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Introduction and Aim: Hepatocellular carcinoma (HCC) is a primary malignancy that
occurs in the liver. Clinical cases have been recorded worldwide, particularly in the Saharan
area and Asia. In the present work, we aimed to probe the characteristics of melatonin involved
in human HCC development, especially in cisplatin resistance and glucose metabolism.
Methods: Two HCC cells, HepG2 and Hep3B cells, were treated with melatonin. Cell cycle
test was then used to define the role of melatonin in cell progression while Western blotting
and qPCR assay were applied to determine the associated proteins in the treatment. Annexin
V/PI staining and MTT assay was used to probe the involvement of melatonin in cisplatin-
induced cell apoptosis process. Successively, we assessed glucose consumption in melatonin
treated cells along with Western blotting for detection of GLUT-3 expression level. Yes-
associated protein (YAP), a key regulator of Hippo signaling pathway, was further examined
to characterize the function of melatonin on adjusting GLUT3 and Bcl-2 expression.
Results: Melatonin enabled inhibition of HepG2 and Hep3B proliferation and cell cycle
progression via affecting the cell cycle-associated proteins. Annexin V/PI staining and MTT
assay results demonstrated that melatonin assisted cisplatin-induced apoptosis accompanied
with upregulated caspase-3 and poly ADP-ribose polymerase (PARP) cleavage, as well as
Bcl-2 expression. It revealed that melatonin inhibits glucose uptake and ATP production via
downregulation of Glucose transporter 3 (GLUT3). In addition, YAP was downregulated by
melatonin treatment. The YAP depletion in HepG2 and Hep3B cells suppressed mRNA and
protein expression of Bcl-2 and GLUT3, whereas overexpression of YAP in melatonin
treated cells partly reversed the melatonin-induced inhibition on proliferation, cisplatin-
induced apoptosis, and GLUT3 and Bcl-2 expression.

Conclusion: Melatonin hindered HCC proliferation and aided cisplatin resistance via
regulating the Hippo signaling pathway.

Keywords: melatonin, hepatocellular carcinoma, proliferation, glucose metabolism, YAP,
apoptosis

Introduction

Hepatocellular carcinoma has been considered as one common liver cancer due to
vast increasing mortality among patients with chronic liver disease. Primary treat-
ments including surgery and chemotherapy were supposed to prolong survival time.
Chemotherapeutic drugs often undermine HCC patients’ life quality. A resurgence
of interest on novel therapeutic approaches on HCC treatment occurs in recent
studies. The development of bio-essential and non-toxic medicine for chemotherapy
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is suggestive of new alternative plan to overcome the
limitations during the current chemotherapy and maintain
the life expectancy among patients.

Melatonin (MEL) is a hormone secreted by the pineal
gland and delivered light/dark cycle information to the
circadian system.'> The characterized properties are
known as circadian maintenance and oxidized cell damage
reduction.* Cisplatin is developed from platinum-based
compounds and constitutively applied in many cancers as
the first-line chemotherapeutic treatment with valid clin-
ical activity against a wide spectrum of cancers, for
instances, liver cancer, ovarian and small cell lung
cancer.® However, side effects can lead to severe cytotoxi-
city against normal cells and tissues as well as cause high
incidence of chemoresistance.” Combination studies of
MEL and chemotherapy, likely cisplatin against cancer
cells, reported previously indicating its ability to enhance
chemotherapy-induced apoptosis in cancer cells, such as
cisplatin-treated SK-OV-3 human ovarian cancer cells,®
doxorubicin-treated HepG2 and Bel-7402 human hepa-
toma cells,” SK-N-MC human Ewing sarcoma cell line,"’
and AR42J rat pancreatic tumor cell line."" It revealed that
MEL inhibited the proliferation, migration, and invasion
of cancer cells.'”>'* MEL were identified to involve in
diverse signaling pathways including nuclear factor kappa-
light-chain-enhancer of activated B cells (NF-xB), AKT,
signal transducer, and activator of transcription 3 (STAT3)
and hypoxia-inducible factors 1 (HIF1) pathways.'>'® In
addition, conventional chemotherapy that accompanied
with MEL treatment extended patients’ survival, indicating
the potential beneficial effect in anti-cancer therapy.'®

Hippo signaling pathway mediates tissue growth via
suppressing cell proliferation and promoting apoptosis.’
Growing evidences revealed a dysregulation of Hippo
signaling during human cancer development.”'** Yes-
associated protein (YAP), a key downstream effector of
Hippo, has been widely investigated in human disease
studies. Ectopic overexpression of YAP1 in the mouse
liver leads to HCC development.”***> This oncogenic
function is further supported by its upstream regulators,
which inhibit YAP1 activity by phosphorylation. In addi-
tion, knockout of Savl and Mst1/2 in the liver can cause
HCC development as well.***” Meanwhile, Oroxylin
A ameliorated angiogenesis in liver fibrosis by inhibiting
Hippo-YAP signaling.”® Glypican-3 targeting HN3 and
YAP was shown to significantly inhibit the growth of
HCC cells and xenograft tumors in nude mice.”’
A previous study described that MEL protects against

lung fibrosis by regulating the Hippo/YAP pathway.*
Albeit closely related evidence, whether MEL was asso-
ciated with Hippo signaling pathway in human cancers,
in particular, HCC remains unclear. In order to address
the question, two HCC cell lines were used in this study
to investigate the role of MEL in HCC cell proliferation,
glucose metabolism, and cisplatin-induced apoptosis.

Materials and Methods

Cell Culture and Chemicals

HCC cell lines, HepG2 and Hep3B, were purchased from
the American Type Culture Collection (Manassas, VA,
USA) and cultured in RPMI-1640 (Invitrogen; Thermo
Fisher Scientific, Carlsbad, CA, USA) with 10% Fetal
bovine serum (FBS, Invitrogen; Thermo Fisher Scientific,
Carlsbad, CA, USA). The cultures were maintained at 37°C
in a humidified incubator containing 5% (v/v) CO, in air.
Cells were seeded at a density of 1x10° cells/mL in six-well
plates. MEL and cisplatin were purchased from Sigma-—
Aldrich (St. Louis, MO, USA). pcDNA3.1-hYAP plasmid
was transfected into cells using Attractene Transfection
Reagent. The sequence of YAP siRNA was GACAUCU
UCUGGUCAGAGA and Dharmafect 1 was used for
siRNA transfection. Trypsin, antibiotics, PBS, and propi-
dium iodide were purchased from ThermoFisher. DMSO
was obtained from Merck.

MTT Assay

Cells (5x10°/well) were plated in 96-well plates and cul-
tured overnight. MTT solution (volume, 20 uL; concentra-
tion, 5 mg/mL; Sigma, St. Louis, MO, USA) was added to
each well and then incubated for another 4 h. MEL (in
DMSO) was serially diluted to 1mM and 2mM and incu-
bated for 24 or 48 hrs, cisplatin was serially diluted to
5 pM. The supernatant was removed and DMSO (150 pL)
was added for proliferation and viability measurement
preparation. Absorbance was measured at 490 nm. Data
were obtained from triplicate wells per condition.

Cell viability (IC50) was determined for each agent by
calculating the slope and intercept of different concentra-
tions. The experiment was performed in triplicate, and
repeated three times.

Flow Cytometry for Cell Cycle and
Apoptosis Analysis

Cells in six-well plates were collected using 0.25% trypsin
for 24 hrs after MEL treatment. After the washing protocol
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(PBS), cells were re-suspended in 250 pL of binding
buffer and then fixed in 1% paraformaldehyde for 24 hrs.
For staining and cell cycle analysis, 5 mg/mL propidium
iodide was used. Annexin V/PI kit (ab14085, Abcam) was
applied to cells for cell apoptosis analysis. Stained
cells were analyzed by ACEA Flow cytometer (ACEA
NovoCyte™ 1000).

Western Blot

Total protein was extracted using lysis buffer
(ThermoFisher, Rockford, IL) and Bradford method was
used to quantify the protein. When SDS-PAGE assay was
performed, 30 g of the protein was separated and
then transferred to polyvinylidene fluoride membranes
(Millipore, Billerica, MA, USA). For primary antibody
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Figure 1 MEL inhibited hepatocellular carcinoma cell proliferation and cell cycle progression. (A) HepG2 and Hep3B cells were treated with MEL at the concentration of
ImM and 2mM. MTT assay showed that proliferation rates of the two cells were decreased significantly when treated with two concentrations of MEL. (B) Cell cycle analysis
indicated that G| percentage increased while S phase decreased after MEL treatment for 48 h. N = 3, *p < 0.05, **p < 0.0] comparing with control group.
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incubation, cleaved caspase 3, cleaved YAP, Bcl-2, GLUT-
3 (1:1000; Cell Signaling Technology, Danvers, MA,
USA), and GAPDH (1:2000; Cell Signaling Technology,
Danvers, MA, USA) were incubated overnight at 4°C. For
secondary antibody incubation, peroxidase-coupled anti-
mouse/rabbit 1gG (1:1000, Cell Signaling Technology,
USA) was incubated at 37°C for 2 hrs. The result was
visualized using ECL (Thermo, Rockford, IL) and
detected using a DNR Biolmaging System (DNR,
Jerusalem, Israel). The quantification of WB band density
was performed by using Photoshop CS6 (Adobe).

Real-Time Quantitative PCR

Total RNA was isolated from HepG2 and Hep3B cells
using TRIzol reagent (Life technology, St. Louis, MO,
USA) following the manufacturer’s instructions. Then,
reverse transcription of total RNA into cDNA using
PrimerScript RT Master Mix kit (TakaRa, Dalian, China).
Briefly, a total 20 pL of reverse-transcription reaction
solution was prepared containing 4 plL of 5X RT Master
Mix and 800 ng RNA and the mixture was reacted at 85°C
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for 2 mins and 37°C for 30 mins. PCR was performed
using 7500 Realtime PCR System (Applied Biosystems)
and SYBR Green master mix kit (Applied Biosystems).
The fold change of target gene expression was assessed by
the 2724°" method. GAPDH was used as the reference
gene. Experiments were repeated in triplicate. Primer
sequences were listed as follows: CYCLIN DI forward
TGG AGG TCT GCG AGG AAC A, CYCLIN DI reverse
TTC ATC TTA GAG GCC ACG AAC AT; GAPDH for-
ward AAG ATC ATC AGC AAT GCC TCC T, GAPDH
reverse TGG TCA TGA GTC CTT CCA CGAT. Thermal
cycling conditions were as follows: 95°C for 10 mins;
followed by 40 cycles of 95°C for 15 s and 60°C for 1
min. Each PCR reaction was followed by continuous melt
curve analysis.

ATP Production and Glucose Consumption
The ATP level in cell lines was determined using the ATP
Bioluminescence Assay Kit. Harvested cultured cells were
lysed and followed with a centrifugation at 10,000g for 2
min at 4°C. The measurement of ATP level was conducted
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Figure 2 MEL regulated cell cycle-related proteins. (A) Western blot and qPCR results showed that MEL inhibited Cyclin D at protein and mRNA level in HepG2 and Hep3B cells.
(B) Western blot and qPCR results showed that MEL suppressed protein and mRNA expression of Cyclin DI in HepG2 and Hep3B cells. N = 3, *p < 0.05, **p < 0.01 comparing

with control group.

submit your manuscript

1866

Dove

Cancer Management and Research 2020:12


http://www.dovepress.com
http://www.dovepress.com

Dove

Mi and Kuang

via a mixture of 50 pL of the supernatant with 50 pL of
luciferase reagent, which catalyzed the light production
from ATP and luciferin. The emitted light correlated to
the ATP concentration in a linear regression and measured
using a microplate luminometer.

Glucose levels were assessed using glucose assay kit
(Biovision). Assays were performed according to the man-
ufacture instruction; cells were collected into centrifugal
tube and collected supernatant after centrifugation.
Glucose consumption was calculated as the difference in
glucose concentration between the original supernatant
and the supernatant from the cell cultures. Absorbance
was measured at 563 nm using a Spectra Max M5 plate
reader (Molecular Devices, LLC, Sunnyvale, CA, USA).
Absorbance was measured at 490 nm. Data were acquired

from triplicate wells per condition.

Immunofluorescence Assay

HepG2 and Hep3B were seeded into 30 mm dishes
containing 13 mm, collagen-coated coverslips (Hurst
Scientific, WA). After 24 h cells were fixed by incubation
with PBS containing 4% (w/v) paraformaldehyde (Merck,
#104005100) for 15 min at room temperature. After wash-
ing twice with PBS for 5 min, fixed cells were blocked and
permeabilized by incubation with PBS containing 5% (w/
v) BSA and 0.3% (v/v) Triton X-100 for 1 h at room
temperature. Primary antibodies and secondary antibodies
were diluted in 1% (w/v) BSA/0.3% (v/v) Triton X-100/
PBS and applied to coverslips and incubated at 4°C over-
night. Cells were washed twice with PBS, before 0.3 pM
Hoechst stain diluted in PBS was applied for 5 mins to
stain nuclei. Cells were washed a further three times
before coverslips were mounted onto glass slides using
Gelvatol mounting medium (10.5% (w/v) polyvinyl alco-
hol, 21% (v/v) glycerol, 0.106 M Tris pH 8.5, sodium
azide). Slides were viewed using a Leica SP8 microscope,
and images were captured using LasX Controller software
(Leica microsystem, 3.7.0).

Statistical Analysis

Statistical analyses were performed using SPSS version 16
for Windows. The Student’s ¢-test and one-way analysis of
variance (ANOVA) with tukey post hoc test was used to
compare differences between two groups or among multi-
ple groups. Data was expressed as Mean + SD. p<0.05 was
considered to indicate statistical significance.

Results
MEL Inhibited HCC Proliferation and Cell

Cycle Progression

HepG2 and Hep3B cells were treated with MEL at ImM
and 2mM concentration as referred to previous study.”'
MTT assay showed that proliferation rates of HepG2 and
Hep3B cells were decreased significantly by MEL in
a concentration related property at 72 and 96 hrs post treat-
ment (Figure 1A). The IC50 values of MEL for cell viability
inhibition in HepG2 and Hep3B cells were determined as
2.3 and 2.9 mM, respectively. Cell cycle analysis indicated
that HCC cells G1 percentage enhanced and S phase
declined after MEL (2mM) treatment (Figure 1B), implying
MEL arrested HCC cells at G1 phase.

MEL Regulated Cell Cycle-Related Proteins
As Cyclin D1 were proposed as essential cycle-related
protein in cells**>°. Western blot and qPCR were used
to determine the role of MEL on Cyclin D1 expression.
Cells were treated with 1mM or 2mM MEL. Western
blotting analysis demonstrated that MEL incubation
observably inhibited the expression of Cyclin D1 in
both HepG2 and Hep3B cell lines. qPCR results con-
firmed similar phenomenon that MEL exposure led to
a reduction of Cyclin D1 associated mRNA, in both
HepG2 and Hep3B cells (Figure 2A and B).

MEL Regulated Cisplatin-Induced Cell

Apoptosis and Related Proteins

To explore how MEL affects cisplatin-mediated apoptosis
of HCC cells, HepG2 and Hep3B cells were treated with
cisplatin (5pM) with MEL (1, 2mM) and then examined
by MTT assay. Cell viability was markedly decreased after
treated with MEL in both two cell lines (Figure 3A). The
IC50 values of cisplatin in HepG2 and Hep3B cells were
determined as 13.6 and 11.0 puM, respectively, while co-
treatment of MEL reduced IC50 to 3.6 uM and 1.8 pM in
HepG2 and Hep3B cell, respectively. Thus, we examined
apoptosis rate of HCC cells using Annexin V/PI kit. As
exhibited in Figure 3A and B, MEL promoted apoptosis
in dose-related manner in cisplatin-treated HCC cells
(Figure 3B).

Next, apoptosis-related protein, cleaved PARP and cas-
pase 3, as well as Bel-xL, Mcl-1, and Bcl-2 was examined
by immunoblotting, it demonstrated that MEL upregulated
cleaved PARP and caspase 3, nonetheless downregulated
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Figure 3 MEL promoted cisplatin-induced apoptosis. (A) HepG2 and Hep3B cells were treated with cisplatin (5 tM) together with MEL (I, 2 mM). MTT assay showed that
cell viability was decreased significantly after treated with MEL in both two cell lines. (B) Annexin V/PI staining result demonstrated that MEL significantly increased apoptosis
rate in cisplatin-treated hepatocellular carcinoma cells. The upper right quadrant of each plot depicts early apoptotic population of cells. (C) western-blot result showed that

cisplatin (5uM)

MEL upregulated cleaved caspase 3, PARP, Bcl-xL, Mcl-1, and Bcl-2 level. N = 3, *p < 0.05, **p < 0.0 comparing with control group.
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Bcl-xL, Mcl-1, and Bcl-2 expression in both two cell lines
with cisplatin treated (Figure 3C).

MEL Involved in ATP Production, Glucose
Metabolism, and YAP Expression

Glucose metabolism and ATP production associated in cancer
cell progression and chemoresistance. Glucose uptake is
a vital step during glucose metabolism, MEL treatment
(1 mM) reduced glucose consumption in HCC cells, compared
with control group at 72 hrs post treatment (Figure 4A).
Western blot data indicated that MEL reduced GLUT-3
expression (Figure 4B). Aerobic glycolysis of glucose sup-
plied energy in cancer cells. ATP production is likely to
influence on aerobic glycolysis and our data demonstrated
that MEL significantly reduced ATP production (Figure 4C).
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YAP Regulated Proteins Associated with

Glucose Metabolism and Chemoresistance
Furthermore, it demonstrated that MEL enabled to decrease
YAP expression, while increasing Ser127 phosphorylation of
YAP in HepG2 and Hep3B cell lines (Figure 5A and B).
Immunofluorescence assay showed that MEL treatment
increased cytoplasmic distribution of YAP in the in HepG2
and Hep3B cell lines, while YAP majorly located in nucleus
in the control group (Figure 5C and D), suggesting MEL
regulated in Hippo pathway.

Previous studies suggested a complex correlation existed
among Hippo signaling, glucose metabolism, and cancer cell
apoptosis. Bcl-2 and GLUT-3 were identified as target genes
of Hippo signaling pathway.2 1”23 We examined the expression
of Bel-2 and GLUT-3 upon YAP silencing. After we depleted
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Figure 4 MEL regulated ATP production, GLUT-3 expression, and glucose metabolism. (A) MEL treatment (I mM, 24 hrs) reduced glucose consumption compared in the
two cell lines. (B) Western blot analysis revealed that MEL treatment reduced expression of Bcl-2 and GLUT-3 in the two cell lines. (C) MEL (I mM, 24 h) reduced cancer
cell ATP production in both two cell lines. N = 3, *p < 0.05 comparing with control group.
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Figure 5 MEL associated with YAP. (A, B) Western blot showed that MEL treatment reduced expression of YAP and increased Ser |27 phosphorylation of YAP in both cell
lines. (C, D) Immunofluorescence assay observed the cellular localization of YAP after MEL treatment in HepG2 and Hep3B cells.

YAP by transfection of HCC cell with YAP siRNA, it revealed
that YAP depletion downregulated Bcl-2 and GLUT-3
(Figure 6A and B), suggesting these two proteins served as
downstream targets of YAP in HepG2 and Hep3B cells.
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Figure 6 YAP silencing regulated GLUT-3 and Bcl-2 level. (A, B) Western blot
showed that YAP depletion downregulated Bcl-2 and GLUT-3 in both cell lines.

Overexpression of YAP Reverses MEL

Effect on Cells

To validate whether MEL inhibited cell growth and chemore-
sistance through regulation of YAP, we overexpressed YAP
using transfection and compared with control cells. YAP over-
expression can partially restore cell viability and reduced
apoptosis rate that was influenced by MEL in two cell lines
(Figure 7A). YAP overexpression also rescues the phenotype
of cell cycle which was arrested by MEL, as evidenced by
reduced G1 phase percentage and restored S phase percentage
(Figure 7B). In addition, YAP overexpression rescues the
decrease of GLUT-3, cyclin D1 as well as Bcl-2 expression
(Figure 7C). These data revealed that MEL regulated HCC cell
proliferation to assist chemosensitivity via modulation of
Hippo signaling pathway.

Discussion

In the work, MEL inhibited the proliferation of HepG2 and
Hep3B cells. Cell cycle progression was arrested at G0/G1
point with downregulation of Cyclin D1 by MEL. Cyclin
D1 overexpression has been proved to associate with early
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Figure 7 Overexpression of YAP reversed the role of MEL. (A) YAP overexpression partly reduced apoptosis rate induced by cisplatin in both cell lines. (B) Cell cycle
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cancer onset and tumor progression® and led to oncogen-
esis by an enhancement of anchorage-independent growth
and VEGF-dependent angiogenesis.’”” The overexpres-
sion enabled to result in down-regulation of Fas, which, in
turn, induced an increased chemotherapeutic resistance
and a protection from apoptosis.

MEL treatment promoted cisplatin-induced apoptosis
and downregulated Bcl-2 expression.*® It also hindered glu-
cose metabolism of HCC cells via a decline of GLUT-3
expression. It was appealing that MEL downregulated
Hippo inhibitor YAP, a central effector in Hippo signaling
pathway.*>** Both Bcl-2 and GLUT-3 were regulated by
YAP. The restoration of YAP partially undermined the inhi-
bitive effect of MEL on HCC cells, suggesting MEL
involved in Hippo signaling. Accumulating studies also
implied that MEL enhances cisplatin anti-cancer effect in
many cancer cells by stimulating mitochondrial ROS
generation,*' this aspect requires further investigation.

The treatment of MEL reduced HCC cell growth and
mediated cell cycle-related protein expression. Similar feature
has been defined in various cancer cell lines. In previous
studies, detailed linkage of MEL to Hippo signaling was not
investigated. Hippo signaling pathway maintained tissue
growth balance by cell proliferation inhibition and promoting
apoptosis.** ** Dysregulation of Hippo signaling were identi-
fied during malignancy formation,*** including HCC.** YAP
is a crucial effector in Hippo signaling. Overexpression of
YAP was detected in several cancers*® and enabled to aid cell
cycle progression via inducing cyclin proteins' expression and
inhibiting p21.*”*® In the present study, YAP silencing caused
a reduced expression of Bcl-2 and GLUT-3, while its over-
expression counteracted the MEL suppressive properties on
HCC cells, indicating that MEL inhibited HCC growth partly
through its inhibiting effect on YAP.

In addition, MEL promoted apoptosis accompanied with
downregulation of Bcl-2, and upregulated cleaved caspase 3
and PARP. Bcl-2 was identified as a YAP downstream
protein.*” In our work, YAP depletion downregulated Bcl-2
protein expression as a similar effect as MEL treatment
mediated. Notably, YAP overexpression partially restored
cell viability and reduced cisplatin-induced apoptosis.
These results directed that MEL was capable of maintaining
chemosensitivity through inhibition of YAP/Bcl-2 signaling.

We also determined that MEL suppressed glucose meta-
bolism with downregulation of GLUT-3. One typical feature
of cancer metabolism is likely to alter energy production from
oxidative phosphorylation to glycolysis. Elevated glucose
uptake, glucose consumption, and lactate production were

probed in various cancers, these biological events were
defined as an essential process in cancer cell survival and
resistance to chemotherapy. Upregulation of rate-limiting glu-
cose metabolic enzymes including GLUT family protein asso-
ciated with elevated glucose consumption and ATP production
of cancer cells.*” In addition, the previous study revealed that
GLUT-3 is a target of YAP.” Thus, our results undoubtedly
confirmed that MEL treatment suppressed HCC glucose meta-
bolism via YAP/GLUT-3 signaling pathway.

Taken together, MEL inhibited HCC cell proliferation and
glucose metabolism, promoted cisplatin-induced apoptosis. It
suppressed YAP expression and the downstream targets, Bcl-2
and GLUT-3. Overexpression of YAP reversed the biological
effect of MEL, suggesting that MEL possessed a promising
potential as non-toxic drug candidate for HCC therapy.
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