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Abstract. Serpin family E member 1  (SERPINE1), a serine 
proteinase inhibitor, serves as an important regulator of extra-
cellular matrix remodeling. Emerging evidence suggests that 
SERPINE1 has diverse roles in cancer and is associated with 
poor prognosis. However, the mechanism via which SERPINE1 
is induced in cancer has not been fully determined. In order to 
examine the molecular mechanism of SERPINE1 expression, 
the present study took advantage of the isogenic pair of lung 
cancer cells with epithelial or mesenchymal features. Using 
genetic perturbation and following biochemical analysis, the 
present study demonstrated that SERPINE1 expression was 
upregulated in mesenchymal lung cancer cells and promoted 
cellular invasiveness. Yes‑associated protein (YAP)‑dependent 
SERPINE1 expression was modulated by treatment with a 
Rho‑associated protein kinase inhibitor, Y27632. Moreover, TGFβ 
treatment supported YAP‑dependent SERPINE1 expression, and 
an enhanced TGFβ response in mesenchymal lung cancer cells 
promoted SERPINE1 expression. TGFβ‑mediated SERPINE1 
expression was significantly attenuated by knockdown of YAP or 
transcriptional co‑activator with PDZ‑binding motif, suggesting 
that crosstalk between the TGFβ and YAP pathways underlies 
SERPINE1 expression in mesenchymal cancer cells.

Introduction

Despite significant advances in anticancer therapy, the recur-
rence, metastasis and therapeutic resistance of cancer remain 

serious problems leading to poor clinical outcomes (1,2). In 
particular, the drastic changes in cellular properties upon 
epithelial mesenchymal transition (EMT) are being actively 
studied to understand the molecular events underlying 
recurrence, metastasis and therapy resistance, and a number 
of effectors, such as zinc finger E‑box binding homeobox 1 
and snail family transcriptional repressor 1, mediating these 
molecular events have been identified and characterized (3,4).

Plasminogen activator inhibitor 1  (PAI‑1), encoded by 
Serpin family E member 1  (SERPINE1), serves key roles 
in the regulation of extracellular matrix (ECM) remodeling 
by directly inhibiting plasminogen activators (PAs), such as 
urokinase plasminogen activator and tissue plasminogen 
activator (5). Considering the function of PAI‑1 as the main 
inhibitor of PAs in ECM remodeling, which can promote 
the migration and invasion of cancer cells, SERPINE1 
expression in cancer has been hypothesized to inhibit these 
pro‑metastatic effects  (6). However, recent evidence has 
suggested that SERPINE1 expression is associated with poor 
prognosis in lung cancer (7) and a high risk of metastasis in a 
PA‑independent manner (8‑11), which has been summarized in 
a review article (12).

While SERPINE1 expression is induced by TGFβ stimuli, 
which controls PA activity  (13), SERPINE1 induction in a 
p53‑dependent manner after TGFβ promotes replicative 
senescence (14). A recent study also demonstrated that TGFβ 
induced the formation of a complex of p53 and SMAD2/3 
that enhances SERPINE1 expression, leading to cytostatic 
activity (15). In addition, ‘non‑SMAD pathways’ such as p53, 
c‑SRC, EGFR and MAPK are involved in TGFβ‑dependent 
SERPINE1 expression in the context of vascular disorders (16) 
and pulmonary fibrosis (17). These reports suggest that other 
signaling pathways may contribute to TGFβ‑stimulated 
SERPINE1 expression in a context‑dependent manner.

The Hippo pathway, in which loss‑of‑function mutations 
activate yes‑associated protein  (YAP) and transcriptional 
co‑activator with PDZ‑binding motif (TAZ) and lead to robust 
cell proliferation and survival, has been strongly implicated in 
several cancer‑associated processes, such as tumorigenesis (18), 
EMT (19,20), metastasis (21) and therapy resistance (22). Thus, 

Crosstalk between YAP and TGFβ regulates SERPINE1 
expression in mesenchymal lung cancer cells

HYEON‑JOON KONG1*,  EUN‑JI KWON1*,  OK‑SEON KWON2,  HAESEUNG LEE3,  JEONG‑YUN CHOI1,   
YUNG‑JEONG KIM1,  WANKYU KIM4  and  HYUK‑JIN CHA1,5

1College of Pharmacy, Seoul National University, Seoul 08826; 2Stem Cell Research Center, 
Korea Research Institute of Bioscience and Biotechnology, Daejeon 305‑806; 3Intellectual Information Team, 

Future Medicine Division, Korea Institute of Oriental Medicine, Daejeon 34054; 4Department of Life Sciences, 
College of Natural Science, Ewha Womans University, Seoul 03760; 

5Research Institute of Pharmaceutical Sciences, Seoul National University, Seoul 08826, Republic of Korea

Received June 2, 2020;  Accepted September 29, 2020

DOI: 10.3892/ijo.2020.5153

Correspondence to: Professor Hyuk‑Jin Cha, Research Institute of 
Pharmaceutical Sciences, Seoul National University, 1 Gwanak‑ro, 
Gwanak‑gu, Seoul 08826, Republic of Korea
E‑mail: hjcha93@snu.ac.kr

*Contributed equally

Key words: serpin family E member 1, plasminogen activator 
inhibitor  1, TGFβ, yes‑associated protein, epithelial mesenchymal 
transition, invasion, crosstalk

https://www.spandidos-publications.com/10.3892/ijo.2020.5153


KONG et al:  SERPINE1 EXPRESSION REGULATED BY YAP AND TGFβ112

the Hippo pathway has been extensively studied in an effort 
to identify molecular targets to inhibit YAP/TAZ‑dependent 
gene responses. Several small molecules have been reported 
to inhibit YAP/TAZ activity, including Y‑27632 as an 
inhibitor of Rho‑associated protein kinase (ROCK) (23,24). 
In addition, YAP or TAZ can interact with the SMAD2/3‑4 
complex and facilitate SMAD nuclear translocation (25,26) to 
control SMAD‑dependent gene responses. Crosstalk between 
YAP/TAZ and the canonical TGFβ pathway has also been 
observed, as the absence of YAP attenuates TGFβ‑induced 
profibrotic gene responses (27).

Using the lung cancer cell lines that demonstrate clear 
cellular properties of EMT, the present study aimed to examine 
the molecular mechanism of SERPINE1 induction in cancer 
cells.

Materials and methods

Establishment of cell lines and cell culture. The mesen-
chymal‑like lung cancer cells (Transdifferentiated cell; TD) 
were established by chronic exposure of TGFβ to a A549 lung 
cancer cell line (purchased from Korean Cell Line Bank; cat. 
no. 10185) as described previously (28). To maintain TD cells, 
cells were treated with Hyclone DMEM/High glucose (Cytiva; 
cat. no.  SH30243.01), 10%  FBS (cat. no.  EF:35‑015‑CV; 
Corning, Inc.) and Gentamicin (0.1%; cat. no. 15780‑060; 
Gibco; Thermo Fisher Scientific, Inc.) at 37˚C with 5% CO2, 
along with a low dose of TGFβ (2 ng/ml; cat. no. cyt‑716; 
Prospec‑Tany TechnoGene) every 3 days at 37˚C.

For generation of TD cell lines harboring SERPINE1 knock-
down via short hairpin (sh)RNA (cat. no. SHCLNG‑NM_000602; 
Sigma‑Aldrich; Merck  KGaA), pLKO.1‑shControl (cat. 
no. SHC016; Sigma‑Aldrich; Merck KGaA) and shSERPINE1 
vector were introduced using a lentivirus. The infected cells were 
selected with puromycin. In order to examine TGFβ response, 
a 16 h starvation with TGFβ prior to the experiment in TD cells 
was performed. All genetic perturbations (e.g. knockdown or 
transient transfection) were performed without TGFβ treatment.

For cell density dependent experiment, A549 or TD cells 
were grown at the indicated cell density (magnification, x100; 
scale bar, 80 µm). A cell number of 100% confluence equalled 
~3.0x106 cells. Indicative cell density was obtained by a serial 
dilution with normal culture media.

Reagents and antibodies. TGFβ recombinant protein (cat. 
no. CYT‑716) was purchased from ProSpec‑Tany TechnoGene 
Ltd., and Y27632 (cat. no. 1293823) was obtained from BioGems 
Ltd. Cells were treated with 10 µM Y27632 for 24 h at 37˚C. 
Small interfering (si)RNA targeting SERPINE1, SMAD4, 
YAP1 and TAZ were obtained from Bioneer Corporation. 
Antibodies against E‑cadherin (cat. no. 4065) was purchased 
from Cell Signaling Technology, Inc. SERPINE1 (cat. 
no. ab125687) and β‑actin (cat. no. sc‑47778) were obtained 
from Abcam and Santa Cruz Biotechnology, Inc., respectively.

Total RNA extraction via reverse transcription‑quantitative 
PCR (RT‑qPCR). Total cellular RNA was extracted using 
TRIzol® (cat. no. 17061; Invitrogen; Thermo Fisher Scientific, 
Inc.), followed by RT‑PCR to generate the first strand 
cDNA using RT Master mix (cat. no. RR036A; Takara Bio, 

Inc.). The RT conditions were as follows: 37˚C for 15 min, 
85˚C for 5  sec and held at 4˚C. The synthesized cDNA 
was subjected to qPCR using TB green premix Ex  Taq 
(Takara Bio, Inc.; cat. no. RR420), PrimeScript™ 1st strand 
cDNA Synthesis kit (Invitrogen; Thermo Fisher Scientific, 
Inc.) and SYBR‑Green‑based Real‑time PCR (Takara Bio, 
Inc.) using Roche Light Cycler 480 II (Roche Diagnostics, 
Inc.) following the manufacturer's instructions. The data 
analysis was performed as described previously, using the 
2‑ΔΔCq method (29). Primer sequences are presented in Table I.

Immunoblotting. Cell were lysed with RIPA buffer with 
10 µM sodium vanadate and 1 mM protease inhibitor (Roche 
Diagnostics, Inc.) followed by immunoblotting as described 
previously  (30). Protein determination prior to protein 
loading was performed with a BCA assay. The samples were 
loaded to 7.5 or 10% SDS‑PAGE gels and were blotted to 
a PVDF membrane (Immobilon®‑P; cat. no.  IPVH00010; 
Merck KGaA). The blotted membrane was incubated with 
skim milk [1 mg in TBS‑Tween (25%); 20 ml; cat. no. 232100; 
BD Difco; Becton‑Dickinson and Company] for 1 h at room 
temperature. Primary antibodies (all 1:1,000) for PAI‑1 
(cat. no.  ab125687; Abcam), E‑cadherin (cat. no.  3195S; 
Cell Signaling Technology, Inc.), phosphorylated (p)‑YAP 
(cat. no. 4911S; Cell Signaling Technology, Inc.), YAP (cat. 
no. SC‑101193; Santa Cruz Biotechnology, Inc.) and β‑actin 
(cat. no. SC‑47778; Santa Cruz Biotechnology, Inc.) were 
incubated for overnight at 4˚C. After washing three time with 
TBS‑Tween solution, the mouse or rabbit secondary antibodies 
[Peroxidase AffiniPure Goat Anti‑Mouse IgG  (H+L); cat. 
no.  115‑035‑003; Jackson ImmuniResearch Laboratories, 
Inc.; and Peroxidase AffiniPure Goat Anti‑Rabbit IgG (H+L); 
cat. no. 111‑035‑003; Jackson ImmuniResearch Laboratories, 
Inc.] were incubated for 1 h at room temerature. The visual-
ization was peformed with ECL blotting kit (cat. no. 16026; 
West‑Queen; iNtRON Biotechnology).

Transfection and dual‑luciferase assay. Transfections were 
performed using Lipofectamine® 2000 (Invitrogen; Thermo 
Fisher Scientific, Inc.) in accordance with the manufacturer's 
instructions. siRNA for SERPINE1 (Thermo Fisher Scientific, 
Inc.; cat. no. AM16708) and control siRNA (Thermo Fisher 
Scientific, Inc.; cat. no. AM4611) transfection was performed 
using DharmaFECT (cat. no.  T‑2001‑03; GE  Healthcare 
Dharmacon, Inc.) according to the manufacturer's instruction.

shSERPINE1 #2: 5'‑CCGGTTTAGTGTTAATGACTCTT 
TCCTCGAGGAAAGAGTCATTAACACTAAATTTTTG‑3'; 
shSERPINE1 #4: 5'‑CCGGAGACCAACAAGTTCAACTAT 
ACTCGAGTATAGTTGAACTTGTTGGTCTTTTTTG‑3'.

For the luciferase assay for SMAD4 activity, 8X GTIIC 
luciferase reporter vector (kindly gifted by Professor Mo 
Jung‑Soon at Ajou University), as well as pRL Renilla luciferase 
control reporter vector (cat. no. E223A; Promega Corporation), 
were transfected into cells. A reporter assay was conducted 
according to the Dual‑Luciferase Reporter assay system 
(Promega Corporation) using Lipofectamine 2000 (Invitrogen; 
Thermo Fisher Scientific, Inc.; cat. no. 52887). After 24 h 
transfection, reporter activity was performed with the reporter 
assay kit (Promega Corporation) as described previously (31). 
The luciferase activity was normalized to Renilla luciferase 
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activity. For YAP reporter activity, 8X GTIIC (for recogni-
tion of TEAD binding domain; cat. no. 34615; Addgene) was 
transfected to cells after incubation with Lipofectamine® 2000 
(cat. no. 52887; Invitrogen; Thermo Fisher Scientific, Inc.) for 
20 min according to the manufacturer's instructions.

Migration and Transwell invasion assay. For wound healing 
assay, after 24  h of incubation under serum starvation 
(0.1% FBS) conditions, the TD cell layer was scratched using a 
sterile micropipette tip. Cell migration was monitored with the 
light microscope (magnification, x40; Olympus Corporation) 
and live images were captured using a JuLi stage real‑time 
imaging system (NanoEntek, Inc.) over 48 h.

For Transwell invasion assay, Transwells were embedded 
with Matrigel. In brief, Transwells (6.5 mm) with 8‑µm pore 
polycarbonate membrane insert (cat. no. 3422; Corning, Inc.) 
were embedded with Matrigel for 2 h at 37˚C (BD Bioscience) 
and the bottom of the Matrigel‑embedded insert was 
coated with 0.2% gelatin. Cells were cultured under normal 
culture medium Hyclone DMEM/High glucose (Cytiva, 
cat. no.  SH30243.01), 10%  FBS (cat. no.  EF:35‑015‑CV; 
Corning, Inc.) and Gentamicin (0.1%; cat. no. 15780‑060; 
Gibco; Thermo Fisher Scientific, Inc.) at 37˚C with 5% CO2. 
At 24 h after 2x105 cells were loaded in the Transwell assay, 
the Transwell membrane was fixed with 4% formaldehyde for 
10 min at room temperature and stained with 0.1% violet at 
room temperature (25˚C). Images of the Transwell membrane 
were captured using light microscopy (magnification, x40) 
The area of invaded cells was measured using ImageJ software 
(National Institutes of Health; version 1.52v).

Tumor spheroid invasion assay. The 3D tumor spheroid inva-
sion assay was performed as previously described (32). In 
brief, spontaneously formed spheroids derived from TD cells 
were implanted into self‑assembling collagen I gels (Vitrogen; 
Cohesion Technologies) supplemented with minimal essential 

media and 2% FBS and were cultured for 7 days under stan-
dard cell culture conditions.

Zymography. Conditioned media (Hyclone DMEM/High 
glucose; cat. no. SH30243.01) with 10% FBS (cat. no. 35‑15‑CV; 
Corning, Inc.) and 0.1% gentamycin (REF:15780‑060; Gibco; 
Thermo Fisher Scientific, Inc.) from cells maintained at 37˚C, 
5% CO2 were concentrated using centricon (EMD Millipore; 
30 kDa cut). Zymography analysis using Coomassie blue R250 
staining (25˚C, 15 min) after loading to 8% gelatin B gel, was 
performed as described previously (33).

Cancer cell line transcriptome data analysis. As described 
previously (34) RNA sequencing (RNA‑seq) data of 932 cancer 
cell lines were obtained from the NCI's Genomic Data 
Commons (https://gdc.cancer.gov/) in the BAM file format. 
Gene‑level read count and Transcripts per Million  (TPM) 
were quantified using RSEM v.1.3.1. (https://deweylab.github.
io/RSEM/) with Gencode  v19 annotation(https://www.
gencodegenes.org/human/release_19). A total of 18,965 genes 
annotated as ‘protein‑coding gene’ were used for subsequent 
analysis. The EMT score for each cell line was defined as 
the Kolmogorov‑Smirnov (K‑S) statistic, which measures the 
differences in the distribution of gene expression levels (TPM) 
of EMT genes compared with those of the rest of the genes. 
EMT genes were obtained from the MSigDB: ‘hallmark 
epithelial mesenchymal transition’ (https://www.gsea‑msigdb.
org/gsea/msigdb). The K‑S statistic of each cell line was 
calculated using ks.test function in R software(version 3.6.3). 
To compare the expression patterns of mesenchymal‑like and 
epithelial‑like cell lines, the EMT+ and EMT‑ cell groups were 
selected as the top 10% and bottom 10% cell lines, respectively, 
based on the EMT score. Gene‑level read counts of A549 
and TD cells were downloaded from the Gene Expression 
Omnibus (GSE135402). The differences in gene expression 
between TD cells and A549 cells or between EMT+ and EMT‑ 
cell groups were calculated using the DESeq2 package (35) 
(version 1.28.1) in R (version 3.6.3).

The Cancer Genome Atlas (TCGA) data processing and 
analysis. RNA‑seq and clinical data of patients with lung 
adenocarcinoma (LUAD) in the TCGA study were obtained 
from the Broad GDAC firehose (https://gdac.broadinsti-
tute.org/; data version 2016_01_28). A total of 494 patients 
with ≥1 month of follow‑up clinical record information were 
used for survival analysis (women, 263; men, 231; median 
age, 66). Patients were divided into two groups according to 
the median value (TPM) of SERPINE1 gene expression. Upper 
(n=247) and lower (n=247) groups were defined as ‘high’ and 
‘low’ groups. In similar, CTGF high (n‑247) and low (n=247) 
groups were defined. Overall survival and recurrence‑free 
survival analysis were performed to test the difference in the 
survival rate between the groups using the survival package 
(https://cran.r‑project.org/package=survival; version 3.2‑7) 
in  R  (version  3.6.3). The hazard ratio and P‑value were 
computed using Cox proportional hazards regression analysis 
and the log‑rank test, respectively.

Pathway enrichment analysis. RNAseq data of A549 and 
TD (GSE135402) was used. Among the 3,675 differentially 

Table I. Primer sequences for reverse transcription-quantitative 
PCR.

Gene	 Primer sequence (5'→3')

GAPDH	 F:	 GCATCCTGCACCACCAACTG
	 R:	 GCCTGCTTCACCACCTTC TT
CDH1	 F:	 TGCCCAGAAAATGAAAAACG
	 R:	 GTGTATGTGGCAATGCGTTC
CDH2	 F:	 GACAATGCCCCTCAAGTGTT 
	 R:	 CCATTAAGCCGAGTGATGGT
CTGF	 F:	 CCAATGACAACGCCTCCTG
	 R:	 TGGTGCAGCCAGAAAGCTC
SERPINE1	 F:	 TTGAATCCCATAGCTGCTTGAAT
	 R:	 ACCGCAACGTGGTTTTCTCA
YAP	 F:	 GTGAGCCTGTTTGGATGATG
	 R:	 CACTGGACAAAGGAAGCTGA

F, forward; R, reverse; CDH, cadherin; YAP, yes-associated protein; 
SERPINE1, serpin family E member 1.
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expressing genes  (DEG) identified between A549 and TD, 
111 SMAD4 downstream genes were identified using web‑based 
tool 'EnrichR'(https://maayanlab.cloud/Enrichr/). Pathway 
enrichment analysis was performed based on the geneset of 
public annotation in Gene Ontology (GO) via EnrichR.

Statistical analysis. Data are presented as the mean ± SD 
Statistical significance between two groups was determined 
using t‑test analysis (unpaired). Statistical significance among 
the three groups and between groups was determined using 
One‑way ANOVA following the Tukey's multiple comparison 
test (GraphPad Prism 7.0; GraphPad Software, Inc.). P<0.05 
was considered to indicate a statistically significant difference. 
Number of experimental repeats was >3.

Results

High SERPINE1 expression in mesenchymal lung cancer 
cells. Our previous studies established isogenic mesenchymal 
lung cancer cells [A549 transdifferentiated cells (A549TD), 
hereafter TD] derived from A549 cells subjected to long‑term 
exposure to TGFβ (similar to a previously described 

method) (36), with typical EMT features such as chemoresis-
tance and prometastatic activity (28,37‑39). To identify key 
genes responsible for the mesenchymal cell state, the current 
study examined genome‑wide mRNA expression profiles from 
A549 and TD cells, along with a panel of human cancer cell 
lines (CCLE) (40). The most upregulated gene in cells with 
enriched mesenchymal properties was SERPINE1, followed 
by other known EMT markers such as collagen type  Iα1 
chain (COL1A1), Coiled‑Coil Domain Containing 80, MMP2 
and COL5A1  (Fig.  1A). As predicted, SERPINE1 expres-
sion was significantly increased in TD cells, in parallel with 
lower levels of cadherin 1 (CDH1; encoding E‑cadherin) and 
higher CDH2 (encoding N‑cadherin) compared with parental 
A549 cells (Fig. 1B). The protein level of PAI‑1 (encoded by 
SERPINE1) was higher in TD cells compared with A549 
cells (Fig. 1C). Consistently, four genes (COL1A1, CDC80, 
MMP2 and COL5A1) were found to be closely associated with 
SERPINE1 expression in 494 patients with lung adenocarci-
noma (TCGA) (Fig. 1D).

SERPINE1 contributes to cancer cell invasive properties. 
Despite the well‑known physiological role of SERPINE1 

Figure 1. High SERPINE1 expression in mesenchymal lung cancer cells. (A) Differentially upregulated genes in both the EMT+ vs. EMT‑ cell groups of the 
CCLE dataset and in TD vs. A549 cell groups. Red circles indicate known EMT genes annotated by MSigDB (http://software.broadinstitute.org/gsea/msigdb). 
(B) Relative mRNA expression levels of CDH1, CDH2 and SERPINE1 in A549 and TD cells. (C) Immunoblotting for PAI‑1 and E‑cad in A549 and TD cells. 
β‑actin was used as an equal protein loading control. (D) Correlation of SERPINE1 mRNA expression with indicated genes in patients with lung adenocar-
cinoma. **P<0.01, ***P<0.001, ****P<0.0001. E‑cad, E‑cadherin; SERPINE1, serpin family E member 1; COL1A1, collagen type Iα1 chain; EMT, epithelial 
mesenchymal transition; CCLE, Cancer Cell Line Encyclopedia; CDH, cadherin; PAI‑1, Plasminogen activator inhibitor 1.
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in inhibiting PAs, SERPINE1 induction promotes invasion 
and migration in diverse cancer types in a PA‑independent 
manner (11). To examine whether the elevated expression of 
SERPINE1 in TD cells (Fig. 1B and C) accounted for the 
high invasiveness of TD cells (28,37), SERPINE1 expression 
was knockdown using siRNA in TD cells (Fig. 2A), and a 
cell invasion assay was performed. Consistent with previous 
reports  (9,41,42), the highly invasive properties of TD 
cells (28,37) were significantly attenuated by knockdown of 
SERPINE1, while knockdown in A549 cells had no signifi-
cant effect on cell invasion (Fig. 2B). Stable knockdown of 
SERPINE1 with shRNA was achieved; the clone#2 demon-
strated the most significant knockdown efficiency (Fig. S1A) 
and was selected for further study. Consistent with the 
results of siRNA, stable knockdown of SERPINE1 using 
shRNA had an inhibitory effect on cell invasion (Fig. 2C). 
The attenuated invasiveness by loss of SERPINE1 expres-
sion was further validated via tumor spheroid invasion 
assay (Fig. 2D) (32).

However, inconsistent with the findings of a previous 
report (43), SERPINE1 knockdown in TD cells with 
shRNA (Fig. S1A) only had marginal effects on cellular migra-
tion (Fig. S1B). Moreover, transient knockdown of SERPINE1 
with siRNA (Fig. S1C) had a negligible effect on the high 
activity of MMP9 in TD cells (Fig. S1D).

YAP‑dependent SERPINE1 expression. Previous work has 
revealed that SERPINE1 is induced by ectopic expression of 
TAZ, along with connective tissue growth factor (CTGF), a 
well‑established YAP/TAZ downstream target gene  (44), 
which is frequently used as a marker to determine endogenous 
YAP‑TEAD activity in a number of study (44,45). The present 
study identified that ectopic expression of either wild‑type 
YAP or a constitutively active mutant lacking inhibitory 
phosphorylation of YAP was sufficient to induce SERPINE1 
expression in both A549 and TD cells (Fig. 3A). It is important 
to note that despite a comparable level of YAP expression 
in A549 and TD (data not shown), the nuclear level of YAP 
appeared to be significantly higher in TD cells compared with 
A549 cells, regardless of cell density (Fig. S2A). This observa-
tion was consistent with the higher mRNA expression level of 
SERPINE1 in TD cells compared with A549 cells (Fig. 3A).

To confirm the involvement of the Hippo‑YAP pathway in 
SERPINE1 expression, Hippo signaling was re‑activated by 
Y27632, a ROCK inhibitor (46) that markedly decreases YAP 
reporter activity (e.g. 8X GTIIC reporter activity) (Fig. 3B). 
Protein expression levels of YAP, TAZ and p‑YAP at serine 
127 were not different between A549 and TD cells (Fig. S2B). 
Treatment with Y27632 was sufficient to attenuate 
SERPINE1 expression  (Fig.  3C) in a time‑  (Fig.  3D) and 
dose‑ (Fig. 3E and F) dependent manner, along with a reduction 

Figure 2. SERPINE1 contributes to cancer cell invasive properties. (A) mRNA expression of SERPINE1 in A549 and TD cells after knockdown with SERPINE1 
shRNA. Representative microscopic images (left) of invaded cell numbers in a two‑chamber invasion model after knockdown either with (B) SERPINE1 
siRNA or (C) shRNA, relative invasion area was graphically presented (right). Magnification, x40; scale bar, 200 µm. (D) Microscope images of tumor 
spheroid of control TD cells (left), and graphical presentation of invasive area (right). Magnification, x100; scale bar, 80 µm. **P<0.01, ****P<0.0001. si, small 
interfering RNA; SERPINE1, serpin family E member 1; NC, negative control; Cont, control; shRNA, short hairpin RNA; KD, knockdown.
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in CTGF. As Y27632 treatment had no effect on either CDH1 
or CDH2, the repression of SERPINE1 by Y27632 may not 
be mediated by a loss of mesenchymal properties in the TD 
cells (Fig. S2C).

Involvement of the TGFβ‑SMAD4 axis in YAP‑dependent 
SERPINE1 expression. It has been well established that TGFβ 
serves as a key stimuli for SERPINE1 expression in diverse 
cell line models (13). In addition, crosstalk with ‘non‑SMAD 
pathways’ is involved in TGFβ‑dependent SERPINE1 
expression (15,16,47). Although TGFβ treatment alone upreg-
ulated SERPINE1 expression in both cells, TGFβ‑mediated 
SERPINE1 expression was induced to a greater degree in TD 
cells compared with A549 in a dose‑ (Fig. 4A) and time‑depen-
dent manner (Fig. 4B). Increased expression of PAI‑1 protein 
by TGFβ also occurred, while knockdown of SERPINE1 using 
siRNA markedly lowered PAI‑1 protein expression (Fig. 4C).

Smad‑binding element reporter activity, which is used 
to determine SMAD2/3 dependent gene responses  (48), 
was markedly enhanced in TD cells  (Fig. 4D). These data 
suggested that SERPINE1 induction may be facilitated by the 
enhancement of TGFβ‑dependent gene responses. Given that 

SERPINE1 expression was regulated by both YAP and TGFβ, 
it was conclude that the YAP pathway and SMAD4‑dependent 
TGFβ signaling interact upon TGFβ stimulation. To evaluate 
the hypothesis of a crosstalk between TGFβ signaling and 
YAP, pathway enrichment analysis of 111 genes, which are 
regulated by the SMAD4 transcription factor in the DEGs in 
A549 and TD cells, was performed. The second most enriched 
pathway was the Hippo pathway (P=1.4x10‑4) after TGFβ 
signaling (P=0.2x104) (Fig. 4E). As predicted, CTGF expres-
sion, indicating a YAP‑dependent gene response, was rapidly 
enhanced upon TGFβ treatment in TD cells (Fig. 4F), similar 
to SRE reporter activity (Fig. 4D). Of interest, knockdown of 
SMAD4 in TD cells failed to affect basal levels of SERPINE1 
expression, whereas TGFβ‑mediated SERPINE1 expression 
was attenuated by SMAD4 knockdown (Fig. 4G). Moreover, 
TGFβ‑mediated SERPINE1 expression was significantly 
decreased by knockdown of YAP (Fig. 4H). This effect was 
more pronounced when YAP and TAZ were simultaneously 
depleted  (Fig.  4I), suggesting that YAP and TAZ may be 
required for TGFβ‑SMAD4‑dependent SERPINE1 expression 
in mesenchymal lung cancer cells. The knockdown efficiencies 
of siRNAs of SMAD4, YAP and TAZ with or without treatment 

Figure 3. YAP‑dependent SERPINE1 expression. (A) Relative mRNA expression of SERPINE1 after Flag‑mock, Flag‑YAP and Flag‑YAP5SA were trans-
fected in A549 and TD cells. (B) GTIIC luciferase activity in A549 and TD cells at 24 h after Y27632 (10 µM) treatment. (C) mRNA expression of SERPINE1 
expression in A549 and TD cells at 24 h after Y27632 (10 µM) treatment. (D) Relative mRNA expression levels of CTGF and SERPINE1 after Y27632 (10 µM) 
treatment at indicative timepoint. (Relative mRNA expression of CTGF and SERPINE1 at 24 h after (E) high concentration (10‑ 40 µM) and (F) low concentra-
tion (0.25‑4 µM) of Y27632 treatment. **P<0.01, ***P<0.001, ****P<0.0001. SERPINE1, serpin family E member 1; WT, wild‑type; YAP, yes‑associated protein; 
ns, not significant; CTGF, connective tissue growth factor; YAP5SA, constitutively active mutant lacking inhibitory phosphorylation of YAP.
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Figure 4. Involvement of the TGFβ‑SMAD4 axis in YAP‑dependent SERPINE1 expression. (A) SERPINE1 mRNA expression in A549 and TD cells at 24 h 
after TGFβ treatment with the indicated concentrations. (B) Relative mRNA expression of SERPINE1 in A549 and TD cells at indicative time‑point after 
TGFβ (2 ng/ml) treatment. (C) Immunoblotting analysis for PAI‑1 protein expression at 24 h after TGFβ (2 ng/ml) treatment with siNC or siSER. (D) SBE 
luciferase activity in A549 and TD cell lines at indicated time‑points after TGFβ (2 ng/ml) treatment. (E) Enriched pathway in the 111 genes regulated by 
SMAD4 in DEG of A549 and TD cells. Highlighted red dots indicate the TGFβ and Hippo pathways. (F) mRNA expression of CTGF in A549 and TD cells 
at indicated time‑point after TGFβ treatment (2 ng/ml). mRNA expression of SERPINE1 in A549 and TD cells at 24 h after TGFβ (2 ng/ml) treatment after 
knockdown of (G) SMAD4, (H) YAP and (I) YAP/TAZ with siRNA transfection. (J) mRNA expression (top) and protein (bottom) of YAP after knockdown 
of YAP, β‑actin was used for protein loading control. (K) Representative images (magnification, x40) of invaded cells from a two‑chamber invasion model 
after knockdown with YAP siRNA (left), graphical representation of area fraction of invaded area (right). ***P<0.001, ****P<0.0001. siSER, small interfering 
RNA serpin family E member 1; NC, negative control; SERPINE1, serpin family E member 1; YAP, yes‑associated protein; TAZ, transcriptional co‑activator 
with PDZ‑binding motif; CTGF, connective tissue growth factor; PAI‑1, plasminogen activator inhibitor 1; SBE, Smad‑binding element; ns, not significant.
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of TGFβ were validated (Fig. S3A‑C). It is also important to 
note that knockdown of YAP (Fig. 4J) significantly attenuated 
the invasiveness in TD cells, which was similar to the effect 
identified after SERPINE1 expression knockdown (Fig. 4K).

Regulation of SEPINE1 expression in the patients with lung 
adenocarcinoma. To verify the results from the lung cancer 
cell line model, a transcriptome dataset from 494 patients with 

lung adenocarcinoma (TCGA; PanCancer Atlas) was obtained 
from cBioPoral (https//www.cbioportal.org/). SERPINE1 
expression was closely correlated with typical EMT marker 
genes such as zinc finger E‑box binding homeobox 1, CDH2 and 
snail family transcriptional repressor 2 (Fig. 5A). Additionally, 
the YAP‑dependent nature of SERPINE1 expression (Fig. 3) 
was also supported by the close correlation of SERPINE1 to 
CTGF expression (Pearson r=0.5183; Fig. 5B). The TGFβ 

Figure 5. Regulation of SEPINE1 expression in the patients with LUAD. Correlation of mRNA expression of SERPINE1 with (A) epithelial mesenchymal 
transition marker genes, (B) CTGF and (C) SMAD4 downstream genes in patients with LUAD. (D) Comparison between the high‑ and low‑expression group 
for CTGF of average expression levels from 566 patients with lung cancer from TCGA cohort, in terms of relative mRNA expression of indicated genes in 
patients with LUAD. (E) GO analysis with genes highly correlated with SERPINE1 in patients with LUAD. Combined score of each GO is presented as a bar 
graph (left) and number of genes overlapped in each GO is illustrated (right). (F) Comparison between the high‑ and low‑expression groups for SERPINE1 in 
terms of overall survival, new tumor event‑free survival and locoregional recurrence‑free survival in patients with LUAD. ****P<0.0001. GO, Gene Ontology; 
SERPINE1, serpin family E member 1; HR, hazard ratio; CTGF, connective tissue growth factor; ZEB1, zinc finger E‑box binding homeobox 1; SNAI2, snail 
family transcriptional repressor 2; COL1A1, collagen type Iα1 chain; INHBA, inhibin subunit βA; FN1, fibronectin 1; LUAD, lung adenocarcinoma.
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dependency of SERPINE1 expression (Fig. 4) was supported 
by a close correlation of SERPINE1 expression to COL1A1, 
inhibin subunit βA (INHBA) and fibronectin 1 (FN1; Pearson 
r=0.4267, 0.6200 and 0.4244, respectively), which are typical 
SMAD4 targets (Fig. 5C). Of note, the CTGF‑high patient 
group demonstrated upregulated expression levels of SMAD4 
downstream targets (COL1A1, INHBA and FN1), as well as 
high SERPINE1 expression (Fig. 5D), suggesting a crosstalk 
between TGFβ downstream targets, including SERPINE1, and 
YAP/TAZ gene responses.

From the mRNA expression database involving 
566 patients with lung adenocarcinoma, a total of 237 genes 
were found to be highly correlated with SERPINE1 expression 
(Pearson R>0.4), which were then subjected to GO analysis. 
As predicted, gene signatures of ‘ECM matrix organiza-
tion’ (GO: 0030198) and ‘cell migration’ (GO: 0030334 and 
0030335) were highly associated with a SERPINE1 gene 
signature in the patients (Fig. 5E; Table SI). Consistent with 
previous studies (10,43,49), high SERPINE1 expression was 
associated with a poor prognosis for relapse or recurrence‑free 
survival but not overall survival  (Fig. 5F), indicating that 
SERPINE1 expression may have particular relevance to metas-
tasis or recurrence.

Discussion

TGFβ has been extensively characterized as a key stimulus 
for SERPINE1 expression and underlies the diverse roles of 
SERPINE1 in senescence, fibrosis, vascular disorders and 
cancer (13,16,50‑53). Considering the significant roles of the PA 
system in controlling ECM remodeling, which itself promotes 
the invasive and metastatic potential of cancer (5,54), induc-
tion of SERPINE1 in cancer cells is unexpectedly associated 
with poor prognosis due to its ability to promote metastasis or 
therapy resistance independent of PA activity(6,10,41,55,56). 
While the mesenchymal features acquired via EMT (4) have 
been extensively characterized in both cancer metastasis and 
therapy resistance, the signaling components responsible for 
these cancer‑promoting mesenchymal features may be impor-
tant targets for future anti‑cancer strategies.

Our previous study observed that SERPINE1 expression 
was correlated with chemoresistance score, a common feature 
of mesenchymal cancer cells (39). Consistent with this finding, 
the present study identified that SERPINE1 expression was 
significantly elevated in TD cells, and was closely correlated 
with other mesenchymal marker genes in patients with lung 
cancer. This close correlation with EMT features was recently 
reported in gastric cancer types via transcriptomic analysis 
of a large dataset  (49). Despite the strong correlation of 
SERPINE1 to chemoresistance score, SERPINE1 knockdown 
failed to sensitize TD cells to conventional chemotherapeutics 
(data not shown). Instead, knockdown of SERPINE1 in TD 
cells impaired invasive properties in a manner independent 
of MMP activity. These results were in accordance with data 
indicating that SERPINE1 expression served as a more favor-
able prognostic marker for recurrence‑free survival in lung 
cancer compared with overall survival (Fig. 5F).

The present results suggested that TGFβ‑dependent 
SERPINE1 expression was distinct between A549 and TD 
cells. A significant induction of SERPINE1 expression upon 

TGFβ treatment was found in TD cells, indicating that a 
factor(s) activated in TD cells contributed to TGFβ‑mediated 
SERPINE1 expression, a finding that was similar to previous 
studies revealing crosstalk among other signaling components 
underlying the induction of SERPINE1 expression upon TGFβ 
stimulation (15,16). The current study demonstrated that YAP, 
uncontrolled activation of which promotes both development 
and malignancy in diverse cancer types (57), itself induced 
SERPINE1 expression and also contributed to SERPINE1 
expression upon TGFβ treatment. Moreover, a functional inter-
action between YAP and TGFβ was identified in the regulation 
of CTGF, which functions as an important growth modulator 
of malignant mesothelioma (58). The significant reduction of 
SERPINE1 expression upon TGFβ by knockdown of YAP 
suggested that high YAP activity may prime TGFβ‑dependent   
expression. Thus, the significant induction of CTGF by TGFβ 
in TD cells indicated that the functional interaction between 
YAP and TGFβ was substantially enhanced in TD cells by 
an unknown mechanism, which represents as an interesting 
research question for subsequent studies. It was also observed 
that immunoblotting for PAI‑1 with two commercially avail-
able antibodies was technically challenging, unlike that 
found in previous studies (59,60), for unknown reasons. With 
multiple attempts, high PAI‑1 protein expression in TD cells 
was barely detected.

In conclusion, the present study demonstrated that SERPINE1 
induction in the mesenchymal lung cancer cells resulted 
from the synergic effect of YAP and TGFβ, which promoted 
invasive features. As a cancer prone effect of SERPINE1 
(e.g. invasion) occurs in a PA activity‑independent manner, 
instead of direct inhibitor for SERPINE1, a drug(s) to reverse 
transcriptome signature responsible for SERPINE1‑dependent 
invasiveness based on drug‑transcripome data analysis (e.g. 
Connectivity MAP) could be a feasible approach to target the 
cancer prone effect of SERPINE1 (39, 61).
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