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Abstract: Cell proliferation, transformation, and epithelial-mesenchymal transition (EMT) are key processes involved 
in the development of idiopathic pulmonary fibrosis (IPF). This study investigated the regulatory factors and signal-
ing pathways that mediate EMT in the human type II alveolar epithelial A549 cell line. A549 cells were cultured in 
RPMI-1640 medium and allocated to the following four groups: blank control group or treated with transforming 
growth factor-β1 (TGF-β1), TGF-β1 + PD 150606 (a calpain 1 inhibitor), or PD 150606. We examined E-cadherin 
(E-cad), α-smooth muscle actin (α-SMA), and calpain 1 mRNA transcript and protein expression levels in these four 
groups by performing RT-PCR and western blot analyses. The results indicated that TGF-β1 treatment significantly 
downregulated E-cad and upregulated α-SMA expression compared with that of the blank control group (P<0.05). 
TGF-β1 also enhanced calpain 1 expression compared with that of the blank control group (P<0.05). By contrast, 
treatment with the calpain 1 inhibitor PD 150606 increased E-cad expression and decreased α-SMA expression. 
Furthermore, PD 150606 treatment antagonized TGF-β1-mediated increase in Akt/phospho-Akt in A549 epithelial 
cells. However, TGF-β1-induced ETM was not correlated with the ERK and JNK signaling pathways. These combined 
results indicate that calpain 1 could regulate EMT in TGF-β1-treated A549 epithelial cells via the PI3K/Akt signaling 
pathway.
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Introduction

Idiopathic pulmonary fibrosis (IPF) is a progres-
sive, incurable, and fatal interstitial lung dis-
ease with unknown etiology [1, 2]. The occur-
rence of IPF is increasing, and life expectancy is 
poorer than that of some cancers [3, 4]. 
Currently, there are no pharmaceuticals or ther-
apies that prevent IPF progression, and life 
expectancy is 2.5-3.5 years after diagnosis [5]. 
IPF also carries a burden of morbidity and poor 
quality of life [6]. IPF pathology causes incre- 
ased deposition of extracellular matrix (ECM) 
and triggers the formation of fibro-proliferative 
foci [7]. IPF causes some cell types to transdif-
ferentiate into activated myofibroblasts, which 
secrete large amounts of ECM that accumu-
lates in lung tissues and ultimately destroys 
alveolar structure [8]. Therefore, cell prolifera-
tion and transformation are the key processes 

underlying IPF [9]. Lung epithelial cells can 
transdifferentiate into myofibroblasts when 
they acquire the mesenchymal phenotype via 
epithelial-mesenchymal transition (EMT) [10, 
11].

Many factors induce EMT, including transform-
ing growth factor-β1 (TGF-β1), epithelial growth 
factor (EGF), insulin-like growth factor (IGF), and 
interleukin-17 (IL-17) [12]. TGF-β1 is an impor-
tant factor that induces EMT under both patho-
logical and physiological conditions by trigger-
ing EMT regulators such as hypoxia-inducible 
factor-1 (HIF-1), Snail, zinc finger E-box binding 
homeobox 1 (ZEB1), and Twist [13]. 

EMT is always accompanied by downregulation 
of epithelial cell markers, such as E-cadherin 
(E-cad), and upregulation of mesenchymal cell 
markers such as α-smooth muscle actin (α- 
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SMA) [14, 15]. Calpain 1 is a non-lysosomal 
cysteine protease that is selectively triggered in 
response to changes in calcium levels. Calpain 
1 regulates cellular functions such as cell trans-
differentiation, cytoskeletal remodeling, apop-
tosis, and cell cycle progression [16-18]. 
Therefore, we hypothesized that calpain 1 may 
participate in EMT in lung epithelial cells.

In this study, we treated A549 cells (human 
lung epithelial cells) with TGF-β1 and/or the cal-
pain 1 inhibitor PD 150606 (a calpastatin ana-
log), and analyzed changes in E-cad and α-SMA 
expression. We show that calpain 1 regulates 
EMT in TGF-β1-treated A549 epithelial cells via 
the PI3K/Akt signaling pathway.

Materials and methods

Cell culture

The human type II alveolar epithelial cell line, 
A549, was obtained from the Scientific 
Research Department of Wuhan University, 
Wuhan, China. A549 cells were cultured in 
RPMI-1640 medium supplemented with 10% 
(w/v) fetal bovine serum (FBS, HyClone, Logan, 
UT, USA), 100 mg/l streptomycin, and 100 U/ml 
penicillin in a humidified 5% CO2 atmosphere at 
37°C.

Cell treatment and trial grouping

Cell cultures were adjusted to a density of 
10×106 cells/ml using RMPI-1640 containing 
10% (w/v) FBS, and then seeded into 6-well 
plates (100 μl per well). The cells were allocat-
ed into four groups: blank control group (only 
RMPI-1640 medium was added), TGF-β1 treat-
ment group (5 ng/ml TGF-β1), TGF-β1 + calpain 

1 inhibitor (PD 150606) treatment group (5  
ng/ml TGF-β1 and 20 μg/ml PD 150606), and 
calpain 1 inhibitor treatment group (20 μg/ml 
PD 150606). TGF-β1 was purchased from 
Peprotech (Rocky Hill, NJ, USA). The calpain 1 
inhibitor PD 150606 was purchased from 
Abcam (catalog no. ab141464; UK).

Total RNA isolation, cDNA synthesis, and RT-
PCR analysis

Total RNA of A549 cells was extracted using  
the TRIzol total RNA extraction kit (catalog no. 
DP405; Tiangen, Beijing, China) according to 
the manufacturer’s instructions. The cDNA was 
synthesized using the miRcute miRNA cDNA 
first chain synthesis kit (catalog no. KR201; 
Tiangen) according to the manufacturer’s 
instructions. The mRNA of calpain-1, E-cad, and 
α-SMA were obtained. Gene expression was 
evaluated by RT-PCR (amplification conditions 
were as follows: 97°C for 2 min; 35 cycles of 
97°C for 5 s and 55°C for 30 s) using the 
PrimeScript One-step RT-PCR kit ver. 2 (catalog 
No. RR055A; Takara Bio., Dalian, China). The 
primer sequences used for RT-PCR are listed in 
Table 1. The amplified DNA was analyzed on 
1.5% agarose gels, and the images were digi-
tally captured with a CCD camera. The results 
were analyzed using a gel imaging analyzer, NIH 
Imager beta version 2.0.

Western blot analysis

A549 cells were harvested and lysed in RIPA 
lysis buffer. The lysate was centrifuged at 
12,000× g for 5 min at 4°C. The protein con-
centration was determined using the BCA assay 
kit (Pierce, Rockford, IL, USA). Equal amounts 
of proteins were loaded and separated by SDS-
PAGE according to standard protocols and the 
manufacturer’s instructions (Tiangen). Subse- 
quently, the proteins were transferred to a 
PVDF membrane (Millipore, Bedford, MA, USA) 
for 2 h at 4°C. The membranes were blocked 
with 5% non-fat milk in phosphate buffer saline 
containing Tween 20 (PBST) and washed three 
times with PBST (5 min per wash). Then, the 
membranes were incubated overnight at 4°C 
with one of the following antibodies in PBST: 
rabbit anti-E-cad monoclonal antibody (catalog 
no. ab40772; 1:2000, Abcam), rabbit anti-cal-
pain 1 polyclonal antibody (catalog no. 
ab28257; 1:2000, Abcam), or mouse anti-α-
SMA monoclonal antibody (catalog no. sc-716- 

Table 1. Primer sequences used for gene ampli-
fication

Genes Primer sequence Length 
(bp)

α-SMA Forward: TCATGGTCGGTATGGGTCAG 258
Reverse: CGTTGTAGAAGGTGTGGTGC

Calpain-1 Forward: TGTCGGAGGAGATCATCACG 237
Reverse: TCTTGGAGGAATTGGGACCC

E-cad Forward: CGTAGCAGTGACGAATGTGG 175
Reverse: CTGGGCAGTGTAGGATGTGA

GAPDH Forward: AGAAGGCTGGGGCTCATTTG 150
Reverse: AGGGGCCATCCACAGTCTTC
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26; 1:4000, Santa Cruz, CA, USA). Subsequ- 
ently, the membranes were washed three times 
with PBST (5 min per wash), and incubated for 
2 h at room temperature with horseradish per-
oxidase-conjugated goat anti-mouse (catalog 
no. BA1051; 1:2000, Boster, Inc., Wuhan, 
China) or horseradish peroxidase-conjugated 
goat anti-rabbit (catalog no. BA1054; 1:2000, 
Boster, Inc., Wuhan, China). The membranes 
were examined for antibody binding using the 
western electrochemiluminescence (ECL) kit 
(catalog no. 32106; Pierce). Band intensities 
were detected and quantified using the Alpha- 
EaseFC image analyzer system (Alpha Innotech, 
Inc., CA, USA). Relative protein expression was 
normalized with respect to that of GAPDH (ratio 
of OD values of proteins and GAPDH).

Statistical analysis

All analyses were performed using SPSS 17.0 
software (IBM). Multiple comparisons were an- 

alyzed with analysis of variance (ANOVA). 
Pairwise comparisons between means of two 
groups were analyzed with Student’s t-test. 
Data are reported as the means ± SD (standard 
deviation). All experiments were performed 
independently and repeated at least three 
times. A P value less than 0.05 was considered 
statistically significant.

Results

TGF-β1 downregulates E-cad expression

Cells were treated with TGF-β1 to induce EMT, 
and mRNA transcript and protein expression 
levels of E-cad were examined by RT-PCR and 
western blotting, respectively. The results indi-
cated that TGF-β1 treatment significantly 
reduced E-cad mRNA expression compared 
with that of the blank control group (Figure 1A, 
P<0.01). TGF-β1 treatment also reduced E-cad 

Figure 1. Analysis of E-cadherin mRNA transcript and protein expression levels in human lung epithelial cells. A. 
RT-PCR analysis of E-cad mRNA expression in the blank control, or treated with TGF-β1, TGF-β1 + PD 150606, or PD 
150606. B. Western blot analysis of E-cad protein expression in the blank control, or treated with TGF-β1, TGF-β1 + 
PD 150606, or PD 150606. Statistical analyses and P values are given in the charts.
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protein expression compared with that of the 
blank control group (Figure 1B, P<0.001).

TGF-β1 upregulates α-SMA expression

We also tested the effect of TGF-β1-induced 
EMT on α-SMA transcript and protein expres-
sion levels. The results indicated that TGF-β1 
treatment significantly increased α-SMA mRNA 
(Figure 2A, P<0.01) and protein (Figure 2B, 
P<0.001) expression levels compared with that 
of the blank control group.

TGF-β1 enhances calpain 1 expression

We evaluated calpain 1 expression during TGF-
β1-induced EMT to assess its role in lung epi-
thelial cells. The results indicated that TGF-β1 
treatment significantly enhanced calpain 1 

mRNA (Figure 3A, P<0.01) and protein (Figure 
3B, P<0.001) expression levels compared with 
that of the blank control group.

Calpain 1 inhibitor enhances E-cad expression 
and reduces α-SMA expression

We hypothesized that calpain 1 may be a spe-
cific factor associated with TGF-β1-induced 
downregulation of E-cad, upregulation of 
α-SMA, and EMT. Therefore, we treated lung 
epithelial cells with the calpain 1 inhibitor PD 
150606 (a calpastatin analog). The results 
showed that PD 150606 treatment significant-
ly attenuated the enhancement of calpain 1 
mRNA and protein expression levels caused by 
TGF-β1 treatment (Figure 3A and 3B, P<0.05). 
By contrast, treatment with PD 150606 also 
significantly attenuated the effects of TGF-β1 

Figure 2. Analysis of α-smooth muscle actin mRNA transcript and protein expression levels in human lung epithe-
lial cells. A. RT-PCR analysis of α-SMA mRNA expression in the blank control, or treated with TGF-β1, TGF-β1 + PD 
150606, or PD 150606. B. Western blot analysis of α-SMA protein expression in the blank control, or treated with 
TGF-β1, TGF-β1 + PD 150606, or PD 150606. Statistical analyses and P values are given in the charts.
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on E-cad (Figure 1A and 1B, P<0.05) and 
α-SMA (Figure 2A and 2B, P<0.05) expression 
levels.

Calpain 1 inhibitor antagonizes TGF-β1-
induced increase in Akt/phospho-Akt

We investigated possible mechanisms and sig-
naling pathways involved in human lung cell 
EMT and TGF-β1-induced changes in calpain 1 
expression levels. The results indicated that PD 
150606 treatment significantly attenuated 
TGF-β1-induced increase in Akt/phospho-Akt 
expression levels (Figure 4A, 4D, and 4E, P< 
0.05).

We also assessed whether other signaling 
pathways, such as the ERK and JNK pathways, 
might be involved in TGF-β1-induced EMT. The 
results showed that the TGF-β1-induced ETM 

was not correlated with ERK and JNK signaling 
(Figure 4B-E, P>0.05).

Discussion

Epithelial-mesenchymal transition in lung cells 
has an important role in the transdifferentia-
tion of lung epithelial cells to myofibroblasts 
[19]. EMT in lung epithelial cells is associated 
with decreases in E-cad levels and increases  
in α-SMA levels [10]. Many studies [20-22] have 
confirmed the critical role of EMT in the devel-
opment of idiopathic pulmonary fibrosis. EMT 
has an important role in maintaining cellular 
homeostasis in the tumor microenvironment, 
which includes oxidative stress, inflammation, 
and hypoxia [10]. The human A549 alveolar epi-
thelial cell line is a model that can be used to 
simulate IPF via TGF-β1-induced cell prolifera-
tion and EMT. Previous studies confirmed that 

Figure 3. Analysis of calpain 1 mRNA transcript and protein expression levels in human lung epithelial cells. A. RT-
PCR analysis of calpain 1 mRNA expression in the blank control, or treated with TGF-β1, TGF-β1 + PD 150606, or 
PD 150606. B. Western blot analysis of calpain 1 protein expression in the blank control, or treated with TGF-β1, 
TGF-β1 + PD 150606, or PD 150606. Statistical analyses and P values are given in the charts.
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TGF-β1 induces EMT [23, 24]. EMT has the 
characteristics of an invasive and migratory 
cellular phenotype, which is similar to that of 
tumor cells with increased metastatic poten-
tial. We treated A549 cells with TGF-β1 to 
induce EMT and observed corresponding 
changes in E-cad, α-SMA, and calpain 1-expres-
sion levels.

Calpain is a ubiquitous Ca2+-regulated cysteine 
protease in many mammals and other organ-
isms. Calpain also has a role in protein modifi-
cation pathways that are involved in the limited 
proteolysis of target proteins [25]. Calpain ac- 
tivity is essential for cell mobility, cell cycle pro-
gression, cell migration, apoptosis, and necro-
sis [26, 27]. Recent studies report that calpain 
has an important role in EMT [28, 29]. Calpain 
is activated primarily by two different signaling 
pathways [30]: increased cytosolic free Ca2+ 
concentration and the ERK/MAPK signaling 

pathway activated by epithelial growth factor 
(EGF). Our results showed that treatment of 
A549 cells with TGF-β1 upregulated calpain 
expression, downregulated E-cad expression, 
and upregulated α-SMA expression. By con-
trast, treatment of A549 cells with the calpain 
inhibitor PD 150606 significantly increased 
E-cad expression and significantly decreased 
α-SMA expression. These results suggest that 
TGF-β1 triggers EMT by upregulating calpain 1 
expression. However, the mechanism that 
mediates TGF-β1-induced increase in calpain 1 
expression will be elucidated in future studies.

Other signaling pathways involved in EMT in- 
clude the phosphoinositide 3-kinase (PI3K)/Akt 
pathway and the ERK and JKN MAPK pathways 
[31-34]. We investigated potential roles for the 
Akt, ERK, and JNK signaling pathways in TGF-
β1-induced enhancement of calpain 1 expres-
sion during EMT in A549 cells. The results 

Figure 4. Analysis of Akt, ERK, and JNK signaling pathways during epithelial-mesenchymal transition in human lung 
epithelial cells. A. Western blot analysis of Akt/phospho-Akt expression in the blank control, or treated with TGF-β1, 
TGF-β1 + PD 150606, or PD 150606. B. Western blot analysis of ERK/phospho-ERK expression in the blank control, 
or treated with TGF-β1, TGF-β1 + PD 150606, or PD 150606. C. Western blot analysis of JNK/phospho-JNK expres-
sion in the blank control, or treated with TGF-β1, TGF-β1 + PD 150606, or PD 150606. D. Statistical analysis of Akt, 
ERK, and JNK expression levels. E. Statistical analysis of phospho-Akt, phospho-ERK, and phospho-JNK expression 
levels. P values are given in the charts.
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showed that PD 150606-mediated inhibition of 
calpain 1 expression significantly downregulat-
ed Akt/phospho-Akt expression levels. How- 
ever, treatment of A549 cells with PD 150606 
did not significantly affect ERK/phospho-ERK 
or JNK/phospho-JNK expression levels, indicat-
ing that calpain activity is not involved in ERK 
and JNK signaling during EMT. This result does 
not support a previous study, which reported 
that TGF-β1 regulates EMT by activating ERK 
and JNK signaling.

In conclusion, this study has shown that calpain 
1 could regulate EMT in TGF-β1-treated A549 
cells via the PI3K/Akt signaling pathway. This 
result provides new insights into the cellular 
mechanisms that mediate EMT in human lung 
epithelial cells and may provide therapeutic tar-
gets for clinical studies on idiopathic pulmonary 
fibrosis.
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