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Abstract 

Malignant pleural mesothelioma (MPM) is a neoplasm arising from the mesothelial cells that line the thoracic 
pleura. Many factors such as asbestos, genetic predisposition, Simian Virus 40 (SV40) and radiation have been 
linked to MPM. Although, roles of osteonectin (SPARC) in various cancers including peritoneal MM have 
previously been studied, its involvement in development of MPM remains to be established. Our RT-PCR and 
Western blot analysis revealed elevated levels of osteonectin in archived MPM compared to normal peritoneum. 
We next generated Osteonectin-expressing stable cell lines derived from immortalized mesothelial Met5A cells. 
In addition, osteonectin expression was knocked-down by stable expression of osteonectin antisense in a 
patient-derived MPM cell line H2714. The osteonectin-expressing Met5A cells elicited faster migration rates 
when compared with their vector-expressing controls. Depletion of osteonectin, on the other hand, resulted in a 
slower migration rate of the MPM cells when compared with their vector-expressing counterparts. Expression of 
osteonectin also resulted in increased adhesion of the Met5A cells to collagen I, fibronectin and Laminin-coated 
plates while their adhesion to the collagen IV coated plates was decreased. Interestingly, knock-down of 
Osteonectin in MPM cells failed to influence their adhesion properties. Finally, we conducted in vitro invasion 
assays to determine whether osteonectin expression modulated invasive properties of these cells. Osteonectin 
expression in Met5A cells resulted in significant increase in their invasive properties while loss of osteonectin in 
MPM cells interfered with their abilities to invade. Taken together, our studies demonstrate that osteonectin 
regulates MPM cell adhesion, migration, and invasion properties, and therefore is an important regulator of 
MPM development and progression.  
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1. Introduction 

Malignant pleural mesothelioma (MPM) is a neoplasm that arises from the mesothelial cells lining the pleura. 
About 2000-3000 new cases are diagnosed each year. Exposure to mineral fibers such as asbestos and erionite 
has been associated with increased incidence of MPM in men during the first half of the 20th century. However 
the MPM incidence rate in women remained almost unchanged even though women were also exposed to 
asbestos through their occupation and second hand exposure (Carbone et al., 2012). Some initial molecular 
evidence based studies cite the role of sex hormones and their receptors for this discrepancy (Chua et al., 2009; 
Pinton et al., 2009). Asbestos carcinogenesis is caused, in part, by chronic inflammation due to deposition of 
asbestos fibers and consequent release of pro-inflammatory molecules such as HMGB-1 (Yang et al., 2010). At 
the molecular level, asbestos causes DNA alteration by interfering with chromosomal segregation during mitosis 
(Olofsson & Mark, 1989) and by inducing mesothelial cells and macrophages to release mutagenic oxygen and 
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nitrogen species (Xu, Zhou, Yu, & Hei, 2002), and thereby promoting survival of the cells with chromosomal 
mutations. Asbestos does not count for all the MPMs in men and women. About 50-80% of MPM in men and 
20-30% of MPM in women are due to asbestos exposure. The association of other cofactors such as genetic 
predisposition, Simian Virus 40 (SV40) and radiation has been linked to MPM in addition to asbestos (Carbone 
et al., 2012).  

Secreted protein acidic and rich in cysteine, SPARC (also known as osteonectin; or basement-membrane-40, 
BM-40) is a 32-kDa multifunctional matricellular glycoprotein. The gene encoding osteonectin is located on 
human chromosome 5q31-q33, and contains 10 exons spanning 34.6kb (Koukourakis et al., 2003). It is highly 
conserved through the evolution. There are a total of seven members within the osteonectin family. All members 
of this protein family share three similar domains (Tai & Tang, 2008). By binding to structural matrix proteins 
such as collagen and vitronectin, it functions in mediating cell-ECM interactions (Brekken & Sage, 2000). 
However, it does not have a role in structural stability of the ECM. It inhibits cell proliferation in a 
cell-type-dependent manner (Funk & Sage, 1993), regulates growth factor activity and inhibits cell adhesion and 
therefore it participates in physiological processes, where change in ECM and cell mobilization is required 
(Rivera, Bradshaw, & Brekken, 2011; Sweetwyne et al., 2004). Examples of such functions include bone 
mineralization (Termine et al., 1981), tissue remodeling (Tremble, Lane, Sage, & Werb, 1993; Alvarez et al., 
2005) and morphogenesis (Motamed & Sage, 1998). Osteonectin plays a role in tumor initiation and progression 
through its counter adhesive properties (Sage & Bornstein, 1991; Tai & Tang, 2008) and ability to support 
migration (Campo McKnight, Sosnoski, Koblinski, & Gay, 2006). In this context, osteonectin has been found to 
influence matrix remodeling via metalloproteinases (Tremble et al., 1993), cells shape and proliferation through 
its interaction with various growth factors (Yan & Sage, 1999), and has an ability to settle a chronic low 
inflammatory state (Sangaletti et al., 2005; Alvarez et al., 2005; Sangaletti, Stoppacciaro, Guiducci, Torrisi, & 
Colombo, 2003). Although many studies have described the role of osteonectin in a variety of cancers, its role in 
tumorigenesis is complex and often dependent on the tissue or cell types involved. Osteonectin is differentially 
expressed in cancer tissue and surrounding stroma (Siddiq, Sarkar, Wali, Pass, & Lonardo, 2004) and 
consequently has different functions (Chlenski et al., 2006; Chlenski et al., 2007). High osteonectin expression in 
tumor cells has been correlated with metastasis, poor host survival and enhanced tumor growth in many cancers 
(F. Ledda et al., 1997; Schultz, Lemke, Ge, Golembieski, & Rempel, 2002; Kato et al., 2005; Thomas, True, 
Bassuk, Lange, & Vessella, 2000). Stromal osteonectin on the other hand has dual role in tumorigenesis. It 
inhibits angiogenesis in some cancers (Chlenski et al., 2006), while serving as an indicator of poor prognosis in 
others (N. Sato et al., 2003; Rempel, Ge, & Gutierrez, 1999; Derosa et al., 2012). Higher levels of osteonectin 
have been reported in melanoma (F. Ledda et al., 1997), glioblastoma (Rempel et al., 1998), Medulloblastoma 
(Bhoopathi, Gondi, Gujrati, Dinh, & Lakka, 2011), breast (Lien et al., 2007), colorectal cancer (Chew et al., 
2011) and lung cancers (Siddiq et al., 2004). Lower levels of osteonectin due mainly to its promoter 
hypermethylation have been described in ovarian (Yiu et al., 2001), pancreatic (Puolakkainen, Brekken, Muneer, 
& Sage, 2004), acute mylogenous leukemia (DiMartino et al., 2006). Therefore osteonectin can support 
functions of tumor initiating or promoting genes in certain malignancies while it can also function as a tumor 
suppressor in other cancers. Many studies have described the role of osteonectin in different cancers including 
peritoneal MM. Its role in development of MPM is yet to be studied. 

Due to the long latency period between first asbestos exposure and occurrence of the disease, the continued 
increase in MPM related mortality is predicted to last. The median survival time for MPM patients are between 8 
and 18 months despite multimodality treatment options. Although recent clinical trials show some promise, 
MPM continues to be a serious health issue. Therefore, new and effective strategies for better management and 
treatment of this disease are urgently warranted. Such novel treatment strategies will provide hope for the 
medical community and patients diagnosed with MPM. New evidence based treatment options can be achieved 
if data explaining the disease mechanism is available. Here we investigated the molecular mechanisms by which 
osteonectin regulates MPM growth to better define its roles in biology and development of MPM.  

2. Materials and Methods 

2.1 Cell Lines and Reagents 

Two cell lines, Met5A, generated from normal mesothelial cells and immortalized with SV40 large T-antigen 
and H2714 derived from a MPM patient, were used in our study for transfecting sense and anti-sense osteonectin 
respectively. Met5A was maintained in LHCMM (Biofluid) and H2714 was maintained in RPMI 1640 (HyClone) 
supplemented with 100 units/ml penicillin, 100 μg/ml streptomycine, 4mM L-glutamine and 10% fetal calf 
serum (HyClone) under 7.5% CO2 at 37°C. The cultures were passaged weekly. Antibody against SPARC was 
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purchased from Haematologic Technologies, Inc., Essex Jct., and VT. Secondary antimouse IgG-conjugated 
with horseradish peroxidase was bought from Santa Cruz Biotechnology, Santa Cruz, CA. 

2.2 RNA Preparation, Reverse Transcription, and Cloning of Osteonectin cDNA 

RNA was isolated using Trizol reagent from Life technologies Inc (Rockville, MD). Cells grown in monolayer at 
sub-confluency level and frozen tumor samples were lysed in Trizol, extracted in chloroform and precipitated 
with isopropanol. 3 μg poly (A)+ RNA was reverse transcribed with superscriptII reverse transcriptase (Life 
Technologies Inc, Rockville, MD) using oligo(dt)12-18 primers (Life Technologies, Rockville, MD) into 
first-strand cDNA according to the manufacturer’s instructions. The first strand cDNA was then utilized as 
template for a PCR reaction using 5’ and 3’ primers (Forward Primer ’GAGGGTTCCCAGCACCATG 3’, 
Reverse Primer 5’AGGGGAGGGTTAAAGAGAG 3’). PCR product was analyzed by agarose gel 
electrophoresis, the amplified DNA purified, and subcloned in PCRII vector with the advantage of TA cloning 
system. A number of recombinant plasmids were isolated and cDNA inserts were sequenced to ascertain validity 
of osteonectin-encoding open reading frame. Osteonectin cDNA was then excised from recombinant PCRII 
using BstXI and then sub-cloned into BstXI digested pcDNA3.1 expression vector (InVitrogen, Inc.). A number 
of recombinant pcDNA3.1 plasmids were isolated followed by restriction mapping to obtain constructs 
harboring sense and anti-sense orientations of osteonectin cDNA. 

2.3 Generation of Osteonectin Stable Transfactants 

We used Lipofectamine (Life Technologies Inc., Rockville, MD) to introduce recombinant pcDNA3.1 plasmids 
into human mesothelial Met5A as well as MPM cells. Transfections were performed according to the 
manufacturer’s protocol. Briefly, equal numbers (1.5x105) of cells were seeded 48h prior to transfection, the 
medium was replaced with fresh serum–free medium and the cells were transfected with 1 to 2 g of respective 
recombinant plasmid DNAs. Following 3 h incubation with the transfection solution, cells were washed in PBS 
and replenished with serum containing medium (10% fetal calf Serum). Forty eight hour later G418 (Calbiochem) 
was added at concentration of 200 g/ml, and selection for stable transfectants continued for 3-4 weeks. Multiple, 
single colonies were isolated using cloning cylinders and expanded under G418. Only one clone each from sense 
and anti-sense transfection experiment was then used for subsequent experiments. For negative controls cell 
were transfected with pcDNA3.1 plasmid only.  

2.4 Genomic DNA isolation and Genomic PCR 

To confirm the integration of osteonectin in the genome of transfected cells, genomic DNA was isolated from 
the transfected cells and integrated vector plasmid DNA was amplified using PCR primers that span segment of 
the vector. DNA was isolated using puregene TM DNA purification kit from Gentra systems (Minneapolis, MN). 
Briefly, 1 to 2 million cells was lysed in lysis buffer. RNA was removed from the cell lysates by treating with 
RNAse A. Contaminant proteins were removed by adding protein precipitation solution. DNA was precipitated 
with 100% isopropanol. DNA pellet was hydrated overnight at room temperature and stored at -80°C. 100ng 
genomic DNA was PCR amplified with primer pairs 5’CGGGACTTTCCAAAATGTCG3’ and 
5’CAACAGATGGCTGGCAACTA3’ that span pcDNA3.1. DNA was amplified using 2.5U Taq Gold from 
Applied Biosystems (Fostercity, CA). The 50 μl amplification reaction mixture contained the template, 400 ng 
primer, 10 mM dNTP and 25 mM MgCl2 and the manufacturer’s recommended buffer. Before amplification, Taq 
Gold was activated by heating at 95°C for 10min. DNA was then amplified with each amplification cycle 
consisting of a denaturation step at 95°C for 1min, an annealing step at 55°C for 1min and an extension step at 
72°C for 1 min. Each amplification cycle was repeated 35 times with a final extension at 72°C for 5 min. 
Amplification products were then analyzed by agarose gel electrophoresis using a 2% agarose gel containing 
ethidium bromide. 

2.5 Real-Time PCR 

For quantitative real time PCR analysis the ABI prism 7700 sequence detector (Applied Biosystems Fostercity, 
Ca) was used. Briefly 1 μl c-DNA was amplified using SYBR green PCR master mix in a 50 μl reaction 
(Applied Biosystems Fostercity, Ca). The 50 μl reaction contained 400 ng each of forward and reverse primers 
specific each for sense and anti-sense osteonectin. To ensure the fidelity of mRNA extraction and reverse 
transcription all samples were amplified with 18S rRNA specific primers and normalized to 18S rRNA levels. 
Each mRNA and control samples were amplified in triplicate. The amplification conditions were 2 min at 50°C, 
10min at 95°C and then 40 cycles of 95°C 15 sec, 60°C 1 min. Data were analyzed using v.1.7 software 
provided by PE Biosystems. 
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2.6 Protein Isolation and Western Blot Analyses 

Cells that were grown in monolayer at 70% confluency or the frozen tumor samples were lysed in RIPA buffer 
(50 mM Tris-Hcl pH 7.5, 150 mM Nacl, 0.1% SDS, 1.0% nonidet P40, 0.5% sodiumdeoxycholate, 4 μg/ml 
aprotinin, 100 μg/ml leupeptin, 1 mM Na-orthovanadate, 0.1 mg/ml PMSF) on ice. The lysed suspensions were 
then centrifuged at 12,000 rpm for 10min at 4°C and the supernatants were collected, vortexed, aliquoted and 
stored at -80°C until used. The protein content was determined using Bio-Rad Dc protein assay kit (BioRad 
Laboratories Inc., Hercules, CA). For western blot analyses, 50 μg total protein from each specimen was 
resolved on a 15% SDS-PAGE gel under reducing conditions, transferred to Hybond-C super membrane 
(Amersham Life Science, Piscataway, NJ) The membranes were blocked for 1hr in 5% milk, followed by 
incubation with mouse anti-human osteonectin primary antibodies (Haematologic Technologies, Inc., Essex Jct., 
VT) for one hour. The membranes were then incubated with secondary antimouse IgG-conjugated with 
horseradish peroxidase (1:1000) dilution, Santa Cruz Biotechnology, Santa Cruz, CA) for additional one hour. 
The membranes were then subjected to ECL (Amersham Life Science, Piscataway, NJ), and autoradiographic 
signals were quantified by scanning followed by analysis with NIH image software. 

2.7 Cell Cycle Analysis 

Cells transfected with vector plasmid or plasmid encoding antisense-osteonectin were plated at equal density. 24 
hours later, the cells were washed in PBS and allowed to synchronize in serum-free media for 72 h. The 
serum-starved cultures were replenished with 10% serum containing RPMI media and cells were allowed to 
re-enter the proliferation cycle. Cells were harvested following 24, 48 and 72 h of serum addition, and fixed in 
70% ice cold ethanol overnight at 4°C. For flow cytometric analysis, the fixed cells were resuspended in 500 l 
PBS with 0.5% triton X-100. To remove aggregates, fixed cells were treated with RNAseI at a final 
concentration of 40 g/ml for 30 min at 37°C. Cells were then stained with 25 g/ml propidium iodide for 1 h at 
room temperature. Stained cells were counted on a Becton Dickinson FACScan. About 15x103 cells were 
analyzed for each time interval. The DNA content profiles were analyzed with Cellquest from Becton Dickinson. 

2.8 Migration Assay 

Migration assay was performed essentially as described before (Dhanesuan, Sharp, Blick, Price, & Thompson, 
2002) with minor modifications using the stable cell lines that express sense or antisense osteonectin. Briefly 
5x104 cells were seeded in complete RPMI media in 6 well dishes. The cells were grown for 72 h under 5% CO2 
at 37°C to reach 70% confluency. After 72 h an incision was then made through the middle of the well with a 
sterile 1 ml blue pipette tip. The detached cells produced by the incision were removed by washing the plates 
twice with PBS. Fresh complete RPMI was then added and cells were allowed to grow. The widths of the 
incisions were photographed at 0, 48 and 72 h for cells expressing osteonectin cDNA in sense orientation, while 
the cells expressing anti-sense orientation of the osteonectin cDNA were photographed at 0, 18, and 36 h time 
periods. Marking was made at the bottom of the plate at 0 h to measure incision width at the same spot every 
time.  

2.9 Adhesion Assay 

Adhesion assay was performed in 6 well tissue culture plates according to previously published methods (Said & 
Motamed, 2005) with minor modification. Briefly plates were pre-coated with collagen I, collagen IV, Laminin 
and Fibronectin plates. A 5x104 cells/well were seeded in the coated plates and incubated at 37°C/5%CO2. After 
an hour of incubation, plates were gently washed in PBS. Attached cells were stained and fixed in 0.2% crystal 
violet in MetOH for 15min. Stained plates were washed under running water, dried and photographed. Studies 
were done in triplicates per experimental condition. Attachment was quantified by solubilizing the attached cells 
in 1% SDS and taking absorbance at 540 nm.  

2.10 Invasion Assay 

Invasion assay was performed using Cell Invasion Assay kit (Chemicon International, Temecula, CA). Cells 
were first grown to subconfluence as monolayer, harvested and suspended at a concentration of 0.5x106 cells/ml 
in serum free RPMI medium. A 300 l cell suspension was then placed in the upper chamber of a polycarbonate 
insert that contained an 8 m pore size polycarbonate membrane, pre-coated with a thin layer of extracellular 
matrix (ECM). Before the cells were placed, the ECM inside the inserts were pre-equilibrated with the serum 
free RPMI for an hour. The inserts were then placed in 24 well tissue culture plates. As a chemo attractant, 500 
l RPMI containing 10% serum was then added to the outside of the insert. The cells were incubated under 5% 
CO2 at 37°C for 72 h. Invasive cells migrated through the ECM layer and remained attached to the bottom of the 
polycarbonate membrane. Using a cotton-tipped swab, non-invading cells as well as the ECM matrix gel were 
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removed from the interior of the inserts. Invasive cells attached to the underside of the inserts were then stained 
by dipping the bottom part of the inserts in the staining solution provided with the kit. Stained cells were counted 
with an inverted microscope equipped with camera. All assays were done in triplicates and the results were 
expressed as the mean ± SEM. 

3. Results 

3.1 MPM Tumor Tissues Express Elevated Levels of Osteonectin RNA and Protein 

RT-PCR analysis showed increased osteonectin RNA expression in tumor tissue compared to normal pleura 
(Figure 1A). The tumor specimens were next analyzed for presence of osteonectin protein by western blotting as 
detailed in methods. Consistent with the RT-PCR analysis, all the MPM tumors showed presence of osteonectin 
while minimal to absent levels of osteonectin was noted in the normal pleura (Figure 1B). Quantitative analysis 
of the blot with NIH image soft-ware revealed up to 7.6 fold increase in osteonectin protein in certain tumor 
tissues when compared with osteonectin levels in the sample from normal pleura (Figure 1C).  

 

 

Figure 1. Osteonectin RNA and protein levels in different MPM tumors 

(A) Gel showing osteonectin RNA expression in MPM tumors. The data represents one of the three independent 
experiment replicates. Equal amount of RNA from tumors were reverse transcribed and amplified with 
osteonectin and Beta-actin specific primers. An aliquot of the PCR products were run on agarose gel and 
visualized with ethidium bromide. From left to right, blank (no cDNA was used for PCR), pleura, Lane 1-7, 
different MPM tumors. (B) Representative (one of three replicates) western blot shows protein levels in different 
MPM tumors. The proteins were transferred to Hybond-C super membrane and osteonectin specific antibody 
was used to probe the blots. From left to right, Lane 1-6, protein levels in different MPM tumors, normal pleura. 
The blot was reprobed with Beta-actin specific antibody to assess the loading accuracy and used as an internal 
control. (C) Differential expression of osteonectin protein in MPM tumors and normal pleura. The 
autoradiographic signals from blot in panel B were quantified by NIH image software. All protein levels were 
adjusted relative to beta-actin level. From left to right, Lane 1 to 6, MPM tumors, normal pleura. 

 

3.2 Ectopic Expression or Knock-Down of Osteonectin Alters Biological Properties of MPM Cells 

To test the extent perturbation of osteonectin levels altered biological properties of the immortalized mesothelial 
as well as the MPM cells, we first generated and characterized several stable cell lines that harbored expression 
plasmids encoding osteonectin sense or antisense cDNAs. The osteonectin cDNA was PCR amplified, and 
subcloned in the pcDNA3.1 vector as described in methods. For osteonectin overexpression, the recombinant 
plasmid having osteonectin cDNA in the sense orientation was transfected into to the SV40 large 
T-antigen-immortalized normal mesothelial Met5A cells followed by isolation of stable cell lines as detailed in 
methods. The levels of osteonectin were analyzed by western blotting and its expression in a representative 
subline is shown in Figure 2A. Expression of osteonectin cDNA resulted in a 1.8-fold increase in osteonectin 
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levels. For knock-down of the oesteonectin, the recombinant plasmid having anti-sense orientation of the 
osteonectin cDNA was transfected into H2714 MPM cells. Stable sublines expressing osteonectin antisense were 
isolated and characterized as in methods. Figure 2B shows integration of the antisense construct of a 
representative stable subline as revealed by PCR amplification and subsequent sequencing of a 1.4 kb chimeric 
fragment containing part of vector plasmid and full-length osteonectin cDNA. The vector control transfected cell 
line however yielded an expected 300bp PCR product. The levels of osteonectin were further analyzed by 
western blotting and were found to be significantly reduced in the subline stably expressing anti-sense construct 
(Figure 2C). Stable expression of recombinant plasmid encoding osteonectin antisense resulted in ~8.2-fold 
lower levels of osteonectin when compared with the vector-transfected control. 

We next utilized the cells having either elevated or depleted levels of osteonectin to study the role of this 
molecule in cellular remodeling in vitro. As a first step, we performed wound healing assay. The ability of the 
cells to close monolayer wound was monitored over a 72 h period in the case of osteonectin-overexpressing cells 
while anti-sense expressing H2714 MPM cells were monitored over a period of 36 h. Results of the 
representative migration assays are shown in Figure 3. Overexpression of osteonectin resulted in accelerated 
migration of the cells in to the area of the incision (Figure 3A). Knock-down of osteonectin on the other hand 
caused a slower migration rate compared to the vector expressing cells.  

 

 

Figure 2. Alteration of osteonectin levels in transfected cells 

(A) Real time PCR analysis of osteonectin levels in pcDNA 3.1 and sense osteonectin transfected cells. cDNA 
was amplified using SYBER green PCR master mix. Αlpha-tubulin was used as an internal control. Data was 
analyzed using v.1.7 provided by the PE systems and relative intensity plotted. (B) Integration of antisense- 
osteonectin in transfected cells. Isolation of the genomic DNAs from the vector or antisense-transfected cells, 
and subsequent PCR analysis was carried out as detailed in methods. In antisensense-osteonectin transfected 
cells a 1.4 kb band specific for osteonectin (1.1 kb)+ surrounding pcDNA 3.1 (300bp) was amplified. To assess 
loading, genomic DNA was amplified with beta-actin specific primers. The integration of sense construct was 
similarly verified (data not shown). (C) Real-Time PCR analysis reveal decrease in osteonectin level in antisense 
osteonectin transfected cells compared to pcDNA 3.1 transfected counterparts. The isolation of genomic DNA 
and the real time PCR analysis were carried out essentially as in panel A except that G3PDH was used as an 
internal control. RNA from a tumor sample was used as a positive control. Data was analyzed using v.1.7 
provided by the PE systems and relative intensity plotted in the histogram. 
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Figure 3. Osteonectin expression alters cell migration 

(A) Migration assay of sense osteonectin tansfected cells and their respective vector transfected counterparts. A 
wound was created on a subconfluent culture of transfected cells and wound closure was measured as in methods. 
(B) Migration assay of antisense osteonectin tansfected cell lines. Similar to the experiment in panel A, a wound 
was created on a subconfluent culture of antisense transfected cells and migration of cells into the wound were 
monitored as above. 

 

Since wound closure often depends on both proliferation and migration, to delineate the effect of proliferation on 
wound healing, we then performed cell cycle analysis on antisense osteonectin trasfected H2714 cells. Flow 
cytometry analysis at various time intervals revealed a relatively higher percentage of cells in the S and G2/M 
phase in the antisense transfected cells when compared with their vector-transfected counterparts (Figure 4). 
Although osteonectin depletion induced significant alterations in the cell cycle phase distribution of the cells, it 
appears unlikely that the slower migration of these cells following knock-down of osteonectin involved altered 
cell proliferation. Rather, our current data would suggest that osteonectin likely regulates biological properties of 
MPM cell migration.  
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Figure 4. Osteonectin alters cellular migration properties independent of cell cycle alterations 

Representative FACS analysis of pcDNA 3.1 and antisense osteonectin transfected cell line is shown. The 
various cell cycle population corresponding to individual cytofluorimetry peaks are indicated as inserts in each 
plot. Even though more cells are present in S-phase in anti-sense transfected cell line at different time intervals, 
the cells displayed attenuated migration in the wound healing assay suggesting that their migration properties 
were unlikely influenced by the alterations in their cell cycle phase distribution/cell division. 

 

In light of the fact that loss of adhesion is often a pre-requisite for tumor cell invasion, and the fact that a number 
of earlier reports have suggested an ability/property of osteonectin to influence adhesion (Said & Motamed, 2005; 
Campo McKnight et al., 2006), we then investigated the extent osteonectin altered MPM tumor cell adhesion to 
the various ECM constituents (Collagen I, Fibronectin, Laminin and Collagen IV). Our study revealed, in 
comparison to the vector transfected cell line, osteonectin over-expressing cells displayed increased adhesion 
towards various ECM constituents. The maximum adhesion was observed towards collagen I and fibronectin (p 
= 0.0001) (Figure 5A) followed by laminin (p = 0.0053). However, elevated osteonectin resulted in reduced 
adhesion to collagen IV (not shown). Increasing the level of osteonectin in H2417 cells did not alter their 
adhesion properties in a statistically significant manner when compared with the vector expressing H2714 cells. 
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Figure 5. Osteonectin expression alters cell adhesion 

(A) Representative image of the differences in adhesion of the osteonectin-overexpressing cells compared with 
the vector expressing cells. (B) Histogram showing number of invasive cells in osteonectin overexpressing cells 
and their vector transfected counterpart. (C) Histogram showing number of invasive cells in antisense 
osteonectin transfected cells and their vector transfected counterpart. 

 

To further study the role of osteonectin in MPM cell invasion, in vitro assays were performed in matrigel coated 
inserts as described in materials and methods. Results of the invasion assays are shown in Figures 5B and C. Our 
data revealed up regulation of osteonectin expression in Met-5A cells resulted in 2.2 fold increase in invasion of 
cells when compared with their vector-transfected counterparts (Figure 5B). However, loss of osteonectin in 
H2714 cells resulted in 2.2 fold reduction in invasive properties of these cells in comparison with their vector 
expressing controls (Figure 5C). 

4. Discussion 

Osteonectin is matrix associated glycoprotein which is abundant in tissues undergoing remodeling. Several 
studies so far revealed up-regulated osteonectin expression in malignancies of both mesenchymal and epithelial 
origin. Osteonectin is over-expressed in many cell lines that originated from different malignancies such as 
glioblastoma (Rempel et al., 1998), melanoma (F. Ledda et al., 1997), prostate and breast cancers (Thomas et al., 
2000), as well as the cells that acquire mesenchymal properties (Gilles et al., 1998). Osteonectin has dramatic 
effect on cell behavior in vitro. The major known functions of osteonectin include anti-adhesive and 
anti-proliferative effects. The counter-adhesive properties of osteonectin in non-malignant cells led to further 
exploration of its potential role in tumor invasion and metastasis. The ability of cancer cells to disseminate 
though requires that the malignant cells first adhere to ECM matrices followed by their invasion of the basement 
membrane. However, the role osteonectin plays in regulating adhesion and invasion properties is also cell type 
dependent. Our interest in mesothelioma prompted us to study the genes involved in mesothelioma initiation and 
progression. Our preliminary data from gene expression array (data not shown) revealed osteonectin was 
up-regulated in MPM that is further supported by increased osteonectin levels in MPM tumors noted in our 
current study. Although inconsistent pattern exists in terms of both expression and biological activity of 
osteonectin, we speculated that better understanding of the mechanism(s) of action of osteonectin may shed light 
into its role(s) in the processes of tumorigenesis. This prompted us to first clone osteonectin in the sense or 
antisense orientations and then generates various cell lines that either overexpress or have reduced levels of 
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osteonectin. Following transfections, we generated stable cell lines, and characterized them for levels of 
osteonectin by RT-PCR and western immunoblotting.  

As expected, over-expression of osteonectin caused increased migration and invasion in vitro. In a similar assay, 
knock-down of osteonectin resulted in decreased migration and invasion. Although over-expression of 
osteonectin interestingly promoted cell interactions with collagen I, fibronectin and laminin, knock-down of 
osteonectin intriguingly failed to cause significant changes in adhesive properties of the MPM cells. This could 
be due to the fact that the matrices involved in our experiments do not represent the entire repertoire of 
“stromal-tumor microenvironment” milieu under which tumor initiation, progression and local spread of MPM 
takes place within thoracic cavity. Based on the compensatory mechanisms with “osteopontin” being the 
predominant factor involved in conjunction with “osteonectin”, it is likely that differences in the critical 
threshold levels of endogenous, constitutively active osteonectin within affected pleural space, and the released 
form of osteonectin in the extracellular space, besides other secretary molecules present in the region, influence 
interactions with regards to differences observed in adhesion and migratory properties of osteonectin. The extent 
absence of changes in the adhesive properties of osteonectin-depleted MPM cells is due to altered cellular 
“compensatory mechanisms” remains to be clarified. Nevertheless, a thorough further investigation will be 
necessary to explain this discrepancy. Although, overexpression of osteonectin was noted in the case of 
melanoma (Ledda et al., 1997) and breast cancer cell lines (Gilles et al., 1998), suppression of osteonectin in 
melanoma cells resulted in significant decrease in in vitro adhesive and invasive capacity of the cells, interfering 
with the ability of osteonectin-depleted cells to form tumors in vivo. In contrast, ovarian cancer cells that had 
elevated levels of osteonectin were significantly inhibited in their ability to adhere and invade a number of 
matrices such as collagen I, collagen IV, vitronectin, fibronectin, hyaluronic acid and laminin (Said & Motamed, 
2005). This was supported by lower rate of intra-peritoneal dissemination of ovarian cancer in osteonectin+/+ 
mice. Similar effect was shown by pancreatic cancer cell grown in osteonectin-/- mice. In case of pancreatic 
cancer, tumor grown in osteonectin null mice was larger and more prone to metastasize compared to tumor 
grown in osteonectin+/+ mice (Puolakkainen et al., 2004; Arnold et al., 2008). Later the effect of osteonectin on 
ovarian cancer was shown to be caused by lowering the cell surface expression of αV-integrin and β1- subunits 
(Said, Najwer, & Motamed, 2007). Osteonectin was also shown to be capable of inhibiting the VEGF-induced 
integrin activation and down-regulation of metalloproteinases such as MMP2 and MMP9 (Said & Motamed, 
2005; Socha et al., 2007). MMP2 can cleave Collagen type IV, which results in degradation of basement 
membrane and can help in metastasis and tumor progression (Hornebeck, Emonard, Monboisse, & Bellon, 2002). 
MMP2 is secreted as an inactive pro-enzyme. It becomes activated after the proteolytic cleavage of its 
NH2-terminal pro-fragment. (Atkinson et al., 1995; Stetler-Stevenson, 1994). MT1-MMP is another MMP that 
contributes to MMP2 activation (Lohi & Keski-Oja, 1995). In vivo major source of MMP2 and MT1-MMP are 
fibroblasts (Polette, Nawrocki-Raby, Gilles, Clavel, & Birembaut, 2004). However, up-regulated MMP2 and 
MT1-MMP have been observed in cases of invasive tumors (Sato & Seiki, 1996), (Gilles, Polette, Seiki, 
Birembaut, & Thompson, 1997). Elevetaed levels of MMP9 have also been found to be associated with 
increased invasiveness of both the murine and human MPM cells as well as the orthotopic MPM tumors in mice 
(Servias et al., 2012). In contrast to ovarian cancer cells where osteonectin reduced MMP activity, 
overexpression of MMP9 in pancreatic cancer cells resulted in a greater cell migration and invasion in vitro. This 
effect was completely abolished by the addition of osteonectin (Arnold et al., 2008). In cases of prostate cancer, 
osteonectin induced MMP2 activity and aided prostate cancer cells to metastasize in the bone (Jacob, Webber, 
Benayahu, & Kleinman, 1999), while in the ovarian and breast cancer cells, osteonectin and smaller peptide 
fragments containing its N-terminal region, induced MMP2 activation and their invasive phenotype. The role of 
osteonectin in invasion was further strengthened by its regulation/promotion of EMT transition (Girotti et al., 
2011; Conant, Peng, Evans, Naud, & Cooper, 2011). Cell cycle analysis using osteonectin over-expressing breast 
cancer cells showed slower progression to S phase (Dhanesuan et al., 2002). This is consistent with our current 
observations where knock-down of osteonectin in MPM cells resulted in a greater number of cells in the G2/M 
and S phases. 

In conclusion we have demonstrated for the first time the role of osteonectin in mesothelioma progression in 
vitro. We have found that osteonectin is a positive regulator of adhesion to various ECM constituents, invasion 
and migration, and thus an important transducer of MPM cancer progression. Our proof-of-concept studies 
therefore warrant further research to elucidate potential of osteonectin as a target for therapeutic intervention in 
MPM. 
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