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ces the anti-tumor effect of
sorafenib via AKT/p27-mediated cell cycle arrest in
hepatocarcinoma cell lines†

Fei Long,‡a Chengyong Dong,‡a Keqiu Jiang,a Yakun Xu,a Xinming Chi,b

Deguang Sun,a Rui Liang,a Zhenming Gao,a Shujuan Shao*b and Liming Wang *a

Hepatocellular carcinoma (HCC) is the fifthmost common cancer worldwide, often diagnosed in late stages

when most therapeutic methods are not very effective. The introduction of the multikinase inhibitor

sorafenib as the standard of care has opened a window of hope for patients with advanced HCC,

patients with very poor prognosis; however, patients usually develop acquired resistance to sorafenib

limiting its therapeutic benefits. Melatonin (MT), an indoleamine compound produced in the pineal gland,

has shown a substantial beneficial effect in increasing the efficacy of common anticancer drugs and

decreasing their toxic effects. Here we demonstrate that MT potentiated the sorafenib-mediated

inhibition of cell viability and colony formation in HCC cell lines. Moreover, combined treatment of MT

and sorafenib enhanced the cell cycle arrest of HCC cells at the G0/G1 phase. Co-treatment of

sorafenib and MT was found to upregulate p27, an inhibitor of several cyclin-dependent kinases (CDK),

and downregulate p-AKT, c-myc, cyclin D1 and CDK4/6 protein expression. Furthermore, overexpression

of p-AKT using SC79 reversed the effect of sorafenib and MT combination on cell viability and growth of

HCC cells. These results suggest that the AKT pathway might be critical for the enhanced anticancer

effect observed after co-treatment with MT and sorafenib. Taken together, our findings demonstrated

that AKT/p27-mediated cell growth arrest induced by MT increased the sensitivity of HCC cells to the

effect of sorafenib.
1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common
malignant tumors worldwide with approximately more than
half a million new cases diagnosed annually.1 HCC is highly
resistant to chemotherapeutic agents. Indeed, there is a lack of
efficient chemotherapy drugs, leaving local ablation, surgical
resection, and liver transplantation as the only therapeutic
options for patients diagnosed with early-stage HCC. Unfortu-
nately, the disease is oen diagnosed in late stages when most
patients are not suitable for local ablation or surgery. The
introduction of the multikinase inhibitor sorafenib as the
standard of care has opened a window of hope for advanced
HCC patients with very poor prognosis.2 Sorafenib has been
shown to successfully inhibit tumor cell proliferation and
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vasculogenesis by targeting RAF/MEK/ERK, as well as JAK/STAT
pathways.3,4 However, the low rate of tumor response, most
likely due to primary and acquired drug resistance, has limited
the overall therapeutic effect of sorafenib on HCC patients.5,6 In
addition, many patients have multiple undesirable side effects.7

Thus, a synergistic combinatorial approach that includes sor-
afenib at low doses could be a better therapeutic strategy in
HCC to improve the anti-tumor effect of sorafenib and, at the
same time, decrease its toxicity.

Although synthesis of melatonin (MT) occurs in multiple
organs, the major site of MT synthesis is the pineal gland. At
physiological concentrations, MT functions as a major regulator
of the circadian rhythms and sleep.8,9Moreover, it has been shown
to regulate obesity,10 the immune systems11 and oncostasis.12–14

In addition, previous studies have also shown MT plays
a role in tumor growth and gene regulation in cancer cells.15,16

MT inhibited cell proliferation of human B-lymphoma
cells,17 human myeloid leukemia cells HL-60 18 and human
neuroblastoma cancer cells.19 Furthermore, MT exerts
a protective function by preventing cell damage,20–22 particu-
larly in neural cells.23,24 A plethora of evidence has unequivo-
cally demonstrated that MT decreases the toxicity associated
with chemotherapeutic agents both in animals as well as in
patients.25,26
This journal is © The Royal Society of Chemistry 2017
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In this study, we aim to investigate the benecial impact of
combining MT to sorafenib, the standard of care, in HCC and
the mechanism by which MT improves the anti-tumor effect of
sorafenib.

2. Experimental
2.1 Cell lines and cell culture

Human HCC cell lines Bel7402, SMMC-7721 and the normal
hepatocyte cell lines L02 were purchased from KeyGen Biotech
Company (Nanjing, China). Cell lines were cultured in RPMI
Medium 1640 (Gibco, Gaithersburg, MD, USA), supplemented
with 10% fetal bovine serum (FBS) (PAN BIOTECH, Aidenbach,
Germany) and 1% penicillin/streptomycin (100 U ml�1, Gibco).
Cells were incubated in a humidied atmosphere containing
5% CO2 at 37 �C.

2.2 Reagents and antibodies

MT was obtained from Sigma (St. Louis, MO, USA) and was
dissolved in an appropriate amount of DMSO. Sorafenib and
SC79 were purchased from Selleckchem (Houston, TX, USA) and
were also dissolved in an appropriate amount of DMSO. The
above three reagents were added to the complete cell culture
medium to attain the stipulated concentration. The maximum
concentration of DMSO in media was 0.1% and the concen-
tration of DMSO in the control groups was 0.1% constantly. The
Cell Counting Kit-8 (CCK8) was purchased from Dojindo
(Kumamoto, Japan). Rabbit polyclonal antibodies for total AKT,
phospho-AKT (p-AKT) (Ser473), total ERK, phospho-ERK
(p-ERK) (Thr202/Tyr204), p21, cyclin D1, phospho-Rb (p-Rb)
(Ser807/811) and b-actin were purchased from Cell Signaling
(Danvers, MA, USA). Rabbit polyclonal antibodies for p27,
CDK4, CDK6, cyclin E1, cyclin A1 and c-myc were obtained from
Protein Tech (Chicago, IL, USA). All the secondary antibodies
were purchased from Protein Tech (Chicago, IL, USA).

2.3 Cell viability assay

Cell viability was tested using the CCK-8 assay in accordance
with the manufacturer's instructions. Hepatocellular carcinoma
(HCC) cells (2 � 103) were seeded into 96-well plates and
cultured in 100 ml of cell culture medium. Aer 24 hours, cells
were treated with MT and/or sorafenib at the indicated
concentrations for 48 or 72 hours (in the presence or absence of
AKT activator SC79 [8.0 mg ml�1] for 48 hours). Then, the
medium was replaced by 100 ml of a mixture of cell culture
medium (90 ml) and CCK-8 reagent (10 ml) and cells were incu-
bated at 37 �C or 2 hours. Finally, the optical density was
determined at a wavelength of 450 nm by an EnSpireTM 2300
Multilabel Reader (PerkinElmer, Waltham, MA, USA). Three
replicates were measured for each test. At least three indepen-
dent experiments were performed.

2.4 Clonogenic survival assay

Cells were seeded into a 6-well culture dish in quadruplicate
(800 cells per well). Aer 48 hours of incubation, cultures were
replaced with fresh medium containing MT and/or sorafenib in
This journal is © The Royal Society of Chemistry 2017
the indicated concentrations for 2 weeks. During this time the
medium was renewed every 4 days. Aer 2 weeks, cell colonies
were washed with phosphate buffered saline (PBS) buffer for
three times, xed in paraformaldehyde (PFA) for 15 minutes,
and stained using crystal violet (Sigma-Aldrich, St. Louis, MO,
USA) for 15 minutes at room temperature. Clones were visually
counted and colony formation efficiency was calculated.

2.5 Cell cycle analysis

Cells were seeded into a 6-well culture dish. Aer 24 hours of
incubation, cultures were replaced by fresh medium containing
MT and/or sorafenib at the indicated concentrations for 48
hours (in the presence or absence of AKT activator SC79 [8.0 mg
ml�1] for 48 hours) and cells were harvested by trypsinization,
and, then, xed overnight at 4 �C with 75% cold ethanol. Fixed
cells were treated with 100 ml of RNase A (10 mgml�1) at 37 �C for
30 minutes and stained with 400 ml of PI (50 mg ml�1) at room
temperature in dark conditions for 30 minutes. The cell cycle
proles were obtained using a BD FacsCalibur (BD, Franklin
Lanes, NJ, USA) ow cytometer.

2.6 Western blot analysis

Cells were cultured in 10 cm-diameter dishes and treated either
with DMSO, single agent or combination (in the presence or
absence of AKT activator SC79 [8.0 mgml�1]) for appropriate time-
points. Western blot analyses were performed using standard
procedures. Actin was used as a loading control. The signal was
detected using secondary antibodies coupled with HRP (Jackson
laboratory). The luminescent signal was detected using a LAS-
3000 Luminescent Image analyzer (Fujilm, Valhalla, NY).

2.7 Animal study

BALB/c nude female mice (4 weeks of age) were used in this study
and were purchased from the Dalian Medical University SPF
Laboratory Animal Center (Dalian, China). Mice, weighing
between 13 and 18 g, were fed in a specic pathogen-free area. To
evaluate the therapeutic efficacy of MT and sorafenib in human
HCC cell lines SMMC-7721 using a murine model, SMMC-7721
cells (5 � 106 in 100 ml PBS) were injected subcutaneously near
the axillary fossa of nude mice. Aer two weeks, when tumor
diameter reached 3mm� 4mm, tumor cell-inoculatedmice were
randomly divided into four treatment groups, each containing
four mice. Group A, treated with normal saline (NS); group B
treated with 25mg kg�1MT (i.p.); group C treated with 10mg kg�1

sorafenib (orally); group D treated with MT (i.p.) and sorafenib
(orally) and each group was administrated every day. Tumors were
measured using a caliper every 3 days and the formula V ¼ 1/2
(width2 � length) was used to calculate the tumor volume. The
weights of the mice were also recorded every 3 days. On day 32
aer cell inoculation, all mice were sacriced with ether anes-
thesia and tumor weight in each mouse was measured.

All experiments were performed in compliance with the
recommendations established by the Animal Care and Ethics
Committee of Dalian Medical University. The protocol was
approved by the Animal Care and Ethics Committee of Dalian
Medical University.
RSC Adv., 2017, 7, 21342–21351 | 21343
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2.8 Statistical analysis

All experiments were repeated at least three times. Means and
standard deviations were calculated from at least three different
measurements. GraphPad Prism soware was used for statis-
tical analysis. Statistical comparisons were implemented using
one-way ANOVA test. A p-value <0.05 was considered to be
statistically signicant. SPSS v13.0 soware was applied for all
statistical analyses.
3. Results
3.1 Co-treatment of MT and sorafenib decreases the cell
viability and alters morphology in HCC cell lines

To determine whether MT could potentiate the sorafenib-
induced inhibition of hepatoma cell lines survival, we rst
Fig. 1 Melatonin (MT) potentiated the inhibitory effect of sorafenib on the
(A and B) Bel-7402 and SMMC-7721 cells were treated with MT or sora
treatment, cell viability was determined using a CCK-8 assay. Cells treated
cell viability in each treatment group was calculated relative to cells treate
with MT or/and sorafenib during 48 hours at the indicated doses. 48 hour
Changes in cell morphology and spreading of Bel-7402 and SMMC-7721
7721 and/or MT [1 mM] for 48 hours in 6-well plates were observed an
camera. Each cell line was photographed with a magnification of 4� 10 fo
(a normal hepatocyte cell lines) were treated with MT or/and sorafenib
treatment, cell viability was determined using a CCK-8 assay. The data
indicates significant differences between treatment groups and control
differences among groups.

21344 | RSC Adv., 2017, 7, 21342–21351
investigated the effect of MT or sorafenib alone on cell viability
in HCC cell lines Bel-7402 and SMMC-7721 using a CCK-8 assay.
Treatments with MT alone [200–2000 mM] or sorafenib alone [1–
12 mM] for 48 or 72 hours have shown to considerably suppress
hepatoma cell viability in a dose and time-dependent manner
(Fig. 1A and B). Combined treatment of MT [1.0 mM] and sor-
afenib [4–8 mM] for 48 hours signicantly enhanced the
sorafenib-mediated inhibition of cell viability in both Bel-7402
and SMMC-7721 cells as compared with those treated with
either MT or sorafenib alone (Fig. 1C). Additionally, we analyzed
the changes in cell spreading and morphology of Bel-7402 and
SMMC-7721 cells cultured in 6-well plates (Fig. 1D; 8 mM sor-
afenib and/or 1 mM MT for Bel-7402; 4 mM sorafenib and/or
1 mM MT for SMMC-7721). The combined treatment showed
a signicant reduction in cell density as well as changes in cell
morphology, where cells become smaller and granulated in
viability of hepatocarcinoma cells but does not affect normal liver cells.
fenib from 0–72 hours at the indicated doses. 48 and 72 hours after
with vehicle (DMSO) were set as 100% cell viability. The percentage of
d with vehicle control. (C) Bel-7402 and SMMC-7721 cells were treated
s after treatment, cell viability was determined using a CCK-8 assay. (D)
cells treated with sorafenib [8 mM] for Bel-7402 and [4 mM] for SMMC-
d photographed using an Olympus inverted microscope with digital
ld (the picture above) and 20� 10 fold (the picture below) (E) L02 cells
from 0–72 hours at the indicated doses. After 48 and 72 hours after
are presented as mean � SD of three separate experiments. P < 0.05
groups or among treated groups. #P > 0.05 represents no significant

This journal is © The Royal Society of Chemistry 2017
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shape when compared with those treated either with sorafenib
or MT alone. These results demonstrated that combined treat-
ment of sorafenib and MT induces changes in cell spreading
and morphology of hepatoma cells.

It has been reported that MT exerts a protective effect in
normal cells.27,28 Therefore, we investigated whether co-
treatment of MT and sorafenib had an impact on normal
L02 cells. Treatment with sorafenib [4–8 mM] for 48–72
hours signicantly reduced cell viability compared with
untreated controls (Fig. 1E). Interestingly, in contrast to hep-
atocarcinoma cells, MT had no signicant effect on cell
viability when it is combined to sorafenib compared to single
drug treatment.
3.2 MT potentiates the inhibitory effect of sorafenib on the
colony formation of hepatocarcinoma cells

To further conrm the effect of MT in enhancing the sorafenib-
mediated inhibition of cell growth in HCC cell lines. We
employed a colony formation assay where Bel-7402 and SMMC-
7721 cells were treated with MT and/or sorafenib at specic
concentrations for 2 weeks. Both MT and sorafenib caused an
observable decrease in the numbers of colonies in both cell
Fig. 2 MT potentiated the inhibitory effect of sorafenib on colony forma
plates in quadruplicate (800 cells per well). After 48 hours, cultures were
mM] for 2 weeks. After 2 weeks, the colonies were stained with 1% crysta
(right panel). (B) SMMC-7721 cells were grown in 6-well plates in quadru
fresh medium containing MT [1 mM] and/or sorafenib [4 mM] for 2 weeks.
counted. Clone numbers are also shown in the bar graph (right panel). B
indicates significant difference among the groups).

This journal is © The Royal Society of Chemistry 2017
lines (Fig. 2A and B). Dramatically, the combination of MT and
sorafenib triggered a more pronounced inhibition of colony
formation compared to single treatment.
3.3 MT enhances the antitumor effect of sorafenib via G0/G1
phase arrest

To explore whether MT could enhance the antitumor effect of
sorafenib in Bel-7402 cells through the alteration of the cell
cycle, we examined cell cycle progression using FACS analysis.
MT or sorafenib arrested the cell cycle at the G0/G1 phase in Bel-
7402 cells compared with the control groups. However,
combined treatment of MT and sorafenib further enhanced cell
cycle arrest at G0/G1 phase compared with single treatment
with sorafenib (Fig. 3A and B).

Alterations in the checkpoint mechanisms of the cell cycle
lead to cell proliferation. The Cyclin D1/CDK4/6 complex
increases the phosphorylation of Rb (p-Rb) followed by cell
entry into the S phase from the G1 phase.29 Since cells were
arrested at the G0/G1 phase, the protein expression of Cyclin
D1, CDK4, CDK6, cyclin E1 and p-Rb, responsible for the tran-
sition from G0/G1 to S phase were analyzed using western blot.
As expected, Cyclin D1, CDK4, CDK6 and the downstream p-Rb
tion of hepatocarcinoma cells. (A) Bel-7402 cells were grown in 6-well
replaced with fresh medium containing MT [1 mM] and/or sorafenib [8
l violet and were counted. Clone numbers are shown in the bar graph
plicate (800 cells per well). After 48 hours, cultures were replaced with
After 2 weeks, the colonies were stained with 1% crystal violet and were
ars represent mean � SD from 3 independent experiments (*P < 0. 05

RSC Adv., 2017, 7, 21342–21351 | 21345
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Fig. 3 MT enhanced the antitumor effects of sorafenib via G0/G1 phase arrest. Bel-7402 cells were treated with MT [1.0 mM] or/and sorafenib
[8.0 mM] for 48 hours. (A and B) Flow cytometry was performed to analyse the progression of the cell cycle in Bel-7402. The percentage of cells
(%) is shown in the bar graph. (C and D) Expression of cycle-related proteins and relevant regulatory proteins in cell lysates were detected using
western blot. (*P < 0.05 indicates significant difference among the groups).
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were down-regulated following combined treatment of MT and
sorafenib compared with the other groups, despite no changes
were observed in Cyclin E1 and Cyclin A1 expression (Fig. 3C).
Thus, these results demonstrated that the combined treatment
of MT and sorafenib caused cell cycle arrest at the G0/G1 phase
in Bel-7402 cells via downregulation of Cyclin D1, CDK4, CDK6,
and p-Rb.

The p27Kip1 gene is located on chromosome 12p13.30 The
CDK-inhibitory domain resides in the N-terminal portion of
p27Kip1 and is sufficient to arrest cells at G0/G1.31 In early G1,
phosphorylation of p27Kip1 at Ser10 by AKT facilitates its
binding to chromosomal maintenance 1 (CRM1) and its
transport from the nucleus to the cytoplasm.32 Furthermore, in
the early G1 phase, p27Kip1 phosphorylation at Thr157 and
Thr198 by AKT causes a delay in nuclear import.33 MYC can
also suppress p27Kip1 expression through several pathways.32

Thus, we examined the expression of p27, c-myc and AKT.
21346 | RSC Adv., 2017, 7, 21342–21351
Co-treatment with MT and sorafenib downregulated p-AKT
and c-myc and up-regulated p27 protein levels (Fig. 3D).

3.4 Overexpression of p-AKT reverses the effect of MT and
sorafenib co-treatment on cell viability in HCC cell lines

To explore the impact of p-AKT on the growth of HCC cells, we
assessed the effect of reactivation of p-AKT on MT and
sorafenib-induced inhibition of cell viability. Interestingly, up-
regulation of p-AKT by SC79 [8.0 mg ml�1] abrogated the G0/
G1 phase arrest (Fig. 4A) and the inhibition of cell viability
(Fig. 4B) induced by the combination of MT and sorafenib. In
addition, the reactivation of p-AKT reversed the combined
treatment-induced increase of p27 and decrease of c-myc
(Fig. 4C). Together, these results suggested that the inhibition
of AKT pathway might be the underlying mechanism by which
MT and sorafenib combination induces cell cycle arrest and
enhances the cytotoxicity in HCC cells.
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Reactivation of p-AKT abrogated the G0/G1 phase arrest and the inhibitory effect on cell viability as well as the expression of relevant
regulatory proteins, induced by the combined treatment of MT and sorafenib in Bel-7402 cells. Cells were treated with MT [1.0 mM] or/and
sorafenib [8.0 mM] for 48 hours in the presence or absence of SC79 [8.0 mg ml�1] for 48 hours. (A) Cell cycle distribution in Bel-7402 cells was
analysed by flow cytometry with PI staining. The percentage of different cell cycle phases was drawn in a histogram to reflect the alteration of cell
cycle phases (right panel). The mean and SD obtained from three independent experiments are plotted. (B) Cell viability was measured using
CCK-8 assay after 48 hours. (C) After the corresponding treatment p-AKT, AKT, p27 and c-myc protein levels were examined using western
blotting. (*P < 0.05 indicates significant difference among the groups).
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3.5 MT enhances the sorafenib-mediated inhibition of liver
cancer growth in a xenogra tumor model in vivo

To validate the enhanced sorafenib-mediated inhibition of liver
cancer growth exerted by MT, we analyzed the effects of MT and
sorafenib treatment in vivo using SMMC-7721 xenogra nude
mouse model. Single or combined treatment of MT (25 mg
kg�1)34 and sorafenib (10 mg kg�1)35 were administered for 18
days, where both the tumor volume and tumor weight were
measured. As shown in Fig. 5A–C, treatment with MT and sor-
afenib together markedly enhanced the inhibitory effect on
tumor growth compared with the sorafenib treatment alone in
the xenogra model. Furthermore, no signicant weight loss
(Fig. 5D) or other signs of acute or delayed toxicity were
observed during treatment. These data implied that combined
treatment of MT and sorafenib may be a potential therapeutic
approach with low toxicity for the treatment of HCC.
4. Discussion

Hepatocellular carcinoma (HCC) is one of the most common
causes of cancer mortality worldwide.36,37 Currently, there are
This journal is © The Royal Society of Chemistry 2017
few effective chemotherapy drugs to combat this highly malig-
nant cancer.38 Sorafenib, the rst oral multikinase inhibitor
approved for the treatment of HCC, was reported to inhibit
proliferation of cancer cells and block angiogenesis.39,40

Although sorafenib showed survival benets in large random-
ized phase III studies, the response rate is rather low.2,41 In
addition, sorafenib has been reported to have several side
effects and many patients have to use it at a reduced dose or
even stop the treatment.42 In order to increase sorafenib sensi-
tivity and reduce its associated toxicity in advanced HCC, many
research groups have explored combination therapies.43–46 MT
exhibits an inhibition of cell proliferation, invasiveness and
metastatic properties in cancer cell cultures.47,48 Indeed, MT can
enhance the activity of many chemotherapeutic agents allowing
the use of lower doses of these agents and thus reducing their
side effects.49,50

In this study, we demonstrated not only the combined anti-
tumor effects of MT and sorafenib against HCC in vitro, but also
a novel mechanism by which MT sensitized HCC cells to sor-
afenib. In addition, our study evaluated the anticancer activity
of MT-sorafenib combined treatment on tumor growth in
RSC Adv., 2017, 7, 21342–21351 | 21347
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Fig. 5 MT enhanced the sorafenib-mediated inhibition of liver cancer growth in a xenograft tumormodel in vivo. SMMC-7721 cells were injected
subcutaneously into nude mice to evaluate the effects of MT and sorafenib. (A) Tumor pictures. (B) Tumor volumes at different times. (C) Tumor
weight. (D) Body weight of mice (*P < 0.05 indicates significant difference among the groups. Four mice were used for each group).
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xenogra-bearing nude mice. Furthermore, the cytotoxicity of
the co-treatment showed no signicant difference from that
treated with sorafenib, consistent with previous reports.28

There are four phases in the eukaryotic cell cycle. At the G1
phase, cells begin to grow and prepare for protein synthesis,
a phase related to DNA replication. Then cells enter the S phase
when nuclear DNA is replicated. Cells continue to grow in the
G2 phase preparing for mitosis (M). Finally, sister chromatids
are separated and distributed to the newly forming daughter
cells in the M phase.51 However, the cell cycle of cancer cells is
Fig. 6 Proposed model elucidating the role of MT in regulating the prolif

21348 | RSC Adv., 2017, 7, 21342–21351
oen deregulated as a result of genetic mutations, which lead to
uncontrolled cell proliferation.52,53 Therefore, the inhibition of
the cell cycle might be a suitable strategy for the treatment of
cancer as well as other proliferative diseases.54–56

In the present study, we examined the cell cycle and inves-
tigated the inhibition of cell proliferation. Interestingly, we
found that treatment of cells with sorafenib alone induced G1/
G0 phase arrest in HCC cells, which was further induced by
sorafenib and MT combination, consistent with other publica-
tions.57 These results suggest that cell arrest at the G1/G0 phase
eration of hepatocellular carcinoma (HCC) cells treated with sorafenib.

This journal is © The Royal Society of Chemistry 2017
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is the biochemical basis for the anticancer effect of the MT-
sorafenib combination.

Progression through the eukaryotic cell cycle is governed by
a complex regulatory system whose central component is the
cyclin-dependent kinase (CDK). CDK activation requires asso-
ciation with a cyclin subunit, as well as phosphorylation of the
CDK subunit by the CDK-activating kinase (CAK). The three
major classes of cyclins, called G1/S, S, and M cyclins, oscillate
in the cell cycle to generate a series of cyclin-CDK complexes
that are abruptly switched on at specic cell-cycle transitions.58

The general procedure in mammals is that CDK4 and CDK6
together with cyclin D initiate the phosphorylation of Rb
proteins which can release the transcription factor E2F protein,
leading to the induction of the transition from G1 to S phase.51

Next, we examined the markers related to cell cycle arrest at G1.
Interestingly, we found signicant differences between sor-
afenib treatment alone and combined treatment of sorafenib
plus MT regarding the expression of cyclin D1, CDK4, CDK6,
and p-Rb. The activities and effects of CDK/cyclin complex at
different conditions including stress, DNA damage, and others,
are regulated by p27Kip1 which can inhibit CDK4/6/cyclin D,
CDK2/cyclin E, CDK2/cyclin A, CDK1/cyclin A, as well as CDK1/
cyclin B activity.59,60 It has been reported that the effect of
p27Kip1 on the activity of cyclin D-CDK4/6 is determined by the
growth state of the cells.61,62 In proliferating cells, p27 can bind
to cyclin D-CDK4/6 complex without affecting its activity,
whereas p27 can inactivate cyclin D-CDK4/6 complex in quies-
cent or resting cells.61 p27Kip1 is an inhibitor of a broad spec-
trum of CDKs, whose transcription and post-translation is
regulated by MYC. MYC is an oncogenic transcription factor
that can also suppress p27Kip1 expression through several
pathways.32 MYC exerts its function at least in part through
antagonizing p27 function as CDK inhibitor.63 Previous reports
showed that the expression of MYC could be regulated by the
AKT pathway.64 Moreover, in the early G1 phase, phosphoryla-
tion at Thr157 and Thr198 by AKT caused a delay in nuclear
import of p27Kip1,33 which functions in the nucleus. Vanesa
Mart́ın and colleagues showed that MT inhibits AKT activity in
human glioma cells without modifying MAPKs (ERK, p38, and
JNK) activity.50 Bo Zhai et al. showed that inhibition of AKT
reversed the acquired resistance to sorafenib.65 Therefore, we
next questioned whether p-AKT could regulate p27 via c-myc,
and thus affecting cell cycle progression. Consistent with the
expression of these proteins, combined treatment of sorafenib
and MT plus SC79, a p-AKT activator, restored a lower G0/G1
percentage of cells and cell viability, as well as the expression
of c-myc, p27 and cell cycle-related proteins. This indicates that
AKT can regulate c-myc, p27 and, subsequently, cell cycle. Thus
AKT is a crucial factor in the enhanced antitumor effect of co-
treatment of sorafenib and MT compared with sorafenib treat-
ment alone. Also, ERK has been reported that it is related to cell
proliferation66 and MT could inhibit the expression of p-ERK in
SK-OV-3 cells.28 Moreover, as a CDK inhibitor, p21 can inhibit
multiple CDK/cyclin complexes through various ways.67

Accordingly, we examined the expressions of p-ERK and p21. To
our disappointment, combination of MT and sorafenib could
not change the expressions of the two proteins compared to
This journal is © The Royal Society of Chemistry 2017
sorafenib group (ESI Fig. S1†). Therefore, we guess that MT
modulation of cell cycle seems to be cell-type and context-
dependent, similar to its effects on other signaling pathways.
The proposed model elucidating the role of MT in regulating
the proliferation of hepatocellular carcinoma (HCC) cells
treated with sorafenib is shown in Fig. 6. However, further
studies need to be performed in order to investigate this
interesting phenotype and pinpoint the precise molecular
mechanism.

5. Conclusions

In summary, our results indicate that co-treatment of MT and
sorafenib potentiated the antitumor activity and arrested the
cell cycle via regulation of p-AKT. Therefore, our ndings
suggest that MT, which has demonstrated no signicant toxicity
to normal liver cells treated with sorafenib, can be a useful
chemotherapeutic agent for the improvement of the therapeutic
effect of sorafenib in liver cancer.
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C. Rodriguez, Cancer Lett., 2010, 287, 216–223.

51 H. Harashima, N. Dissmeyer and A. Schnittger, Trends Cell
Biol., 2013, 23, 345–356.

52 G. I. Evan and K. H. Vousden, Nature, 2001, 411, 342–348.
53 L. H. Hartwell and M. B. Kastan, Science, 1994, 266, 1821–

1828.
54 K. W. Kohn, J. Jackman and P. M. O'Connor, J. Cell. Biochem.,

1994, 54, 440–452.
55 B. T. Hill and R. Baserga, Cancer Treat. Rev., 1975, 2, 159–

175.
56 W. J. Chen and J. K. Lin, J. Biol. Chem., 2004, 279, 13496–

13505.
57 Q. Cao, Y. Jiang, J. Shi, X. Liu, J. Chen, T. Niu and X. Li, Clin.

Exp. Pharmacol. Physiol., 2015, 42, 502–509.
58 D. O. Morgan, Cell, 2008, 135, 764.
59 H. Toyoshima and T. Hunter, Cell, 1994, 78, 67–74.
60 O. Aprelikova, Y. Xiong and E. T. Liu, J. Biol. Chem., 1995,

270, 18195–18197.
61 M. K. James, A. Ray, D. Leznova and S. W. Blain, Mol. Cell.

Biol., 2008, 28, 498–510.
62 A. Ray, M. K. James, S. Larochelle, R. P. Fisher and

S. W. Blain, Mol. Cell. Biol., 2009, 29, 986–999.
63 G. Bretones, M. D. Delgado and J. Leon, Biochim. Biophys.

Acta, 2015, 1849, 506–516.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra02113e


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
A

pr
il 

20
17

. D
ow

nl
oa

de
d 

on
 2

/7
/2

02
6 

11
:5

6:
20

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
64 M. A. Dominguez-Caceres, J. M. Garcia-Martinez,
A. Calcabrini, L. Gonzalez, P. G. Porque, J. Leon and
J. Martin-Perez, Oncogene, 2004, 23, 7378–7390.

65 B. Zhai, F. Hu, X. Jiang, J. Xu, D. Zhao, B. Liu, S. Pan,
X. Dong, G. Tan, Z. Wei, H. Qiao, H. Jiang and X. Sun, Mol.
Cancer Ther., 2014, 13, 1589–1598.
This journal is © The Royal Society of Chemistry 2017
66 M. Cully and J. Downward, Cell, 2008, 133, 1292.
67 Y. Wang, J. C. Fisher, R. Mathew, L. Ou, S. Otieno, J. Sublet,

L. Xiao, J. Chen, M. F. Roussel and R. W. Kriwacki, Nat.
Chem. Biol., 2011, 7, 214–221.
RSC Adv., 2017, 7, 21342–21351 | 21351

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7ra02113e

	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e

	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e

	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e
	Melatonin enhances the anti-tumor effect of sorafenib via AKT/p27-mediated cell cycle arrest in hepatocarcinoma cell linesElectronic supplementary information (ESI) available. See DOI: 10.1039/c7ra02113e


