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Abstract. The aim of the present study was to explore the 
underlying mechanism of microRNA‑338‑3p (miR‑338‑3p) 
in lung cancer cell (A549) invasion and proliferation. A 
microarray assay showed that miR‑338‑3p upregulated 216 
and downregulated 147 genes in A549 cells, and the differ-
entially expressed genes were enriched for several signaling 
pathways, including AKT and β‑catenin signaling pathways. 
Western blotting results showed that phosphorylated (p)‑AKT 
at Ser473 and at Thr308 and p‑β‑catenin at Ser552 were 
downregulated. Inhibiting AKT signaling pathway decreased 
β‑catenin signaling pathway. Overexpression of β‑catenin 
promoted the invasion of A549 cells. In addition, miR‑338‑3p 
showed inhibitory effect on the primary tumor developed 
from KrasG12D mice. Together, the data of the present study 
support that miR‑338‑3p inhibits lung cancer cell invasion 
and proliferation by downregulating AKT/β‑catenin signaling 
pathway. The present findings supported the potential use of 
miR‑338‑3p in the treatment of lung cancer.

Introduction

Lung cancer, which originates from the bronchial epithe-
lium, is one of the most malignant diseases, with high rates 
of morbidity and mortality (1). Among them, the non‑small 
cell lung cancer (NSCLC) prevalence is 80%, but the 5‑year 
survival is only ~15%, while the small cell lung cancer has 
survival rates of 15‑20%. Only 16% of patients with lung 
cancer can be diagnosed at an early stage, and lung cancer 
metastasis is the major reason for ineffective treatment and 
patient mortality (1‑3). Metastasis to different organs could 
occur at later stages of lung cancer progression, which often 

results in the patient experiencing profound pain and having 
an increased risk of mortality (4).

MicroRNA (miRNA/miR)s have been shown to be 
efficient regulators in a variety of disease models and 
thus, are proposed to have great potential in therapeutic 
applications (5). miR‑338‑3p exerts negative effects on the 
proliferation of neuroblastoma cells, and it could also inhibit 
the migration and invasion of human neuroblastoma cells, 
which involves direct targeting of the 3' untranslated region 
of phosphhatidylinoitol‑3,4,5‑trisphosphate dependent Rac 
exchange factor 2a mRNA while it affects the Phosphatase 
and Tensin homolog (PTEN)/Akt signaling pathway (6). The 
phosphoinositide 3 kinase (PI3K)/AKT signaling pathway is 
involved in the invasion of squamous cell carcinoma (7‑10), 
while the association between miR‑338‑3p and AKT signaling 
pathway, the role of PI3K/AKT and its downstream signaling 
pathway in lung cancer cell invasion lacks further investigation. 
miR‑338‑3p is capable of suppressing cell proliferation and of 
inducing apoptosis of non‑small‑cell lung cancer, suppressing 
epithelial‑mesenchymal transition (EMT) and metastasis in 
lung cancer cells (11,12). An RNA‑Seq assay may help to get 
a better profile of the impact of miR‑338‑3p on lung cancer 
cells. Furthermore, the suppressing effect of miR‑338‑3p on 
lung cancer cells proliferation needs to be evaluated in an 
in vivo model. 

About 30% of human tumors carry a mutation of ras 
gene (13‑15). Of the three genes in this family (composed of 
K‑ras, N‑ras and H‑ras), K‑ras is the most frequently mutated 
member in human tumors, including adenocarcinomas of the 
pancreas and the lung (16,17). KrasG12D mice were used in 
the present study as an in vivo tumor model, to investigate the 
efficiency of miR‑338‑3p on tumor inhibition, in vivo.

To further elucidate the role of miR‑338‑3p in inhibiting 
lung cancer cell invasion, in vitro and in vivo assays were 
performed in the present study. The results of the present study 
demonstrated that miR‑338‑3p inhibited lung cancer cell inva-
sion and proliferation by downregulating the AKT/β‑catenin 
signaling pathway. This finding partially determined the 
underlying mechanism of the inhibitory role of miR‑338‑3p 
on lung cancer cell invasion and proliferation. Additionally, 
these data supported the potential use of miR‑338‑3p in the 
treatment of lung cancer.
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Materials and methods

Cell culture, transfection and apoptosis assay. The A549 
cell line was purchased from the American Type Culture 
Collection (Manassas, VA, USA). The cells were cultured in 
Dulbecco's modified Eagle's medium (Invitrogen; Thermo 
Fisher Scientific, Inc., Waltham, MA, USA) containing 10% 
fetal bovine serum (Invitrogen; Thermo Fisher Scientific, Inc.) 
and were maintained at 37˚C in an atmosphere containing 5% 
CO2 and 95% humidity. Cell apoptosis was determined using an 
Annexin V‑FITC Apoptosis Detection Kit I (BD Biosciences, 
Franklin Lakes, NJ, USA) with a FACS Influx flow cytometer 
(BD Biosciences) according to the manufacturer's protocol. 
Briefly, cells were re‑suspended in a pre‑cooled staining buffer 
and the cell density was adjusted to 2x107 cells/ml. Then 50 µl 
(~106 cells) of cell suspension was transferred to a 1.5 ml 
Eppendorf tube and 300 µl of 1X Binding Buffer was added. 
Subsequently, 5  µl of Annexin V‑FITC was added to the 
tube and incubated at room temperature for 15 min. Finally, 
5 ml of PI reagent was added for 5 min at room temperature 
before analysis. The cells were suspended with the appropriate 
amount of 1X Binding buffer and the staining results were 
analyzed by flow cytometry within 30 min. In all flow cytom-
etry assay, 10,000 events were analyzed by flow cytometry 
(BD Biosciences) using CellQuest™ Pro software (version 5.1; 
BD Biosciences). 

miR‑338‑3p mimic (miR‑338‑3p) and corresponding 
miRNA negative control (miR‑NC) were transfected into 
A549 cells using Lipofectamine® 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's 
protocol. In total, 100 nmol/l miR‑338‑3p mimics was used 
for transfection at a cell confluence of 50‑60%. The cells were 
analyzed 24‑48 h after the transfection. The microRNA was 
synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). 
The microRNA sequences were as follows: miR‑338‑3p 
mimics: 5'‑AAC​AAU​AUC​CUG​GUG​CUG​AGU​G‑3'; negative 
control mimics: 5'‑UUC​UCC​GAA​CGU​GUC​ACG​UTT​ACG​
UGA​CAC​GUU​CGG​AGA​ATT‑3'.

Reverse transcription‑quantitative polymerase chain 
reaction (RT‑qPCR). For the RT‑qPCR analyses of 
miR‑338‑3p expressions, total RNA of tissues and cells was 
extracted using TRIzol® RNA reagent (Invitrogen; Thermo 
Fisher Scientific, Inc.), and first‑strand cDNA was prepared 
via RT with Superscript II reverse transcriptase (Invitrogen; 
Thermo Fisher Scientific, Inc.). The RT‑PCR sample was 
incubated at 42˚C for 50 min and heated to inactivate the 
enzyme at 70˚C for 15 min. The expression of miR‑338‑3p 
was quantified using Fast SYBR Green Master Mix (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) under ABI 7300 
Sequence Detection System (Life Technologies; Thermo 
Fisher Scientific, Inc.), according to the manufacturer's 
protocol and normalized to the expression of U6. The primers 
were as follows: Forward (F)‑miR‑338‑3p (5'‑TGC​GGT​CCA​
GCA​TCA​GTG​AT‑3') and reverse (R)‑miR‑338‑3p (5'‑CCA​
GTG​CAG​GGT​CCG​AGG​T‑3'), F‑U6 (5'‑TGC​GGG​TGC​TCG​
CTT​CGG​CAG​C‑3') and R‑U6 (5'‑CCA​GTG​CAG​GGT​CCG​
AGG​T‑3'). The PCR temperature protocol was set as follows: 
The sample was incubated for 30 min at 16˚C, followed by 
60 cycles at 30˚C for 30 sec, 42˚C for 30 sec and 50˚C for 

1 sec, and incubated at 85˚C for 5 min to inactivate the reverse 
transcriptase. The relative expression of each gene was calcu-
lated and normalized by the 2‑ΔΔCq method (18). Each sample 
was tested in triplicate.

Reagents. Perifosine (AKT inhibitor; 2.5 µM for 24 h at 
37˚C), LY294002 (PI3K inhibitor; 0.5 µM for 24 h at 37˚C), 
BIO (GSK‑3 inhibitor; 2.5 µM for 24 h at 37˚C) XAV939 
(Wnt/β‑catenin signaling inhibitor; 30  nM for 24  h at 
37˚C) were purchased from Selleck.cn (Selleck Chemicals, 
Houston, TX, USA). The compound bpV was purchased from 
BioVision (PTEN inhibitor; BioVision, Inc., Milpitas, CA, 
USA). The cell invasion assay was conducted using 24‑well 
Transwell chambers with 8 µM pores (Corning, Inc., Corning, 
NY, USA). In total, 1x105 cells in Dulbecco's modified Eagel's 
medium (DMEM; Thermo Fisher Scientific, Inc.) without 
serum were added to the Matrigel‑coated chambers, and 1 ml 
DMEM was added to the bottom chamber. A small amount 
of serum (0.5% fetal bovine serum; Biological Industries, 
Kibbutz Beit Haemek, Israel) was added to bottom of the 
chamber to stimulate cell invasion. Following incubation for 
24 h, the filters were fixed (4% paraformaldehyde; 15 min 
at room temperature) and stained with 0.2% crystal violet 
(10 min at room temperature). Invaded cells were manu-
ally counted in five random fields under a light microscope 
(Olympus Corporation, Tokyo, Japan), and images (magnifi-
cation, x200) were captured.

Proliferation assay. An MTT assay was used to analyze 
cell proliferation. A549 cells were transfected with either 
miR‑338‑3p mimic (miR‑338‑3p) or mimic control (NC). 
After 24 h transfection, cells were seeded into 96‑well plate 
at 5.0x103 cells/ml and cultured for 24 h. At each time point, 
10 µl MTT reagent (5 mg/ml; Sigma‑Aldrich; Merck KGaA) 
was added to each well, successive incubated for 4 h at 37˚C. 
The supernatant was removed and 200 µl DMSO (Invitrogen; 
Thermo Fisher Scientific, Inc.) was added to dissolve the 
formazan crystals for 30 min. Spectrometric absorbance at 
a wavelength of 570 nm was measured on microplate reader 
(Spectra Max M5; Molecular Devices, LLC, Sunnyvale, CA, 
USA). Each sample was tested in triplicate and all experiments 
were performed three times.

Animal model. Primary lung cancer was induced in KrasG12D 
mice as previously described (19). Briefly, 7‑8‑week‑old mice 
(C57/B6 background; n=6; female; weight, 20±2 g, kept at a 
temperature of 21±2˚C, with free access to water/food and 
kept in a 8/16 dark/light cycle) were anaesthetized with diethyl 
ether and received 64 µl of cre‑advenovirus (AdCre) solution 
(Biowit Technologies, Ltd., Shenzen, China) through the nasal 
cavity. The virus solution was prepared by mixing 30 µl of 
AdCre (1010 pfu), 70 µl of Eagle's minimum essential medium 
(Sigma‑Aldrich; Merck KGaA), and 0.5 µl of 2 M CaCl2 and 
placed in room temperature for 20 min. The weight of mice 
was determined every two days. Subsequently, 35 days after 
the virus treatment, the mice were euthanatized via CO2 (in a 
3 L chamber for 3 min), the lung tissues were harvested, and 
their size and weight were determined. All procedures were 
performed with the approval of the Animal Ethics Committee 
of Shenzhen Jiake Biotechnology Co., Ltd. (Shenzhen, China). 
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Lung cancer tissues were washed with PBS and fixed with 
4% paraformaldehyde (12 h at room temperature), and the 
sections were paraffin‑embedded, cut into 6 µm sections, and 
stained with routine H&E. The sections were deparaffinized 
with xylene for 10 min at room temperature and rehydrated 
in absolute alcohol for 5 min, 95% alcohol for 2 min and 
70% alcohol for 2 min. The sections were briefly washed in 
distilled water and stained in Harris hematoxylin solution 
for 8 min at room temperature. Subsequently, the sections 
were washed in running tap water for 5 min and differenti-
ated in 1% acid alcohol for 30 sec. The sections were washed 
with running tap water for 1 min, placed in 0.2% ammonia 
water for 30 sec, washed in running tap water for 5 min and 
rinsed in 95% alcohol. The sections were counterstained in 
eosin‑phloxine B solution for 30 sec at room temperature, 
followed by dehydration with 95% alcohol, two changes of 
absolute alcohol, 5 min each. They were cleared in xylene for 
5 min and mounted with xylene based mounting medium. The 
sections were visualized using a light microscope (magnifica-
tion, x200; CKX53; Olympus Corporation).

In vivo delivery of miR‑338‑3p. A mPEG‑PLGA‑PLL‑LA 
(PEAL‑LA; Sigma‑Aldrich; Merck KGaA) nanoparticle‑​
based microRNA in vivo delivery was applied as previously 
described (20). One nanomole of miR‑338‑3p was dissolved 
in 50 µl RNase‑free water and emulsified in 500 µl dichloro-
methane solution containing 5 mg of PEAL‑LA copolymer 
by sonication (Scientz sonicator probe, Ningbo Scientz 
Biotechnology, Co., Ltd., Zhejiang, China) at 400  W for 
1 min on ice to obtain a water/oil emulsion. Subsequently, 
2 ml PluronicTM F68 water solution (1 mg/ml) was added 
to the water/oil emulsion and sonicated again to obtain a 
water/oil/water emulsion. The resulting water/oil/water 
emulsion was transferred to a rotary evaporator (150  g; 
20˚C) to evaporate the organic solvent and obtain the 
miR‑338‑3p‑PEAL‑LA nanoparticles. One week following 
AdCre administration in KrasG12D mice, a single dose of 
miR‑338‑3p‑PEAL‑LA nanoparticles (at a dose of 0.53 mg/kg 
miR‑338‑3p) formulated above were administered via tail 
vein injection every 2 days for 4 weeks. 

Microarray assay. For the microarray assay, total RNA of 
tissues and cells (1x106 at a confluence of 95%) was extracted 
using TRIzol® RNA reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) and RNA was reversed to cDNA with a 
cDNA RT kit (Agilent Technologies, Inc., Santa Clara, CA, 
USA). The RT sample was incubated at 42˚C for 50 min and 
heated to inactivate the enzyme at 70˚C for 15 min. A total 
of 10 µg of labeled cRNA was hybridized at 45˚C for 16 h to 
the mouse genome array MOE430A2.0 (Affymetrix; Thermo 
Fisher Scientific, Inc.). Processed chips were read with an 
Agilent G2565CA Microarray Scanner (Agilent Technologies, 
Inc.). Scanned microarray images were imported into 
GeneSpring GX (v12.0) software to generate signal values 
and absent/present calls for each probe‑set using the MAS 5.0 
statistical expression algorithm; this process identified genes 
that were differentially expressed.

Immunofluorescence. Cells (at the confluence of 80‑90%) were 
fixed with 4% formaldehyde for 15 min at room temperature and 

permeabilized with 0.2% (v/v) Triton X‑100 in PBS for 10 min 
at room temperature. Specimens were incubated with anti‑Ki67 
(cat. no. GTX16667; 1:100; GeneTex, Inc., Irvine, CA, USA), 
anti‑serine‑473‑AKT (cat. no. GTX121936; 1:100; GeneTex, 
Inc.) and anti‑β‑catenin antibodies (cat.  no.  GTX101254; 
1:100; GeneTex, Inc.) at 4˚C overnight and then incubated with 
Alexa Fluor‑488/Cy3‑conjugated anti‑rabbit IgG at 37˚C for 
1.5 h (cat. nos. 406416 and 406402; 1:200; BioLegend, Inc., 
San Diego, CA, USA). To stain the nuclei, the specimens were 
incubated with DAPI solution (2.5 mg/ml‑1; Sigma‑Aldrich; 
Merck KGaA, Darmstadt, Germany) for 10  min at room 
temperature. The fluorescence signal was visualized using 
a confocal microscope (magnification, x600; Olympus 
Corporation). 

Western blotting (WB). Subconfluent cell cultures were 
washed with D‑PBS, and cell lysates were prepared in a lysis 
buffer containing 1% (v/v) Triton X‑100, 1% (v/v) deoxycholic 
acid, 2 mM CaCl2 and protease inhibitors (10 µg/ml leupeptin, 
10 µg/ml aprotinin, 1.8 mg/ml iodoacetamide and 1 mmol/l 
phenylmethyl sulfonyl fluoride) and quantified using a bicin-
choninic protein assay kit (Pierce; Thermo Fisher Scientific, 
Inc.). Equal amounts of total protein (30 µg whole cell lysate) 
were subjected to electrophoresis on 12% Bis/Tris gels, 
transblotted onto nitrocellulose membranes, and probed with 
different primary antibodies. The membranes were blocked for 
1 h at room temperature using blocking buffer containing 3% 
bovine serum albumin (BSA; Sigma‑Aldrich; Merck KGaA) 
in PBS. Primary antibodies for AKT (cat. no. GTX121936), 
β‑catenin (cat. no. GTX101254), phosphorylated (p)‑β‑catenin 
(Ser33/47/Thr41; cat. no. GTX132605), p‑β‑catenin (Ser45; 
cat. no. GTX50180), p‑β‑catenin (Ser675; cat. no. GTX123611), 
AKT (Ser473; cat.  no.  GTX128414), p‑AKT (Thr308; 
cat. no. GTX28933), E‑cadherin (cat. no. GTX100443), inter-
cellular adhesion molecule‑1 (ICAM‑1; cat. no. GTX64322), 
matrix metalloproteinase‑1 (MMP‑1; cat. no. GTX100534), 
MMP‑2 (cat. no. GTX104577), GAPDH (cat. no. GTX100118) 
were purchased from GeneTex, Inc. and p‑β‑catenin (Ser552; 
cat.  no.  956; Cell Signaling Technology, Inc., Danvers, 
MA, USA) were all diluted (1:1,000) with blocking agent 
and applied to membranes for 24  h at 4˚C. Membranes 
were washed with PBST and incubated with horseradish 
peroxidase (HRP)‑conjugated secondary antibodies (1:200; 
cat. no. sc‑2357; Santa Cruz Biotechnology, Inc., Dallas, TX, 
USA) for 2 h at room temperature and washed with PBST. 
A chemiluminescent detection (Thermo Fisher Scientific, 
Inc.) of HRP activity was used to detect the signal in the 
membranes, and images were taken with chemiluminescence 
apparatus (Quantity One® software; Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA).

Statistical analysis. Each experiment was repeated at 
least three times independently. The results are expressed 
as the mean  ±  standard error, unless stated otherwise. 
Statistical comparisons among multiple groups were 
conducted using one‑way analysis of variance with the 
Student‑Newman‑Keuls test, or a Student's t‑test (unpaired, 
two‑tailed) was used when making comparisons between 
two groups. P<0.05 was considered to indicate a statistically 
significant difference.
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Results

miR‑338‑3p inhibits the proliferation and invasion of A549 
cells. To detect the transfection efficiency of miR‑338‑3p, 
RT‑PCR was performed. The result showed that miR‑338‑3p 
expression levels were significantly increased in the 
miR‑338‑3p transfected cells (Fig.  1A). The MTT assay 
showed that miR‑338‑3p attenuated the viability of A549 cells 
(Fig. 1B). Further cell apoptotic analysis with flow cytometry 
showed that miR‑338‑3p enhanced the apoptotic rate of A549 
cells compared with that in the miR‑NC group (8.4 and 3.2%; 
Fig. 1C). In addition, the expression of Ki67 was significantly 
reduced in miR‑338‑3p‑treated cells (Fig. 1D). Furthermore, 
the number of migrated cells in the transwell assay was signifi-
cantly reduced in the miR‑338‑3p‑treated group during the cell 
invasion assay (Fig. 1E and F). 

The effect of miR‑338‑3p on the transcriptome of A549 cells. 
A microarray assay was performed to evaluate the effect of 

miR‑338‑3p on the A549 cell transcriptome, and the bioinfor-
matic analysis result showed that 216 genes were upregulated 
and 147 genes were downregulated in miR‑338‑3p‑treated cells 
(Fig. 2A and B). Further bioinformatics analysis indicated that 
these altered genes were enriched in several signaling pathways, 
including the Janus kinase‑signal transducer and activator of 
transcription, PI3K/AKT and Wnt signaling pathways (Fig. 2C).

miR‑338‑3p downregulates AKT and β‑catenin signaling 
pathways. To further evaluate the effect of miR‑338‑3p on AKT 
and β‑catenin signaling pathway, immunostaining and WB 
were performed. First, immunostaining showed that the expres-
sion levels of (p‑AKT at Ser473) were reduced in miR‑338‑3p 
cells (Fig.  3A), and similar results were observed in the 
β‑catenin staining (Fig. 3B). The WB results showed that both 
p‑AKT(Ser473) and p‑AKT(Thr308) were downregulated with 
miR‑338‑3p treatment (Fig. 3C), while p‑β‑catenin (Ser552) 
but not p‑β‑catenin (Ser33/47/Thr41), p‑β‑catenin (Ser45) or 
p‑β‑catenin (Ser675) was downregulated (Fig. 3D). In addition, 

Figure 1. miR‑338‑3p inhibits the proliferation and invasion of A549 cells. (A) miR‑338‑3p expression levels were significantly increased in the miR‑338‑3p trans-
fected cells compared with the control groups. (B) MTT assay of A549 cell viability in the miR‑338‑3p‑treated group and the control group. (C) Cell apoptosis 
analysis with flow cytometry. The apoptotic cells were carefully gated via the relevant control cells. (D) Immunostaining of Ki67 in cells administered different 
treatments. Scale bar, 20 µm. (E) Cell invasion assay and (F) quantitation *P<0.05. Scale bar: 50 µm. BC, blank control; miR, microRNA; NC, negative control.
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inhibiting AKT signaling with perifosine attenuated the activity 
of both p‑β‑catenin (Ser552) and β‑catenin (Fig. 3E), suggesting 
that AKT signaling positively regulated β‑catenin signaling. 

Further assay of the expression of cell invasion markers showed 
that activation of both β‑catenin (with BIO) and AKT (with 
bpV) signaling in miR‑338‑3p‑treated A549 cells resulted in a 

Figure 3. miR‑338‑3p downregulates AKT and β‑catenin signaling pathway. Phosphorylated (Ser473) AKT (p‑AKT) is reduced in miR‑338‑3p‑treated 
cells (A), and (B) similar result was observed in the β‑catenin staining. Western blotting results show that (C) both p‑AKT(Ser473) and p‑AKT (Thr308) were 
downregulated with miR‑338‑3p treatment, while (D) only p‑β‑catenin (Ser552), but not p‑β‑catenin (Ser33/47/Thr41), p‑β‑catenin (Ser45) or p‑β‑catenin 
(Ser675), was downregulated. (E) Inhibition of AKT signaling pathway with perifosine attenuated the activity of both p‑β‑catenin (Ser552) and β‑catenin. 
(F) A decrease in E‑cadherin expression levels and an increase in ICAM‑1, MMP‑1 and MMP‑2 expression levels, in miR‑338‑3p‑treated A549 cells after 
treatment with BIO and bpV. Scale bar, 20 µm. Con, control; ICAM, intercellular adhesion molecule; miR, microRNA; MMP, matrix metalloproteinase; Peri, 
perifosine.

Figure 2. The effect of miR‑338‑3p on the transcriptome of A549 cells. (A and B) Microarray assay showing that 216 genes were upregulated and 147 genes were 
downregulated in miR‑338‑3p‑treated cells. (C) KEGG analysis showing the differentially expressed genes that were enriched for several signaling pathways, 
including the Jak‑signal transducer and activator of transcription, PI3K/AKT and Wnt signaling pathways. cGMP‑PKG, cyclic guanosine monophosphate‑protein 
kinase G; Con, control; MAPK, mitogen‑activated protein kinase; miR, microRNA; PI3k, phosphoinositide 3‑kinase; TNF, tumor necrosis factor.
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decrease in E‑cadherin expression and an increase in intercel-
lular adhesion molecule‑1, matrix metalloproteinase (MMP)‑1 
and MMP‑2 expression (Fig. 3F). 

AKT and β‑catenin signaling serve crucial roles in 
miR‑338‑3p‑inhibited A549 cell invasion. To gain further 
insight into the role of AKT and β‑catenin signaling pathways 
in how miR‑338‑3p inhibits A549 cell invasion, a cell inva-
sion assay was performed. First, inhibition of AKT signaling 
pathway with perifosine resulted in a significant reduction of 
invasive cells (Fig. 4A and B); similarly, inhibition of β‑catenin 
signaling with XAV939 resulted in decreased number of inva-
sive cells (Fig. 4C and D), indicating the important role of both 
AKT and β‑catenin signaling pathways in miR‑338‑3p‑medi-
ated inhibition of A549 cell invasion. Furthermore, increased 
activity of β‑catenin with BIO rescued the inhibitory effect 
of miR‑338‑3p on A549 cell invasion (Fig. 4E and F), vali-
dating the crucial role of AKT/β‑catenin signaling pathway in 
miR‑338‑3p‑induced inhibition of A549 cell invasion. 

miR‑338‑3p inhibits lung cancer development in vivo. To inves-
tigate the efficiency of miR‑338‑3p on tumor inhibition, in vivo, 
a lung cancer model in KrasG12D mice was established, in which 

the cre‑advenovirus (AdCre) was administrated via nasal cavity 
KrasG12D mice (Fig. 5A). Lung cancer was developed within five 
weeks after AdCre treatment, H&E staining showed malignant 
cell hyperproliferation in the AdCre treated tissue (Fig. 5B). To 
test the efficiency of miR‑338‑3p in this primary lung cancer 
model, the in vivo miR‑338‑3p delivery system was applied 
via mPEG‑PLGA‑PLL‑LA nanoparticles. The result showed 
that following the continuous treatment of miR‑338‑3p for four 
weeks, the tumor weight on the 35th day after the primary 
tumor initiation was decreased in the miR‑338‑3p treated group 
compared with the control groups (Fig. 5C). To further evaluate 
the role of miR‑338‑3p on modulating AKT and β‑catenin 
signaling pathways, western blotting on the lung tissue in 
different treated group was performed. Phosphorylation of 
β‑catenin was analyzed to determine the underlying mecha-
nism of the upregulation of β‑catenin, and it was identified that 
β‑catenin (ser552) was the phosphorylation peptide. For this 
experiment, the total expression level of β‑catenin was assessed 
to evaluate the change of Wnt/β‑catenin. The result showed that 
both the AKT‑p and β‑catenin expression levels were reduced 
in the miR‑338‑3p treated group (Fig. 5D and E). Although the 
total AKT level was slightly decreased in the miR‑338‑3p treated 
group, the AKT‑p was significantly reduced, thus miR‑338‑3p 

Figure 4. AKT and β‑catenin signaling pathways serve crucial roles in miR‑338‑3p‑mediated inhibition of A549 cell invasion (A and B) Inhibition of AKT 
signaling with perifosine resulted in a significant reduction of the number of invasive cells. (C and D) Inhibition of β‑catenin signaling pathway with XAV939 
resulted in an extensive decrease in invasive A549 cells. (E and F) Increased activity of β‑catenin with BIO could rescue the inhibitory effect of miR‑338‑3p 
on A549 cell invasion. **P<0.01. Scale bar, 50 µm. Con, control; miR, microRNA; Peri, perifosine.
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may efficiently reduce AKT signaling; however, this requires 
further investigation. These data support that miR‑338‑3p is 
capable to suppress AKT and β‑catenin signaling pathway in 
lung cancer in vivo. Taken together, the present data indicate 
that miR‑338‑3p may inhibit A549 lung cancer cell prolifera-
tion and invasion by targeting AKT and β‑catenin signaling, 
in vitro and in vivo. 

Discussion

The most common clinical metastases are lung cancer (21). 
The recurrence and metastasis of lung cancer are complicated 
processes with multiple steps involving the degradation of 
tumor extracellular matrix, the enhancement of the invasive 
ability of tumor cells, tumor neovascularization and other cell 
biological behaviors. Some contributors to these processes 
include changes in gene expression and associated gene 
regulation, molecular signal pathway abnormalities (22,23). 

A previous study has shown that EMT is associated with 
tumor invasion, tumor metastasis and drug resistance (24). 
Therefore, a novel tumor treatment strategy target for EMT 
was established in a previous study (25). MicroRNAs serve 
a regulatory role in human gene expression, and abnormal 
tumor expression and microRNA regulation extensively affect 
the development of the tumor. Inhibition of EMT‑associated 
miRNAs in the tumor results in the abatement of tumor 
invasion and metastasis; however, promoting the expression 
of EMT‑associated miRNAs accelerate tumor development. 
Although a small number of miRNAs have been identified by 

biochemical or bioinformatics methods, more studies were 
needed to investigate the biological functions of them and to 
develop a systematic understanding of their roles in tumor 
development and metastasis. 

Accumulating data support Akt promote the growth and 
proliferation of tumor cells, inhibit cell apoptosis, increase 
hypoxia tolerance of cells via phosphorylating various down-
stream substrates (26,27). Invasion, metastasis, and promotion of 
resistance to chemotherapy and radiotherapy of cancer cells are 
linked with overexpression and activation of AKT in a variety 
of tumor tissues (28). p‑AKT occurs during AKT activation and 
AKT1 is one of the important subtypes of AKT, and its expres-
sion is also increased in human gastric cancer (29). Abnormal 
expression and activity of AKT1 are also found in breast cancer, 
serving an important role in its metastasis (30). The data of the 
present study indicated that miR‑338‑3p is capable to inhibit 
the metastasis of lung cancer cells, in vitro, in which the AKT 
signaling was a crucial mediator. Additionally, the data of the 
present study supported that β‑catenin acts downstream of 
AKT signaling, as inhibition of AKT signaling attenuates the 
β‑catenin expression level. And inhibition of both AKT and 
β‑catenin attenuated A549 cells invasion. Furthermore, in the 
present study it was also found that AKT and β‑catenin were 
downregulated in the miR‑338‑3p treated lung tumor. However, 
the mechanism underlying miR‑338‑3p modulating AKT and 
β‑catenin signaling in vivo still needs to be investigated. 

In conclusion, in the present study, miR‑338‑3p was 
validated as an inhibitor of lung cancer cell invasion via 
downregulation of AKT/β‑catenin signaling. However, the 

Figure 5. miR‑338‑3p inhibits lung cancer development in vivo. (A) Schematic of lung cancer model with nasal cavity treatment of cre‑advenovirus (AdCre) 
in KrasG12D mice. (B) H&E staining showing malignant cell hyperproliferation in AdCre treated tissue. (C) Tumor weights on the 35th day after the 
primary tumor initiation are decreased in the miR‑338‑3p treated group compared with the control groups *P<0.05, **P<0.01. (D) AKT‑p and total protein 
level of β‑catenin was reduced in the miR‑338‑3p treated group. (E) Quantification of the relative AKT‑p expression levels. Con, control; miR, microRNA; p, 
phosphorylated; WT, wild‑type. 
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regulatory role of miR‑338‑3p in other signaling pathways and 
their underlying mechanism requires further investigation.
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