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NA damage in the melanoma cells was stimulated by the BGM
GM was able to up-regulate the expression of miR-145 and miR-
the melanoma cells. Furthermore, BGM inhibited the progression
drgeting miR-145/Cyclin D1 axis in vitro. BGM attenuated the tumor
elanoma in vivo.

Thus, we conclude that BGM induces DNA damage and inhibits tumor
ression in melanoma by modulating the miR-145/Cyclin D1 axis. Our finding provides
neW@psights into the mechanism by which BGM modulates the development of melanoma.
BGM may be applied as a potential anti-tumor candidate for the clinical treatment of
melanoma.
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Introduction

Melanoma serves as a prevalent malignant cancer that is accountable for 80% of
mortality of all skin cancer, with extraordinary metastasis and aggressive.'” The
occurrence of melanoma steadily continues growing around the world.? In the past
decades, despite some advancements accomplished, patients with melanoma still
exhibit poor prognosis due to resistance to radiotherapy or chemotherapy and
metastasis.* Surgical/drug intervention, control metabolism, and early diagnosis
were the valid therapy strategies for melanoma patients,”’ but the progression
and underlying mechanism of melanoma at the molecular level remained mostly

unknown, which is required to be further studied.® Moreover, DNA damage, as
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a critical process and the therapeutic target of cancers,
plays an essential role in the development of melanoma.
More importantly, although advanced development has
been made in melanoma therapies, such as immunothera-
pies and targeted therapies, response to these treatments is
usually featured by heterogeneous and not durable.”'”
Therefore, it is urgently needed to explore more practical
therapeutic candidates for melanoma.

The demand for the novel and lower toxicity anti-
cancer medicine development has directed to investigate
the potentially useful anti-cancer compounds in herbs,
vegetables, and fruits.'""'? Grapefruit furanocoumarins
have displayed several pharmacological impacts, such as
bone health-promoting effects and anti-cancer activities."
Bergamottin (BGM) is a significant furanocoumarin
derived from grapefruits (Citrus paradise) and has pre-
sented to be a potential anti-cancer candidate in several
preclinical mouse models and cancer cell lines.'"* For
example, the previous investigation demonstrated that
BGM inhibits the growth of multiple myeloma cells and
leads to programmed cell death by the modulation of the
STAT3 pathway.'> However, the effect of BGM on the
development of melanoma remains unclear.

MicroRNAs (miRNAs) are small, stable single-strand
non-coding RNAs that present an essential function in pos

of melanoma.”** Besides,
Cyclin D1, as aN@ll-cycle process regulator, is a crucial
contributor to canc®progression.”*?’ MiR-145 has been
reported to inhibit the expression of Cyclin D1.°* However,
the impact of BGM on miR-145 and the correlation of and
miR-145 with Cyclin D1 in the development of melanoma
remain unreported.

In this study, we aimed to explore the effect of BGM
on melanoma development. We identified a novel function
of BGM in inducing DNA damage and inhibiting mela-

noma progression by modulating miR-145/Cyclin D1 axis.

Methods

Cell Culture and Treatment

The human melanoma WM239 and MM200 cells were pur-
chased in American Type Tissue Culture Collection. The
cells were cultured in the medium of RPMI 1640 (Gibco,
USA) containing 10% fetal bovine serum (Gibco, USA),
0.1 mg/mL streptomycin (Solarbio, China) and 100 units/
mL penicillin (Solarbio, China) at a condition of 37°C with
5% CO,. Bergamottin (BGM, purity >98%, monohydrate)
was obtained from Biyang (Chengdu, China). The structural
formula of BGM was shown in Fig A

ty was analyzed by the CCK-8 assays.
10° cells were put into 96 wells and cultured

d 96 hours, the cells were added with a CCK-8 solution
(KeyGEN Biotech, China) and culture for another 2 hours
at 37°C. The ELISA browser was applied to analyze the
absorbance at 450nm (Bio-Tek EL 800, USA).

Colony Formation Assays

About 1x10° cells were layered in 6 wells and incubated in
RPMI 1640 at 37°C. After two weeks, cells were cleaned
with PBS Buffer, made in methanol for about thirty min-
utes, and dyed with crystal violet dye at the dose of 1%,
after which the number of colonies was calculated.

Transwell Assays

Transwell assays analyzed the impacts of MI on cell inva-
sion and migration of WM239 and MM200 cells by using
a Transwell plate (Corning, USA) according to the manu-
facturer’s instruction. Briefly, the upper chambers were
plated with around 1x10° cells. Then solidified through
4% paraformaldehyde and dyed with crystal violet. The
invaded and migrated cells were recorded and calculated.

https:

3770

Dove!

OncoTargets and Therapy 2021:14


https://www.dovepress.com/get_supplementary_file.php?f=275322.docx
https://www.dovepress.com
https://www.dovepress.com

Dove

Zhao and Liao

Analysis of Cell Apoptosis

Approximately 2x10° WM239 and MM200 cells were
plated on 6-well dishes. Cell apoptosis was analyzed by
using the Annexin V-FITC Apoptosis Detection Kit (CST,
USA) according to the manufacturer's instruction. Briefly,
the cells were collected and washed by binding buffer (BD
Biosciences, USA) and were dyed at 25°C, followed by
the flow cytometry analysis.

Cell-Cycle Analysis

Approximately 1x10° cells were plated on 6-well dishes
and treated as indicated. Floating and adherent cells were
fixed in cold ethanol (4°C, 70% in PBS) overnight.
RNaseA 1(00 pg/mL) was added to the cells at 37°C for
30 minutes, followed by the PI staining (50 pg/mL, 30
minutes) in the dark and the flow cytometric analysis using
a FACSCalibur cytometry (Becton Dickinson, New Jersey,
USA). About ten thousand events were calculated for each
sample and the distribution of cell cycle was analyzed by
Cell  Quest (Becton
Jersey, USA).

software Dickinson, New

Luciferase Reporter Gene Assay
The luciferase reporter gene assays were perform
using the Dual-luciferase Reporter
(Promega, USA). Briefly, the cells we
miR-145 mimic, or control mimic, C
by the
pilla was

issucs of the mice. The first-strand
thesized using Stand cDNA Synthesis Kit
as the manufacturer’s instruction. The
qRT-PCR was ¥iried out by applying SYBR Real-time
PCR I kit (Takara, Japan). The standard control for mRNA
was GAPDH. Quantitative determination of the mRNA
levels was conducted by SYBR GreenPremix Ex TaqTM
II Kit (TaKaRa, Japan). The experiments were indepen-
dently repeated at least three times. The primer sequences
are as follows:

miR-145: forward: 5'-

CCGGGAATCGCCAACTCAGCCTTAC -3’

miR-145: reverse: 5'-
CGGAATCCGTTGCGACCGTGATACC -3’

Cyclin D1: 5'-AGGAAGTTGTGCCAA
TTTTG -3’

Cyclin D1: reverse: 5'-
AGCAGATGGCCATGCCTTCT -3,

U6: forward: 5'-GACCGATTCGTTCTGTGGCAC-3'

U6: reverse: 5'-GATTACCCGTCGGCCATCGATC-3’

forward:

GAPDH  forward: 5-AAGAAGGTGGTGAAGC
AGGC-3'
GAPDH reverse: 5'-TCC CCCAGTTGCTG

ht at 4°C with the primary antibodies for
21000) (Abcam, USA), p-yH2AX (1:1000)
A), YH2AX (1:1000) (Abcam, USA), and B-
1:1000) (Abcam, USA), in which B-actin served as the
control. Then, the corresponding second antibodies (1:1000)

(Abcam, UK) were used for hatching the membranes 1 hour
at room temperature, followed by the visualization by using
an Odyssey CLx Infrared Imaging System. The results of
Western blot analysis were quantified by Image] software.

Analysis of Tumorigenicity in Nude Mice

The effect of the BGM on tumor growth of melanoma
in vivo was analyzed in nude mice of Balb/c (male, 4-week-
old). To establish in vivo tumor model, the 2x10° WM239
cells were subcutaneously injected in the mice. The mice
were randomly separated into two groups (n=6). The mice in
the BGM group were intraperitoneally treated with BGM
(10 mg/kg, 5 days/week). After 7 days of injection, we
measured tumor growth every 7 days. We sacrificed the
mice after 35 days of injection, and tumors were scaled.
Balb/c mice were anesthetized by intraperitoneal injection of
10% chloral hydrate (400 mg/kg). Tumor volume (V) was
observed by estimating the length and width with calipers
and measured with the method x 0.5. The expression levels
of Ki-67 of the tumor tissues were tested by immunohisto-
chemical staining with the Ki67 antibody (CST, USA).
Tumor tissues from mice were fixed using neutral buffered
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formalin (10%) and embedded in paraffin, which were sub-
jected into the preparation of 4uM-thick sections. The slides
were immunohistochemically stained using Ki67 antibody
(CST, USA). The protein expression levels of Cyclin D1
(1:1000) (Abcam, USA) were analyzed by Western blot
analysis in the tumor tissues of the mice. Animal care and
method procedure were authorized by the Third Affiliated
Hospital of Guangzhou Medical University Animal Ethics
Committee and Welfare Committee. Procedures also fol-
lowed the guidelines for the care and use of animals pro-
vided by the National Institutes of Health Office of
Laboratory Animal Welfare.

Statistical Analysis

Data were presented as mean + SEM, and the statistical
analysis was performed by SPSS software (version 18.0).
The unpaired Student’s #-test was applied for comparing
two groups, and the one-way ANOVA was applied for
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BGM(umol/L)

comparing among multiple groups. P < 0.05 were consid-
ered as statistically significant.

Results
BGM Inhibits the Cell Proliferation of

Melanoma Cells
To assess the effect of BGM on the cell proliferation of
melanoma, the CCK-8 assays and colony formation assays
were performed in the WM239 and MM200 cells treated with
BGM at the indicated dose. CCK-8 assa
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Figure | BGM inhibits the cell proliferation of melanoma cells. (A—D) The WM239 and MM200 cells were treated with BGM at the indicated dose. (A and B) The cell
viability was measured by CCK-8 assays in the WM239 and MM200 cells, respectively. (C and D) The cell proliferation was measured by colony formation assays in the
WM239 and MM200 cells, respectively. Data are presented as mean + SEM. Statistic significant differences were indicated: **P < 0.01, ***P < 0.001.
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BGM Suppresses Melanoma Cell

Migration and Invasion

We further analyzed the role of BGM in the migration and
invasion of the WM239 and MM200 cells. Transwell
assays revealed that BGM treatment remarkably reduced
the migration in the WM239 and MM200 cells (P < 0.001)
(Figure 2A). Similarly, the cell invasion was significantly
decreased by BGM in the WM239 and MM200 cells (P <
0.001) (Figure 2B). Together, these indicate that BGM
restrains the migration and invasion of melanoma cells.

BGM Induces the Cell Cycle Arrest and

Apoptosis in the Melanoma Cells

Then, we evaluate the effect of BGM on the cell cycle
phase distribution by flow cytometry analysis in the
WM239 and MM200 cells. The distribution of the cells
in the phases of G1, S, and G2/M was calculated using the
Multi-cycle software, respectively. Significantly, the G0/
G1 phase cells were enhanced while the S phase and G2/M
phase cells were reduced by the treatment of BGM in
a dose-dependent manner in the cells (P < 0.01)
(Figure 3A), suggesting that BGM was able to induce

100

Migration cell number

s
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H
€
®
o
<
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cell cycle arrest at the GO/G1 phase in the melanoma
cells. Meanwhile, flow cytometry analysis showed that
cell apoptosis was dose-dependently increased by the
BGM treatment in the cells (P < 0.01) (Figure 3B).

BGM Induces DNA Damage in the

Melanoma Cells

Next, we explored the impact of BGM on the DNA damage
in the WM239 and MM200 cells. 4, 6-Diamidino-2-pheny-
lindole (DAPI) staining revealed that the DNA condensation

was increased by the BGM treg a dose-dependent

ed the underlying mechanism of the
on the development of melanoma in the
M200 cells. Significantly, we identified that

Migration cell number
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Figure 2 BGM suppresses melanoma cell migration and invasion. (A and B) The WM239 and MM200 cells were treated with BGM at the indicated dose. (A) The cell
migration was examined by transwell assays in the cells. (B) The cell invasion was examined by transwell assays in the cells. Data are presented as mean * SEM. Statistic

significant differences were indicated: **P < 0.01, ***P < 0.001.
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Figure 3 BGM induces the cell cycle arrest and apoptosis in the melanoma cells.
The cell cycle was analyzed by flow cytometry analysis in the cells. (B) The cell ap
SEM. Statistic significant differences were indicated: **P < 0.01.

BGM treatment enhanced the expression d
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BGM 200umol/L 39.95+4. 19 87.75+2.35%*

Notes: Data are presented as mean * SD. **Represents P < 0.0 compared with
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iR-145 Targets Cyclin D1 in the

Melanoma Cells

We then explored the downstream target of miR-145 in
the WM239 and MM200 cells. The miR-145-targeted
in Cyclin D1 3" UTR was identified by
a bioinformatic analysis using Targetscan (http://www.
The miR-145
mimic treatment inhibited luciferase activities of wild-
type Cyclin D1 but failed to affect the Cyclin D1 with
the miR-145-binding site mutant in the WM239 and
MM200 cells (P < 0.01) (Figure SE). Moreover, the
mRNA expression of Cyclin D1 was decreased by
miR-145 mimic in the cells (P < 0.01) (Figure 5F).
Similarly, the protein expression of Cyclin D1 was

site

targetscan.org/vert 72/) (Figure 5D).

reduced by the treatment of miR-145 mimic in the
cells (P < 0.01) (Figure 5G). Together, these data sug-
gest that miR-145 was able to target Cyclin DI in the
melanoma cells.
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BGM Inh the Progression of
Melanoma by Targeting miR-145/Cyclin
DI Axis in vitro

We then further investigated whether BGM induced the
inhibitory effect on melanoma progression by modulating
miR-145/Cyclin D1 axis in vitro. The mRNA expression of
Cyclin D1 was down-regulated by the BGM treatment in the
WM239 and MM200 cells (P < 0.01) (Figure 6A). Similarly,
BGM could reduce the protein expression of Cyclin D1 in the

= p-yH2AX(Ser139)
2.07 mm yH2AX

0.5

Protein relative level

0.0-
MM200

0 100 200

BGM(umol/L)

cells (P < 0.01) (Figure 6B). Meanwhile, the treatment of
miR-145 inhibitor was able to rescue the expression of
Cyclin D1 inhibited by BGM in the cells (P < 0.01)
(Figure 6C). The efficiency of Cyclin D1 overexpression
was validated in the cells (P < 0.01) (Figure 6D).
Moreover, BGM treatment was able to decrease the cell
viability of the WM239 and MM200 cells, in which the
overexpression of Cyclin D1 rescued this phenotype (P <

0.01) (Figure 6E). Besides, the Cyclin D1 overexpression
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BGM Inhibits Tumor Growth of

Melanoma in vivo

Then, we further investigated the effect of BGM on mel-
anoma development in vivo. For this purpose, we per-
formed the tumorigenicity analysis in the nude mice
injected with WM239 cells, which were treated with
BGM or corresponding control. The BGM treatment sig-
nificantly reduced tumor size (Figure 7A), tumor weight

-145 mimic

(P < 0.01) (Figure 7B), tumor volume (P < 0.01)
(Figure 7C), and the expression of Ki-67 (Figure 7D)
and Cyclin D1 (Figure 7E) in the tumor tissues of the
mice, suggesting that BGM inhibits tumor growth of mel-

anoma in vivo.

Discussion

Melanoma serves as prevailing skin cancer, in which the
patients hold low prognosis and poor survival rates.’
Although the developments in chemotherapy, radiotherapy,
and surgery, metastasis and drug resistance are still the prin-
cipal causes of melanoma-related mortality, and it is urgent to
find more safe and practical treatment candidates for the
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the potential antt

leukemia by regulating the NF-kB signaling.*’ The anti-
tumor influences of BGM on abolishing the activity of phor-
bol-12-myristate-13-acetate-stimulated MMP-9 and invasion
of human fibrosarcoma cells are identified.>® Bergamottin is
able to suppress human glioma cells’ invasiveness through
the inactivation of the Racl pathway.>' Bergamottin presents
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gWMR-145/Cyclin DI axis in vitro. (A and B) The WM239 and MM200 cells were treated with BGM at
was assessed by qPCR assays in the cells. (B) The protein expression of Cyclin DI and was tested by Western blot

an anti-tumor function in lung adenocarcinoma by the stimu-
lation of mitochondrial membrane potential loss, cell cycle
arrest, and apoptosis, and the decrease of cell invasion and
migration in vitro and in vivo.** Bergamottin is able to inhibit
lung cancer cells’ metastasis by the attenuation of epithelial-
to-mesenchymal transition and several oncogenes signaling
cascades.> The anti-proliferation function of bergamottin in
the promyelocytic leukemia HL-60 cells and the cytotoxic
impact of bergamottin against the gastric cancer NCI-N87
cells have been previously reported as well.**> In this study,
we firstly identified that BGM inhibited cell proliferation,
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Figure 7 BGM inhibits tumoNgrowth of melanoma in vivo. (A-D) The effect of BGM on tumor growth of melanoma in vivo was analyzed by nude mice tumorigenicity assay.
The WM239 cells were injected into the nude mice (n = 6). The mice in the BGM group were intraperitoneally treated with BGM (10 mg/kg) (A) Representative images of
dissected tumors from nude mice were presented. (B) The average tumor weight was calculated and shown. (C) The average tumor volume was calculated and shown. (D)
The expression levels of Ki-67 of the tumor tissues were measured by immunohistochemical staining. (E) The expression of Cyclin DI was measured by Western blot
analysis in the tumor tissues of the mice. The results of Western blot analysis were quantified by Image] software. Data are presented as mean + SEM. Statistic significant
differences were indicated: ** P < 0.01.

migration, invasion, and induced cell cycle arrest, cell apop-  providing valuable evidence of the application of BGM in
tosis, and DNA damage of melanoma cells. BGM reduced cancer development. More details of BGM-mediated DNA

the tumor growth of melanoma in vivo. These data present damage are needed to explore in the future by other
a novel inhibitory function of the BGM in melanoma, experiments.
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MiRNAs serve as the essential factor for posttranscrip-
tional gene regulation through targeting mRNAs and con-
tribute to the
melanoma, by modulating crucial pathways.'®?' It has

development of cancers, including
been reported that miR-424 serves as the potential biomar-
ker for the diagnosis and prognosis in melanoma.*® MiR-
410-3p stimulated by vemurafenib by ER stress contri-
butes to the BRAF inhibitor resistance in melanoma.*!
MiR-33a-5p represses the metastasis and growth of mela-
noma cells by modulating the expression of SNAI2.*” MR-
489-3p/SIX1 signaling modulates the glycolytic potential
and cell proliferation in melanoma.*® Moreover, the role of
miRNA-145 in the modulation of melanoma has been
identified. It has been revealed that miRNA-145 is able
to suppress the angiogenesis and growth of uveal mela-
noma by modulating vascular endothelial growth factor
and viral oncogene homolog of neuroblastoma RAS.**
Circular RNA circ_ 0017247 increases the invasion and
migration of melanoma by targeting miR-145.% MiRNA-
145 represses the tumor metastasis and occurrence by the
modulation of NF-kB signaling through regulating TLR4
in the malignant melanoma.*® Impacts of miR-145-5p by
NRAS on invasion, migration, apoptosis, and cell prolif-
eration of melanoma by repressing PI3K/AKT and
signaling.*' MiRNA-145 may perform an essential
tion in the modulation of cell growth throus
controlling insulin receptor
melanoma.** The overexpression o
the invasion and migration
cells.* Our data demonstrat

tion that BGM ex
the expressig

has been reported that expression of
Cyclin D
MiRNA-365 in¥
through modulating BCL2 and Cyclin D1 in melanoma
cells.* RAF inhibitor LY3009120 stimulates BRAF or
RAS mutant tumor to inhibition of CDK4/6 through abe-
maciclib by exceeding repression of phospho-RB and

clevated in the melanoma patients.**
eases apoptosis and represses growth

destruction of cyclin D1.*® Adhesion regulator of the
levels of p27Kipl and cyclin D1 is deregulated by
BRAF/MEK/ERK cells.”’
Enhanced expression of cyclin D1 is able to negotiate

signaling in melanoma

the resistance of BRAF inhibitor in BRAF-mutated
melanomas.*® Cyclin DI controls the degradation of
p27Kip!l induced by Cksl/S phase kinase-associated pro-
tein 2 in human melanoma cells.* In the present study,
we revealed that Cyclin D1 was targeted by miR-145 and
involved in the mechanism of BGM/miR-145-induced
inhibitory effect on the progression of melanoma. It
reveals an unreported correlation of Cyclin D1 with
BGM and miR-145 in the development of melanoma,
validating the crucial role of Cyclin D1 in melanoma.

Moreover, there are some limpidmmans in this study,

vivo tumor-
. Meanwhile,

ma progression by modulating miR-145/
s. Our finding provides new insights into
1sm by which BGM modulates the develop-
of melanoma. BGM may be applied as a potential
anti-tumor candidate for melanoma in clinical treatment
strategy.
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