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Figure V 
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Figure VI 
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Supplemental figure legends  

 

Figure I 

Gene expression modifications in senescent human PA-SMCs. A. Bar-graph showing upregulated 

relative expressions of different genes in nonsenescent and senescent cultured human PA-SMCs, as 

determined by PCR array analysis. B. Abbreviations.  

 

Figure II 

Osteopontin expression in nonsenescent and senescent human PA-SMCs. Representative 

micrographs showing expression of the indicated proteins in nonsenescent and senescent cultured 

human PA-SMCs. PA-SMCs were identified based on a-SMA (alpha-smooth muscle actin) 

immunofluorescence (green, upper panel). Nuclei were stained with DAPI (blue). Red 

immunofluorescence indicates osteopontin. The nonsenescent phenotype of PA-SMCs was 

demonstrated by immunolabeling with Cyclin D1 (green, middle panel), a marker of proliferating 

cells. The senescent phenotype was identified based on nuclear and cytosolic immunolabeling with 

p16 (green, lower panel), a marker of senescent cells.  Bar: 25 µm.  

 

Figure III 

Bar graph showing the effect of recombinant OPN (rOPN) on proliferation of human PA-SMCs. 
(A) and mouse PA-SMCs. B. Cells were cultured in serum-free medium for 24 h and rOPN was then 

added at the indicated concentration. The cells were cultured for an additional 24 h and proliferation 

was measured using the MTT assay. The specificity of the observed effects was demonstrated by 

adding OPN antibody.   

 

Figure IV 

Osteopontin induces proliferation of human nonsenescent PA-SMCs via an integrin-binding 

RGD sequence. Nonsenescent cells were at passage 2. Values are mean±SEM of three independent 

experiments. A. PA-SMC proliferation (BrdU incorporation, % from control cells (cultured in the 

absence of FCS and mitogens) after exposure to rOPN (40 ng/ml, 48 h). Control antibody (goat Ig) 

had no effect on rOPN-induced proliferation at the indicated concentrations. *P<0.05. B. Effect of 

OPN antibody (10 ng/mL) on serum (5%)-induced proliferation of PA-SMCs. C.  PA-SMCs were 

stimulated for 48 h by rOPN at the indicated concentrations in the presence of vehicle (left panel), of 

the integrin-blocking sextapeptide GRGDTP (RGD, 50 µM; middle panel), or the inactive control 

peptide GRADTP (RAD, 50 µM; right panel). Data are mean±SEM of 3-5 values from at least 3 

different experiments. *P<0.05; ##P<0.01 and #P<0.05 vs. rOPN and rOPN + RAD at the 

corresponding rOPN concentration.  

 

Figure V 

Analysis of viability of nonsenescent (A) and senescent (B) human PA-SMCs under different 

experimental conditions. Top panel: representative fluorescent micrograph of each condition. Bottom 

panel: quantifications performed on at least three micrographs. Cells were treated for 48 h with FCS 

(10%) or rOPN (50 ng/mL) in the presence of vehicle, of the integrin-blocking sextapeptide GRGDTP 

(RGD, 50 µM), or OPN-neutralizing antibody (10 ng/mL). Staurosporine (1 µM, 4 h) was used as a 

control of apoptosis. Fluorescence microscopy using Calcein AM to determine viable (live) cells in 

green and Propidium Iodide nonviable (dead) cells in red. The estimated number of dead cells was 2-

3% among nonsenescent cells, 7-10% among senescent cells in all analyzed cultures, and about 50% 

after 4 h of staurosporine exposure. ****P<0.001; **P<0.01 in staurosporine-treated cultures vs. all 

other conditions. 

 

Figure VI 

Pulmonary vessel remodeling in young and old WT and OPN
-/-

 mice during chronic hypoxia.    

A. Representative micrographs showing pulmonary arteries from the indicated groups of mice. PA-

SMCs were identified using a-SMA (alpha-smooth muscle actin) immunofluorescence (red). Nuclei 

were stained with DAPI (bleu). Green indicates elastin autofluorescence. Bar: 50 µm. At least three 
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animals were analyzed in each group. B. Pulmonary artery thickness in young and old WT and OPN
-/-

 

mice during normoxia or after exposure to hypoxia. Both individual and mean values are shown. 

**P<0.01; ***P<0.001. 
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Material and methods 

 

Study populations  
We evaluated several groups of patients and controls. The first group consisted of 56 

prospectively recruited patients who underwent lung-resection surgery for localized lung 

tumors at the Institut Mutualiste Montsouris (Paris, France); among them, 26 had chronic 

obstructive pulmonary disease (COPD), defined as an at least 10-pack-year history of tobacco 

smoking and a forced expiratory volume in 1 second (FEV1)/forced vital capacity (FVC) ratio 

<70%. The remaining 30 patients were controls, defined as having an FEV1/FVC ratio greater 

than 70% combined with the absence of chronic cardiovascular, hepatic, or renal disease 

(Supplemental Table 1). No patients had received chemotherapy. PA-SMCs were isolated 

from pulmonary arteries of 11 COPD patients and 12 controls. The study in this patient group 

was approved by the institutional review board of the Henri Mondor Teaching Hospital 

(Créteil, France) and of the University Hospital of Leuven. All patients and controls signed an 

informed consent document before study inclusion. 

The second group consisted of 11 patients (Supplemental Table 2) with idiopathic 

pulmonary artery hypertension (iPAH) who underwent lung transplantation at the University 

Hospital of Leuven, Belgium. The study protocol was approved by the institutional review 

board of the University Hospital of Leuven, and participants gave written informed consent 

before study inclusion. Lung tissue samples collected during surgery were used for in situ 

immunohistochemical studies and protein level determinations. The removed lung segments 

were immediately immersed in normal saline, placed at 4 °C, and used within a few hours for 

histology.  

 

Animals 

Adult male wild-type mice (C57Bl/6j) and genetically modified OPN
-/-

 mice were used 

according to institutional guidelines that complied with national and international regulations. 

All animal experiments were approved by the Institutional Animal Care and Use Committee 

of the French National Institute of Health and Medical Research (INSERM)-Unit 955, Créteil, 

France. OPN
-/-

 mice were provided by Jackson Laboratory (France). These mice are fertile 

and have a normal life span and normal growth. Polymerase-chain-reaction (PCR) genotyping 

of these OPN
-/-

 mice was performed using the following primers: 9773 5’-

GTCTGGAGAACATGGGTGCT-3’, 9774 5’-GGGTGCAGGCTGTAAAGCTA6-3’, and 

8444 5’-GCCTGAAGAACGAGATCAGC6-3’. When these primers were used 

simultaneously in a PCR, amplification product sizes were 387 bp for wild-type alleles, 387 

bp and 181 bp for heterozygous mice, and 181 bp for homozygous mice.  

 

Exposure to chronic hypoxia 

Male mice aged 8 or 48 weeks were exposed to chronic hypoxia (9% O2) in a ventilated 

chamber (Biospherix, New York, NY, USA) as previously described (1). Normoxic mice 

were kept in the same room, with the same light-dark cycle.  

 

Echocardiography 

Closed-chest transthoracic echocardiography was performed in unsedated mice using a 13-

MHz linear-array transducer with a digital ultrasound system (Vivid 7, GE Medical Systems), 

as previously described (2).  
 
Assessment of pulmonary arterial hypertension (PH) 

Mice were anesthetized with an intraperitoneal injection of ketamine (60 mg/Kg) and xylazine 

(10 mg/Kg). A 26-gauge needle connected to a pressure transducer was inserted into the right 
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ventricle (RV), and RV systolic pressure (RVSP) and heart rate (HR) were recorded 

immediately. Animals whose HR fell below 300 bpm were excluded from the study. After the 

assessment of hemodynamic parameters, all mice were killed by cardiac puncture and 

exsanguination. The heart was dissected out and weighed for calculation of the RV 

hypertrophy index (ratio of RV free-wall weight over the sum of the septum plus LV free-

wall weights [RV/LV+S], expressed as a percentage). The right lung was quickly removed 

and divided into two parts, which were immediately snap-frozen in liquid nitrogen then stored 

at -80°C for biological measurements.  

 

Assessment of pulmonary vascular remodeling 
The left lung was fixed in the distended state with formalin buffer and the morphologic 

characteristics of pulmonary muscular arteries were analyzed in lung tissue sections stained 

with hematoxylin-eosin-saffron (3). Pulmonary-vessel muscularization was assessed by 

counting both the partially and completely muscularized pulmonary vessels; the counts were 

expressed as the percentages of the total number of vessels in a given lung section. PA-SMC 

proliferation was measured using Ki67 immunostaining, as described previously (3). Arteries 

(20 to 30 for each lung) with an external diameter between 100 to 500 µm and complete 

elastic laminas were evaluated for assessment of pulmonary vascular wall thickness. In 

addition, medial wall thickness of fully muscularized arteries was calculated and expressed as 

follows: index (%)=(external diameter – internal diameter)/external diameter×100.  

 

 

Immunohistochemistry 

Paraffin-embedded sections were deparaffinized using xylene and a graded series of ethanol 

dilutions then incubated in citrate buffer (0.01 M, pH 6) at 90°C for 20 minutes. The tissue 

was permeabilized with 0.1% Triton X-100 in phosphate-buffered saline (PBS) for 10 

minutes. Immunohistochemistry was carried out on human lung sections using Polink TS-

MRR-Hu A kit for triple staining on human tissue (TS302A-6, GBI Labs, Diagomics, 

Blagnac, France) according to the manufacturer’s instructions. The slides were incubated for 

60 minutes in 1% bovine serum albumin and 5% goat serum in blocking solution then 

incubated for 60 min with OPN, α-SMA, and p16 antibodies. The staining substrates were 

DAB (brown), GBI-Permanent Red (red), and Emerald (green).  

For simple immunohistochemistry, paraffin-embedded sections were deparaffinized 

using xylene and a graded series of ethanol dilutions then incubated in citrate buffer (0.01 M, 

pH 6) at 90°C for 20 minutes. Endogenous peroxidase activity was blocked with 3% H2O2 

and 10% methanol in PBS for 10 minutes. The slides were incubated for 60 minutes in 1% 

bovine serum albumin and 5% goat serum in PBS then incubated overnight with OPN, p21, 

Ki67, and p16 antibodies. We used the ABC Vectastain kit (Vector Labs, Burlingame, CA, 

USA) to mark the primary antibodies according to the user’s guide. Secondary antibodies 

were anti-rabbit (1:300, Dako, Glostrup, Denmark) or anti-mouse (1:300, Dako) coupled to 

horseradish peroxidase. The staining substrate was diaminobenzidine (FastDAB, Sigma-

Aldrich, France) and the sections were counterstained with hematoxylin.  

 

Extraction and culture of mouse pulmonary-artery smooth muscle cells (mPA-SMCs)  

Mouse PA-SMCs were obtained from pulmonary arteries by digestion in DMEM (Life 

Technologies, France) with collagenase (0.25 µg/mL) and elastase (80 µg/mL) (Sigma-

Aldrich, France). These cells were then grown at 37°C and 5% CO2 in DMEM supplemented 

with 15% fetal calf serum (FCS). We identified mPA-SMCs as cells exhibiting positive α-

SMA staining.  
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Immunofluorescence 

Paraffin-embedded sections were prepared as described above; cells were fixed in 1% 

formalin in PBS for 10 minutes then permeabilized with 0.05% Triton X-100 in PBS for 10 

minutes. Saturation was achieved using Dako antibody diluents with 10% goat serum. For 

double staining, first and second primary antibodies were diluted in Dako antibody diluents 

with 3% goat serum then incubated for 1 hour at 37°C in a humidified chamber. After 

washing with PBS, the sections were covered with secondary antibody (mixed with mouse 

Alexa 660 or rabbit Alexa 555) for 40 min at 37°C in a humidified chamber. After 5 minutes 

of staining with DAPI, the sections were protected with coverslips secured with fluorescent 

mounting medium.  

 

Culture of human pulmonary artery smooth muscle cells 

Human PA-SMCs were cultured from explants as previously described (4). To determine the 

phenotypic characteristics of cultured PA-SMCs, we assessed the cells from each culture for 

expression of the smooth muscle-specific protein α-SMA. For each experimental condition, at 

least three independent experiments in triplicate using PA-SMCs from different donors were 

performed, unless otherwise specified in the figure legend. 

 

Cell replication  
After cell outgrowth from the explants, cells were cultured to confluence. The experiments 

were started at passage 2 and the cells were serially passaged until senescence. The onset of 

replicative cell senescence was defined based on cessation of cell division, labeling for SA-

beta galactosidase (β-Gal), and cell morphology criteria. Cells were counted using a 

hemocytometer, and population-doubling levels (PDL) were calculated as (log10Y – 

log10X)/log102, where X is the initial number of seeded cells and Y the final number (4). 

 

Senescence associated β-galactosidase staining  
Cells were washed twice in PBS, fixed for 10 minutes at 37°C in 4% paraformaldehyde, 

washed twice in PBS, and incubated for 24 h at 37°C in SA-βGal staining solution (1 mg/mL 

X-Gal, 5 mmol/L potassium ferrocyanide, 5 mmol/L potassium ferricyanide, 150 mmol/L 

NaCl, 2 mmol/L MgCl2, and 40 mmol/L citrate [titrated to pH 6.0 with NaH2PO4]).  

 

Proliferation assay 

Proliferation of mouse PA-SMCs was evaluated using the cleavage of tetrazolium salt MTT 

added to the culture medium (MTT assay). Briefly, PA-SMCs were seeded onto 96-well 

culture dishes pre-coated with extracellular matrix (ECM) prepared earlier or in the presence 

of medium from presenescent or senescent cells or in the presence of FCS (15%). After 48 h, 

the medium was changed to the same medium containing MTT (50 µg/mL) and the cells were 

incubated for 4 h. After washing with saline, 200 µL of dimethylsulfoxide (DMSO, Sigma) 

was added to each well, and the mixture was shaken for a few minutes to achieve complete 

dissolution. Absorbance was recorded at 520 nm using the Microplate Spectrophotometer 

System (BioTek, Winooski, VT, USA). Alternatively, human PA-SMC proliferation was 

assessed based on BrdU incorporation, using the Cell Proliferation Elisa BrdU kit (ref. 

11647229001, Roche) according to the manufacturer’s instructions. Briefly, the cells were 

incubated for 48 hours with a BrdU-labeling reagent (final concentration, 10 μmoL/L) and the 

listed agents. BrdU incorporation was quantified by spectrophotometry at 520 nm and 

expressed as the percentage of BrdU incorporation into control cells (cultured without FCS).  
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Cell migration assay 

The cell migration assay was performed as previously described (4). Briefly, PA-SMCs were 

subjected to growth arrest in serum-free medium for 24 or 48 hours then resuspended at 

40·10
6
 cells/mL in culture medium containing 15% FCS and 0.3% agarose. These cells were 

plated by forming an agarose spot in the center of each well of a 24-well tissue culture plate. 

The preparation was left at 4°C for 20 min to allow the agarose to gel. Then, 900 µL of 

conditioned medium or matrix was added to cover the drops. The preparation was incubated 

at 37 °C in 5% CO2 for 24 or 48 hours. Samples were fixed and stained using the Diff-Quick 

kit (Siemens Healthcare Diagnostics, Saint Denis, France). Images were imported into Image 

J analysis software (http://rsbweb.nih.gov/ij/) for calculation of cell migration under each 

condition. 

 

Cell Viability/Cytotoxicity assay.  

Cell viability was assessed using the Cellstain double staining kit (ref. 04511, Sigma) 

according to the manufacturer’s instructions. This kit consists in a two-color fluorescence 

viability assay based on the simultaneous determination of live and dead cells using two 

probes measuring esterase activity (Calcein-AM, green fluorescence) and plasma membrane 

integrity (Propidium Iodide, red fluorescence), respectively. Briefly, cells were cultured under 

different experimental conditions for 48 hours then stained for 30 min at 37°C with Calcein-

AM and Propidium Iodide. Cell cultures were analyzed by fluorescence microscopy.  

 

ELISA of soluble osteopontin (OPN)  

Soluble OPN was assayed in cell media. To this end, PA-SMCs at early and late passages 

were grown to confluence in DMEM containing 15% FCS. The medium was then removed 

and the cells subjected to growth arrest in serum-free medium. After 48 hours of incubation, 

the conditioned medium was used for OPN quantitation using Quantikine ELISA kits (R&D 

systems, Minneapolis, MN, USA) according to the manufacturer’s instructions. The cells 

were washed twice with PBS, trypsinized and counted.  

 

Extracellular matrix (ECM) and soluble factors 

Presenescent and senescent PA-SMCs were identified then allowed to attach to 24-well 

culture dishes overnight before being incubated in serum- and growth factor-free medium for 

2 days. The media from these cells were used for assays of soluble factor and for evaluations 

of effects on growth or migration of normal target PA-SMCs. To determine the contribution 

of secreted matrix, we allowed presenescent and senescent PA-SMCs in serum-free medium 

to deposit ECM onto the culture dishes for 2 days. The cells were then detached using 2 mM 

EDTA for 30 min at 37 °C. Two brief washes with PBS were performed to remove the cells. 

The target PA-SMCs used to study migration or proliferation were incubated in serum-free 

medium for 2 days then re-suspended and plated on PA-SMC-depleted dishes prepared as 

described above.  

 

PCR array and PCR 

PCR array analysis was performed using TaqMan Array Plate (4414264, LifeTechnologies, 

Saint Aubin, France) according to the manufacturer’s protocol. Briefly, levels of ECM genes 

in cells at early and senescent passages were assessed using real-time quantitative PCR (RT-

qPCR) in a 7900HT thermocycler (Applied Biosystems, Saint Aubin, France) with TaqMan 

technologies for the microarray then confirmed with SYBR Green chemistry for a large 

number of patients, using the comparative Ct method 2 
-∆∆Ct

. Total RNA was extracted from 

PA-SMCs using the RNeasy Mini Kit with on-column DNase treatment (Qiagen, 

http://rsbweb.nih.gov/ij/
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Courtaboeuf, France) and reversed-transcribed. First-strand cDNA was synthesized as 

follows: 1 µg total RNA, 200 U/µL SuperScript II, 100 ng random primers, and 10 nM mixed 

dNTP (Life Technologies). After addition of cDNA (10 ng) to SYBR Green Master Mix PCR 

(Life Technologies) containing 300 nM of each specific primer, PCR was run in triplicate for 

each sample, in a total volume of 20 µL. For the SYBR Green analysis, data were normalized 

using housekeeping genes such as SF3A1 and 18s. 

 

Table. Sequences of primers used to analyze gene expression in senescent human PA-

SMCs 

Genes Forward primers (5'-3') Reverse primers (5'-3') 

Osteopontin CAGTGATTTGCTTTTGCCTCCTA AACTTCCAGAATCAGCCTGTTTAAC 

Tenascin C CAACCCAGCCAAAGAGACCTT TGGGAAACACGTCGAAGATTC 

Fibronectin CCCATAGCTGAGAAGTGTTTTGATC ATCTACCATCATCCAGCCTTGGT 

Collagen 4α1 TGCCAGTGCTACCCTGAGAA CTTTCACCCTTGTCTCCTTTACGT 

Laminin α1 CGGATCTGTGATGGCAACAG TGGGACTTTGCCACCAGTTAT 

SF3A1 TGCAGGATAAGACGGAATGGAAACTGA GTAGTAAGCCAGTGAGTTGGAATCTTTG 

18S AAGTCCCTGCCCTTTGTACACA GATCCGAGGGCCTCACTAAAC 

 

Protein extraction and immunoblotting 

For protein extraction, tissue samples or cells were lysed with RIPA buffer using TissueLyser 

II (Qiagen). For immunoblot analysis, samples were subjected to electrophoresis in 10% or 15 

% polyacrylamide gels, then electroblotted onto PVDF membranes (Millipore, Molsheim, 

France). After transfer, the membrane was saturated with PBS supplemented with 1%-5% of 

dry non-fat milk or bovine serum albumin. The membrane was then incubated overnight at 4 

°C with the appropriate antibodies. Protein expression was reported as the protein/ beta-actin 

ratio and expressed as arbitrary units.  

 

Materials 

The following primary antibodies were used: anti-Osteopontin (OPN, ab8448, Abcam), 

anti-Osteopontin N-Terminal (OPN, ab181440, Abcam), anti-beta-Actin (β-Actin, A5316, 

Sigma), anti-alpha smooth muscle Actin (α-SMA, ab5694, Abcam), anti-CDK2A/p16INK4a 

(p16, ab54210, Abcam), anti-CDK2A/p16INK4a (p16, LS-2744, LSBio), anti-

CDK2A/p16INK4a (p16, 250804, Abbiotec); anti-p21
Waf1/Cip1

 (p21, 2946, Cell Signaling); 

anti-Ki67 (Ki67, ab66155); and anti-proliferating cell nuclear antigen (PCNA; ab29, Abcam); 

GRGDTP and GRADTP peptides were from Sigma (ref. SCP0156) and Calciochem (ref. 450-

39), respectively. 

 

Statistical analysis  

Data are described as mean±SEM or as mean and individual values. Parametric tests were 

used after verification that the variables in each group were normally distributed. The 

unpaired t-test was chosen to assess the effects of senescence in cells from patients with 

COPD and controls. One-way ANOVA was performed to compare patients with COPD and 

iPAH with controls, to compare old with young hypoxia- and normoxia- exposed mice and to 

compare transgenic mice with control mice during normoxia or hypoxia. Correlations 

between variables were evaluated using least-square linear regression test. P values less than 

0.05 were considered significant for the initial ANOVA, and the Bonferroni correction was 
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then applied for multiple comparisons. Data were analyzed with GraphPad Prism 5.0 

statistical software (San Diego, CA). 
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