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Melatonin sensitizes esophageal cancer cells to 5‑fluorouracil
via promotion of apoptosis by regulating EZH2 expression
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Abstract. The present study aimed to investigate the effects of
melatonin (MLT) and 5‑fluorouracil (5‑FU) combination on
the chemotherapeutic effect of 5‑FU in esophageal cancer, and
determine the potential molecular mechanisms. The effects of
MLT and 5‑FU combination on cell proliferation, cell migra‑
tion and invasion, and cell apoptosis were detected by Cell
Counting Kit‑8, Transwell assays and flow cytometric analysis,
respectively. Quantitative PCR and western blotting were
performed for mRNA and protein quantification, respectively.
The present study revealed that MLT significantly inhibited
cell activity in a dose‑dependent manner and MLT signifi‑
cantly enhanced 5‑FU‑mediated inhibition of cell proliferation
in esophageal cancer cells. Compared with the 5‑FU group,
the MLT and 5‑FU combination group significantly inhibited
the invasion and migration of EC‑9706 and EC‑109 cells. The
present study also revealed that MLT and 5‑FU synergistically
promoted apoptosis via activation of the caspase‑dependent
apoptosis pathway. Histone-lysine N‑methyltransferase
EZH2 (EZH2) was highly expressed in esophageal cancer
tissues and cells and its high expression promoted esophageal
cancer progression. MLT and 5‑FU combination inhibited
cell proliferation and promoted apoptosis by regulating EZH2
expression. In conclusion, MLT enhanced 5‑FU‑mediated
inhibition of cell proliferation via promotion of apoptosis by
regulating EZH2 expression in esophageal cancer.
Introduction
Esophageal cancer (EC) is the eighth most common cancer
and the sixth most common cause of cancer‑related deaths
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cancer,

worldwide (1,2). Radical surgery is the preferred treatment for
EC, however 80% of patients with EC are unable to undergo
radical surgery by the time of diagnosis (3). Therefore, radio‑
therapy or chemotherapy maintenance is the main treatment
for patients with advanced EC (4). Despite the rapid and
ongoing development of chemotherapeutic drug development
and multimodal therapies that have facilitated treatment
for patients with EC, the prognoses and outcomes typically
remain unsatisfactory. High incidences of chemotherapeutic
drug resistance have become one of the important causes of
failure in the treatment of EC (5). Therefore, it is urgent and
necessary to develop innovative treatment strategies for EC.
5‑Fluorouracil (5‑FU) is one of the most common chemo‑
therapeutic drugs used in the treatment of EC (6). 5‑FU inhibits
thymidylate synthase and interferes with DNA synthesis
through its metabolite FdUMP. In addition, its metabolite
FdUTP can affect cell metabolism in numerous manners, such
as transcription, translation and post‑translation modification
through the incorrect addition into the RNA (7). 5‑FU is
characterized by a narrow therapeutic index due to its toxicity
to normal cells, and cancer cells are easily resistant to 5‑FU.
These two factors are the main obstacles to the clinical appli‑
cation of 5‑FU (8). Hence, there is an urgent need to discover
other drug reagents to be used in combination with 5‑FU to
improve the sensitivity of cancer cells to 5‑FU and reduce its
toxicity to normal cells.
Melatonin (MLT) is an amine hormone produced in the
conarium of mammals and humans (9). In recent years, studies
have revealed that MLT has a number of physiological func‑
tions, such as promoting sleep, regulating jet lag, anti‑aging
effects, regulating immunity and antitumor effects (10‑13).
Further biological function studies have revealed that MLT
can regulate the proliferation, cycle and apoptosis of cancer
cells (14‑16). MLT increases the efficacy of chemotherapeutic
drugs by increasing its sensitivity of chemotherapy drugs,
reducing the probability of drug resistance, and reducing the
toxicity to normal cells (17‑20). However, the mechanisms
and dynamics of MLT and its effects on the chemotherapeutic
effect of 5‑FU in EC have rarely been examined and reported.
Methyl‑transferase EZH2 is a component of polycomb
repressive complex 2. Accumulating studies have indicated that
EZH2 is upregulated in several types of human cancers (21).
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Our previous research also revealed that EZH2 was upregu‑
lated in samples afflicted by EC and EZH2 was confirmed as an
oncogene in esophageal cancer via biological experiments (22).
Recent studies have revealed that EZH2 promoted chemothera‑
peutic drug resistance in numerous cancers (23,24). In addition,
previous studies also revealed that melatonin inhibited the
tumorigenicity of glioblastoma stem‑like cells via the EZH2
signaling axis (25,26). Hence, it was hypothesized that MLT
and 5‑FU combination inhibits cell proliferation and promotes
apoptosis by regulating the expression of EZH2.
The present study sought to examine whether or not MLT
affects the chemotherapeutic effects of 5‑FU, namely via its
ability to increase the sensitivity of EC cells to 5‑FU and
its subsequent downstream effects. It was hypothesized that
MLT may play a role in sensitizing or synergizing EC cellular
response to 5‑FU treatment. EC cells were treated with MLT
and 5‑FU alone or in combination and the effects of MLT and
5‑FU combination on cell proliferation, migration, invasion
and apoptosis in EC‑9706 and EC‑109 cells were analyzed.
The present study also observed the effects of MLT and 5‑FU
co‑treatment on EZH2 expression to determine the potential
molecular mechanisms.
Materials and methods
Cell culture and transfection. Human EC cell lines (EC‑9706
and EC‑109) and an immortalized normal esophagus epithelial
cell line (HET‑1A) were obtained from The Cell Bank of the
Chinese Academy of Sciences (Shanghai, China). Cell were
cultured in RPMI‑1640 medium supplemented with 10% FBS
(Gibco; Thermo Fisher Scientific, Inc.) and 100 U/ml of peni‑
cillin and streptomycin (Gibco; Thermo Fisher Scientific, Inc.).
Cells were incubated in a humidified atmosphere at 37˚C and
5% CO2. Cells were transfected with the following small inter‑
fering RNAs (siRNAs; transfection concentration 2 µg/ml):
EZH2‑specific si‑RNA (si‑EZH2‑1, 5'‑AAGACTCTGA AT
GCAGTTG CT‑3'; si‑EZH2‑2, 5'‑GGAUGGUACU UUCAU
UGAATT‑3'), siRNA negative control (si‑NC, 5'‑UUCUCC
GAACGUGUCACGUTT‑3') (all from Shanghai GenePharma
Co., Ltd.). si‑EZH2‑1 (hereafter referred to as si‑EZH2) was
used for further experiments. The pcDNA3.1 empty vector
(pcDNA‑NC) and pcDNA3.1‑EZH2 overexpression vector
(pcDNA‑EZH2; transfection concentration 2 µg/ml) were
designed and produced by Shanghai GeneChem Co., Ltd.
Lipofectamine ® 2000 (Invitrogen; Thermo Fisher
Scientific, Inc.) was used to transfect cells with si‑RNA and
pcDNA‑EZH2 according to the manufacturer's protocols.
Cells were incubated at 37˚C and 5% CO2, for 48 h for
RT‑qPCR and 72 h for western blotting. All transfection
experiments were repeated three times. The transfection
efficiency was confirmed by reverse transcription‑quantitative
PCR (RT‑qPCR) analysis.

total RNA from cells. Subsequently, samples were treated with
DNase I and total RNA was quantified using a NanoDrop 2000.
Samples were reverse transcribed into cDNA. A total of 20 µl
qPCR reaction mixture was run on an ABI 7500 Fast RT‑qPCR
system for qPCR. GAPDH was used as the internal control.
The following primer pairs were used for the qPCR: EZH2
forward, 5'‑AGGACGG CTCCTCTAACCAT‑3' and reverse,
5'‑CTTGGTGTTGCACTGTGCTT‑3'; and GAPDH forward,
5'‑GGGAGCCAAAAGGGTCAT‑3' and reverse, 5'‑GAGTCC
TTCCACGATACCA A‑3'. Relative expression levels were
calculated using the 2‑ΔΔCq method (28). Detailed steps were
previously described in a published study (29).
Cell proliferation assay. Cell proliferation assays were
performed using Cell Counting Kit‑8 (CCK‑8; Beyotime
Institute of Biotechnology) reagent. Briefly, 5x103 cells were
seeded into 96‑well plates with 100 µl of medium. Cells were
incubated overnight at 37˚C. Upon reaching 70‑80% conflu‑
ence, fresh medium containing 0, 0.125, 0.25, 0.5, 1 and 2 mM
melatonin (Sigma‑Aldrich; Merck KGaA) or 0, 10, 20, 40, 60
and 80 mM 5‑FU (Sigma‑Aldrich; Merck KGaA) were added.
The cells were further incubated for 2 h with 10 µl of CCK‑8
solution per well and for another 24, 48, 72 and 96 h. The
absorbance (optical density) was measured at a wavelength of
450 nm using a Tecan microplate reader (Tecan Group, Ltd.).
Cell migration and invasion assay. Cell migration and inva‑
sion were assessed using Transwell assays. EC‑9706 cells
were treated with 1 mM melatonin and 40 mM 5‑FU and
EC‑109 cells was treated with 1 mM melatonin and 60 mM
5‑FU, then harvested and resuspended in serum‑free medium
(5x105 cells/ml). For the Transwell migration assays, 5x104 cells
were seeded in the upper chamber. For the invasion assays,
Transwell inserts were pre‑coated with Matrigel solution
and polymerized in the upper chamber. The upper chamber
was filled with FBS‑free medium and the lower chamber
was filled with 600 µl medium with 10% FBS. Cells were
incubated for 24 at 37˚C. Cells that had migrated or invaded
to the lower surface of the membrane were fixed for 20 min
with 4% (v/v) paraformaldehyde, stained with 0.1% crystal
violet (Sigma‑Aldrich; Merck KGaA) for 20 min, and counted
from five independent visual fields by an inverted microscope
(magnification, x100; Olympus Corp.).

EZH2 expression in EC from the cancer genome atlas (TCGA)
database. EZH2 expression in EC was extracted from the
public database starBase 3.0 online tool (http://starbase.sysu.
edu.cn/) (27).

Cell apoptosis assay. Cell apoptosis assays were performed
using an Annexin V/PI double‑staining assay (Sigma‑Aldrich;
Merck KGaA). In brief, after EC‑9706 cells were treated with
1 mM melatonin and 40 mM 5‑FU and EC‑109 cells were
treated with 1 mM melatonin and 60 mM 5‑FU for 24 h, the
cells (2x105 cells/well) were harvested and washed with PBS.
Then, the cells were resuspended with 400 µl 1X binding
buffer, followed by the addition of 5 µl Annexin V‑FITC and
incubation at room temperature for 15 min and the addition
and incubation of 10 µl PI on an ice bath for 5 min. Cells were
then analyzed using a flow cytometer (Beckman Coulter, Inc.).
Data were analyzed using CytExpert software (version 2.3;
Beckman Coulter, Inc.).

RNA extraction and reverse transcription RT‑qPCR. TRIzol®
(Invitrogen; Thermo Fisher Scientific, Inc.) was used to extract

Western blotting. Proteins were extracted from EC cells using
RIPA lysis buffer (Beyotime Institute of Biotechnology)
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Figure 1. MLT and 5‑FU combination enhances the inhibition of cell proliferation. (A) Changes in cell viability after EC‑9706 and EC‑109 cells were incubated
with MLT for 24 h. (B) Changes in cell viability after EC‑9706 and EC‑109 cells were incubated with 5‑FU alone or in combination with MLT for 24 h. (C) The
IC50 values of 5‑FU for the inhibition of cell viability in cells treated with or without MLT were determined. *P<0.05 and **P<0.01 vs. the 0‑mM MLT group.
(D) EC‑9706 and EC‑109 cells were incubated with 5‑FU (40 or 60 µM, respectively) and MLT (1 mM) for 24, 48 and 72 h. **P<0.01 vs. the DMSO group;
#
P<0.05 and ##P<0.01 vs. the 5‑FU group. MLT, melatonin; 5‑FU, 5‑fluorouracil.

containing protease K inhibitor. The protein concentra‑
tion was determined with a BCA protein assay kit (Beijing
Solarbio Life Sciences). Proteins (30 µg/lane) were separated
via 12% SDS‑PAGE and transferred onto PVDF membranes.
Subsequently, the membranes were blocked with 5% skim milk
for 2 h at room temperature and washed three times with PBS.
Samples were incubated at 4˚C overnight with the following
primary antibodies: Anti‑Bcl‑2 (1:500; product code ab32124),
anti‑Mcl‑1 (1:500; product code ab32087), and anti‑caspase‑3
(1:500; product code ab32351; all from Abcam). Membranes
were then incubated 2 h at room temperature with horse‑
radish peroxidase‑conjugated immunoglobulin G secondary
antibody (1:2,000; product code ab205718, Abcam). GAPDH
(1:1,000; product code ab181602; Abcam) was used as an
internal control gene. Protein bands were visualized using an
ECL kit (Beyotime Institute of Biotechnology). A Chemidoc
EQ system (Bio‑Rad Laboratories, Inc.) was used to quantify
western blot results. The densitometry of protein signals was
analyzed with Quantity One software (version 4.62; Bio‑Rad
Laboratories, Inc.).

MLT (0‑2 mM) produced significant inhibition of cell activity
in a dose‑dependent manner in EC‑9706 and EC‑109 cells
(Fig. 1A). Subsequently, to determine whether MLT enhances
5‑FU‑mediated inhibition of cell proliferation in EC‑9706 and
EC‑109 cells, cells were treated with various concentrations of
5‑FU alone or in combination with MLT. 5‑FU alone inhibited
cell activity in a dose‑dependent manner. However, compared
with 5‑FU alone, the MLT and 5‑FU combination significantly
enhanced 5‑FU‑mediated inhibition of cell activity in EC‑9706
and EC‑109 cells (Fig. 1B).
Next, the present study analyzed the effects of MLT and
5‑FU combination treatment on the IC50 values of 5‑FU in
EC‑9706 and EC‑109 cells. Compared with 5‑FU alone, the
IC50 values of MLT and 5‑FU combination were significantly
decreased (38.14 and 37.76 in EC‑9706 and EC‑109 cells,
respectively) (Fig. 1C). In addition, the inhibition of MLT
and 5‑FU on cell activity occurred in a time‑dependent
manner either alone or in combination (Fig. 1D). These results
suggested that MLT may enhance the chemotherapeutic
effects of 5‑FU in EC.

Statistical analysis. Statistical analyses were conducted
using SPSS 19.0 software (IBM Corp.) and illustrated using
GraphPad Prism 5.0 (GraphPad Software, Inc.). Comparisons
between two groups were performed using unpaired Student's
t‑test, Comparisons of differences among ≥3 groups were
performed using one‑way ANOVA followed by Tukey's test.
P<0.05 was considered to indicate a statistically significant
difference.

Effects of MLT and 5‑FU combination on cell migration,
invasion and apoptosis. To further investigate the effects of
MLT and 5‑FU on the biological function in EC, the present
study first evaluated the effects of MLT and 5‑FU on cell
invasion and migration using Transwell assays. The results
revealed that MLT treatment significantly inhibited invasion
and migration of EC‑9706 and EC‑109 cells compared with
the DMSO group. Similarly, compared with 5‑FU alone, the
MLT and 5‑FU combination significantly inhibited invasion
and migration of EC‑9706 and EC‑109 cells (Fig. 2A and B).
These results indicated that MLT enhanced 5‑FU‑mediated
inhibition of cell invasion and migration. Subsequently, the
effects of MLT and 5‑FU on cell apoptosis were assessed
by flow cytometric analysis. The results revealed that MLT

Results
MLT and 5‑FU combination enhances the inhibition of cell
proliferation. The present study first observed the effects
of MLT on cell proliferation in EC‑9706 and EC‑109 cells.
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Figure 2. Effects of MLT and 5‑FU combination on cell migration, invasion and apoptosis. (A and B) Effects of MLT and 5‑FU combination on cell invasion
and migration in EC‑9706 and EC‑109 cells (Scale bars, 100 µm). (C and D) Effects of MLT and 5‑FU combination on EC‑9706 and EC‑109 cell apoptosis.
**
P<0.01 vs. the DMSO group; ##P<0.01 vs. the 5‑FU group. MLT, melatonin; 5‑FU, 5‑fluorouracil.

treatment significantly promoted cell apoptosis of EC‑9706
and EC‑109 cells compared with the DMSO group. Similarly,
compared with 5‑FU alone, the MLT and 5‑FU combination
significantly promoted apoptosis of EC‑9706 and EC‑109 cells
(Fig. 2C and D). These results suggested that MLT and 5‑FU
synergistically promoted apoptosis in EC.
Role of EZH2 in EC. To investigate the expression levels of
EZH2 in EC, the present study first extracted the expres‑
sional data of EZH2 in EC from TCGA database. The results
revealed that the levels of EZH2 expression assessed in tumor
tissues was higher compared with normal tissues (Fig. 3A).
Subsequently, the levels of EZH2 expression were assessed
in EC cell lines (EC‑9706 and EC‑109), and in a normal cell

line (HET‑1A). Both EC cell lines exhibited significantly
higher levels of EZH2 expression compared with HET‑1A
cells (Fig. 3B). To further investigate the roles of EZH2 in
EC, two EZH2 siRNAs were designed to knockdown EZH2.
RT‑qPCR and western blotting results revealed that EZH2
expression was significantly decreased in EC‑9706 and
EC‑109 cells transfected with si‑EZH2 (Fig. 3C and D). Next,
the present study further investigated the effects of silencing
EZH2 expression on the biological function in EC. CCK‑8
assays revealed that EZH2 knockdown significantly inhibited
cell proliferation of EC‑9706 and EC‑109 cells (Fig. 4A).
Transwell assays revealed that EZH2 knockdown significantly
inhibited cell invasion and migration of EC‑9706 and EC‑109
cells (Fig. 4B and C). However, silencing of EZH2 expression
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Figure 3. EZH2 expression in EC. (A) EZH2 expression in The Cancer Genome Atlas database. (B) EZH2 expression in EC cell lines and HET‑1A cells.
**
P<0.01 vs. the HET‑1A group. (C and D) EZH2 expression in EC‑9706 and EC‑109 cells transfected with si‑EZH2 or si‑NC. **P<0.01 vs. the si‑NC group.
EZH2, histone‑lysine N‑methyltransferase EZH2; EC, esophageal cancer; si, small interfering RNA; NC, negative control.

significantly promoted apoptosis in EC‑9706 and EC‑109 cells
(Fig. 4D). These results suggested that EZH2 may act as an
oncogene in EC.
MLT and 5‑FU combination suppresses EZH2 expression.
To further confirm the promotion of apoptosis in EC by MLT
and 5‑FU, protein expression levels were determined using
western blotting. The results indicated that MLT and 5‑FU
co‑treatment significantly inhibited the protein expression of
Bcl‑2 and Mcl‑1, but enhanced cleaved caspase‑3 expression
in EC‑9706 and EC‑109 cells (Fig. 5A and B). Subsequently,
the effects of MLT and 5‑FU co‑treatment on EZH2 expres‑
sion were assessed. The results revealed that MLT and 5‑FU
co‑treatment significantly inhibited EZH2 expression at
the mRNA and protein level in EC‑9706 and EC‑109 cells
(Fig. 5C and D).
MLT and 5‑FU combination inhibits cell proliferation
and promotes apoptosis by regulating EZH2 expression.
The aforementioned results suggested that MLT and 5‑FU
combination significantly inhibited EZH2 expression. Thus,
the present study hypothesized that MLT and 5‑FU combi‑
nation contributed to the chemotherapeutic effects of 5‑FU
by regulating EZH2 expression. To test this hypothesis,
si‑EZH2 or pcDNA‑EZH2 were co‑treated alongside MLT
and 5‑FU in EC‑9706 and EC‑109 cells. The results indicated
that co‑treatment of MLT, 5‑FU and si‑EZH2 synergisti‑
cally inhibited EZH2 expression at the mRNA and protein
level and further inhibited cell proliferation, invasion and
migration, but promoted apoptosis of EC‑9706 and EC‑109
cells (Fig. 6A‑F). In addition, co‑treatment of MLT, 5‑FU
and si‑EZH2 significantly inhibited the protein expression
of Bcl‑2 and Mcl‑1, but enhanced the expression of cleaved

caspase‑3 (Fig. 6G). However, EZH2 overexpression signifi‑
cantly enhanced EZH2 expression at the mRNA and protein
level, and reversed the effects of MLT and 5‑FU on cell prolif‑
eration, invasion, migration, apoptosis and related protein
expression in EC‑9706 and EC‑109 cells (Fig. 7A‑H). These
results suggested that MLT and 5‑FU combination inhibited
cell proliferation and promoted apoptosis by regulating EZH2
expression.
Discussion
China has been identified to have a relatively high incidence
rate of EC, with ~50% of new cases occurring each year.
Although the incidence of EC has declined in recent years,
the mortality rate remains fourth among malignant tumors,
and the overall survival and 5‑year survival rate of patients
with EC remain low (30). Early diagnosis of EC is difficult
due to its non‑obvious clinical symptoms. The majority of
patients with EC already present with locally advanced cancer
or distant metastasis (3). Therefore, chemotherapy for the
purpose of controlling the spread plays an important role in
EC treatment. Although chemotherapeutic drugs for EC have
made significant progress, 5‑FU is still an important first‑line
chemotherapeutic drug (6). Therefore, it is urgent to improve
the chemotherapeutic efficacy of 5‑FU.
Recently, it was revealed that MLT exerts antitumor roles in
studies of different types of human cancers, including pancre‑
atic, liver, breast and colorectal cancer (18,31,32). Studies
have revealed that MLT can reduce the cell activity in bladder
and colorectal cancer in a dose‑dependent manner within a
range of concentrations (33,34). The present study determined
that MLT could also reduce the cell activity of EC‑9706
and EC‑109 in a dose‑dependent manner within a certain
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Figure 4. EZH2 acts as an oncogene in EC. (A) Effects of EZH2 knockdown on EC‑9706 and EC‑109 cell proliferation. (B and C) Effects of EZH2 knockdown
on invasion and migration abilities in EC‑9706 and EC‑109 cells (scale bars, 100 µm). (D) Effects of EZH2 knockdown on EC‑9706 and EC‑109 cell apoptosis.
**
P<0.01 vs. the si‑NC group. EZH2, histone‑lysine N‑methyltransferase EZH2; EC, esophageal cancer; si, small interfering RNA; NC, negative control.

concentration range. Recent studies have revealed that the
combination of MLT and chemotherapeutic agents increased
the efficacy of these agents. Xiang et al (17) revealed that the
abnormal secretion of MLT inhibited aplasia Ras homology
member I expression and mediated STAT3‑induced paclitaxel
resistance in breast cancer. Leja‑Szpak et al (20) demonstrated
that MLT and its metabolite enhanced gemcitabine chemosen‑
sitivity in pancreatic carcinoma cells. Hence, the present study

assessed whether MLT combined with 5‑FU can improve the
chemotherapy sensitivity of 5‑FU in EC.
To confirm the present hypothesis, cells were co‑treated
with 5‑FU and MLT. MLT and 5‑FU combination signifi‑
cantly enhanced 5‑FU‑mediated inhibition of cell activity
and significantly decreased the IC50 of 5‑FU in EC‑9706
and EC‑109 cells. Although no study has demonstrated
that MLT increases 5‑FU sensitivity in EC cells, a study
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Figure 5. MLT and 5‑FU combination suppresses EZH2 expression. (A and B) Effects of MLT and 5‑FU combination on the protein expression of Bcl‑2, Mcl‑1
and cleaved caspase‑3 in EC‑9706 and EC‑109 cells. (C and D) Effects of MLT and 5‑FU combination on EZH2 expression at the mRNA and protein level in
EC‑9706 and EC‑109 cells. *P<0.05 and **P<0.01 vs. the DMSO group; #P<0.05 and ##P<0.01 vs. the 5‑FU group. EZH2, histone‑lysine N‑methyltransferase
EZH2; MLT, melatonin; 5‑FU, 5‑fluorouracil.

has revealed that MLT enhanced 5‑FU sensitivity and
inhibited tumor cell growth in colorectal cancer cells (34).

Apoptosis or programmed cell death is a basic physiological
process that plays a key role in cell development and tissue
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Figure 6. Co‑treatment of MLT, 5‑FU and si‑EZH2. (A and B) Effects of MLT, 5‑FU and si‑EZH2 co‑treatment on EZH2 expression. (C‑F) Effects of MLT,
5‑FU and si‑EZH2 co‑treatment on cell viability, invasion, migration and apoptosis (scale bars, 100 µm). (G) Effects of MLT, 5‑FU and si‑EZH2 co‑treatment
on protein expression. *P<0.05 and **P<0.01 vs. MLT + 5‑FU + si‑NC group. EZH2, histone‑lysine N‑methyltransferase EZH2; MLT, melatonin; 5‑FU, 5‑fluo‑
rouracil; si, small interfering RNA; NC, negative control.

homeostasis (35). Flow cytometric assays revealed that the
effects of MLT and 5‑FU on the sensitivity of EC cells was
related to the induction of apoptosis. Bcl‑2 and Mcl‑1 are
important apoptosis‑regulating genes, while the expression of
cleaved caspase‑3 directly indicates the level of apoptosis. The
effects of MLT and 5‑FU combination on the protein levels
of Bcl‑2, Mcl‑1 and cleaved caspase‑3 further confirmed its
effect in promoting apoptosis.
The present results and TCGA database analysis revealed
that EZH2 was upregulated in EC samples. Subsequently,
EZH2 was confirmed as an oncogene in EC via biological
experiments. Wang et al (23) revealed that EZH2 contrib‑
uted to 5‑FU resistance in gastric cancer by epigenetically
suppressing F‑box protein 32 expression. Rastgoo et al (24)
determined that the EZH2/miR‑138 axis contributed to drug
resistance in multiple myeloma by downregulating RBPMS.
In addition, previous studies also revealed that melatonin
inhibited the tumorigenicity of glioblastoma stem‑like cells
via the EZH2 signaling axis (25,26). Hence, the present

study hypothesized that the MLT and 5‑FU combination
inhibited cell proliferation and promoted apoptosis by regu‑
lating EZH2 expression. First, the present study confirmed
that MLT and 5‑FU significantly inhibited EZH2 expression
via RT‑qPCR and western blotting assays. Next, the present
study confirmed that MLT and 5‑FU combination improved
the sensitivity of 5‑FU to EC cells by downregulating
EZH2 expression through co‑treatment experiments. As an
important oncogene, EZH2 may affect the malignancy of
tumors through multiple pathways. In a previous study it was
revealed that melatonin inhibited glioblastoma stem‑like
cells via the EZH2‑NOTCH1 signaling axis (25). Another
study revealed that melatonin inhibited glioblastoma
stem‑like cells via AKT‑EZH2‑STAT3 signaling axis (26).
One of our ongoing studies also revealed that EZH2 effected
the development of ESCC by activating the JKA2/STAT3
signaling pathway. Hence, it was hypothesized that the
effects of melatonin and 5‑FU combination on the malig‑
nancy of esophageal cancer may have been achieved by
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Figure 7. Co‑treatment of MLT, 5‑FU and pcDNA‑EZH2. (A) Effects of pcDNA‑EZH2 treatment on EZH2 expression (B and C) Effects of MLT, 5‑FU and
pcDNA‑EZH2 co‑treatment on EZH2 expression. (D‑G) Effects of MLT, 5‑FU and pcDNA‑EZH2 co‑treatment on cell viability, invasion, migration and
apoptosis (scale bars, 100 µm). (H) Effects of MLT, 5‑FU and pcDNA‑EZH2 co‑treatment on protein expression. **P<0.01 vs. MLT + 5‑FU + pcDNA‑NC
group. EZH2, histone‑lysine N‑methyltransferase EZH2; MLT, melatonin; 5‑FU, 5‑fluorouracil; NC, negative control.

regulating the EZH2/JKA2/STAT3 signaling pathway.
However, this hypothesis requires further experiments for
confirmation.
In conclusion, the present experimental approach demon‑
strated that MLT enhanced 5‑FU‑mediated inhibition of cell
proliferation via the promotion of apoptosis by regulating
EZH2 expression in EC cells. This combination treatment
may potentially be a more effective treatment option in EC
chemotherapy.
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