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Abstract. Mucin  13 (MUC13) is a glycoprotein that is 
expressed on the cell surface and participates in the tumori‑
genesis of multiple malignancies, including pancreatic cancer, 
colorectal cancer and renal cancer. However, to the best of 
our knowledge, the expression levels and function of MUC13 
in lung cancer progression have not yet been demonstrated. 
Therefore, the present study examined the expression pattern 
and regulatory role of MUC13 in lung cancer tumorigenesis. 
The results demonstrated that MUC13 was highly expressed 
in lung cancer tissues and cell lines compared with that in 
normal tissues and cell lines. Functionally, knockdown 
of MUC13 inhibited cell proliferation and enhanced the 
apoptosis of A549 and NCI‑H1650 lung cancer cells. 
Furthermore, silencing of MUC13 suppressed the migration 
and invasion of lung cancer cells. Additionally, a xenograft 
tumor model demonstrated that knockdown of MUC13 
delayed the development of the lung cancer xenograft and 
suppressed the expression of proliferation marker Ki‑67 in 
tumor tissues. Mechanistically, MUC13 activated the ERK 
signaling pathway by enhancing the phosphorylation of ERK, 
JNK and p38 in lung cancer tissues compared with that in 
normal tissues. Knockdown of MUC13 inhibited the phos‑
phorylation of ERK/JNK/p38 in A549 and NCI‑H1650 cells. 
Overall, these findings suggested that MUC13 could act as 
an oncogenic glycoprotein to accelerate the progression of 
lung cancer via abnormal activation of the ERK/JNK/p38 
signaling pathway and might serve as a therapeutic target for 
lung cancer treatment.

Introduction

Lung cancer is one of the most aggressive malignancies and the 
leading cause of cancer‑associated mortality worldwide (1,2). 
Lung cancer can be classified into two major histological 
groups: Small cell lung cancer and non‑small cell lung cancer. 
With the development of medical technologies in the past 
decades, therapeutic strategies, such as surgery, radiation 
therapy, chemotherapy and targeted therapy, have been greatly 
improved along with improvements of the outcome of patients 
with lung cancer (3). However, the prognosis of patients with 
lung cancer remains unsatisfactory, especially that in patients 
with metastasis, recurrence and drug resistance (4‑6). Therefore, 
an improved understanding of lung cancer might be beneficial 
for the improvement of diagnostic and therapeutic strategies.

Mucin 13 (MUC13) was first identified as a member of the 
transmembrane glycoprotein mucins and is expressed by epithe‑
lial and hematopoietic cells (7). MUC13 could protect against 
intestinal inflammation, and a deficiency in MUC13 might 
aggravate the development of severe acute colitis upon treatment 
with dextran sodium sulfate (8). Increasing evidence has demon‑
strated that dysregulated MUC13 expression is observed in 
various tumors, including gastric, ovarian, pancreatic and colon 
cancer (9‑12). In colorectal cancer, MUC13 could activate NF‑κB 
signaling and protect colorectal cancer cells from apoptosis (13). 
Additionally, MUC13 has been reported to promote the develop‑
ment of intrahepatic cholangiocarcinoma via activation of the 
EGFR/PI3K/AKT signaling pathway (14). Studies have revealed 
that MUC13 expression could be post‑transcriptionally regulated 
by microRNAs (miRs), such as miR‑145 and miR132‑3p (15,16). 
Serum MUC13 expression has been reported to be elevated 
in certain carcinomas, such as ovarian cancer and gastric 
cancer (9,17), and could be developed as a novel biomarker (18). 
However, to the best of our knowledge, the expression and func‑
tion of MUC13 in lung cancer remain unknown.

Therefore, to elucidate the function and mechanism of 
MUC13 in lung cancer, the expression pattern of MUC13 
was first investigated in lung cancer tissues and cell lines. 
Subsequently, MUC13 was silenced in lung cancer cell lines, 
followed by proliferation, apoptosis, migration and inva‑
sion analyses to determine the regulatory role of MUC13 
in lung cancer. Furthermore, a xenograft tumor model was 
applied to confirm the findings at the cell level. Based on 
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these investigations, the present study aimed to provide novel 
insights for the understanding of lung cancer, as well as under‑
lying therapeutic targets for the treatment of lung cancer.

Materials and methods

Patient specimens. Lung adenocarcinoma cancer tissues and 
adjacent normal tissues (1 cm from tumor margin) sections 
were collected from 20  patients (14  male and 6  female 
patients) aged 46.50±10.30 years (range, 28‑64 years) who 
underwent surgical resection at Gansu Provincial Hospital 
(Lanzhou, China) between May 2018 and April 2019. Patients 
were enrolled in the present study if they met the following 
criteria: i) Aged 18 years old; ii) pathology confirmed as lung 
adenocarcinoma; iii) presented with clear TNM stage (19) and 
detailed clinical information; and iv) had informed consent to 
participate this research. Patients were excluded if they met 
any of the following criteria: i) Complicated with other cancer; 
ii) congenital lung hypoplasia; iii) had infectious disease; or 
iv) other lung diseases. The clinical characteristics of the 
patients are summarized in Table I. The patient specimens were 
snap‑frozen and stored in liquid nitrogen (‑196˚C) until reverse 
transcription‑quantitative PCR (RT‑qPCR) and western blot‑
ting were performed. All patients provided written informed 
consent. The study was approved by the Institutional Ethical 
Review Board of Gansu Provincial Hospital (Lanzhou, China; 
approval no. GSRMYYLL‑2019‑95).

In silico analysis of MUC13 expression. In the present study, 
MUC13 expression in lung adenocarcinoma was analyzed using 
the starBase online tool (version 3.1; http://starbase.sysu.edu.
cn/panGeneDiffExp.php) based on 526 cancer samples and 
59 normal samples, which were downloaded from The Cancer 
Genome Atlas project via the Genomic Data Commons Data 
Portal (http://portal.gdc.cancer.gov/), and the expression values 
of genes from RNA‑seq data were scaled with log2(FPKM+0.01).

Cell culture. A total of four lung cancer cell lines (NCI‑H460, 
squamous carcinoma epithelial cells; H1703, squamous carci‑
noma epithelial cells; A549, adenocarcinoma epithelial cancer 
cells; and NCI‑H1650, adenocarcinoma epithelial cells) were 
obtained from The Cell Bank of Type Culture Collection of The 
Chinese Academy of Sciences. A control cell line [normal lung 
epithelial cells (NLECs), derived from normal human primary 
lobar epithelial cells] was purchased from the Shanghai Baiye 
Biotechnology Center, and human bronchial epithelial (HBE) 
cells were obtained from Procell Life Science & Technology 
Co., Ltd. Cells were cultured in DMEM (HyClone; Cytiva) 
supplemented with 10% fetal bovine serum (HyClone; Cytiva) 
and 1% penicillin‑streptomycin (Thermo Fisher Scientific, Inc.). 
Cells were maintained in a cell incubator at 37˚C with 5% CO2.

Transfection. The MUC13 short hairpin RNAs (shRNAs) and 
scramble shRNA plasmids cloned into pLKO.1 were purchased 
from Shanghai GenePharma Co., Ltd. Transfection (2 µg/well 
of a 6‑well plate) was performed in A549 or NCI‑H1650 cells 
using Lipofectamine®  3000 (Invitrogen; Thermo  Fisher 
Scientific, Inc.) according to the manufacturer's protocol. Cells 
were incubated at 37˚C for 48 h. At 48 h post‑transfection, 
cells were harvested for the following experiments.

RT‑qPCR. Total RNA was isolated from tissues samples or 
cultured NLECs, HBE, NCI‑H460, H1703, A549 and NCI‑1650 
cells using an AccuRef RNA isolation kit (AccuRef Scientific) 
and reverse‑transcribed into cDNA using the QuantiTect 
Reverse Transcription kit (Qiagen GmbH) according to the 
manufacturers' instructions. qPCR analysis was performed 
using SYBR master mix (Takara Bio, Inc.) on an ABI 7500 
instrument with the following conditions: 94˚C for 5 min, 
followed by 40 cycles of 94˚C for 10 sec, 58˚C for 30 sec, and 
72˚C for 10 sec. The relative gene expression was analyzed 
using the 2‑ΔΔCq  method  (20) with β‑actin as the internal 
control. The primer sequences used were: hsa‑MUC13 
forward, 5'‑CTGCGGATGACTGCCTCAATGG‑3' and 
hsa‑MUC13 reverse, 5'‑ATTGCTTGTGCTGTGCGTTGC‑3'; 
and hsa‑β‑actin forward, 5'‑CCTGTGGCATCCACGAA 
ACT‑3', and hsa‑β‑actin reverse, 5'‑GAAGCATTTGCGGTG 
GACGAT‑3'.

Western blotting. Total protein was extracted from tissues 
samples or cultured A549 and NCI‑1650 cells using RIPA 
lysis buffer (AccuRef Scientific) and quantified using the BCA 
method (Thermo Fisher Scientific, Inc.). After boiling with an 
equal volume of loading buffer, a total of 25 µg/lane for each 
sample was subjected to 12% SDS‑PAGE separation. Protein 
was transferred to a PVDF membrane (MilliporeSigma) and 
the membrane was blocked with 5% non‑fat milk (non‑phos‑
phorylation‑specific) or 5% BSA (phosphorylation‑specific; 
Sangon Biotech Co., Ltd.) at room temperature for 1  h. 
Subsequently, the membranes were incubated with primary 
antibodies overnight at 4˚C, followed by incubation with an 
HRP‑conjugated goat anti‑rabbit secondary antibody (dilution, 
1:10,000; cat. no. ab6721; Abcam) at room temperature for 1 h. 
The protein bands were visualized using an enhanced chemilu‑
minescence kit (Pierce; Thermo Fisher Scientific, Inc.). Using 
β‑actin as the internal control, protein bands were semi‑quanti‑
fied using ImageJ software (version 1.48; National Institutes of 
Health) and the relative expression of protein was determined 
and compared with other groups. The primary antibodies used 
in the present study were: MUC13 rabbit monoclonal antibody 
(mAb) (dilution, 1:1,000; cat. no. ab235450; Abcam), ERK 
rabbit mAb (dilution, 1:5,000; cat. no. ab184699; Abcam), 
phosphorylated  (p‑  ERK (ERK1 phospho  T202+ERK2 
phospho T185) rabbit mAb (dilution, 1:100; cat. no. ab214036; 
Abcam), JNK rabbit mAb (dilution, 1:1,000; cat. no. ab179461; 
Abcam), p‑JNK (phospho  T183+T183+T221) rabbit mAb 
(dilution, 1:1,000; cat. no. ab124956; Abcam), p38 rabbit mAb 
(dilution, 1:2,000; cat. no. ab170099; Abcam) and p‑p38 rabbit 
mAb (dilution, 1:1,000; cat. no. ab178867; Abcam).

Cell Counting Kit‑8 (CCK‑8) assay. For the CCK‑8 assay, 
A549 cells or NCI‑H1650 cells were seeded into 96‑well plates 
(2,000 cells/well). Subsequently, 10 µl CCK‑8 reagent (Dojindo 
Molecular Technologies, Inc.) was added to each well at 0, 24, 
48 and 72 h according to the manufacturer's protocol, and the 
cells were incubated for 2 h at 37˚C. Next, the absorbance of 
each well was measured at 450 nm using an ELX800 microplate 
reader (BioTek Instruments, Inc.) to evaluate the cell viability.

Colony formation assay. For the colony formation assay, 
A549 cells or NCI‑1650 cells were seeded into 6‑well plates at 
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a density of 500 cells/well and cultured for 14 days. Cell colo‑
nies were fixed with 100% methanol at room temperature for 
15 min and stained with 1% crystal violet in 20% methanol at 
room temperature for 30 min. Subsequently, the staining solu‑
tion was removed and cells were washed with slow running 
water, followed by natural drying and counting under a light 
microscope (Nicon Eclipase E600; Nikon Corporation).

Apoptosis assay. A549 cells or NCI‑1650 cells were washed 
with ice‑cold PBS in triplicate and suspended in 200 µl binding 
buffer at a concentration of 1.0x106 cells/ml. Subsequently, 
cells were stained with FITC‑Annexin  V/PI using a cell 
apoptosis detection kit (BD Biosciences) for 30 min in the 
dark according to the manufacturer's protocol. Subsequently, 
330 µl binding buffer was added to each sample and apop‑
tosis of cells was analyzed using a flow cytometer (CytoFlex; 
Beckman Coulter, Inc.). The apoptotic cells were defined as 
Annexin V‑positive and PI‑negative and data were analyzed 
using Kaluza Analysis Software v2 (Beckman Coulter, Inc.).

Wound healing assay. A549 cells or NCI‑1650 cells were 
seeded into 6‑well plates and cultured until they reached 
100% confluency. The monolayer of cells was scratched using 
a 200‑µl sterile pipette tip, and the culture was continued 
for another 48  h in serum‑free medium. Wound closure 
was imaged at 0 and 48 h using a light microscope (Nicon 
Eclipase E600; Nikon Corporation). The width of the wound 
was measured using ImageJ (version 1.48u; National Institutes 
of Health), and the relative wound width was calculated to 
indicate cell migration.

Transwell assay. A Transwell assay was performed to evaluate 
the migration and invasion of A549 cells or NCI‑1650 cells 
using a Transwell chamber with or without pre‑coated Matrigel 
(8‑µm pore size; Corning, Inc.). For pre‑coating, Matrigel was 
moved from ‑20˚C to 4˚C overnight and diluted with serum‑free 
DMEM (1:5) on ice with a pre‑cooled pipette. Subsequently, 
an equal volume of diluted Matrigel was added to the upper 
transwell chamber for coverage. After incubation at 37˚C for 
1 h, the coated chamber was rinsed with serum‑free DMEM 
to remove the uncombined Matrigel, followed by addition of 
50 µl serum‑free medium with 10 g/l BSA at 37˚C. A total of 
5x104 cells were suspended in serum‑free DMEM and seeded 
into the upper chamber. Subsequently, 500 µl DMEM supple‑
mented with 10% FBS was added to the lower chamber. After 
incubation at 37˚C for 48 h, the migrated or invaded cells were 
fixed with 4% formaldehyde at room temperature for 20 min, 
stained with 1% crystal violet at room temperature for 15 min, 
and counted under a light microscope (Nicon Eclipase E600; 
Nikon Corporation).

Xenograft tumor model. A total of 10 BALB/c male nude mice 
(age, 6 weeks; weight, 18‑20 g), were purchased from Shanghai 
SLAC Laboratory Animal Co., Ltd. and housed in a specific 
pathogen‑free room with a controlled humidity of 40‑60%, a 
temperature of 24‑26˚C, a 12/12 h light/dark cycle, and free 
access to food and water. After adaptation for 1 week, the 
xenograft tumor model was established by subcutaneously inoc‑
ulating A549 cells (5x106) stably transfected with sh‑MUC13 
or scrambled shRNA in PBS into the right flank of the mice 
(age, 7 weeks). Tumor growth was measured every 5 days. On 
day 25, the mice were euthanatized with CO2 exposure at a 
flow rate of 30% volume per minute, and death was confirmed 
by continued CO2 exposure for at least 15 min after breathing 
stopped. The xenograft tumors were dissected, weighed, and 
fixed with 4% formaldehyde at 4˚C for >24 h or stored at ‑80˚C. 
All animal experiments were performed according to the guide‑
lines of the Chinese Experimental Animal Administration 
Legislation and approved by the Institutional Animal Care 
and Use Committee of Gansu Provincial Hospital (Lanzhou, 
China; approval no. RMYYLAC202033‑2).

Immunohistochemistry (IHC) staining. Xenograft tumor tissues 
or patient tissue samples were washed twice with PBS and cut 
into pieces of the appropriate size (5 mm3). Subsequently, the 
tissues were fixed with 4% formaldehyde at 4˚C for 2 days 
and dehydrated using gradient ethanol. Next, the tissues were 
paraffin‑embedded at 60˚C overnight and cut into 5‑µm thick 
sections. The sections were then heated at 60˚C for 1 h, de‑waxed 
using xylene, and rehydrated with gradient alcohol solution (100, 
95, 80 and 70% for 2 min each at room temperature) followed by 
antigen retrieval in a microwave oven in boiled 0.01 M sodium 
citrate buffer (pH 6.0) three times for 3 min each with 5 min 
intervals. This was followed by the addition of 3% H2O2 to 
the sections for 10 min to block endogenous peroxidase, after 
which the sections were washed three times with PBS. Next, the 
sections were blocked with 5% goat serum (Beyotime Institute 
of Biotechnology) at room temperature for 1 h, followed by 
incubation overnight at 4˚C with anti‑Ki‑67 antibodies (dilution, 
1:200; cat. no. ab15580; Abcam). After washing with PBS three 
times, sections were then incubated with donkey anti‑rabbit 

Table I. Clinicopathological characteristics of patients (n=20).

Characteristics	 No. of patients

Age, years
  <60	 7
  ≥60	 13
Sex
  Male	 14
  Female	 6
TNM stage
  T
  T1‑2	 8
  T3	 9
  T4	 3
N
  N0	 10
  N1	 2
  N2	 4
  N3	 4
M
  M0	 18
  M1a	 2

T, primary tumor; N, regional lymph nodes; M, distant metastasis.
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secondary antibody (1:500; cat. no. ab207999; Abcam) the 
next day at room temperature for 45 min. Biotin‑labeled HRP 
was added to the tissue sections and the staining was visualized 
using a DAB Substrate Kit (cat. no. ab64238; Abcam). Following 
this, sections were counterstained with hematoxylin for nuclei 
staining at room temperature for 5‑10 min. Then, slices were 
washed with running water, dehydrated with ethanol, hyalin‑
ized by xylene, mounted with neutral resins (cat. no. E675007; 
Sangon Biotech Co., Ltd.) and analyzed under a light micro‑
scope (Nicon Eclipase E600; Nikon Corporation). To evaluate 
MUC13 as a transmembrane glycoprotein, the MUC13‑positive 
area was calculated for three different fields and its expression 
was recorded as a percentage of the total area of the field using 
ImageJ software (version 1.48u; National Institutes of Health). 
To detect Ki‑67 in the nucleus, the number of Ki‑67‑positive 
cells was calculated for three different fields and the number of 
positive cells per field was recorded for analysis.

Statistical analysis. Results are presented as the mean ± SD of at 
least three experiments. The statistical analysis was conducted 

using GraphPad Prism (V6; GraphPad Software,  Inc.). 
Student's paired t‑test was used for comparisons between 
clinical samples and unpaired Student's t‑test was performed 
for comparisons between two groups of cell samples. One‑way 
ANOVA followed by Tukey's post  hoc test was used for 
comparisons among multiple groups. P<0.05 was considered 
to indicate a statistically significant difference.

Results

MUC13 is highly expressed in lung cancer. Previous studies 
have demonstrated that MUC13 is abnormally expressed in 
multiple malignancies (9‑12). In the present study, the expres‑
sion levels of MUC13 were first analyzed in lung tumor tissues 
and adjacent normal tissues. RT‑qPCR demonstrated that 
the expression levels of MUC13 in lung tumor tissues were 
significantly higher than those in the adjacent normal tissues 
(Fig. 1A). Western blotting also demonstrated that MUC13 
protein expression was increased in lung tumor tissues 
compared with that in adjacent normal tissues (Fig.  1B). 

Figure 1. MUC13 expression is increased in lung cancer. (A) mRNA expression levels of MUC13 in lung tumor tissues and adjacent normal tissues were 
analyzed by RT‑qPCR. (B) Paired lung cancer and normal control tissues were analyzed by western blotting and a representative example is presented in this 
figure. (C) Immunohistochemical staining was performed to examine MUC13 expression in lung tumor and adjacent normal control tissues. Scale bar, 100 µm. 
(D) Expression levels of MUC13 in 526 cancer and 59 normal samples in lung adenocarcinoma were analyzed using StarBase datasets. (E) mRNA expression 
levels of MUC13 in lung cancer cell lines (NCI‑H460, H1703, A549 and NCI‑H1650), control cells (NLECs) and HBEs were analyzed by RT‑qPCR (n=3). 
**P<0.01. FPKM, fragments per kilo base per million mapped reads; HBEs, human bronchial epithelial cells; LUAD, lung adenocarcinoma; MUC13, mucin 13; 
NLECs, normal lung epithelial cells; RT‑qPCR, reverse transcription‑quantitative PCR.
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Furthermore, IHC analysis revealed that MUC13 expression 
was upregulated in lung tumor tissues compared with that 
in adjacent normal tissues (Fig. 1C). MUC13 expression was 
also analyzed and compared between 526 cancer samples and 
59 normal samples derived from patients with lung adeno‑
carcinoma using StarBase datasets. Consistently, the results 
demonstrated that MUC13 expression was significantly upreg‑
ulated in lung cancer samples (Fig. 1D). Furthermore, MUC13 
expression was markedly higher in lung cancer cell lines than 
in control NLECs; however, but no significant difference was 
identified between NLECs and HBE cells (Fig. 1E). These 
findings suggested that the expression levels of MUC13 were 
abnormally upregulated in lung cancer.

Knockdown of MUC13 inhibits proliferation and promotes 
apoptosis of lung cancer cells. To investigate the function 
of MUC13 in lung cancer development, MUC13 expression 
was silenced in A549 or NCI‑H1650 cells using the shRNA 
method. Both RT‑qPCR and western blotting demonstrated 
that MUC13 shRNA‑1 and shRNA‑2 could only slightly 
suppress MUC13 expression in NCI‑1650 cells but exerted 
no obvious influence on MUC13 expression in A549 cells, 

whereas MUC13 shRNA‑3 could significantly suppress 
MUC13 expression compared with that in the scramble group 
in both A549 and NCI‑H1650 cells (Fig. 2A and B). Therefore, 
the most efficient shRNA (MUC13 shRNA‑3) was used for 
subsequent experiments. The results of CCK‑8 and colony 
formation assays demonstrated that knockdown of MUC13 
inhibited the proliferation and colony formation of A549 and 
NCI‑H1650 cells (Fig. 2C and D). Furthermore, Annexin V/PI 
double‑staining revealed that silencing of MUC13 expres‑
sion could significantly increase the apoptosis of A549 and 
NCI‑H1650 cells (Fig. 2E). These results demonstrated that 
inhibiting MUC13 expression could significantly suppress the 
proliferation and promote the apoptosis of lung cancer cells.

Knockdown of MUC13 suppresses the migration and invasion 
of lung cancer cells. The effect of MUC13 on the migration 
and invasion of lung cancer cells was also determined. The 
results of a wound‑healing assay revealed that knockdown of 
MUC13 significantly suppressed the wound width reduction 
of A549 and NCI‑H1650 cells compared with the scramble 
group at 48 h (Fig. 3A). Consistently, the Transwell assays 
also revealed that knockdown of MUC13 decreased the 

Figure 2. Knockdown of MUC13 inhibits cell proliferation and promotes the apoptosis of lung cancer cells. (A and B) A549 or NCI‑H1650 cells were 
transfected with scramble control or shRNA targeting MUC13. (A) mRNA and (B) protein expression levels of MUC13 were analyzed 48 h later by reverse 
transcription‑quantitative PCR and western blotting. (C‑E) A549 or NCI‑H1650 cells were transfected with scramble control or MUC13 shRNA‑3. (C) Cell 
proliferation was analyzed using a Cell Counting Kit‑8 assay. (D) Colony numbers were evaluated using a colony formation assay. (E) Cell apoptosis was 
analyzed using Annexin V/PI double staining. n=3. *P<0.05, **P<0.01. MUC13, mucin 13; shRNA, short hairpin RNA.
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migration and invasion of lung cancer cells (Fig. 3B and C). 
This suggested that silencing MUC13 could markedly inhibit 
the migration and invasion of lung cancer cells.

Knockdown of MUC13 inhibits xenograft lung tumor develop‑
ment in vivo. To further explore the function of MUC13 in lung 
cancer development, a xenograft tumor model was established 
by subcutaneous injection of A549 cells with stable knock‑
down of MUC13 or injection of control cells. Silencing of 
MUC13 expression significantly delayed the increase of tumor 
volume in vivo compared with the scramble group (Fig. 4A). 
The weights of tumors collected from the MUC13‑knockdown 
group were lower than those from the control group (Fig. 4B). 
Furthermore, IHC staining of the proliferation marker Ki‑67 
demonstrated that knockdown of MUC13 inhibited the prolif‑
eration of lung cancer cells in vivo, as indicated by lower Ki‑67 
expression (Fig.  4C). Overall, these results indicated that 
knockdown of MUC13 could markedly inhibit the growth of 
xenograft lung tumors.

MUC13 promotes lung cancer development via regulation of 
ERK signaling. To further examine the mechanism of MUC13 
regulation in lung cancer, ERK, an underlying signaling 
pathway of MUC13 (14), was evaluated in the present study. 

Compared with those in the adjacent control tissues, the phos‑
phorylation levels of ERK, JNK and p38 in the lung cancer 
tissues were significantly increased (Fig. 5A). By contrast, 
knockdown of MUC13 in A549 and NCI‑H1650 cells markedly 
decreased the levels of p‑ERK, p‑JNK and p‑p38 (Fig. 5B). 
Overall, these findings suggested that MUC13 might promote 
lung cancer development via regulation of ERK signaling.

Discussion

The oncogenic role of MUC13 in regulating cancer cell prolif‑
eration, apoptosis, migration and invasion has been reported in 
various malignancies, including pancreatic cancer and intra‑
ductal papillary mucinous neoplasms (21,22). However, its role 
in lung cancer remains unknown. The results of the present 
study demonstrated that MUC13 expression was upregulated 
in lung cancer cells and that knockdown of MUC13 suppressed 
lung cancer cell proliferation, migration and invasion, which 
may further help elucidate the mechanism of lung cancer 
development.

Upregulation of MUC13 expression has been identified in 
pancreatic cancer, and MUC13 could enhance cell motility 
and proliferation via activation of p21‑activated kinase 1 and 
ERK signaling (11). In colon cancer cells, upregulated MUC13 

Figure 3. Knockdown of MUC13 suppresses the migration and invasion of lung cancer cells. A549 or NCI‑H1650 cells were transfected with scramble control 
or MUC13 shRNA. (A) Wound healing assays were performed to evaluate cell migration. Scale bar, 200 µm. Transwell assays were performed to evaluate cell 
(B) migration and (C) invasion. Scale bar, 200 µm. n=3. *P<0.05. MUC13, mucin 13; shRNA, short hairpin RNA.
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expression has been reported to enhance the tumorigenic 
features of colon cancer cells and to increase the phosphory‑
lation of HER2 and ERK (12). Similarly, the present study 

revealed that lung cancer cells exhibited enhanced phosphory‑
lation of ERK, JNK and p38, whereas knockdown of MUC13 
significantly suppressed the phosphorylation of ERK, JNK 

Figure 4. Knockdown of MUC13 inhibits xenograft lung tumor development in vivo. A549 cells were stably transfected with MUC13 shRNA or scramble con‑
trol and then subcutaneously injected into nude mice. (A) Tumor growth was monitored and xenograft tumors from different groups were imaged. (B) Tumor 
weights were analyzed. (C) Immunohistochemical staining was performed to examine Ki‑67 expression in tumor tissue sections. Scale bar, 100 µm. n=5. 
*P<0.05. MUC13, mucin 13; shRNA, short hairpin RNA.

Figure 5. MUC13 promotes lung cancer development via regulation of ERK signaling. (A) Western blotting was performed to analyze the levels of p‑ERK/ERK, 
p‑JNK/JNK and p‑p38/p38 in lung tumor tissues and adjacent normal tissues. (B) A549 or NCI‑H1650 cells were transfected with scramble control or MUC13 
shRNA. The levels of p‑ERK/ERK, p‑JNK/JNK and p‑p38/p38 were analyzed by western blotting. n=5. *P<0.05. MUC13, mucin 13; p‑, phosphorylated; 
shRNA, short hairpin RNA.
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and p38 in lung cancer cells. Additionally, Sheng et al (23) 
demonstrated that MUC13 promotes renal cell carcinoma 
progression and drug resistance by inducing the cell cycle 
regulator cyclin  D1, and that it inhibits cell apoptosis by 
inducing Bcl‑XL and survivin expression. Whether MUC13 
regulates the cell cycle in lung cancer cells requires further 
investigation.

Since MUC13 functions as an oncogenic glycoprotein 
in multiple malignancies, including hepatocellular carci‑
noma, colorectal cancer and esophageal squamous cell 
carcinoma (24‑26), it is of significant interest to explore the 
regulation of MUC13 in tumors. A chromatin immunopre‑
cipitation assay has demonstrated that the transcription factor 
upstream transcription factor 1 could bind to the promoter 
region of MUC13 and enhance MUC13 expression in glio‑
blastoma (27). Additionally, the expression levels of MUC13 
are regulated post‑transcriptionally by miR‑145 in pancreatic 
cancer and colorectal cancer (15). In another study, the inhibi‑
tion of miR‑132‑3p led to elevated expression levels of MUC13 
and enhanced gastric cancer cell proliferation (16). However, 
the mechanism by which MUC13 expression is regulated in 
lung cancer development requires further investigation. A 
previous study demonstrated that patients with high MUC13 
expression in the cytoplasm and nucleus presented with a larger 
colon tumor size and poorly differentiated grade compared 
with the patients with only membrane localization (28). In 
addition, MUC13 is upregulated and co‑localized with para‑
sites during hepatic infection, and could be a hallmark of 
Plasmodium exoerythrocytic infection (29). Considering these 
aforementioned results (24‑28), it is of significance to detect 
the subcellular location and downstream target of MUC13 in 
subsequent investigations to further clarify the mechanism of 
MUC13 in lung cancer.

In conclusion, MUC13 functions as an oncogenic glyco‑
protein mucin in the development of lung cancer via activation 
of downstream ERK/JNK/p38 signaling. The results of the 
present study suggested that MUC13 served a vital role in the 
progression of lung cancer. It is important to further elucidate 
the function and mechanism of MUC13 in lung cancer, and this 
may provide novel insights for improving the understanding 
and treatment of the disease.
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