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Abstract. The present study investigated the clinical signifi-
cance of miR-138 in patients with malignant melanoma (MM), 
which has previously been associated with tumor growth. In 
patients with MM, we found that the expression of miR-138 
was significantly downregulated when compared with healthy 
control subjects. Overexpression of miR-138 in the human 
melanoma cell line A2058 inhibited cell proliferation and 
induced cell apoptosis, and increased caspase-3 and Bax 
protein expression when compared with a negative control 
group. Meanwhile, miR-138 overexpression promoted cell 
autophagy, induced LC3 protein expression, and suppressed 
the PI3K/AKT/mTOR signaling pathway and PDK1 protein 
expression in A2058 cells. LY294002, an inhibitor of PI3K, 
suppressed PI3K/AKT/mTOR signaling, induced apoptosis, 
inhibited cell proliferation, increased caspase-3 and Bax 
protein expression, and decreased PDK1 protein expression in 
A2058 cells following miR-138 overexpression. Collectively, 
our findings indicate the clinical significance of miR-138 in 
patients with MM through its targeting of PDK1 expression in 
the PI3K/AKT/mTOR autophagy signaling pathway.

Introduction

Malignant melanoma (MM) is a type of highly malignant tumor 
that primarily develops in adults over the age of 30 years, and 
is associated with a high rate of mortality (1). The morbidity 
rate of MM, which has gradually increased over recent years, 
particularly in younger generations, accounts for ~2% of all 
malignant tumors, and ranks third among skin malignancies 

(6-20% of skin malignancies)  (2). MM can occur on any 
region of the skin, with skin regions exposed to the highest 
levels of friction at the extremities being the most vulnerable, 
and is characterized by early metastasis, aggressive invasion 
and poor prognosis (3). Current treatment strategies for MM 
typically involve surgery followed by biotherapy, radiotherapy 
and/or chemotherapy. However, these methods have to date 
yielded unsatisfactory clinical effects on the prognosis and 
mortality rate of patients with MM (4).

Due to the development of molecular biology techniques 
over recent years, research into the genetics and molecular 
biology of MM, including its genesis, development and metas-
tasis, has made great progress, which may aid in improving 
clinical treatment. However, there has been little research 
into the effects and underlying mechanisms of microRNAs 
(miRNAs/miRs) in MM (5,6).

miRNAs are types of small non-coding RNAs of 
18-25 nucleotides in length that have recently been associated 
with MM (6). miRNAs serve important regulatory roles in the 
normal physiological functioning of the body by regulation of 
target gene expression, which can influence protein expres-
sion. Notably, under certain conditions, increased or decreased 
expression of specific target proteins can result in cell func-
tional changes and tumorigenesis (7). The expression profiles 
of miRNAs greatly differ between tumor cells and normal 
tissue cells (8). Increased, decreased or depleted expression 
levels of certain miRNAs can be observed in the majority of 
tumor cells of various types, which is an important mechanism 
underlying changes in the proliferation and growth of tumor 
cells (9). Therefore, in the present study miR-138 was selected 
as an miRNA detected in MM, and its putative target genes 
and function were predicted. Preliminary investigations into 
the molecular mechanisms of miR-138 in the proliferation and 
growth of MM were also conducted.

Autophagy (from the Greek for ‘self-eating’) is a cell 
phenomenon in which the intracellular lysosome engulfs 
and degrades damaged or redundant organelles and mutant 
proteins (10). The autophagy-related genes are critical factors 
that regulate the process of autophagy  (10). The primary 
functions of autophagy are to eliminate biological waste 
materials within the body and to promote metabolism by 
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degradation of damaged organelles under stress conditions, 
such as hunger, which aids in the self-protection of cells and 
promotes cell survival  (11). However, excessive autophagy 
decreases cell survival by promoting autophagic cell death (11).

Numerous signal transduction pathways are associated 
with autophagy, including PI3K/AKT/mTOR, Ras/PKA and 
Jnk (12). Each pathway promotes or inhibits the process of 
autophagy through various mechanisms (13). At present, the 
autophagy-associated signaling pathway PI3K/AKT/mTOR 
has been the most widely studied  (13). Cell autophagy is 
regulated by mTOR, and is mainly activated by inhibition of 
the PTEN protein. The PI3K/AKT/mTOR signal transduction 
pathway can act against the process of cell autophagy, which 
disrupts cellular homeostasis and proliferation; however, 
PI3K/AKT/mTOR signaling may also increase the survival of 
tumorigenic cells by preventing autophagic programmed cell 
death, which facilitates tumor metastasis (14).

Phosphoinositide-dependent kinase l (PDK1) is a type of 
serine/threonine protein kinase with a molecular weight of 
63 kDa, and contains a PH domain that binds with the inositol 
triphosphate (PIP3) product of PI3K, which enables PDK1 
to target the cell membrane and activate AKT. Meanwhile, 
other substrates of PDK1, with an inability to target the cell 
membrane or lack of a PH domain, can also directly bind with 
PDK1 to become activated (15). PDK1 itself can be activated 
by bivalent polymerization and cross phosphorylation (16). 
PDK1 serves as an upstream kinase of AKT, and catalyzes the 
phosphorylation of Thr308 within the activation loop of AKT, 
stimulating a >30-fold increase in AKT activity. Such activa-
tion is PIP3- or PIP2-dependent, thus giving rise to the name 
PDK1 (17). As a common link between multiple important 
signaling pathways in cells, PDK1 is widely expressed in many 
human tissues, and plays a critical role in a number of tumor 
processes, including tumor cell growth, protection against cell 
apoptosis, stimulation of the epithelial-mesenchymal transition 
(EMT) and tumor angiogenesis (17). The present study, aimed 
to elucidate the clinical significance of miR-138 in patients 
with MM, as well as its underlying mechanisms in MM cells.

Materials and methods

Patients and blood samples. The present study was approved 
by the Ethics Committee of Shangqiu First People's Hospital 
(Shangqiu, China), and written informed consent was obtained 
from all the patients. Whole blood samples from 5 patients 
with MM and 6 healthy volunteers were collected from the 
Department of Dermatology, Shangqiu First People's Hospital. 
Serum was isolated after centrifugation at 2,000 x g for 10 min 
at room temperature. A follow-up of all patients was conducted 
every 3 months by telephone or reexamination at the clinic, 
and the overall survival (OS) and disease-free survival (DFS) 
rates of the MM patients with high and low miR-138 expres-
sion were subsequently determined.

Cell lines and culture. The human MM cell line A2058 was 
purchased from the Cell Bank of Central South University 
(Shanghai, China) and cultured in Dulbecco's modified 
Eagle's medium (DMEM) with 10% fetal bovine serum (FBS; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) at 37˚C 
and 5% CO2.

RNA isolation and RT-qPCR. Total RNA was extracted 
from serum and cells using TRIzol reagent (Thermo Fisher 
Scientific, Inc.). cDNA was synthesized from total RNA using 
a MiRNA Reverse Transcription kit (Qiagen, Inc., Valencia, 
CA, USA) under the following conditions: 16˚C for 30 min, 
followed by 42˚C for 30  min and enzyme inactivation at 
85˚C for 5  min. The expression of miR-138 was subse-
quently assessed using a 7500 Fast Real Time PCR System 
(Thermo Fisher Scientific, Inc.). The PCR cycling conditions 
were 95˚C for 5 min, followed by 40 cycles of denaturation at 
95˚C for 30 sec and 60˚C for 45 sec. The relative expression of 
miRNA was determined using the 2-∆∆Cq method.

Transfection. miR-138 mimics and negative control miRNAs 
were synthesized by Sangon Biotech Co., Ltd. (Shanghai, 
China). A2058 cells were transfected with 100 ng of miR-138 
mimics or negative control miRNA using Lipofectamine 2000 
(Thermo Fisher Scientific, Inc.), in accordance with the manu-
facturer's instructions. At 6 h after transfection, a subgroup 
of cells was treated with 100  nM of LY294002 (Selleck 
Chemicals, Shanghai, China) for 48 h to inhibit PI3K.

Cell proliferation and apoptosis assays. At 48 h after transfec-
tion, cells were plated into a 96-well plate (10,000 cells/well), 
and 20 µl of MTT reagent (5 mg/ml; Sigma-Aldrich, St. Louis, 
MO, USA) was added to each well and incubated for 4 h. 
The supernatant was removed and 100 µl dimethyl sulfoxide 
DMSO (Beyotime Institute of Biotechnology, Haimen, China) 
was added and incubated for 20 min. The absorbance was 
detected using an ELx800 absorbance microplate reader 
(BioTek Instruments, Inc., Winooski, VT, USA) at 492 nm.

In addition, at 48 h after transfection, the cells were plated 
into a 6-well plate (1x106 cells/well) and washed 3 times with 
phosphate-buffered saline (PBS). Cells were then stained using 
an Annexin V-FITC/PI kit (Nanjing KeyGen Biotech Co., 
Ltd., Nanjing, China). The rates of apoptosis were assessed 
using a flow cytometer (Bio-Rad Laboratories, Inc., Hercules, 
CA, USA).

Western blot analysis and caspase-3 activity assay. At 48 h 
after transfection, cells were lysed in cold RIPA buffer and 
protein concentration was determined using a BCA protein 
assay kit (both from Beyotime Institute of Biotechnology). A 
total of 30-60 µg of protein was then separated using 8-10% 
SDS-PAGE and transferred to a polyvinylidene fluoride 
(PVDF) membrane (Thermo  Fisher Scientific, Inc.). The 
PVDF membrane was blocked in 5% non-fat dried milk in 
TBST (Thermo Fisher Scientific, Inc.) for 1-2 h, and then 
incubated with primary antibodies against LC3, Bax, p62, 
PI3K, p-AKT, p-mTOR, p-PDK1 and GAPDH overnight 
at 4˚C. After 3 washes with PBS, the PVDF membrane was 
incubated with an anti-rabbit secondary antibody for 1 h at 
room temperature. Immunolabelled bands were detected 
using an ECL Western Blotting kit (Beyotime Institute of 
Biotechnology) and analyzed using Image-Pro Plus software, 
version 6.0 (Media Cybernetics, Inc., Rockville, MD, USA).

In addition, a total of 5 µg of protein was used to assess 
caspase-3 activity using a caspase-3 activity kit (Beyotime 
Institute of Biotechnology), and the absorbance was assessed 
using an ELx800 absorbance microplate reader at 405 nm.
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Fluorescence microscopy. At 48 h after transfection, A2058 
cells (1x103 cells/ml) were seeded onto cell chamber slides 
and washed 3 times with PBS. The cells were then fixed with 
4% formaldehyde at 4˚C for 30 min and stained with anti‑LC3 
(1:200; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) at 
4˚C overnight. The cells were then incubated with an anti‑rabbit 
secondary antibody (1:1,000; Bio-Rad Laboratories, Inc.) at 
room temperature for 3 h, and subsequently stained with DAPI 
at room temperature for 30 min. The expression of the LC3 
protein was visualized by fluorescence microscopy using an 
AxioScope A1 Microscope (Zeiss GmbH, Jena, Germany).

Statistical analysis. All data are expressed as the mean ± SD. 
Statistical analysis of differences was performed using one-way 
analysis of variance (ANOVA) and P<0.05 was considered to 
indicate a statistically significant difference.

Results

miR-138 expression in MM patients and cells. Firstly, we 
analyzed the expression of miR-138 in patients with MM 
using RT-qPCR. In patients with MM, we found that miR-138 
expression was significantly downregulated when compared 
with healthy control subjects (Fig. 1).

OS and DFS rates are associated with miR-138 expression. 
Next, the OS and DFS rates of MM patients with high and 
low miR-138 expression were determined. The OS and DFS 
rates of MM patients with high miR-138 expression were 

markedly lower than those of patients with low miR-138 
expression (Fig. 2).

miR-138 overexpression inhibits proliferation and induces 
apoptosis in A2058 cells. We investigated the effects of 
miR-138 on the growth and apoptosis of MM cells. As shown 
in Fig. 3A, miR-138 mimics were transfected into A2058 cells, 
which increased the expression of miR-138 in A2058 cells 
when compared with cells transfected with negative control 
mimics. Overexpression of miR-138 significantly inhibited 
proliferation, induced apoptosis and increased caspase-3 
activity in A2058 cells when compared with the negative 
control group (Fig. 3B-D).

miR-138 overexpression induces LC3 and Bax protein expres-
sion in A2058 cells. Subsequently, western blot analysis was 
performed to evaluate the protein expression of LC3 and Bax. 
As shown in Fig. 4, overexpression of miR-138 significantly 
induced LC3 and Bax protein expression in A2058 cells 
compared with the negative control group.

miR-138 overexpression suppresses PI3K/PDK1/AKT/mTOR 
signaling in A2058 cells. To investigate the relationship 
between miR-138 and the PI3K/PDK1/AKT/mTOR signaling 
pathway in MM, the effect of miR-138 on the activation of 
PI3K/AKT/mTOR signaling in A2058 cells was investigated 
by western blot analysis. Fig. 5 shows that miR-138 overexpres-
sion significantly suppressed PI3K/AKT/mTOR signaling in 
A2058 cells when compared with the negative control group.

PI3K suppression enhances the effects of miR-138 overexpres-
sion on PI3K/PDK1/AKT/mTOR signaling. The functions of 
miR-138 and the PI3K/PDK1/AKT/mTOR signaling pathway 
in the regulation of A2058 cells were investigated. As shown 
in Fig. 6, the PI3K inhibitor LY294002 enhanced the inhibi-
tory effects of miR-138 overexpression on PI3K/AKT/mTOR 
signaling in A2058 cells, relative to cells with only miR-138 
overexpression.

PI3K suppression enhances the effects of miR-138 overexpres-
sion on the proliferation and apoptosis of A2058 cells. We then 
evaluated in vitro whether PI3K was involved in the effects 

Figure 2. Overall and disease-free survival of MM patients with high and low miR-138 expression. MM, malignant melanoma.

Figure 1. miR-138 expression in patients with MM. ##p<0.01 vs. the control 
group. Control, control group; MM, malignant melanoma.
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Figure 3. miR-138 overexpression inhibits proliferation and induces apoptosis in A2058 cells. (A) miR-138 overexpression inhibited (B) cell proliferation, 
and induced (C) apoptosis, and (D) caspase-3 activity in A2058 cells; ##p<0.01 vs. the control group. Control, control group; negative, negative control group; 
miR-138 mimics, miR-138 overexpression group.

Figure 4. miR-138 overexpression induces LC3 and Bax protein expression in A2058 cells. (A) Results of western blot analysis indicated that miR-138 
overexpression induced LC3 and Bax protein expression in A2058 cells. Statistical analysis of (B) LC3 and (C) Bax protein expression; ##p<0.01 vs. the control 
group. Control, control group; negative, negative control group; miR-138 mimics, miR-138 overexpression group.

Figure 5. miR-138 overexpression suppresses the PI3K/PDK1/AKT/mTOR signaling pathway in A2058 cells. (A) Results of western blot analysis indicated 
that miR-138 overexpression suppressed PI3K, p-AKT and p-mTOR protein expression in A2058 cells. Statistical analysis of (B) PI3K, (C) p-AKT and 
(D) p-mTOR and (E) PDK1 expression; ##p<0.01 vs. the control group. Control, control group; negative, negative control group; miR-138 mimics, miR-138 
overexpression group.
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of miR-138 on the proliferation and apoptosis of A2058 cells. 
The data in Fig. 7 indicated that the PI3K inhibitor signifi-
cantly decreased cell proliferation while promoting apoptosis 
and caspase-3 activity in A2058 cells following miR-138 
overexpression, relative to the miR-138 overexpression-only 
cell group.

PI3K suppression enhances the effects of miR-138 overex-
pression on LC3 and Bax protein expression in A2058 cells. 
Furthermore, we determined whether PI3K was involved in the 
effects of miR-138 on the protein expression of LC3 and Bax in 
A2058 cells. We used laser confocal scanning microscopy to 
analyze LC3 expression, and observed that PI3K suppression 
significantly promoted LC3 protein expression in A2058 cells 

following miR-138 overexpression, relative to the miR-138 
overexpression-only cell group (Fig. 8). Similarly, western 
blot analysis indicated that PI3K suppression significantly 
increased LC3 and Bax protein expression in A2058 cells 
following miR-138 overexpression, relative to the miR-138 
overexpression-only cell group (Fig. 9).

Discussion

MM is a type of highly malignant tumor that predominantly 
occurs in adults over the age of 30 years, and is associated 
with a high rate of mortality (18). The morbidity rate of MM, 
which has gradually increased over recent years, particularly 
in younger generations, accounts for ~2% of all malignant 

Figure 6. PI3K suppression further suppresses PI3K/PDK1/AKT/mTOR signaling in A2058 cells following miR-138 overexpression. (A) Western blot analysis 
indicated that PI3K suppression further inhibited PI3K, p-AKT and p-mTOR protein expression in A2058 cells following miR-138 overexpression. Statistical 
analysis of (B) PI3K, (C) p-AKT and (D) p-mTOR and (E) PDK1 expression; ##p<0.01 vs. the control group, **p<0.01 vs. the control group. Control, control 
group; negative, negative control group; miR-138 mimics, miR-138 overexpression group; anti-PI3K, PI3K inhibitor (LY294002) and miR-138 overexpression 
group.

Figure 7. PI3K suppression influences proliferation and apoptosis in A2058 cells following miR-138 overexpression. PI3K suppression further decreased 
(A) cell proliferation and induced (B) apoptosis, and (C) caspase-3 activity in A2058 cells following miR-138 overexpression; ##p<0.01 vs. the control group, 
**p<0.01 vs. the control group. Control, control group; negative, negative control group; miR-138 mimics, miR-138 overexpression group; anti-PI3K, PI3K 
inhibitor (LY294002) and miR-138 overexpression group.
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tumors, and ranks third among skin malignancies (6-20% of 
skin malignancies) (19). MM can occur on any region of the 
skin, with skin regions exposed to friction at the extremities 

being most vulnerable, and is characterized by early metastasis, 
aggressive invasion and poor prognosis (20). Current treatment 
strategies for MM typically involve surgery followed by 

Figure 8. Laser confocal scanning microscopy of LC3 expression.

Figure 9. PI3K suppression influences LC3 and Bax protein expression in A2058 cells following miR-138 overexpression. (A) Western blot analysis showed 
that PI3K suppression further increased LC3 and Bax protein expression in A2058 cells following miR-138 overexpression. Statistical analysis of (B) LC3 and 
(C) Bax protein expression; ##p<0.01 vs. the control group, **p<0.01 vs. the control group. Control, control group; negative, negative control group; miR-138 
mimics, miR-138 overexpression group; anti-PI3K, PI3K inhibitor (LY294002) and miR-138 overexpression group.
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biotherapy, radiotherapy and/or chemotherapy, although these 
methods have to date yielded unsatisfactory clinical effects 
on the prognosis and mortality rate of patients (21). In the 
present study the results revealed that miR-138 expression 
was significantly downregulated in patients with MM and the 
MM cell line A2058 when compared with normal controls. 
Furthermore, the OS and DFS rates of MM patients with 
high miR-138 expression were observably lower than those of 
patients with low miR-138 expression.

Cell autophagy can not only eliminate the metabolic prod-
ucts of cells and abnormal intracellular proteins, but can also 
degrade redundant or damaged organelles (11). Autophagy 
can be induced during early newborn development, hypoxia, 
infection and hunger, and its degradation products can provide 
materials and energy for cells, thus maintaining cell homeo-
stasis  (22). However, mutant, damaged or aging cells can 
undergo programmed cell death as a result of autophagy (10). 
The present results revealed that miR-138 overexpression 
significantly inhibited cell proliferation, induced apoptosis, 
increased caspase-3 activity and induced LC3 and Bax protein 
expression in A2058 cells. Stojcheva et al (23) revealed that 
miR-138 induced acquired alkylator resistance by the induc-
tion of autophagy.

The PI3K/AKT signal transduction pathway is principally 
regulated by the tumor suppressor genes PTEN and SHIP2. 
PTEN and SHIP2 dephosphorylate PI(3,4,5)-P3 at the 3' and 
5' positions, respectively, and as a result, PI(3,4,5)-P3 becomes 
PI(3,4,5)-P2, leading to inactivation of AKT (13). The tumor 
suppressor proteins (PTEN and SHIP2), the proline-rich Akt 
substrate of 40 kDa (PRAS40), and the tuberous sclerosis 
complex proteins (TSC1/2) are all negative regulators of 
mTOR (24). The phosphorylation of AKT can decrease this 
negative regulation, thus verifying that AKT aids in suppressing 
the negative regulatory factors of mTOR  (25). However, 
more than one signaling pathway (other than PI3K/AKT) 
is responsible for the regulation of mTOR (26). Hunger and 
stress responses can result in the dephosphorylation of the 
autophagy-related protein Beclin-1, which inactivates mTOR 
and induces autophagy (26). AKT can promote the activation 
of mTOR as an upstream effector molecule of mTORC1. In the 
present study, miR-138 overexpression significantly suppressed 
the PI3K/AKT/mTOR signaling pathway in A2058 cells.

As an upstream gene of AKT, PDK1 regulates the 
activities of AKT and other downstream kinases of PI3K/
AKT, which enables PDK1 to regulate a series of biological 
responses in cells by the PI3K/AKT signaling pathway (27). 
PDK1 is a serine/threonine kinase of the AGC protein kinase 
family. As an important transduction molecule of the PI3K 
signaling pathway, the binding of PDK1 with PIP3 plays an 
important role in physiological processes, including the activa-
tion of kinases (such as AKT), the control of cell responses 
by regulating a large number of AGC protein kinase family 
members, and cell metabolism, growth, proliferation and 
survival (28). Research on PDK1 in recent years has demon-
strated the following: firstly, as a type of regulatory kinase, 
PDK1 can activate 23 types of downstream kinases; secondly, 
PDK1 can continuously phosphorylate substrates due to its 
constant self-activation, which stimulates conformational 
changes in the substrate to expose anchor points and increase 
binding with PDK1, and this is an important mechanism by 

which PDK1 controls a large number of AGC kinase activi-
ties; thirdly, PDK1 is a type of single‑copy sequence gene 
that is applicable to genetic analysis, and research progress 
has been made by use of the transgenic mouse model; and 
fourthly, inhibitors of PDK1 may be useful in the treatment 
of diseases such as diabetes and cancer, due to its key roles 
in numerous signal transduction pathways  (15,29,30). In 
the present study, the PI3K inhibitor LY294002 suppressed 
PI3K/AKT/mTOR signaling, inhibited proliferation, induced 
apoptosis and caspase-3 activity, promoted LC3 and Bax 
protein expression, and decreased PDK1 protein expression in 
A2058 cells following miR-138 overexpression. Collectively 
these data suggest that LY294002 may suppress the growth 
and metastasis of MM. Similarly, Liu et al (31) reported that 
miR-138 suppresses airway smooth muscle cell proliferation 
by targeting PDK1 in the PI3K/AKT signaling pathway.

In conclusion, we demonstrated the clinical significance of 
miR-138 in patients with MM through its targeting of PDK1 
expression in the PI3K/AKT/mTOR autophagy signaling 
pathway. These results may provide insight into the mecha-
nisms of miR-138 as a therapeutic target for the treatment of 
MM.
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