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Melatonin inhibits proliferation and viability and promotes
apoptosis in colorectal cancer cells via upregulation
of the microRNA-34a/449a cluster
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Abstract. Colorectal cancer (CRC) has a significant burden
on healthcare systems worldwide, and is associated with
high morbidity and mortality rates in patients. In 2020, the
estimated new cases of colon cancer in the United States are
78,300 in men and 69,650 in women. Thus, developing effec-
tive and novel alternative agents and adjuvants with reduced
side effects is important to reduce the lethality of the disease
and improve the quality of life of patients. Melatonin, a pineal
hormone that possesses numerous physiological functions,
including anti-inflammatory and antitumor activities, can
be found in various tissues, including the gastrointestinal
tract. Melatonin exerts anticarcinogenic effects via various
mechanisms; however, the identified underlying molecular
mechanisms do not explain the full breadth of anti-CRC effects
mediated by melatonin. MicroRNAs (miRs) serve critical
roles in tumorigenesis, however, whether melatonin can inhibit
CRC by regulating miRs is not completely understood. In the
present study, the roles and mechanism underlying melatonin
in CRC were investigated. The proliferation of human CRC
cells was tested by CCKS8, EDU and colony formation assay.
The apoptosis of cancer cells was detected by flow cytom-
etry and western blotting. A xenograft mouse model was
constructed and the proliferation and apoptosis of tumor tissue
was detected by Ki-67 and TUNEL staining assay respectively.
Reverse transcription-quantitative PCR and western blotting
were performed to measure the regulation of miRs on mRNA,
and the dual-luciferase report analysis experiment was used
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to verify the direct target genes of miRs. Compared with the
control group, melatonin inhibited viability and proliferation,
and induced apoptosis in CRC cells. Additionally, the effect
of melatonin in a xenograft mouse model was assessed.
Compared with the control group, melatonin significantly
enhanced the expression levels of the miR-34a/449a cluster,
reduced CRC cell proliferation and viability, and increased
CRC cell apoptosis. Finally, the dual-luciferase reporter assay
indicated that Bcl-2 and Notchl were the target mRNAs of
the miR-34a/449a cluster. To the best of our knowledge, the
present study was the first to suggest that melatonin inhibited
proliferation and viability, and promoted apoptosis in CRC
cells via upregulating the expression of the miR-34a/449a
cluster in vitro and in vivo. Therefore, melatonin may serve as
a potential therapeutic for CRC.

Introduction

Colorectal cancer (CRC) is one of the most common types
of malignant cancer of the digestive system worldwide,
displaying high incidence and mortality rates (1,2). In 2020,
the estimated new cases of colon cancer in the United States
are 78,300 in men, and 69,650 in women, accounting for
8-9% of all cancer cases (2). Currently, the standard therapeutic
strategy used for CRC is surgical resection combined with
radio-chemotherapy (3); however, recurrence following cura-
tive resection is a major issue (4). Additionally, treating CRC
using chemotherapy may result in cytotoxic side effects and
the development of resistance, highlighting the importance of
the development of more effective and novel therapeutics and
adjuvants (5,6). Melatonin has been highlighted as a potential
alternative therapeutic due to its low toxicity and high effi-
cacy (7).

Melatonin (N-acetyl-5-methoxytryptamine) is a pineal
hormone and its release is regulated by the light/dark cycle (8).
In addition to its presence in the pineal gland, melatonin also
exists in other tissues, such as the liver and gastrointestinal
tract (9,10). Melatonin regulates numerous physiological
functions, including the circadian rhythm (11), antioxidative
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protection, and anti-inflammatory (12,13) and antioncogenic
activities (14,15). In particular, melatonin displays a range
of protective effects in the gastrointestinal tract, such as
enhancing the immune functions of the gut (10) and altering
the composition of the intestinal microbiota (16,17). Moreover,
melatonin may inhibit the development and progression of
gastrointestinal cancer (18,19). Previous studies have demon-
strated that the expression levels of melatonin in the blood of
patients with CRC are disordered, which may increase the inci-
dence of CRC (20,21). Riabykh et al (22), Farriol et al (23) and
Anisimov et al (24) reported that melatonin inhibited CRC cell
proliferation via decreasing DNA synthesis and promoting cell
differentiation. Hong et al (25) and Le6n ef al (26) reported that
melatonin induced CRC cell apoptosis by altering cell cycle
progression or reducing endothelin-1 expression. Although
the mechanisms underlying melatonin-mediated inhibition
of proliferation and induction of apoptosis in CRC cells have
been studied, the identified mechanisms cannot fully explain
the breadth of antitumor effects mediated by melatonin.

Increasing evidence has demonstrated that dysregulated
expression of microRNAs (miRs/miRNAs) serves critical
roles in the tumorigenesis of several types of cancer (27-31).
Highly expressed miR-21 and miR-155 are associated with the
metastasis and poor prognosis of colon cancer (30). miR-195
functions as a tumor suppressor in colon cancer (31) . miRNAs
are single-stranded non-coding RNAs 18-24 nucleotides in
length (32). miRNAs affect the stability of mRNA transcrip-
tion and protein translation by targeting the 3'-untranslated
region (UTR) of their target mRNAs (33-35). miRNAs may
serve as oncogenes or tumor suppressors, and are involved in
cancer development and numerous cellular processes (36-38).
miRNAs frequently reside in clusters that include >2-3 miRNA
genes with pairwise chromosomal distances of <3,000 nucleo-
tides in the genome (39). Members of miRNA clusters are
generally similar in sequence and are transcribed in the same
direction (40). miRNAs are highly conserved and usually
function synergistically (41,42).

Notably, miRNAs are involved in melatonin-induced
inhibition of proliferation in gastric cancer, prostate cancer
and gliomas (43-45); however, the functions and mechanisms
underlying melatonin and miRNAs that are involved in CRC
are not completely understood. The present study examined
the effects of melatonin on cell proliferation and apoptosis in
CRC in vitro and also investigated whether melatonin could
inhibit the tumor growth of tumor-bearing nude mice in vivo.
In addition, it investigated the relationship between miRNAs
and melatonin in CRC.

Materials and methods

Cell culture. HCT116, LoVo, SW480, SW620, HT-29 and DLD-1
human CRC cell lines were purchased from ATCC. All cells
were cultured in DMEM (HyClone; Cytiva) supplemented
with 10% FBS (Shanghai ExCell Biology, Inc.) and 1% peni-
cillin-streptomycin-amphotericin B [MACGENE (Beijing)
Biotechnology Ltd.] at 37°C in a humidified incubator with
5% CO,.

Cell viability assay. Cell viability was assessed by performing
MTT (Sigma-Aldrich; Merck KGaA) and Cell Counting

Kit-8 (CCK-8; APExBIO Technology LLC) assays. Briefly,
HCT116, LoVo, SW480, SW620, HT-29 and DLD-1
human CRC cell lines were seeded (8x10° cells/well) into
96-well plates and treated with melatonin (0.1-2.0 mM; cat.
no. M5250-1G; Sigma-Aldrich; Merck KGaA) according to
previously described protocols (19,46-49). Subsequently, cell
viability was detected by performing MTT and CCK-8 assays.
For MTT assay, the plate was incubated for an additional
4 h at 37°C, and crystal formazan was dissolved in DMSO
(0.2 ml/well). The absorbance of each well was measured using
a microplate reader at wavelengths of 570 nm. For the CCK-8
assay, the 96-well plates were incubated for 4 h at 37°C, and
the absorbencies at each time point were measured at 450 nm
by a microplate reader. Melatonin at 2 mM was selected for
subsequent experiments, as this concentration significantly
reduced cell viability compared with other concentrations.

Colony formation assay. HCT116 and LoVo CRC cells were
pretreated with 2 mM melatonin for 48 h at 37°C. Subsequently,
cells were seeded (1x10? cells/well) into a 6-well plate. After
7 days, the colonies were fixed with 4% paraformaldehyde for
30 min at room temperature and then stained with 0.1% crystal
violet (Beijing Solarbio Science & Technology Co., Ltd.) for
20 min at room temperature. Colonies were observed with
scanner (50,51). Colonies containing >50 cells were counted.

EdU labelling and staining. HCT116 and LoVo CRC cells
(5x10° cells/well) were plated into 96-well plates. EAU (50 xM)
from the Cell-Light™ EdU Apollo488 kit (Guangzhou
RiboBio Co., Ltd.) was used for labelling for 24 h at 37°C.
Following fixation with 4% paraformaldehyde for 30 min
at room temperature, cells were stained with Apollo and
Hoechst 33342 for 30 min at room temperature in the dark.
Stained cells were visualized using a DMI6000 B inverted
fluorescence microscope (Leica Microsystems GmbH). The
number of stained cells was determined according to the
manufacturer's protocol.

Cell apoptosis analysis. HCT116 and LoVo CRC cells were
pretreated with 2 mM melatonin for 48 h at 37°C. The apoptosis
rate was evaluated using the Annexin V-FITC/PI Apoptosis
Detection kit (C1062; Beyotime Institute of Biotechnology)
according to the instructions from the manufacturer. Following
treatment, the cells were collected, washed with PBS, and resus-
pended in 195 ul binding buffer. Then, 5 yl Annexin V-FITC
and 10 ul PI were added to the buffer and incubated at room
temperature for 20 min in the dark. Early and late apoptotic
cells were analyzed using a CytoFLEX S flow cytometer and
CytExpert 2.3 software (Beckman Coulter, Inc.).

Cell transfection. HCT116 and LoVo CRC cells were seeded
at 5x10° cells/well in 6-well plates. The cells were transfected
using 5 ul Lipofectamine® 2000 RNAIMAX (Invitrogen;
Thermo Fisher Scientific, Inc.) for 20 min at room tempera-
ture with a mixture comprising 500 ul FBS-free medium
with 10 #l miR-34a inhibitor (MIMATO0000255; 100 nM;
Guangzhou RiboBio Co., Ltd.) or 10 ] of miR-449a inhibitor
(MIMATO0001541; 100 nM; Guangzhou RiboBio Co., Ltd.) or
the negative control (Guangzhou RiboBio Co., Ltd.) according
to the manufacturer's instructions. The mixture was added to
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each well for 6 h at 37°C. The mixture was changed for fresh
medium after 6 h. Cells were treated with melatonin after
transfection for 24 h.

RNA extraction and reverse transcription-quantitative PCR
(RT-gPCR). Total RNA was extracted from the HCT116
and LoVo CRC cells using TRIzol® reagent (Thermo Fisher
Scientific, Inc.). cDNA was synthesized with a RevertAid™
First Strand cDNA Synthesis kit (Thermo Fisher Scientific,
Inc.) with the following thermocycling conditions: 42°C for
1 h; followed by 75°C for 5 min and 4°C forever. Subsequently,
gPCR was performed to determine the expression levels of
hsa-miR-125a, hsa-miR-365a, hsa-miR-34a, hsa-miR-449a,
hsa-miR-184, hsa-miR-143a, Bcl-2 and Notchl. qPCR was
performed with SYBR-Green Realtime PCR Master Mix
(Toyobo Life Science) on a CFX96™ Real-Time System
(Bio-Rad Laboratories, Inc.) with the following thermocycling
conditions: 95°C for 10 min; followed by 40 cycles at 95°C
for 15 sec and 60°C for 60 sec. The sequences of the primers
used for qPCR are presented in Table SI. miRNA and mRNA
expression levels were quantified using the 224 method
and normalized to the internal reference genes U6 and actin,
respectively (52).

Western blotting. HCT116 and LoVo CRC cells were lysed
in RIPA buffer (Beyotime Institute of Biotechnology) to
obtain total protein, and total protein concentration was
quantified using a BCA protein assay kit (Beyotime Institute
of Biotechnology). An equal amount of total protein (30 pg)
was subjected to 10% (w/v) SDS-PAGE gel and trans-
ferred onto PVDF membranes (EMD Millipore). These
membranes were blocked with 5% skimmed milk for 2 h at
room temperature. Subsequently, the membranes were incu-
bated overnight at 4°C with the primary antibodies targeted
against: cleaved caspase-3 (1:1,000; cat. no. 9661; Cell
Signaling Technology, Inc.), Notchl (1:1,000; cat. no. 3447,
Cell Signaling Technology, Inc.), cleaved poly (ADP-ribose)
polymerase 1 (PARP; 1:1,000; cat. no. ab203467; Abcam),
p53 (1:1,000; cat. no. 10442-1-AP; ProteinTech Group, Inc.),
Bcl-2 (1:1,000; cat. no. sc-7382; Santa Cruz Biotechnology,
Inc.) and B-actin (1:1,000; cat. no. HC201; TransGen Biotech
Co., Ltd.). After washing, the membranes were incubated with
Goat Anti-Mouse IgG (H+L) HRP-conjugated (1:5,000; cat.
no. HS201-01; TransGen Biotech Co., Ltd.), Goat Anti-Rabbit
IgG (H+L) HRP-conjugated (1:5,000; cat. no. HS101-01;
TransGen Biotech Co., Ltd.) secondary antibodies and Goat
Anti-Rat IgG (H+L) Secondary Antibody, HRP (1:5,000;
cat. no. 31470; Thermo Fisher Scientific, Inc.) for 1 h at room
temperature. Protein bands were visualized using Immobilon™
Western Chemiluminescent Horseradish Peroxidase Substrate
(EMDMillipore). Protein expression levels were semi-quan-
tified using ImageJ software (v1.46, National Institutes of
Health) with B-actin as the loading control.

Luciferase reporter assay. Human Bcl-2 and Notchl 3'UTR
regions containing the putative binding sites of miR-34a/449a
were subcloned into the pGL3 promoter (Promega
Corporation) using Xbal restriction digest sites at the end of
the oligonucleotides. HCT116 CRC cells (1.5x10* cells/well)
were seeded into a 24-well plate in triplicate. CRC cells were

co-transfected with 400 ng pGL3-3'UTR-Promoter plasmid,
100 ng Renilla (Promega Corporation) and 100 nM miR-34a
or miR-449a inhibitor using Lipofectamine 2000 (Invitrogen;
Thermo Fisher Scientific, Inc.). At 48 h post-transfection,
luciferase activities were determined using a Dual Luciferase
Reporter assay kit (Promega Corporation). Firefly luciferase
activities were normalized to Renilla luciferase activities.

Tumorigenesis in xenograft models. Female BALB/c Nude
mice (age, 4-6 weeks; weight, 20+2 g; n=12) were purchased
from GemPharmatech Co., Ltd. All animals were housed in
cages at 24°C with 12-h light/dark cycles, 50-70% humidity,
and free access to food and water. All experiments were
approved by the Ethics Committee on Animal Experiments
of the Medical School of Shandong University [approval
no. KYLL-2017(KS)-357]. Nude mice were injected subcu-
taneously into the right shoulder with 6x10° HCT 116 cells
suspended in 150 I PBS. When tumors reached an average
volume of 50 mm?, the mice were randomly divided into two
groups (n=6/group): i) Control group (same volume of PBS
as the melatonin group) and ii) melatonin group (25 mg/kg;
intraperitoneal injection daily for 23 days). The 25 mg/kg mela-
tonin was selected for xenograft assays according to previous
studies (53-55). The tumors were isolated, measured and histo-
logically confirmed. The perpendicular tumor dimensions
(a, length and b, width) were measured using Vernier caliper
to calculate the volume (V; mm?) according to the following
formula: V=(a x b?/2. Mice were anesthetized with an intra-
peritoneal injection of 50 mg/kg sodium pentobarbital (1%).
The tumors were removed and the tissue specimens were
used for immunofluorescence analysis. After sampling, the
mice were euthanized with an overdose of sodium pentobar-
bital (100 mg/kg) (55).

HE staining. The tumor sections were cut at a thickness of
4 ym using a microtome. The sections were dewaxed using
xylene and rehydrated in ethanol with gradient concentra-
tions (100, 95, 90, 80, 70, 50 and 30%) for 5 min at room
temperature. After being washed with distilled water for
5 min, Hematoxylin (cat. no. C0107; Beyotime Institute of
Biotechnology) was added dropwise to stain the tissue for
15 min. The stained tissue was placed in 1% hydrochloric
acid ethanol (Merck KGaA) for differentiation for 10 sec.
Then, 0.25% Eosin dye (cat. no. C0109; Beyotime Institute
of Biotechnology) solution was added for counterstaining for
5 min and tissues were dehydrated by soaking in gradient
concentration alcohol (70, 80, 90, 95 and 100% ethanol) for
5 min. All these steps were performed at room temperature.
The sections were observed (magnification, x20) and images
captured under the optical microscope. Each section was
divided into three columns, and three images captured of each
column, nine images per section.

Immunofluorescence staining. Cancer tissues obtained from
the mouse xenograft model were fixed using 4% parafor-
maldehyde for 48 h at 4°C. The tumor sections were cut at a
thickness of 10 ym using a freezing microtome. The sections
were blocked and permeabilized in 5% goat serum (cat.
no. ZLI-9021; OriGene Technologies, Inc.) solution containing
0.3% Triton X-100 for 2 h at room temperature. The sections
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were incubated with a rabbit anti-Ki-67 primary antibody
(1:400; cat. no. abl6667; Abcam) overnight at 4°C. The
sections were washed in PBS three times and incubated with
Dylight 594, Goat Anti-Rabbit IgG (1:1,000; cat. no. A23420;
Abbkine Scientific Co., Ltd.) secondary antibodies for 1 h at
room temperature. TUNEL assay was performed using the
TransDetect® in situ Fluorescein TUNEL Cell Apoptosis
Detection kit (cat. no. FA201; TRANS). Briefly, the sections
were blocked and permeabilized in 5% goat serum solution
containing 0.3% Triton X-100 for 2 h at room temperature.
The sections were incubated with a mix of 1X labeling solu-
tion and TdT (25:1) for 1 h at 37°C in the dark. Nuclei were
stained with DAPI (Sigma-Aldrich; Merck KGaA) for 15 min
at room temperature. Stained samples were observed (TUNEL
magnification, x20; Ki-67 magnification, x10) using a confocal
microscope (Leica Microsystems GmbH). Each section was
divided into three columns, and three images captured of each
column, nine images per section.

Bioinformatics analysis. The sequences of the microRNAs
were searched through miRBase (http:/www.mirbase.org/).
The downstream target genes of the microRNAs cluster were
predicted with TargetScan (http:/www.targetscan.org/vert_71/).

Statistical analyses. Data are presented as the mean + standard
deviation of at least three independent experiments. Statistical
analyses were performed using GraphPad Prism software
(version 8; GraphPad Software, Inc.). Comparisons between
two groups were analyzed using the unpaired Student's t-test.
Comparisons among multiple groups were analyzed using
one-way ANOVA followed by Dunnett's post hoc test. P<0.05
was considered to indicate a statistically significant difference.

Results

Melatonin suppresses CRC cell proliferation and viability.
The effect of melatonin on CRC cell viability (HCT116, LoVo,
SW480, SW620, HT-29 and DLD-1) following treatment for 24
or 48 h was assessed by performing an MTT assay. The results
indicated that melatonin (0.1-2.0 mM) significantly inhibited
CRC cell viability in a time- and dose-dependent manner.
Compared with the control group, SW480 and SW620 cell
viability was inhibited by treatment with 1 mM melatonin for
48 h, whereas DLD-1 cell viability was inhibited by treatment
with 2 mM melatonin for 48 h. HCT116 and LoVo cell viability
were significantly reduced compared with SW480, SW620,
HT-29 and DLD-1 CRC cell lines at 24 and 48 h (Fig. 1A).
The effect of melatonin on HCT116 and LoVo cell prolifera-
tion was assessed by performing EdU staining and counting
the number of EdU* cells (Fig. 1B and C). Compared with
the control group, the number of EdU* cells in the melatonin
group was significantly reduced. The colony formation ability
of HCT116 and LoVo cells following treatment with melatonin
was also assessed (Fig. 1D and E). The number of colonies in
the melatonin group was also significantly reduced compared
with the control group.

Melatonin induces CRC cell apoptosis. To verify the effect of
melatonin on HCT116 and LoVo cell apoptosis, Annexin V/PI
staining was conducted and the number of apoptotic cells was

determined via flow cytometry (Fig. 2A and B). Compared
with the control group, the number of apoptotic cells in the
melatonin group was significantly increased. The expression
of apoptosis-related proteins cleaved caspase-3 and cleaved
PARP was determined via western blotting (Fig. 2C and D). The
results indicated that the apoptotic rate of melatonin-treated
cells was significantly higher compared with the control group.

Melatonin inhibits tumor growth in vivo. A nude mouse
tumorigenesis model was established to assess the inhibitory
effect of melatonin on tumor growth in vivo. Compared with
the control group, the tumors in the melatonin group were
notably smaller (Fig. 3A). During the tumor-bearing period,
the tumor growth in the melatonin-treated group was clearly
slower compared with the control group, and the corresponding
tumor volume was smaller (Fig. 3B and C). The tumor weight
of the two groups was assessed at the end of the experiments,
and the results demonstrated that the average weight of tumors
in the melatonin group was significantly lower compared with
the control group (Fig. 3D). Hematoxylin and eosin staining
was performed and the results indicated that the melatonin
group displayed an increased number of tissues with tumor cell
necrosis compared with the control group (Fig. 3E). Finally,
tumor cell proliferation was determined by performing Ki-67
staining. Tumor cell proliferation was notably inhibited in the
melatonin group compared with the control group (Fig. 3F).
TUNEL staining was also performed to assess tumor cell
apoptosis, which indicated that the melatonin group displayed
obviously increased levels of apoptosis compared with the
control group (Fig. 3G).

Melatonin affects CRC cell proliferation and apoptosis by regu-
lating the expression of the miR-34a/449a cluster. Whether the
aforementioned results were related to miRNA expression was
assessed. First, the expression of a series of miRNAs (miR-125a,
miR-365a, miR-34a, miR-449a, miR-184 and miR-143a)
in HCT116 cells treated with 2 mM melatonin for 48 h was
assessed via RT-qPCR. HCT116 cell viability and apoptosis
were significantly changed compared with other cell lines. All
of the aforementioned miRNAs have been reported to be asso-
ciated with CRC cell proliferation and apoptosis (36,38,56,57).
The results of the present study demonstrated that only
miR-34a and miR-449a expression levels were significantly
altered by melatonin treatment compared with the control
group (Fig. 4A). Melatonin increased the expression levels of
miR-34a and miR-449a in a concentration-dependent manner.
miR-34a is a transcriptional target of p53 (58). Therefore, the
expression of p53 in CRC cells treated with melatonin for
48 h was assessed via western blotting. Compared with the
control group, melatonin markedly increased p53 expres-
sion levels in a concentration-dependent manner (Fig. S1).
miR-34a and miR-449a belong to the same family, and work
together as a complex, termed the miR-34a/449a cluster (59).
To further investigate whether the increased expression of the
miR-34a/449a cluster was related to altered CRC cell prolifera-
tion and apoptosis, endogenous expression of the miR-34a/449a
cluster was downregulated by transfecting cells with an
miR-34a/449a cluster inhibitor. The transfection efficiency
of the miR-34a/449a cluster inhibitor is presented in Fig. 4B.
The effect of the miR-34a/449a cluster on CRC cell viability
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Figure 1. Melatonin suppresses CRC cell viability and proliferation. (A) HCT116, LoVo, SW480, SW620, HT-29 and DLD-1 CRC cells were treated with 0.1, 0.5,
1, 1.5 or 2 mM melatonin for 24 or 48 h. Cell viability was assessed by performing an MTT assay. 'P<0.05 vs. 24 h control; “P<0.05 vs. 48 h control. Following
treatment with melatonin for 48 h, HCT116 and LoVo CRC cell proliferation was assessed by (B) performing EdU staining (scale bar, 50 #m) and (C) quantified
by counting the number of EAU* cells. Following treatment with melatonin for 48 h, CRC cell proliferation was assessed by (D) performing colony formation
assays and (E) quantified. "P<0.05 vs. control. Data are presented as the mean + standard deviation. CRC, colorectal cancer; Con, control; MLT, melatonin.

and proliferation was assessed by performing CCK-8 and
EdU staining assays, respectively. Compared with the control
group, CRC cell viability and proliferation were significantly
decreased in the melatonin group (Fig. 4C-E). However, in CRC
cells pretreated with inhibitor and then treated with melatonin,
the inhibitory effect of melatonin on CRC cell viability and

proliferation was significantly weakened to a certain degree.
Finally, the effect of the miR-34a/449a cluster on CRC cell
apoptosis was assessed via flow cytometry. Pretreatment with
the inhibitor significantly weakened the effect of melatonin on
CRC cell apoptosis (Fig. 4F and G). The results suggested that
melatonin inhibited viability and proliferation, and promoted
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Figure 2. Melatonin induces CRC cell apoptosis. HCT116 and LoVo CRC cells were treated with 2 mM melatonin for 48 h. Cell apoptosis was (A) determined
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apoptosis in CRC cells by upregulating the expression of the
miR-34a/449a cluster.

Bcl-2 and Notchl are direct target genes of the miR-34a/449a
cluster. To further investigate how the miR-34a/449a cluster
exerted its regulatory function in melatonin-induced anti-
proliferative and proapoptotic activities in CRC cells, the
downstream target genes of the miR-34a/449a cluster were
determined by performing bioinformatics analysis with
TargetScan (http://www.targetscan.org/vert_71/). It was
predicted that the miR-34a/449a cluster bound to the 3'UTRs
of Bcl-2 and Notchl (Fig. 5A). pGL3-promoter-Bcl-2/Notchl
3'UTR vectors were constructed, and the relative luciferase
activity was assessed using a dual-luciferase reporter assay.

miR-34a/449a cluster inhibition significantly increased
the relative luciferase activity of pGL3-promoter-BCL2
3'UTR and pGL3-promoter-NOTCHI1 3'UTR compared
with the control (Fig. 5B and C), suggesting that Bcl-2 and
Notchl were direct target genes of the miR-34a/449a cluster.
RT-qPCR and western blotting were performed to measure
the mRNA and protein expression levels of Bcl-2 and Notchl
in melatonin-treated CRC cells, respectively. Compared with
the control group, the mRNA and protein expression levels of
Bcl-2 and Notchl were notably downregulated by melatonin
treatment (Fig. 5D and E). The RT-qPCR results demonstrated
that miR-34a/449a cluster inhibition increased the mRNA
expression levels of Bcl-2 and Notchl in melatonin-treated
CRC cells (Fig. 5F). The western blotting results were similar
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compared with melatonin group, the protein expression levels
of Bcl-2 and Notchl of miR inhibitor group were markedly
upregulated following transfection with the miR-34a/449a
cluster inhibitor (Fig. 5G). Collectively, the results indicated
that the miR-34a/449a cluster bound to the 3'UTRs of Bcl-2
and Notchl to negatively regulate their expression.

Discussion

CRC is one of the most common types of malignant cancer
of the digestive system worldwide and is associated with high

rates of morbidity and mortality (1,2). In 2020, the estimated
new cases of colon cancer in the United States are 78,300 in
men, and 69,650 in women, accounting for 8-9% of all cancer
cases (2). In 50% of patients with CRC, tumor recurrence is
observed, even if the tumor tissue is excised prior to tumor
cell metastasis (60). In addition, the effect of chemotherapeutic
drugs on malignant colorectal tissue is reduced in advanced
phases (61). A combinations of different agents may be used to
overcome the limitations of these therapeutics; however, this
can also result in increased side effects, off-target cytotoxicity
and drug toxicity (62). Therefore, improved chemotherapeutic
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agents that display little to no unfavorable off-target effects
need to be identified. Melatonin is a natural hormone that
does not display toxicity and regulates numerous physiological
processes, including the circadian rhythm and antioxidative
processes (63,64). An increasing number of studies have
demonstrated that melatonin also possesses anticancer

properties in several types of cancer (65,66), for example,
melatonin inhibits proliferation and invasion via repression
of miRNA-155 in glioma cells (45). Melatonin restrains
angiogenic factors in triple-negative breast cancer by targeting
miR-152-3p in in vivo and in vitro studies (55). Moreover, mela-
tonin possesses anticancer properties via various molecular
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mechanisms in CRC cells (25,67-69), for example, melatonin
reduces endothelin-1 expression and secretion in colon cancer
cells through the inactivation of FoxO-1 and NF-«xf (26);
Melatonin inhibits colon cancer RKO cell migration by down-
regulating Rho-associated protein kinase expression via the
p38/MAPK signaling pathway (69). To the best of our knowl-
edge, the present study demonstrated for the first time that

melatonin inhibited proliferation and viability, and induced
apoptosis in CRC cells in vitro and in vivo via upregulating the
expression of miR-34a/449a cluster, and suppressing Bcl-2 and
Notchl expression.

In the present study, CRC cell (HCT116, LoVo, SW480,
SW620, HT-29 and DLD-1) viability following treatment with
melatonin (0.1-2 mM) for 24 and 48 h was assessed. Compared
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with the control group, SW480 and SW620 cell viability was
inhibited by treatment with 1 mM melatonin for 48 h, whereas
DLD-1 cell viability was inhibited by treatment with 2 mM
melatonin for 48 h. The differences between the cell lines
could be explained by differences in melatonin concentrations,
cell types and experimental situations. Wei et al (70) reported
that 2 mM melatonin significantly suppressed LoVo cell prolif-
eration following treatment for 48 h via histone deacetylase 4
nuclear import mediated by calcium/calmodulin dependent
protein kinase Ila alpha inactivation. Ledn et al (26) reported
that treatment of Caco-2 and T84 CRC cells for 72 h with
1 mM melatonin induced cell cycle arrest at the G2/M phase.
Riabykh et al (22), Farriol et al (23) and Anisimov et al (24)
reported that melatonin inhibited CRC cell proliferation via
decreasing DNA synthesis or promoting cell differentiation.
In the present study, compared with the control group, HCT116
and LoVo cell viability was significantly inhibited by 50%
following treatment with 2 mM melatonin for 48 h via upregu-
lation of the expression of the miR-34a/449a cluster. The
aforementioned studies and the present study suggested that
melatonin displayed a direct antitumor effect on CRC cells.
Moreover, the results of the present study provided further
evidence for the anticancer effects of melatonin, indicating
that melatonin regulated the expression of miRNAs.
Although there are various mechanisms underlying
melatonin-mediated inhibition of cell proliferation and

promotion of cell apoptosis, the relationship between its effects
is not completely understood. Trivedi et al (71) investigated the
relationship among melatonin, colitis and malignant tumors
using a colitis-associated colon carcinogenesis mice model.
Their study was aimed at deciphering the effect of melatonin
on autophagy and Nrf2 signaling pathways in a mouse model
of colitis-associated colon carcinogenesis (CACC), and they
focused on the relationship between melatonin and inflamma-
tion. However, this mice model did not study the relationship
between melatonin and tumorigenesis directly. To verify the
antitumor effects of melatonin in vivo, a xenograft mouse model
was established and tumor cell proliferation and apoptosis
were assessed in the present study and the results suggested
that compared with the control group, melatonin inhibited
proliferation and induced apoptosis in CRC cells, suggesting
that melatonin may serve as a potential anti-CRC therapeutic.
miRNAs function as tumor oncogenes or suppressors,
and serve a key role in the development and progression of
cancer (38,72,73). Melatonin results in upregulated miR-362-3p
expression, and suppressed TNF-a induced protein 8 and
neuropilin 2expression levels in breast cancer (74). Melatonin
inhibited glioma cell proliferation and invasion via repression
of miR-155 (45). Melatonin also inhibited gastric cancer cell
proliferation by upregulating the expression of miR-16-5p (43).
The aforementioned studies highlighted the critical roles of
miRNAs in melatonin-induced attenuation of cancer growth.
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However, the association between melatonin and miRNAs in
CRC is not completely understood. It has been reported that the
members of miR-34 family are associated with tumor metas-
tasis and growth (75,76). miR-34a, as a tumor suppressor, has
been reported to serve akey role in several types of solid tumors,
including renal cell carcinoma (77), glioblastoma (78) and colon
cancer (79). The expression of miR-34a was downregulated by
36% in CRC tissues compared with healthy tissues (80). In
addition, Zhang et al (79) and Wu et al (57) suggested that
miR-34a suppressed CRC metastasis and invasion. Together,
the aforementioned studies suggest that miR-34a serves a key
role in CRC. However, whether melatonin exerts its antitumor
effects by regulating the expression of the miR-34a/449a
cluster has not been previously reported, therefore, whether
this cluster was involved in the therapeutic effects of mela-
tonin was assessed in the present study. Compared with the
control group, melatonin significantly increased the expression
of the miR-34a/449a cluster. Furthermore, melatonin inhibited
proliferation and viability, and induced apoptosis in CRC cells
via upregulating the expression of the miR-34a/449a cluster.
To the best of our knowledge, the present study was the first
to suggest the important regulatory function of miRNAs in
melatonin-induced antiproliferative and proapoptotic activi-
ties of CRC cells, providing further evidence to support the
critical role of miRNAs in melatonin-treated cancer.

In the present study, the bioinformatics based target predic-
tion suggested that Notchl and Bcl-2 were direct target genes
of the miR-34a/449a cluster. Notchl and Bcl-2 are critical
regulators of CRC cell proliferation, apoptosis and develop-
ment (81-83). Notchl and Bcl-2 are regulated by miRNAs in
various types of cancer. In gastric cancer, miR-708 targeted
Notchl and subsequently suppressed cell proliferation (84).
In CRC cells, miR-34a directly targeted Notchl, which was
associated with tumor invasion and metastasis (79). In renal cell
carcinoma, miR-34a inhibited cell proliferation by targeting
Notchl (77). Thus, whether melatonin-mediated upregulation of
the miR-34a/449a cluster, resulting in downregulation of Notchl,
ultimately inhibited CRC cell proliferation was assessed. In
human cervical cancer, Bcl-2 is the target of miR-34a-5p and
is associated with proliferation and apoptosis (85). In pros-
tate carcinoma, miR-205 and miR-338-3p downregulate the
expression of the Bcl-2, which ultimately results in decreased
apoptosis (72). Numerous studies have demonstrated that Bcl-2
is regulated by various miRNAs, which subsequently affects cell
apoptosis (37,38). However, the relationship among melatonin,
the miR-34a/449a cluster and Bcl-2 in CRC is not completely
understood. It was hypothesized that melatonin upregulated
the miR-34a/449a cluster by downregulating Bcl-2 expression,
which subsequently induced CRC cell apoptosis. The results
indicated that melatonin upregulated the expression of the
miR-34a/449a cluster, which resulted in downregulated Notchl
and Bcl-2 expression levels compared with the control group.
The results indicated that the miR-34a/449a/Notch1/Bcl-2 axis
may serve as a critical mediator of melatonin-treated CRC.

In summary, the present study demonstrated that melatonin
inhibited proliferation and viability, and induced apoptosis of
CRC cells via upregulating the expression of the miR-34a/449a
cluster (Fig. 6). To the best of our knowledge, the present study
was the first to identify an association among melatonin, the
miR-34a/449a cluster, Notchl and Bcl-2 in CRC. The results

suggested that melatonin may be useful as a single or adjuvant
therapeutic for CRC.
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