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Abstract 

Increased extracellular matrix (ECM) deposition and airway smooth muscle (ASM) mass 

are major contributors to airway remodeling in asthma. Recently, we have demonstrated 

that the ECM protein collagen I, which is increased surrounding asthmatic ASM, induces 

a proliferative, hypocontractile ASM phenotype. Little is known, however, on the 

signaling pathways involved. Using bovine tracheal smooth muscle, we investigated the 

role of focal adhesion kinase (FAK) and downstream signaling pathways in collagen I-

induced ASM phenotype modulation. Phosphorylation of FAK was increased during 

adhesion to both uncoated and collagen I-coated culture dishes, without differences 

between these matrices. No differences in cellular adhesion were found either. Inhibition 

of FAK activity by overexpression of the FAK deletion mutants FAT (focal adhesion 

targeting domain) and FRNK (FAK-related non-kinase) attenuated adhesion. After 

attachment, FAK phosphorylation was time-dependently increased in cells cultured on 

collagen I, whereas no activation was found on an uncoated plastic matrix. In addition, 

collagen I time- and concentration-dependently increased cell proliferation, which was 

fully inhibited by FAT and FRNK. Similarly, the specific pharmacological FAK inhibitor 

PF-573,228 as well as specific inhibitors of p38 MAPK and Src also fully inhibited 

collagen I-induced proliferation, whereas partial inhibition was observed by inhibition of 

PI3-kinase and MEK. The inhibition of cell proliferation by these inhibitors was 

associated with attenuation of the collagen I-induced hypocontractility. Collectively, the 

results indicate that induction of a proliferative, hypocontractile ASM phenotype by 

collagen I is mediated by FAK and downstream signaling pathways.  
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Introduction 

Airway hyperresponsiveness, persistent airway obstruction and decline in lung function 

are characteristic features of chronic asthma (Bousquet et al., 2000). Airway remodelling, 

including increased airway smooth muscle (ASM) mass and altered extracellular matrix 

(ECM) deposition, is considered to contribute to these features (Bousquet et al., 2000; 

Jeffery, 2001; Dekkers et al., 2009a). Increased ASM mass may comprise hyperplasia 

as well as hypertrophy (Ebina et al., 1993) and in keeping with hyperplasia ASM cells 

display phenotype plasticity and may re-enter the cell-cycle (Halayko et al., 2008). Thus, 

exposure of ASM cells to mitogenic stimuli results in the induction of a proliferative 

phenotype associated with a decreased contractile function (Hirst et al., 2000b; Dekkers 

et al., 2007; Gosens et al., 2002; Dekkers et al., 2012). Phenotype plasticity is a dynamic 

and reversible process and removal of mitogenic stimuli, for example by serum 

deprivation in the presence of insulin, results in the reintroduction of a (hyper)contractile 

ASM phenotype (Schaafsma et al., 2007; Dekkers et al., 2009b; Ma et al., 1998).  

From biopsy studies, it has become apparent that ECM deposition is increased 

beneath the epithelial basement membrane in the airways of asthmatics (Roche et al., 

1989). In addition, the total amount of ECM in the microenvironment of the ASM is 

increased as well (Bai et al., 2000), and may involve deposition of various ECM proteins, 

including collagen type I (Roberts and Burke, 1998). The ECM in the ASM layer plays a 

key role in determining its physical and mechanical properties. In addition, ECM proteins 

may affect ASM phenotype switching. Growth factor-induced phenotype switching of 

ASM cells is inhibited by culturing the cells on laminin-111 resulting in the maintenance 

of a contractile ASM phenotype (Dekkers et al., 2007; Hirst et al., 2000a; Dekkers et al., 

2010). Conversely, culturing of ASM cells on monomeric collagen type I enhances 

growth factor-induced proliferation (Hirst et al., 2000a; Nguyen et al., 2005; Dekkers et 

al., 2010). Moreover, collagen I induces a hypocontractile, proliferative ASM phenotype 
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in intact human and bovine tracheal smooth muscle preparations in the absence of other 

mitogens (Dekkers et al., 2007; Dekkers et al., 2012). ASM cells obtained from 

asthmatics produce more collagen I compared to cells obtained from healthy subjects 

(Johnson et al., 2004). In addition, nonasthmatic ASM cells cultured on an ECM laid 

down by asthmatic ASM cells proliferate more rapidly and vice versa (Johnson et al., 

2004), suggesting that changes in the ECM profile may contribute to enhanced 

asthmatic ASM growth in situ. 

Integrins are a group of heterodimeric transmembrane glycoproteins linking the 

ECM to the intracellular compartment (Giancotti and Ruoslahti, 1999). The collagen-

binding integrin α2β1 is the main integrin involved in collagen I-induced ASM cell 

attachment, ASM cell proliferation, cytokine production and glucocorticosteroid 

resistance (Nguyen et al., 2005; Fernandes et al., 2006). In addition, the fibronectin-

binding integrins α4β1 and α5β1 appeared important in the enhancement of platelet-

derived growth factor (PDGF)-induced proliferation by collagen I, whereas the 

fibronectin-binding integrin αvβ3 was also required for attachment to collagen I (Nguyen 

et al., 2005). Recently, we have demonstrated that the α5β1 integrin is also of major 

importance in collagen I-induced increase of basal proliferation (Dekkers et al., 2010). 

No information is yet available on the signalling pathways of ECM-integrin interactions in 

ASM cells. From other cell types it is known that most integrins activate focal adhesion 

kinase (FAK), resulting in autophosphorylation at Tyr397 and generating a binding site 

for Src, which then phosphorylates a number of other tyrosine residues on FAK 

(Giancotti and Ruoslahti, 1999; Hynes, 2002; Cox et al., 2006). FAK may subsequently 

activate downstream signalling cascades, including the phosphatidylinositol-3-kinase 

(PI3-kinase) and mitogen activated protein kinase (MAPK) pathways (Giancotti and 

Ruoslahti, 1999) 
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The aim of the present study was to explore the role of FAK and downstream 

signalling pathways in collagen I-induced ASM phenotype switching. Using bovine 

tracheal smooth muscle (BTSM) cells, we examined the effects of monomeric collagen I 

on FAK phosphorylation during adhesion and proliferation. The role of FAK in these 

processes was assessed by overexpression of FAK and of the FAK deletion mutants 

FAT (derived from the focal adhesion targeting (FAT) domain of FAK) and FRNK (FAK-

related non-kinase), which inhibit FAK localization to the focal adhesions and FAK 

activation (Richardson and Parsons, 1996; Hildebrand et al., 1993). In addition, by 

pharmacological inhibition of FAK, Src, mitogen activated protein kinase kinase (MEK), 

PI3-kinase and p38 MAPK, we investigated the contribution of these pathways to 

collagen I-induced BTSM proliferation and hypocontractility.  
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Materials and methods 

 

Tissue preparation and organ-culture procedure. 

Bovine tracheae were obtained from local slaughterhouses and BTSM strips of 

macroscopically identical length (1 cm) and width (2 mm) were prepared as described 

previously (Dekkers et al., 2007). Muscle strips were washed in Medium Zero (sterile 

DMEM, supplemented with sodium pyruvate (1 mM), non-essential amino-acid mixture 

(1:100), gentamicin (45 µg/ml), penicillin (100 U/ml), streptomycin (100 µg/ml), 

amphotericin B (1.5 µg/ml), apo-transferrin (5 µg/ml, human) and ascorbic acid (0.1 mM)) 

and transferred into suspension culture flasks. Strips were maintained in culture in 

Medium Zero using an Innova 4000 incubator shaker (37°C, 55 rpm) for 4 days. When 

applied, monomeric collagen type I (50 µg/ml), PF-573,228 (FAK inhibitor II, 100 nM), 

PP2 (10 μM), U0126 (3 μM), LY294002 (10 μM) and/or SB203580 (10 μM) were present 

during the entire incubation period.  

 

Isometric tension measurements. 

Isometric tension measurements were performed as described (Dekkers et al., 2007). In 

short, BTSM strips were washed with Krebs Henseleit (KH) buffer (composition (mM): 

NaCl 117.5, KCl 5.60, MgSO4 1.18, CaCl2 2.50, NaH2PO4 1.28, NaHCO3 25.00 and 

glucose 5.50, pregassed with 5% CO2 and 95% O2; pH 7.4 at 37°C). Subsequently, 

strips were mounted for isometric recording in organ baths. During a 90-min equilibration 

period resting tension was gradually adjusted to 3 g. Subsequently, BTSM strips were 

precontracted with 20 and 40 mM KCl solutions. Collectively, the total washout period 

before the start of the isometric tension experiments was at least 3 h. After washing, 

maximal relaxation was established by the addition of (-)-isoproterenol (0.1 μM; Sigma). 

Tension was readjusted to 3 g and after another equilibration period of 30 min 
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cumulative concentration response curves were constructed to methacholine. When 

maximal tension was reached, the strips were washed and maximal relaxation was 

established using isoproterenol (10 μM). 

 

Isolation of bovine tracheal smooth muscle cells. 

BTSM cells were isolated as described (Dekkers et al., 2007). In short, BTSM tissue was 

chopped and tissue fragments were washed in Medium Plus (Dulbecco's modified 

eagle's medium (DMEM) supplemented with sodium pyruvate (1 mM), non-essential 

amino-acid mixture (1:100), gentamicin (45 µg/ml), penicillin (100 U/ml), streptomycin 

(100 µg/ml), amphotericin B (1.5 µg/ml) and fetal bovine serum (FBS, 0.5%)). Enzymatic 

digestion was performed in Medium Plus, supplemented with collagenase P (0.75 

mg/ml), papain (1 mg/ml) and soybean trypsin inhibitor (1 mg/ml). The suspension was 

incubated in an incubator shaker (Innova 4000) at 37°C, 55 rpm for 20 min, followed by 

a 10 min period of shaking at 70 rpm. After filtration of the obtained suspension over a 

50 μm gauze, the cells were washed in Medium Plus, supplemented with 10% FBS. For 

all protocols, cells were used in passage 1-2.  

 

Transfection of BTSM cells with GFP expression vectors. 

BTSM cells were plated at a density of 30.000 cells/well in 24-well culture plates and 

allowed to attach overnight, or grown to 95% confluency in 100 mm culture dishes. 

Subsequently, cells were washed twice with phosphate-buffered saline (PBS). 

Transfections in 24-well culture plates were performed using a mixture of 2 μl 

lipofectamine 2000 and 0.1 µg expression vector (green fluorescent protein (GFP) or 

GFP-FAK) or 0.8 µg expression vector (GFP, GFP-FAT or GFP-FRNK) for 6 h in 120 µl 

plain DMEM without serum and antibiotics. For transfections in the 100 mm dishes, a 

mixture of 60 µl lipofectamine 2000 and 3 µg or 24 µg of expression vector, respectively, 
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in 3.6 ml of DMEM were used. After 6 h, cells were washed twice with PBS and medium 

was replaced by DMEM Zero supplemented with 0.1% FBS. Preliminary results 

indicated that transfection efficiency for GFP reached 30±4% (n=3). 

 

Cell adhesion assay. 

Collagen-coated (50 µg/ml) culture plates were prepared as described (Dekkers et al., 

2007). The method for measurement of cell adhesion was adapted from (Orian-

Rousseau et al., 1998). Untransfected, GFP-, GFP-FAK-, GFP-FAT- or GFP-FRNK-

transfected BTSM cells were harvested from 100 mm dishes by trypsinization. Cells 

were washed, resuspended in Medium Plus and transferred into uncoated or collagen-

coated 24-well culture plates at a density of 50.000 cells/well and placed back in the 

incubator. At varying time intervals, plates were removed from the incubator and 

overlying medium was removed by gentle aspiration. After washing with 0.5 ml PBS at 

37 °C, cells were fixed with 70% ethanol for 15 minutes at 4 °C. Subsequently, the plates 

were air dried for at least 30 min at 37 °C and stained for 25 minutes at room 

temperature using 0.1% crystal violet in water (0.3 ml/well). Cells were rinsed briefly with 

water and air dried. The stain was solubilized at room temperature using 10% acetic acid 

in water (0.5 ml/well) and quantified by colorimetric analysis (550 nm, Biorad 680 plate 

reader). 

 

Western analysis. 

For the measurement of the phosphorylation of FAK, BTSM cells were cultured on 

uncoated or collagen I (50 µg/ml)-coated surfaces. At varying periods of time, culture 

medium - also containing non-adhered cells - was removed gently and the attached cells 

were lysed in homogenization buffer (composition in mM: Tris-HCl 50.0, NaCl 150.0, 

EDTA 1.0, PMSF 1.0, Na3VO4 1.0, NaF 1.0, pH 7.4, supplemented with leupeptin 10 
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µg/ml, aprotinin 10 µg/ml, pepstatin 10 µg/ml, Na-deoxycholate 0.25 % and Igepal 1% 

(NP-40)). Protein content was determined and equal amounts of protein were subjected 

to electrophoresis and transferred onto PVDF membranes. Membranes were 

subsequently blocked in blocking buffer (composition: Tris-HCl 50.0 mM; NaCl 150.0 

mM; Tween-20 0.1%, dried milk powder 5% (FAK) or BSA 5% (pFAK)) for 60 min at 

room temperature. Next, membranes were incubated overnight at 4 °C with primary 

antibodies (rabbit anti-FAK 1:2000 and rabbit anti-pFAK 1:1000, dilutions in blocking 

buffer containing BSA 5% or BSA 3%, respectively). After three washes with TBS-Tween 

20 (TBST 0.1%, containing Tris-HCl 50.0 mM, NaCl 150.0 mM and Tween 20 0.1%) of 

10 min each, membranes were incubated with horseradish peroxidase-labelled 

secondary anti-rabbit antibodies (dilution 1:2000 in blocking buffer containing 5% or 3% 

BSA, respectively) at room temperature for 90 min, followed by another three washes 

with TBST 0.1%. Antibodies were then visualized on film using enhanced 

chemiluminescence reagents and analyzed by densitometry (TotallabTM). Bands for 

pFAK were normalized to total FAK expression. Data are expressed as percentage of 

the maximal FAK phosphorylation of matched samples run on the same gels. 

 

Alamar blue proliferation assay. 

Alamar blue conversion was used to determine changes in cell number. Previous studies 

have shown that changes in conversion of Alamar blue closely match changes in 

absolute cell number (Dekkers et al., 2012). BTSM cells were plated on uncoated or 

collagen I (1-100 µg/ml)-coated 24-well culture plates at a density of 30,000 cells/well 

and were allowed to attach overnight in Medium Plus, containing 10% FBS. The next 

day, cells were washed twice with PBS and made quiescent by incubation in Medium 

Zero, supplemented with 0.1% FBS for 3 days. Cells were then incubated with or without 

PDGF-AB (10 ng/ml) for 4 days in Medium Zero. Thereafter, cells were washed two 
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times with PBS and incubated with HBSS containing 5% (vol/vol) Alamar blue solution. 

Conversion of Alamar blue into its reduced form by mitochondrial cytochromes was 

quantified by fluorimetric analysis, as indicated by the manufacturer. Data were 

expressed as % of Alamar blue conversion by unstimulated, vehicle-treated BTSM cells. 

When applied, PF-573,228 (10-1000 nM), PP2 (10 μM), U0126 (3 μM), LY294002 (10 

μM) or SB203580 (10 μM) were present during the entire incubation period. For 

overexpression of GFP, GFP-FAK, GFP-FAT or GFP-FRNK, BTSM cells were 

transfected with the vectors after attachment, and subsequently cells were made 

quiescent as described above. 

 

[3H]-thymidine-incorporation. 

[3H]-Thymidine-incorporation was performed as described previously (Dekkers et al., 

2007; Dekkers et al., 2009b). BTSM cells were plated on uncoated or collagen I-coated 

24-well culture plates at a density of 30,000 cells/well and allowed to attach overnight in 

Medium Plus. The next day, cells were transfected with the GFP, GFP-FAK, GFP-FAT 

or GFP-FRNK, washed with PBS and made quiescent by incubation in Medium Zero, 

supplemented with 0.1% FBS for 72 h. Subsequently, cells were washed and incubated 

in the absence or presence of PDGF (10 ng/ml) in Medium Zero for 28 h, the last 24 h in 

the presence of [methyl-3H]-thymidine (0.25 µCi/ml). After incubation, the cells were 

washed with PBS at room temperature. Subsequently, the cells were treated with ice-

cold 5% trichloroacetic acid on ice for 30 min, and the acid-insoluble fraction was 

dissolved in NaOH (1 M). Incorporated [3H]-thymidine was quantified by liquid-

scintillation counting using a Beckman LS1701 β-counter.  
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Materials. 

DMEM, FBS, sodium pyruvate solution, non-essential amino acid mixture, gentamicin 

solution, penicillin/streptomycin solution and amphotericin B solution (Fungizone) were 

obtained from Gibco BRL Life Technologies (Paisley, U.K.). Bovine serum albumin, apo-

transferrin (human), leupeptin, aprotinin, pepstatin, soybean trypsin inhibitor, insulin 

(bovine pancreas) and (-)-isoproterenol hydrochloride were obtained from Sigma 

Chemical Co. (St. Louis, MO, U.S.A.). PDGF-AB (human) was from Bachem (Weil am 

Rhein, Germany). Methacholine was obtained from ICN Biomedicals (Costa Mesa, CA, 

U.S.A.). Anti-FAK was from Cell Signalling (Boston, MA, USA). Anti-FAK [pY397] and 

Alamar blue were from Biosource (Camarillo, CA, USA). Collagenase P and papain were 

from Boehringer (Mannheim, Germany). Monomeric collagen type I (calf skin) was from 

Fluka (Buchs, Switzerland). Lipofectamine was from Invitrogen (Paisley, UK). PF-

573,228 6-((4-((3-(Methanesulfonyl)benzyl)amino)-5-trifluoromethylpyrimidin-2-yl) 

amino)-3,4-dihydro-1H-quinolin-2-one and L(+)-ascorbic acid were from Merck 

(Darmstadt, Germany). SB203580 (4-[5-(4-Fluorophenyl)-2-[4-methylsulphonyl)phenyl]-

1H-imidazol-4-yl]pyridine), LY294002 (2-(4-morpholinyl)-8-phenyl-4H-1-benzopyran-4-

one), U0126 (1,4-diamino-2,3-dicyano-1,4-bis [2-aminophenylthio]butadiene) and PP2 

(4-Amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo[3,4-d]pyrimidine) were obtained from 

Tocris Cookson (Bristol, UK). pEGFP expression plasmids (Clontech) encoding FAK, 

and the FAK deletion mutants FAT and FRNK coupled to GFP were kindly provided by 

Dr. B. van de Water and Dr. S.E. Le Dévédec from the Division of Toxicology, Leiden 

Amsterdam Center for Drug Research (Van de Water et al., 2001; Ilic et al., 1998). All 

used chemicals were of analytical grade. 
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Data analysis. 

Data represent means±SEM, from n separate experiments. Statistical significance of 

differences between means were calculated using one-way ANOVA for repeated 

measurements, followed by a Student-Newman-Keuls multiple comparisons test. 

Differences were considered to be statistically significant when P<0.05. 
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Results 

 

Role of focal adhesion kinase in bovine tracheal smooth muscle cell adhesion. 

To investigate the effects of collagen I on ASM cell adhesion, BTSM cells were removed 

from the culture dish by trypsinization and replated onto uncoated plastic or monomeric 

collagen I (50 μg/ml)-coated culture plates. BTSM cells adhered to both substrates within 

8 hours, without differences between plastic or collagen I (Figure 1A). To assess 

changes in FAK activation during adhesion, BTSM cells were plated and after 1, 2, 4, 6 

and 24 h non-adhered cells were removed, adhered cells were lysed and FAK 

phosphorylation was determined. A significant increase (P<0.05) in FAK phosphorylation 

was observed in the cells adhered to plastic and collagen I compared to cells in 

suspension (Figure 1B). No differences in FAK phosphorylation were observed between 

both substrates. No FAK phosphorylation was observed in the non-adhered cells (data 

not shown).  

To investigate the role of FAK in ASM cell adhesion, BTSM cells were 

transfected with GFP expression vectors encoding GFP (control), GFP-FAK or the FAK 

deletion mutants GFP-FAT and GFP-FRNK. In successfully transfected cells, expression 

of GFP-FAK, GFP-FAT and GFP-FRNK was detected in the focal adhesion sites (Figure 

2), which is in correspondence with previous findings in rabbit primary synovial 

fibroblasts (Ilic et al., 1998). By contrast, expression of GFP was observed diffusely 

throughout the cytoplasm. Cells expressing GFP, GFP-FAT and GFP-FRNK remained 

elongated, whereas cells overexpressing GFP-FAK lost their elongated appearance. To 

assess whether FAK activation was required for ASM cell adhesion, BTSM cells were 

transfected with the expression vectors, trypsinized and replated onto plastic. No effects 

of overexpression of GFP-FAK on cell adhesion were observed, whereas 

overexpression of GFP-FRNK or GFP-FAT significantly reduced cell adhesion (Figure 3). 
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Cell adhesion was maximally reduced at t=24 h, reaching 62±8% (P<0.001) in GFP-

FRNK transfected cells and 67±12% (P<0.01) in GFP-FAT transfected cells compared to 

GFP transfected cells. Of note, the inhibition of BTSM cell adhesion was comparable to 

the transfection efficiency (30±4%). Collectively, these results indicate that 

endogenously expressed FAK is sufficient for BTSM cell adhesion, which can be 

inhibited by overexpression of GFP-FAT or GFP-FRNK. 

 

Role of focal adhesion kinase in collagen I-induced bovine tracheal smooth muscle 

phenotype switching. 

Culturing of BTSM cells on collagen I concentration-dependently increased cell number 

(Figure 4A). The concentration of collagen required for 50% increase (EC50) in cell 

number was 14.1±1.8 μg/ml. The collagen I-induced increase in BTSM proliferation was 

also time-dependent, reaching 153±12% at day 4 (P<0.001, Figure 4B). To assess 

whether increases in cell number were associated with FAK activation, BTSM cells were 

cultured on uncoated plastic or collagen I (50 μg/ml) and cells were lysed after 1, 2, 3 or 

4 days of culture and analyzed for FAK phosphorylation. Culturing on collagen I 

increased FAK phosphorylation at days 2, 3 and 4 (P<0.05, Figure 4C). No significant 

changes in total FAK expression were observed during the treatment period. In 

agreement with the findings for FAK phosphorylation during cell adhesion, no significant 

increase in phosphorylation of FAK was observed on a collagen I matrix after 1 day.  

To investigate the role of FAK in BTSM cell proliferation, cells were plated on 

plastic or collagen I (50 µg/ml), allowed to attached overnight and transfected with GFP, 

GFP-FAK, GFP-FAT and GFP-FRNK expression vectors. As previous studies (Hirst et 

al., 2000a; Nguyen et al., 2005; Dekkers et al., 2010) have shown that collagen I 

enhances growth factor-induced proliferation, cells were subsequently were made 

quiescent and then stimulated with vehicle or PDGF-AB (10 ng/ml) for 4 days. Although 
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not statistically significant, overexpression of GFP-FAK tended to decrease proliferation 

induced by both PDGF and collagen I (Figure 5A). Moreover, no effects of GFP-FAK 

overexpression were observed on DNA synthesis induced by PDGF, collagen I or the 

combination of both (Figure 5B). Overexpression of GFP-FAT or GFP-FRNK fully 

inhibited the increase in BTSM cell number induced by collagen I, whereas no significant 

effects of the inhibitory proteins were observed on PDGF-induced proliferation (Figure 

5C). PDGF-induced proliferation on collagen I was normalized to the level observed for 

PDGF-induced proliferation in cells cultured on plastic. No significant effects of 

overexpression of GFP-FAT or GFP-FRNK were observed on cell number in the 

absence of collagen I or PDGF. Similar effects were observed for GFP-FAT and GFP-

FRNK on collagen I-induced DNA synthesis (Figure 5D). Fully in line with these findings, 

collagen I-induced BTSM cell proliferation was also concentration-dependently inhibited 

by the specific pharmacological FAK inhibitor PF-573,228 (FAK inhibitor II) at 

concentrations that were specific for FAK inhibition (IC50=65±16 nM, Figure 6A) (Slack-

Davis et al., 2007).  

To assess whether activation of FAK was also required for the induction of a 

hypocontractile phenotype by collagen I, BTSM strips were cultured in the absence and 

presence of collagen I (50 μg/ml) and/or PF-573,228 (100 nM) for 4 days. As described 

previously (Dekkers et al., 2007; Dekkers et al., 2012), culturing of BTSM strips in the 

presence of collagen I for 4 days significantly (P<0.05) reduced maximal methacholine-

induced contractile force compared to vehicle-treated control strips (Figure 6B, Table 1). 

Combined treatment with PF-573,228 prevented the induction of a hypocontractile 

phenotype by collagen I, whereas the inhibitor by itself did not affect BTSM contractility. 

The sensitivity (pEC50) for methacholine was unaffected by all treatments (Table 1). 
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Role of Src, MEK, PI3-kinase and p38 MAPK in the induction of a proliferative, 

hypocontractile ASM phenotype by collagen I. 

To determine the contribution of downstream signalling pathways of FAK in the induction 

of a proliferative, hypocontractile ASM phenotype by collagen I, BTSM cells were 

cultured on plastic or collagen I in the absence and presence of specific pharmacological 

inhibitors of Src (PP2, 10 µM), MEK (U0126, 3 µM), PI3-kinase (LY294002, 10 µM) or 

p38 MAPK (SB203580, 10 µM). Collagen I-induced proliferation was inhibited by all 

inhibitors investigated (Figure 7A). To investigate whether these pathways were involved 

in collagen I-induced hypocontractility as well, BTSM strips were cultured in the absence 

and presence of collagen I (50 μg/ml) and the inhibitors for 4 days. As observed for 

proliferation, collagen I-induced hypocontractility was normalized by all inhibitors 

investigated (Figure 7B, Table 2). The sensitivity for methacholine was unaffected by all 

treatments (Table 2). 
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Discussion 

In the current study, we demonstrate that the induction of a proliferative, hypocontractile 

ASM phenotype by monomeric collagen type I is dependent on the activation of FAK and 

downstream signalling pathways. Our results indicate that FAK is activated during BTSM 

cell adhesion and that overexpression of the two FAK deletion mutants FAT and FRNK, 

which compete with endogenous FAK for localization to the focal adhesions, inhibits cell 

adhesion. Moreover, FAK was activated during and required for collagen I-induced 

BTSM cell proliferation and phenotype switching. Pharmacological inhibition of Src, MEK, 

PI3-kinase and p38 MAPK signalling pathways, which may be activated downstream of 

FAK, inhibited the induction of a proliferative and hypocontractile phenotype induced by 

collagen I as well. 

Airway hyperresponsiveness (AHR) is a characteristic feature of asthma and is 

defined by an exaggerated airway narrowing in response to either direct (histamine, 

methacholine) or indirect (exercise, cold air, hyperventilation) stimuli (Postma and 

Kerstjens, 1998). Variable AHR is observed after allergen exposure and is considered to 

reflect airway inflammation, whereas persistent AHR is considered to relate to structural 

changes in the airway wall, collectively termed airway remodelling (Cockcroft and Davis, 

2006; Meurs et al., 2008). Increased ASM mass, as a feature of airway remodelling, is 

considered to be the most important factor contributing to AHR and decline in lung 

function in asthmatics (Ebina et al., 1993; Lambert et al., 1993; Oliver et al., 2007). 

Previously, we and others have shown that changes in the ECM environment 

surrounding the ASM may contribute to ASM accumulation (Dekkers et al., 2010; 

Dekkers et al., 2007; Hirst et al., 2000a; Johnson et al., 2004). Thus, culturing of ASM 

cells on collagen I matrices increased proliferative responses, which was associated with 

a decreased contractile function of intact ASM tissue by this ECM protein, indicating that 

collagen I modulates the ASM phenotype from a contractile to a proliferative, 
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hypocontractile phenotype (Dekkers et al., 2007; Hirst et al., 2000a; Dekkers et al., 2012; 

Dekkers et al., 2010). Little is known, however, on the signalling pathways involved in 

this process. In the current study, we found that culturing of BTSM cells on collagen I 

time-dependently increased phosphorylation of FAK, a cytoplasmic protein tyrosine 

kinase activated by most integrins (Giancotti and Ruoslahti, 1999). Activation of FAK 

was found to be essential in collagen I-induced BTSM cell proliferation as 

overexpression of FAT and FRNK, which inhibit FAK translocation to the focal adhesions 

and subsequent activation of the enzyme (Richardson and Parsons, 1996; Hildebrand et 

al., 1993), fully inhibited collagen I-induced proliferation. Accordingly, collagen I-induced 

proliferation was also inhibited by the specific pharmacological inhibitor PF-573,228 

(FAK inhibitor II) at concentrations which have previously been found to be specific for 

FAK (Slack-Davis et al., 2007). In addition, this inhibitor fully reversed collagen I-induced 

hypocontractility, suggesting a key role of FAK in collagen I-induced ASM phenotype 

switching. Activation of FAK was also observed during adhesion of BTSM cells to 

uncoated plastic and collagen I matrices, without differences between the two matrices. 

In addition, FAK activation was also required for BTSM cell adhesion, as indicated by its 

inhibition in FAT and FRNK overexpressing cells. The effects of overexpression of FAT 

and FRNK on collagen I-induced changes in BTSM cell number as mentioned above are 

unlikely to be due to changes in cell adhesion, as overexpression of these proteins only 

inhibited the collagen I-induced proliferative responses, whereas no effects were 

observed on basal and PDGF-induced increases in cell number. In addition, no effects of 

overexpression of FAK itself were observed on the parameters assessed, suggesting 

that the endogenous expression of this kinase is sufficient and not the limiting factor in 

the activation of downstream signalling pathways.  

Changes in FAK activation during the proliferative phase only became apparent 

after 2 days of culturing on collagen I, suggesting that FAK is not directly activated by 
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collagen I-binding integrins, but that additional processes may be required. Indeed, 

studies in vascular smooth muscle cells have indicated that culturing on monomeric 

collagen type I increased the expression of other ECM proteins, including fibronectin 

(Ichii et al., 2001), suggesting that the activation of FAK could be due to autocrine ECM 

deposition. This notion is also supported by previous findings showing that collagen I-

induced increases in basal and growth factor-induced ASM proliferation required not 

only the collagen-binding integrin α2β1, but also the fibronectin binding integrins α4β1 

and α5β1 (Dekkers et al., 2010; Nguyen et al., 2005). 

No effects of FAT or FRNK were observed on PDGF-induced proliferation, 

although in fibroblasts activation of the PDGF receptor has been shown to induce FAK 

phosphorylation (Sieg et al., 2000). Also in BTSM cells, PDGF time-dependently 

increased FAK phosphorylation (data not shown). The lack of effect of the deletion 

mutants, however, may be explained by the fact that activation of FAK by PDGF requires 

interaction of the receptor with the FERM domain, which is localized at the N-terminus of 

the kinase (Cox et al., 2006; Sieg et al., 2000). Both deletion mutants, however, are 

derived from the C-terminal domain and inhibit FAK localization to the focal adhesions, 

which is required for FAK activation by integrins (Richardson and Parsons, 1996; 

Hildebrand et al., 1993), but do interfere with the activation of FAK via the FERM domain, 

providing a potential explanation for the lack of effect on PDGF-induced proliferation. 

Phosphorylation of FAK at Tyr397 generates a high affinity binding site for Src, 

which then in turn fully activates FAK by phosphorylating Tyr576 and Tyr577 in the 

kinase domain (Hynes, 2002; Cox et al., 2006). Previous studies have found a critical 

role for Src in growth factor-induced ASM proliferation (Krymskaya et al., 2005). The 

essential role of Src in collagen I-induced BTSM phenotype modulation was indicated by 

the full inhibition of collagen I-induced proliferation and hypocontractility by the 

pharmacological inhibitor PP2. Upon full activation by Src, FAK initiates a number of 
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other signalling pathways, including the PI3-kinase and MAPK signalling pathways 

(Giancotti and Ruoslahti, 1999). Activation of these pathways has been found to be 

important in the response of ASM cells to growth factors. PI3-kinase activation has been 

associated with transcriptional activation and protein synthesis leading to ASM cell 

proliferation, hypertrophy, and both hypo- and hypercontractility (Walker et al., 1998; 

Halayko et al., 2004; Schaafsma et al., 2007; Dekkers et al., 2009b). Integrins may not 

only activate PI3-kinase through FAK, but also via integrin linked kinase (ILK), another 

cytoplasmic protein tyrosine kinase, which is activated by the β1 subunit of integrins (Liu 

et al., 2000). ILK has also been shown to be important in the regulation of contractile 

protein expression by human ASM cells. Knock-down of ILK increased mRNA and 

protein expression of smooth muscle-specific myosin heavy chain (sm-MHC), via 

regulation of Akt, which is downstream of PI3-kinase (Wu et al., 2008). In the present 

study, inhibition of both PI3-kinase and FAK prevented collagen I-induced proliferation 

and hypocontractility, indicating the involvement of the both pathways in collagen I-

induced BTSM proliferation. p42/p44 MAPK transfers growth promoting signals to the 

nucleus and subsequently increase ASM proliferation (Gosens et al., 2008). In addition, 

p38 MAPK is involved in the regulation of growth factor-induced proliferation in ASM as 

well (Fernandes et al., 2004). Inhibition of the MAPK signalling pathways, either directly 

(p38 MAPK) or by inhibiting MEK, which is upstream of p42/p44 MAPK, also inhibited 

collagen I-induced BTSM proliferation and hypocontractility. Collectively, these findings 

suggest that collagen I-induced activation of FAK results in activation of Src and, 

subsequently, of PI3-kinase and MAPK signalling pathways downstream, which are all 

involved in collagen I-induced BTSM cell proliferation and hypocontractility. 

Next to its important role in ECM-induced phenotype switching, FAK has also 

shown to be involved in acute ASM contractile responses. Thus, phosphorylation and 

membrane localization of the kinase is increased by mechanical strain and by contractile 
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agonists (Smith et al., 1998; Tang et al., 1999; Gunst et al., 2003). Knock-out of FAK in 

human tracheal smooth muscle strips decreased tension development, myosin light 

chain phosphorylation and calcium signalling in response to the muscarinic receptor 

agonist acetylcholine and the membrane depolarizing stimulus KCl (Tang and Gunst, 

2001), suggesting an important role of FAK in smooth muscle contraction. These 

findings and our current findings suggest that modulation of FAK activity in asthma may 

be an important new target in the treatment of ASM responsiveness and proliferation. 

In conclusion, the present study provides new insights in the signalling events leading to 

ASM phenotype modulation by collagen I. These signalling pathways involve activation 

of FAK as well as Src, MEK, PI3-kinase and p38 MAPK downstream. Moreover, our 

results indicate that modulation of FAK activity may be a new target in the treatment of 

both variable and persistent AHR in asthmatics.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 16, 2013 as DOI: 10.1124/jpet.113.203042

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #203042 

 23

Acknowledgements 

 

We are grateful to Dr. B. van de Water and Dr. S.E. Le Dévédec from the Division of 

Toxicology, Leiden Amsterdam Center for Drug Research for the GFP, GFP-FAK, GFP-

FAT and GFP-FRNK expression plasmids.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 16, 2013 as DOI: 10.1124/jpet.113.203042

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #203042 

 24

Authorship contributions 

 

Participated in research design: BGJD, AIRS, RDvdS, WJK, JZ, HM. 

Conducted experiments: BGJD, AIRS, RDvdS, WJK. 

Performed data analysis: BGJD, AIRS, RDvdS, WJK, JZ, HM. 

Wrote or contributed to the writing of the manuscript: BGJD, AIRS, RDvdS, WJK, JZ, 

HM. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 16, 2013 as DOI: 10.1124/jpet.113.203042

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #203042 

 25

Reference List 

Bai, TR, Cooper, J, Koelmeyer, T, Pare, PD and Weir, TD. (2000). The effect of age and 
duration of disease on airway structure in fatal asthma. Am J Respir Crit Care Med 162: 
663-669. 

Bousquet, J, Jeffery, PK, Busse, WW, Johnson, M and Vignola, AM. (2000). Asthma. 
From bronchoconstriction to airways inflammation and remodeling. Am J Respir Crit 
Care Med 161: 1720-1745. 

Cockcroft, DW and Davis, BE. (2006). Mechanisms of airway hyperresponsiveness. J 
Allergy Clin Immunol 118: 551-559. 

Cox, BD, Natarajan, M, Stettner, MR and Gladson, CL. (2006). New concepts regarding 
focal adhesion kinase promotion of cell migration and proliferation. J Cell Biochem 99: 
35-52. 

Dekkers, BG, Bos, IS, Gosens, R, Halayko, AJ, Zaagsma, J and Meurs, H. (2010). The 
Integrin-blocking Peptide RGDS Inhibits Airway Smooth Muscle Remodeling in a Guinea 
Pig Model of Allergic Asthma. Am J Respir Crit Care Med 181: 556-565. 

Dekkers, BG, Bos, IS, Zaagsma, J and Meurs, H. (2012). Functional consequences of 
human airway smooth muscle phenotype plasticity. Br J Pharmacol 161: 359-367. 

Dekkers, BG, Maarsingh, H, Meurs, H and Gosens, R. (2009a). Airway structural 
components drive airway smooth muscle remodeling in asthma. Proc Am Thorac Soc 6: 
683-692. 

Dekkers, BG, Schaafsma, D, Nelemans, SA, Zaagsma, J and Meurs, H. (2007). 
Extracellular matrix proteins differentially regulate airway smooth muscle phenotype and 
function. Am J Physiol Lung Cell Mol Physiol 292: L1405-L1413. 

Dekkers, BG, Schaafsma, D, Tran, T, Zaagsma, J and Meurs, H. (2009b). Insulin-
induced Laminin Expression Promotes a Hypercontractile Airway Smooth Muscle 
Phenotype. Am J Respir Cell Mol Biol 41: 494-504. 

Ebina, M, Takahashi, T, Chiba, T and Motomiya, M. (1993). Cellular hypertrophy and 
hyperplasia of airway smooth muscles underlying bronchial asthma. A 3-D morphometric 
study. Am Rev Respir Dis 148: 720-726. 

Fernandes, DJ, Bonacci, JV and Stewart, AG. (2006). Extracellular matrix, integrins, and 
mesenchymal cell function in the airways. Curr Drug Targets 7: 567-577. 

Fernandes, DJ, Ravenhall, CE, Harris, T, Tran, T, Vlahos, R and Stewart, AG. (2004). 
Contribution of the p38MAPK signalling pathway to proliferation in human cultured 
airway smooth muscle cells is mitogen-specific. Br J Pharmacol 142: 1182-1190. 

Giancotti, FG and Ruoslahti, E. (1999). Integrin signaling. Science 285: 1028-1032. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 16, 2013 as DOI: 10.1124/jpet.113.203042

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #203042 

 26

Gosens, R, Meurs, H, Bromhaar, MM, McKay, S, Nelemans, SA and Zaagsma, J. (2002). 
Functional characterization of serum- and growth factor-induced phenotypic changes in 
intact bovine tracheal smooth muscle. Br J Pharmacol 137: 459-466. 

Gosens, R, Roscioni, SS, Dekkers, BG, Pera, T, Schmidt, M, Schaafsma, D, Zaagsma, J 
and Meurs, H (2008). Pharmacology of airway smooth muscle proliferation. Eur J 
Pharmacol 585: 385-397. 

Gunst, SJ, Tang, DD and Opazo, SA. (2003). Cytoskeletal remodeling of the airway 
smooth muscle cell: a mechanism for adaptation to mechanical forces in the lung. Respir 
Physiol Neurobiol 137: 151-168. 

Halayko, AJ, Kartha, S, Stelmack, GL, McConville, J, Tam, J, Camoretti-Mercado, B 
Forsythe, SM, Hershenson, MB and Solway, J (2004). Phophatidylinositol-3 
kinase/mammalian target of rapamycin/p70S6K regulates contractile protein 
accumulation in airway myocyte differentiation. Am J Respir Cell Mol Biol 31: 266-275. 

Halayko, AJ, Tran, T and Gosens, R. (2008). Phenotype and functional plasticity of 
airway smooth muscle: role of caveolae and caveolins. Proc Am Thorac Soc 5: 80-88. 

Hildebrand, JD, Schaller, MD and Parsons, JT. (1993). Identification of sequences 
required for the efficient localization of the focal adhesion kinase, pp125FAK, to cellular 
focal adhesions. J Cell Biol 123: 993-1005. 

Hirst, SJ, Twort, CH and Lee, TH. (2000a). Differential effects of extracellular matrix 
proteins on human airway smooth muscle cell proliferation and phenotype. Am J Respir 
Cell Mol Biol 23: 335-344. 

Hirst, SJ, Walker, TR and Chilvers, ER. (2000b). Phenotypic diversity and molecular 
mechanisms of airway smooth muscle proliferation in asthma. Eur Respir J 16: 159-177. 

Hynes, RO. (2002). Integrins: bidirectional, allosteric signaling machines. Cell 110: 673-
687. 

Ichii, T, Koyama, H, Tanaka, S, Kim, S, Shioi, A, Okuno, Y Raines, EW, Iwao, H, Otani, 
S and Nishizawa, Y (2001). Fibrillar collagen specifically regulates human vascular 
smooth muscle cell genes involved in cellular responses and the pericellular matrix 
environment. Circ Res 88: 460-467. 
 
Ilic, D, Almeida, EA, Schlaepfer, DD, Dazin, P, Aizawa, S and Damsky, CH. (1998). 
Extracellular matrix survival signals transduced by focal adhesion kinase suppress p53-
mediated apoptosis. J Cell Biol 143: 547-560. 

Jeffery, PK. (2001). Remodeling in asthma and chronic obstructive lung disease. Am J 
Respir Crit Care Med 164: S28-S38. 

Johnson, PR, Burgess, JK, Underwood, PA, Au, W, Poniris, MH, Tamm, M, Ge, Q, Roth, 
M and Black JL (2004). Extracellular matrix proteins modulate asthmatic airway smooth 
muscle cell proliferation via an autocrine mechanism. J Allergy Clin Immunol 113: 690-
696. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 16, 2013 as DOI: 10.1124/jpet.113.203042

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #203042 

 27

Krymskaya, VP, Goncharova, EA, Ammit, AJ, Lim, PN, Goncharov, DA, Eszterhas, A 
and Panettieri, RA (2005). Src is necessary and sufficient for human airway smooth 
muscle cell proliferation and migration. FASEB J 19: 428-430. 

Lambert, RK, Wiggs, BR, Kuwano, K, Hogg, JC and Pare, PD. (1993). Functional 
significance of increased airway smooth muscle in asthma and COPD. J Appl Physiol 74: 
2771-2781. 

Liu, S, Calderwood, DA and Ginsberg, MH. (2000). Integrin cytoplasmic domain-binding 
proteins. J Cell Sci 113 ( Pt 20): 3563-3571. 

Ma, X, Wang, Y and Stephens, NL. (1998). Serum deprivation induces a unique 
hypercontractile phenotype of cultured smooth muscle cells. Am J Physiol 274: C1206-
C1214. 

Meurs, H, Gosens, R and Zaagsma, J. (2008). Airway hyperresponsiveness in asthma: 
lessons from in vitro model systems and animal models. Eur Respir J 32: 487-502. 

Nguyen, TT, Ward, JP and Hirst, SJ. (2005). beta1-Integrins mediate enhancement of 
airway smooth muscle proliferation by collagen and fibronectin. Am J Respir Crit Care 
Med 171: 217-223. 

Oliver, MN, Fabry, B, Marinkovic, A, Mijailovich, SM, Butler, JP and Fredberg, JJ. (2007). 
Airway hyperresponsiveness, remodeling, and smooth muscle mass: right answer, 
wrong reason? Am J Respir Cell Mol Biol 37: 264-272. 

Orian-Rousseau, V, Aberdam, D, Rousselle, P, Messent, A, Gavrilovic, J, Meneguzzi, G, 
Kedinger, M and Simon-Assmann, P (1998). Human colonic cancer cells synthesize and 
adhere to laminin-5. Their adhesion to laminin-5 involves multiple receptors among 
which is integrin alpha2beta1. J Cell Sci 111 ( Pt 14): 1993-2004. 

Postma, DS and Kerstjens, HA. (1998). Characteristics of airway hyperresponsiveness 
in asthma and chronic obstructive pulmonary disease. Am J Respir Crit Care Med 158: 
S187-S192. 

Richardson, A and Parsons, T. (1996). A mechanism for regulation of the adhesion-
associated proteintyrosine kinase pp125FAK. Nature 380: 538-540. 

Roberts, CR and Burke, AK. (1998). Remodelling of the extracellular matrix in asthma: 
proteoglycan synthesis and degradation. Can Respir J 5: 48-50. 

Roche, WR, Beasley, R, Williams, JH and Holgate, ST. (1989). Subepithelial fibrosis in 
the bronchi of asthmatics. Lancet 1: 520-524. 

Schaafsma, D, McNeill, KD, Stelmack, GL, Gosens, R, Baarsma, HA, Dekkers, BG, 
Frohwerk, E, Penninks, JM, Sharma, P, Ens, KM, Nelemans, SA, Zaagsma, J, 
Halayko AJ and Meurs H (2007). Insulin increases the expression of contractile 
phenotypic markers in airway smooth muscle. Am J Physiol Cell Physiol 293: C429-
C439. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 16, 2013 as DOI: 10.1124/jpet.113.203042

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #203042 

 28

Sieg, DJ, Hauck, CR, Ilic, D, Klingbeil, CK, Schaefer, E, Damsky, CH, Damsky, CH and 
Schlaepfer, DD (2000). FAK integrates growth-factor and integrin signals to promote cell 
migration. Nat Cell Biol 2: 249-256. 

Slack-Davis, JK, Martin, KH, Tilghman, RW, Iwanicki, M, Ung, EJ, Autry, C, Luzzio, MJ 
Cooper, B, Kath, JC, Roberts WG and Parsons, JT (2007). Cellular characterization 
of a novel focal adhesion kinase inhibitor. J Biol Chem 282: 14845-14852. 

Smith, PG, Garcia, R and Kogerman, L. (1998). Mechanical strain increases protein 
tyrosine phosphorylation in airway smooth muscle cells. Exp Cell Res 239: 353-360. 

Tang, D, Mehta, D and Gunst, SJ. (1999). Mechanosensitive tyrosine phosphorylation of 
paxillin and focal adhesion kinase in tracheal smooth muscle. Am J Physiol 276: C250-
C258. 

Tang, DD and Gunst, SJ. (2001). Depletion of focal adhesion kinase by antisense 
depresses contractile activation of smooth muscle. Am J Physiol Cell Physiol 280: C874-
C883. 

Van de Water, B, Houtepen, F, Huigsloot, M and Tijdens, IB. (2001). Suppression of 
chemically induced apoptosis but not necrosis of renal proximal tubular epithelial (LLC-
PK1) cells by focal adhesion kinase (FAK). Role of FAK in maintaining focal adhesion 
organization after acute renal cell injury. J Biol Chem 276: 36183-36193. 

Walker, TR, Moore, SM, Lawson, MF, Panettieri, RA, Jr. and Chilvers, ER. (1998). 
Platelet-derived growth factor-BB and thrombin activate phosphoinositide 3-kinase and 
protein kinase B: role in mediating airway smooth muscle proliferation. Mol Pharmacol 
54: 1007-1015. 

Wu, Y, Huang, Y, Herring, BP and Gunst, SJ. (2008). Integrin-linked kinase regulates 
smooth muscle differentiation marker gene expression in airway tissue. Am J Physiol 
Lung Cell Mol Physiol 295: L988-L997. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 16, 2013 as DOI: 10.1124/jpet.113.203042

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #203042 

 29

Footnotes 

 

This work was financially supported by the Netherlands Asthma Foundation [Grant 

3.2.03.36]. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on April 16, 2013 as DOI: 10.1124/jpet.113.203042

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #203042 

 30

Figure legends 

 

Figure 1:  FAK is activated during BTSM cell adhesion to plastic and collagen I. (A) 

Adhesion of BTSM cells to plastic and collagen I. BTSM cells were allowed to adhere 

either directly onto the plastic surface of culture plates or to collagen I (50 µg/ml)-coated 

surfaces. Data are expressed as percentage of adhesion to uncoated plates at t=24 

hours and represent means±SEM of 4 experiments, each performed in triplicate. (B) 

FAK is activated during adhesion, without differences between plastic and collagen I 

matrices. Data are expressed as percentage of the maximal FAK phosphorylation 

observed between 1-24 h. Data represent means±SEM of 4 experiments after 

densitometric analysis. Representative immunoblots of Y397 pFAK (upper panel) and 

total FAK (lower panel) are shown. *P<0.05, **P<0.01, ***P<0.001 compared to cells in 

suspension.  

  

Figure 2:  Cellular expression of GFP fusion proteins in BTSM cells transfected with 

expression vectors encoding for GFP (A), GFP-FAK (B) and the FAK deletion mutants 

GFP-FAT (C) and GFP-FRNK (D).  

 

Figure 3:  FAK is required for BTSM cell adhesion. (A) Overexpression of GFP-FAK 

did not affect BTSM cell adhesion. BTSM cells were cultured in 100 mm dishes and 

transfected with expression constructs for GFP (control) or GFP-FAK. After 6 hours, 

medium was replaced by Medium Zero + 0.1% FBS and cells were allowed to express 

fusion proteins for 3 days, after which cells were trypsinized and replated onto plastic. 

Data are expressed as percentage of adhesion for GFP expressing cells at t=24 hours 

and represent means±SEM of 5 experiments, each performed in triplicate. (B) 

Overexpression of the FAK deletion mutants GFP-FAT and GFP-FRNK decreases 
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BTSM cell adhesion to plastic. Data are expressed as percentage of adhesion for GFP 

expressing cells at t=24 hours and represent means±SEM of 5 experiments, each 

performed in triplicate. #P<0.05, ##P<0.01, ###P<0.001 compared to GFP controls 

 

Figure 4:  Collagen I increases BTSM proliferation and FAK phosphorylation in a 

concentration- and time-dependent fashion. (A) BTSM cell number after culturing for 4 

days on increasing concentrations of collagen I (0-100 µg/ml). Data represent 

means±SEM of 4 experiments, each performed in triplicate. (B) BTSM cell number after 

culturing on uncoated plastic or collagen I (50 µg/ml) for 2 or 4 days. Data represent 

means±SEM of 6 experiments, each performed in triplicate (C) Phosphorylation of FAK 

is time-dependently increased by culturing on collagen I (50 µg/ml), but not on uncoated 

plastic. Data represent means±SEM of 4 experiments after densitometric analysis. 

Representative immunoblots of Y397 pFAK (upper panel) and total FAK (lower panel) 

are shown. *P<0.05, ***P<0.001 compared to cells cultured on plastic. 

 

Figure 5:  Activation of FAK is required for collagen I-induced BTSM cell 

proliferation. (A) Overexpression of FAK tends do decrease BTSM cell number. BTSM 

cells were plated in 24-well culture plates and allowed to adhere. After adhesion, cells 

were transfected with GFP or GFP-FAK and subsequently serum deprived in Medium 

Zero + 0.1% FBS for 3 days. Cells were stimulated with or without PDGF-AB (10 ng/ml) 

for 4 days and cell number was assessed. (B) No effects of GFP-FAK overexpression 

were observed on DNA synthesis in BTSM cells. (C) Overexpression of GFP-FAT and 

GFP-FRNK decreases collagen I-induced increases in BTSM cell number. (D) 

Overexpression of GFP-FAT and GFP-FRNK decreased collagen I-induced DNA 

synthesis. Data represent means±SEM of 7 experiments, each performed in triplicate. 

*P<0.05, **P<0.01, ***P<0.001 compared to GFP-transfected control cells cultured on 
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uncoated plastic. #P<0.05 compared to GFP-transfected cells grown on collagen I and/or 

stimulated with PDGF. 

 

Figure 6:  Pharmacological inhibition of FAK inhibits collagen I-induced BTSM 

phenotype switching. (A) Effect of the specific FAK inhibitor PF-573,228 (FAK inhibitor II, 

0-1000 nM) on basal and collagen I (50 μg/ml)-induced changes in BTSM cell number. 

Data represent means±SEM of 6 experiments performed in triplicate. (B) Effect of PF-

573,228 (100 nM) on collagen I-induced hypocontractility. Data represent means±SEM 

of 6 experiments, each performed in duplicate. *P<0.05, **P<0.01 compared to vehicle-

treated control. #P<0.05, ##P<0.01 compared to collagen I-treated control. 

 

Figure 7:  Src, MEK, PI3-kinase and p38 MAPK are required for collagen I-induced 

BTSM cell proliferation and hypocontractility. (A) Effects of pharmacological inhibitors of 

Src (PP2, 10 µM), MEK (U0126, 3 µM), PI3-kinase (LY294002, 10 µM) and p38 MAPK 

(SB203580, 10 µM) on basal and collagen I (50 μg/ml)-induced changes in cell number. 

Data represent means±SEM of 6 experiments, each performed in triplicate. ***P<0.01 

compared to untreated control cells cultured on plastic. ###P<0.001 compared to cells 

grown on collagen I in the absence of inhibitors. (B) Effects of these inhibitors on 

collagen I-induced hypocontractility. Data represent means±SEM of 5-10 experiments, 

each performed in duplicate. *P<0.05 compared to vehicle-treated control. #P<0.05, 

##P<0.01, ###P<0.001 compared to collagen I-treated control. 
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Tables 

 

Table 1: Contractile responses of BTSM strips to methacholine after 4 days of culturing 

in the absence or presence of collagen I, with or without the specific FAK inhibitor PF-

573,288. 

 
Control Collagen I (50 μg/ml) 

Emax (g) pEC50 (- log M) Emax (g) pEC50 (- log M) 

Vehicle 35.0±3.4 6.54±0.09 24.6±2.8* 6.33±0.03 

PF-573,228 (100 nM) 32.6±2.2 6.53±0.13 32.9±1.7# 6.53±0.15 

Data represent means±SEM of 6 independent experiments, each performed in duplicate. 

Abbreviations: Emax: maximal contraction; EC50: concentration of agonist eliciting half-

maximal response; pEC50: negative logarithm of the EC50 value. *P<0.05 compared to 

vehicle-treated control. #P<0.05 compared to collagen I-treated control (vehicle). 
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Table 2:  Contractile responses of BTSM strips to methacholine after 4 days of 

culturing in the absence or presence of collagen I, with or without specific inhibitors of 

Src (PP2), MEK (U0126), PI3-kinase (LY294002) or p38 MAPK (SB203580). 

 

Control Collagen I (50 μg/ml) 

Emax  

(% of control) 

pEC50  

(- log M) 

Emax (% of 

control) 

pEC50  

(- log M) 

Vehicle 100±0 6.82±0.12 77±4* 6.72±0.11 

PP2 (10 μM) 91±11 6.75±0.23 111±13# 6.72±0.15 

U0126 (3 μM) 99±8 6.76±0.11 94±5# 6.94±0.12 

LY294002 (10 μM) 85±6 7.21±0.14 114±2## 7.04±0.16 

SB203580 (10 μM) 104±5 6.83±0.18 101±5### 6.84±0.24 

Data represent means±SEM of 5-10 independent experiments, each performed in 

duplicate. Abbreviations: Emax: maximal contraction; EC50: concentration of agonist 

eliciting half-maximal response; pEC50: negative logarithm of the EC50 value. *P<0.05 

compared to vehicle-treated control. #P<0.05, ##P<0.01, ###P<0.001 compared to 

collagen I-treated control (vehicle). 
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