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Abstract: Cisplatin is a common chemotherapeutic drug for cancer treatment, but its effect is limited because of its
cytotoxicity and chemoresistance. The combinational use of cisplatin with some natural compounds has provided
a potential option to improve its effect and lower its side effects in cancer treatment. Here, we investigated the role
of melatonin in the regulation of cisplatin-mediated antitumor activity in hepatocellular carcinoma cells. The com-
bined treatment of cisplatin with melatonin significantly inhibited cell proliferation and resulted in a corresponding
decrease of the IC50 values of cisplatin in four hepatocellular carcinoma cell lines. Cotreatment with melatonin
also increased the cisplatin-induced apoptosis in hepatocellular carcinoma cells compared with cisplatin treatment
alone. Further mechanism studies showed that the combined treatment of melatonin and cisplatin enhanced the
cleavage of caspase-3, caspase-9 and poly-(ADP-ribose) polymerase (PARP), decreased the expression of Bcl-2 and
p-IKKa/B, suppressed the nuclear translocation of NF-kB p50/p65 proteins, and abrogated the binding of p65 to
COX-2 promoter, thereby inhibiting COX-2 expression. Furthermore, melatonin was found to synergistically enhance
cisplatin-mediated inhibition of AP-23 and hTERT expression. Overexpression of AP-2[3 reversely rescued this inhibi-
tion mediated by the combined treatment of these two drugs. Collectively, our results demonstrated that melatonin
sensitizes the cisplatin-mediated growth suppression of cells via the inactivation of NF-kB/COX-2 and AP-23/hTERT
signaling in hepatocellular carcinoma cells.
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Introduction effects of these drugs, including severe cytotox-
icity against normal cells and tissues, and high
incidence of chemoresistance, limited their
clinical usefulness as anticancer drugs [4].
Therefore, the new therapeutic strategies,
which could attenuate its cytotoxicity to normal

tissues and avoid or antagonize the develop-

Hepatocellular carcinoma is the fifth most com-
mon cancer in the world with high morbidity
and fatality rate, and has already become a
major health burden in present years, especial-
ly as the cell resistance to chemotherapy and

radio therapy develops. Its sharp increase and
aggressive recurrence in clinical scenario have
placed great pressure of a pandemic [1, 2].
Cisplatin is one of the agents developed in plat-
inum-based compounds (PBC), which is consti-
tutively applied in many cancers with clinical
activity against a wide spectrum of cancers as
the first-line chemotherapeutic treatments,
including liver cancer, ovarian and small cell
lung cancer [3]. However, the undesirable side

ment of chemoresistance, is required for can-
cer therapy. The combinational use of chemo-
therapeutic drug with natural products provides
such a beneficial therapeutic strategy that may
overcome these problems of PBC agents [5].

Melatonin, the chemical name of which is N-
acetyl-5-methoxytryptamine, is an indoleamine
compound produced in the pineal gland and
also in plants [6, 7]. As a pleiotropic and multi-
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tasking molecule, it has shown numerous bio-
logical activities, including antioxidant, anti-
aging, seasonal reproduction, anti-obesity,
regulation of immune systems, and anti-cancer
[8-10]. Melatonin has been shown to inhibit
growth of different tumors in experimental pre-
clinical models in vitro and in vivo, including
liver cancer [11]. It is found to be capable of
modulating the related signaling pathways
associated with anti-proliferation, pro-apopto-
sis, and pro-oxidant actions in cancer cells. It is
also reported to be able to decrease angiogen-
esis in cancer cells to contribute to the block-
age of blood supply to the tumor, resulting in
tumor suppression [10]. Furthermore, in the
previous study, melatonin has been shown to
potentiate flavone-induced apoptosis in human
cancer cells by increasing the level of glycolytic
end products [12]. Therefore, more attempts
deserve to be made to develop melatonin as a
potential combinational treatment agent to
enhance the efficacy of conventional antican-
cer agents and meanwhile reduce their side
effects.

Cyclooxygenase 2 (COX-2) is an important
inflammation factor and inducible in response
to certain stimuli such as growth factors and
cytokines and is involved in many pathological
processes, including carcinogenesis [13, 14].
More than 15% of malignant tumors have been
shown to correlate with infection and can be
promoted by inflammation [15], indicating the
key role of COX-2 in cancer progression. NF-kB
is a family of important transcriptional factors,
and has been identified to be the potential reg-
ulator of COX-2 expression by binding to the
corresponding sites of its promoters [16].
Meanwhile, as the key upstream molecules of
NF-kB signaling pathway, IKKa and IKK( could
be activated by many stimuli leading to the
inducible phosphorylation and degradation of
IKB proteins and final activation of NF-kB, imply-
ing the key role of NF-kB signaling pathway in
cancer survival [17], and also providing the
possibility that the anti-cancer effect of drugs
may be concomitant with the inactivation of
NF-kB signaling and down-regulation of COX-2
expression.

As an important component of human telomer-
ase, human telomerase reverse transcriptase
(hTERT) has been shown to be not expressed in
most human somatic cells, but commonly over-
expressed in a variety range of human cancers,
including gastric, breast, and head and neck
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cancer [18]. Both in vivo and in vitro models,
hTERT has been variously reported to enhance
carcinogenesis, accelerate tumor progression,
stimulate angiogenesis, and promote metasta-
sis [19, 20]. The activating enhancer-binding
protein-23 (AP-2p3), one of retinoic acid induc-
ible gene of AP-2 transcription factor family
[241], has been shown to be involved in the ma-
jor mechanism for cancer-specific activation of
telomerase, which transcriptionally regulates
the expression of hTERT. Therefore, the sup-
pression of the AP-23/hTERT signaling might
contribute to the antitumor activity of the anti-
cancer agents.

In the current study, we explored the synergiz-
ing function of melatonin in cisplatin-mediated
antitumor effect in hepatocellular carcinoma
cells and further investigated the detailed
underlying mechanisms of such combination in
anti-cancer treatment. A potential mechanism
model in which melatonin could be used as a
potential combinational agent to sensitize the
antitumor effect of cisplatin was suggested.
Such sensitization was very possibly realized
through suppression of the NF-kB/COX-2 and
AP-2B/hTERT signaling pathways and activation
of the mitochondria-related apoptosis path-
way.

Materials and methods
Cell culture

The human hepatocellular carcinoma cell lines
Bel-7402 were obtained from China Center
for Type Culture Collection (CCTCC, Wuhan,
China) and SNU-449, HepG2, Hep3B 2.1-7 was
obtained from the American Type Culture
Collection (ATCC, Manassas, VA). All the cells
were cultured as monolayer by RPMI or MEM
culture media (Invitrogen, Carlsbad, CA) supple-
mented with 10% fetal bovine serum (Gibco),
and maintained in an environment with a
humidified incubator with 5% CO, at 37°C.

Reagents and antibodies

Melatonin was purchased from J&K, Chemical
Ltd. Cis-dichlorodiamineplatinum (CDDP) were
purchased from Sigma (St. Louis, USA) and dis-
solved in dimethyl sulphoxide (DMSQO) before
addition to the complete cell culture medium.
For the experiment, the solution of melatonin
(1.0 mM) and cisplatin (CDDP) (5.0 uM) in
DMSO was prepared and kept at -40°C for fur-
ther dilution in culture medium to maintain sta-
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bility of used drugs. The primary antibodies for
COX-2, IKKa, IKKB, p-IKKa/B, IkB-a, p-IkB-a,
cleaved caspase-3, cleaved caspase-9, cleaved
PARP, Bcl-2, NF-kB p50 and p65 were pur-
chased from Cell Signaling Technology (Cell
Signaling Technology, Inc, USA). The antibodies
for AP-23 and cytochrome ¢ were purchased
from Santa Cruz Biotechnology (Santa Cruz,
CA, USA). The antibodies for B-actin, GAPDH,
TFIIB were purchased from Proteintech group
(CA). Trypsin, MEM, RPMI 1640 and fetal bovine
serum (FBS) were purchased from HyClone
Laboratories (HyClone Laboratories Inc.). Un-
less what specified noted, other chemicals
were purchased from Sigma Chemical Co. (St.
Louis, MO).

Plasmid vectors

The transfection was performed using Lipo-
fectamine 2000 reagent according to the man-
ufacturer’s protocol (Invitrogen, Carlsbad, CA).
Recombinant plasmid vectors pGL3-hTERT-438
expressing luciferase driven by hTERT promoter
(-378 to +60) were constructed in our lab.

Cell viability assay

Cell viability was determined using the MTT
assay (Roche Diagnosis, Indianapolis, IN).
Briefly, four different cell lines were seeded into
96 - well plates. Cells were cultured for 36 h,
and then the cell medium was changed to fresh
medium containing various concentrations of
CDDP and melatonin, and five replicated wells
were put up for each group, or Bel-7402 cells
seeded in 96 - well plates (2000 cells/well)
were transfected with plasmid of hTERT, AP-2[3
or control vector Lac Z for 36 h after being
treated with different drugs (5.0 uM CDDP, 1.0
mM MT). After 48 h, MTT assay was done. The
effect for cell viability was assessed as cell via-
bility compared with untreated vehicle-treated
control group. The drug concentration required
to cause 50% cell growth inhibition (IC50) was
determined by interpolation from dose-
response curves.

Colony formation assay

Briefly, Bel-7402 cells or SNU-449 cells were
seeded into six - well plate (2 x 103% per well)
and were incubated for 24 h. Then, the medium
was removed and cells were exposed to various
drugs (CDDP: 2.5 uyM, MT: 1.0 mM). After 24 h,
cells were changed into fresh medium contain-
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ing 10% FBS and incubated in a 37°C, 5% CO,
incubator for 2 weeks until cells grew into mac-
roscopic colonies. Finally the medium was
removed, and the colonies were stained by
0.1% crystal violet and counted.

Scratch assay

Scratch assay was performed to detect wound
healing ability of cells (bel-7402 and snu-449).
The cells were seeded into six-well plates and
incubated in the medium with 5% FBS until
grown to full confluency. Cell monolayers were
wounded by a sterile 200 pl pipette tip, and
washed with PBS for three times to remove
detached cells. Cells were treated with indicat-
ed doses of cisplatin or melatonin in full medi-
um and kept in a CO2 incubator. After 36 h,
medium was replaced with PBS buffer and the
wound gap was photographed using a Leica
DM 14000B microscope fixed with digital
camera.

Apoptosis assay

Apoptosis was measured by flow cytometry
using Annexin-V FITC staining-based -fluores-
cence-activated cell sorter (FACS). In brief, cells
seeded in 6 - well plates were treated with indi-
cated doses of cisplatin or melatonin. After 24
h, cells were collected and washed once with
cold PBS, and subsequently stained simultane-
ously with FITC-labeled annexin V and PL
Stained cells were analyzed using FACS Accuri
C6 (Genetimes Technology Inc.).

Western blot

Proteins from cell lysate were separated by
electrophoresis in a 10% polyacrylamide ge-
lelectrophoresis(SDS-PAGE) and electrophoret-
ically transferred to a polyvinylidene fluoride
(Millipore, USA). Western blots were probed
with the specific antibodies. The protein bands
were detected by enhanced chemilumines-
cence. The total protein concentration was
determined using a BCA protein assay kit.

Pulldown assay

The biotin-labeled double-stranded oligonucle-
otide probe, which corresponds to -892/+9
fragments of COX-2 promoter sequence were
synthesized by PCR using biotin-labeled prim-
ers from TAKARA Company (sense, 5'-ACGTGA-
CTTCCTCG -ACCCTC-3’; antisense, 5’-AAGACTG-
AAAACCAAGCCCA-3’). The nuclear proteins
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Figure 1. Melatonin potentiated cisplatin-mediated cell morphology change and cell proliferation inhibition. A. The changes in cell morphology and spreading in
Bel-7402 cells treated with cisplatin (2.5 uM) alone or combined with MT (1.0 mM) for 48 h were observed and cells were photographed using a microscope fitted
with digital camera. B. Human liver cancer Bel-7402, HepG-2, SNU-449, Hep-3B cells were treated with the indicated doses of cisplatin (CDDP) alone or combined
with melatonin (MT) (1.0 mM) for 48 h, and the cell viability was examined by MTT assay. C. The IC50 values of cisplatin for cell viability inhibition in cells treated
with or without melatonin (MT) were determined. The data is presented as mean + SD of three separate experiments, *P < 0.05, **P < 0.01, significant differences

compared to the control groups.
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(400 ug) were mixed with double-strand bioti-
nylated COX-2 promoter probe (4 ug), streptavi-
din agarose beads (50 ml) in 500 ml PBSI buf-
fer containing 0.5 mM PMSF, 10 mM NaF, 25
mM, B-glycerophosphate and rotated for 4 h at
RT. The beads were centrifuged, washed with
PBSI buffer for two times, then the beads were
resuspended by loading buffer and cooked at
100°C for 10 min. The supernatant was ana-
lyzed by western blot.

Confocal immunofluorescence

For confocal microscopy analysis, cells grow on
chamber slides were washed by PBS and fixed
for 10 min at room temperature (RT) with 4%
paraformaldehyde. The samples were permea-
bilized with 0.2% TritonX-100 for 5 min. And
then blocked with 10% bovine serum albumin
(BSA) in PBS for 30 min. Antibodies against
Cytochrome -c, p65 and p50 in the 1% blocking
solution were added to the sample and incu-
bated for overnight at 4°C. Following 10-min
washes for three times with PBS, fluorescein
isothiocyanate and rhodamine conjugated sec-
ondary antibodies were added in 1% blocking
solutions and incubated for 90 min. Subse-
quently, the stained samples were mounted
with 4’6-diamidino-2-phenylindole (DAPI)-con-
taining Vectashield solution (Vector Labora-
tories Inc.) to stain cell nuclei. After five addi-
tional 10-min washes, samples were examined
with a Leica DM 14000B confocal microscope.

Acridine orange/ethidium bromide fluores-
cence staining

Bel-7402 cells were grown on chamber slides
and treated with indicated doses of cisplatin
with or without melatonin, After 24 h, cells were
washed by PBS to remove detached cells ,and
then fixed by 95% ethanol for 15 min. After
slightly drying cells, 5 ul AO/EB (50 ug/ml) were
added with gently pipetting to mix before photo-
graphing by Leica DM 14000B microscope fit-
ted with digital camera.

Densitometric analysis

Scion Image Software (Frederick, MD) was
used to determine the density of the protein
bands from Western blot analysis. The data are
expressed as an arbitrary unit.

Statistical analysis

Data are represented as mean * standard devi-
ation (SD). Analysis of variance and Student’s t
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test were used to compare the values of the
test and control samples. P<0.05 was consid-
ered to be a statistically significant difference.
SPSS17.0 software was used for statistical
analysis, and all the experiments were done
three times.

Results

Melatonin potentiated the cisplatin-mediated
inhibition of cell proliferation and change of
cell morphology

To investigate whether melatonin affects the
cell proliferation inhibition mediated by cisplat-
in, we first observed the morphology change of
Bel-7402 and SNU-449 cells under co-treat-
ment with these two compounds (cisplatin: 2.5
UM and melatonin: 1.0 mM). We found that the
cells with combined treatment exhibited highly
reduced cell-to-cell contact and was mostly
individualized as compared with the cells treat-
ed with cisplatin or melatonin alone. By con-
trast, the cells treated with cisplatin or melato-
nin alone formed a cell layer, and more spread
and filopodia were observed. Similarly, SNU-
449 cells under the combined treatment with
cisplatin and melatonin displayed lower spread-
ing with fewer formation of filopodia (Figure
1A).

Next, MTT assay was performed in four differ-
ent hepatocellular carcinoma cell lines to fur-
ther evaluate the synergistic inhibitory effects
of cisplatin and melatonin on cancer cell
growth. Cells were co-treated with melatonin
(1.0 mM) and various concentrations of cispla-
tin (0, 2.5, 5, 10, 20 or 40 uM) for 48 h, and cell
viability was determined. As shown in Figure
1B, melatonin markedly increased the suppres-
sion of cisplatin on cell viability. Moreover, such
combinational treatment resulted in the dose-
dependent growth inhibition of hepatocellular
carcinoma cells. To evaluate the degree of cis-
platin and melatonin combination-mediated
the enhancement of anti-proliferative effect,
we analyzed the IC50 values of cisplatin in
these four cells treated with or without melato-
nin. As shown in Figure 1C, IC50 value of cispla-
tin was significantly decreased in the combina-
tion group (cisplatin and melatonin) compared
to the single drug group (cisplatin alone). These
results demonstrated that the combinational
use of cisplatin and melatonin resulted in
improved anti-proliferative effects in hepatocel-
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Figure 2. Melatonin enhanced cisplatin-mediated inhibition of colony formation and cell migration in hepatocellular carcinoma cells. A. Clone formation in BEL-7402
cells and SNU-449 cells treated with cisplatin (CDDP) (2.5 uM) and melatonin (MT) (1.0 mM) for 48 h were observed. B. Cell migration was analyzed by a scratch
assay. BEL-7402 cells and SNU-449 cells were grown to full confluency. The cell monolayers were wounded with a sterile pipette tip, and washed with medium to
remove detached cells from the plates. Then the cells were left either untreated or treated with cisplatin (CDDP) (2.5 uM) or melatonin (MT) (1.0 mM). After 36 h,
the wound gap was observed and photographed. *P < 0.05, significant differences between the CDDP+MT-treated groups and the CDDP-treated groups.
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Figure 3. Melatonin increased cisplatin-induced apoptosis by activating cytochrome-c/caspase signaling pathway. Human Bel-7402 cells were treated with CDDP
(5.0 yM) and melatonin (MT) (1.0 mM) for 24 h. A. The apoptosis was then determined by a FACS analysis. B. Acridine orange/ethidium bromide fluorescence
staining was performed in Bel-7402 cells. C. The levels of the cleaved Bcl-2, caspase-3, 9 and PARP proteins were analyzed by Western blotting. D. The release of

cytochrome ¢ (cyto-c) was monitored by immunofluorescence imaging analysis from the inter-mitochondrial space into the cytosol. The apoptosis are represented
by relative percentages of apoptotic cells versus that in DMSO-treated cells.
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lular carcinoma cells compared with cisplatin
treatment alone.

Melatonin enhanced cisplatin-mediated inhibi-
tion of colony formation and cell migration

We also evaluated the influence of the com-
bined treatment with melatonin and cisplatin
on the clonogenic ability in cancer cells. The
clonogenic cell survival assay was employed in
Bel-7402 and SNU-449 cells. Being consistent
with cell proliferation inhibition, the combina-
tional use of cisplatin and melatonin signifi-
cantly inhibited colony formation and resulted
in a notable decrease at colony formation ratio
compared with the single compound treatment
(Figure 2A).

Further, the scratch assay was employed to
determine the combined effect of cisplatin with
melatonin on cell migration in Bel-7402 and
SNU-449 cells. We found that the part of gap or
wounding space between cell layers was occu-
pied almost or completely by the migrating cells
after 48 h in the control group and the group
with melatonin treatment alone. The treatment
with cisplatin (2.5 uyM) alone inhibited cell
migration. However, its combined treatment
with melatonin (1.0 mM) markedly enhanced
the cisplatin-mediated inhibition of cell migra-
tion in hepatocellular carcinoma cells (Figure
2B). These results suggested that the combina-
tional use of cisplatin and melatonin showed
more potential effect in suppressing cell colony
formation and migration in hepatocellular carci-
noma cells.

Melatonin increased cisplatin-induced apopto-
sis by modulating cytochrome ¢ and caspase
signaling pathway

To assess the effect of the combinational use
of cisplatin and melatonin on apoptosis, we
confirmed the pro-apoptotic function of such
combinational use by FACS analysis. As shown
in Figure 3A, treatment with cisplatin alone at
the doses of 5 UM induced 8.7% and 4.2%
apoptotic cells in Bel-7402 and SNU-449 cells
respectively. However, the addition of melato-
nin (1.0 mM) greatly increased the cisplatin-
induced apoptosis, resulting in a 12.4% and
6.0% induction of apoptosis in Bel-7402 and
SNU-449 cells respectively at 24 h after
treatment.

We further compared the damage extent of
cells co-treated with cisplatin and melatonin by
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AO/EB staining. The phenomenon that more EB
passed through damaged cell membrane,
embedded in nuclear DNA and much brighter
orange red fluorescence accumulated in the
nuclear was observed in the group treated with
combined compounds when compared to the
control group or single drug treatment group
(Figure 3B), indicating that more apoptosis was
induced in hepatocellular carcinoma cells when
they were exposed to cisplatin and melatonin
simultaneously but not to single compound
alone.

Then we detected the expression of some key
proteins (Bcl-2, caspase-3, caspase-9, PARP)
involved in early apoptosis induced by com-
pound treatment in Bel-7402 cells by western
blot analysis. As shown in Figure 3C, the level
of Bcl-2 was obviously attenuated in the combi-
national treatment group than the single drug
treatment group. By contrast, the expressions
of cleaved caspase-3, cleaved caspase-9 and
cleaved PARP were improved in the combina-
tional treatment group with melatonin and cis-
platin. We also performed immunofluorescence
(IF) analysis to monitor the subcellular localiza-
tion of cytochrome ¢, which is an upstream mol-
ecule of the caspase cascade-dependent
apoptotic signaling pathway. Treatment with
cisplatin (5.0 uM) or melatonin (1.0 mM) alone
for 24 h triggered the release of cytochrome ¢
from the inter-mitochondrial space into the
cytosol in Bel-7402 cells, but the combined
treatment with these two drugs markedly ele-
vated the release of cytochrome c (Figure 3D).

Melatonin enhanced cisplatin-induced inhibi-
tion of COX-2 expression by inhibiting NF-kB
signaling pathway

COX-2 expression has been demonstrated to
be involved in cell proliferation, migration, and
angiogenesis in cancer cells [22]. In order to
identify the involvement of COX-2 expression
and the further mechanistic basis in melatonin-
sensitized proliferative inhibition mediated by
cisplatin, we analyzed the effect of combina-
tional treatment on COX-2 expression and
found that cisplatin (5.0 uM) alone lowered the
expression of COX-2. However, co-treatment
with cisplatin (5.0 uM) and melatonin (1.0 mM)
almost diminished the expression of COX-2
compared with cisplatin itself (Figure 4A). To
further confirm the involvement of COX-2 sig-
naling in the combinational treatment of mela-
tonin and cisplatin in hepatocellular carcinoma

Am J Cancer Res 2017;7(1):13-27
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Figure 4. Melatonin enhanced cisplatin-induced inhibition of COX-2 expression by inhibiting NF-kB signaling pathway. A. The expression level of COX-2 and P50/65
protein were analyzed by Western blot in human Bel-7402 cells treated with the indicated doses of cisplatin (CDDP) (5.0 uM) and melatonin (MT) (1.0 mM) for 24 h.
B. Cell viability was analyzed by MTT assay in Bel-7402 cells treated with CDDP (5.0 uM) combined with or without MT (1.0 mM) for 48 h after pretreatment with the
COX-2 selective inhibitor celecoxib (CB) (25 uM) for 24 h. C. The streptavidin-biotin pulldown assay was performed to analyze the binding of P65 protein to COX-2 pro-
moter. Nuclear extracts prepared from human liver cancer cell (Bel-7402) were incubated with biotin-labeled COX-2 promoter probe (-508 to +30) and streptavidin-
agarose beads. The DNA-protein complexes were separated by SDS-PAGE, and the P65 protein bands were determined by western blot. D. The expression of p50/
p65 was determined from nuclear extracts prepared from Bel-7402 by Western blotting. E. The subcellular localization of p50 and p65 and their co-localization in
human Bel-7402 cells treated with 5.0 uM cisplatin (CDDP) and 1.0 mM melatonin (MT) for 48 h were examined by confocal microscopy. Cells with typical morphol-
ogy were presented from more than 100 cells at each experiment. F. Human Bel-7402 cells were treated with 5.0 uM cisplatin (CDDP) and 1.0 mM melatonin (MT).
At 48 h after treatment, the IKKB, p-IKKB, IkBa and p-IkBa proteins were analyzed by Western blotting. Each data point was calculated from three triplicate groups
and the data is presented as the mean + SD. *P < 0.05, significant difference between treatment group and control group.
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Figure 5. Melatonin enhanced cisplatin-mediated suppression of AP-23/hTERT signaling. A. Bel-7402 cells were
co-treated with the plasmids of hTERT promoter driven-luciferase and cisplatin (5.0 yM) with or without melatonin
(1.0 mM) for 48 h followed by a dual-luciferase assay. The relative luciferase intensity per mg protein was calculated
in the treated cells. B. The expression level of hTERT protein and AP-2[3 protein were analyzed by Western blot in
human Bel-7402 cells treated with the indicated doses of cisplatin (CDDP) (5.0 uM) and melatonin (MT) (1.0 mM)
for 48 h. C. The rescue of hTERT protein expression mediated by the overexpression of AP-2f3 in Bel-7402 cells. Cells
were treated with cisplatin (5.0 yM) combined with or without melatonin (1.0 mM) for 24 h followed by transfecting
with AP-23 plasmid for 48 h, and the expression of AP-2f3 itself and hTERT protein in the cytoplasm were analyzed
by Western blot. D. Bel-7402 cells were treated with the cisplatin (5.0 yM) combined with or without melatonin (1.0
mM) for 24 h followed by transfection with AP-2[3 plasmid for 48 h, and the cell viability was determined by MTT
analysis. The data are presented as the mean * SD of three separate experiments. *P < 0.05, significant differ-
ences between treatment groups and DMSO control groups.

cells, Bel-7402 cells were treated with melato-
nin (1.0 mM) and cisplatin (5.0 uM) at 8 h after
pretreatment with COX-2-selective inhibitor ce-
lecoxib (CB, 25.0 uM). After continuous incuba-
tion of 48 h, the cell viability was analyzed by a
MTT assay. As shown in Figure 4B, treatment
with CB alone showed inhibitory effect on cell
viability, however, the combined treatment with
melatonin, cisplatin and CB markedly increase
such inhibition. These results suggested that
the elevated proliferative inhibition by co-treat-
ment with melatonin and cisplatin might par-
tially be realized through inhibiting the activa-
tion of COX-2 signaling.

As COX-2 expression is known to be transcrip-
tionally regulated by NF-kB [23, 24], we first
determined the level of p50/p65 in the whole
cell lysate, and found that they were not
changed (Figure 4A). Further, western blot
assay and immunofluorescence assay were per-
formed to examine the expression and nuclear
localization of p50/p65 in Bel-7402 cells. The
results showed, cisplatin (5.0 uM), but not mel-
atonin (1.0 mM), reduced the expression of
p50/p65 in the nuclei of bel-7402 cells (Figure
4C), and the treatment with melatonin and cis-
platin markedly inhibited translocation of the
NF-kB p65/p50 proteins from cell cytoplasm to
nucleus by comparison with the DMSO control
or single drug treatment group (Figure 4C, 4D).
Furthermore, we determined the effect of the
combinational treatment on the binding of p65
at COX-2 promoter region. Pull down assay indi-
cated that the binding of p65 to the COX-2 pro-
moter was almost diminished after co-treat-
ment with melatonin and cisplatin compared to
the single compound treatment alone (Figure
4E). These results indicate that the inhibition of
COX-2 expression in Bel-7402 cells by combina-
tional use of melatonin and cisplatin might be
mediated by inhibiting the translocation of
NF-kB p50/p65 from cytoplasm to cell nuclei
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and further inhibiting their binding at COX-2
promoter.

Moreover, to better understand the effect of
the combinational use of melatonin and cispla-
tin on the NF-kB signaling pathway, we then
investigated their influence on IKK protein
activity, the upstream signaling molecules of
NF-kB pathway. As shown in Figure 4F, treat-
ment with combined drugs not only significantly
suppressed the phosphorylation of IKKpB in Bel-
7402 cells without affecting its overall expres-
sion, but also decreased the expression level of
phosphorylated IkBa. All of these results sup-
ported that NF-kB signaling pathway was a
potential target of co-treatment with melatonin
and cisplatin in hepatocellular carcinoma cells
to finally suppress COX-2 expression.

Melatonin enhanced cisplatin-mediated sup-
pression of AP-2B8/hTERT signaling

We next explored the other molecular events
possibly participating in the proliferation inhibi-
tion of hepatocellular carcinoma cells mediated
by the combined treatment with melatonin and
cisplatin. hTERT, a main component of telomer-
ase, has been shown to contribute to trans-
forming normal human cells into cancer cells. A
number of factors have been identified to be
the upstream targets that regulate the expres-
sion of hTERT directly or indirectly [25-27]. To
detect the effect of the combinational treat-
ment of melatonin and cisplatin on hTERT ex-
pression, we transfected Bel-7402 cells with
the hTERT promoter driven-luciferase plasmid
after pretreatment with the two agents. At 48 h
after transfection, we found that co-treatment
of melatonin and cisplatin markedly attenuated
the expression of hTERT promoter driven lucif-
erase as compared with control group or single
drug treatment group (Figure 5A). Further, we
found that the expression of hTERT was appar-
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Figure 6. The schematic diagram of the molecular mechanisms involved in the melatonin-mediated enhancement
of antitumor activity in hepatocellular carcinoma. Red symbol (+) indicates negative regulation. The black colored
arrow (—) indicates direct or indirect positive regulation. Such combined effects of cisplatin and melatonin might
be achieved through activating the cytochrome c/caspase-dependent apoptotic signaling and inhibiting the NF-kB/

COX-2 and AP-2B/hTERT signaling.

ently down-regulated in the group treated with
both melatonin (1.0 mM) and cisplatin (5.0 uM)
in contrast to the control group (Figure 5B).
Meanwhile, as a key known transcriptional fac-
tor to control hTERT transcription, AP-23 was
also dramatically decreased under combina-
tional treatment of melatonin (1.0 mM) and cis-
platin (5.0 uM) in Bel-7402 cells, while melato-
nin (1.0 mM) or cisplatin (5.0 uM) treatment
alone showed nearly no effect on AP-2[3 expres-
sion (Figure 5B). Finally, we performed a rescue
experiment to examine whether hTERT expres-
sion is involved in the enhancement of melato-
nin and cisplatin-mediated tumor cell growth
inhibition. We transfected Bel-7402 cells with
AP-23 overexpressing plasmids after pretreat-
ment with these two compounds. At 48 h later,
we checked the level of hTERT and AP-2j3
(Figure 5C), and also analyzed cell viability
using MTT assay. As shown in Figure 5D, the
cell proliferation ability was dramatically res-
cued when AP-2[3 was overexpressed after the
treatment with melatonin and cisplatin, sug-
gesting that the melatonin-sensitized prolifera-
tive inhibition caused by cisplatin might also be
partially realized via inactivating AP-23/hTERT
signaling.
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Discussion

In this study, we demonstrated that melatonin
sensitized cisplatin-mediated anti-tumor grow-
th in hepatocellular carcinoma cells, which was
represented by the improved cell viability sup-
pression, clonogenicity and migration inhibi-
tion, and apoptosis induction. The IC50 value
of cisplatin was dramatically decreased under
co-treatment with melatonin in comparison
with cisplatin treatment alone. Although many
previous studies have described the antitumor
activity of melatonin [9-11], the potential syner-
gized action and the associated regulatory
mechanisms remain unclear. Our present work
not only demonstrates the role of melatonin in
improving cisplatin’'s antitumor effect and
attenuating its cytotoxicity in hepatocellular
carcinoma therapy, but also more importantly
clarifies the possible mechanisms of such com-
binational treatment in enhancing anti-cancer
effects.

In our study, we functionally examined the po-
tential of melatonin as a synergistic natural
product of chemotherapeutic reagent [28].
Although cisplatin itself caused significant
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apoptosis of tumor cells, such apoptosis induc-
tion was largely augmented under its co-treat-
ment with melatonin. Furthermore, the com-
bined treatment of melatonin and cisplatin
resulted in more activation of caspase-depen-
dent apoptotic signaling pathway [12, 29],
which includes inhibiting the expression of Bcl-
2, promoting the expression of cleaved cas-
pase-9, caspase-3 and PARP, and stimulating
the release of cytochrome ¢ from mitochondria
to cytoplasm, as compared with cisplatin treat-
ment alone. All these data collectively demon-
strated that the elevated antitumor effect of
cisplatin by melatonin was in part established
based on the enhanced induction of mitochon-
dria-mediated apoptosis pathway, which is con-
sistent with the previous studies that described
the inhibitory effect of melatonin on cell growth
by inducing apoptosis [12].

Our further molecular mechanism studies indi-
cated that two pathways might also contribute
to the improved antitumor function of com-
bined treatment with melatonin and cisplatin.
One is NF-kB/COX-2 signaling pathway and the
other is AP-2B/hTERT signaling pathway. We
found that melatonin could increase the inhibi-
tion of COX-2 expression mediated by cisplatin
when the cells were co-treated with the two
agents through suppressing the phosphoryla-
tion of IKKo/B and IkBa, thereby inhibiting the
translocation of NF-kB p65/p50 proteins from
cell cytoplasm to nucleus and abrogating p65’s
binding to COX-2 promoter to finally suppress
COX-2 expression. Based on the critical role of
COX-2 in multiple pathophysiological process-
es, including tumorigenesis, and the causal
linkage of deregulated activation of NF-kB to
tumor chemoresistance, the elevated inactiva-
tion of NF-kB signaling pathway and inhibition
of COX-2 expression mediated by the co-treat-
ment with melatonin and cisplatin showed
important significance in the aspect of improv-
ing sensitivity of chemotherapy.

Overexpression of hTERT is a hallmark of carci-
nogenesis, and the inhibition of hTERT expres-
sion was found to contribute to prevent prolif-
eration and angiogenesis and induce apoptosis
of cancer cells [30]. Melatonin was also report-
ed to display its anti-tumor effect by affecting
hTERT expression and telomerase activity [31].
Being consistent with the previous study, we
also found that melatonin-mediated enhance-
ment of cisplatin on tumor cell proliferation
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inhibition was partially realized through inhibit-
ing AP-2B/hTERT signaling. When hepatocellu-
lar carcinoma cells were treated with cisplatin
and melatonin together, we found that the
activity of luciferase reporter driven by hTERT
promoter was lower compared with that in the
cells treated with single drug melatonin or cis-
platin, and the same result happened to the
expression level of hTERT. The overexpression
of AP-2[3, which resulted in the rescued expres-
sion of hTERT, reversed the inhibition of hTERT
expression and cell viability caused by co-treat-
ment with melatonin and cisplatin, indicating
the key role of hTERT in the sensitization of anti-
tumor effect of cisplatin mediated by melato-
nin. Based on our present study, although we
indicated and confirmed the participation of
NF-kB/COX-2 and AP-2B3/hTERT signaling path-
way in sensitizing cisplatin-mediated anti-can-
cer effect by melatonin, it is difficult to tell
which pathway takes more responsibilities dur-
ing this treatment process, or they happened in
parallel or successively. All of these questions
deserve better studies in the near future.

In summary, we found that melatonin enhanced
the anti-tumor activity mediated by cisplatin in
hepatocellular carcinoma cells. Furthermore,
we elucidated the underlying molecular mecha-
nisms of such enhanced action. The combined
effects of cisplatin and melatonin might be
achieved through activating cytochrome ¢ and
caspase-dependent apoptotic signaling and
inhibiting NF-kB/COX-2 and AP-2B3/hTERT sig-
naling pathways (Figure 6). All these data indi-
cated the great potential of melatonin, not only
in antagonizing the toxicity exerted by chemo-
therapeutic agents, such as cisplatin, in cancer
patients, but also in augmenting their chemo-
sensitivities [30]. Together with other notions,
our study might serve as a basis and direction
for the application of the combinational treat-
ment of melatonin with cisplatin or other che-
motherapeutic agents in improving therapeutic
efficiency for cancers, especially for hepatocel-
lular carcinoma [11].
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