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Abstract. Malignant melanoma seriously threatens public 
health and lowers the quality of life of the affected subjects. The 
present study was designed to explore the effects of tepotinib, 
a selective tyrosine kinase inhibitor of MET proto‑oncogene, 
receptor tyrosine kinase (MET), on the progression of 
melanoma. Firstly, MTT assays were used to detect the prolif‑
eration of tepotinib‑treated WM451 cells. The cell invasive and 
migratory activities were assessed using Transwell and wound 
healing assays, respectively. In addition, TUNEL staining was 
employed to determine cell apoptosis. Western blot analysis 
was utilized for the evaluation of the expression levels of apop‑
totic and epithelial‑mesenchymal transition‑related proteins, 
as well as of proteins involved in the PI3K/AKT signaling 
pathway. Subsequently, hepatocyte growth factor (HGF), a 
natural agonist of MET, was administered to WM451 cells to 
unravel the detailed mechanism of action of tepotinib in mela‑
noma. The results indicated that the proliferation of WM451 
cells was significantly decreased by tepotinib treatment. The 
inhibitory effects of tepotinib on the proliferation of WM451 
cells occurred in a concentration‑dependent manner. In addi‑
tion, the migratory and invasive activities of WM451 cells were 
significantly suppressed following tepotinib treatment. It was 
also shown that tepotinib exhibited promotive effects on the 
induction of apoptosis of WM451 cells. Moreover, activation 
of MET and PI3K/AKT signaling pathways may be blocked 
by tepotinib treatment, whereas addition of HGF to the cells 
reversed the effects of tepotinib treatment on the malignant 
progression of WM451 cells. In conclusion, the data demon‑
strated that tepotinib suppressed the proliferation, invasion 

and migration of melanoma cells, whereas it could also induce 
their apoptosis. This evidence may provide a new perspective 
for the improvement of malignant melanoma.

Introduction

Malignant melanoma has an age‑standardized mortality rate 
of 0.3 per 100,000 in China (1), and it is considered one of the 
most challenging cancers to be diagnosed owing to the limited 
medical knowledge regarding the early‑stage development of 
its lesions (2). It has been proposed that melanoma is produced 
by the transformation of melanocytes (3,4). According to its 
general clinical and pathological characteristics, melanoma 
can be divided into four subtypes, including superficial 
diffuse, nodular, malignant and acromegaly melanoma (5‑7). 
Despite the fact that numerous primary melanomas can be 
successfully treated by surgery, the treatment of patients with 
advanced metastatic melanoma remains challenging (8,9). The 
exact reasons responsible for the higher incidence of mela‑
noma remain unclear (10). In view of this evidence, the present 
study was conducted to explore the mechanism of malignant 
melanoma and to identify optimal therapeutic strategies for its 
therapy.

Tepotinib (Tepmetko™) is a selective tyrosine kinase 
inhibitor of MET proto‑oncogene, receptor tyrosine kinase 
(MET) developed by Sigma‑Aldrich; Merck KGaA, which is 
often used to treat solid tumors (11). Due to its high retention 
in tumors, tepotinib can block MET as well as its downstream 
pathways and serve as a potent drug for the treatment of 
various types of cancer, such as gastric and non‑small cell 
lung cancer (12,13). MET is a receptor tyrosine kinase, which 
exhibits abnormal activity in human cancer. The activity of 
this enzyme is associated with aggressive cancer phenotypes, 
metastatic dissemination, and poor disease prognosis (14‑16). 
It has been reported that c‑MET is overexpressed in mela‑
noma and contributes to its malignant progression  (17). 
The PI3K/AKT pathway plays a critical role in cell cycle 
progression, which involves cellular proliferation and cancer 
formation (18). An increasing number of studies have revealed 
that the PI3K/AKT pathway can be a therapeutic target for the 
treatment of various types of cancer, including triple‑negative 
breast cancer and melanoma (19,20).
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The purpose of the present study was to investigate the 
effects of tepotinib on melanoma cells and to examine its 
specific mechanism of action. The data aimed to provide new 
insights into the potential treatment of malignant melanoma.

Materials and methods

Cell culture and treatment. The human malignant melanoma 
cell line WM451 was purchased from the Cell Bank of Central 
South University. The cells were incubated in DMEM (Gibco; 
Thermo Fisher Scientific, Inc.) supplemented with 10% fetal 
bovine serum (Gibco; Thermo Fisher Scientific, Inc.) at 37˚C 
in a humidified incubator with 5% CO2. Subsequently, different 
concentrations of tepotinib (1, 2, 5, 10, 20 and 50 ng/ml; Selleck 
Chemicals) were used to treat WM451 cells for 48 h (13). For 
tepotinib + hepatocyte growth factor (HGF; R&D Systems, 
Inc.)‑treated group, 50 ng/ml of HGF (a natural agonist of 
MET) and 10 ng/ml tepotinib were concurrently administered 
to WM451 cells for 48 h.

MTT assay. The proliferative capacity of WM451 cells was 
evaluated using the MTT assay. WM451 cells were incubated 
in 96‑well plates at a density of 5x104 cells/ml/well for 48 h 
at 37˚C. Subsequently, tepotinib was used at different concen‑
trations (1, 2, 5, 10, 20 and 50 ng/ml) to treat WM451 cells. 
Following exposure to a 10 µl MTT solution for 4 h, the cells 
were incubated with formazan lysis solution (DMSO) until 
the purple crystals were completely dissolved. Finally, the 
absorbance was detected at 570 nm with a spectrophotometer.

Wound healing assay. WM451 cells were seeded in six‑well 
plates (6x104  cells/well) and cultured to 90‑100% conflu‑
ence. A straight scratch was made in the cell monolayer with 
a 200‑µl pipette tip, followed by PBS washing three times. 
During the wound healing assay, WM451 cells were cultured 
in serum‑free DMEM in an incubator at 37˚C with 5% CO2 for 
48 h. The width of the wound was recorded and images were 
captured at 0 and 48 h time points by using an inverted light 
microscope (Olympus Corporation). Finally, the area occupied 
by the migratory cells in the linear scratch was detected by 
ImageJ Software (version 6.0; National Institutes of Health).

Transwell assay. The invasive ability of WM451 cells was 
detected using a Transwell plate with an 8‑µm pore insert 
precoated with Matrigel (BD Biosciences) at room tempera‑
ture for 1 h. The cells were plated at a density of 4x104 cells 
into the upper compartment of the Transwell chamber with 
serum‑free DMEM. Subsequently, the lower compartment 
of the Transwell chamber was filled with 500 µl DMEM 
supplemented with 10% FBS; the cells were incubated for 
24 h at 37˚C. Subsequently, the invaded cells were fixed with 
4% paraformaldehyde for 15 min at room temperature, and 
stained with 0.1% crystal violet at room temperature for 5 min. 
Finally, the visualization of the invasive cells was observed 
with an inverted light microscope (Olympus Corporation).

TUNEL assay. The effects of tepotinib (10 ng/ml) on the 
induction of WM451 cell apoptosis of were assessed with a 
TUNEL assay kit (Invitrogen; Thermo Fisher Scientific, Inc.) 
in accordance with the manufacturer's protocol. A total of 

2x105 cells/well in a 24‑well plate were treated with tepotinib 
for 48 h and subsequently fixed with 4% paraformaldehyde for 
15 min at room temperature and then permeabilized with 0.25% 
Triton X‑100 for 2 min at 4˚C. Subsequently, the cells were 
labeled with TUNEL at 37˚C for 60 min and counterstained 
with 0.01 mg/ml DAPI for 10 min in the dark. Slides were 
mounted using glycerol, and images of the TUNEL‑positive 
apoptotic cells in six randomly selected fields of view were 
captured with a fluorescence microscope (Nikon Corporation) 
and quantified by ImageJ Software (version 6.0; National 
Institutes of Health).

Western blot analysis. Total protein from WM451 cells 
was isolated using RIPA lysis buffer (Beyotime Institute of 
Biotechnology) and quantified using the bicinchoninic acid 
method (Beyotime Institute of Biotechnology). The proteins 
(40  µg per lane) were separated with 10% SDS‑PAGE 
and transferred on polyvinylidene fluoride membranes. 
Following blocking with 5% skimmed milk for 2 h at room 
temperature, specific primary antibodies were incubated 
with the membranes at 4˚C overnight. Following the primary 
incubation, the membranes were incubated with horse‑
radish peroxidase‑conjugated secondary antibody (1:3,000; 
cat. no. 7074S; Cell Signaling Technology, Inc.) for 2 h at room 
temperature. Finally, an enhanced chemiluminescence kit 
(Beyotime Institute of Biotechnology) was applied to deter‑
mine the expression levels of the protein bands. The intensities 
of the bands were detected by ImageJ Software (version 6.0; 
National Institutes of Health). GAPDH was used as an internal 
control. The following primary antibodies were diluted to 
1:1,000 in TBS + 0.1% Tween‑20 buffer and used: E‑cadherin 
(cat.  no.  3195T), N‑cadherin (cat.  no.  13116T), vimentin 
(cat. no. 5741T), Bcl‑2 (cat. no. 4223T), Bax (cat. no. 5023T), 
cleaved caspase 3 (cat. no. 9664T), caspase 3 (cat. no. 14220T), 
phospho (p)‑MET (cat. no. 3077T), MET (cat. no. 4560S), PI3K 
(cat. no. 4249T), p‑AKT (cat. no. 4060T), AKT (cat. no 4685S) 
GAPDH (cat. no. 5174T; all from Cell Signaling Technology, 
Inc.) and p‑PI3K (cat. no. ab278545; Abcam).

Statistical analysis. All data collected from the experiments 
are displayed as the mean ± standard deviation and assessed 
with GraphPad Prism 8.0 (GraphPad Software, Inc.). The 
comparisons between two groups were conducted with 
the unpaired Student's t‑test. One‑way analysis of variance 
followed by Tukey's post hoc test was applied to determine 
the statistical significance among multiple groups. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Tepotinib inhibits the proliferation, migration and invasion of 
melanoma cells. Initially, the effects of tepotinib were investi‑
gated on the cell proliferation of WM451 cells. The proliferation 
of WM451 cells was significantly decreased by tepotinib 
treatment in comparison with the control group (Fig. 1A). In 
addition, the inhibitory effects of tepotinib on the proliferation 
of WM451 cells occurred in a concentration‑dependent manner. 
A total of 10 ng/ml tepotinib presented ~50% inhibitory effect 
to WM451 cell proliferation, therefore, this concentration was 
selected to perform the subsequent experiments. The migratory 
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and invasive activities of tepotinib‑treated WM451 cells were 
detected with the application of wound healing and Transwell 
assays, respectively. The results from Fig. 1B demonstrated that 
treatment with 10 ng/ml tepotinib significantly diminished the 
migration of WM451 cells compared with that of the control 
group. Similarly, the invasive activity of WM451 cells was 
also reduced by tepotinib (Fig. 1C). These results suggested 
that tepotinib could suppress the proliferation, migration and 
invasion of melanoma cells.

Tepotinib suppresses the epithelial‑mesenchymal transition 
(EMT) process of melanoma cells. The expression levels 
of EMT‑related proteins were assessed with western blot 
analysis. Tepotinib treatment caused an apparent upregula‑
tion of E‑cadherin expression levels, while downregulating 
N‑cadherin and vimentin expression levels compared with 
those of the control group (Fig. 2). In summary, the afore‑
mentioned results suggested that tepotinib exerted inhibitory 
effects on the EMT process of malignant melanoma cells.

Figure 1. Tepotinib inhibits proliferation, migration and invasion of melanoma cells. (A) The proliferation of WM451 cells treated with different concentrations 
of tepotinib (1, 2, 5, 10, 20 and 50 ng/ml) was detected using the MTT assay. ***P<0.001 vs. 0 ng/ml tepotinib. (B) The migratory ability of WM451 cells treated 
with or without 10 ng/ml tepotinib was assessed by the wound healing assay. Magnification, x100. (C) The invasion of 10 ng/ml tepotinib‑treated WM451 cells 
was detected using the Transwell assay. Magnification, x100. **P<0.01 and ***P<0.001 vs. control (DMSO).

Figure 2. Tepotinib suppresses the EMT process of melanoma cells. The expression levels of EMT‑related proteins (E‑cadherin, N‑cadherin and vimentin) 
in WM451 cells treated with or without 10 ng/ml tepotinib were evaluated with western blot analysis. ***P<0.001 vs. control (DMSO) group. EMT, epithe‑
lial‑mesenchymal transition.
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Tepotinib promotes the apoptosis of melanoma cells. The 
induction of apoptosis of tepotinib‑treated WM451 cells was 
evaluated using TUNEL staining. The induction of apoptosis 
of WM451 cells was significantly increased following tepo‑
tinib (10 ng/ml) treatment compared with that of the control 
group, revealing that this compound could induce apoptosis of 
WM451 cells (Fig. 3A and B). In addition, the expression levels 
of the apoptosis‑related proteins were detected by western blot 
analysis and the results indicated that tepotinib significantly 
downregulated Bcl‑2 expression, while upregulating the 
expression levels of Bax and cleaved caspase 3 in comparison 
with the corresponding effects noted in the control group 
(Fig. 3C and D). In conclusion, the data indicated that tepotinib 
induced apoptosis of melanoma cells.

Tepotinib reduces activation of MET and PI3K/AKT signaling 
pathways. To investigate the effects of tepotinib on MET and 
PI3K/AKT signaling pathways, western blot analysis was 
utilized to measure the expression levels of MET, phosphory‑
lated (p)‑MET, PI3K, p‑PI3K, AKT and p‑AKT. Tepotinib 

diminished the expression levels of MET, p‑MET, p‑PI3K 
and p‑AKT compared with those noted in the control group, 
suggesting that it exhibited inhibitory effects on activation of 
MET and PI3K/AKT signaling pathways (Fig. 4).

Tepotinib inhibits the proliferation, migration and 
invasion of WM451 cells by reducing activation of MET and 
PI3K/AKT signaling pathways. In order to assess the detailed 
mechanism of action of tepotinib, HGF (50 ng/ml), which is 
a natural agonist of MET, was administered to WM451 cells 
for 48 h. As exhibited in Fig. 5, the addition of HGF signifi‑
cantly upregulated the expression of p‑MET, p‑PI3K and 
p‑AKT when compared with the tepotinib group. Moreover, 
tepotinib inhibited the proliferative ability of WM451 cells, 
which was partially reversed by HGF, indicating the beneficial 
effects of this factor on the proliferation of tepotinib‑treated 
WM451 cells (Fig. 6A). Tepotinib considerably diminished 
the relative migration rate of WM451 cells, while HGF 
administration partially abolished the suppressive effects of 
tepotinib, as demonstrated by the increased migration of the 

Figure 3. Tepotinib induces apoptosis of melanoma cells. (A and B) The apoptosis of 10 ng/ml tepotinib‑treated WM451 cells was examined by TUNEL 
staining. Magnification, x200. (C and D) The expression levels of apoptosis‑related proteins in WM451 cells treated with or without 10 ng/ml tepotinib were 
detected using western blot analysis. ***P<0.001 vs. control (DMSO) group.
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tepotinib + HGF cell group in comparison with that noted in the 
tepotinib cell group (Fig. 6B). Similarly, the declined invasive 
activity of tepotinib‑treated WM451 cells was subsequently 
enhanced following HGF administration (Fig. 6C). Besides, 
tepotinib increased E‑cadherin expression, while reducing the 

expression levels of N‑cadherin and vimentin, whereas HGF 
administration exhibited the opposite effects, as determined 
by the decreased expression levels of E‑cadherin and the 
increased expression levels of N‑cadherin and vimentin in the 
tepotinib + HGF group (Fig. 6D).

Figure 4. Tepotinib restrains activation of MET and PI3K/AKT signaling pathways in melanoma cells. The expression levels of p‑MET, MET, p‑PI3K, 
PI3K, p‑AKT and AKT in WM451 cells treated with or without 10 ng/ml tepotinib were determined using western blot analysis. *P<0.05, **P<0.01 and 
***P<0.001 vs. control (DMSO) group. MET, MET proto‑oncogene, receptor tyrosine kinase; p‑, phosphorylated.

Figure 5. HGF activates MET and PI3K/AKT signaling pathways in melanoma cells. The expression levels of p‑MET, MET, p‑PI3K, PI3K, p‑AKT and AKT in 
WM451 cells treated with or without 10 ng/ml tepotinib and 50 ng/ml HGF were evaluated using western blot analysis. ***P<0.001 vs. control (DMSO) group; 
##P<0.01 and ###P<0.001 vs. tepotinib. MET, MET proto‑oncogene, receptor tyrosine kinase; p‑, phosphorylated; HGF, hepatocyte growth factor.
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Tepotinib promotes the induction of apoptosis of WM451 cells 
by reducing the activation of the MET pathway and inhibiting 
the PI3K/AKT signaling pathway. According to the results 
obtained from the TUNEL assay, the increased apoptotic 
levels caused by tepotinib treatment were significantly dimin‑
ished by HGF administration (Fig. 7A and B). In addition, 
the expression levels of the apoptosis‑related proteins were 
measured by western blot analysis and the results revealed 
that tepotinib significantly downregulated Bcl‑2 expression 
levels, while causing a significant upregulation in the expres‑
sion levels of Bax and cleaved caspase 3. Nevertheless, HGF 
administration exerted the opposite effects on these proteins, 
as determined by the increased Bcl‑2 expression levels as well 
as the decreased expression levels of Bax and cleaved caspase 3 
in the tepotinib + HGF group (Fig. 7C and D).

Discussion

To the best of our knowledge, the present study is the first to 
explore the effects of tepotinib on melanoma. The effects of this 
compound on the proliferation of WM451 cells were assessed 

and the results indicated that it may suppress the proliferative 
ability of WM451 cells in a concentration‑dependent manner. 
Subsequently, a series of cellular experiments were conducted 
to examine the effects of tepotinib on melanoma cells. The 
data indicated that tepotinib exerted suppressive effects on 
the migration, invasion, and the EMT, while promoting the 
induction of apoptosis of WM451 cells. It was also shown that 
tepotinib diminished the expression levels of p‑MET, p‑PI3K 
and p‑AKT, indicating the inhibitory effects of this compound 
on the activation of MET and PI3K/AKT signaling pathways. 
To further assess the mechanism of action of tepotinib, HGF, 
an agonist of MET, was applied to treat WM451 cells. The 
data indicated that the effects of tepotinib on the prolifera‑
tion, migration, invasion and apoptosis of WM451 cells were 
partially reversed by the activation of MET and PI3K/AKT 
signaling pathways.

Melanoma is the most devastating form of skin cancer, 
contributing to the largest number of skin cancer‑related 
deaths globally which was estimated as 57,000 deaths in 
2020 (21). One of the main characteristics of cancer cells is 
the abnormal and uncontrolled proliferation (22). In addition, 

Figure 6. Tepotinib inhibits proliferation, migration, and invasion of WM451 cells by restraining the activation of MET and PI3K/AKT signaling pathways. 
(A) The proliferation of WM451 cells treated with or without 10 ng/ml tepotinib and 50 ng/ml HGF was detected using the MTT assay. (B) The migratory 
activity of WM451 cells treated with or without 10 ng/ml tepotinib and 50 ng/ml HGF was assessed using the wound healing assay. Magnification, x100. (C) The 
invasive activity of WM451 cells treated with or without 10 ng/ml tepotinib and 50 ng/ml HGF was detected using the Transwell assay. Magnification, x100. 
(D) The expression levels of the EMT‑related proteins in WM451 cells treated with or without 10 ng/ml tepotinib and 50 ng/ml HGF were detected using 
western blot analysis. **P<0.01 and ***P<0.001 vs. control (DMSO) group; #P<0.05, ##P<0.01 and ###P<0.001 vs. tepotinib. MET, MET proto‑oncogene, receptor 
tyrosine kinase; EMT, epithelial‑mesenchymal transition; HGF, hepatocyte growth factor.
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migration and invasion are considered to contribute to 
cancer‑related death (22). Moreover, the alteration of the rate 
of apoptosis participates in the advancement and progression 
of tumors (23). Based on this finding, it can be concluded that 
the underlying mechanism of melanoma involves prolifera‑
tion, migration, invasion and apoptosis. Since tepotinib is a 
highly selective oral MET inhibitor, it has shown promising 
prospect in the treatment of MET‑driven tumors  (24). In 
the present study, it was found that tepotinib suppressed the 
proliferation of WM451 cells in a concentration‑dependent 
manner. In addition, it was also revealed that tepotinib 
suppressed migration and invasion and promoted the apop‑
tosis of WM451 cells. Furthermore, tepotinib reduced the 
expression levels of N‑cadherin and vimentin in WM451 
cells, indicating its suppressive effects on the EMT of 
melanoma cells.

It has been shown that the expression of the HGF receptor 
MET is associated with the malignant stage of melanoma (25). 
In preclinical studies, the increase in HGF/c‑MET activity was 
shown to activate the proliferation of melanoma cells (26), 
increase their invasive ability (27), and protect them from the 
induction of apoptosis (28). The protein kinase signaling path‑
ways are involved in promoting tumor proliferation, migration 
and invasion. The abnormal activation of the PI3K/AKT 
signaling is related to the occurrence and development of a 
variety of cancer types and plays crucial roles in regulating 
cell migration, invasion and other biological processes (29,30). 
Previous studies have demonstrated that the inhibition of the 
PI3K/AKT pathway contributes to the suppression of mela‑
noma progression (31‑33). In addition, the activation of MET 
can promote the proliferation, migration and invasion of tumor 
cells by regulating intracellular signaling pathways, such as 

Figure 7. Tepotinib promotes apoptosis of WM451 cells by restraining the activation of MET and the PI3K/AKT signaling pathways. (A and B) Apoptosis 
of WM451 cells treated with or without 10 ng/ml tepotinib and 50 ng/ml HGF was detected using TUNEL staining. Magnification, x200. (C and D) The 
expression levels of the apoptosis‑related proteins in WM451 cells treated with or without 10 ng/ml tepotinib and 50 ng/ml HGF were detected using western 
blotting. ***P<0.001 vs. control (DMSO) group; ##P<0.01 and ###P<0.001 vs. tepotinib. MET, MET proto‑oncogene, receptor tyrosine kinase; HGF, hepatocyte 
growth factor.
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the PI3K/AKT signaling pathway (34). In the present study, 
it was shown that tepotinib suppressed the activation of MET 
and PI3K/AKT signaling.

To further investigate the underlying mechanism of action 
of MET and PI3K/AKT signaling on the proliferation, inva‑
sion, migration and apoptosis of melanoma cells, WM451 
cells were treated with tepotinib and the activation of MET 
and PI3K/AKT signaling was assessed by using HGF, which 
is an agonist of MET. The present study indicated that the 
diminished proliferation, migration and invasion of WM451 
cells caused by tepotinib treatment was improved by HGF, 
implying that the activation of MET and PI3K/AKT signaling 
abolished the protective effects of tepotinib on melanoma cells. 
Moreover, the increased levels of apoptosis and the expression 
levels of the pro‑apoptotic proteins Bax and cleaved caspase 
3 were decreased in tepotinib‑treated WM451 cells following 
HGF administration. These findings indicated that tepotinib 
protected against malignant melanoma cell proliferation by 
blocking the activation of MET and PI3K/AKT signaling 
pathways.

In summary, the present study indicated that tepotinib 
inhibited proliferation, invasion, and migration of melanoma 
cells, while inducing apoptosis of melanoma cells by blocking 
the MET and the PI3K/AKT signaling pathways. However, the 
side effects of tepotinib on melanoma cells were not explored 
in the present study. Therefore, additional studies need to be 
carried out. Additionally, the usage of only one melanoma 
cell line to explore the effects of tepotinib on the malignant 
biological behaviors of melanoma is another limitation of the 
present study; more melanoma cell lines will be recruited in 
the future experiments to support the present conclusions.
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