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Summary 

Background and Purpose  Plasminogen into plasmin by interstitial urokinase plasminogen 

activator (uPA) is potentially important in asthma pathophysiology. In this study, the effect of uPA-

mediated plasminogen activation on airway smooth muscle (ASM) cell proliferation was 

investigated.   

Experimental approach Human ASM cells were incubated with plasminogen (0.5-50 g/mL) or 

plasmin (0.5-50 mU/mL) in the presence of pharmacological inhibitors, including UK122, an 

inhibitor of uPA.  Proliferation was assessed by increases in cell number or MTT reduction after 48 

h incubation with plasmin(ogen), and by earlier increases in 
3
H-thymidine incorporation and cyclin 

D1 expression. 

Key results Plasminogen (5 g/mL) stimulated increases in cell proliferation (P<0.05, n=7-9), were 

attenuated by UK122 (10 M) or by transfection with uPA gene-specific siRNA (P<0.05, n=7-8).  

Exogenous plasmin (5 mU/mL) also stimulated increases in cell proliferation (P<0.05, n=6).  

Inhibition of plasmin-stimulated ERK1/2 or PI3K/Akt signalling attenuated plasmin-stimulated 

increases in ASM proliferation (P<0.05, n=5).  Furthermore, pharmacological inhibition of cell 

signalling mediated by EGFR, a receptor trans-activated by plasmin, also reduced plasmin(ogen)-

stimulated cell proliferation (P<0.05, n=8).  Knock down of annexin A2, which has dual roles in 

both plasminogen activation and plasmin-signal transduction, also attenuated ASM cell 

proliferation following incubation with either plasminogen or plasmin (P<0.05, n=9).   

Conclusion and implications  Plasminogen stimulates ASM cell proliferation in a manner mediated 

by uPA and involving multiple signalling pathways downstream of plasmin.  Targeting mediators 

of plasminogen-evoked ASM responses, such as uPA or annexin A2, may be useful in the treatment 

of asthma. 
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Introduction  

Chronic inflammation and hyper-reactivity of the airways are characteristic of the full spectrum of 

asthma severities.  In severe, treatment-refractory asthma, an array of structural changes in the 

tissue of the airway wall amplifies airway hyper-reactivity (James et al., 2007).  Injury and dys-

regulated repair processes linked to chronic airway inflammation are likely to contribute to this 

airway wall remodeling (AWR) (Holgate et al., 2006).  Airway smooth muscle (ASM) 

hyperplasia/hypertrophy and increased deposition of extracellular matrix (ECM) (ie collagens I and 

III and fibronectin) are important elements of AWR (Amin et al., 2000).  ASM cells also have an 

important immunological role in airway patho(physiology), being potent producers of pro-

inflammatory mediators (Koziol-White et al., 2011).  An effective therapy that targets ASM cells to 

reduce AWR is expected to reduce airway reactivity and symptoms in asthma
 
(Camoretti-Mercado, 

2009). 

 

During asthma exacerbations, the leakiness of the vascular endothelium enables extravasation of 

serum proteins, including plasminogen, into airway wall tissue (Khor et al., 2009). Plasminogen is 

cleaved into plasmin (“activation”) by one of two main plasminogen activators: urokinase- (uPA) or 

tissue-type (tPA).  The roles and compartmentalization of these activators are different, as are the 

functions of the plasmin they form (Kwaan et al., 2009).   Primarily, tPA-generated plasmin cleaves 

fibrin, which accumulates in the airway lumen in asthma (Wagers et al., 2004). Plasminogen 

activation associated with airspace fibrin would be beneficial, as fibrin inactivates surfactant
 

(Jarjour et al., 1999; Wagers et al., 2004).  However, uPA-generated plasmin in the interstitium of 

the inflamed airway wall may contribute to airway dysfunction due to its inflammatory (Zhang et 

al., 2007), remodeling (Schuliga et al., 2011) and angiogenic actions (Madureira et al., 2011).  

Sputum levels of uPA (Kowal et al., 2008) and plasma/airway levels of its receptor, uPAR (Barton 

et al., 2009; Chu et al., 2006), are elevated in asthma.  There are multiple single nucleotide 

polymorphisms (SNPs) found within the promoters of the uPA
 
(Begin et al., 2007) and uPAR 
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(Barton et al., 2009) genes that have been linked to asthma.  Furthermore, in a murine model of 

allergic inflammation, plasminogen gene deletion attenuates airway inflammation
 
(Swaisgood et al., 

2007),
 
indicating that plasmin has a net inflammatory role in the airways, notwithstanding the 

functional benefits of airspace fibrinolysis.   

 

Our laboratory recently showed that human ASM cells in culture convert plasminogen into plasmin 

in a manner mediated by uPA (Schuliga et al., 2011).  It is likely that the plasmin formed has 

biological activity on the ASM cells.  The direct effects of plasmin on other cell types include 

increases in cytokine production and cell proliferation (Laumonnier et al., 2006; Zhang et al., 

2007).  Plasmin-induced cell activation occurs via induction of multiple pathways, including the 

MAPK (ERK1/2 & p38), PI3K/Akt and/or JAK/STAT3 signal transduction pathways.   The 

mechanisms by which plasmin elicits these responses may include: transactivation of heparin bound 

epidermal growth factor (EGF)
 
(Roztocil et al., 2005); activation of the latent transforming growth 

factor- (TGF-)
 
(Coutts et al., 2001), and the protease-activated receptor-1 (PAR-1)

 
(Pendurthi et 

al., 2002); and the cleavage of extracellular annexin A2 in the annexin A2/S100A10 hetero-tetramer 

(AIIt)
 
(Laumonnier et al., 2006).  The AIIt complex also has a role in plasminogen activation, 

accelerating the conversion of plasminogen into plasmin  (Kassam et al., 1998).  Furthermore, 

soluble extracellular AIIt stimulates macrophage cytokine production by binding the toll-like 

receptor 4 (TLR4) (Swisher et al., 2010). 

 

In this study, we show that uPA-mediated plasminogen conversion to plasmin stimulates the 

proliferation of ASM cells, providing further evidence implicating plasminogen in tissue 

remodelling in airway pathophysiology. 
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Methods 

Cell culture 

 Human airway smooth muscle (ASM) cultures were established using bronchi obtained from 

macroscopically normal resections of lung transplant patients (Alfred Hospital, Melbourne) as 

described previously (Tomlinson et al., 1994).  Tissue specimens were obtained with approval from 

the University of Melbourne's Human Research Ethics Committee (HREC980168X).  Briefly, 

smooth muscle bundles of bronchi were dissected from the surrounding connective tissue. The 

smooth muscle strips were then immersed in medium and partially digested in the presence of 

collagenase (3 mg/mL, 30 min).  The strips were then chopped using a scalpel (~2 mm
3
), and 

digested in medium containing elastase (0.5 mg/mL, 2 h), then collagenase (1 mg/mL, 12 h). The 

resulting cell suspension was pelleted and washed twice with PBS before being resuspended in 

Dulbecco’s Modified Eagles Medium (DMEM) supplemented with 10% v/v heat-inactivated fetal 

calf serum (FCS), L-glutamine (2 mM), sodium pyruvate (1 mM), non-essential amino acids (1% 

v/v, Sigma), penicillin-G (100 U/mL), streptomycin (100 g/ml) and amphotericin B (2 g/mL). 

The cells were then seeded into a 25cm
2
 tissue culture flask and grown until a confluent monolayer 

was formed.  Under these conditions, the cultures show uniform staining for smooth muscle specific 

-actin, a mesenchymal cell marker (Schuliga et al., 2013), but not CD31, an endothelial marker.  

For each experiment, separate primary cultures established from a minimum of four different 

donors (n=4) were used.  The cells were used between the 4
th

 and 10
th

 passage.  Cultures were 

tested for contamination by mycoplasma, and only mycoplasma-free cultures were used.  Cells were 

seeded onto 6, 24 or 96 well plates (2.5 x 10
4
 cells/cm

2
) in DMEM containing supplements (L-

glutamine, sodium pyruvate, non-essential amino acids) and heat-inactivated FCS (5% v/v) and 

incubated at 37C in air containing 5% CO2.  Twenty-four hours after seeding, the medium was 

removed and the cells were then incubated in serum free-DMEM containing bovine serum albumin 

(0.25% w/v) and supplements (L-glutamine, sodium pyruvate and non-essential amino acids) for a 

further 24 h before the addition of human plasminogen (0.5-50 g/mL, Roche), plasmin (0.5-50 
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mU/mL, Roche) or bovine annexin A2 hetero-tetramer (200 ng/mL, Biodesign).  In selected 

experiments, aprotinin (10 KIU/mL, Sigma), 2-antiplasmin (0.5 ug/mL, Calbiochem) or 

neutralizing annexin A2 (H-50) or TLR4 (HTA-125) antibodies (2 g/mL, Santa Cruz) were also 

added.  In other experiments, pharmacological inhibitors were added to cell culture medium at a 

final concentration of 10 M, 30 min before the addition of plasmin(ogen). The final concentration 

of DMSO, the diluent for these inhibitors, was 0.1 % v/v, and all cells were exposed to the same 

concentration of DMSO. The inhibitors used were: LY294002 for PI3K/Akt; PD98059 for ERK1/2; 

SB431542 for ALK-5, a TGF-1 receptor kinase; and UK122 (Calbiochem) for uPA.  The EGFR 

kinase inhibitor, AG1478, and the MMP inhibitor, ilomastat, were used at 0.5 and 2.5 M 

respectively. 

 

Preparation and transfer of conditioned medium 

In selected experiments, the medium of ASM cells was replaced with cell conditioned medium 

(CM) of the same culture. Both the ‘donor’ and ‘naïve’ cells of the same culture were maintained in 

serum-free DMEM for 24 h in equivalent size tissue culture plates before the CM was transferred.  

In some CM transfer experiments, the levels of mRNA for either uPA or annexin A2 in the donor 

cells were knocked down by transfection with siRNA. For a subset of experiments, the CM from the 

donor cells was incubated with plasminogen or plasmin in the absence of cells under normal 

culturing conditions for 6 h before being transferred to the naïve cells. After the transfer of CM, the 

naïve cells were then maintained for 48 h before cell enumeration. 

 

Cell enumeration 

After 48 h incubation with plasminogen or plasmin, attached cells were dissociated and harvested 

by incubation with trypsin (0.125 w v
-1

)/ EDTA (0.02% w v
-1

) in PBS. For a selected experiment, 

detached cells in the culture medium were pelleted by centrifugation. Cells were resuspended in an A
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appropriate volume of 0.25% v v
-1

 BSA in PBS containing trypan blue (0.2% w v
-1

) and viable cells 

counted (in duplicate) with the aid of a haemocytometer. 

 

DNA Synthesis - [
3
H]-Thymidine incorporation 

ASM cells were incubated with plasminogen or plasmin for 24 h in the presence of [
3
H]-thymidine 

(1 μCi/ mL). Harvesting procedures followed the method described by Dicker and Rozengurt 

(Dicker et al., 1980). Radioactivity was measured by liquid scintillation counting.  

 

MTT assay 

The tetrazolium-based colorimetric MTT assay measures the  

reduction of yellow 3-(4,5-dimethythiazol-2-yl)-2,5-diphenyl tetrazolium bromide.  Cells grown in 

96 well plates and incubated with plasminogen for 48 h were then incubated for an additional 1 h 

with MTT (0.25 mg/ml).  Culture medium was then removed, and the resultant formazan crystals 

retained within the attached cells were dissolved in dimethyl sulfoxide (100 μL) and the absorbance 

at 450 nm measured.  

 

uPA, EGFR and annexin A2 mRNA knockdown 

Cells were seeded in 24 well plates (50,000 cells per well) in antibiotic-free serum containing 

DMEM and transfected 20 h later with either 30 nM uPA, tPA, annexin A2 or negative control 

(medium GC content) Stealth
TM

 siRNA duplex oligonucleotides (Invitrogen) or epidermal growth 

factor receptor (EGFR) siRNA using RNAiMax Lipofectamine (Invitrogen).  The uPA duplex 

sequences used in this study were 5'-GCC CUC CUC UCC UCC AGA AGA AUU A-3' (sequence 

A) and 5'-CAU CCU ACA CAA GGA CUA CAG CGC U -3' (sequence B).  The annexin A2 

duplex sequence used was 5’-GCG ACU ACC AGA AAG CGC UGC UGU A-3'.  The tPA duplex 

sequence used was 5'-CCA UGG AAA CCA UGA UGU UUA CAU U-3'. EGFR siRNA duplex 

used in this study was 5’-CUC CAG AGG AUG UUC AAU ATT-3' and purchased from 
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Genepharma (Shanghai, China).  Six hours after the addition of lipofectamine-siRNA complex, 

cells were then incubated in serum-free DMEM for a further 24 h prior to the addition of 

plasminogen or plasmin.  

 

Western blot analysis  

Lysates of cells grown in 6 well plates were prepared, subjected to electrophoresis and 

electroblotted as described previously (Schuliga et al., 2010). In the case of uPA immunodetection, 

culture supernatants instead of cell lysates were resolved by electrophoresis. Following 

electroblotting, membranes were stained with Ponceau Red to verify uniform protein transfer, and 

then blocked with 5% skim milk in TBS-T (10 mM Tris; 75 mM NaCl; 0.1% Tween-20; pH 7.4) 

for 1 h.  Membranes were incubated overnight at 4°C with either: anti-phospho-p44/42 MAPK 

antibody (rabbit polyclonal IgG, 1:1000, Cell Signaling Technology, MA, USA); anti-phospho-Akt 

(rabbit polyclonal IgG, 1:1000, Cell Signaling Technology); anti-annexin A2 (rabbit polyclonal 

IgG, 1:250, Santa Cruz Biotechnology) or anti-uPA (rabbit polyclonal IgG, 1:500, Abcam) diluted 

in 3% bovine serum albumin in TBS-T.  Blots were washed three times with TBS-T prior to 

incubation with secondary antibody, goat anti-mouse (Chemicon) or anti-rabbit (Cell Signaling 

Technology) IgG-horse raddish peroxidase conjugate, diluted 1:5000 in 5% skim milk/TBS-T) for 1 

h at room temperature.  After three washes with TBS-T, antigen was detected by enhanced 

chemiluminescence (Amersham Biosciences, UK) using a Kodak IS4000 imaging system.  

Membranes were then stripped by incubation with 30 mL of 0.1 M glycine solution (pH 2.9) for 1 h 

at room temperature, blocked and incubated with either primary: anti-p42/44 MAPK (goat 

polyclonal IgG, 1:1000, Santa Cruz Biotechnology Inc); anti-Akt (rabbit polyclonal IgG, 1:1000, 

Cell Signaling Technology) or anti-β-actin (mouse monoclonal antibody, 1:5000, Abcam, 

Cambridge, UK).  Subsequent washes, secondary antibody incubation and chemiluminescence were 

as described above. 
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Plasmin assay 

Plasmin-like activity was measured as described previously (Schuliga et al., 2011), using a 

fluorogenic substrate, D-val-leu-lys 7-amido-4- methylcoumarin, which emits an increased level of 

fluorescence upon cleavage by plasmin.
.
 Fluorescence (excitation 355 nm, emission 460 nm). 

 

RNA extraction and real-time polymerase chain reaction (PCR) 

RNA was purified from cells maintained in either 24 or 96 well culture plates using Trizol 

(Invitrogen), according to the manufacturer's instructions.  Reverse transcription of total RNA and 

the subsequent real-time polymerase chain reaction using an ABI Prism 7900HT sequence detection 

system (Applied Biosystems) with the relevant forward and reverse primers were conducted as 

previously described (Schuliga et al., 2009).  The following primers were used: Human CCND1, 5’-

ACT ACC GCC TCA CAC GCT TC -3’ (sense) and 5’-CAG TCT GGG TCA CAC TTG ATC AC 

-3’ (antisense); human annexin A2, 5’-ACC TGG TTC AGT GCA TTC AGA A-3’  (sense) and 5’-

ACA GCC GAT CAG CAA AAT ACA G-3’ (antisense); human EGFR, 5’- TTT GCT GAT TCA 

GGC TTG G-3’ (sense) and 5’- AGA AAA CTG ACC ATG TTG CTT G-3’ (antisense); and 

human 18S ribosomal RNA (18S rRNA) 5’-CGC CGC TAG AGG TGA AAT TC-3’ (sense) and 

5’-TTG GCA AAT GCT TTC GCT C-3’ (antisense).  The threshold cycle (CT) value determined 

for each gene of each sample was normalized against that obtained for 18S rRNA, which was 

included as internal control.  For each sample, the level of mRNA for a particular gene is 

proportional to 2
-(CT)

, where CT is equal to the CT value of the target gene minus the CT value of 

18S rRNA. 

 

Measurement of HB-EGF levels  

Levels of HB-EGF in cell-conditioned medium (CM) obtained from human ASM cells were 

measured by specific sandwich enzyme-linked immunosorbent assays (ELISA) using commercial 

ELISA kits (R & D). 
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Caspase-3 assay 

Attached and non-attached cells from 24 well plates were combined and stored at -70
o
C as cell 

pellets.  Lysates were prepared by adding 125 L HEPES (25 mM, pH 7.4) buffer containing triton 

X-100 (1% v/v), glycerol (10% v/v), DTT (5 mM) and PMSF (1 mM) to the cells, which were then 

subjected to two freeze-thaw cycles. Lysates were incubated with the specific caspase-3 substrate, 

Ac-DEVD-AMC (50 M), at 37°C for 1 h. Levels of cleaved caspase-3 substrate were monitored at 

excitation 355 nm and emission 460 nm using a fluorescence plate reader. Caspase-3 activity was 

expressed as fluorescence units per microgram of protein per hour. The protein concentrations were 

determined using the Bio-Rad protein assay kit. 

 

Statistical analysis 

Data are presented as the mean ± SEM for n individual experiments, each experiment being 

conducted using cells from a separate donor.  All data were statistically analyzed using Graphpad 

Prism 5.0 (Graphpad, San Diego, CA).  In most cases, analysis of variance (ANOVA) with repeated 

measures was used to analyze the data, and treatment groups were compared with Bonferroni’s 

post-hoc tests.  A value of P<0.05 was considered to be statistically significant.
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 Results 

Plasminogen and plasmin stimulate ASM cell proliferation 

Incubation with plasminogen (1.5-15 g/mL) for 48 h increased the number of attached ASM cells 

(P<0.05, n=7), corresponding to an increase in mitochondrial MTT reduction (P<0.05, n=6-10) 

(Fig. 1a). Furthermore, incubation with 1.5-15 g/mL plasminogen increased 
3
H-thymidine 

incorporation (P<0.05, n=6, data not shown).  Co-incubation with 2-antiplasmin (0.5 g/mL), an 

inhibitor of plasmin, attenuated plasminogen (5 g/mL)-stimulated increases in cell number 

(P<0.05, n=8) (Fig 1b).  Addition of exogenous plasmin, at concentrations of 1.5-15 mU/mL, 

increased the number of attached cells after 48 h incubation (P<0.05, n=6) (Fig. 1c). MTT reduction 

was greater than control at 5 mU/mL plasmin, but less than control at 50 mU/mL (P<0.05, n=10) 

(Fig. 1c). It should be noted that at the highest concentration of plasmin (50 mU/mL) examined, the 

number of detached cells detected in the culture supernatant also had increased (P<0.01, n=5) 

(Table 1).  Furthermore, plasmin (15 and 50 mU/mL), stimulated an increase in the activity of 

caspase 3, a pro-apoptotic enzyme (P<0.05, n=5) (Table 1).  Plasmin-stimulated increases in cell 

number were inhibited by co-incubation with the serine protease inhibitor, aprotinin (10 KIU/mL) 

(P<0.05, n=8) (Fig. 1d).  The levels of the cell cycle protein, cyclin D1, were higher in ASM cells 

incubated with plasmin (5 mU/mL) (Fig. 2a, b) for 24 h (P<0.05, n=4), as were the levels of cyclin 

D1 mRNA (Fig. 2c) (P<0.05, n=5).  Plasminogen and bFGF, a mitogen for ASM, also stimulated 

increases in cyclin D1 mRNA, whereas TGF-, another ASM cell mitogen, had no effect (Fig. 2c). 

 

uPA-mediated plasminogen activation regulates ASM cell proliferation  

Urokinase (uPA) binds and cleaves plasminogen to form plasmin.  The role of uPA in mediating the 

effects of plasminogen on ASM cell proliferation was investigated by knocking down the levels of 

uPA mRNA by transfection with gene-silencing RNA (siRNA). uPA siRNA sequence A was more 

effective than sequence B in reducing the conversion of plasminogen into plasmin (P<0.05, n=5) 

(Fig. 3a), and was used in the following experiments.  The tPA siRNA had no effect on plasmin 

A
cc

ep
te

d 
A

rti
cl

e



 

This article is protected by copyright. All rights reserved. 13 

formation. Much lower levels of uPA were detected in the culture medium of cells transfected with 

uPA siRNA as compared to cells transfected with control siRNA (5 g/mL) for 24 h (P<0.05, n=5) 

(Fig. 3b).  Interestingly, in the presence of plasminogen, the majority of uPA was converted into the 

low molecular weight form. There was a decrease in cell number and MTT reduction in cultures 

transfected with uPA siRNA, as compared to control siRNA, following incubation with 

plasminogen for 48 h (Fig. 3c, d) (P<0.05, n=6-7). Furthermore, the selective uPA inhibitor, UK122 

(10 M) (Zhu et al., 2007), attenuated increases in plasmin activity, cell number and MTT 

reduction following incubation with plasminogen (5 g/mL) (P<0.05, n=5-8) (Fig. 4a-c).  Neither 

uPA knock down nor UK122, attenuated plasmin- or EGF-stimulated increases in ASM cell 

number (Fig. 3 & 4). 

 

Soluble extracellular uPA activates plasminogen  

To examine whether soluble extracellular uPA mediates the proliferative effects of plasminogen, 

conditioned medium (CM) was incubated with plasminogen for 6 h in the absence of cells.  The 

levels of plasmin formed were less in the CM of uPA siRNA transfected cells than control siRNA 

transfected cells (P<0.05, n=4) (Table 2). The CM-plasminogen incubates were transferred to 

‘naive cells’, which were maintained for a further 48 h before cell enumeration.  The number of 

cells maintained in CM incubated with plasminogen was higher than in the absence of plasminogen 

(P<0.05, n=4) (Table 2).  However, cell number was less for the plasminogen incubates of CM 

from uPA knocked down cells (P<0.05, n=4). 

 

Plasmin-mediated increases in cell number are regulated by PI3K/Akt and MAPK signal-

transduction  

Incubation of ASM cells with exogenous plasmin (5 mU/mL) for 30 min increased the 

phosphorylation of Akt and ERK1/2 (P<0.05, n=4) (Fig. 5a, b).  Inhibitors of Akt and ERK1/2 

phosphorylation, LY294002 (10 M) and PD98059 (10 M) respectively, attenuated plasmin-
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stimulated increases in ASM cell number (P<0.05, n=5) (Fig. 5c).  The selectivity and effectiveness 

of these inhibitors in attenuating plasmin-stimulated phosphorylation of ERK1/2 and Akt was 

shown by Western blotting (Fig. 5a, b). 

 

EGFR mediates the stimulatory action of plasmin 

Plasmin biological activity can be mediated by proteolytic-activation of MMPs, which in turn 

release latent, ECM-bound EGF and TGF- (Coutts et al., 2001; Roztocil et al., 2005).  The MMP- 

and EGFR kinase inhibitors, ilomastat (2.5 M) and AG1478 (0.5 M) respectively, inhibited both 

plasminogen and plasmin-stimulated increases in ASM cell number and MTT reduction (P<0.05, 

n=8) (Fig. 6a, b).  However, the TGF--receptor kinase inhibitor, SB431542 (10 M), had no effect 

(P>0.05).  Our laboratory has shown that ilomastat is pharmacologically active under these 

conditions (Schuliga et al., 2010).  Moreover, the attenuation of EGF-stimulated cell proliferation 

by AG1478 demonstrates the activity of this inhibitor (Fig. 6a, b). Inhibition of TGF--stimulated 

increases in ASM cell contractile protein gene expression (Schuliga et al., 2013) demonstrates 

SB431542 pharmacological activity under the conditions. Knock-down of EGFR mRNA by siRNA 

transfection (Fig. 6c) also attenuated plasmin-stimulated increases in cell number (P<0.05, n=5) 

(Fig. 6d). The level of HB-EGF detected in the culture supernatant of ASM cells increased after 

incubation with plasmin (1.5-50 mU/mL) for 48 h (P<0.05, n=5) (Fig. 6e). 

 

Annexin A2 also mediates plasmin-stimulated proliferation 

The role of annexin A2 as a mediator of plasminogen biological activity in ASM cells was 

investigated by annexin A2 knock down.  Lower levels of annexin A2 protein in annexin A2 siRNA 

transfected cells were associated with a reduction in plasmin activity following incubation with 

plasminogen (5 g/mL) for 24 h (P<0.05, n=4-5) (Fig. 7a, b).  Increases in cell number following 

incubation with either plasminogen or plasmin were attenuated by transfection with annexin A2 

siRNA (P<0.05, n=9) (Fig. 7c).  However, annexin A2 knock-down had no effect on thrombin or 
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bFGF-stimulated increases in ASM cell number (data not shown). Similarly, cell number was less 

in cultures maintained in CM obtained from annexin A2 siRNA transfected cells, as compared to 

control siRNA transfected cells, following incubation with either plasminogen or plasmin (P<0.05, 

n=5) (Fig. 7d). 

 

Soluble extracellular annexin A2 mediates the proliferative effects of plasmin  

To further evaluate the role of soluble extracellular annexin A2 in plasmin-stimulated proliferation, 

CM in the absence of cells was incubated with plasmin and/or anti-annexin A2 IgG for 6 h.  Anti-

annexin A2 IgG attenuated increases in cell number for cultures that were maintained in plasmin 

treated CM for 48 h (P<0.05, n=5) (Table 3). To neutralize the direct effects of plasmin, 2-anti-

plasmin (2-AP, 1 g/mL) was added to the CM 30 min before being transferred to naïve cells.  

Despite the presence of 2-AP, the number of cells after 48 h was still greater for CM treated with 

plasmin than CM alone (P<0.05, n=4) (Table 3). 

 

Soluble extracellular annexin A2 tetramer stimulates proliferation 

Soluble extracellular annexin A2, in the form of the annexin A2 tetramer (AIIt), binds the toll-like 

receptor 4 (TLR4) to mediate biological activity (Swisher et al., 2010).  The addition of exogenous 

AIIt stimulated an increase in cell number after 48 h incubation (P<0.05, n=5) (Fig. 8a).  AIIt-

stimulated increases in cell number were attenuated by co-incubation with anti-TLR4 monoclonal 

IgG antibody (1 g/mL) (P<0.05, n=4) (Fig. 8b). LPS at 10 ng/mL, a TLR-4 agonist, did not have a 

significant effect on cell number. 
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Discussion 

Airway smooth muscle (ASM) hyperplasia is an important contributor to AWR in severe asthma 

(Hassan et al., 2010).  ASM cells convert plasminogen into plasmin (Schuliga et al., 2011), a 

protease with mitogenic activity (Nicholl et al., 2005).  In this study, plasminogen was shown to 

regulate ASM function by stimulating a larger increase in cell proliferation, in a manner requiring 

plasmin formation. Urokinase plasminogen activator (uPA) regulates the mitogenic actions of 

plasminogen by cleaving it into plasmin. The resulting plasmin in turn activates signal transduction 

pathways involved in cell proliferation, including the ERK1/2 and PI3K/Akt pathways.  MMPs, 

EGFR and annexin A2 facilitate plasminogen-stimulated ASM proliferation (Fig. 9). Our 

observations suggest that plasminogen may be an important regulator of ASM function, 

complementing existing evidence for the potential relevance of plasminogen in airway 

(patho)physiology.  

 

As a consequence of vascular leak, plasminogen extravasates into the airway wall interstitium 

during injury and inflammation.  Levels of plasminogen in the airways increase during asthma 

exacerbation (Brims et al., 2010) and are likely to be (patho)-physiologically relevant. In this study, 

concentrations of plasminogen, well below those present in plasma (>100 g/ml) (Cederholm-

Williams, 1981), stimulated the proliferation of ASM cells in vitro. Proliferation was measured by 

cell enumeration and further evidenced by increases in: 
3
H-thymidine incorporation; MTT 

reduction; and the levels of cyclin D1, a cell cycle protein. Whilst the MTT assay is not a definitive 

cell proliferation assay, as mitochondrial activity per unit cell can be influenced by many factors, 

including cell viability, this assay was used routinely throughout the study to complement cell 

enumeration data. The observation that plasminogen-stimulates ASM cell proliferation extends our 

previous finding that ASM cells activate plasminogen via the activity of uPA (Schuliga et al., 

2011).  There have been few investigations that have examined the potential role of interstitial 

plasmin formation in the context of airway disease and injury. However, in vascular disease and A
cc

ep
te

d 
A

rti
cl

e



 

This article is protected by copyright. All rights reserved. 17 

injury, it is considered that extravascular plasminogen activation contributes to tissue remodeling in 

the vascular wall (Fay et al., 2007).  Plasminogen is thought to have an important role in the 

proliferation and migration of vascular smooth muscle cells in neointima formation following 

vascular injury (Levin et al., 1979).   

 

In this study, the proliferative response of ASM cells was mediated by plasmin, as 2-antiplasmin 

attenuated the mitogenic actions of plasminogen. Furthermore, exogenous plasmin also stimulated 

cell proliferation.  The effects of exogenous plasmin occurred at low mU/mL activity range (1.5-15 

mU/mL), comparable to the range of levels of plasmin activity detected in cultures of ASM cells  

incubated with 5-15 g/mL plasminogen for 24 h (Schuliga et al., 2011).  The mitogenic effect of 

plasmin is likely to require enzymatically-active plasmin, as the serine protease inhibitor, aprotinin, 

inhibited this response. Interestingly, at the highest concentration of exogenous plasmin examined 

(50 mU/mL), there was a decrease in MTT metabolism below basal, possibly due to decreased cell 

viability and/or cell loss.  The latter is supported by our observations that plasmin, at 50 mU/mL 

increased the number of detached cells in culture, the majority of which (>50%) were non-viable. 

This increase in cell detachment corresponded with an increases in cellular activity of caspase-3, a 

pro-apoptotic enzyme.  It has been reported that plasminogen stimulates fibroblast apoptosis in vitro 

by proteolytic degradation of secreted fibronectin, which in turn leads to cell detachment and 

anoikis (Horowitz et al., 2008).  The potential effect of plasmin on cell detachment and/or viability 

may explain why both exogenous plasminogen and plasmin exhibited bell-shaped concentration-

response curves in regards to cell number.  It seems that plasminogen at lower concentrations (1.5-

15 g/mL) is mitogenic, whereas at higher concentrations, plasminogen is pro-apoptotic. 

 

In the extravascular compartment, uPA-generated plasmin is associated with cell-mediated 

proteolysis and cell activation in inflammation and cancer (Cook et al., 2010; Henneke et al., 2010).  

There is also growing recognition that urokinase has a role in airway inflammation in conditions A
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such as asthma (Barton et al., 2009; Begin et al., 2007; Brooks et al., 2006; Chu et al., 2006; Kowal 

et al., 2008; Schuliga et al., 2011).  In this study, knock down or inhibition of uPA in cultures of 

ASM cells attenuated increases in both plasmin formation and cell proliferation following 

incubation with plasminogen.  However, neither uPA knock down nor inhibition influenced 

proliferation in response to exogenous plasmin. Therefore, it seems that uPA-mediated plasmin 

formation is required for the mitogenic actions of plasminogen on ASM cells in vitro, supporting 

the notion that interstitial uPA may contribute to AWR in asthma. uPA also has roles in ASM cell 

migration (Carlin et al., 2005) and airway inflammatory cell infiltration (Brooks et al., 2006).  The 

observation that inhaled aerosolized uPA attenuates AWR in allergen-challenged mice (Kuramoto 

et al., 2009) has perhaps diminished the perceived importance of uPA in asthma. However, this 

effect of supra-physiological concentrations of uPA is more likely to be a consequence of beneficial 

airspace fibrinolysis, than a result of any effect of uPA in the interstitium. Fibrinolysis in the airway 

lumen is a physiological role of tPA, which unlike uPA, shows fibrin-enhanced proteolytic activity 

(Wagers et al., 2004). Studies involving uPA gene deletion or uPA inhibition in animal models of 

allergic airway inflammation are required to provide greater insight into the role of uPA in asthma 

pathophysiology. Interestingly, uPA gene deletion in mice reduces endotoxin-induced inflammation 

(Abraham et al., 2003) and hypoxia-induced pulmonary hypertension and vascular remodelling 

(Levi et al., 2001). 

 

uPA is a secreted, soluble extracellular protein, that can also associate with the cell surface via 

interaction with its membrane-tethered receptor, uPAR (Stewart et al., 2012). Hence, uPA-

generated plasmin can be formed by both fluid-phase and cell surface localised systems. However, 

we have shown previously that plasminogen activation by ASM cells in vitro occurs primarily in 

the culture supernatant (fluid-phase), and not at the cell surface (Schuliga et al., 2011).  

Furthermore, it has been reported for human carcinoma cell lines in vitro, that the majority of uPA-

generated plasmin formation occurs in the fluid-phase compartment (Deryugina et al., 2012).  In the 
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current study, experiments using ASM cell-conditioned medium (CM) show that plasminogen 

activation in the fluid phase is mediated by soluble, extracellular uPA.  The conversion of 

plasminogen into plasmin was lower in CM obtained from uPA siRNA-transfected cells as 

compared to control siRNA-transfected cells. When naïve cells were incubated with CM from uPA 

knock-down cells, plasminogen-stimulated increases in cell number were attenuated. This 

observation suggests that extracellular uPA-generated plasmin stimulates ASM cell proliferation.  

 

As previously described, uPA-mediated activation of plasminogen by ASM cells in vitro is an 

extracellular phenomenon. However, the extracellular compartment of the cell culture system used 

in this study is not truly representative of that in vivo. In ASM bundles, cells are tightly packed 

together, where the volume of interstitial fluid in relation to the cell surface area is much lower than 

the equivalent ratio for the cell culture model. Within the ASM bundle and its immediate 

surroundings, uPA-generated plasmin would occur in vicinity close to the cell surface. 

Consequently, cell surface plasminogen and uPA receptors may have a more prominent role, 

localizing the plasmin formed at the cell membrane or in close proximity. There are a number of 

membrane-associated proteins with C-terminal lysines that bind to the kringle domain of 

plasminogen (ie -enolase, S100A10, and the plasminogen receptor, Plg-Rkt). The actions of 

surface-generated plasmin and fluid phase-generated plasmin would differ because the range and 

effective concentration of substrates for plasmin would be different in these distinct compartments. 

When plasmin formation is localized at the cell surface, membrane receptor substrates of plasmin, 

such as PAR-1 (Pendurthi et al., 2002), are likely to assume much greater significance for the 

signalling effects of plasmin. In our study, exogenous plasmin was added to ASM cell cultures to 

investigate the consequences of uPA-mediated plasmin formation. However, for the aforementioned 

reasons, the array of effects of exogenous plasmin in the fluid phase as compared to that generated 

at the cell surface would not be expected to be the same, even though overlap is likely. 
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Plasmin is a potent activator of both inflammatory and mesenchymal cells. ERK1/2 and PI3K/Akt 

pathways are reported to be rapidly activated by plasmin in macrophages
 
(Laumonnier et al., 2006; 

Zhang et al., 2007) and vascular smooth muscle cells (Roztocil et al., 2005).  In ASM cells, the 

activation of these pathways by incubation with plasmin for 30 min was shown by phosphorylation 

of intermediates.  Furthermore, the experiments using pharmacological inhibitors of these pathways 

(PD98059 for ERK1/2 and LY294002 for PI3K/Akt) revealed their roles in regulating plasmin-

stimulated ASM cell proliferation. As in vascular smooth muscle, these pathways regulate plasmin-

stimulated ASM proliferation (Nicholl et al., 2005; Roztocil et al., 2005).   

 

Plasminogen-mediated cellular activity can occur by multiple mechanisms. Plasmin catalyzes the 

proteolytic activation of MMPs, which release the otherwise latent forms of EGF and TGF-

(Coutts et al., 2001; Roztocil et al., 2005).   Plasmin is involved in the activation of a number of 

MMPs including MMP-1, MMP-2, MMP-3, MMP-9, MMP-13 and MMP14 (Deryugina et al., 

2012).  The activation of MMP-1, an efficient interstitial collagenase, is a well-known example of 

the importance of plasmin as an MMP-activating enzyme. Our laboratory has shown that MMP-1, 

MMP-2 and MMP-14 are expressed by human ASM cells in culture (Schuliga et al., 2010). 

Plasminogen activation by ASM cells is associated with MMP activation and increases in 

collageneolytic activity (Schuliga et al., 2011). ASM cell proliferation has been reported to be 

stimulated by both EGF (Gosens et al., 2006) and TGF- (Chen et al., 2006).  In this study, the 

inhibitor of the EGF-receptor kinase, AG1478, and the MMP inhibitor ilomastat, attenuated 

plasmin(ogen)-stimulated ASM cell proliferation, as did EGFR knock down.  Furthermore, 

incubation with plasmin stimulated an increase in the levels of heparin-bound EGF (HB-EGF) 

detected in the culture supernatant. HB-EGF is an important ligand of EGFR, and is released from 

heparin by the proteolytic actions of MMPs.  HB-EGF is expressed in the airway epithelium and 

airway smooth muscle in situ (Hirota et al., 2012). Our observations suggest that EGF liberation via 

MMP activation, but not mobilization of TGF-, contributes to the proliferative effects of A
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plasmin(ogen) on ASM cells.  A lack of evidence for a role of TGF- in plasmin-mediated ASM 

proliferation may be because the mitogenic actions of TGF- occur indirectly via bFGF production 

(Bosse et al., 2006).  The effects of TGF--induced bFGF autocrine signalling in response to 

plasmin would take longer than the direct effects of EGF, and therefore may not be as readily 

evident following a 48 h incubation with plasmin(ogen). 

 

This study provides evidence that the annexin A2 hetero-tetramer (AIIt) also mediates the effects of 

plasminogen on ASM cell proliferation.  AIIt is a protein complex comprised of both annexin A2 

and S100A10 (p11), which can found as a soluble form in the extracellular compartment or in  

association with the extracellular side of the cell membrane. AIIt binds plasminogen and 

plasminogen activators to accelerate the conversion of plasminogen into plasmin (Kassam et al., 

1998).  In this study, annexin A2 knock down attenuated plasminogen activation by ASM and 

plasminogen-stimulated increases in cell proliferation. Furthermore, knock down of annexin A2 

attenuated increases in cell number following incubation with exogenous plasmin. Annexin A2 

knock down had no effect on the proliferative response of other mitogens examined, suggesting that 

the effects of annexin A2 are selective for plasmin-stimulated proliferation. AIIt is also a receptor 

for plasmin, mediating pro-inflammatory responses in human macrophages (Laumonnier et al., 

2006).  However, the mechanism by which AIIt acts as a signal transducer of plasmin remains 

unclear. There is evidence that plasmin binds to and cleaves the N-terminal end of annexin A2 in 

the process of plasmin-evoked signaling (Laumonnier et al., 2006).  Our data supports a signal 

transducer role for soluble extracellular annexin A2 in ASM cell proliferation.  When 

plasmin(ogen) naïve cells were replenished with ASM cell-conditioned medium (CM) from annexin 

A2 knock-down cells, plasmin-stimulated proliferation was attenuated. Responses to plasmin were 

similarly reduced in cells replenished in CM that had been pre-incubated with an anti-annexin A2 

IgG that binds the bioactive, N-terminus of annexin A2.  These observations suggest that soluble, 

extracellular annexin A2 has a role in plasmin-activated signalling, possibly being cleaved at the N-A
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terminus by plasmin in the process (Fig. 9). This notion is supported by the observation that 

plasmin neutralization using 2-antiplasmin did not inhibit the mitogenic effect of plasmin when 

incubated with CM for 6 h.   

 

Soluble AIIt stimulates cytokine release from macrophages in a toll like receptor-4 (TLR4) 

dependent-manner (Swisher et al., 2010).  In the current study TLR4 was also shown to have a role 

in mediating the effects of AIIt on ASM proliferation. However, further investigation is required to 

evaluate the mechanism by which AIIt action involves TLR4, and the involvement of plasmin in 

this process. Interestingly, Katherine Hajjar and colleagues have reported that plasmin induces the 

dissociation of annexin A2 from AIIt in cultures of endothelial cells, allowing annexin A2 to 

activate TLR4 (He et al., 2011).  LPS, an activator of TLR4, has been shown to stimulate ASM 

proliferation (Pera et al., 2010).  However LPS, at the concentration used in this study (10 ng/mL) 

had no significant effect on cell proliferation, unlike AIIt (200 ng/mL). Suggestions that annexin A2 

is a key mediator of asthma pathophysiology is supported by evidence implicating annexin A2 

involvement in  disease (Hedhli et al., 2012).  Similar to uPA, the level of annexin A2 is elevated in 

many cancers (Inokuchi et al., 2009) and is considered to have important roles in tumour 

progression and tissue invasion (Sharma et al., 2006).  Exploring the role of a plasminogen/annexin 

A2 axis in AWR may identify new strategies to treat asthma. 

 

Selective targeting of uPA is a potential therapeutic strategy to treat chronic respiratory diseases. 

Small molecule inhibitors such as analogues of 4-oxazolidinone (ie UK122), p-aminobenzamidine 

(ie CJ-463) and 3-aminophenylalanine (ie WX-UK1) exhibit high selectively for uPA and have 

been validated in cell and animal studies to assess uPA inhibition as a strategy to treat cancer 

(Henneke et al., 2010; Schmitt et al., 2011; Zhu et al., 2007).  In clinical trial programs, uPA 

inhibitors have been shown to be well-tolerated and have provided promising results, greatly 

increasing their translational potential for the treatment of other diseases including asthma. Tumor A
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cell invasion and hepatic fibrinolysis in vivo are inhibited by uPA and uPAR functional blocking 

antibodies (Botkjaer et al., 2011; Lund et al., 2012), providing evidence for the feasibility of 

targeting uPA using antibody-based strategies. Furthermore, in a mouse model of ALI, uPA 

antibodies were shown to reduce inflammation and edema (Wang et al., 2006). Additionally, the 

systemic administration of annexin A2 antibody inhibits tumour growth/metastasis in murine cancer 

models in vivo without detectable toxicity (Sharma et al., 2012; Zheng et al., 2012). 

 

We have shown that plasminogen stimulates the proliferation of human ASM cells in a manner 

mediated by plasmin, uPA and annexin A2.  As ASM hyperplasia has an important role in AWR, 

these findings suggest that uPA, and downstream mediators of plasmin (ie annexin A2) are potential 

targets for drug treatment for asthma and other chronic airway diseases.  
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Tables  

 Total  cell 

number 

Attached cell 

number 

Non-attached 

cell number 

Caspase-3 activity 

(total cells) 

Control 100 97 ± 1 3 ± 1 100 

Plm, 15mU/mL 134 ± 3** 126 ± 3** 6 ± 1  187 ± 20** 

Plm, 50mU/mL 97 ± 6 86 ± 6 14 ± 2*** 291 ± 86* 

Table 1: Plasmin increases cell detachment and caspase-3 activity.  The number of attached and 

non-attached cells (%control, total cells) in cultures of ASM cells following incubation with 

plasmin (Plm) for 48 h. Levels of caspase-3 activity (%control, total cells) were also measured 

using a fluorogenic assay. *P<0.05, **P<0.01 versus control (n=5). For all treatments, the 

percentage of attached cells that were non-viable was negligible. However between 32-58% of the 

detached cells were non-viable.  

 

 Control siRNA uPA siRNA 

Basal Plasminogen Basal Plasminogen 

Plasmin activity (mU/mL) 0.1 ± 0.1 7.2 ± 2.9 0.1 ± 0.1 0.1 ± 0.1** 

Cell number (%Control) 100 131 ± 5^ 109 ± 5 113 ± 5* 

Table 2: Fluid phase plasminogen activation is uPA dependent and stimulates an increase in 

cell number.  In the absence of cells, CM from uPA or Cont siRNA-transfected cells was incubated 

with plasminogen (5 g/mL) for 6 h (when plasmin activity was assessed). Plasminogen-naïve cells 

were then maintained in the plasminogen-treated CM for 48 h before cell enumeration. ^P<0.05 

compared to basal + control siRNA. *P<0.05, **P<0.01 compared to plasminogen + control 

siRNA. (n=4).   
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 Control IgG Annexin A2 IgG 

Basal Plasmin Basal Plasmin 

Vehicle 100 140 ± 9 90 ± 12 111 ± 0.4** 

2-AP 104 ± 6 127 ± 7^^ 88 ± 13 93 ± 13* 

Table 3: Anti-annexin A2 IgG attenuates plasmin-stimulated increases in cell number.  CM of 

untreated cells was incubated with plasmin (5 mU/mL) for 6 h in the presence of either anti-annexin 

A2 or control IgG (2 g/mL). The medium of naïve cells was then replenished by the plasmin-

treated CM and the cells were maintained for a further 48 h before cell enumeration. *P<0.05, 

**P<0.01 compared to plasmin + control IgG; ^^P<0.01 compared to plasmin + control IgG, (n=5).   
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 Figure legends 

 

Figure 1.  Plasminogen and plasmin increases ASM cell number.  (a) Cell number and MTT 

reduction (%control) in cultures of ASM incubated with plasminogen for 48 h. (b) Cell number 

(%control) following incubation with plasminogen (Plg, 5 g/mL) and/or 2-antiplasmin (2-AP, 

0.5 g/mL). (c) Cell number and MTT reduction (%control) following incubation with plasmin for 

48 h. (d) Cell number (%control) following incubation with plasmin (Plm, 5 mU/mL) and/or 

aprotinin (Apr, 10 KIU/mL). *P<0.05, **P<0.01, versus control (n=6-10).  

 

Figure 2.  Plasmin increases cyclin D1 expression.  (a, b) Levels of cyclin D1 protein (%control) 

in ASM cells incubated with plasmin (5 mU/mL) for 3-48 h. (c) Levels of cyclin D1 mRNA 

(%control) following incubation with plasminogen (Plg, 5 g/mL), plasmin (Plm, 5 mU/mL), bFGF 

(300 pM) or TGF- (100 pM) for 24 h. *P<0.05, **P<0.01 versus control (n=4-5). 

 

Figure 3. uPA knock down attenuates plasminogen-mediated increases in cell number.  (a) 

Plasmin activity in the medium of ASM cells transfected with uPA (sequences a & b), tPA or cont 

siRNA, following incubation with plasminogen (5 g/mL) for 8 h.  (b) Levels of uPA (high MW 

[HMW] and low MW [LMW] forms) detected by Western blotting in the supernatants of uPA 

siRNA transfected cells (sequence a) following incubation with plasminogen for 8 h. Insert shows 

representative Western blot.  (c, d) Cell number and MTT reduction following incubation with 

plasminogen (Plg, 5 g/mL), plasmin (Plm, 5 mU/mL) (cell number only) or EGF (300 pM) for 48 

h. *P<0.05, **P<0.01 (n=4-8). 

 

Figure 4.  uPA inhibition attenuates plasminogen-mediated increases in cell number.  (a) 

Plasmin activity in culture supernatants following incubation with plasminogen (5 g/mL) and/or 

UK122 (10 M) for 24 h. (b) The effect of UK122 on cell number following incubation with A
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plasminogen (Plg, 5 g/mL), plasmin (Plm, 5 mU/mL) or EGF (300 pM) for 48 h. (c) The effect of 

UK122 (0.1-10 M) on MTT reduction following incubation with plasminogen (5 g/mL) for 48 h.  

*P<0.05, **P<0.01 (n=5-8). 

 

Figure 5.  Plasmin-mediated increases in cell number are regulated by the PI3K/Akt and 

ERK1/2 MAPK signaling pathways.  Phosphorylation of (a) Akt- and (b) ERK1/2 following 

incubation with plasmin (5 mU/mL) for 30 min in the presence of LY294002 (LY, 10 M) or 

PD98059 (PD, 10 M).  Inserts show representative Western blots. (c) The effect of LY294002 and 

PD98059 on cell number following incubation with plasmin (5 mU/mL) for 48 h.  *P<0.05, 

**P<0.01 (n=4-6). 

 

Figure 6.  EGF-receptor (EGFR) kinase inhibition and EGFR knock down attenuates 

plasminogen-mediated increases in cell number. (a) Cell number and (b) MTT reduction 

following incubation with plasminogen (Plg, 5 g/mL), plasmin (Plm, 5 mU/mL) or EGF (300 pM) 

with either ilomastat (2.5 M), AG1478 (0.5 M) or SB431542 (10 M) for 48 h. (c) Levels of 

EGFR mRNA in cells transfected with EGFR siRNA. (d) Cell number in EGFR siRNA transfected 

cells following incubation with plasmin (5 mU/mL) for 48 h.  (e.) Levels of HB-EGF detected in 

the culture supernatants of cells incubated with plasmin for 48 h. *P<0.05, **P<0.01 (n=4-8). 

 

Figure 7.  Annexin A2 regulates the conversion of plasminogen into plasmin and subsequent 

increases in cell number.  Levels of annexin A2 (A2) in ASM cells were knocked down by 

transfection with gene-silencing RNA (siRNA). (a)  Levels of A2 protein in siRNA-transfected 

ASM cells. (b)  Plasmin activity in the medium of cells following siRNA transfection and 

incubation with plasminogen (5 g/mL) for 24 h. (c)  Cell number following siRNA transfection 

and incubation with plasminogen (5 g/mL) or plasmin (5 mU/mL) for 48 h. (d) Cell number in A
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cultures replenished with CM from siRNA transfected cells, and incubated with plasminogen (5 

g/mL) or plasmin (5 mU/mL) for 48 h. *P<0.05, **P<0.01 (n=5-9). 

 

Figure 8.  The annexin A2 hetero-tetramer (AIIt) stimulates increases in cell number via 

binding TLR4.  (a) Cell number following incubation with AIIt (200 ng/mL) and/or plasmin (Plm, 

5 mU/mL) for 48 h.  (b) Cell number following incubation with AIIt (200 ng/mL) or LPS (10 

ng/mL),  with or without anti-TLR4 IgG (1 g/mL) for 48 h. *P<0.05 (n=3-5).   

 

Figure 9.  Urokinase and annexin A2 regulate plasminogen-stimulated ASM cell proliferation. 

The proposed effects of soluble, extracellular uPA and annexin A2 (as a component of AIIt) on 

plasminogen-stimulated cell proliferation occurs in the fluid phase and involves plasmin-activated 

signalling. The latter potentially involves MMP and annexin A2 activation (*) in the fluid phase and 

subsequent receptor (ie EGFR and TLR4) activation. 
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