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Abstract. The present study aimed to determine the effects 
of transforming growth factor (TGF)-β1 on disintegrin and 
metalloproteinase domain-containing protein 33 (ADAM33) 
expression in airway epithelial cells in order to investi-
gate the association between ADAM33 expression and 
TGF-β1-induced epithelial to mesenchymal transition (EMT), 
and to further explore the mechanisms underlying the role 
of ADAM33 in airway remodeling in asthma. The human 
bronchial epithelial cell line HBE was transfected with small 
interfering RNA targeting ADAM33 (siADAM33) and treated 
with different concentrations of TGF-β1 (10, 20 or 30 ng/ml), 
while untransfected cells were used as controls. At 72 h after 
treatment, cellular morphology and immunohistochemical 
staining were observed under a microscope. The protein and 
mRNA expression levels of ADAM33 and the EMT markers 
E-cadherin and vimentin were detected by western blot 
analysis and reverse-transcription quantitative polymerase 
chain reaction, respectively. In addition, a correlation analysis 
of ADAM33 expression and E-cadherin/vimentin expression 
was performed. A wound healing migration assay and a cell 
invasion assay were also performed. The results of the cellular 
morphology, migration and invasion studies suggested that 
TGF-β1 treatment induced typical EMT changes in HBE cells. 
In addition, treatment with various concentrations of TGF-β1 
significantly increased the protein and mRNA expression levels 

of ADAM33 and vimentin compared with those in untreated 
cells. TGF-β1 treatment also decreased the protein and 
mRNA expression levels of E-cadherin in a dose-dependent 
manner. By contrast, transfection with siADAM33 promoted 
the protein expression of E-cadherin and decreased the 
protein expression of vimentin. Furthermore, ADAM33 and 
E‑cadherin expression levels exhibited a significant negative 
correlation, whereas ADAM33 and vimentin were positively 
correlated. In conclusion, the results suggested that TGF-β1 
enhances ADAM33 expression in airway epithelial cells, and 
that ADAM33 induces the EMT of airway epithelial cells, thus 
participating in airway remodeling in asthma.

Introduction

Asthma is a heterogeneous disease that is influenced by a variety 
of factors, which may be hereditary or environmental. Asthma 
is often accompanied by airway remodeling (AR), which may 
cause difficulties in controlling the symptoms of asthma and 
seriously damage human health. The epithelial to mesenchymal 
transition (EMT) has been indicated to be associated with the 
process of AR (1-3). Following damage by allergens and other 
factors, cells may lose their epithelial characteristics, and may 
undergo morphological changes from regular oval-shaped 
epithelial cells to irregularly spindle-shaped stromal cells, 
lose epithelial cell protein markers (such as E-cadherin) and 
obtain interstitial cell protein markers, including vimentin and 
α-smooth muscle actin (α-SMA) (4). Transformed epithelial 
cells participate in the process of AR through cellular activi-
ties characteristic of their nascent myofibroblast phenotype (5). 
In vitro cell experiments have confirmed that EMT‑associated 
changes in airway epithelial cells are mainly regulated by trans-
forming growth factor (TGF)-β1 (6); however, this regulatory 
process is not only affected by the inflammatory response but 
also by the expression of a variety of genes in vivo.

Disintegrin and metalloproteinase domain-containing 
protein 33 (ADAM33), a susceptibility gene for asthma first 
identified in 2002, is expressed in fibroblasts, smooth muscle 
cells and other stromal cells in lung tissue, but is not expressed 
in epithelial cells or T lymphocytes (7). It has been indicated 
that the expression level of ADAM33 is inversely proportional 
to the percent forced expiratory volume in 1 sec, a measure 
that is proportional to the severity of asthma, suggesting that 
ADAM33 may be involved in the AR process of asthma; 
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however, the underlying mechanism has remained elusive (8). 
Therefore, the present study aimed to investigate the effects 
of TGF-β1 on ADAM33 expression in airway epithelial cells, 
to evaluate the association between ADAM33 expression and 
TGF-β1-induced EMT, and to further explore the mechanisms 
of ADAM33 in asthma-induced AR.

Materials and methods

Materials. The normal human bronchial epithelial cell line HBE 
was purchased from the American Type Culture Collection 
(Manassas, VA, USA). Dulbecco's modified Eagle's medium 
(DMEM), fetal calf serum (FCS) and penicillin-streptomycin 
were from Gibco (Thermo Fisher Scientific, Inc., Waltham, 
MA, USA). TGF-β1 was purchased from Peprotech Co. (Rocky 
Hill, NJ, USA). The primary antibodies against E-cadherin 
(cat. no. sc-71007), vimentin (cat. no. sc-73258), ADAM33 
(cat. no. sc-514055) and β-actin (cat. no. sc-47778) and goat 
anti-mouse IgG-horseradish peroxidase (cat. no. sc-2005), were 
purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, 
USA). TRIzol reagent and the reverse-transcription polymerase 
chain reaction (RT-PCR) detection kit (cat. no. 11746100) were 
from Invitrogen (Thermo Fisher Scientific, Inc.).

Cell culture and treatment. HBE cells were cultured in 
DMEM supplemented with 10% FCS in a humidified atmo-
sphere of 95% air and 5% CO2 in an incubator at 37˚C. Cells 
were passaged when they reached 90% confluence. When 
third-generation cells reached 80% confluence, the cells 
were synchronized with high-glucose DMEM containing 
1% FCS for 24 h. Subsequently, the cells were treated with 
various concentrations of TGF-β1 (0, 10, 20 or 30 ng/ml). 
After treatment for 72 h, the cells were used in the subse-
quent experiments. Cells were also transfected with small 
interfering (si)RNA targeting ADAM33 (siADAM33) in the 
experimental group, or nonsense siRNA (GenScript Biotech 
Corporation, Nanjing, China) in the negative control (NC) 
group, using Lipofectamine™ 2000 (Thermo Fisher Scientific, 
Inc.) following the manufacturer's protocol, and treated with 
various concentrations of TGF-β1 (0, 10, 20 and 30 ng/ml) for 
use in the western blot analysis. The sequences of the siRNAs 
used were as follows: siADAM33 forward, 5'‑GGA CUC UAC 
CGU UCA CCU ATT‑3' and reverse, 5'‑UAG GUG AAC GGU 
AGA GUC CTT‑3'; and nonsense siRNA forward, 5'‑UUC UCC 
GAA CGU GUC ACG UTT‑3' and reverse, 5'‑ACG UGA CAC 
GUU CGG AGA ATT‑3'.

Cell morphology observation. HBE cells were incubated 
with TGF-β1 for 72 h under standard cell culture conditions. 
Subsequently, the morphology of the cells was observed under 
a light microscope (magnification, x200; Olympus CKX41; 
Olympus, Tokyo, Japan).

Immunohistochemistry. HBE cells on coverslips were fixed 
with 4% paraformaldehyde for 15 min and permeabilized 
with 0.5% Triton X-100 for 20 min, prior to incubation with 
3% H2O2 for 15 min and blocking in bovine serum albumin 
(Biosharp, Hefei, China). The cells were then incubated with 
the primary antibody against E-cadherin (sc-71007; 1:500 dilu-
tion; Santa Cruz Biotechnology, Inc.) at room temperature for 

1 h, followed by detection with biotin-labeled secondary anti-
bodies (cat. no. sc-2040; 1:2,000; Santa Cruz Biotechnology, 
Inc.) at room temperature for 30 min and a streptavidin biotin 
complex kit (cat. no. GTX30965; GeneTex, Inc., Irvine, CA, 
USA) at 37˚C for 20 min. The coverslips were developed with 
diaminobenzidine for 15 min and counterstained with 1% 
hematoxylin at room temperature for 1 min. Finally, coverslips 
were mounted and observed under a microscope.

Western blot analysis. After treatment for 72 h, total protein 
from the cells was collected with radioimmunoprecipitation 
assay buffer. A bicinchoninic acid assay was performed to 
detect the protein concentration in the cell lysates. Protein 
samples (30 µg/lane) were separated by 10% SDS-PAGE and 
then transferred onto a polyvinylidene difluoride membrane 
(Merck KGaA, Darmstadt, Germany), which was blocked 
with 5% bovine serum albumin for 2 h at room temperature. 
Membranes were incubated with the primary antibodies 
(1:1,000 dilution) overnight at 4˚C, washed three times with 
Tris-buffered saline containing Tween 20 and then incubated 
with horseradish peroxidase-conjugated secondary antibodies 
(1:2,000 dilution) for 2 h at room temperature. The membranes 
were developed with an enhanced chemiluminescence 
kit (cat. no. P0018; Beyotime Institute of Biotechnology, 
Haimen, China) according to the manufacturer's protocol. 
The Tanon-5200 (Tanon Science and Technology Co., Ltd., 
Shanghai, China) automatic chemiluminescence image anal-
ysis system was used for gray scale scanning and quantitative 
analysis. β-actin was used as the internal control.

RT‑qPCR analysis. Total RNA was isolated with TRIzol regent 
according to the manufacturer's instructions. Complementary 
(c)DNA was generated using the RT-PCR detection kit 
following the manufacturer's protocol, and real‑time PCR was 
then performed to amplify the synthesized cDNA using the 
SYBR Green qPCR Mix (Beyotime Institute of Biotechnology) 
following the manufacturer's protocol. GAPDH was used 

Table I. Primer sequences for polymerase chain reaction.

Gene/direction Sequences (5'-3')

ADAM33 
  Forward TGCCTAGAGGCCGAGGAG 
  Reverse CCAGAGCAGCAGCAGTAGTAG 
E-cadherin 
  Forward GCCCCGCCTTATGATTCTCTGC 
  Reverse CTCGCCGCCTCCGTACATGTC
Vimentin 
  Forward CTCTTCCAAACTTTTCCTCCC
  Reverse AGTTTCGTTGATAACCTGTCC
GAPDH 
  Forward 5'CCACATCGCTCAGACACCAT
  Reverse 5'ACGGTGCCATGGAATTTGCC

ADAM33, disintegrin and metalloproteinase domain-containing 
protein 33.
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as the internal control. The amplification conditions were 
as follows: Initial activation at 95˚C for 5 min, followed by 
40 amplification cycles of denaturation at 95˚C for 30 sec, 
annealing at 56˚C for 45 sec and extension at 72˚C for 30 sec. 
The primer sequences used in the real-time PCR analysis are 
listed in Table I. The expression levels of the target genes were 
analyzed using the 2-ΔΔCq method (9).

Wound healing assay. HBE cells were seeded in 6-well plates 
at a density of 5x104/well and cultured for 24 h, after which a 
straight scratch wound was made across the cell monolayer 
using a 200-µl pipette tip. Wells were washed with PBS and 
serum-free DMEM was applied to the cells. Images were 
captured after 48 h.

Cell invasion assay. The invasion potential of HBE cells 
was assessed using a Transwell assay. The Transwell inserts 
(Corning Incorporated, Corning, NY, USA) were pre-coated 
with Matrigel. Cells (5x104) in serum-free medium were 
seeded into the upper chamber, while medium containing 10% 
FBS was added to the lower chamber. After incubation for 
48 h at 37˚C, cells that had invaded to the lower chamber were 
stained with crystal violet at room temperature for 30 min and 
observed under a microscope.

Statistical analysis. SPSS 16.0 statistical software (SPSS, 
Inc., Chicago, IL, USA) was used for all statistical analyses. 
Values are expressed as the mean ± standard deviation and a 
Shapiro-Wilk normal distribution test and a Levene variance 
homogeneity test were performed. Analysis of variance was 
used for comparisons between multiple groups. A Student 
Newman Keuls t‑test was used to compare the differences 

between two groups. Pearson's linear correlation analysis was 
used to analyze different indexes. P<0.05 was considered to 
indicate a statistically significant difference.

Results

Effect of TGF‑β1 on HBE cell morphology. Following 
stimulation with different concentrations of TGF-β1, HBE 
cell morphology exhibited changes characteristic for EMT: 
Cell clusters were scattered with increased numbers of free 
cells, and cells exhibited a spindle-shaped, fibroblast-like 
morphology. With increasing TGF-β1 concentration, the 
cell morphology changes became more obvious, such that 
the percentage of cells exhibiting the fibroblast-like form 
was highest when the TGF-β1 concentration was 30 ng/ml. 
By contrast, the cells in the control group still displayed an 
oval-shaped, epithelial morphology (Fig. 1A).

Effect of TGF‑β1 on the protein expression of ADAM33, 
E‑cadherin and vimentin in HBE cells. Immunohistochemical 
analysis indicated that TGF-β1 inhibited E-cadherin protein 
expression in a dose-dependent manner (Fig. 1B) and 
siADAM33 relieved this inhibition (Fig. 1C). Following 
treatment with various concentrations of TGF-β1 (10, 20 or 
30 ng/ml), the protein expression levels of ADAM33 were 
significantly increased in the HBE cells, which suggested 
that TGF-β1 promoted the expression of ADAM33 in 
HBE cells (Fig. 2A and B). In addition, TGF-β1 inhibited 
E-cadherin protein expression in a dose-dependent manner 
(Fig. 2A and C), whereas the protein expression of vimentin 
was significantly increased in HBE cells after stimulation with 
various concentrations of TGF-β1 (Fig. 2A and D).

Figure 1. Effects of TGF-β1 on the HBE human bronchial epithelial cell line. Cells were treated with various concentrations of TGF-β1 (10, 20 or 30 ng/ml). 
(A) Effect of TGF-β1 on HBE cell morphology. Magnification, x200. (B) Immunohistochemical analysis indicated inhibition of E‑cadherin expression in 
HBE cells treated with TGF-β1. Magnification, x100. (C) Immunohistochemical analysis indicated the effects of siADAM33 on E‑cadherin expression in 
TGF-β1‑treated HBE cells. Magnification, x100. Con, control; TGF, transforming growth factor; NC, negative control; siADAM33, small interfering RNA 
targeting disintegrin and metalloproteinase domain-containing protein 33.
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Figure 2. Effect of TGF-β1 on the protein expression of ADAM33, E-cadherin and vimentin in the HBE human bronchial epithelial cell line. (A-D) Cells 
were treated with various concentrations of TGF-β1 (10, 20 or 30 ng/ml). (A) Representative western blot image. Protein expression levels of (B) ADAM33, 
(C) E-cadherin and (D) vimentin. (E-G) Cells were transfected with siADAM33 and treated with various concentrations of TGF-β1 (10, 20 or 30 ng/ml). 
(E) Representative western blot image. Protein expression levels of (F) ADAM33, (G) E-cadherin and (H) vimentin. *P<0.05, **P<0.01 vs. the control group; 
#P<0.05, ##P<0.01 vs. the siADAM33 group. Con, control; TGF, transforming growth factor; NC, negative control; siADAM33, small interfering RNA targeting 
disintegrin and metalloproteinase domain-containing protein 33.
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After transfection of siADAM33 into HBE cells, the 
protein expression levels of ADAM33 were significantly 
decreased compared with the NC group (Fig. 2E and F). As 
presented in Fig. 2E, G and H, siADAM33 promoted the 
expression of E-cadherin and repressed the expression of 
vimentin compared with the siADAM33 group. These results 
indicated that the stimulation of the EMT process by TGF-β1 
may be mediated by ADAM33.

Effect of TGF‑β1 on the mRNA expression of ADAM33, 
E‑cadherin and vimentin in HBE cells. As presented in Fig. 3, 
compared with the control group, the mRNA expression levels 
of ADAM33 and vimentin were significantly increased in 
HBE cells treated with various concentrations of TGF-β1 (10, 
20 or 30 ng/ml). Furthermore, TGF-β1 significantly inhibited 
E-cadherin mRNA expression in a dose-dependent manner.

Correlation analysis of ADAM33 expression with E‑cadherin 
and vimentin expression. As presented in Fig. 4, the results of 
the correlation analysis indicated a significant negative corre-
lation between ADAM33 protein expression and E-cadherin 
expression (R2=0.935, P<0.05), whereas there was a positive 
correlation between ADAM33 and vimentin expression 
(R2=0.425, P<0.05).

Effect of TGF‑β1 on the migration and invasion of HBE cells. 
As illustrated in Fig. 5A, compared with the control group, 

wound healing was promoted by TGF-β1 in a dose-dependent 
manner (10, 20 and 30 ng/ml). Furthermore, the results of 
the cell invasion assay indicated that the invasive ability of 
HBE cells was increased by TGF-β1 in a dose-dependent 
manner (10, 20 and 30 ng/ml; Fig. 5B). Following transfection 
of siADAM33 into HBE cells, wound healing and invasive 
ability were observed to be inhibited by siADAM33 compared 
with the NC group (Fig. 5C and D). These results indicate that 
the migration and invasion of HBE cells induced by TGF-β1 
may be mediated by ADAM33.

Discussion

The human ADAM33 gene, which is located on the short 
arm of chromosome 20 (20p13), is one of the most significant 
susceptibility genes in asthma. The full-length ADAM33 
gene is ~2,439 bp, comprising 22 exons and 21 introns, and 
is divided into eight domains: A signal peptide domain, a 
prodomain, a metalloproteinase domain, a disintegrin domain, 
a cysteine-containing domain, an epidermal growth factor 
domain, a transmembrane domain and a cytoplasmic domain. 
The metalloproteinase domain comprises a zinc finger 
structure sequence that encodes a protein with enzymatic 
activity responsible for cleaving peptides bound to proteins, 
and thereby exhibits proteolytic enzyme action. The presence 
of the growth factor domain suggests that ADAM33 may be 
associated with cell proliferation and differentiation (7). Due 

Figure 4. Correlation analysis of ADAM33, E-cadherin and vimentin expression. HBE cells were treated with 20 ng/ml TGF-β1 for 72 h. The expression of 
vimentin, E-cadherin and ADAM33 were subsequently correlated. ADAM33, disintegrin and metalloproteinase domain-containing protein 33.

Figure 3. Effect of TGF-β1 on the mRNA expression of (A) vimentin, (B) ADAM33 and (C) E-cadherin in the HBE human bronchial epithelial cell line. 
*P<0.05, **P<0.01 vs. the control group. ADAM33, disintegrin and metalloproteinase domain-containing protein 33; Con, control; TGF, transforming growth 
factor.
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to ADAM33 expression and its molecular structure, as well as 
functional characteristics in mesenchymal cells and epithelial 
cells in human lung tissue, it is thought that ADAM33 may be 
involved in the process of AR in chronic inflammatory airway 
disease, including asthma and chronic obstructive pulmonary 
disease (10,11).

A previous study revealed that the expression levels of 
ADAM33 were upregulated in the lung tissues of asthma 
patients (12). In another study, in situ hybridization and 
immunohistochemistry were used to determine the mRNA 

and protein expression levels of ADAM33 in human bronchial 
biopsy specimens, and the results indicated that ADAM33 
was significantly overexpressed in tissues from asthmatic 
patients compared with those from normal subjects (13). In 
addition, the expression levels of ADAM33 in human fibro-
blasts cultured in vitro were reported to be upregulated by 
interleukin-4 and -13 stimulation (14) and the same result was 
obtained in smooth muscle cells cultured in vitro, but not in 
cultured epithelial cells, endothelial cells or neutrophils (15). 
These studies suggested that the immune imbalance of 

Figure 5. Effect of TGF-β1 on the migration and invasion of the HBE human bronchial epithelial cell line. (A) Wound healing and (B) cell invasion assays were 
performed to assess cell migration and invasion. (C) Wound healing and (D) cell invasion assays were performed to assess cell migration and invasion following 
knockdown of ADAM33. Magnification, x100. *P<0.05, **P<0.01 vs. control group; #P<0.05, ##P<0.01 vs. the siADAM33 group. TGF, transforming growth 
factor; Con, control; NC, negative control; siADAM33, small interfering RNA targeting disintegrin and metalloproteinase domain-containing protein 33.
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T helper type I vs. type II cells in asthma may contribute to 
the expression of ADAM33 in interstitial cells. Foley et al (16) 
reported that the expression levels of ADAM33 in patients 
with severe and moderate asthma were significantly higher 
than those in patients with mild or controlled asthma, and that 
it was also significantly increased in epithelial, submucosal 
and smooth muscle cells. In summary, these studies indicated 
that ADAM33 expression was upregulated in airway epithelial 
and stromal cells, and that there were significant differences 
in ADAM33 expression according to the severity of asthma, 
suggesting that ADAM33 may be involved in the AR process.

The nature of the participation of ADAM33 in AR, and 
its associated mechanisms, have remained elusive. A previous 
study using a mouse model of asthma demonstrated that the 
expression levels of ADAM33 in airway smooth muscle cells 
were positively correlated with cytoskeletal protein prolifera-
tion, suggesting that ADAM33 may promote asthma-associated 
AR by promoting smooth muscle cell proliferation (17). In 
addition, in tissue culture, it was demonstrated that ADAM33 
was involved in the AR process though interacting with 
α-actin and other interstitial cell proteins (18). Furthermore, 
another study indicated that ADAM33 was activated and 
overexpressed in response to TGF-β2 stimulation in primary 
cultured airway fibroblasts (PBF), suggesting that ADAM33 
participates in asthma AR by promoting PBF activation (19).

Epithelial cells are the primary barrier against harmful 
environmental stimuli, including pollutants, harmful gases, 
allergens and pathogenic microorganisms. The process of 
injury-repair-reinjury of epithelial cells is the primary step 
in AR, and EMT is involved and has important roles in this 
process. It has been confirmed that epithelial cells participate 
in AR‑associated processes, such as subepithelial fibrosis, by 
undergoing EMT to transform into mesenchymal cells and 
subsequently serving the role of fibroblasts. TGF‑β1 is the only 
cytokine that has been demonstrated to independently induce 
EMT in airway epithelial cells (2,20-22). As a member of the 
growth factor family, TGF-β1 has a binding site specific for 
ADAM33. However, whether TGF-β1 has an effect on ADAM33 
expression in airway epithelial cells, as well as the association 
between ADAM33 expression and TGF-β1-induced EMT, have 
remained elusive. In the present study, HBE cells were stimu-
lated with TGF-β1 to observe its effect on ADAM33 expression, 
cell migration and invasion in airway epithelial cells, and the 
association between ADAM33 expression and TGF-β1-induced 
EMT-associated proteins, including E-cadherin, vimentin and 
α-SMA, was investigated. The results suggested that stimulation 
of HBE cells with various concentrations of TGF-β1 enhanced 
ADAM33 expression, indicating that TGF-β1 promoted the 
expression of ADAM33 in airway epithelial cells in vitro. The 
results of a correlation analysis revealed that TGF-β1 promoted 
the expression of ADAM33, which was negatively correlated 
with E-cadherin and positively correlated with vimentin, 
suggesting that the TGF-β1-induced upregulation of ADAM33 
is closely associated with the EMT process induced by TGF-β1, 
and that it is particularly strongly associated with the decrease 
of E-cadherin. In a loss-of-function experiment, ADAM33 was 
knocked down in order to further clarify the association between 
ADAM33 expression and EMT-associated proteins in airway 
epithelial cells stimulated by TGF-β1. The results of a western 
blot analysis indicated that siADAM33 promoted the expression 

of E-cadherin and repressed the expression of vimentin, and that 
TGF-β1 suppressed these changes. These results confirmed that 
the stimulation of the EMT process by TGF-β1 may be medi-
ated via ADAM33.
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