Snail and Slug) in GCTB cells treated with Mlt, Zol and Mlt + Zol were measured by
qRT-PCR. Con: control; Mlt: melatonin; Zol: zoledronic acid; EMT: epithelial mesenchymal transition; **P < 0.01 vs. Con, ***P < 0.001 vs. Con, #P < 0.05 vs. Zol.
Scale bars: 200 µm.
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combination of the two drugs showed a stronger inhibitory
effect (Figure 5A). The quantitative results of the migration and
invasion of GCTB cells are shown in Figures 5B,C. Above all, our
results showed that Mlt inhibited the migration and invasion of
tumor cells. Moreover, the inhibitory effect of Mlt combined with
Zol was stronger than that of Zol alone.

Mlt, Zol, and Their Combination Exert an
Anti-GCTB Effect by Inhibiting Both the
Hippo and Nuclear Factor Kappa B
(NF-κB) Pathways
We explored the mechanisms corresponding to the antitumor
effects of Mlt and Zol. Our results showed that Mlt, Zol, and their
combination suppressed the phosphorylation level of the key
molecules (LATS1, LATS2, and YAP) in the Hippo pathway and
in the NF-κB pathway (P65 and IκBα) compared with the control
group. In addition, the combination of the two drugs showed
a stronger inhibition (Figures 6A,D). The protein quantitative
results of each group were shown in Figures 6B,C,E,F. Moreover,
we found that Mlt and Zol inhibited the entry of P65 into the
nucleus and the expression of NF-κB pathway targeted genes
(MMP9, MMP13, and CCL2). In addition, the combination of
the two drugs showed a stronger inhibition (Supplementary
Figures 2, 3). In summary, our results revealed that the
therapeutic effect of Mlt and Zol can be achieved by inhibiting
the activation of both the Hippo and NF-κ B pathways.

Mlt, Zol, and Their Combination Inhibit
the Growth of Animal Tumors by
Inhibiting Cell Proliferation and
Promoting Cell Apoptosis
In this part of the research, we used GCTB cells for subcutaneous
tumor formation in the inguinal area of nude mice and then
treated the mice with Mlt, Zol, and their combination for 5 weeks
to explore the effect of drug treatments on tumor growth.

First, the body weight statistics of mice and pathology images
of liver, spleen, kidney and heart in nude mice after drug
administration showed that Mlt and Zol treatment were safe
to the mice (Supplementary Figure 4). After 5 weeks of drug
administration, we found that Mlt, Zol, and their combination
significantly inhibited the growth of tumor tissue in nude mice,
with a stronger inhibitory effect than Zol alone (Figures 7A,B).
The same finding was observed via tumor weight measurements
in the animals (Figure 7C). In the process of drug treatment,
we found that Mlt, Zol, and their combination inhibited the
tumor size growth trend of nude mice in different groups. Again,
the combination of the two drugs showed a stronger inhibitory
effect (Figure 7D).

Subsequently, we performed the mRNA and protein detection
of proliferation markers (CYCLIN B1, PCNA, and KI-67) and
apoptosis markers (BAX and BCL2) in the tumor tissues of each
mice group. Our results demonstrated that Mlt and Zol treatment
inhibited the mRNA and protein levels of the cell proliferation
markers and the antiapoptotic marker BCL2 while promoting
the mRNA and protein level of the proapoptotic marker BAX.

In addition, the combination of the two drugs showed a
stronger treatment effect (Figures 7E–H). IHC staining was then
performed on the tumor tissues of each group, and similar
findings were obtained (Figures 7I,J). The quantitative results
of IHC staining in each group were shown in Figures 7K,L.
In conclusion, Mlt inhibited the growth of animal tumors
by inhibiting cell proliferation and promoting cell apoptosis.
Moreover, the inhibitory effect of Mlt combined with Zol was
stronger than that of Zol alone.

DISCUSSION

The present study explored the effects of Mlt, a safe and
powerful endocrine hormone (Lamberg, 1996; Macchi and Bruce,
2004; Buscemi et al., 2006; Hobson et al., 2018; Gurunathan
et al., 2020) on the treatment of GCTB. We found that
Mlt showed antitumor effects by inhibiting the proliferation,
migration, and invasion of GCTB cells, in addition to promoting
the apoptosis and osteogenic differentiation of tumor cells,
which is similar to the effect of Zol. Moreover, Mlt combined
with Zol showed stronger therapeutic effects than Zol alone.
This therapeutic effect might be achieved by inhibiting the
activation of both the Hippo and NF-κB pathways. To the
best of our knowledge, no studies have explored the effect of
Mlt on GCTB. This study is expected to provide a sufficient
experimental and theoretical basis for using Mlt in the future
treatment of GCTB.

In the present study, Mlt inhibited the proliferation of tumor
cells and promoted cell apoptosis to inhibit the progress of
GCTB. CCK-8 and TUNEL experiments showed that different
concentrations of Mlt could inhibit the proliferation of tumor
cells and promote cell apoptosis (Figures 1, 2). In addition,
the results showed that exposure to Mlt resulted in the
downregulation of proliferation markers (CYCLIN B1, PCNA,
and KI-67) (Figures 1, 7) and the antiapoptotic protein BCL-
2, as well as the upregulation of the proapoptotic protein
BAX (Figures 2, 7). Moreover, the Cleaved CASPASE/CASPASE
ratio was upregulated (Figure 7). Likewise, previous studies
reported that Mlt can inhibit tumor cell proliferation and
promote tumor cell apoptosis via different ways, thereby playing
a therapeutic role in various tumors, including lung cancer,
nerve tumors, gastrointestinal tumors, liver cancer, and others
(Xu C. et al., 2013; Zhang et al., 2013; Borin et al., 2016;
Nooshinfar et al., 2016; Bu et al., 2017; Chovancova et al.,
2017; Yu et al., 2018; Liu et al., 2019; Ma et al., 2019;
Mortezaee et al., 2019).

The migration and invasion capacities of tumor cells are
important indicators to assess the malignancy and the risk of
distant metastasis of tumor cells. Using the scratch wound and
transwell assays, we found that Mlt inhibited the migration
and invasion of GCTB cells (Figures 4, 5). The results
of the current study were similar to previous studies. Mlt
has been reported to be a possible inhibitor of tumor cell
migration and invasion, such as in breast cancer, ovarian
cancer, oral cancer, and osteosarcoma (Akbarzadeh et al.,
2017; Gu et al., 2017; Liu et al., 2018; Qu et al., 2018;
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FIGURE 5 | Mlt, Zol, and their combination inhibit the migration and invasion of GCTB cells. (A) The transwell assay was used to detect the migration and invasion
ability of tumor cells after treatment with Mlt, Zol and the two drugs at 24 h and 48 h. (B) The quantitative results of transwell migration assay in panel (A). (C) The
quantitative results of transwell invasion assay in panel (A). Con: control; Mlt: melatonin; Zol: zoledronic acid; **P < 0.01 vs. Con, ***P < 0.001 vs. Con, #P < 0.05
vs. Zol. Scale bars: 200 µm.

El-Sokkary et al., 2019). In summary, Mlt is expected to
be utilized in the treatment of GCTB for inhibiting tumor
cell proliferation, migration, and invasion, as well as for
promoting apoptosis.

GCTB stromal cells are pathologically regarded as primary
neoplastic cells and are known as incompletely differentiated
preosteoblasts. Therefore, promoting stromal cells in GCTB to
differentiate into mature osteoblast cells may stop tumor growth
and recurrence (Steensma et al., 2013; Yang et al., 2013; Lau
et al., 2020). Lau et al. (2020) found that simvastatin could
promote the osteogenic differentiation of GCTB stromal cells
to stop tumor growth and recurrence. Lutsik et al. (2020)

found that a mutation in H3F3A occurred in differentiating
mesenchymal stem cells (MSCs) and was associated with an
impaired osteogenic differentiation, which is contributed to
the development of GCTB. In addition, studies have shown
that Mlt promoted the osteogenic differentiation of MSCs and
osteogenic precursor cells MC3T3-E1 (Son et al., 2014; Jiang
et al., 2019). However, prior research has not ascertained whether
Mlt can promote the osteogenic differentiation of GCTB cells.
In the present study, we explored the effect of Mlt on the
osteogenic differentiation of tumor cells by detecting osteogenic
markers (OPN, OCN, and RUNX2) and staining related to
osteogenic differentiation (ALP staining and ARS). We found
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FIGURE 6 | Mlt, Zol, and their combination inhibit the activation of both the Hippo and NF-κB pathway in GCTB cells. (A) P-LATS1/2, LATS1, LATS2, P-YAP, and
YAP protein levels in GCTB cells treated with Mlt, Zol, Mlt + Zol. Western blot analysis was used to detect protein levels using GAPDH as the internal standard.
(B) The ratio of relative protein expression of P-LATS1/2,P-LATS1/2 and P-YAP to relative protein expression of LATS1,LATS2 and YAP. (C) The ratio of relative
protein expression of P-LATS1/2, LATS1, LATS2, P-YAP and YAP to relative protein expression of GAPDH. (D) P-P65, P65, P-IκBα, and IκBα protein levels in GCTB
cells treated with Mlt, Zol and Mlt + Zol. Western blot analysis was used to detect protein levels using GAPDH as the internal standard. (E) The ratio of relative
protein expression of P-P65 and P-IκBα to relative protein expression of P65 and IκBα. (F) The ratio of relative protein expression of P-P65, P65, P-IκBα, and IκBα to
relative protein expression of GAPDH. Con: control; Mlt: melatonin; Zol: zoledronic acid; GAPDH: glyceraldehyde-3-phosphate dehydrogenase; *P < 0.05 vs. Con,
**P < 0.01 vs. Con, ***P < 0.001 vs. Con, #P < 0.05 vs. Zol.
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FIGURE 7 | Mlt, Zol, and their combination inhibit the growth of animal tumors by inhibiting cell proliferation and promoting cell apoptosis. (A,B) Representative
pictures of tumors in nude mice with different treatments after 5 weeks. (C) Tumor weight statistics of nude mice with different treatments after 5 weeks. (D) Tumor
volume growth curves of nude mice in different groups after different treatments. (E,F) Relative mRNA and protein levels of proliferation markers (CYCLIN B1, PCNA,
and KI-67) of tumors in each group were measured by qRT-PCR and western blot. (G,H) Relative mRNA and protein levels of apoptosis markers (BAX and BCL2) of
tumors in each group were measured by qRT-PCR and western blot. (I) The proliferation markers’ proteins (CYCLIN B1, PCNA, and KI-67) of tumors in each group
were measured by IHC staining. (J) The apoptosis proteins’ markers (CLEAVED CASPASE-3, CASPASE-3, BAX, and BCL2) of tumors in each group were measured
by IHC staining. (K) The IHC staining intensity of proliferation markers (CYCLIN B1, PCNA, and KI-67) were scored. (L) The IHC staining intensity of apoptosis
markers (CLEAVED CASPASE-3/CASPASE-3, BAX, and BCL2) were scored; Con: control; Mlt: melatonin; Zol: zoledronic acid; *P < 0.05 vs. Con, **P < 0.01 vs.
Con, ***P < 0.001 vs. Con, #P < 0.05 vs. Zol. Scale bars: 200 µm (100× figures), 50 µm (400× figures).

Frontiers in Cell and Developmental Biology | www.frontiersin.org 12 August 2021 | Volume 9 | Article 690502

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


fcell-09-690502 August 4, 2021 Time: 13:47 # 13

Wang et al. Mlt and Zol Suppressed GCTB

that Mlt could effectively promote the osteogenic differentiation
of tumor cells, thereby delaying the malignant progression of
GCTB (Figure 3).

Zol is a commonly used adjuvant for GCTB treatment
(Chen et al., 2015; Nishisho et al., 2015; Li et al., 2019;
Luna et al., 2020). Studies have shown that Zol can inhibit
the proliferation and migration of GCTB while promoting the
osteogenic differentiation and apoptosis of tumor cells (Cheng
et al., 2004; Balke et al., 2010; Yang et al., 2013; Kundu et al., 2018;
Li et al., 2018; Dubey et al., 2019; Shibuya et al., 2019). Our study
showed similar findings, corroborating the inhibitory effect of Zol
on GCTB. Moreover, we explored the therapeutic effects of Zol in
combination with Mlt on GCTB cells. Both in vitro and in vivo
experiments have fully demonstrated that the combination of
these two drugs had a stronger therapeutic effect than Zol alone
(Figures 1–5, 7), which offers a new direction for the future
treatment of GCTB.

To further explore the mechanisms of the antitumor effects
of Mlt and Zol, we detected changes in the signaling pathway
related to the therapeutic effects of Mlt and Zol. The NF-κB
family plays an indispensable role in the survival of many tumors,
usually enabling them to metastasize and develop resistance
to treatment (Hu et al., 2016). Our results showed that Mlt
combined with Zol inhibited the activation of NF-κB pathway by
reducing the phosphorylation levels of P65 and IκBα proteins,
and then inhibited the entry of P65 into the nucleus and the
expression of NF-κB pathway targeted genes (MMP9, MMP13,
and CCL2) (Figure 6 and Supplementary Figures 2, 3). These
findings confirm that the inhibition of the NF-κB pathway is
necessary for the successful treatment of GCTB mediated by the
combination of Mlt and Zol.

The Hippo pathway also plays an important role in tumor
development. The mutation and expression changes of its
core components (MST1/2, LATS1/2, YAP, and TAZ) can
promote the migration, invasion, and malignant progression of
cancer cells (Maugeri-Sacca and De Maria, 2018; Han, 2019).
Some researchers have proposed that the regulation of the
Hippo pathway could be applied to the treatment of tumors
(Cao and Huang, 2017). However, research has not confirmed
whether the Hippo pathway also plays an important role in
the development of GCTB. In the present study, we found
that the activation of the Hippo pathway was significantly
inhibited after treatment with Mlt and Zol, suggesting that
Mlt and Zol may confer an antitumor effect by inhibiting
the activation of this pathway (Figure 6). Therefore, these
results suggest that Hippo pathway inhibitors may also be
used to treat GCTB, a possibility that requires further research
for verification.

There are several studies on crosstalk between the Hippo
and NF-kB pathways. Wang et al. (2018) demonstrated that
the proteasome activator REGγ could promote the activation
of the Hippo and NF-kB pathways to promote colon cancer.
Tang et al. (2021) found that titanium ions induced the
activation of the Hippo pathway and then activated the
NF-κB pathway, which finally upregulated the migration of
macrophages. In addition, Yap, the core downstream effector
of the Hippo signaling cascade, may regulate the activation

of the NF-kB pathway in different cells, such as the MC3T3-
E1 cells, undifferentiated pleomorphic sarcoma cells, HepG2
cells, and chondrocytes (Perumal et al., 2017; Deng et al.,
2018; Rivera-Reyes et al., 2018; Yang et al., 2020). In our
study, we found that Mlt combined with Zol inhibited the
activation of both the Hippo and NF-κB pathways by reducing
the phosphorylation levels of LATS1/2, YAP, P65 and IκBα

proteins, which exerted an anti-GCTB effect (Figure 6).
These findings confirmed that the inhibition of both the
Hippo and NF-κB pathways was necessary for the successful
treatment of GCTB.

Our study had several limitations. First, our study on the
underlying mechanisms was not sufficiently complete. We found
that after the Mlt and Zol treatment, the activation of the
Hippo and NF-κB pathways was suppressed, with the reduced
phosphorylation of LATS1, LATS2, YAP, P65, and IκBα. Besides,
they inhibited the entry of P65 into the nucleus and the
expression of NF-κB pathway targeted genes (MMP9, MMP13,
and CCL2). However, whether the two pathways participate in
crosstalk remains to be clarified. Second, we only use one GCTB
cell line in this research, and more GCTB cell lines need to
be proved in our follow-up in-depth studies. Third, this was a
preliminary exploration study at the cellular and animal levels.
Thus, clinical trials are still needed to better verify the therapeutic
effects of Mlt on GCTB.

In summary, the current study demonstrated that Mlt
could effectively inhibit the proliferation, migration, and
invasion of GCTB cells, as well as promote the apoptosis
and osteogenic differentiation of tumor cells. In addition, a
stronger antitumor effect was observed when Mlt was combined
with Zol treatment. This therapeutic effect might be achieved
by inhibiting the activation of both the Hippo and NF-κB
pathways. Therefore, this study suggests that Mlt can be a
new treatment for GCTB, which could further enhance the
antitumor effect of Zol.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The animal study was reviewed and approved by The Forevergen
Biosciences Experimental Animal Ethics Committee.

AUTHOR CONTRIBUTIONS

ZZ and DH designed the experiments. XW, PS, YK, CX, JQ,
JW, and PS conducted the experiments. XW and PS acquired
the data. XW, PS, ZZ, and DH analyzed the data. XW, ZZ, and
DH wrote the manuscript. All authors read and approved the
final manuscript.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 13 August 2021 | Volume 9 | Article 690502

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


fcell-09-690502 August 4, 2021 Time: 13:47 # 14

Wang et al. Mlt and Zol Suppressed GCTB

FUNDING

This work was supported by grants from the National Natural
Science Foundation of China (No. 81874014) and the Guangdong
Science and Technology Program (No. 2019A030317003).

ACKNOWLEDGMENTS

We would like to thank Yongnuo biological company
(Guangzhou, China) and Jiaqing Zhang (Zhongshan

Ophthalmic Center of Sun Yat-sen University) for
providing linguistic assistance during the preparation of
this manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.
690502/full#supplementary-material

REFERENCES
Akbarzadeh, M., Movassaghpour, A. A., Ghanbari, H., Kheirandish, M., Fathi,

M. N., Rahbarghazi, R., et al. (2017). The potential therapeutic effect of
melatonin on human ovarian cancer by inhibition of invasion and migration
of cancer stem cells. Sci. Rep. 7:17062. doi: 10.1038/s41598-017-16940-y

Alberghini, M., Kliskey, K., Krenacs, T., Picci, P., Kindblom, L., Forsyth, R.,
et al. (2010). Morphological and immunophenotypic features of primary and
metastatic giant cell tumour of bone. Virchows Arch. 456, 97–103. doi: 10.1007/
s00428-009-0863-2

Balke, M., Campanacci, L., Gebert, C., Picci, P., Gibbons, M., Taylor, R.,
et al. (2010). Bisphosphonate treatment of aggressive primary, recurrent and
metastatic Giant Cell Tumour of Bone. BMC Cancer 10:462. doi: 10.1186/1471-
2407-10-462

Borin, T. F., Arbab, A. S., Gelaleti, G. B., Ferreira, L. C., Moschetta, M. G., Jardim-
Perassi, B. V., et al. (2016). Melatonin decreases breast cancer metastasis by
modulating Rho-associated kinase protein-1 expression. J. Pineal Res. 60, 3–15.
doi: 10.1111/jpi.12270

Bu, L. J., Yu, H. Q., Fan, L. L., Li, X. Q., Wang, F., Liu, J. T., et al. (2017).
Melatonin, a novel selective ATF-6 inhibitor, induces human hepatoma cell
apoptosis through COX-2 downregulation. World J. Gastroenterol. 23, 986–998.
doi: 10.3748/wjg.v23.i6.986

Buscemi, N., Vandermeer, B., Hooton, N., Pandya, R., Tjosvold, L., Hartling, L.,
et al. (2006). Efficacy and safety of exogenous melatonin for secondary sleep
disorders and sleep disorders accompanying sleep restriction: meta-analysis.
BMJ 332, 385–393. doi: 10.1136/bmj.38731.532766.F6

Cao, J., and Huang, W. (2017). Two faces of Hippo: activate or suppress the
Hippo pathway in cancer. Anticancer Drugs 28, 1079–1085. doi: 10.1097/CAD.
0000000000000559

Chen, K. H., Wu, P. K., Chen, C. F., and Chen, W. M. (2015). Zoledronic acid-
loaded bone cement as a local adjuvant therapy for giant cell tumor of the
sacrum after intralesional curettage. Eur. Spine J. 24, 2182–2188. doi: 10.1007/
s00586-015-3978-y

Cheng, Y. Y., Huang, L., Lee, K. M., Xu, J. K., Zheng, M. H., and Kumta, S. M.
(2004). Bisphosphonates induce apoptosis of stromal tumor cells in giant cell
tumor of bone. Calcif. Tissue Int. 75, 71–77. doi: 10.1007/s00223-004-0120-2

Chovancova, B., Hudecova, S., Lencesova, L., Babula, P., Rezuchova, I., Penesova,
A., et al. (2017). Melatonin-Induced changes in cytosolic calcium might be
responsible for apoptosis induction in tumour cells. Cell. Physiol. Biochem. 44,
763–777. doi: 10.1159/000485290

Deng, Y., Lu, J., Li, W., Wu, A., Zhang, X., Tong, W., et al. (2018). Reciprocal
inhibition of YAP/TAZ and NF-kappaB regulates osteoarthritic cartilage
degradation. Nat. Commun. 9:4564. doi: 10.1038/s41467-018-07022-2

Dubey, S., Rastogi, S., Sampath, V., Khan, S. A., and Kumar, A. (2019). Role
of intravenous zoledronic acid in management of giant cell tumor of bone-
a prospective, randomized, clinical, radiological and electron microscopic
analysis. J. Clin. Orthop. Trauma 10, 1021–1026. doi: 10.1016/j.jcot.2019.09.011

El-Sokkary, G. H., Ismail, I. A., and Saber, S. H. (2019). Melatonin inhibits breast
cancer cell invasion through modulating DJ-1/KLF17/ID-1 signaling pathway.
J. Cell. Biochem. 120, 3945–3957. doi: 10.1002/jcb.27678

Gao, B., Gao, W., Wu, Z., Zhou, T., Qiu, X., Wang, X., et al. (2018). Melatonin
rescued interleukin 1beta-impaired chondrogenesis of human mesenchymal
stem cells. Stem Cell Res. Ther. 9:162. doi: 10.1186/s13287-018-0892-3

Gaston, C. L., Bhumbra, R., Watanuki, M., Abudu, A. T., Carter, S. R., Jeys,
L. M., et al. (2011). Does the addition of cement improve the rate of local
recurrence after curettage of giant cell tumours in bone? J. Bone Joint Surg. Br.
93, 1665–1669. doi: 10.1302/0301-620X.93B12.27663

Gu, J., Lu, Z., Ji, C., Chen, Y., Liu, Y., Lei, Z., et al. (2017). Melatonin inhibits
proliferation and invasion via repression of miRNA-155 in glioma cells. Biomed.
Pharmacother. 93, 969–975. doi: 10.1016/j.biopha.2017.07.010

Gurunathan, S., Kang, M. H., and Kim, J. H. (2020). Role and therapeutic potential
of melatonin in the central nervous system and cancers.Cancers (Basel) 12:1567.
doi: 10.3390/cancers12061567

Han, Y. (2019). Analysis of the role of the Hippo pathway in cancer. J. Transl. Med.
17:116. doi: 10.1186/s12967-019-1869-4

Hobson, S. R., Gurusinghe, S., Lim, R., Alers, N. O., Miller, S. L., Kingdom, J. C.,
et al. (2018). Melatonin improves endothelial function in vitro and prolongs
pregnancy in women with early-onset preeclampsia. J. Pineal Res. 65:e12508.
doi: 10.1111/jpi.12508

Hu, Z., Song, B., Xu, L., Zhong, Y., Peng, F., Ji, X., et al. (2016). Aqueous synthesized
quantum dots interfere with the NF-kappaB pathway and confer anti-tumor,
anti-viral and anti-inflammatory effects. Biomaterials 108, 187–196. doi: 10.
1016/j.biomaterials.2016.08.047

Jiang, T., Xia, C., Chen, X., Hu, Y., Wang, Y., Wu, J., et al. (2019). Melatonin
promotes the BMP9-induced osteogenic differentiation of mesenchymal stem
cells by activating the AMPK/beta-catenin signalling pathway. Stem Cell Res.
Ther. 10:408. doi: 10.1186/s13287-019-1511-7

Kundu, Z. S., Sen, R., Dhiman, A., Sharma, P., Siwach, R., and Rana, P. (2018).
Effect of intravenous zoledronic acid on histopathology and recurrence after
extended curettage in giant cell tumors of bone: a comparative prospective
study. Indian J. Orthop. 52, 45–50. doi: 10.4103/ortho.IJOrtho_216_17

Lamberg, L. (1996). Melatonin potentially useful but safety, efficacy remain
uncertain. JAMA 276, 1011–1014.

Lau, C., Fung, C., Wong, K. C., Wang, Y. H., Huang, L., Tsui, S. K. W., et al. (2020).
Simvastatin possesses antitumor and Differentiation-Promoting properties that
affect stromal cells in giant cell tumor of bone. J. Orthop. Res. 38, 297–310.
doi: 10.1002/jor.24456

Li, M., Wang, W., Zhu, Y., Lu, Y., Wan, P., Yang, K., et al. (2018). Molecular and
cellular mechanisms for zoledronic acid-loaded magnesium-strontium alloys to
inhibit giant cell tumors of bone. Acta Biomater. 77, 365–379. doi: 10.1016/j.
actbio.2018.07.028

Li, S., Chen, P., and Yang, Q. (2019). Denosumab versus zoledronic acid in cases
of surgically unsalvageable giant cell tumor of bone: a randomized clinical trial.
J. Bone Oncol. 15:100217. doi: 10.1016/j.jbo.2019.100217

Lian, C., Wang, X., Qiu, X., Wu, Z., Gao, B., Liu, L., et al. (2019). Collagen type
II suppresses articular chondrocyte hypertrophy and osteoarthritis progression
by promoting integrin beta1-SMAD1 interaction. Bone Res. 7:8. doi: 10.1038/
s41413-019-0046-y

Liu, H., Zhu, Y., Zhu, H., Cai, R., Wang, K. F., Song, J., et al. (2019). Role
of transforming growth factor beta1 in the inhibition of gastric cancer cell
proliferation by melatonin in vitro and in vivo. Oncol. Rep. 42, 753–762. doi:
10.3892/or.2019.7190

Liu, R., Wang, H. L., Deng, M. J., Wen, X. J., Mo, Y. Y., Chen, F. M., et al. (2018).
Melatonin inhibits reactive oxygen Species-Driven proliferation, Epithelial-
Mesenchymal transition, and vasculogenic mimicry in oral cancer. Oxid. Med.
Cell. Longev. 2018:3510970. doi: 10.1155/2018/3510970

Frontiers in Cell and Developmental Biology | www.frontiersin.org 14 August 2021 | Volume 9 | Article 690502

https://www.frontiersin.org/articles/10.3389/fcell.2021.690502/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2021.690502/full#supplementary-material
https://doi.org/10.1038/s41598-017-16940-y
https://doi.org/10.1007/s00428-009-0863-2
https://doi.org/10.1007/s00428-009-0863-2
https://doi.org/10.1186/1471-2407-10-462
https://doi.org/10.1186/1471-2407-10-462
https://doi.org/10.1111/jpi.12270
https://doi.org/10.3748/wjg.v23.i6.986
https://doi.org/10.1136/bmj.38731.532766.F6
https://doi.org/10.1097/CAD.0000000000000559
https://doi.org/10.1097/CAD.0000000000000559
https://doi.org/10.1007/s00586-015-3978-y
https://doi.org/10.1007/s00586-015-3978-y
https://doi.org/10.1007/s00223-004-0120-2
https://doi.org/10.1159/000485290
https://doi.org/10.1038/s41467-018-07022-2
https://doi.org/10.1016/j.jcot.2019.09.011
https://doi.org/10.1002/jcb.27678
https://doi.org/10.1186/s13287-018-0892-3
https://doi.org/10.1302/0301-620X.93B12.27663
https://doi.org/10.1016/j.biopha.2017.07.010
https://doi.org/10.3390/cancers12061567
https://doi.org/10.1186/s12967-019-1869-4
https://doi.org/10.1111/jpi.12508
https://doi.org/10.1016/j.biomaterials.2016.08.047
https://doi.org/10.1016/j.biomaterials.2016.08.047
https://doi.org/10.1186/s13287-019-1511-7
https://doi.org/10.4103/ortho.IJOrtho_216_17
https://doi.org/10.1002/jor.24456
https://doi.org/10.1016/j.actbio.2018.07.028
https://doi.org/10.1016/j.actbio.2018.07.028
https://doi.org/10.1016/j.jbo.2019.100217
https://doi.org/10.1038/s41413-019-0046-y
https://doi.org/10.1038/s41413-019-0046-y
https://doi.org/10.3892/or.2019.7190
https://doi.org/10.3892/or.2019.7190
https://doi.org/10.1155/2018/3510970
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles


fcell-09-690502 August 4, 2021 Time: 13:47 # 15

Wang et al. Mlt and Zol Suppressed GCTB

Luna, L. P., Sankaran, N., Ehresman, J., Sciubba, D. M., and Khan, M. (2020).
Successful percutaneous treatment of bone tumors using microwave ablation
in combination with Zoledronic acid infused PMMA cementoplasty. J. Clin.
Neurosci. 76, 219–225. doi: 10.1016/j.jocn.2020.03.048

Lutsik, P., Baude, A., Mancarella, D., Oz, S., Kuhn, A., Toth, R., et al. (2020).
Globally altered epigenetic landscape and delayed osteogenic differentiation
in H3.3-G34W-mutant giant cell tumor of bone. Nat. Commun. 11:5414. doi:
10.1038/s41467-020-18955-y

Ma, Z., Liu, D., Di, S., Zhang, Z., Li, W., Zhang, J., et al. (2019). Histone deacetylase
9 downregulation decreases tumor growth and promotes apoptosis in non-
small cell lung cancer after melatonin treatment. J. Pineal Res. 67:e12587. doi:
10.1111/jpi.12587

Macchi, M. M., and Bruce, J. N. (2004). Human pineal physiology and functional
significance of melatonin. Front. Neuroendocrinol. 25:177–195. doi: 10.1016/j.
yfrne.2004.08.001

Maugeri-Sacca, M., and De Maria, R. (2018). The Hippo pathway in normal
development and cancer. Pharmacol. Ther. 186, 60–72. doi: 10.1016/j.
pharmthera.2017.12.011

Mortezaee, K., Najafi, M., Farhood, B., Ahmadi, A., Potes, Y., Shabeeb, D., et al.
(2019). Modulation of apoptosis by melatonin for improving cancer treatment
efficiency: an updated review. Life Sci. 228, 228–241. doi: 10.1016/j.lfs.2019.05.
009

Nishisho, T., Hanaoka, N., Miyagi, R., Sakai, T., Toki, S., Toki, S., et al. (2015). Local
administration of zoledronic acid for giant cell tumor of bone. Orthopedics 38,
e25–e30. doi: 10.3928/01477447-20150105-56

Nooshinfar, E., Bashash, D., Safaroghli-Azar, A., Bayati, S., Rezaei-Tavirani,
M., Ghaffari, S. H., et al. (2016). Melatonin promotes ATO-induced
apoptosis in MCF-7 cells: proposing novel therapeutic potential for breast
cancer. Biomed. Pharmacother. 83, 456–465. doi: 10.1016/j.biopha.2016.
07.004

Nopparat, C., Sinjanakhom, P., and Govitrapong, P. (2017). Melatonin reverses H2
O2 -induced senescence in SH-SY5Y cells by enhancing autophagy via sirtuin 1
deacetylation of the RelA/p65 subunit of NF-kappaB. J. Pineal Res. 63:e12407.
doi: 10.1111/jpi.12407

Ordonez, R., Fernandez, A., Prieto-Dominguez, N., Martinez, L., Garcia-Ruiz, C.,
Fernández-Checa, J. C., et al. (2015). Ceramide metabolism regulates autophagy
and apoptotic cell death induced by melatonin in liver cancer cells. J. Pineal Res.
59, 178–189. doi: 10.1111/jpi.12249

Perumal, N., Perumal, M., Kannan, A., Subramani, K., Halagowder, D.,
Sivasithamparam, N., et al. (2017). Morin impedes Yap nuclear translocation
and fosters apoptosis through suppression of Wnt/beta-catenin and NF-kappaB
signaling in Mst1 overexpressed HepG2 cells. Exp. Cell Res. 355, 124–141.
doi: 10.1016/j.yexcr.2017.03.062

Qiu, X., Wang, X., Qiu, J., Zhu, Y., Liang, T., Gao, B., et al. (2019). Melatonin
rescued reactive oxygen Species-Impaired osteogenesis of human bone marrow
mesenchymal stem cells in the presence of tumor necrosis Factor-Alpha. Stem
Cells Int. 2019:6403967. doi: 10.1155/2019/6403967

Qu, H., Xue, Y., Lian, W., Wang, C., He, J., Fu, Q., et al. (2018). Melatonin inhibits
osteosarcoma stem cells by suppressing SOX9-mediated signaling. Life Sci. 207,
253–264. doi: 10.1016/j.lfs.2018.04.030

Reiter, R. J., Mayo, J. C., Tan, D. X., Sainz, R. M., Alatorre-Jimenez, M., and Qin, L.
(2016). Melatonin as an antioxidant: under promises but over delivers. J. Pineal
Res. 61, 253–278. doi: 10.1111/jpi.12360

Rivera-Reyes, A., Ye, S., Marino, E. G., Egolf, S., Ciotti, E. G., Chor, S., et al.
(2018). YAP1 enhances NF-kappaB-dependent and independent effects on
clock-mediated unfolded protein responses and autophagy in sarcoma. Cell
Death Dis. 9:1108. doi: 10.1038/s41419-018-1142-4

Sharma, R., Sahota, P., and Thakkar, M. M. (2018). Melatonin promotes sleep in
mice by inhibiting orexin neurons in the perifornical lateral hypothalamus.
J. Pineal Res. 65:e12498. doi: 10.1111/jpi.12498

Shibuya, I., Takami, M., Miyamoto, A., Karakawa, A., Dezawa, A., Nakamura, S.,
et al. (2019). In vitro study of the effects of denosumab on giant cell tumor
of bone: comparison with zoledronic acid. Pathol. Oncol. Res. 25, 409–419.
doi: 10.1007/s12253-017-0362-8

Son, J. H., Cho, Y. C., Sung, I. Y., Kim, I. R., Park, B. S., and Kim, Y. D. (2014).
Melatonin promotes osteoblast differentiation and mineralization of MC3T3-
E1 cells under hypoxic conditions through activation of PKD/p38 pathways.
J. Pineal Res. 57, 385–392. doi: 10.1111/jpi.12177

Steensma, M. R., Tyler, W. K., Shaber, A. G., Goldring, S. R., Ross, F. P., Williams,
B. O., et al. (2013). Targeting the giant cell tumor stromal cell: functional
characterization and a novel therapeutic strategy. PLoS One 8:e69101. doi:
10.1371/journal.pone.0069101

Szendroi, M. (2004). Giant-cell tumour of bone. J. Bone Joint Surg. Br. 86, 5–12.
Tang, K. M., Chen, W., Tang, Z. H., Yu, X. Y., Zhu, W. Q., Zhang, S. M., et al. (2021).

Role of the Hippo-YAP/NF-kappaB signaling pathway crosstalk in regulating
biological behaviors of macrophages under titanium ion exposure. J. Appl.
Toxicol. 41, 561–571. doi: 10.1002/jat.4065

van der Heijden, L., Dijkstra, P. D., van de Sande, M. A., Kroep, J. R., Nout, R. A.,
van Rijswijk, C. S., et al. (2014). The clinical approach toward giant cell tumor
of bone. Oncologist 19, 550–561. doi: 10.1634/theoncologist.2013-0432

Verschoor, A. J., Bovee, J., Mastboom, M., Sander, D. P., Van De Sande, M., and
Gelderblom, H. (2018). Incidence and demographics of giant cell tumor of bone
in the Netherlands: first nationwide Pathology Registry Study. Acta Orthop. 89,
570–574. doi: 10.1080/17453674.2018.1490987

Wang, Q., Gao, X., Yu, T., Yuan, L., Dai, J., Wang, W., et al. (2018). REGgamma
controls hippo signaling and reciprocal NF-kappaB-YAP regulation to promote
colon cancer. Clin. Cancer Res. 24, 2015–2025. doi: 10.1158/1078-0432.CCR-
17-2986

Wang, X., Chen, T., Deng, Z., Gao, W., Liang, T., Qiu, X., et al. (2021). Melatonin
promotes bone marrow mesenchymal stem cell osteogenic differentiation and
prevents osteoporosis development through modulating circ_0003865 that
sponges miR-3653-3p. Stem Cell Res. Ther. 12:150. doi: 10.1186/s13287-021-
02224-w

Wang, X., Liang, T., Zhu, Y., Qiu, J., Qiu, X., Lian, C., et al. (2019). Melatonin
prevents bone destruction in mice with retinoic acid-induced osteoporosis.Mol.
Med. 25:43. doi: 10.1186/s10020-019-0107-0

Xu, C., Wu, A., Zhu, H., Fang, H., Xu, L., Ye, J., et al. (2013). Melatonin is
involved in the apoptosis and necrosis of pancreatic cancer cell line SW-1990
via modulating of Bcl-2/Bax balance. Biomed. Pharmacother. 67, 133–139. doi:
10.1016/j.biopha.2012.10.005

Xu, S. F., Adams, B., Yu, X. C., and Xu, M. (2013). Denosumab and giant cell
tumour of bone-a review and future management considerations. Curr. Oncol.
20, e442–e447. doi: 10.3747/co.20.1497

Yang, B., Sun, H., Xu, X., Zhong, H., Wu, Y., and Wang, J. (2020). YAP1 inhibits the
induction of TNF-alpha-stimulated bone-resorbing mediators by suppressing
the NF-kappaB signaling pathway in MC3T3-E1 cells. J. Cell. Physiol. 235,
4698–4708. doi: 10.1002/jcp.29348

Yang, T., Zheng, X. F., Li, M., Lin, X., and Yin, Q. S. (2013). Stimulation of
osteogenic differentiation in stromal cells of giant cell tumour of bone by
zoledronic acid. Asian Pac. J. Cancer Prev. 14, 5379–5383. doi: 10.7314/apjcp.
2013.14.9.5379

Yu, Z., Tian, X., Peng, Y., Sun, Z., Wang, C., Tang, N., et al. (2018). Mitochondrial
cytochrome P450 (CYP) 1B1 is responsible for melatonin-induced apoptosis in
neural cancer cells. J. Pineal Res. 65:e12478. doi: 10.1111/jpi.12478

Zhang, S., Qi, Y., Zhang, H., He, W., Zhou, Q., Gui, S., et al. (2013). Melatonin
inhibits cell growth and migration, but promotes apoptosis in gastric cancer cell
line, SGC7901. Biotech. Histochem. 88, 281–289. doi: 10.3109/10520295.2013.
769633

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Wang, Su, Kang, Xu, Qiu, Wu, Sheng, Huang and Zhang. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 15 August 2021 | Volume 9 | Article 690502

https://doi.org/10.1016/j.jocn.2020.03.048
https://doi.org/10.1038/s41467-020-18955-y
https://doi.org/10.1038/s41467-020-18955-y
https://doi.org/10.1111/jpi.12587
https://doi.org/10.1111/jpi.12587
https://doi.org/10.1016/j.yfrne.2004.08.001
https://doi.org/10.1016/j.yfrne.2004.08.001
https://doi.org/10.1016/j.pharmthera.2017.12.011
https://doi.org/10.1016/j.pharmthera.2017.12.011
https://doi.org/10.1016/j.lfs.2019.05.009
https://doi.org/10.1016/j.lfs.2019.05.009
https://doi.org/10.3928/01477447-20150105-56
https://doi.org/10.1016/j.biopha.2016.07.004
https://doi.org/10.1016/j.biopha.2016.07.004
https://doi.org/10.1111/jpi.12407
https://doi.org/10.1111/jpi.12249
https://doi.org/10.1016/j.yexcr.2017.03.062
https://doi.org/10.1155/2019/6403967
https://doi.org/10.1016/j.lfs.2018.04.030
https://doi.org/10.1111/jpi.12360
https://doi.org/10.1038/s41419-018-1142-4
https://doi.org/10.1111/jpi.12498
https://doi.org/10.1007/s12253-017-0362-8
https://doi.org/10.1111/jpi.12177
https://doi.org/10.1371/journal.pone.0069101
https://doi.org/10.1371/journal.pone.0069101
https://doi.org/10.1002/jat.4065
https://doi.org/10.1634/theoncologist.2013-0432
https://doi.org/10.1080/17453674.2018.1490987
https://doi.org/10.1158/1078-0432.CCR-17-2986
https://doi.org/10.1158/1078-0432.CCR-17-2986
https://doi.org/10.1186/s13287-021-02224-w
https://doi.org/10.1186/s13287-021-02224-w
https://doi.org/10.1186/s10020-019-0107-0
https://doi.org/10.1016/j.biopha.2012.10.005
https://doi.org/10.1016/j.biopha.2012.10.005
https://doi.org/10.3747/co.20.1497
https://doi.org/10.1002/jcp.29348
https://doi.org/10.7314/apjcp.2013.14.9.5379
https://doi.org/10.7314/apjcp.2013.14.9.5379
https://doi.org/10.1111/jpi.12478
https://doi.org/10.3109/10520295.2013.769633
https://doi.org/10.3109/10520295.2013.769633
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cell-and-developmental-biology#articles

	Combination of Melatonin and Zoledronic Acid Suppressed the Giant Cell Tumor of Bone in vitro and in vivo
	Introduction
	Materials and Methods
	Cell Culture
	Antibodies and Reagents
	Cell Counting Kit-8 Assay
	Colony Formation Assay
	Terminal Deoxynucleotidyl Transferase-Mediated dUTP Nick-End Labeling Assay
	Alkaline Phosphatase Staining and Alizarin Red Staining
	Scratch Wound Healing Assay
	Transwell Invasion and Migration Assay
	Quantitative Reverse Transcription Polymerase Chain Reaction and Real Time PCR
	Western Blot Analysis
	Immunohistochemistry Analysis
	Hematoxylin and Eosin Staining
	Animal Experiment
	Statistical Analysis

	Results
	Mlt, Zol, and the Combination of These Two Drugs Inhibit the Proliferation of GCTB Cells
	Mlt, Zol, and Their Combination Promote the Apoptosis of GCTB Cells
	Mlt, Zol, and Their Combination Promote the Osteogenic Differentiation of GCTB Cells
	Mlt, Zol, and Their Combination Inhibit the Scratch Healing Ability of GCTB Cells
	Mlt, Zol, and Their Combination Inhibit the Migration and Invasion of GCTB Cells
	Mlt, Zol, and Their Combination Exert an Anti-GCTB Effect by Inhibiting Both the Hippo and Nuclear Factor Kappa B (NF-κB) Pathways
	Mlt, Zol, and Their Combination Inhibit the Growth of Animal Tumors by Inhibiting Cell Proliferation and Promoting Cell Apoptosis

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


