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ABSTRACT
Malignant mesothelioma (MM) is a rare neoplasm associated with asbestos 

exposure. The prognosis of MM is poor because it is aggressive and highly resistant 
to chemotherapy. Using a rat model of asbestos-induced MM, we found elevated  
urokinase-type plasminogen activator receptor (uPAR; Plaur) expression in rat tissues, 
which was associated with poor prognosis. The proliferation, migration and invasion 
of MM cells were suppressed by uPAR knockdown and increased by overexpression 
experiments, irrespective of urokinase-type plasminogen activator (uPA; Plau) levels. 
More importantly, we found that uPAR expression is associated with sensitivity 
to cisplatin in MM through the PI3K/AKT pathway, which was demonstrated with 
specific inhibitors, LY294002 and Akti-1/2. uPAR knockdown significantly increased 
sensitivity to cisplatin whereas its overexpression significantly decreased cisplatin 
sensitivity. Furthermore, sera and tissues from MM patients showed significantly high 
uPAR levels, which suggested the pathogenic role of uPAR in the tumor biology of 
human MM. In conclusion, our findings indicate that uPAR levels are associated with 
malignant characteristics and cisplatin sensitivity of MM. In addition to the potential 
use of uPAR as a prognostic marker, the combination of uPAR abrogation and cisplatin 
may reveal a promising therapeutic approach for MM. 

INTRODUCTION

Malignant mesothelioma (MM) arises from the 
serosal mesothelial cells of somatic cavities and is an 
aggressive neoplasm [1–4].  Exposure to asbestos is 
the primary cause of MM [5].  The incidence of MM is 
increasing worldwide, especially in developing countries 
[6, 7].  Chemotherapy, surgery and radiation are rarely 
curative for MM.   Among these treatments, chemotherapy 
is a relatively effective treatment for MM, and combining 
cisplatin with pemetrexed improves patient survival.  
However, the median progression-free survival time is 

only 6.0 months, and the median overall survival time is 
14.7 months [8].  Therefore, it is critical to identify key 
molecules for the early diagnosis of MM and development 
of novel therapies.

Urokinase-type plasminogen activator receptor 
(uPAR; Plaur), also known as CD87, is a glycosyl-
phosphatidylinositol (GPI)-anchored membrane protein 
[9].  While uPAR is normally expressed in various parts 
of the body, such as the colon, kidney, bronchus and bone 
marrow (www.proteinatlas.org), its expression increases 
during myeloid/monocytic differentiation [10], wound 
healing in keratinocytes [11] and the progression of 

Path1-wangshenqi
Typewritten Text

Path1-wangshenqi
Typewritten Text

Path1-wangshenqi
Typewritten Text
ウロキナーゼ型プラスミノーゲン活性化因子受容体は悪性中皮腫の増殖・浸潤を促進しシスプラチン感受性を低下させる

Path1-wangshenqi
Typewritten Text

Path1-wangshenqi
Typewritten Text

Path1-wangshenqi
Typewritten Text
王　申奇、蒋　麗、韓　一芃、周　珊瑚、大原　悠紀、赤塚　慎也、翁　良、川口　晃司、福井　高幸、関戸 好孝、横井　香平、豊國　伸哉

Path1-wangshenqi
Typewritten Text



Oncotarget2www.impactjournals.com/oncotarget

various neoplasms [12].  It was originally identified as a 
cell-surface binding site for urokinase-type plasminogen 
activator (uPA; Plau).  Although uPAR does not contain 
any transmembrane or cytosolic domains, it is anchored 
to the plasma membrane through a GPI moiety, which is 
simultaneously added with the posttranscriptional removal 
of a COOH terminal signal sequence [13].  Recent studies 
have suggested that uPAR can also act as a signaling 
receptor in cooperation with transmembrane receptors 
like vitronectin/integrin to activate major intracellular 
signaling pathways, such as the phosphatidyl inositide 
3-kinase (PI3K)/AKT pathway [14, 15].

uPAR has been demonstrated as a component 
of the main systems involved in the growth, metastasis 
and angiogenesis of several solid and hematologic 
malignancies [16, 17].   Moreover, elevated plasma levels 
of its cleaved form, called soluble uPAR, are frequently 
associated with poor prognosis in breast and colorectal 
cancers [18].  However, no studies have examined the 
serum or tissue uPAR levels in asbestos-induced MM 
and their relation to the malignancy and sensitivity to 
chemotherapy drugs, except for a phenotype investigation 
in  an orthopedic mouse transplant model [19].  Here, 
for the first time, we measured and modulated uPAR 
expression in asbestos-induced MM tissues and cells to 
determine downstream signaling alterations and its impact 
on chemotherapy.  The implications of these observed 
effects on the treatment and prognosis of MM are also 
discussed.

RESULTS

uPAR increase in asbestos-induced rat MM and 
its association with prognosis

Based on our previous data of asbestos-induced 
MM (GEO Accession No. GSE48298) in rats, both 
histological subtypes of MM, i.e., the epithelioid (EM) and 
sarcomatoid (SM) subtypes, showed approximately 6–7-
fold increase in uPAR expression compared with scraped 
normal mesothelial cells (Figure 1A).  Similar results were 
observed for MM induced by 3 different types of asbestos 
(Figure 1B).  We confirmed the results with quantitative 
RT-PCR, Western blot (Figure 1C, Supplementary Figure 
S1A) and immunohistochemistry analyses (Figure 1D).  
In rat MM tissue array analysis, the majority of uPAR 
expression was localized in the cytoplasm and plasma 
membrane in rat MM tissue cores, and uPAR expression in 
normal spleen and lung mesothelium was almost negative.  
Then, we semiquantified the staining density for each MM 
tissue core using the H-score formulation, as previously 
described [20]; out of 20 rat MM cores, there were 2 
cases of mild, 10 cases of moderate and 8 cases of strong 
immunostaining.  A survival analysis was performed 
between the combined mild and moderate expression 
groups and the strong expression group according to 

the H-score threshold of 200.  The results showed that 
strong uPAR expression in rat MM was associated with 
significantly shorter survival during carcinogenesis 
(Figure 1E).  

Rat/human MM cell lines

The rat MM cell lines showed results that were 
consistent with those of the corresponding original tumors.  
The human MM cells consisted of 7 EM, 1 biphasic 
subtype (BM) and 1 not determined subtype (ND), which 
revealed similar elevated uPAR expression, except for the 
Y-Meso-8A and H28 cells, compared to an immortalized 
rat peritoneal mesothelial cell line (RPMC) and a 
transformed normal human mesothelial cell line (MeT-5A) 
(Figure 1F, 1G, Supplementary Figure S1B, S1C). 

Knockdown of uPAR suppresses the 
proliferation, migration and invasion of rat MM 
cells

To explore the potential role of uPAR in MM cell 
growth, motility and invasion, we stably transfected either 
rat uPAR-targeted shRNAs (uPAR shRNA #1 and #2) or a 
luciferase-targeted shRNA as a control in EM and SM cells 
via lentiviral infection.  Validation of uPAR knockdown 
was evaluated by quantitative RT-PCR and Western blot 
analyses.  Meanwhile, compared with uninfected MM 
cells, viral infection did not obviously change the uPAR 
expression level in control shRNA-infected MM cells 
(Figure 2A, 2B, Supplementary Figure S1D).  In both the 
EM and SM cell lines, stable uPAR knockdown resulted 
in significantly suppressed proliferation, as determined 
by cell counting with the trypan blue exclusion method 
(Figure 2C).  Furthermore, the migratory and invasive 
properties of the rat MM cells were also inhibited, as 
determined by transwell assays (Figure 2D, 2E).  

Effect of uPAR knockdown is independent of 
uPA in rat MM cells

To further determine whether uPA, as a uPAR 
ligand involved in MM cell growth motility and invasion, 
the relationships of uPA and uPAR expression in rat and 
human MM cells were investigated by quantitative RT-
PCR.  There was no significant correlation between uPA 
and uPAR in MM cells (Figure 3A–3D).  We also used rat 
uPA-targeted shRNAs (uPA shRNA #1 and #2) in EM and 
SM cells.  Validation of uPA knockdown was evaluated by 
quantitative RT-PCR and Western blot analyses (Figure 3E, 
Supplementary Figure S1E).  However, our results revealed 
no mutual influence between uPA and uPAR by uPA or 
uPAR knockdown experiments in rat MM cells through 
quantitative RT-PCR analysis (Figure 3F, 3G).  Moreover, 
proliferation and invasion of rat MM cells were not 
significantly inhibited by uPA knockdown (Figure 3H, 3I). 



Oncotarget3www.impactjournals.com/oncotarget

uPAR overexpression stimulates the 
proliferation, migration and invasion in a human 
MM cell line

Conversely, we overexpressed uPAR in a 
human MM cell line with low uPAR expression, 

Y-Meso-8A, using a human uPAR expression vector.  
Immunofluorescence analysis indicated that overexpressed 
uPAR was mainly localized on the cell membrane (Figure 
4A, 4B, Supplementary Figure S1F). uPAR overexpression 
stimulated proliferation, migration and invasion in 
Y-Meso-8A cells (Figure 4C–4E).

Figure 1:  uPAR (Plaur) overexpression in rat asbestos-induced malignant mesothelioma (MM) and rat/human MM 
cell lines in association with prognosis.  Microarray uPAR expression for (A) histological subtype and (B) asbestos fiber.  (C) uPAR 
expression in rat MM tissues with quantitative RT-PCR and Western blot analysis.  (D) uPAR immunostaining in rat tissue array with 
spleen/lung/liver (rat normal tissues from left to right) surface lining mesothelial cells as control (arrow, bar = 50 μm).  (E) Strong uPAR 
expression in rat MM was associated with poorer survival.  (F, G) uPAR expression in rat and human MM cell lines with quantitative 
RT-PCR and Western blot analysis.  MM, malignant mesothelioma; EM, epithelioid subtype mesothelioma; SM, sarcomatoid subtype 
mesothelioma; BM, biphasic subtype mesothelioma; ND, mesothelioma of not determined subtype (means ± SEM; representative of three 
independent assays; *P < 0.05, **P < 0.01).  See text for details.



Oncotarget4www.impactjournals.com/oncotarget

Effect of uPAR expression on the AKT/mTOR 
signaling pathway 

To further evaluate alterations in intracellular 
signaling after modulating uPAR expression, we 
evaluated AKT, which was suggested to be frequently 

activated in MM cells (Supplementary Figure S2A, 
S2B) and downstream proteins, pS6K and S6, which 
are important components of the mTOR pathways [21].  
We observed that AKT/mTOR activity was closely 
associated with uPAR expression, as demonstrated 
through uPAR knockdown and overexpression in MM 

Figure 2:  Inhibition of proliferation, migration and invasion with uPAR knockdown in rat EM and SM cells.  The 
knockdown efficiency of two shRNA sequences transduced by lentivirus, targeting uPAR in EM and SM cells, as determined by (A) 
quantitative RT-PCR and (B) Western blot.  Suppressed proliferation, migration and invasion of rat MM cells after uPAR knockdown were 
observed in EM and SM cells by (C) cell counting, (D) transwell migration and (E) transwell invasion analyses. EM, epithelioid subtype 
mesothelioma; SM, sarcomatoid subtype mesothelioma (means ± SEM; *P < 0.05, **P < 0.01; m.s., not significant).  See text for details.
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cells (Figure 5A, 5B, Supplementary Figure S1G, S1H).  
The extracellular signal-regulated kinase (ERK) is 
also reported to be regulated by uPAR expression [22].  
Nevertheless, Western blot analysis showed that uPAR 
expression exerted no obvious effect on ERK in MM cells 
(Supplementary Figure S3A, S3B).

Knockdown of uPAR decreases cell growth and 
the AKT signaling pathway in vivo 

To further evaluate whether uPAR is crucial for the 
growth of MM cells and has an effect on the AKT signaling 
in vivo, we utilized a nude mice xenograft model.  The tumor 

Figure 3:  Mutual irrelevance between uPA and uPAR expression in rat/human MM cells and no effect on proliferation 
and invasion with uPA knockdown in rat EM and SM cells.  (A, C) uPA expression in rat/human MM cells with quantitative  
RT-PCR and (B, D) no significant correlation between uPA and uPAR expression. Knockdown efficiency of two shRNA sequences 
transduced by lentivirus, targeting uPA in EM and SM cells, determined by (E) quantitative RT-PCR and Western blot analyses. There 
are no significant changes in (F) uPAR expression after uPA knockdown and (G) uPA expression after uPAR knockdown with quantitative  
RT-PCR. There is no obvious suppression of proliferation and invasion of rat MM cells after uPA knockdown, as observed in EM and 
SM cells by (H) cell counting and (I) transwell invasion analyses. EM, epithelioid subtype mesothelioma; SM, sarcomatoid subtype 
mesothelioma (means ± SEM; *P < 0.05, **P < 0.01; m.s., not significant). See text for details.
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growth curves derived from the xenograft experiments 
indicated that uPAR knockdown significantly impeded MM 
cell growth in nude mice (Figure 6A).  Moreover, AKT 

showed decreased activity after uPAR knockdown in MM 
tumors by immunohistochemistry and Western blot analyses 
(Figure 6B, 6C, Supplementary Figure S1I).

Figure 4:  Enhanced proliferation, migration and invasion after uPAR overexpression in Y-Meso-8A cells.  uPAR 
overexpression in Y-Meso-8A cells was determined by (A) Western blot and (B) immunofluorescence analyses (bar = 20 μm).  Enhanced 
proliferation, migration and invasion after uPAR overexpression were observed in Y-Meso-8A cells by (C) cell counting, (D) transwell 
migration and (E) transwell invasion analyses (means ± SEM; *P < 0.05, **P < 0.01).  See text for details.

Figure 5:  Determination of AKT activity and its downstream signalling pathway.  (A) Downregulated AKT and downstream 
mTOR signaling pathway after uPAR knockdown in EM and SM cells.  (B) Upregulated AKT and downstream mTOR signaling pathway 
after uPAR overexpression in Y-Meso-8A cells.  Refer to Figure 2 and 3 for uPAR knockdown and overexpression.
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Cisplatin sensitivity in rat MM cells is 
proportionally associated with uPAR expression

To investigate the relationship between uPAR 
expression and chemotherapy sensitivity in MM, 
standard chemotherapeutic drugs for MM, pemetrexed 
(PTX) and cisplatin (CDDP) were evaluated in rat MM 
cells.  Practically no difference in sensitivity to PTX 
was observed after uPAR knockdown (Supplementary 
Figure S4).  In contrast, uPAR knockdown sensitized 
both EM and SM cells to CDDP at 24 h (Figure 7A).  
After CDDP treatment (20 µM at 24 h) with uPAR 
knockdown, the proportion of early/late apoptotic cells 
increased significantly, whereas uPAR knockdown alone 
did not induce significant MM cell death (Figure 7B, 7C).  
Because the AKT signaling pathway and its downstream 
proteins have been reported to interact with the caspase 
family to regulate cell apoptosis [23], we further evaluated 
the caspase-3 levels to determine whether decreased AKT 
activity induced by uPAR knockdown was associated with 
promoted apoptotic activity.   Our results revealed that 
CDDP suppressed the AKT pathway, which was promoted 
by uPAR knockdown; this suppression led to activation of 
the apoptotic pathway, as shown by caspase-3 cleavage.  
Furthermore, we transducted a myristoylated form of AKT 

(myr-AKT) into uPAR knockdown cells to continuously 
express activated AKT (Supplementary Figure S5).  The 
apoptotic activity was nearly abolished by sustained AKT 
activation (Figure 7D, Supplementary Figure S1J).

We also performed experiments with uPAR 
overexpression and CDDP treatment in Y-Meso-8A 
cells.  We observed decreased sensitivity to CDDP 
after uPAR overexpression in Y-Meso-8A cells at 24 h 
(Supplementary Figure S6A).  uPAR overexpression 
induced resistance to apoptosis after CDDP treatment, 
whereas a PI3K/AKT inhibitor, LY294002, and a specific 
AKT inhibitor, Akti-1/2, partially reversed the effect.  
These results indicate that resistance to apoptosis after 
CDDP treatment is partially related with AKT activity in 
MM cells (Supplementary Figure S6B, S6C).  

uPAR and AKT are simultaneously activated in 
human MM tissue

A human MM tissue array (T392a) from the Biomax 
company was subjected to immunochemical analysis for 
uPAR and activated AKT (pAKT, Ser473).  Compared with 
benign pleural lesions, increased immunostaining of uPAR 
was observed in eight MM tissue cores from four patients, 
and pAKT showed corresponding alterations  (Figure 8A).

Figure 6:  Inhibited growth of MM tumors in vivo with uPAR knock down.  (A) The growth suppression in vivo upon uPAR 
knockdown in EM and SM cells in nude mice (n = 4 per group). uPAR and pAKT expression in xenograft tumors with (B) immunochemistry 
and (C) Western blot analyses. EM, epithelioid subtype mesothelioma; SM, sarcomatoid subtype mesothelioma (means ± SD; *P < 0.05, 
**P < 0.01).
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Figure 7:  Increased cisplatin sensitivity leading to apoptosis after uPAR knockdown in rat MM cells. (A) Relative 
cell viability by MTT assay 24 h after exposure to each concentration of cisplatin with uPAR knockdown in EM and SM cells.  (B) Flow 
cytometry analysis and (C) its quantitation for increased early (AnnexinVhigh/PIlow) and late (AnnexinVhigh/PIhigh) apoptosis with uPAR 
knockdown and rescued by myr-AKT transduction.  (D) Caspase activation observed by cleaved caspase 3 in EM and SM cells via Western 
blot analysis after uPAR knockdown and rescued by myr-AKT transduction.  EM, epithelioid subtype mesothelioma; SM, sarcomatoid 
subtype mesothelioma; CDDP, cisplatin (means ± SEM; *P < 0.05, **P < 0.01).  See text for details.
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Elevated uPAR levels in the serum of MM 
patients 

Because the soluble uPAR levels in cultured 
medium of MM cells was consistent with cellular 
expression (Supplementary Figure S7A, S7B), we further 
investigated the uPAR levels in the serum of MM patients.  
Based on the analyses of the control group, including 12 
participants without malignant disease, versus the group of 
MM patients (N = 21; 15 EM and 6 BM) and 13 patients 
with lung cancer, we observed significantly increased 
serum uPAR levels in the MM patients.  However, the 
lung cancer patients also exhibited high serum uPAR 
levels (Figure 8B).  There were no significant differences 
between the MM and lung cancer patients.

DISCUSSION

Recently, a comprehensive genomic analysis of MM 
identified recurrent mutations, gene fusions and splicing 
alterations [24].  Here, we used genome-wide expressing 
profiling from our animal carcinogenesis model to focus 
on uPAR [25, 26].  For the first time, we showed that uPAR 
overexpression is observed in asbestos-induced rat MM, 
regardless of the asbestos fibers used for carcinogenesis 
and the histological subtype of MM.  Moreover, we found 
a significant correlation between survival and uPAR 
expressions in rat models.  These data indicate that uPAR 
overexpression is a common and important expressional 
alteration in MM.  However, we could not determine the 
relationship between uPAR expression and the histotype 
in human MM cells because of the lack of SM cell lines.  
Exposure to asbestos has been reported to upregulate uPAR 
expression in mesothelial cells [27].  Therefore, the link 
between this first reaction to asbestos and carcinogenesis 
highlighted the involvement of uPAR and it would be an 
interesting subject for future investigations.

Indeed, uPAR is overexpressed in some human 
cancers, including breast, gastric and lung cancer [28], and 
it has been associated with poor prognosis, particularly 
in cases of leukemia, lung, prostate and breast cancer 
[29–32].  Coincidently, uPAR overexpression was mostly 
reproduced in both rat and human MM cell lines, and 
with knockdown and overexpression studies in vitro and 
in vivo, we showed that uPAR is intimately associated 
with the malignant character of MM cells.  However, it 
should be noticed that the proliferation and migration of 
MM cells can be increased to a relatively greater degree 
when stimulated with serum in vitro in addition to uPAR 
overexpression [19]. Also, some studies have reported 
that uPAR could activate cellular signaling and increase 
tumor cell malignancy in the absence of uPA through the 
binding of vitronectin [33, 34]. Our results confirmed that 
the suppressed effect of the proliferation and invasion with 
uPAR knockdown is not related to uPA expression in MM 
cells.

Although uPAR overexpression in human MM cell 
lines compared with MeT-5A and primary mesothelial 
cells has been previously reported [19, 35], we for the first 
time showed the association between uPAR overexpression 
and downstream PI3K/AKT/mTOR signaling with uPAR 
modulation in MM cells and xenograft tumors,  as well as 
in human MM tissue samples.  The results are consistent 
with those of a recent study in papillary thyroid carcinoma 
cells [36].  The PI3K/AKT/mTOR pathway is essential 
for cell proliferation and growth, cell cycle progression 
and cellular metabolism maintenance [37].  Furthermore, 
the PI3K/AKT pathway has been identified as a key 
regulator of survival during cellular stress [38].  Therefore, 
induced activation of AKT downstream genes by uPAR 
overexpression in MM can be considered a critical target 
for future MM treatment.

 Many other signaling pathways have been reported 
to be associated with uPAR, including the focal adhesion 
kinase (FAK), EGFR, and Ras–mitogen-activated protein 
kinase (MAPK) pathways (epidermoid carcinoma) [22, 
39], as well as the ERK pathway through formyl peptide 
receptor-like 1 (FPRL1; THP-1, macrophage), which is 
a G-protein-coupled receptor [40].  However, our results 
showed that ERK was not affected upon uPAR expression 
in MM cells which is similar to a report on nasopharyngeal 
carcinoma cells [41]. 

The identification of target molecules that confer 
chemoresistance in MM cells is of crucial importance for 
MM treatment.  Our results showed that MM cells revealed 
caspase activation and apoptotic features with cisplatin 
treatment, which were inhibited by uPAR overexpression 
and promoted by uPAR knockdown.  This is consistent 
with another relevant study identifying uPAR-positive 
cells that are resistant to cisplatin in small cell lung cancer 
[42].  We also found that the sensitivity of MM cells to 
cisplatin is related to uPAR induced AKT activation.  To 
the best of our knowledge, this is the first report of uPAR 
expression being associated with cisplatin sensitivity 
through the AKT pathway in MM.  As cisplatin is known 
to induce apoptotic cell death [43], several studies have 
reported on the role of the PI3K/AKT/mTOR signaling 
pathway in cisplatin sensitivity/apoptosis in different cell 
and cancer types (e.g., kidney cells and ovarian cancer) 
[44–46].  Different pathways are likely simultaneously 
activated by uPAR overexpression and may have crosstalk 
with each other [28].  Our results showed that PI3K/AKT 
or specific AKT inhibitors induced a slight increase in 
the apoptotic effect of cisplatin in uPAR overexpressing 
Y-Meso-8A cells, suggesting that other anti-apoptotic 
pathways are probably activated in MM cells.

Cell-surface uPAR can be shed from the membrane. 
The consistence of soluble uPAR levels in cultured 
medium and cellular expressions of MM cells with 
modulated uPAR expression were confirmed.  Cleaved 
uPAR from the MM cell membrane leads to uPAR 
secretion into the blood flow, and our study was the first 
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Figure 8: Increased uPAR levels in human MM tissues and in serum of MM patients.  (A) Immunohistochemical analysis 
of uPAR and pAKT in human MM tissue-array in comparison to benign pleural lesions (bar = 50 μm).  (B) Increased serum uPAR levels 
in human MM and lung cancer patients groups, compared to the non-neoplastic control group (means ± SEM; *P < 0.05, **P < 0.01; m.s., 
not significant). (C) Summary scheme.  uPAR-associated cellular signaling, and synergy of uPAR overexpression with reduced cisplatin 
sensitivity by activated AKT signalling in MM cells. 

to show that MM patients have higher serum uPAR levels 
compared to those with benign diseases.  The serum uPAR 
level is closely associated with its expression and has been 
suggested as a prognostic biomarker in some cancers (e.g., 
ovarian and prostate cancer) [47, 48].  Overexpression of 
uPAR downstream genes, such as AKT and mTOR, in MM 
tissues is associated with shortened MM patient survival 
[49].  With the ease of testing serum uPAR levels, our 
results suggest that the serum uPAR level could serve 
as a marker for MM diagnosis and therapy monitoring.  
However, as this marker is common to many different 

cancers, including lung cancer, analysis of the results 
requires ample caution.

In conclusion, we showed that elevated uPAR 
expression in MM increases AKT signaling activity, 
which is a major regulator of cisplatin-induced apoptosis 
(Figure 8C).  Future studies on the interacting molecules, 
especially the coupling of uPAR expression with AKT 
activity in MM, are necessary to fully elucidate the 
molecular mechanisms.  Antagonistic recombinant 
human antibodies against uPAR are currently available 
for putative diagnostic and therapeutic use in breast 
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cancer [50].  The combination of uPAR abrogation and 
chemotherapeutic drugs in MM would be a promising 
therapeutic approach. 

MATERIALS AND METHODS

Chemicals

cis-Diamminedichloroplatinum (cisplatin; CDDP; 
D3371) was obtained from Tokyo Chemical Industry, 
Japan.  A PI3K inhibitor, LY294002 (129–04861), and 
vehicle control, dimethyl sulfoxide, were purchased from 
Wako, Japan. An AKT inhibitor, Akti-1/2 (A6730) was 
purchased from Sigma-Aldrich, USA.

Asbestos-induced MM in rats and expression 
microarray analysis

Rat MM tissue samples confirmed by 
immunohistochemical analysis for mesothelioma 
markers from our previous experiments with this MM 
model were used [25].  Typical samples were randomly 
selected.  Rat whole-genome microarrays (G4131F; 
Agilent Technologies, USA) were used; two normal 
mesothelial tissues obtained by scraping normal rat 
pleural and peritoneal cavities were used as controls [51], 
and 21 rat MM tissues (8 epithelioid subtype (EM) and 
13 sarcomatoid subtype (SM)) were used as previously 
described [26] and registered as GEO Accession No. 
GSE48298 [26].  All expression data were normalized 
to β-actin.  The animal experiment committee of Nagoya 
University Graduate School of Medicine approved this 
study.

Cell lines, culture conditions and conditioned 
medium preparation

Rat MM cell lines (EM 1–5 and SM 1–5) were 
established from the ascites of mesothelioma-bearing 
rats models conducted in our previous studies [26].  
Regarding 8 human MM cell lines, four cell lines, ACC-
MESO-4, Y-MESO-8A, Y-MESO-9 and Y-MESO-25 were 
established in our laboratory (Y.S.) [52, 53]; NCI-H28 
and MSTO-211H were purchased from ATCC (USA), 
and NCI-H290 and NCI-2052 were kindly provided 
from Dr. Adi F. Gazdar.  Rat peritoneal mesothelial cells 
(RPMCs) were cultured from the omentum of Wistar rats, 
and full-length HPV16E6 and E7 were transfected for 
immortalization as previously described [54].  RPMC and 
rat/human mesothelioma cell lines were all maintained 
and used for experiments (except for conditioned medium 
preparation) in 1640 medium supplemented with 10% 
FBS and 1% antibiotic-antimycotic solution in a 5% CO2 
incubator at 37°C.  A line of immortalized mesothelial 
cells, MeT-5A, was purchased from ATCC and cultured 
in M199, according to the instructions. To prepare 

conditioned medium, subconfluent cultures of 1 × 106 cells 
were washed twice with PBS and incubated with serum-
free medium for 24 h. Conditioned medium was collected 
and filtered through a 0.22 μm filter, the same amount of 
which was loaded for SDS-PAGE as described [26].

Tissue array, immunohistochemistry and 
quantitative analysis

A rat MM tissue array, including 20 samples 
and 3 control tissues, was prepared in our laboratory.  
A human mesothelioma tissue array was purchased 
(Biomax, USA).  The avidin-biotin complex method 
with peroxidase or immunofluorescence was used for the 
immunohistochemical analysis, as previously described 
[55, 56].  All images were obtained using a BZ-9000 
microscope (Keyence, Japan).  The uPAR protein levels 
in the rat tissue arrays were assessed based on the H-score 
[57] in a blinded manner by S.W. and Y.H.   The H-score 
was calculated as the sum of the percentage of stained 
cells, multiplied by an ordinal value corresponding to the 
intensity level (0 = none, 1+ = weak, 2+ = moderate, 3+ = 
strong), according to the following formula: 1 × (% cells 
1+) + 2 × (% cells 2+) + 3 × (%cells 3+).  The 4 intensity 
levels resulted in the following score ranges: 0–300; mild 
(0–100), moderate (101–200) and strong (201–300).  
Survival curves for the mesothelioma rats were plotted 
using the Kaplan-Meier method according to an H-score 
threshold of 200, and the differences were compared using 
the log-rank test. 

Tumor xenografts experiments

BALB/c nu/nu mice (4–6 weeks old; SLC, Japan) 
were subcutaneously injected into the flanks with 100 μl 
of PBS containing 5 × 106 MM cells. Tumor development 
was monitored everyweek by measuring the tumor 
volume determined by the following formula: (Length × 
Width2)/2. The tumors were harvested after euthanization. 
All procedures were performed in accordance with 
the national guidelines and approved by the animal 
experiment committee of Nagoya University Graduate 
School of Medicine.

Antibodies

The following antibodies were used: anti-uPAR 
(9692; Western blot analysis), anti-pAKT Ser 473 (4051), 
anti-AKT (4691), anti-p-pS6K Thr 389 (9205), anti-pS6K 
(9202), anti-pS6 Ser 235/236 (4857), anti-S6 (2217), anti-
caspase-3 (9665), anti-cleaved caspase-3 (9664) from 
Cell Signaling Technology, USA; anti-uPAR (103791; 
immunohistochemistry) from Abcam, USA; anti-uPA 
(sc-14019) from Santa Cruz, USA; anti-HA Tag (04–902) 
from Millipore, USA and anti-β actin (A1978) from 
Sigma-Aldrich, USA. 
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Annexin V-FITC/PI flow cytometric analysis

The APOAF Annexin V apoptosis kit (Sigma, USA) 
was used for staining annexin V on the outside of the 
apoptotic cells according to the manufacturer’s protocol.  
All samples were quantified using a Canto II flow cytometer 
(BD Biosciences, USA) and analyzed by FlowJo software 
7.6 software (TreeStar, USA).  AnnexinVhigh/PIlow cells were 
recognized as early apoptosis and AnnexinVhigh/PIhigh cells 
were identified as late apoptosis or necrosis. 

Determination of serum uPAR concentration in 
humans

A human uPAR Quantikine ELISA Kit (DUP0012, 
R&D Systems, USA) was used with the human serum 
samples according to the manufacturer’s protocol.  All 
subjects provided written informed consent.  The study 
was conducted in accordance with the ethical standards, 
the Declaration of Helsinki and national and international 
guidelines,  and it was approved by the Ethical Committee 
of the Nagoya University Graduate School of Medicine.

Statistical analysis

The data were analyzed using PASW 22.0 (SPSS, 
USA) and GraphPad Prism 5 (GraphPad Software, USA).  
Statistical significance between two groups of interest was 
analyzed using the unpaired Student’s t-test.  One-way 
analysis of variance (ANOVA) and the least significant 
difference (LSD) test were used to analyze more than 
two subgroups.  The results are shown as the mean ± 
SEM except for where noted.  A P value of < 0.05 was 
considered significant.

Abbreviations

BM, biphasic subtype mesothelioma; CDDP, cis-
diamminedichloroplatinum; DAPI, 2-(4-amidinophenyl)-
1H-indole-6-carboxamidine; DMSO, dimethysulfoxide; 
EM, epithelioid subtype mesothelioma; ERK, extracellular 
signal-regulated kinase; GPI, glycosyl-phosphatidylinositol; 
MM, malignant mesothelioma; mTOR, mammalian 
target of rapamycin; MTT, 3-(4,5-di-methylthiazolyl-2-
yl)-2,5-diphenyltetrazolium bromide; PBS, phosphate-
buffered saline; PI3K, phosphatidyl inositide 3-kinase; 
PTX, pemetrexed; RPMC, rat peritoneal mesothelial cell; 
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis; SM, sarcomatoid subtype mesothelioma; 
uPA, urokinase-type plasminogen activator; uPAR, 
urokinase-type plasminogen activator receptor.

ACKNOWLEDGMENTS

We thank Kyoko Yamashita and Fumiya Ito (Nagoya 
University) for their encouragements and discussion.  We 

also thank Nobuaki Misawa and Naomi Tagami (Nagoya 
University) for technical assistance.  

CONFLICTS OF INTEREST

The authors declare that they have no competing 
interests.

GRANT SUPPORT

This work was supported, in part, by the National 
Cancer Center Research and Development Fund (25-A-5), 
a Grant-in-aid for research from the Ministry of Education, 
Culture, Sports, Science and Technology (MEXT) of Japan 
(24390094; 221S0001–04; 24108008) and the Yasuda 
Medical Foundation.  Shenqi Wang was sponsored by the 
China Scholarship Council (Oct. 2012 – Sep. 2016).

REFERENCES

 1. Roggli VL, Oury TD, Sporn TA (eds.). Pathology of 
asbestos-associated diseases. (New York: Springer Verlag). 
2004.

 2. Toyokuni S. Mechanisms of asbestos-induced 
carcinogenesis. Nagoya J Med Sci. 2009; 71:1–10.

 3. Sekido Y. Molecular pathogenesis of malignant 
mesothelioma. Carcinogenesis. 2013; 34:1413–1419.

 4. Chew SH, Toyokuni S. Malignant mesothelioma as an 
oxidative stress-induced cancer:An update. Free Radic Biol 
Med. 2015; 86:166–178.

 5. IARC, WHO. Asbestos (chrysotile, amosite, crocidolite, 
tremolite, actinolite, and anthophyllite).  IARC Monographs 
on the Evaluation of Carcinogenic Risks to Humans A 
Review of Human Carcinogens; Part C:Arsenic, Metals, 
Fibres, and Dusts. Lyon, France: IARC, pp. 219–309. 2012.

 6. Robinson B, Lake R. Advances in malignant mesothelioma. 
N Engl J Med. 2005; 353:1591–1603.

 7. Delgermaa V, Takahashi K, Park EK, Le GV, Hara T, 
Sorahan T. Global mesothelioma deaths reported to the 
World Health Organization between 1994 and 2008. Bull 
World Health Organ. 2011; 89:716–724, 724A-724C.

 8. Kindler HL, Karrison TG, Gandara DR, Lu C, Krug LM, 
Stevenson JP, Jänne PA, Quinn DI, Koczywas MN, 
Brahmer JR. Multicenter, double-blind, placebo-controlled, 
randomized phase II trial of gemcitabine/cisplatin plus 
bevacizumab or placebo in patients with malignant 
mesothelioma. J Clin Oncol. 2012; 30:2509–2515.

 9. Ploug M, Ellis V. Structure—function relationships in 
the receptor for urokinase–type plasminogen activator 
Comparison to other members of the Ly–6 family and snake 
venom α–neurotoxins. FEBS Lett. 1994; 349:163–168.

10. Plesner T, Ralfkiaer E, Wittrup M, Johnsen H, Pyke C, 
Pedersen TL, Hansen NE, Danø K. Expression of the 
receptor for urokinase-type plasminogen activator in normal 



Oncotarget13www.impactjournals.com/oncotarget

and neoplastic blood cells and hematopoietic tissue. Am J 
Clin Pathol. 1994; 102:835–841.

11. Rømer J, Lund LR, Eriksen J, Pyke C, Kristensen P, 
Danø K. The receptor for urokinase-type plasminogen 
activator is expressed by keratinocytes at the leading edge 
during re-epithelialization of mouse skin wounds. J Invest 
Dermatol. 1994; 102:519–522.

12. Dass K, Ahmad A, Azmi AS, Sarkar SH, Sarkar FH. 
Evolving role of uPA/uPAR system in human cancers. 
Cancer Treat Rev. 2008; 34:122–136.

13. Ploug M, Ronne E, Behrendt N, Jensen AL, Blasi F, 
Dano K. Cellular receptor for urokinase plasminogen 
activator. Carboxyl-terminal processing and membrane 
anchoring by glycosyl-phosphatidylinositol. J Biol Chem. 
1991; 266:1926–1933.

14. Lester RD, Jo M, Montel V, Takimoto S, Gonias SL. uPAR 
induces epithelial-mesenchymal transition in hypoxic breast 
cancer cells. J Cell Biol. 2007; 178:425–436.

15. Kanno Y, Matsuno H, Kawashita E, Okada K, Suga H, 
Ueshima S, Matsuo O. Urokinase-type plasminogen 
activator receptor is associated with the development of 
adipose tissue. Thromb Haemost. 2010; 104:1124–1132.

16. Mazar AP. Urokinase plasminogen activator receptor 
choreographs multiple ligand interactions: implications 
for tumor progression and therapy. Clin Cancer Res. 2008; 
14:5649–5655.

17. Margheri F, Luciani C, Taddei ML, Giannoni E, 
Laurenzana A, Biagioni A, Chilla A, Chiarugi P, Fibbi G, 
Del Rosso M. The receptor for urokinase-plasminogen 
activator (uPAR) controls plasticity of cancer cell 
movement in mesenchymal and amoeboid migration style. 
Oncotarget. 2014; 5:1538–1553.

18. de Bock CE, Wang Y. Clinical significance of urokinase–
type plasminogen activator receptor (uPAR) expression in 
cancer. Med Res Rev. 2004; 24:13–39.

19. Tucker TA, Dean C, Komissarov AA, Koenig K, Mazar AP, 
Pendurthi U, Allen T, Idell S. The urokinase receptor 
supports tumorigenesis of human malignant pleural 
mesothelioma cells. Am J Respir Cell Mol Biol. 2010; 
42:685–696.

20. Chambers S, Ivins C, Carcangiu M. Urokinase-type 
plasminogen activator in epithelial ovarian cancer: a poor 
prognostic factor, associated with advanced stage. Int J 
Gynecol Cancer. 1998; 8:242–250.

21. Altomare DA, Testa JR. Perturbations of the AKT signaling 
pathway in human cancer. Oncogene. 2005; 24:7455–7464.

22. Aguirre Ghiso JA. Inhibition of FAK signaling activated by 
urokinase receptor induces dormancy in human carcinoma 
cells in vivo. Oncogene. 2002; 21:2513–2524.

23. Chang F, Lee JT, Navolanic PM, Steelman LS, Shelton JG, 
Blalock WL, Franklin RA, McCubrey JA. Involvement of 
PI3K/Akt pathway in cell cycle progression, apoptosis, and 
neoplastic transformation: a target for cancer chemotherapy. 
Leukemia. 2003; 17:590–603.

24. Bueno R, Stawiski EW, Goldstein LD, Durinck S, De 
Rienzo A, Modrusan Z, Gnad F, Nguyen TT, Jaiswal BS, 
Chirieac LR, Sciaranghella D, Dao N, Gustafson CE, et al. 
Comprehensive genomic analysis of malignant pleural 
mesothelioma identifies recurrent mutations, gene fusions 
and splicing alterations. Nat Genet. 2016; 48:407–416.

25. Jiang L, Akatsuka S, Nagai H, Chew SH, Ohara H, 
Okazaki Y, Yamashita Y, Yoshikawa Y, Yasui H, Ikuta K, 
Sasaki K, Kohgo Y, Hirano S,  et al. Iron overload signature 
in chrysotile-induced malignant mesothelioma. J Pathol. 
2012; 228:366–377.

26. Jiang L, Yamashita Y, Chew SH, Akatsuka S, Ukai S, 
Wang S, Nagai H, Okazaki Y, Takahashi T, Toyokuni S. 
Connective tissue growth factor and beta-catenin constitute 
an autocrine loop for activation in rat sarcomatoid 
mesothelioma. J Pathol. 2014; 233:402–414.

27. Perkins RC, Courtney Broaddus V, Shetty S, Hamilton S, 
Idell S. Asbestos upregulates expression of the urokinase-
type plasminogen activator receptor on mesothelial cells. 
Am J Respir Cell Mol Biol. 1999; 21:637–646.

28. Smith HW, Marshall CJ. Regulation of cell signalling by 
uPAR. Nat Rev Mol Cell Biol. 2010; 11:23–36.

29. Pedersen H, Brunner N, Francis D, Osterlind K, Ronne E, 
Hansen HH, Dano K, Grondahl-Hansen J. Prognostic 
impact of urokinase, urokinase receptor, and type 1 
plasminogen activator inhibitor in squamous and large cell 
lung cancer tissue. Cancer Res. 1994; 54:4671–4675.

30. Atfy M, Eissa M, Salah HE, El Shabrawy DA. Role of 
urokinase plasminogen activator receptor (CD87) as a 
prognostic marker in acute myeloid leukemia. Med Oncol. 
2012; 29:2063–2069.

31. Kjellman A, Akre O, Gustafsson O, Hoyer-Hansen G, 
Lilja H, Norming U, Piironen T, Tornblom M. Soluble 
urokinase plasminogen activator receptor as a prognostic 
marker in men participating in prostate cancer screening. J 
Intern Med. 2011; 269:299–305.

32. Giannopoulou I, Mylona E, Kapranou A, Mavrommatis J, 
Markaki S, Zoumbouli C, Keramopoulos A, Nakopoulou L. 
The prognostic value of the topographic distribution of 
uPAR expression in invasive breast carcinomas. Cancer 
Lett. 2007; 246:262–267.

33. Madsen CD, Ferraris GM, Andolfo A, Cunningham O, 
Sidenius N. uPAR-induced cell adhesion and migration: 
vitronectin provides the key. The Journal of cell biology. 
2007; 177:927–939.

34. Kjoller L, Hall A. Rac mediates cytoskeletal rearrangements 
and increased cell motility induced by urokinase-type 
plasminogen activator receptor binding to vitronectin. J Cell 
Biol. 2001; 152:1145–1157.

35. Tucker TA, Williams L, Koenig K, Kothari H, 
Komissarov AA, Florova G, Mazar AP, Allen TC, Bdeir K, 
Mohan Rao LV, Idell S. Lipoprotein receptor-related 
protein 1 regulates collagen 1 expression, proteolysis, and 
migration in human pleural mesothelial cells. Am J Respir 
Cell Mol Biol. 2012; 46:196–206.



Oncotarget14www.impactjournals.com/oncotarget

36. Nowicki TS, Zhao H, Darzynkiewicz Z, Moscatello A, 
Shin E, Schantz S, Tiwari RK, Geliebter J. Downregulation 
of uPAR inhibits migration, invasion, proliferation, FAK/
PI3K/Akt signaling and induces senescence in papillary 
thyroid carcinoma cells. Cell Cycle. 2011; 10:100–107.

37. Manning BD, Cantley LC. AKT/PKB signaling: navigating 
downstream. Cell. 2007; 129:1261–1274.

38. Datta SR, Brunet A, Greenberg ME. Cellular survival: a 
play in three Akts. Gene Dev. 1999; 13:2905–2927.

39. Liu D, Aguirre Ghiso J, Estrada Y, Ossowski L. EGFR is a 
transducer of the urokinase receptor initiated signal that is 
required for in vivo growth of a human carcinoma. Cancer 
Cell. 2002; 1:445–457.

40. Resnati M, Pallavicini I, Wang JM, Oppenheim J, 
Serhan CN, Romano M, Blasi F. The fibrinolytic receptor 
for urokinase activates the G protein-coupled chemotactic 
receptor FPRL1/LXA4R. Proc Natl Acad Sci U S A. 2002; 
99:1359–1364.

41. Bao YN, Cao X, Luo DH, Sun R, Peng LX, Wang L, Yan YP, 
Zheng LS, Xie P, Cao Y, Liang YY, Zheng FJ, Huang BJ, 
et al. Urokinase-type plasminogen activator receptor 
signaling is critical in nasopharyngeal carcinoma cell growth 
and metastasis. Cell Cycle. 2014; 13:1958–1969.

42. Gutova M, Najbauer J, Gevorgyan A, Metz MZ, Weng Y, 
Shih CC, Aboody KS. Identification of uPAR-positive 
chemoresistant cells in small cell lung cancer. PLoS One. 
2007; 2:e243.

43. Siddik ZH. Cisplatin: mode of cytotoxic action and molecular 
basis of resistance. Oncogene. 2003; 22:7265–7279.

44. Kennedy SG, Wagner AJ, Conzen SD, Jordan J, 
Bellacosa A, Tsichlis PN, Hay N. The PI 3-kinase/Akt 
signaling pathway delivers an anti-apoptotic signal. Gene 
Dev. 1997; 11:701–713.

45. Yang X, Fraser M, Moll UM, Basak A, Tsang BK. Akt-
mediated cisplatin resistance in ovarian cancer: modulation 
of p53 action on caspase-dependent mitochondrial death 
pathway. Cancer Res. 2006; 66:3126–3136.

46. Peng DJ, Wang J, Zhou JY, Wu GS. Role of the Akt/mTOR 
survival pathway in cisplatin resistance in ovarian cancer 
cells. Biochem Biophys Res Commun. 2010; 394:600–605.

47. Sier CF, Stephens R, Bizik J, Mariani A, Bassan M, 
Pedersen N, Frigerio L, Ferrari A, Danø K, Brünner N. The 
level of urokinase-type plasminogen activator receptor is 
increased in serum of ovarian cancer patients. Cancer Res. 
1998; 58:1843–1849.

48. Al-Janabi O, Taubert H, Lohse-Fischer A, Frohner M, 
Wach S, Stohr R, Keck B, Burger M, Wieland W, 
Erdmann K, Wirth MP, Wullich B, Baretton G, et al. 

Association of tissue mRNA and serum antigen levels of 
members of the urokinase-type plasminogen activator 
system with clinical and prognostic parameters in prostate 
cancer. Biomed Res Int. 2014; 2014:972587.

49. Varghese S, Chen Z, Bartlett DL, Pingpank JF, Libutti SK, 
Steinberg SM, Wunderlich J, Alexander HR, Jr. Activation 
of the phosphoinositide-3-kinase and mammalian target 
of rapamycin signaling pathways are associated with 
shortened survival in patients with malignant peritoneal 
mesothelioma. Cancer. 2011; 117:361–371.

50. LeBeau AM, Duriseti S, Murphy ST, Pepin F, Hann B, 
Gray JW, VanBrocklin HF, Craik CS. Targeting uPAR with 
antagonistic recombinant human antibodies in aggressive 
breast cancer. Cancer Res. 2013; 73:2070–2081.

51. Jiang L, Yamashita Y, Toyokuni S. A novel method for 
efficient collection of normal mesothelial cells in vivo. J 
Clin Biochem Nutr. 2010; 46:265–268.

52. Usami N, Fukui T, Kondo M, Taniguchi T, Yokoyama T, 
Mori S, Yokoi K, Horio Y, Shimokata K, Sekido Y, Hida T. 
Establishment and characterization of four malignant 
pleural mesothelioma cell lines from Japanese patients. 
Cancer Sci. 2006; 97:387–394.

53. Tanaka I, Osada H, Fujii M, Fukatsu A, Hida T, Horio Y, 
Kondo Y, Sato A, Hasegawa Y, Tsujimura T, Sekido Y. LIM-
domain protein AJUBA suppresses malignant mesothelioma 
cell proliferation via Hippo signaling cascade. Oncogene. 
2015; 34:73–83.

54. Hu Q, Akatsuka S, Yamashita Y, Ohara H, Nagai H, 
Okazaki Y, Takahashi T, Toyokuni S. Homozygous deletion 
of CDKN2A/2B is a hallmark of iron-induced high-grade 
rat mesothelioma. Lab Invest. 2010; 90:360–373.

55. Nagai H, Okazaki Y, Chew SH, Misawa N, Yamashita Y, 
Akatsuka S, Ishihara T, Yamashita K, Yoshikawa Y, 
Yasui H, Jiang L, Ohara H, Takahashi T, et al. Diameter and 
rigidity of multiwalled carbon nanotubes are critical factors 
in mesothelial injury and carcinogenesis. Proc Natl Acad 
Sci U S A. 2011; 108:E1330–1338.

56. Chew SH, Okazaki Y, Nagai H, Misawa N, Akatsuka S, 
Yamashita K, Jiang L, Yamashita Y, Noguchi M, Hosoda  K, 
Sekido Y, Takahashi T, Toyokuni S. Cancer-promoting 
role of adipocytes in asbestos-induced mesothelial 
carcinogenesis through dysregulated adipocytokine 
production. Carcinogenesis. 2014; 35:164–172.

57. McCarty KS, Jr., Szabo E, Flowers JL, Cox EB, Leight GS, 
Miller L, Konrath J, Soper JT, Budwit DA, Creasman WT, 
Seigler HF, McCarty KS, et al. Use of a monoclonal anti-
estrogen receptor antibody in the immunohistochemical 
evaluation of human tumors. Cancer Res. 1986; 46: 
4244s–4248s.



www.impactjournals.com/oncotarget/ Oncotarget, Supplementary Materials 2016

Urokinase-type plasminogen activator receptor promotes 
proliferation and invasion with reduced cisplatin sensitivity in 
malignant mesothelioma

Supplementary Materials

SUPPLEMENTARY METHODS

Immunofluorescence

Cells were grown on chamber slides and were 
fixed with 4% formaldehyde and incubated with 2% goat 
serum in PBS at room temperature for 1 h for blocking, 
followed by incubation with primary antibody (1:200) at 
4°C overnight. After washing, cells were incubated with 
Alexa488-labeled secondary antibody (1:500) (Biotium, 
USA) at room temperature for 1 h. The slides were 
washed three times, covered with glass cover slips using 
a DAPI-containing mounting media, followed by image 
analysis with Zeiss LSM 710 confocal microscope (Zeiss, 
Germany). 

Western blot analysis

Cell lysates were prepared by ice-cold Lysis-M 
buffer (Roche, Switzerland) supplemented with 
cOmplete protease inhibitor and PhosSTOP phosphatase 
inhibitor tablets (Roche, Switzerland). After centrifuge 
at 14,000 × g for 10 min, protein concentration of 
the supernatants were determined with BCA assay 
(Nacalai Tesque, Japan). Cell extracts were subjected 
to SDS-PAGE, and proteins were transferred to PVDF 
membranes (Merck Millipore, Germany) and probed 
with primary antibodies (1:1000). Subsequently, they 
were probed with HRP-conjugated secondary antibodies 
(1:2000), and signals were detected using ECL reagents 
(GE Healthcare, USA). Densitometric analysis was 
peformed using the ImageJ software (NIH, USA).

Primer sequences for semiquantitative RT-PCR 
analysis

Semiquantitative RT-PCR was performed 
using Platinum SYBR green master mix kit 
(Invitrogen, USA) on ABI 7300 Real-Time PCR 
System (Applied Biosystems, USA) according to 
the manufacturer’s protocol. Gene expression is 
presented as a ratio of the housekeeping gene GAPDH 
expression. The primer used for rat uPAR (Plaur) 
was 5′-GGACGAACCCTACACCAAAG-3′ and 
5′-CATTGCATTGGGTGAAGTTG-3′, for human uPAR 
(PLAUR) was 5′-GACCCTGAGCTATCGGACT-3′ 
and 5′-GCATTCGAGGTAACGGCTTC-3′, for rat uPA 
(Plau) was 5′-ACAATGCTCACAGATCCGATG-3′ and 

5′-AGGCCAATTTGCACATAGCAC-3′, for human uPA 
(PLAU) was 5′-AGGCTTAACTCCAACACGCAAG-3′ 
and 5′-CTTCAGCAAGGCAATGTCGTT-3′.

Lentiviral short hairpin RNA expression vectors

Short hairpin RNAs (shRNA) targeting rat uPAR as 
5′-gatccGTTCAGAGCTTACCACCGAATGTTCAAGA 
GACATTCGGTGGTAAGCTCTGAATTTTTTg-3′, 5′-gat 
ccGTGCTGGGAAACCGGAGTTACTTCAAGAGAGT 
AAC TCCGGTTTCCCAGCACTTTTTTg-3′ and targeting  
rat uPA as 5′-gatccGAGGAAAG GCCAATACTGATTC 
AAGAGATCAGTATTGGCCTTTCCTCTTTTTTg-3′, 5′-  
gatccG CGGGAGATTCAGGAGGACCTCTTATTTCAA 
GAGAATAAGAGGTCCTCCTGAATCTCCCGTTTTTT 
g-3′ and a control shRNA targeting the luciferase gene 
as 5′-gatccGTGCGTTGTTAGTACTAATCCTATTTTTC 
AAGAGAAAATAGGGTTGGTACTAGCAACGCACTT 
TTTTg-3′ were cloned into shRNA expression 
vectors pSIF-H1 (System Biosciences, USA). 
Lentiviruses were generated in HEK293T cells by vira-
power lentiviral packaging mix (Invitrogen, USA). 
Infected rat cells were selected with puromycin at 1–2 mg/
mL at least for two weeks.

Expression vector

Total length of human uPAR cDNA (NM_002659) 
was cloned into pcDNA 3.1 vector (Invitrogen, USA). 
A pcDNA3 Myr HA Akt1 plasmid was obtained from 
Addgene, USA. Cells were transfected by Fugene HD 
(Promega, USA) and transfected cells were selected 
with G418 (Wako, Japan) at 800–3000 mg/ml at least for 
2 weeks. 

MTT assay

Same amount of cells suspension (100 μl) was 
added to a 96-well plate. Following incubation and 
treatment, 10 μl MTT stock solution (5 mg/ml in PBS; 
Sigma-Aldrich, USA) was added to each well. Cells 
were subsequently incubated at 37°C for 3 h, then 
supernatant was discarded and 100 μl dimethyl sulfoxide 
(Wako, Japan) was added and the plate was agitated in the 
dark. Finally, the optical density (OD) was detected using 
a microplate reader (Powerscan4; Bio-Tek Instruments, 
USA) at a wavelength of 540 nm with a reference 
wavelength of 630 nm. 



Cell counting assay

Same amount of cells was plated to a 12-well plate. 
After different time of incubation, cells from each well 
were collected. Cell suspension was counted by trypan 
blue exclusion method by a standard hemocytometer 
counting chamber (ERMA, Japan).

Migration and invasion assay

Cell migration and invasion assays were performed 
using the transwell permeable supports (Boyden chamber 
inserts) with 8 mm pore filters uncoated (for migration) 

and coated with matrigel (for invasion) according to the 
manufacturer’s protocol (BD Biosciences, USA). Cells 
were added to the upper chambers in medium with 1% 
FBS, and medium with 10% FBS was added to the lower 
chambers. After 24 h-incubation at 37°C, the cells that 
had not migrated were removed from the upper surface of 
the filters with cotton swabs. The cells that had migrated 
to the lower surface of the filters were fixed in 4% 
paraformaldehyde and stained with 0.2% crystal violet. 
Migration and invasion were quantified by counting cells 
in seven randomly selected fields on each filter under a 
microscope at 100 × magnification.

Supplementary Figure S1: Quantitation of bands in Western blot analyses by densitometry. Quantitation of bands in 
Western blot analyses shown in (A) Figure 1C (B) Figure 1F, (C) Figure 1G, (D) Figure 2B, (E) Figure 3E, (F) Figure 4A, (G) Figure 5A, 
(H) Figure 5B, (I) Figure 6C and (J) Figure 7D. EM, epithelioid subtype mesothelioma; SM, sarcomatoid subtype mesothelioma; RPMC, 
rat peritoneal mesothelial cell; Myr-AKT, myristoylated AKT; CDDP, cis-diamminedichloroplatinum.



Supplementary Figure S2: AKT activation in rat/human MM cells. Most of (A) rat and (B) human MM cells showed activation 
of AKT compared with control cells by Western blot and densitometric analyses. EM, epithelioid subtype mesothelioma; SM, sarcomatoid 
subtype mesothelioma; RPMC, rat peritoneal mesothelial cell.

Supplementary Figure S3: Neither uPAR knockdown in rat MM cells nor uPAR overexpression in human MM cells has 
effect on ERK expression. (A) Downregulated uPAR expression in EM and SM cells and (B) overexpression of uPAR in Y-Meso-8A 
showed no effect on ERK expression by Western blot and densitometric analyses. EM, epithelioid subtype mesothelioma; SM, sarcomatoid 
subtype mesothelioma.



Supplementary Figure S4: Pemetrexed treatment in rat MM cells with uPAR knockdown. Downregulated uPAR expression 
in EM and SM cells showed no obvious difference to pemetrexed treatment, compared with control cells by MTT assay. EM, epithelioid 
subtype mesothelioma; SM, sarcomatoid subtype mesothelioma; PTX, pemetrexed (means ± SEM; *P < 0.05).

Supplementary Figure S5: Transduction of myristoylated form of AKT in rat MM cells with uPAR knockdown. 
Transduction of a continuously active form of AKT by myr-AKT-HA plasmid in EM and SM cells determined by Western blot and 
densitometric analyses. EM, epithelioid subtype mesothelioma; SM, sarcomatoid subtype mesothelioma.



Supplementary Figure S6: Decreased cisplatin sensitivity avoiding apoptosis after uPAR overexpression in Y-Meso-8A 
cell through AKT activation. (A) Relative cell viability by MTT assay 24 h after exposure to each concentration of cisplatin under 
uPAR overexpression in Y-Meso-8A cells. (B) Flow cytometry analysis and (C) its quantitation for increased early (AnnexinVhigh/PIlow) and 
late (AnnexinVhigh/PIhigh) apoptosis (means ± SEM; *P < 0.05, **P < 0.01).

Supplementary Figure S7: Soluble uPAR in conditioned medium from MM cells with uPAR knockdown or 
overexpression. (A) Downregulated uPAR expression in EM and SM cells showed decreased soluble uPAR in conditioned medium 
compared with control cells by Western blot and densitometric analyses. (B) Overexpression of uPAR in Y-Meso-8A cell showed increased 
soluble uPAR in conditioned medium Western blot and densitometric analyses. EM, epithelioid subtype mesothelioma; SM, sarcomatoid 
subtype mesothelioma.
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