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Abstract. Malignant melanoma is a type of skin cancer caused 
by mutations in the DNA of melanocytes. Melanoma is rela‑
tively rare compared with other types of skin tumors, but has 
a highly aggressive biological behavior and consequently, a 
poorer prognosis. Therefore, the present study aimed to explore 
the role and mechanism of Kruppel‑like factor 10 (KLF10) 
and acyl‑CoA medium‑chain synthetase 3 (ACSM3) in mela‑
noma progression. KLF10 expression in melanoma tissues was 
predicted using Gene Expression Profiling Interactive Analysis 
(GEPIA). KLF10 expression in healthy and melanoma cells 
was also detected using reverse transcription‑quantitative 
PCR and western blotting. Cell transfection was performed 
to overexpress KLF10 or silence ACSM3. Cell viability, 
proliferation, migration, invasion and apoptosis were detected 
using Cell Counting Kit‑8, colony formation, wound healing, 
Transwell and TUNEL assays, respectively. The activity of 
the ACSM3 promoter was detected using a dual‑luciferase 
reporter assay, and the relationship between KLF10 and 
ACSM3 was detected using the GEPIA database and chro‑
matin immunoprecipitation (ChIP). The results demonstrated 
that KLF10 expression was significantly downregulated in 
melanoma cells, especially in A375 cells. Compared with the 
Ov‑NC group, KLF10 overexpression significantly inhibited 
the proliferation, invasion and migration of melanoma cells 
and promoted their apoptosis. Similar to KLF10, ACSM3 was 
also downregulated in A375 cells compared with that in the 
HEM group, and the GEPIA database analysis and ChIP assay 
results demonstrated that KLF10 expression was positively 
associated with ACSM3 expression. Furthermore, silencing 

ACSM3 significantly reversed the effect of KLF10 overexpres‑
sion on cell proliferation, invasion and migration, and ACSM3 
knockdown increased the levels of phosphorylated (p)‑PI3K 
and p‑Akt compared with the levels in the Ov‑KLF10 + sh‑NC 
group. Overall, the present study suggested that KLF10 inhib‑
ited the proliferation, invasion and migration of melanoma 
cells by targeting ACSM3 via the PI3K/Akt signaling pathway.

Introduction

Melanoma is one of the most malignant skin tumors worldwide 
and the incidence of melanoma continues to increase, with 
an age standardized incidence rate of 3.1 per 100,000/year, 
particularly in Caucasian populations (1). The average age of 
onset of melanoma is ~50 years (2). Although melanoma is a 
rare disease, it has a high mortality rate of 1.7 per 100,000/year 
in Europe (1). As melanocytes are located in the basal layer 
of the epidermis, melanoma is most common on the skin, 
accounting for 75% of all skin cancer‑associated deaths (3). 
In 2019, 96,480 new cases of melanoma were estimated to 
have been diagnosed, with a total of 7,230 deaths as a result of 
melanoma in the United States alone (4). The clinically distin‑
guishable subtypes of melanoma are as follows: Cutaneous, 
mucosal, uveal and unknown primary melanoma (5). At 
present, melanoma is mainly treated via surgery, supplemented 
with radiotherapy and chemotherapy (6). However, due to the 
toxicity and side effects of radiotherapy and chemotherapy, 
novel therapeutic approaches need to be identified. Therefore, 
the present study aimed to identify novel therapeutic targets 
and novel therapeutic strategies for the treatment of mela‑
noma. However, the molecular mechanisms that serve a role in 
melanoma remain to be elucidated.

Kruppel‑like factor 10 (KLF10), formerly known as TGF‑β 
induction early gene 1, is a DNA‑binding transcriptional regu‑
lator that contains a triple C2H2 zinc finger domain (7). In 
numerous types of cancer, KLF10 upregulation reduces cancer 
cell proliferation. For example, a previous study demonstrated 
that KLF10 expression is negatively associated with progres‑
sion‑free and overall survival of patients with pancreatic 
cancer and could be used as a predictor of pancreatic cancer 
stage (8). Under the regulation of microRNA‑106b‑5p, KLF10 
inhibits the proliferation of several types of myeloma cells 
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via the regulation of pituitary tumor‑transforming gene 1 (9). 
Jin et al (10) reported that KLF10 inhibits the proliferation and 
invasion of breast cancer cells by inhibiting the transcription 
of EGFR. Therefore, it can be hypothesized that KLF10 serves 
an important role in inhibiting cancer cell proliferation and 
promoting apoptosis, which strongly suggests that it may be 
a tumor suppressor. However, limited information is available 
regarding its mechanism of action in melanoma cells.

Similar to KLF10, acyl‑CoA medium‑chain synthetase 
3 (ACSM3) serves a role in several types of cancer. Previous 
studies have used the Gene Expression Omnibus (https://www.
ncbi.nlm.nih.gov/gds), The Cancer Genome Atlas (http://www.
cbioportal.org/) and Human Protein Atlas (https://www.protein‑
atlas.org/) databases to determine the differential expression 
of ACSM3. It has previously been demonstrated that ACSM3 
expression is downregulated in malignant melanoma and that 
low ACSM3 expression is associated with a poor prognosis of 
melanoma (11). Furthermore, upregulation of ACSM3 inhibits 
integrin β1/Akt signaling, which inhibits the progression of 
ovarian cancer (12). Additionally, upregulation of ACSM3 
reduces the migration and invasion of liver cancer cells 
in vivo and in vitro, and downregulates the phosphorylation of 
lysine‑deficient protein kinase 1 and Akt (13).

It was hypothesized that KLF10 might inhibit melanoma 
progression by targeting ACSM3. Previous bioinformatics 
analyses have demonstrated that the expression levels of KLF10 
and ACSM3 are decreased in melanoma cell lines (11,14). 
However, to the best of our knowledge, the effects of KLF10 
and ACSM3 in melanoma on the proliferation, invasion, 
migration and apoptosis of tumor cells, remain unclear. 
Therefore, the present study investigated the effects of KLF10 
and ACSM3 on the proliferation, invasion, migration and 
apoptosis of tumor cells, and their mechanisms, in order to 
find novel therapeutic targets for melanoma.

Materials and methods

Cell culture and treatment. The human normal epidermal 
melanocyte (HEM; cat. no. PCS‑200‑012) cell line and 
melanoma cell lines (SK‑MEL‑1, cat. no. HTB‑67; A2058, 
cat. no. CRL‑11147; RPMI‑7951, cat. no. HTB‑66; and A375, 
cat. no. CRL‑1619) were obtained from the American Type 
Culture Collection. All cell lines were cultured in DMEM 
(HyClone; Cytiva) supplemented with 10% FBS (HyClone; 
Cytiva) and 1% antibiotics (100 U/ml penicillin and 100 mg/ml 
streptomycin; Gibco; Thermo Fisher Scientific, Inc.) at 37˚C 
with 5% CO2.

Bioinformatics analysis. The expression levels of KLF10 and 
ACSM3 and their correlation in the tissues of patients with 
cutaneous melanoma, as well as the relationship between 
low ACSM3 expression and overall and disease‑free survival 
in cutaneous melanoma patients were predicted using Gene 
Expression Profiling Interactive Analysis (GEPIA; http://gepia.
cancer‑pku.cn/). The JASPAR database (http://jaspar.genereg.
net/) was used to predict the binding site of transcription factor 
KLF10 to the ACSM3 promoter.

Cell transfection. A375 cells (3x105 cells/well) were inocu‑
lated onto 6‑well plates and cultured for 24 h at 37˚C with 

5% CO2. Following incubation, cells were transfected with the 
pCDNA3.1 vector targeting KLF10 (Ov‑KLF10), the negative 
control (NC) empty vector (Ov‑NC), the pGPH1 vector carrying 
short hairpin RNA‑ACSM3 (sh‑ACSM3; 5'‑GGT TTA GGA 
TTA TCT GTA A‑3') and its negative control (sh‑NC; 5'‑TTC 
GGG TCA TCC GAT GGG CC‑3') at a concentration of 25 nM. 
All plasmids were synthesized by Shanghai GenePharma Co., 
Ltd. and transfected using Lipofectamine® 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.) according to the manufac‑
turer's protocol. Blank control group cells were untransfected. 
Following transfection for 48 h at 37˚C, the transfection effi‑
ciency was detected using reverse transcription‑quantitative 
PCR (RT‑qPCR) and western blotting.

Cell Counting Kit‑8 (CCK‑8) assay. The CCK‑8 assay was 
performed to assess cell proliferation. Briefly, A375 cells were 
seeded into a 96‑well plate (5x103 cells/well), and incubated for 
24, 48 and 72 h at 37˚C with 5% CO2. Following incubation, 
10 µl CCK‑8 solution (cat. no. P0037; Beyotime Institute of 
Biotechnology) was added into each well and the cells were 
cultured for another 2 h at 37˚C with 5% CO2. The optical 
density at 450 nm was detected using a microplate reader 
(BioTek Instruments, Inc.).

Colony formation assay. Transfected A375 cel ls 
(3x102 cells/well) were digested with 0.25% trypsin to form 
a cell suspension, and then cultured in DMEM and inocu‑
lated into 6‑well plates, with incubation at 37˚C in 5% CO2 
for 14 days. The cells were fixed with 70% ethanol at room 
temperature (20‑25˚C) for 15 min and stained with 0.05% 
crystal violet at 37˚C for 20 min. The number of colonies 
formed was counted (≥50 cells/colony) manually using an 
Olympus BX40 light microscope (Olympus Corporation).

TUNEL assay. Apoptosis was detected using One Step TUNEL 
Apoptosis Assay Kit (Beyotime Institute of Biotechnology) 
according to the manufacturer's protocol at 37˚C for 60 min. 
Briefly, the A375 cells were washed with PBS three times 
and then fixed at room temperature (20‑25˚C) with 4% 
paraformaldehyde (Beyotime Institute of Biotechnology) 
for 15 min. Subsequently, 0.15% Triton‑X‑100 was added to 
the cells at room temperature for a further 5 min. Terminal 
deoxynucleotidyl transferase solution and FITC‑deoxyuridine 
triphosphate solution (Roche Diagnostics GmbH) were 
added to the cells and the cells were incubated at 37˚C for 
60 min in the dark. DAPI (0.5 µg/ml) was adopted to stain the 
nuclei for 5 min at room temperature. The detection solution 
was discarded and cells were washed three times with PBS. 
Antifade Mounting Medium was used to seal the cells. Cells 
were randomly selected from 5 fields of view and an inverted 
fluorescence microscope (Olympus Corporation) was used to 
observe excitation and emission wavelengths within the range 
of 450‑500 and 515‑565 nm (green fluorescence), respec‑
tively. Apoptosis index=number of apoptotic cells/(number of 
apoptotic cells + normal cells).

Wound healing assay. A375 cells were inoculated in 6‑well 
plates (1x105 cells/well). When the cells reached 70‑80% 
confluence, the medium was replaced with serum‑free 
DMEM and the cells were incubated overnight at 37˚C with 
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5% CO2. Subsequently, a 200‑µl sterile pipette tip was used 
to scratch the cell monolayer. After washing with PBS three 
times, the plates were maintained at 37˚C with 5% CO2. 
Images were captured at 0 and 24 h using a BX51 inverted 
light microscope (magnification, x100; Olympus Corporation). 
The area of wound closure in each picture was determined 
by using ImageJ software (version. 1.52; National Institutes 
of Health). The percentage of migration was calculated as 
follows: % migration=scratch current width/scratch original 
width x100.

Cell invasion assay. Cell invasion was assessed using Transwell 
chambers coated with Matrigel (BD Biosciences). The 24‑well 
Transwell plates (Corning, Inc.) with 8‑µm pore inserts were 
coated with Matrigel (BD Biosciences) at 37˚C for 30 min. 
Subsequently, 4x104 A375 cells were placed in serum‑free 
medium. The upper chamber was precoated with matrix 
(Sigma‑Aldrich; Merck KGaA) and the cells were added to the 
upper chamber (0.1 ml cell suspension/well), whereas the lower 
chamber was filled with cell culture medium supplemented 
with 20% FBS. Following incubation at 37˚C with 5% CO2 
for 24 h, the invading cells were fixed with 4% formaldehyde 
at 25˚C for 15 min and stained with 0.3% crystal violet solu‑
tion (Sigma‑Aldrich; Merck KGaA) at room temperature for 
30 min. The invading cells were observed under an inverted 
light microscope (magnification, x100; Olympus Corporation) 
in five randomly selected fields of view. Percentage invasion 
was calculated as follows: % invasion=invaded cells in lower 
chamber/total cells added to top chamber x100.

RT‑qPCR. Total RNA was extracted from cells using RNAzol® 
RT (Sigma‑Aldrich; Merck KGaA) according to the manufac‑
turer's protocol. Subsequently, RNA was reverse transcribed 
into complementary DNA (cDNA) using a QuantiTect Reverse 
Transcription Kit (Qiagen GmbH) at 42˚C for 1 h. The obtained 
cDNA was amplified via qPCR using SYBR Select MasterMix 
(Takara Bio, Inc.) on the ABI7500 Sequence Detection System 
(Applied Biosystems) according to the detection system manu‑
facturer's protocol. The thermocycling conditions were 50˚C 
for 2 min, followed by 95˚C for 15 sec, 60˚C for 15 sec and 
72˚C for 1 min for a total of 40 cycles. The 2‑ΔΔCq method (15) 
was used to quantify relative mRNA expression levels using 
GAPDH as the internal reference gene. The sequences of the 
qPCR primers were as follows: KLF10 forward, 5'‑ACC CAG 
GGT GTG GCA AGA C‑3' and reverse, 5'‑AGC GAG CAA ACC 
TCC TTT CA‑3'; ACSM3 forward, 5'‑AGG AAG ATG CTA CGT 
CAT GCC‑3' and reverse, 5'‑ATC CCC AGT TTG AAG TCC 
TGT‑3'; and GAPDH forward, 5'‑ACC ACA GTC CAT GCC 
ATC AC‑3' and reverse, 5'‑TCC ACC ACC CTG TTG CTG TA‑3'.

Western blotting. A375 cells were washed three times with 
pre‑cooled PBS, and total protein was extracted from the cells 
using RIPA lysis buffer (Beyotime Institute of Biotechnology). 
The total protein concentration was determined using a Pierce 
BCA Protein Assay Kit (Thermo Fisher Scientific, Inc.). 
Following denaturation in a 95˚C metal bath, SDS‑PAGE was 
performed with a 12% gel for 30‑µg protein samples. Separated 
protein was transferred to PVDF membranes (Beyotime 
Institute of Biotechnology), which were blocked with 5% 
skimmed milk for 1 h at room temperature. Subsequently, the 

membranes were incubated overnight at 4˚C with the following 
primary antibodies (all purchased from Abcam): KLF10 
(dilution, 1:1,000; cat. no. ab184182), Bcl‑2 (dilution, 1:1,000; 
cat. no. ab194583), Bax (dilution, 1:1,000; cat. no. ab32503), 
caspase 3 (dilution, 1:5,000; cat. no. ab32351), cleaved‑caspase 
3 (dilution, 1:1,000; cat. no. ab32042), MMP2 (dilution, 1:1,000; 
cat. no. ab92536), MMP9 (dilution, 1:1,000; cat. no. ab76003), 
ACSM3 (dilution, 1:1,000; cat. no. ab238682), phosphory‑
lated (p)‑PI3K (dilution, 1:500; cat. no. ab154598), p‑Akt 
(dilution, 1:1,000; cat. no. ab38449), PI3K (dilution, 1:1,000; 
cat. no. ab191606), Akt (dilution, 1:1,000; cat. no. ab8805) and 
GAPDH (dilution, 1:1,000; cat. no. ab181602). After washing 
twice with PBS, membranes were treated with goat anti‑rabbit 
HRP‑binding IgG secondary antibody (dilution, 1:5,000; 
cat. no. ab6721; Abcam) at room temperature for 1 h. Protein 
bands were detected using ECL reagent (MilliporeSigma). 
Bands were semi‑quantified and normalized using ImageJ 
v1.46 software (National Institutes of Health).

Chromatin immunoprecipitation (ChIP)‑PCR assay. 
According to the manufacturer's protocol, total genomic 
DNA was isolated using the EZChip™ Kit (MilliporeSigma). 
A total of 2x106 A375 cells were transfected with pCDNA3.1 
or pGPH1 vectors and lysed with 250 µl SDS Lysis Buffer 
(Beyotime Institute of Biotechnology). Next, the A375 
cells were sonicated on ice and fragments of DNA were 
then resolved using a 2% agarose gel. For ChIP, samples 
were diluted in a 10X ChIP dilution buffer and pre‑cleared 
with 60 µl protein G‑agarose beads mixed at 4˚C for 1 h. 
During chromatin separation, the chromatin was centrifuged 
at 15,000 x g at 4˚C for 10 min to remove the insoluble matter 
and then pre‑cleared chromatin was incubated with 1 µl anti‑
bodies against KLF10 (dilution, 1:100; cat. no. sc‑130408; 
Santa Cruz Biotechnology, Inc.) at 4˚C overnight. The 
precipitates were washed with low‑salt wash buffer, high‑salt 
wash buffer and LiCI wash buffer, and rinsed with TE buffer 
twice. Immunochromatin was centrifuged at 15,000 x g for 
10 min at 4˚C and boiled, and then was amplified via PCR as 
aforementioned.

Dual‑luciferase reporter assay. A375 cells were inoculated 
in a 24‑well plate (1x105 cells/well). When cells reached 80% 
confluency, luciferase activity was detected using the Promega 
Double Fluorescence Detection Kit (Promega Corporation) 
according to the manufacturer's protocol. ACSM3‑wild‑type 
(WT) and ACSM3 mutant reporter plasmids were constructed 
in advance through the PGL3‑CMV‑LUC‑MCS provided by 
Genomeditech, A375 cells were transiently co‑transfected 
with Ov‑KLF10 together with 0.1 µg ACSM3‑WT and 
ACSM3 mutant reporter plasmids using Lipofectamine 
2000 (Invitrogen; Thermo Fisher Scientific, Inc.) for 24 h. 
Subsequently, 120 µl cell lysate was added to each well and was 
shaken on a horizontal oscillator for 45 min at 50 x g. Then, 
10 µl lysed cell mixture and 50 µl firefly luciferase reagent 
were added to a 1.5‑ml tube and mixed. Prior to assessment, 
50 µl Stop/Glo Sealing Luciferase Reagent was added. Firefly 
luciferase/Renilla luciferase values were recorded and the 
ACSM3 promoter transfer activity was analyzed. Each group 
was set up with three wells and each experiment was repeated 
three times.
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Statistical analysis. Data are presented as the mean ± SD 
of three or more independent experiments. GraphPad Prism 
8.0.2 software (GraphPad Software, Inc.) was used for data 
analysis. Statistical differences were determined using 
one‑way ANOVA followed by Tukey's post hoc test for group 
comparisons. The correlation between ACSM3 and KLF10 
was evaluated using Pearson's correlation analysis. P<0.05 was 
considered to indicate a statistically significant difference.

Results

KLF10 expression is relatively low in melanoma tissues and 
cell lines. KLF10 expression levels in melanoma were exam‑
ined using GEPIA. Compared with that in healthy tissues, 
KLF10 expression was significantly decreased in melanoma 
tissues (Fig. 1A). Western blotting (Fig. 1B) and RT‑qPCR 
(Fig. 1C) were also used to detect KLF10 expression in mela‑
noma cell lines. Compared with that of other melanoma cell 
lines, including HEM, SK‑MEL‑1, A2058 and RPMI‑7951, 
KLF10 expression was lowest in A375 cells. Therefore, A375 
cells were selected for the subsequent experiments.

KLF10 overexpression inhibits melanoma cell proliferation 
and induces apoptosis. To investigate the specific role of 
KLF10 in A375 cells, cells overexpressing KLF10 were 
analyzed using western blotting (Fig. 2A) and RT‑qPCR 
(Fig. 2B). Compared with that in the Ov‑NC group, KLF10 
expression was significantly increased in the Ov‑KLF10 
group. Following KLF10 overexpression, CCK‑8 (Fig. 2C) 
and colony formation (Fig. 2D) assays were used to detect cell 
proliferation. The results demonstrated that KLF10 overexpres‑
sion significantly inhibited A375 cell proliferation compared 
with the Ov‑NC group. Furthermore, apoptosis was detected 
using a TUNEL assay. The results demonstrated that the 
green fluorescence in the Ov‑KLF10 group was significantly 

enhanced compared with the Ov‑NC group (Fig. 2E), which 
indicated that significant apoptosis had occurred in the cells 
with overexpression. Subsequently, the expression levels of 
apoptosis‑related proteins were detected via western blot‑
ting (Fig. 2F). Compared with those in the Ov‑NC group, 
the expression levels of the antiapoptotic protein Bcl‑2 were 
significantly decreased, whereas the expression level of the 
proapoptotic proteins Bax and cleaved caspase‑3/caspase 3 
ratio were significantly increased, in the Ov‑KLF10 group. The 
results suggested that overexpression of KLF10 may promote 
melanoma cell apoptosis.

KLF10 overexpression inhibits melanoma cell invasion and 
migration. Transwell and wound‑healing assays were used 
to detect cell invasion and migration. Compared with that 
in the Ov‑NC group, cell migration (Fig. 3A) and invasion 
(Fig. 3B) were significantly decreased in the Ov‑KLF10 group. 
Additionally, KLF10 overexpression inhibited the expression 
of metastasis‑related proteins MMP2 and MMP9 in A375 
cells (Fig. 3C). These results indicated that KLF10 may inhibit 
A375 cell invasion and migration.

KLF10 promotes the transcription of ACSM3. Results 
obtained using GEPIA indicated that ACSM3 expression was 
low in melanoma tissues (Fig. 4A). Furthermore, the overall 
survival rate and disease‑free survival rate of patients with 
melanoma were positively associated with high ACSM3 
expression (Fig. 4B and C). Bioinformatics analysis also 
demonstrated that the expression levels of KLF10 and ACSM3 
were positively associated in patients with melanoma (Fig. 4D). 
Subsequently, western blotting (Fig. 4E) and RT‑qPCR 
(Fig. 4F) were performed to detect ACSM3 expression in 
HEM and A375 cell lines. Compared with that in HEM cells, 
ACSM3 mRNA and protein expression was downregulated in 
A375 cells. Furthermore, the binding sites between KLF10 and 

Figure 1. KLF10 is downregulated in melanoma cells. (A) The Gene Expression Profiling Interactive Analysis website was used to investigate KLF10 expres‑
sion in the tissues of patients with melanoma. (B) Western blotting and (C) reverse transcription‑quantitative PCR were used to detect the expression levels of 
KLF10 in melanoma cells. *P<0.05, ***P<0.001 vs. HEM. KLF10, Kruppel‑like factor 10; N, normal; SKCM, skin cutaneous melanoma; T, tumor.
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ACSM3 were predicted using the JASPAR database (Fig. 4G). 
In the presence of the wild‑type ACSM3 promoter, KLF10 
overexpression induced a significant increase in luciferase 
activity, whereas there was no significant change in the presence 
of the mutant promoter (Fig. 4H). These results suggested that 
KLF10 directly upregulated ACSM3 by binding to the ACSM3 
promoter. Considering the positive association between 

KLF10 and ACSM3 expression, a ChIP assay was performed 
to further verify the binding of KLF10 and ACSM3. It was 
found that co‑transfected ACSM3 wild‑type and Ov‑KLF10 
A375 cells showed more relative luciferase activity (Fig. 4H). 
ACSM3 was present in the KLF10 fraction, which revealed 
that ACSM3 may bind to KLF10 (Fig. 4I). Furthermore, it was 
demonstrated that ACSM3 mRNA and protein expression was 

Figure 2. Overexpression of KLF10 inhibits proliferation and induces apoptosis of melanoma cells. (A) Western blotting and (B) reverse transcription‑
quantitative PCR were used to detected the expression levels of KLF10. (C) A Cell Counting Kit‑8 assay was used to detect the levels of cell proliferation. (D) A 
colony formation assay was used to detect the cell cloning levels. Scale bar, 250 µm. (E) Cell apoptosis was detected by TUNEL staining. Scale bar, 50 µm. 
(F) Expression levels of apoptosis‑related proteins (Bax, Bcl‑2 and cleaved caspase 3) were examined by western blotting. ***P<0.001 vs. Ov‑NC. KLF10, 
Kruppel‑like factor 10; NC, negative control; Ov, overexpression.
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upregulated in A375 cells overexpressing KLF10 compared 
with in the Ov‑NC group (Fig. 4J and K).

KLF10 upregulates ACSM3 and inhibits the malignant 
progression of melanoma via the PI3K/Akt signaling pathway. 
To elucidate the mechanism of the inhibition of malignant 
melanoma progression via the binding of KLF10 to ACSM3, 
sh‑ACSM3 was constructed and transfected into A375 cells. 
The transfection efficiency was analyzed using western blot‑
ting and RT‑qPCR. The results demonstrated that ACSM3 
mRNA and protein expression in the sh‑ACSM3 group was 
significantly decreased compared with that in the sh‑NC 
group (Fig. 5A and B). CCK‑8 and colony formation assays 
were performed to assess cell proliferation. The results 
demonstrated that cell proliferation was inhibited by KLF10 
overexpression compared with that in the control group, which 
was reversed by sh‑ACSM3 as compared with that in the 
Ov‑KLF10 + sh‑NC group (Fig. 5C and D).

Furthermore, apoptosis and apoptosis‑related proteins 
were analyzed using the TUNEL assay and western blotting, 
respectively. Overexpression of KLF10 significantly induced 
the apoptosis of A375 cells compared with that in the control 
group, whereas sh‑ACSM3 decreased apoptosis in A375 cells 
transfected with Ov‑KLF10 in comparison with that in the 
Ov‑KLF10 + sh‑NC group (Fig. 5E). The results of western 
blotting demonstrated that Bcl‑2 protein expression was 
upregulated and the expression levels of proapoptotic proteins 
Bax and the cleaved caspase 3/caspase 3 ratio were down‑
regulated in the Ov‑KLF10+sh‑ACSM3 group compared with 
those in the Ov‑KLF10 + sh‑NC group (Fig. 6A). Transwell 
and wound healing assays were used to detect cell invasion 
and migration. The results demonstrated that KLF10 overex‑
pression inhibited the invasion and migration of A375 cells, 
whereas silencing ACSM3 expression enhanced cell invasion 
and migration (Fig. 6B). Furthermore, KLF10 overexpression 
inhibited the expression of metastasis‑related proteins MMP2 

Figure 3. Overexpression of KLF10 inhibits the invasion and migration of melanoma cells. (A) Wound‑healing and (B) Transwell assays were used to detect the 
levels of migration and invasion of melanoma cells. Scale bar, 100 µm. (C) Expression levels of metastasis‑related proteins (MMP2 and MMP9) were detected 
by western blotting. ***P<0.001 vs. Ov‑NC. KLF10, Kruppel‑like factor 10; NC, negative control; Ov, overexpression.
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Figure 4. KLF10 binds to ACSM3 and promotes the transcription of ACSM3. (A) The Gene Expression Profiling Interactive Analysis website revealed the 
expression levels of ACSM3. (B) The association between ACSM3 expression and overall survival rate in melanoma patients, (C) the association of ACSM3 
and disease‑free survival rate in patients with melanoma, and (D) the association between KLF10 expression and ACSM3 expression in patients with melanoma 
were examined. (E) Western blotting and (F) RT‑qPCR were used to detect the expression levels of ACSM3 in melanoma cells. (G) JASPAR predicted the 
binding sites of KLF10 and the ACSM3 promoter. (H) Luciferase reporter gene assay was used to detect the ACSM3 promoter activity. (I) Immunoprecipitation 
further indicated that KLF10 could bind with ACSM3. (J) Western blotting and (K) RT‑qPCR were used to detect the expression levels of ACSM3 after KLF10 
overexpression. *P<0.05, ***P<0.001 vs. HEM, ACSM3 + Ov‑NC, IgG or Ov‑NC. ACSM3, acyl‑CoA medium‑chain synthetase 3; KLF10, Kruppel‑like factor 
10; MUT, mutant; N, normal; NC, negative control; Ov, overexpression; RT‑qPCR, reverse transcription‑quantitative PCR; SKCM, skin cutaneous melanoma; 
T, tumor; TPM, transcripts per million; WT, wild‑type.
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and MMP9 in A375 cells, whereas sh‑ACSM3 increased 
MMP2 and MMP9 expression (Fig. 6C). It has previously 
been reported that ACSM3 can negatively regulate the Akt 
signaling pathway (10). Therefore, western blotting was 
performed to detect the protein expression levels of PI3K/Akt 
signaling pathway proteins. Compared with the control group, 
the overexpression of KLF10 significantly reduced the levels 
of p‑PI3K and p‑Akt, which was reversed by sh‑ACSM3, in 
contrast to the Ov‑KLF10 + sh‑NC group (Fig. 7). Overall, 
these results indicated that KLF10 may upregulate ACSM3 
and inhibit the malignant progression of A375 cells via the 
PI3K/Akt signaling pathway.

Discussion

Melanoma is considered to be the deadliest skin cancer (16‑18). 
In its early stages, melanoma can be successfully treated by 
surgery alone, and it has a high 5‑year survival rate of 92%; 

however, the 1‑year survival rate markedly decreases to 55% 
following metastasis (19). Understanding the mechanisms that 
lead to the occurrence of melanoma will provide novel strategies 
for the diagnosis and treatment of this disease (20). In the present 
study, KLF10 and ACSM3 expression levels were significantly 
downregulated in melanoma cell lines, and ACSM3 was closely 
associated with low overall and disease‑free survival in patients 
with cutaneous melanoma. ACSM3 expression levels were 
associated with KLF10. Furthermore, KLF10 overexpression 
significantly inhibited the proliferation, migration and invasion 
of A375 cells, and induced apoptosis, which were reversed by 
knockdown of ACSM3.

The KLF10 transcription factor was originally cloned 
from human osteoblasts and acts as a major response gene in 
TGF‑β therapy (21). Increasing evidence suggests that KLF10 
serves an important role in mimicking TGF‑β function in 
a number of types of cancer. For example, Baroy et al (22) 
reported that LSAMP reduces osteosarcoma cell proliferation 

Figure 5. Silencing of ACSM3 reverses the inhibitory effect of KLF10 on melanoma cell viability and proliferation. Detection of ACSM3 silencing by 
(A) western blotting and (B) reverse transcription‑quantitative PCR. (C) A Cell Counting Kit‑8 assay was used to detect the levels of cell proliferation. (D) A 
colony formation assay was used to detect the cell colony levels. Scale bar, 250 µm. (E) Cell apoptosis was detected by TUNEL staining. Scale bar, 50 µm. 
***P<0.001 vs. Control; #P<0.05, ##P<0.01, ###P<0.001 vs. Ov‑KLF10 + sh‑NC. ACSM3, acyl‑CoA medium‑chain synthetase 3; KLF10, Kruppel‑like factor 10; 
NC, negative control; Ov, overexpression; sh, short hairpin RNA.
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by indirectly upregulating one or more genes (HES1, CTAG2 
or KLF10). Jin et al (21) reported that KLF10 is upregulated 
in apoptosis induced by tetrotylenine or vancomycin, and 
that overexpression of KLF10 induces apoptosis of K562 
cells. Furthermore, Hsu et al (23) demonstrated that KLF10 
regulation of Bax inhibitor‑1 expression and Ca2+ release may 
be a pathway of estrogen‑induced apoptosis. This evidence 
supports the role of KLF10 as a suppressor in several types 

of cancer; however, to the best of our knowledge, the role of 
KLF10 in melanoma has not previously been reported. In the 
present study, the inhibitory effect of KLF10 on the prolif‑
eration and survival of A375 cells and its mechanism were 
investigated. The results determined that KLF10 may also act 
as a tumor suppressor in melanoma.

ACSM3 has previously been reported to be involved 
in numerous biological processes, including tumor 

Figure 6. Silencing of ACSM3 reverses the inhibitory effect of KLF10 on melanoma cell apoptosis, migration and invasion. (A) Expression levels of 
apoptosis‑related proteins (Bax, Bcl‑2 and cleaved caspase 3) were examined by western blotting. (B) Wound healing and Transwell assays were used to 
detect cell migration and invasion. Scale bar, 100 µm. (C) Western blotting was used to detect the expression levels of metastasis‑related proteins MMP2 and 
MMP9. ***P<0.001 vs. Control; ##P<0.01 and ###P<0.001 vs. Ov‑KLF10 + sh‑NC. ACSM3, acyl‑CoA medium‑chain synthetase 3; KLF10, Kruppel‑like factor 
10; NC, negative control; Ov, overexpression; sh, short hairpin RNA.
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migration, invasion, fat accumulation and the butyrate oxidation 
pathway (13,24,25), and particularly in cancer. Gopal et al (26) 
demonstrated that ACSM3 gene expression is decreased in 
hepatocellular carcinoma (HCC) tissues, whereby the loss of 
ACSM3 expression is associated with advanced HCC stage and 
a low survival rate. Zhu et al (11) demonstrated that ACSM3 
is downregulated in melanoma cells and is associated with a 
poor prognosis and immune rejection of malignant melanoma. 
Furthermore, in vitro and in vivo, the study identified that 
ACSM3 overexpression could reduce the proliferation, invasion 
and colony formation of malignant melanoma (11). Consistent 
with the aforementioned report, the present study demonstrated 
that ACSM3 expression was downregulated in melanoma cells 
compared with healthy cells. Furthermore, survival analysis 
using the GEPIA database demonstrated that low levels of 
ACSM3 were significantly associated with poor overall survival. 
Therefore, it can be hypothesized that ACSM3 is associated 
with the clinical malignancy of melanoma.

ACSM3 was therefore considered to be an effective target for 
the treatment of melanoma and was selected for further study. 
According to the results of the GEPIA and ChIP assay, KLF10 
was positively associated with ACSM3 expression in cutaneous 
melanoma. KLF10 was demonstrated to bind to and promote 
the transcription of ACSM3. As KLF10 was demonstrated to be 
involved in the progression of melanoma, it was hypothesized that 
KLF10 may target ACSM3 to inhibit the proliferation, migra‑
tion and invasion of melanoma cells and promote cell apoptosis. 
Therefore, silencing of ACSM3 was performed. The results 
demonstrated that silencing ACSM3 reversed the inhibitory 
effects of KLF10 overexpression on the viability, proliferation, 
migration and invasion of A375 cells, which indicated that there 
may be an important interaction between the two molecules.

Furthermore, the mechanism of KLF10 as a tumor 
suppressor gene of melanoma was preliminarily explored. Akt 
is considered to be an important component of the cell cycle 

and in cell survival and apoptosis, and is positively associ‑
ated with PI3K (27,28). Yang et al (29) reported that KLF10 
inhibits the PTEN/PI3K/Akt signaling pathway and inhibits the 
malignant progression of myeloma. Furthermore, Li et al (30) 
demonstrated that LINC00641 inhibits the activation of the 
PTEN/PI3K/Akt signaling pathway via KLF10 and that activa‑
tion of this signaling pathway promotes bladder cancer. In the 
present study, it was demonstrated that KLF10 overexpression 
in A375 cells decreased the levels of p‑PI3K and p‑Akt, which 
indicated that the PI3K/Akt signaling pathway may be negatively 
regulated by KLF10 expression. These results suggested that 
the inhibition of A375 cell proliferation, migration and invasion 
may be dependent on the inactivation of the PI3K/Akt signaling 
pathway induced by KLF10. Furthermore, PI3K/Akt signaling 
pathway inactivation induced by KLF10 overexpression was 
reversed by sh‑ACSM3. These results indicated that KLF10 
upregulation of ACSM3 may inhibit the malignant progression 
of A375 cells via the PI3K/Akt signaling pathway. Finally, one 
limitation of the present study was that only the effect of KLF10 
overexpression of KLF10 on melanoma cells in vivo was inves‑
tigated. Further verification experiments involving knockdown 
of KLF10 would enrich the current research results.

In conclusion, to the best of our knowledge, the present 
study was the first to elucidate the role of KLF10 in 
melanoma progression. The results demonstrated that the 
KLF10/ACSM3/PI3K/Akt axis was associated with melanoma 
cell proliferation. It was also indicated that KLF10 may inhibit 
A375 cell proliferation and migration by binding to ACSM3, 
resulting in the inactivation of the PI3K/Akt signaling pathway. 
Overall, the present study highlighted a novel mechanism 
underlying the pathogenesis of melanoma.
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