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Abstract. Cathepsin L, a lysosomal acid cysteine protease, 
was found to be overexpressed in several types of human 
carcinomas. However, its functional roles in tumor progres-
sion and the underlying mechanisms remain largely unclear. 
In the present study, we investigated a novel functional aspect 
of cathepsin L in regulating transforming growth  factor‑β 
(TGF‑β)‑induced epithelial‑mesenchymal transition (EMT) 
in A549 and MCF‑7 cells and examined its possible mecha-
nisms. We found that TGF‑β‑induced cell morphologic 
changes of EMT were associated with the increased protein 
level of cathepsin L in A549 and MCF‑7 cells, suggesting 
that cathepsin L may be involved in the regulation of EMT. 
Furthermore, we showed that silencing of cathepsin L blocked 
TGF‑β‑induced cell migration, invasion and actin remodeling 
and inhibited TGF‑β‑mediated EMT. We also demonstrated 
that the mechanism of how cathepsin L knockdown regulates 
EMT may be explained by the suppression of EMT‑inducing 
molecules, such as Snail, which is associated with the phos-
phatidylinositol 3‑kinase (PI3K)‑AKT and Wnt signaling 
pathways. Moreover, we proved that cathepsin L knockdown 
in A549 cells significantly inhibited xenograft tumor growth 
and EMT in vivo. The results showed a new mechanism to 
determine cathepsin L involvement in the regulation of cancer 
invasion and migration. These results showed that cathepsin L 
knockdown is important in regulating EMT and suggest that 
cathepsin L may be utilized as a new target for enhancing the 
efficacy of chemotherapeutics against epithelial cancer.

Introduction

The epithelial‑mesenchymal transition (EMT) program is the 
differentiation switch epithelial polarized cells into motile 
mesenchymal cells, which plays a key role during various 
biological events such as embryonic development, fibrotic 
diseases and tumor metastasis. EMT enables cells to acquire 
fibroblast‑like properties and shows reduced intercellular 
adhesion and increased motility  (1‑5). Furthermore, EMT 
is dysregulated in cancer cells and is characterized by the 
acquisition of mesenchymal phenotype, leading to enhanced 
motility and allow tumor cells to metastasize and establish 
secondary tumors at distant sites (3,6). Additionally, EMT 
contributes to enhanced chemoresistance and the acquisition 
of stem/progenitor‑like characteristics by regulating signaling 
pathways (7). Findings of those studies suggest that EMT is 
involved in the modulation of drug resistance and enhances 
the ability of tumor metastasis.

Transforming growth factor‑β (TGF‑β), a secreted cyto-
kine, was found to act as a suppressor in tumor cell growth 
control, however, it may also promote tumor invasion and 
metastasis  (8). Accumulating evidence reveals that TGF‑β 
is often used as the inducer of EMT  (9,10) to increase 
tumor metastasis. Although several molecules involved in 
TGF‑β‑mediated EMT have been identified, the mechanisms 
involved in the induction of EMT remain to be determined.

Cathepsin L is a cysteine protease that belongs to the 
papain‑like family (peptidase C1A), which is reported to 
be associated with cancer tumorigenesis, proliferation and 
migration (11‑14). It plays an important role in the degrada-
tion and renewal of intracellular proteins, and is involved 
in several important physiological processes including the 
activation of prohormone, presenting antigens and develop-
ment of organs  (15‑17). Cathepsin L has been proven to 
be upregulated in a variety of malignancies: breast, lung, 
gastric, colon, melanomas and gliomas. Moreover, the level 
of cathepsin L expression is associated with the degree of 
malignancy  (18). Results of previous studies showed that 
cathepsin L inhibition increases apoptosis via the responsive-
ness of IGF‑1 receptor (19), or the activity of arsenite in U87 
cells (20). Simultaneously, in cathepsin L antisense clones of 
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U87 cells, the apoptotic rate is increased when induced by 
intrinsic or extrinsic stimulation (21). Furthermore, accumu-
lating evidence suggests cathepsin L has been associated with 
tumor invasion and migration (22,23). When the extracellular 
activity of cathepsin L is increased, the cell‑cell adhesion is 
reduced and degradation of the ECM is increased (24,25‑27). 
In addition, overexpression of cathepsin L was contrib-
uted to the increased malignant properties following the 
Ras‑transformation of NIH/3T3 cells  (28). Frade  et  al, 
Yang et al and Rousselet et al proved that the upregulation 
of cathepsin L also may switch the melanoma cell phenotype 
from non‑metastatic to highly metastatic and increased tumor 
invasion and migration (29‑31). The aforementioned studies 
showed that cathepsin L increased the invasion and migra-
tion of ovarian cancer cells and may therefore be a molecular 
target for cancer metastasis (32).

Cathepsin L is known to regulate tumor progression, inva-
sion and migration. However, the mechanisms involved in the 
regulation of tumor invasion and migration remain to be deter-
mined. Findings of previous studies showed that cathepsin 
L may contribute its proteolytic action to the migration and 
invasion of tumor cells (24‑27). Increased activity of cathepsin 
L decreased the cell‑cell adhesion and enhanced degradation 
of the ECM, suggesting that downregulation of cathepsin 
L decreased metastatic tumor development  (33). However, 
Goulet et al suggested that the role of cathepsin L in cancer 
metastasis may be associated with its extracellular activities 
and may involve its processing function of the transcription 
factor CUTL1 (34). Other authors reported that cathepsin L is 
also involved in proteolytic activation cascades, which include 
u‑PA and cathepsin B. Of note, this proteolytic network plays 
an important role in tumor invasive processes (35). On the 
other hand, it has been reported that inhibition of cathepsin L 
did not affect invasion of 8863 and LM melanoma cell 
lines (36). Nevertheless, the exact role of cathepsin L in tumor 
cell invasion and migration remains unidentified, and many 
studies suggest that it is context‑dependent.

On the basis of the crucial role of cathepsin L and its 
involvement in tumor invasion and migration, we investigated 
the effect of cathepsin L knockdown on tumor invasion and 
migration and whether cathepsin L enhanced tumor via inva-
sion and migration TGF‑β‑mediated EMT. We demonstrated 
that cathepsin L is a regulator of tumor invasion and migra-
tion in cancer cells, and the regulation of tumor invasion and 
migration by cathepsin L is mediated through EMT. Thus, 
cathepsin L is a novel target for reducing tumor progression.

Materials and methods

Materials. Cell culture reagents and the Lipofectamine reagent 
were purchased from Invitrogen Life Technologies (Carlsbad, 
CA, USA). Human recombinant TGF‑β was purchased from 
R&D  Systems (Minneapolis, MN, USA). Phalloidin was 
obtained from Sigma‑Aldrich (St. Louis, MO, USA). The 
antibodies used in this study were: N‑cadherin (Abcam, 
Cambridge, MA, USA); E‑cadherin (BD Biosciences, Franklin 
Lakes, NJ, USA); cathepsin L (Abcam); Akt and p‑Akt (both 
from Cell Signaling Technology, Danvers, MA, USA); Snail 
and Wnt‑5a (both from Santa Cruz Biotechnology, Inc., Santa 
Cruz, CA, USA); β‑actin (MultiSciences Biotech Hangzhou, 

China); and Cxcr‑7 (Anbo Biotechnology, Sunnyvale, CA, 
USA).

Cell culture. A549 and MCF‑7 cells and their derivative lines 
were cultured in RPMI‑1640 supplemented with 10% fetal 
bovine serum (FBS), penicillin (100  U/ml)/streptomycin 
(100 U/ml), and 300 or 500 ng/ml of puromycin at 37˚C in a 
humidified atmosphere of 5% CO2. All the knockdown and 
control sublines from these cell lines were generated using 
cathepsin  L shRNA plasmid and control vectors shRNA 
plasmid (both from Santa Cruz Biotechnology, Inc.) under 
puromycin selection.

Wound‑healing and invasion assays. For the wound‑healing 
assay the cells were grown in 6‑well plates. When conflu-
ency was achieved, the cells were scratched by a pipette tip, 
rinsed to remove debris, then further incubated with fresh 
RPMI‑1640 containing 1% FCS in the presence or absence 
of TGF‑β for 24 h. Cell migration images were captured at 
0 and 24 h, quantitative analysis of the wound‑healing index 
determined as a percentage was calculated using 20 randomly 
selected distances across the wound at 0 and 24 h, divided by 
the distance measured at 0 h.

A cell invasion assay was performed using 24‑well Matrigel 
invasion chambers (BD Biosciences). The cells were trypsin-
ized and reseeded in the upper chamber at a concentration of 
1x105/ml in 200 µl of RPMI‑1640 supplemented with 1% FCS. 
The lower chamber contained 700 µl of RPMI‑1640 supple-
mented with 10% FCS. After 24 h, the cells on the upper surface 
of the filters were removed, and the cells on the lower surface 
were fixed with methanol and stained with crystal violet.

Determination of Snail mRNA levels by reverse transcrip‑
tion‑PCR. Cells were grown in 6‑well plates, and treated or not 
with TGF‑β for 24 h. Total RNA was isolated with TRIzol 
reagent according to the manufacturer's instructions. RNA was 
reverse transcribed and amplified by PCR using the primers: 
Cathepsin L upstream: 5'‑AAACACAGCTTCACA ATGGCC‑3' 
and downstream: 5'‑TTTGAAAGCCATTCA TCACCTG‑3'; 
Snail upstream: 5'‑CCTCCCTGTCAGATG AGGAC‑3' and 
downstream: 5'‑CCAGGCTGAGGTATTCC TTG‑3'. The 
amplification products were analyzed in a 1.0% agarose gel.

Immunofluorescence. Twenty‑four hours after seeding on 
coverslips with TGF‑β the cells were fixed with methanol for 
10 min at 4˚C and permeabilized for 10 min with 0.1% Triton 
X‑100. The cells were then incubated for 1 h in blocking buffer 
(1% BSA and 0.1% Triton X‑100) at 4˚C. For immunofluores-
cence (IF), the cells were incubated with antibodies against 
E‑ and N‑cadherin at 4˚C overnight. The cells were then 
rinsed three times with PBS, and incubated with appropriate 
biotinylated secondary antibodies for 1 h. Alex Fluor 488 
(green) (1:500; Molecular Probes, Eugene, OR, USA) was used 
as a third antibody for 1 h. Nuclei were counterstained with 
0.5 ng/ml DAPI for 15 min at room temperature. Coverslips 
were mounted on slides with vectashield mounting medium for 
fluorescence and analyzed by confocal microscopy.

Actin cytoskeleton staining. Cells were fixed for 10 min 
in 4% paraformaldehyde, permeabilized with 0.2% Triton 
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X‑100 in PBS for 10 min, blocked in 2% BSA for 30 min, and 
incubated for 1 h with phalloidin. The nuclei were counter-
stained with DAPI.

Western blot analysis. The samples were harvested and lysed 
with ice‑cold lysis buffer. The protein concentration of the 
lysates was determined by Protein Assay Kit (Thermo Fisher 
Scientific, Rockford, IL, USA). The lysates were loaded and 
separated on 10% SDS‑PAGE gels and the proteins were 
transferred onto a polyvinylidene difluoride membrane. The 
membrane was blocked in 5% BSA for 1 h, and incubated 
with primary antibodies overnight. After washing three times, 
the blots were incubated with secondary antibodies for 1 h. 
Immunoblots were detected by the Odyssey Infrared Imaging 
System (Li‑COR Biosciences, Lincoln, NE, USA).

In vivo assay and immunohistochemical staining. Five‑week‑old 
male nude (BALB/c) mice (Animal experiment Center of 
Suzhou University, Suzhou) wsere used in the present study 
A549‑shVector and A549‑shCathepsin L cells (5x107 cells/0.1 ml 
of medium/mouse) were injected into mice subcutaneously to 
generate the mouse model. On day 42 after tumor injection, 
the tumors were removed from mice and analyzed for western 
blotting and immunohistochemical staining. The samples 
were stained using VECTASTAIN ABC kit and ImmPACT 
DAB (Vector Laboratories, Burlingame, CA, USA) according 
to the supplier's instructions. Tumor size was measured with a 
caliper and was calculated using the formula: π/6 x larger diam-
eter x (smaller diameter)2.

Results

TGF‑β induces morphological changes and enhances the 
expression of cathepsin L in cancer cells. To determine the 
effect of TGF‑β on cell morphology and the expression level 
of cathepsin L, we observed the morphological changes and 
examined the activity of invasion and migration in A549 
human lung and in human MCF‑7 breast cancer cell lines 
treated with TGF‑β for 24 h. As shown in Fig. 1A, treat-
ment of the human A549 and MCF‑7 cancer cell lines with 

TGF‑β revealed morphological changes, with a more scattered 
and spindle‑shaped appearance, especially in A549 cells 
(Fig. 1A). TGF‑β also significantly increased the expression 
of cathepsin L, which has been reported to play an important 
role in cancer invasion and migration (Fig. 1B). Furthermore, 
TGF‑β induces EMT characteristics such as loss of cell‑cell 
adhesion, reorganization of actin cytoskeleton and acquisi-
tion of increased migratory characteristics and promotion of 
cell migration (3,37). On the basis of previous exploration, an 
association was identified between cathepsin L and the EMT 
induced by TGF‑β. Thus, we determined whether cathepsin L 
is a target of TGF‑β in regulating EMT, which regulates tumor 
invasion and migration.

Cathepsin L knockdown attenuates TGF‑β‑induced cell 
migration and invasion. The regulation of cathepsin L by 
TGF‑β suggests that cathepsin L is involved in TGF‑β‑induced 
cell migration and invasion. To verify this role of cathepsin L, 
shRNA expression vectors were introduced into A549 and 
MCF‑7 cells, and stably transfected cell clones were obtained 
by limiting dilution culture under the pressure of puromycin. 
RT‑PCR and western blot analysis were conducted to reveal 
loss of cathepsin L expression in RNA and protein levels in 
the cathepsin L knockdown (shcathepsin L) cells (Fig. 2A). In 
tumor cell lines treated with TGF‑β, respectively, the effect 
of cathepsin L knockdown on migration and invasion was 
determined by a wound‑healing assay. The results showed 
an increase in the width of the injured line. Results of the 
colony formation assay exhibited a decrease in the number of 
colonies, suggesting that suppression of cathepsin L inhibits 
TGF‑β‑induced cell migration and invasion in A549 and 
MCF‑7 cells (Fig. 2B and C). The effect of cathepsin L was 
more significant in A549 than in MCF‑7 cells. Furthermore, 
we demonstrated that suppression of cathepsin L markedly 
suppressed TGF‑β‑induced actin remodeling associated with 
cell motility in A549 and MCF‑7 cells (Fig. 2D). In addition, 
emerging evidence suggests that multiple pairs of chemokines 
and their receptors are likely to play important roles in medi-
ating tumor growth and metastasis  (38). TGF‑β treatment 
enhanced the expression of Cxcr‑7, one of the chemokine 

Figure 1. The effect of TGF‑β on cell morphology and cathepsin L expression in cells. A549 and MCF‑7 cells were treated with TGF‑β (5 and 10 ng/ml) 
for 24 h. (A) Cell morphology was observed using microscopy. Images were captured using a 10x objective lens. (B) Expression level of cathepsin L was 
examined by western blot analysis. At least three independent experiments were performed. *P<0.05, **P<0.01 and ***P<0.001 compared with control. TGF‑β, 
transforming growth factor‑β.
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receptors, and this effect was inhibited by cathepsin L knock-
down in A549 and MCF‑7 cells (Fig. 2E). The enhanced ability 
of tumor invasion and migration by inhibiting cathepsin L in the 
TGF‑β‑treated cells suggest an important role of cathepsin L 
in the progression of tumor invasion and migration.

Cathepsin L knockdown blocks TGF‑β‑induced EMT. 
Suppression of cathepsin L in breast cancer and several other 
types of carcinomas has been reported to correlate with tumor 
invasion and migration. Nevertheless, the mechanisms by which 

cathepsin L weakens the ability of cell invasion and migration 
remain to be clarified. To examine whether changes of the 
cathepsin L protein level are associated with TGF‑β‑mediated 
EMT, we knocked down the expression of cathepsin L in 
the two cancer lines treated with TGF‑β. At the end of 24 h, 
compared with the untreated cells, we found that EMT was 
induced in TGF‑β‑treated cells. Furthermore, when cathepsin 
L was switched from a high expression to a low expression 
state, we assessed the modulation of E‑ and N‑cadherin 
protein, two hallmarks of EMT, using IF and western blot 

Figure 2. Stable transfection of shCathepsin L blocks TGF‑β‑induced cell migration and invasion. (A) Western blot analysis was performed to determine the 
expression level of cathepsin L of A549 and MCF‑7 cells transfected with cathepsin L shRNAs targeting the human cathepsin L sequence or the control shRNA 
(shVector). (B) Effect of cathepsin L inhibition on TGF‑β‑induced cell migration. Images were captured using a 4x objective lens. (C) Effect of cathepsin L 
inhibition on TGF‑β‑induced cell invasion. Images were captured using a 20x objective lens. (D) Representative phalloidin staining for actin‑cytoskeleton in 
A549 and MCF‑7 cells. Spreading of cells was analyzed after plating on collagen‑coated slides. At the indicated time points, the cells were fixed, stained with 
phalloidin, and visualized by fluorescent microscopy. Images were captured using a 40x objective lens. (E) Effect of cathepsin L inhibition on TGF‑β‑induced 
Cxcr‑7 was examined by western blot analysis. At least three independent experiments were performed. *P<0.05, **P<0.01 and ***P<0.001 compared with 
control. #P<0.05, ##P<0.01 and ###P<0.001 compared with the TGF‑β group. TGF‑β, transforming growth factor‑β.
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analysis. Notably, in A549 cells, the knockdown of cathepsin 
L result in blunting of TGF‑β‑mediated EMT, as demonstrated 
by a decrease in the amount of N‑cadherin and an increase of 
E‑cadherin. By contrast, these alterations were not observed in 
the untransfected cells with shCathepsin L (Fig. 3). The same 
experiments were performed in the MCF‑7 cell line and the 
results were consistent with results for the A549 cells. These 
results suggested that blocking of EMT by inhibiting cathepsin 
L indicates a regulatory role for cathepsin L in mediating the 
TGF‑β‑induced EMT and cell migration.

Cathepsin L regulates the expression of molecules involved in 
EMT. Overexpression of cathepsin L in lung cancer and other 
types of carcinoma has been reported to be correlated with 
tumorigenesis and development. Nevertheless, the mechanism 
by which cathepsin L promotes the invasive and migra-
tory ability of tumor cells remains to be clarified. Findings 
of recent studies showed that Snail is an essential regulator 
of EMT and mediates invasiveness as well as metastasis in 
various malignant tumors (2,39,40). To verify whether there 
was an association of the function of Snail and activity of 

Figure 3. Stable transfection of shCathepsin L attenuates TGF‑β‑induced EMT. (A) A549 cells were treated for 24 h with TGF‑β (5 ng/ml). N‑ and E‑cadherin 
were subjected to immunofluorescent microscopy or were assessed by western blot analysis. Images were captured using a 40x objective lens. (B) MCF‑7 cells 
were treated for 24 h with TGF‑β (10 ng/ml). N‑ and E‑cadherin were subjected to immunofluorescent microscopy or were assessed by western blot analysis. 
Images were captured using a 40x objective lens. At least three independent experiments were performed. *P<0.05, **P<0.01 and ***P<0.001 compared with 
control. #P<0.05, ##P<0.01 and ###P<0.001 compared with the TGF‑β group. TGF‑β, transforming growth factor‑β; IF, immunofluorescence.
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cathepsin LA549 and MCF‑7 cells lines were used in which 
shCathepsin L was or was not introduced. We observed that 
TGF‑β treatment induced an increase in the mRNA and protein 
levels of Snail in A549 and MCF‑7 cells. By contrast, stable 
transfection of shCathepsin L suppressed TGF‑β‑induced 
Snail gene expression (Fig. 4A). These results support the 
hypothesis that cathepsin L regulates the expression of Snail 
and is involved in the regulation of TGF‑β‑induced EMT in 
A549 and MCF‑7 cells. In addition, Snail was induced by 
other signaling pathways such as Wnt and phosphatidylino-
sitol 3‑kinase (PI3K)‑AKT pathways to induce EMT (41‑43). 
As shown in Fig. 4B, transfection of cathepsin L abrogated the 
TGF‑β‑induced increase of p‑Akt and Wnt‑5a protein levels 
in A549 and MCF‑7 cells. These data indicate that cathepsin 
L, an EMT regulator functions via a mechanism involving the 
effect of Snail expression, Wnt and PI3K‑AKT pathways.

Cathepsin L contributes to regulating EMT in vivo. Based 
on the in vitro experiment results, the effect of cathepsin L 
on TGF‑β‑mediated EMT was more significant in A549 than 
MCF‑7 cells. Thus, to further validate the role of cathepsin L 
in EMT, two clones of A549 derivative cells with cathepsin L 
knockdown (shCathepsin L) and a non‑target control (shVector) 
were injected into athymic nude mice subcutaneously to 
generate the mouse model.

After 42 days, the tumor size was measured and the tumor 
volume in A549 cells with cathepsin L knockdown was found 
to have significant shrinkage compared with the non‑target 
control (Fig. 5A), suggesting the ability of cell proliferation 
was blunted. Downregulation of E‑cadherin, with upregulation 

of N‑cadherin is known to be a key indicator of the EMT 
process (44). Immunohistochemical staining and western blot 
analysis were used to analyze the protein expression of the 
epithelial markers E‑cadherin and the mesenchymal markers 
N‑cadherin in tumor tissue. As shown in Fig. 5B, an increased 
level of E‑cadherin and a decreased level of N‑cadherin were 
observed in cathepsin L knockdown (shCathepsin L) tumor 
tissue, compared with the non‑target control tumor tissue.

These data, along with the results of the in vitro analysis, 
proved that cathepsin L knockdown suppresses tumor inva-
sion and migration by inhibiting EMT, confirming the role of 
cathepsin L in further regulating EMT.

Discussion

In the present study, we report a previously unrecognized 
role of cathepsin L in regulating EMT and provide a possible 
mechanistic role for how cathepsin L inhibition contributes to 
the decreased cell invasion and migration. In the present study, 
two types of epithelial tumor cells, human MCF‑7 breast and 
human A549 lung carcinoma cell lines were selected as the 
model system. Our results show that the effect of cathepsin L 
knockdown on the suppression of TGF‑β‑induced cell 
migration and invasion was associated with its regulation of 
EMT. Its mechanism may be explained by suppression of the 
EMT‑inducing molecules, such as Snail, which is associated 
with the PI3K‑AKT and Wnt signaling pathways. The find-
ings concerning the function of cathepsin L in TGF‑β‑induced 
EMT provide new evidence on the regulation of cancer inva-
sion and migration.

Figure 4. Effect of stable transfection of shCathepsin L on Snail, p‑Akt and Wnt‑5a expression levels. (A), A549 and MCF‑7 cells were treated with TGF‑β. 
The level of Snail was analysed by RT‑PCR and western blot analysis. (B), A549 and MCF‑7 cells were treated with TGF‑β. The levels of Akt and Wnt‑5a were 
analysed by western blot analysis. At least three independent experiments were performed. *P<0.05, **P<0.01 and ***P<0.001 compared with control. #P<0.05, 
##P<0.01 and ###P<0.001 compared with the TGF‑β group. TGF‑β, transforming growth factor‑β.
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Accumulating evidence reveals that TGF‑β is often used 
as the inducer of EMT to increase tumor invasion and migra-
tion. A549 is K‑Ras mutation, whereas MCF‑7 is not and it 
has been shown that active Ras is required for TGF‑β‑induced 
EMT  (45). Thus, we treated A549 and MCF‑7 cells with 
different concentrations of TGF‑β. The results showed that the 
cell morphology changes of EMT occurred ~24 h after TGF‑β 
treatment (Fig. 1A), while the expression of cathepsin L was 
increased (Fig. 1B). Therefore, the expression of cathepsin L is 
associated with EMT.

Cathepsin L, which is less well studied than cathepsin B, 
has been found to be associated with tumor invasion and 
migration (23). In various tumor types, such as melanoma, 
lung and breast cancer (21,31,46), the functional significance 
of cathepsin L in invasion is appreciated. Our results show that 
cathepsin L may induce the morphological changes of A549 
and MCF‑7 cells and enhance the migration and invasion in 
the two cell lines. Of note, the migration and invasion of cells 
was positively correlated with the expression of cathepsin 
L. Thus, when the invasion ability peaked, the expression of 
cathepsin L also peaked. To determine whether the migration 
and invasion change of A549 and MCF‑7 cells corresponded 
with the expression of cathepsin L, we suppressed the expres-
sion of cathepsin L via transfection with shCathepsin L. The 
results show that cathepsin L knockdown strongly suppressed 
TGF‑β‑mediated cell migration, invasion and actin remodeling 
associated with cell motility. Moreover, cathepsin L knock-
down inhibited the expression of Cxcr‑7, which is important in 
tumor invasion and migration.

The expression of cathepsin L is known to regulate invasion 
and migration in various types of cells. However, the underlying 
mechanisms remain to be clarified. Krueger et al demonstrated 
that cathepsin L activates cathepsin B, triggering a chain reac-
tion and inducing the activation of uPA, which synergistically 
promotes tumor cell invasion and migration (47). Cathepsin 
L stimulated the release of some growth factors by degrading 
the extracellular matrix in order to further promote tumor 
invasion and migration  (33). Furthermore, Gocheva  et  al 
suggested that cathepsin L decreases the cell‑cell adhesion to 
enhance tumor invasion and migration by its direct cleavage 
of E‑cadherin (48), a marker protein of EMT. Considering 
the existing results obtained in our laboratory, it is likely that 
cathepsin  L suppresses cancer invasion and migration by 
inhibiting the EMT process. To detect whether the effect of 
cathepsin L on cell migration and invasion was associated with 
EMT, we performed IF and western blot analysis to assess 
expression of E‑ and N‑cadherin, which are EMT‑associated 
proteins. Inactivation of E‑cadherin is one of the key events 
in EMT. On the other hand, activation of an inappropriate 
cadherin, such as N‑cadherin, may be a subsequent event and 
promote tumor invasion and migration (37). Our results show 
that high N‑cadherin but low E‑cadherin levels were observed 
after TGF‑β treatment, suggesting that TGF‑β induced EMT 
in A549 and MCF‑7 cells. However, cathepsin L knockdown 
inhibited EMT in response to TGF‑β and restored epithelial 
phenotypes in tumor cells (Fig. 3), suggesting that cathepsin L 
may function as an EMT regulator in various types of epithe-
lial tumor cells.

Figure 5. The effect of stable transfection of shCathepsin L on EMT in vivo. A549 and A549‑Cathepsin L shRNA cells (5x107 cells/0.1 ml of medium/mouse) 
were injected subcutaneously to generate the mouse model. (A) The general appearance, tumor size, and level of cathepsin L in the mice 42 days after inocula-
tion of A549 and A549‑Cathepsin L shRNA cells. (B) The expression of N‑ and E‑cadherin was compared between the two groups by immunohistochemical 
staining and western blot analysis. Images were captured using a 20x objective lens. At least three independent experiments were performed. *P<0.05, **P<0.01 
and ***P<0.001 compared with control. #P<0.05, ##P<0.01 and ###P<0.001 compared with the TGF‑β group. EMT, epithelial‑mesenchymal transition; TGF‑β, 
transforming growth factor‑β.



liang et al:  Cathepsin L regulates tumor progression by mediating EMT 1858

Regulation of EMT is a complex process involving 
multiple genes and the pathways in embryonic development 
and in normal and transformed cell lines, such as extracellular 
signal‑regulated protein kinases (ERKs), PI3K/Akt, Smads 
and Wnts, and is significantly associated with the aggressive-
ness and metastatic potential of cancer (49,50). In addition, it 
is more likely that the majority of signaling pathways known 
to trigger EMT converge at the induction of the E‑cadherin 
repressors (49). Loss of E‑cadherin expression is considered 
an important step in the progression of tumor metastasis, and 
a fundamental event in EMT (49).

Snail, a member of the Snail family of zinc finger tran-
scription factors, is a suppressor of the transcription of shotgun 
(an E‑cadherin homologue). It is a widely used inducer of 
EMT in various types of human cancer of epithelial origin, is 
known as a repressor of E‑cadherin gene and is important in 
TGF‑β‑induced EMT (51,52). Snail was able to regulate the 
changes in gene expression patterns that underlie EMT (6,51).

Our results show that cathepsin L knockdown abrogated 
TGF‑β‑induced expression of Snail at the mRNA and protein 
levels (Fig. 4A). This result suggests that Snail may be signifi-
cantly involved in the regulation of EMT by cathepsin L. It 
also shows that PI3K/Akt and Wnt signaling pathways affect 
the expression of epithelial markers to regulate the EMT 
process  (49,50). PI3K‑Akt signaling pathways participate 
in regulating cell proliferation, differentiation, survival and 
migration. In recent years, we found that the activity of this 
pathway abnormality may cause malignant cell transforma-
tion and is associated with invasion and migration of tumor 
cell. Wnt signaling has an important role in embryonic 
development, and its deregulation is closely associated with 
the occurrence of a number of malignant tumors, including 
breast and colon cancer. Lee et al suggested that it induces 
Snail‑dependent EMT, which is responsible for tumor invasion 
and migration (53). In addition, WNT‑5A is a transcriptional 
target of TGF‑β whose expression was induced by TGF‑β (54).

In the present study, we observed the enhanced activation of 
PI3K/Akt and Wnt signaling pathways in TGF‑β‑treated cells. 
However, cathepsin L knockdown suppressed the enhanced 
expression of p‑Akt and Wnt‑5a. Therefore, we considered that 
the mechanism of how cathepsin L knockdown regulates EMT 
may be explained by the suppression of Snail genes, and the 
PI3K‑AKT and Wnt signaling pathways (Fig. 4B).

In the process of tumor progression, cells proliferate and 
differentiate abnormally, with the proliferative and invasive 
ability becoming stronger via the EMT. To confirm the role 
of cathepsin L in regulating EMT, we determined whether 
cathepsin L knockdown in vivo may prevent EMT. In this 
experiment, the tumor growth rate and expression level of 
EMT‑associated proteins were measured to detect EMT 
rangeability. The results demonstrate the in vitro findings that, 
cathepsin L regulates EMT in vivo. Tumor volume in cathepsin 
L knockdown cells had significant shrinkage compared with the 
non‑target control. An increase in E‑cadherin and a decreased 
in the N‑cadherin levels were observed in cathepsin L knock-
down (shCathepsin L) tumor tissue (Fig. 5) were observed, 
providing further experimental evidence supporting the role 
of cathepsin L in the regulation of EMT. These results show 
that cathepsin L knockdown is efficacious for EMT inhibition 
in tumor cells.

In summary, the present study has identified cathepsin 
L as a novel regulator of EMT and its involvement in the 
modulation of tumor cell invasion and migration. Additonally, 
inhibition of cathepsin L suppresses the increased cell invasion 
and migration induced by TGF‑β. These findings may expand 
current knowledge of EMT networks and shed light on how 
EMT is regulated in epithelial tumor cells. Thus, cathepsin L 
may be examined as a novel therapeutic target for the preven-
tion of tumor metastasis by regulating EMT.
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