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Abstract 

Background:  Accumulating evidence suggests that plasminogen activator inhibitor-1 (PAI-1) plays an important role 
in bladder tumorigenesis by regulating cell cycle. However, it remains unclear whether and how inhibition of PAI-1 
suppresses bladder tumorigenesis.

Methods:  To elucidate the therapeutic effect of PAI-1 inhibition, we tested its tumorigenicity in PAI-1 knockout (KO) 
mice exposed to a known bladder carcinogen.

Results:  PAI-1 deficiency did not inhibit carcinogen-induced bladder cancer in mice although carcinogen-exposed 
wild type mice significantly increased PAI-1 levels in bladder tissue, plasma and urine. We found that PAI-1 KO mice 
exposed to carcinogen tended to upregulate protein C inhibitor (PAI-3), urokinase-type plasminogen activator (uPA) 
and tissue-type PA (tPA), and significantly increased PAI-2, suggesting a potential compensatory function of these 
molecules when PAI-1 is abrogated. Subsequent studies employing gene expression microarray using mouse bladder 
tissues followed by post hoc bioinformatics analysis and validation experiments by qPCR and IHC demonstrated that 
SERPING1 is further downregulated in PAI-1 KO mice exposed to BBN, suggesting that SERPING1 as a potential miss-
ing factor that regulate PAI-2 overexpression (compensation pathway).

Conclusions:  These results indicate that serpin compensation pathway, specifically PAI-2 overexpression in this 
model, supports bladder cancer development when oncoprotein PAI-1 is deleted. Further investigations into PAI-1 are 
necessary in order to identify true potential targets for bladder cancer therapy.
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Background
Cancer of urinary bladder is the fifth most common 
cancer with an estimated 80,470 newly diagnosed cases 
and an estimated 17,670 deaths in 2019 in the US [1]. 
Despite improvement of diagnosis and treatment of 
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bladder cancer (BCa), the death rates of BCa have been 
stable over the past two decades [2, 3].

Plasminogen activator inhibitor-1 (PAI-1) is an 
endogenous inhibitor of urokinase-type plasminogen 
activator (uPA). The canonical function of PAI-1 is inhi-
bition of tissue plasminogen activator (tPA) and uPA to 
maintain clot formation and thus plays a major role in 
non-neoplastic disorders, such as deep vein thrombo-
sis, myocardial infarction, atherosclerosis, and stroke 
[4, 5]. PAI-1 expression is regulated by many intrinsic 
factors (e.g, cytokines and growth factors) and extrinsic 
factors (e.g, cellular stress) [6]. Based on our previous 
studies, we have identified PAI-1 to be one in a panel 
of 10 urine-based diagnostic biomarkers for the detec-
tion of BCa [7]. We have reported that mRNA and pro-
tein levels of PAI-1 are elevated in voided urine from 
patients with BCa [8–13]. In addition, we confirmed 
that the protein expression of PAI-1 was increased in 
actual bladder tumors, compared to benign controls 
and specifically PAI-1 expression levels were higher in 
muscle invasive bladder cancer (MIBC) compared with 
non-muscle invasive bladder cancer (NMIBC) [14, 15].

Recent studies regard PAI-1 as a pleiotropic fac-
tor exerting diverse cellular effects, many potentially 
related to tumorigenesis, including both pro- and anti-
tumoral effects [16, 17]. For example, overexpression 
of PAI-1 inhibited tumor growth in a prostate cancer 
xenograft model [16], while knockdown of PAI-1 inhib-
ited tumor growth and angiogenesis in fibrosarcoma, 
colon, lung and breast cancer xenograft models using 
PAI-1 null nude mice [17]. We also found that genetic 
and pharmacologic inhibition of PAI-1 in BCa xeno-
grafts using PAI-1+/+ nude mice significantly decreased 
tumor size while overexpression of PAI-1 in xenograft 
resulted in a substantial increase in tumor size [14, 18]. 
Contrary to xenograft results, PAI-1 knockout mice 
in carcinogenesis models failed to demonstrate any 
effect of PAI-1 inhibition on tumor incidence, growth 
and metastasis. The first report of PAI-1 KO mice in a 
carcinogenesis model was published by Almholt et  al. 
[19]. In this report, PAI-1 deficiency had no effect on 
the development and metastasis of mammary tumors 
induced by polyoma virus middle T antigen (PyVT). 
Similarly, PAI-1 KO mice did not affect the develop-
ment of colon cancer, ocular tumors and skin cancer 
[20–22]. It is still unclear whether this is due to the 
functions of compensatory serine protease inhibitors 
(serpins), including PAI-2, protein C inhibitor (PAI-3), 
protease nexin-1 or maspin. It might be possible that 
PAI-1 does not play an important role in those can-
cers. Thus, the role of PAI-1 in tumorigenesis and cel-
lular growth is complicated, varying with experimental 
design and its cellular origin, so more mechanistic 

studies as well as preclinical studies are required to elu-
cidate the exact role PAI-1 plays in human cancers.

In the current study, we found that PAI-1 KO mice 
treated with a BCa carcinogen developed BCa including 
carcinoma in  situ (CIS), NMIBC and MIBC with simi-
lar incidences as wild type mice by overexpressing PAI-2 
that may compensate for the PAI-1 deficiency. Global 
gene expression microarray and bioinformatics post hoc 
analysis identified 18 genes, which may be involved in the 
PAI-2 overexpression, compensatory pathway. IHC anal-
ysis revealed that SERPING1 was downregulated only in 
PAI-1 KO mice by BCa carcinogen treatment. We then 
discuss the complexity of PAI-1/PAI-2 compensatory 
pathway in BCa.

Methods
Animals, reagents, and tumor model
Mice were housed and handled in the laboratory animal 
resources facilities at the University of Hawaii (UH). Mice 
were maintained under controlled conditions of humidity 
(50 ± 10%), light (12-h light–dark cycle) and temperature 
(23 ± 2 °C). All mouse experiments were approved by the 
institutional animal care and use committees at the UH 
(IACUC # 14-1937). PAI-1 homozygous knockout (KO) 
mice (mixed background strains derived from C57BL/6 
X 129, stock # 002507) were purchased from Jackson 
Laboratories (Bar Harbor, ME). Based on the suggestion 
from Jackson Laboratories, we employed C57BL/6 mice 
as a control. The genotypes of the PAI-1 KO mice were 
determined by polymerase chain reaction (PCR) analysis 
of genomic DNA isolated from tail biopsies according to 
the manufacturer’s protocol. N-butyl-N-(4-hydroxybutyl) 
nitrosamine (BBN) was purchased from TCI America 
(Portland, OR). We employed male and female mice in 
the same ratio. PAI-1 KO mice and wild-type C57BL/6 
wild type (WT) mice at 6 to 8 weeks of age were treated 
with 0.05% BBN in drinking water continuously for 
20 weeks to induce the formation of BCa, which is a well-
established mouse carcinogen-induced BCa model [23]. 
In addition, previous study has shown that PAI-1 is over-
expressed in BBN-induced bladder tumor tissues [24, 25]. 
Mice were weighed weekly. One day before euthanasia, 
mice were housed in metabolic cages for urine collection. 
Mice from each group were euthanized in weeks 8 (5 
mice/group), 12 (5 mice/group), 16 (5 mice/group), and 
20 (20 mice/group) of the experiment (Additional file 1: 
Fig. S1).

Histopathology of tumor sections
Resected bladders were initially weighed then each blad-
der was filled with 100  μl of 10% neutral buffered for-
malin. The bladder necks were ligated and the entire 
specimens placed in 10% neutral buffered formalin. 
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Bladders in formalin were embedded in paraffin, sec-
tioned (5 μm) and placed on Superfrost plus Micro slides 
(Fisher Scientific, Pittsburgh, PA). Deparaffinized sec-
tions from each mouse were subjected to hematoxylin 
and eosin stain for histological evaluation. All samples 
were assessed by a board-certified pathologist (OC).

ELISA
Levels of urinary PAI-1 were determined using a com-
mercial ELISA kit (cat. log # MPAIKT-TOT; Molecu-
lar Innovations, MI, USA) according to manufacturer’s 
instruction. The assay was validated by demonstrating (a) 
undetectable PAI-1 in plasma from PAI-1 null mice and 
(b) parallel dilution curves for standard PAI-1 and sam-
ples from C57BL/6 mice with high endogenous PAI-1.

Real‑time RT‑PCR
RNA was extracted from frozen tissues as well as for-
malin-fixed and paraffin-embedded (FFPE) tissues using 
RNeasy Mini Kit (Qiagen, Valencia, CA) and RNeasy 
FFPE Kit (Qiagen), respectively, according to the manu-
facturer’s instructions. cDNA was synthesized using 
qScript cDNA SuperMix (Quanta Biosciences, Gaithers-
burg, MD). Real-time PCR was performed with MyiQ2 
Two-Color Real-Time PCR Detection System (Bio-Rad). 
The standard real-time PCR reaction volume was 20 μl, 
and consisted of 10 μl of PerfeCTa SYBR Green FastMix 
(Quanta Biosciences), 7  μl RNAse-free H2O, 1  μl for-
ward primer (final concentration of 1  μM), 1  μl reverse 
primer (1 μM) and 1 μl cDNA (0.5 ng/μl). All reactions 
were performed in triplicate. Primer sets can be found 
in Additional file 1: Table S1 and S2. The copy numbers 
of mRNA were calculated after normalization to β-actin 
using absolute quantification.

Gene expression microarray analysis
Total RNA was extracted from frozen tissues at week 20. 
RNA purity and integrity were evaluated by ND-1000 
Spectrophotometer (NanoDrop, Wilmington, USA), and 
Agilent 2100 Bioanalyzer (Agilent Technologies, Palo 
Alto, USA). The Affymetrix Whole transcript Expres-
sion array process was executed according to the manu-
facturer’s protocol (GeneChip Whole Transcript PLUS 
reagent Kit). Briefly, cDNA was synthesized using the 
GeneChip WT (Whole Transcript) Amplification kit 
as described by the manufacturer. The sense cDNA was 
then fragmented and biotin-labeled with TdT (terminal 
deoxynucleotidyl transferase) using the GeneChip WT 
Terminal labeling kit. Approximately 5.5  μg of labeled 
DNA target was hybridized to the Affymetrix GeneChip 
Mouse Array at 45  °C for 16  h. Hybridized arrays were 
washed and stained on a GeneChip Fluidics Station 450 
and scanned on a GCS3000 Scanner (Affymetrix). Signal 

values were computed using the Affymetrix® GeneChip™ 
Command Console software. The assay was performed 
by the Macrogen (Korea).

Statistical analysis
Experimental data were expressed as means with SD. 
All statistical analyses were conducted using the Stu-
dent t test for comparing means of two groups and one-
way analysis of variance (ANOVA) with post hoc Tukey 
test when comparing more than two groups. A P value 
of < 0.05 was considered significant. All statistical analy-
ses and figures were carried out using GraphPad Prism 
software 7.0 (GraphPad Software, Inc.).

Gene expression data were summarized and normal-
ized with robust multi-average (RMA) method imple-
mented by Affymetrix® Power Tools (APT). We exported 
the result with gene level RMA analysis and performed 
the differentially expressed gene (DEG) analysis. Statisti-
cal significance of the expression data was determined via 
fold change. For a DEG set, a hierarchical cluster analy-
sis was performed using complete linkage and Euclidean 
distance as a measure of similarity. Gene-Enrichment 
and Functional Annotation analysis for significant probe 
list was performed using Gene Ontology (www.geneo​
ntolo​gy.org/) and KEGG(www.genom​e.jp/kegg/). All 
data analysis and visualization of differentially expressed 
genes was conducted using R 3.3.3 (www.r-proje​ct.org).

Results
PAI‑1 levels are upregulated in tissues, plasma and urine 
by BBN
To confirm that PAI-1 is overexpressed by BBN in our 
animals, we analyzed PAI-1 levels in mouse bladders 
during BBN exposure using real-time RT-PCR. As we 
expected, BBN exposure tended to increase PAI-1 expres-
sion in week 8, while the BBN exposure tended to reduce 
PAI-1 expression in weeks 12 and 16 (Fig. 1a). BBN expo-
sure to WT mice significantly increased PAI-1 expression 
at week 20 when 50% of BBN-exposed mice developed 
MIBC (P < 0.01, Table 1). We also analyzed PAI-1 levels in 
urine and plasma collected from WT with/without BBN 
exposure. We found that PAI-1 levels in urine was gradu-
ally increased by BBN exposure in a time-dependent 
manner (Fig. 1b). At week 20 when 50% of BBN-exposed 
WT mice developed MIBC, the urinary PAI-1 levels in 
BBN-exposed WT mice was significantly higher than 
control WT mice (P < 0.0001), indicating the strong cor-
relation between PAI-1 levels and bladder tumor grade/
stage in this mouse model. Interestingly, PAI-1 levels in 
plasma was also higher in BBN-exposed WT mice when 
compared to control WT mice (P < 0.0001, Fig. 1c), sug-
gesting that perhaps plasma PAI-1 levels can be a poten-
tial cancer biomarker.

http://www.geneontology.org/
http://www.geneontology.org/
http://www.genome.jp/kegg/
http://www.r-project.org
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Development of CIS, NMIBC and MIBC in PAI‑1 KO mice
To determine the influence of PAI-1 deficiency on BBN-
induced BCa, we exposed WT and PAI-1 KO mice to 
0.05% BBN in drinking water for 20 consecutive weeks. 
First, the data showed that exposure to BBN was suf-
ficient to induce CIS, NMIBC and MIBC in a time 
dependent manner (Table  1). For example, BBN expo-
sure to WT mice for 8 and 12  weeks developed CIS in 
all mice. BBN exposure for 16 weeks developed CIS in 4 
of 6 WT mice (67%) and bladder tumors in 2 of 6 WT 
mice (33%). BBN exposure for 20  weeks developed CIS 
in 6 of 16 WT (38%) mice and bladder tumors in 10 of 
16 WT mice (62%). The results indicate that 0.05% BBN 
in drinking water developed bladder tumors at a time-
dependent rate. As summarized in Table  1, PAI-1 defi-
ciency did not reduce incidence of CIS and bladder 
tumors. For example, BBN exposure to PAI-1 KO mice 
for 8 and 12  weeks induced CIS in all mice. Also, BBN 
exposure to PAI-1 KO mice for 16 and 20 weeks induced 
bladder tumors in 20% (1/5) and 85% (11/13) of PAI-1 
KO mice, respectively. Representative light macroscopic 
photos of bladder tumors in WT and PAI-1 KO mice are 
shown in Fig. 2. By histological analysis, we found that 1 
of 2 bladder tumors demonstrated NMIBC and another 
demonstrated MIBC in WT, while one bladder tumor 
indicated NMIBC in PAI-1 KO mice at week 16. At week 
20, 2 of 10 bladder tumors demonstrated NMIBC and 8 
of 10 bladder tumors demonstrated MIBC in WT mice, 
while 5 of 11 bladder tumors demonstrate NMIBC and 
6 of 11 bladder tumors demonstrate MIBC in PAI-1 KO 
mice. However, we observed no histological difference 
including aggressiveness, invasiveness and inflammation 
between WT and PAI-1 KO mice (Fig. 2). Taken together, 
the results indicate that genetic deletion of PAI-1 did 
not reduce tumor incidence in the BBN-induced bladder 
tumor model.

Expression of PAI‑2, PAI‑3, protease nexin‑1, maspin, uPA 
and tPA in PAI‑1 KO and WT bladders
To determine the mechanisms by which lack of PAI-1 
expression showed no effect on BBN-induced BCa devel-
opment, we analyzed the mRNA levels of PAI-2, PAI-3, 
protease nexin-1, maspin, uPA and tPA in bladder tis-
sues using real-time RT-PCR (Fig. 3). In WT mice, BBN 
exposure increased PAI-1 expression at week 16 and 20, 
and uPA and tPA at week 20 (Fig. 3e and f ). Interestingly, 
PAI-1 deficiency extremely augmented PAI-2 expression 
induced by BBN exposure at week 16 and PAI-2 expres-
sion was further increased at week 20 (Fig. 3a), suggesting 
that PAI-2 may compensate for an a low or absent PAI-
1. On the other hand, we observed different responses 

a

b

c

Fig. 1  BBN-induced bladder tumorigenesis model. PAI-1 mRNA 
expression in bladder tissues in WT mice (n = 5 per each time point; 
**P < 0.01; a). PAI-1 protein levels in urine collected from WT mice 
(n = 5 per each time point; ****P < 0.0001; b). PAI-1 protein levels in 
plasma collected from WT mice (n = 5 at week 20; ****P < 0.0001; c). 
Bars represent SD
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in PAI-3, uPA and tPA expression in PAI-1 KO mice. 
Although their expression levels were slightly affected by 
BBN in WT mice, PAI-1 deficiency significantly induced 
high expression levels of PAI-3, uPA and tPA at weeks 12 
and 16, and then their levels went back to the baseline 
levels of WT mice (Fig. 3b, e, f ). The results indicate that 
PAI-1 deficiency changes the balance of serpins, which 
may be associated with bladder tumorigenesis. There is 
no difference in protease nexin-1 and maspin expression 
in PAI-1 KO and WT mice with/without BBN exposure 
(Fig. 3c, d), indicating that protease nexin-1 and maspin 
do not play roles in bladder tumorigenesis.

Effect of PAI‑1 knockdown and overexpression in human 
urothelial cells in vitro
To further investigate the relationships of serpins in PAI-1 
KO mice, we genetically manipulated PAI-1 in urothe-
lial cells and analyzed the expression of serpins. We 
first employed 2 siRNAs for PAI-1 to knockdown PAI-1 
expression in UM-UC-3 cells, and then analyzed expres-
sion of serpins. As shown in Additional file 2: Fig. S2A, 
both siRNAs significantly inhibited PAI-1 expression. 
Interestingly, both siRNAs also downregulated PAI-2 and 
protease nexin-1 expression when compared to the cells 
transfected with siRNA for scramble-negative control 
(SCR) (Additional file 2: Fig. S2A, left). We also employed 
commercial PAI-1 siRNA. We found that the commercial 
PAI-1 siRNA also significantly downregulated PAI-2 and 
protease nexin-1 expression as well as PAI-1 (data not 
shown). The results from transient knockdown of PAI-1 

with siRNA are different from in vivo experiments in that 
PAI-1 deficiency upregulated PAI-2 but did not change 
protease nexin-1 levels. This may be due to the differ-
ence in existence of PAI-1 between transient knockdown 
and spontaneous knockout. Therefore, we established 
stable transfectants carrying SCR and PAI-1 shRNA. 
Unlike transient transfectants, long-term knockdown 
of PAI-1 downregulated only protease nexin-1, but not 
PAI-2 (Additional file 2: Fig. S2A, right). In addition, we 
overexpressed PAI-1 in urothelial cells with low PAI-1 
expression, UROtsa and 5637. Interestingly in both cell 
lines, forced overexpression of PAI-1 led to upregulation 
of PAI-3 and maspin (Additional file 2: Fig. S2B). PAI-1 
overexpression increased protease nexin-1 expression in 
UROtsa, while protease nexin-1 expression was reduced 
in 5637 cells. Thus, the results indicate that regulation of 
serpins is complicated and not simple as general signal-
ing cascades.

Global gene expression analysis by microarray, validation 
by qPCR and IHC
Because in vitro experiments using cell lines did not repli-
cate the results from the animal experiment, we set out to 
explore the mechanism by which PAI-1 deficiency along 
with BBN exposure could induce PAI-2 overexpression 
leading to bladder tumorigenesis. Using gene expression 
microarray, we investigated the effect of PAI-1 deficiency 
and BBN on 41,345 transcripts in BBN-induced mouse 
bladder tumors (GEO accession number GSE140457). 
The gene expression profiles of tumors were compared 

Table 1  Histological findings in urinary bladder

*Numbers in parentheses indicate percentage

Strain BBN treatment Period (week) Effective no. 
of mice

NMIBC MIBC

Carcinoma in situ Ta and T1

Wild type No 8 4 0 0 0

12 4 0 0 0

16 5 0 0 0

20 15 0 0 0

PAI-1 KO No 8 5 0 0 0

12 4 0 0 0

16 4 0 0 0

20 16 0 0 0

Wild type Yes 8 6 6 (100)* 0 0

12 5 5 (100) 0 0

16 6 4 (67) 1 (17) 1 (17)

20 16 6 (38) 2 (13) 8 (50)

PAI-1 KO Yes 8 5 5 (100) 0 0

12 4 4 (100) 0 0

16 5 4 (80) 1 (20) 0

20 13 2 (15) 5 (38) 6 (46)
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and analyzed with a cutoff of fold changes at 1.5 and P 
value of 0.05. Since PAI-2 is upregulated by BBN but 
PAI-1 deficiency further upregulated PAI-2, we first com-
pare between control and BBN in WT and PAI-1 KO 
mice, respectively. We identified 868 genes upregulated 
and 991 genes downregulated in bladders from PAI-1 
KO mice, while 278 genes upregulated and 240 genes 
downregulated in bladders from WT mice (Fig.  4a, b). 
We then identified 168 common genes upregulated and 
209 common genes downregulated. With the common 
genes, we selected further upregulated or downregulated 
genes; 108 and 68 genes, respectively. The 9 most upreg-
ulated and 9 most downregulated genes were selected, 
and we performed gene interaction map analysis with 
them (Fig. 4c). With 18 identified genes along with PAI-1 
and PAI-2, we performed pathway analysis using PAN-
THER pathway analysis (http://www.panth​erdb.org). The 
results identified cellular process (DSG3, SPRR3, PDE5A, 

NDRG2, BMP3, DSC3, SPRR2f) as the highest ranked 
functional groupings and associated canonical pathways 
included metabolic process, multicellular organismal 
process and response to stimulus (Fig. 4d). By qPCR anal-
ysis, we validated the concordance with the gene expres-
sion microarray in MYL9, FAM129A, SERPING1, DSG3 
and SPRR2F (Fig. 5a and Additional file 2: Fig. S3). Since 
an antibody for mouse SPRR2F was not commercially 
available, we performed IHC for the remaining 4 targets 
(MYL9, FAM129A, SERPING1 and DSG3). Interest-
ingly, IHC results for SERPING1 demonstrated statisti-
cally significant difference but the results were different 
from qPCR analysis. In mRNA levels by qPCR, PAI-1 
deficiency decreased SERPING1 expression, and BBN 
treatment further decreased its expression. However, in 
protein levels by IHC, BBN treatment increased SERP-
ING1 expression, while PAI-1 deficiency tempered this 
increase (Fig. 5b and Additional file 2: Fig. S4).

Discussion
In this study, we first showed that BBN-exposure to 
WT mice increased PAI-1 levels in tissue, plasma and 
urine. However, we also showed that PAI-1 deficiency 
did not inhibit BBN-induced bladder tumor develop-
ment, including CIS, NMIBC and MIBC. This may be 
due to overexpression of PAI-2, which may compensate 
for PAI-1 deletion and lead to bladder tumor develop-
ment. Global gene expression analysis identified MYL9 
and SERPING1 as potential downstream target of PAI-1, 
which may regulate PAI-1/PAI-2 compensatory pathway.

The major finding in this study is the complicated bal-
ance of serpins system in bladder tumorigenesis. Based 
on previous studies including our reports [14, 17, 18, 
26–28], we hypothesized that PAI-1 plays an important 
role in bladder tumor development. However, this study 
employing PAI-1 KO mice in BBN-induced bladder 
tumor model demonstrated that PAI-1 deficiency did not 
inhibit tumor incidence or progression. In fact, previ-
ous reports employing PAI-1 KO mice have also failed to 
demonstrate any effect of PAI-1 deficiency on tumor ini-
tiation, growth and metastasis [19, 21, 22, 29]. A recent 
review article by Placencio et al. hinted that this may be 
due to the presence of compensatory serpins including 
PAI-2, PAI-3, protease nexin-1 and maspin [5]. We first 
analyzed PAI-1 levels in this model. We confirmed that 
BBN exposure in WT mice induced the process of blad-
der tumorigenesis in a time-dependent manner accom-
panying the increase in PAI-1 levels in tissue, plasma 
and urine. We also found that PAI-1 expression in BBN 
exposed bladders was significantly higher than normal 
bladders in 20  weeks. In addition, PAI-1 levels in urine 
and plasma were also increased in BBN-exposed WT 
mice. The results from the animal experiments are similar 

Fig. 2  Development of CIS, NMIBC and MIBC in WT and PAI-1 KO 
mice. H&E staining of bladder urothelium from 3 untreated, aged WT 
mice (26–28 weeks old); bladder urothelium from 3 WT mice with 
CIS after 8 weeks of BBN exposure; bladder urothelium from 3 WT 
mice with CIS after 12 weeks of BBN exposure; bladder urothelium 
from 3 WT mice with CIS and NMIBC after 16 weeks of BBN exposure; 
bladder urothelium from 3 WT mice with NMIBC and MIBC after 
20 weeks of BBN exposure; 3 untreated, aged PAI-1 KO mice 
(26–28 weeks old); bladder urothelium from 3 PAI-1 KO mice with CIS 
after 8 weeks of BBN exposure; bladder urothelium from 3 PAI-1 KO 
mice with CIS after 12 weeks of BBN exposure; bladder urothelium 
from 3 PAI-1 KO mice with CIS and NMIBC after 16 weeks of BBN 
exposure; bladder urothelium from 3 PAI-1 KO mice with NMIBC and 
MIBC after 20 weeks of BBN exposure. All normal CIS images were 
captured at 400× magnification and all tumor images were captured 
at 100× magnification

http://www.pantherdb.org
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to our previous reports in humans in that PAI-1 expres-
sion is higher in bladder tumor tissues than in benign tis-
sue and higher in MIBC than in NMIBC [15, 30].

Notably, we found that levels of PAI-2, PAI-3, uPA and 
tPA in bladder were modified by PAI-1 deficiency. Sev-
eral studies demonstrated that PAI-1 deficiency is not 
compensated by the overexpression of proteins in plas-
minogen/plasmin system (PAI-2, PAI-3, protease nexin-
1, maspin, tPA, uPA and uPAR) [19, 21, 22, 29]. However, 
since previous studies analyzed the levels after tumors 

were developed, the effect of PAI-1 deficiency on plas-
minogen/plasmin system remains unclear. Therefore, 
we investigated the changes in their expression during 
the process of bladder tumorigenesis. Interestingly, in 
contrast to previous studies, PAI-1 KO mice exposed to 
BBN increased PAI-2, PAI-3, uPA and tPA mRNA lev-
els in their bladder, suggesting that PAI-1 deficiency may 
be compensated by all or some of these proteins. PAI-2 
is expressed in placenta, thus called placental PAI. Its 
canonical function is the same as PAI-1, a coagulation 

d

b

c

a

fe

Fig. 3  PAI-2, PAI-3, protease nexin-1, maspin, uPA and tPA mRNA levels in bladder tissues. Blue circle, Control-WT; blue cross, Control-PAI-1 KO; red 
circle, BBN-WT; red cross, BBN-PAI-1 KO. Bars represent SD. *P < 0.05, BBN-WT vs. BBN-PAI-1 KO; ****P < 0.0001, BBN-WT vs. BBN-PAI-1 KO
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a b

c

d

Fig. 4  Global gene expression analysis identified key genes that were changed by BBN treatment in PAI-1 KO mice. a Whole genome expression 
profile evaluated by microarray analysis assessed the expression of 41,345 gene transcripts. Gene expression microarray heatmap (n = 2 per group) 
of dysregulated genes. b Strategy for gene selection. Since PAI-2 is upregulated by BBN but PAI-1 deficiency further upregulated PAI-2, we first 
compare between control and BBN in WT and PAI-1 KO mice, respectively. Then we identified common genes that are found in both WT and PAI-1 
KO mice. With the common genes, we selected further up- or down-regulated genes. c Gene interaction map with 9 most upregulated and 9 most 
downregulated genes along with PAI-1 and PAI-2. d Pathway analysis of the genes identified in c 
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a

b

Fig. 5  Validation of selected genes by qPCR (a) and IHC (b). The qPCR data indicates copy number (target gene/β-actin). Bars represent SE. *P < 0.05; 
**P < 0.01; ***P < 0.001
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factor that inactivates uPA and tPA. However, PAI-2 
has been reported to have different functions from 
PAI-1 in cancer. High levels of PAI-1 in tumor promote 
tumor growth and progression, while high PAI-2 lev-
els decrease tumor growth and metastasis by inhibiting 
uPA [31]. Crucial structural differences in PAI-2 pre-
clude direct high-affinity binding to vitronectin or mem-
bers of the LDLR family and hence extracellular PAI-2 
does not have the capability to induce these additional 
cellular responses. On the other hand, PAI-2 has been 
reported to have an ability to prevent apoptosis. Spe-
cifically, PAI-2 has been found in the nucleus, where it 
may interact with RB leading to the prevention of RB 
degradation [31]. The findings indicate that PAI-2 func-
tion in tumorigenesis is still unclear. PAI-3 is known as 
protein C inhibitor, which limits the activity of protein C 
(an anticoagulant). In addition to the canonical function, 
PAI-3 has been reported to inhibit breast cancer growth 
and metastasis [32]. However, a recent study demon-
strated that PAI-3 inhibits melanoma tumor growth but 
promotes its tumor metastasis to lung [33]. uPA and tPA 
are serine proteases, which convert plasminogen (inac-
tive) to plasmin (active). It has been reported that uPA is 
highly expressed in most solid and hematologic cancers 
and thus uPA has been thought to be a potential thera-
peutic target [34]. In fact, genetic and pharmacological 
inhibition of uPA successfully exhibited slower tumor 
growth and showed less tumor progression in vivo. The 
reports suggest that uPA upregulation may be associated 
with the induction of bladder tumorigenesis in PAI-1 
KO mice. However, since uPA was upregulated in weeks 
12 and 16 in PAI-1 KO mice when PAI-1 was downreg-
ulated in WT mice exposed to BBN, the effect of uPA 
upregulation on bladder tumorigenesis in this model 
remains unclear. Taken all together, due to these con-
flicting results, it remains unclear whether PAI-2, PAI-3, 
uPA and/or tPA may compensate for a loss of PAI-1 in 
mouse bladder tumorigenesis. However, because PAI-2 
is extremely upregulated by BBN treatment in PAI-1 KO 
mice, we hypothesize that PAI-2 may compensate for 
loss of PAI-1 resulting in bladder tumor development. 
To the best of our knowledge, this is the first report to 
show the effect of PAI-1 deficiency on the serpins sys-
tem, specifically regarding a potential function of PAI-2 
in tumorigenesis.

Further investigating the mechanism by which PAI-1 
KO mice exposed to BBN overexpressed PAI-2, PAI-3, 
uPA and tPA mRNA levels, we genetically manipulated 
PAI-1 in urothelial cell lines and analyzed mRNA lev-
els of serpins. Unlike PAI-1 KO mice exposed to BBN, 
genetic inhibition of PAI-1 in UM-UC-3 cells reduced 
PAI-2 and protease nexin-1 levels. Based on BLAST 
search, the siRNAs for PAI-1 are specific to PAI-1 and 

are not supposed to bind to PAI-2 or protease nexin-1. 
In addition, we found that forced overexpression of PAI-1 
in UROtsa and 5637 cells increased PAI-3 and maspin. 
These results from in vitro studies are not consistent with 
the data from our in  vivo study, indicating the compli-
cated regulation of serpin network.

To identify the pathway how BBN treatment in PAI-1 
KO mice increase PAI-2 expression, we performed global 
gene expression analysis by microarray using mouse blad-
der tissues followed by validation experiments by qPCR 
and IHC. We identified SERPING1 as a potential miss-
ing factor that regulate PAI-2 overexpression (compensa-
tion pathway). SERPING1 is also known as C1 esterase 
inhibitor and a protease inhibitor belonging to the serpin 
superfamily. Previous study has reported that a high-
protein diet resulted in decreased SERPING1 expression 
and increased PAI-1 expression, which may be one of 
factors of elevated urinary urea [35]. The stress of high 
urinary urea concentration induced an abnormally acti-
vated inflammatory response, cell cycle arrest, apoptosis 
and pathways in cancer occurred in bladder urothelium. 
The evidence suggested that high urinary urea concen-
tration caused by high-protein diet might be a potential 
carcinogenic factor in bladder. Another line of study has 
shown that decreased expression of SERPING1 can be a 
biomarker for risk of prostate cancer and prediction of 
malignant progression [36]. In addition, analyses of ser-
pins in matched tissue and mucus exosomal proteins in 
chronic rhinosinusitis tissue demonstrated upregulated 
PAI-1 and PAI-2 along with downregulated SERPING1 
[37]. The evidence suggest links between PAI-1, PAI-2 
and SERPING1, which may, in our case lead to bladder 
tumorigenesis (Additional file 3).

Conclusions
In summary, the present study shows that PAI-1 defi-
ciency does not impair BBN’s ability to induce bladder 
tumorigenesis. In addition, we demonstrated that PAI-1 
KO mice exposed to BBN upregulated serpin expression, 
specifically PAI-2, when compared to WT mice exposed 
to BBN. Moreover, we observed that SERPING1 was fur-
ther downregulated in PAI-1 KO mice exposed to BBN, 
suggesting that SERPING1 served as a potential miss-
ing factor that regulate PAI-2 overexpression (compen-
sation pathway). Taken together, these results indicate 
that the serpin compensation pathway, specifically PAI-2 
overexpression in this model, supports bladder cancer 
development when oncoprotein PAI-1 is deleted. Further 
investigations into PAI-1 are necessary in order to iden-
tify true potential targets for bladder cancer therapy.
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