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Abstract 

 
Calreticulin (CRT) is a multifunctional Ca2+ dependent chaperone protein, 

which is localized to the endoplasmic reticulum and plays many important biological 

roles. In addition to its critical role in cardiovascular development, CRT has been 

reported to be important for cell migration, adhesion and apoptosis. Several studies 

have also postulated different roles for exogenous CRT in angiogenesis and tumor 

growth. However no direct evidence for the role of endogenous CRT in these 

processes is available. To study the in vivo role of CRT in angiogenesis and vascular 

development, our lab generated a transgenic mouse overexpressing CRT under the 

control of the Tie2 promoter (referred to as Tie2-CRT), which is active in both 

endothelial cells and hematopoietic stem cells (HSCs).  

The most striking phenotype of these mice is an increased incidence of lung 

tumors. These tumors have been characterized according to their histochemical 

properties as being adenocarcinoma with a Surfactant Protein-C positive (SP-CPos) and 

Clara Cell Protein negative (CC10Neg) phenotype suggesting an alveolar origin for 

these tumors. We observed that during the early stages of tumor formation, the lungs 

show signs of increased inflammation as evident by congestion, reddish discoloration 

and the accumulation of inflammatory cells. Using histological analyses, we showed 

that the lung tumors of Tie2-CRT mice are comprised of a heterogeneous population of 

tumor cells with different immunophenotypic characteristics including SP-CPos cells 

and a novel cell type which is positive for expression of HSC markers (CD34, c-kit 

and Sca-1) and exogenous CRT, but negative for expression of SP-C and CC10. Based 
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on these observations we hypothesized that overexpression of CRT in endothelial cells 

and HSCs results in an inflammatory response that facilitates the recruitment of HSCs 

to the lungs. Eventually, this high rate of inflammation in the lungs leads to malignant 

transformation of the recruited HSCs and tumor formation.  

We have identified that the early stage tumors contain cells that express 

exogenous CRT and HSC markers including CD133, Sca-1, and c-Kit. As the tumor 

progresses to a fully developed adenocarcinoma, these cells lose the expression of 

exogenous CRT and HSCs markers and gain an alveolar type II phenotype (SP-CPos). 

In vitro evaluation of tumor cell phenotype following isolation and characterization of 

lung tumor cells from Tie2-CRT mice demonstrated a differentiation dependent 

expression of HSC markers by tumor cells supporting our hypothesis that HSCs might 

be the cells of origin for the lung tumors observed in Tie2-CRT mice. We also 

demonstrated that HSC mobilization is increased in Tie2-CRT mice as compared to wt 

controls and that HSCs of Tie2-CRT mice are more proliferative and potentially 

tumorigenic as they are able to form colonies under anchorage independent growth 

conditions.   

We also studied the A549 human lung adenocarcinoma cell line and demonstrated 

that undifferentiated masses of these cells express CRT and HSC markers and 

expression of these markers was down regulated upon differentiation. Furthermore, 

immunohistochemistry with anti-CRT antibody on a human lung adenocarcinoma 

tissue microarray showed a significantly lower levels of CRT expression in the tumor 

region as compared to the adjacent normal lung tissue suggesting a possible role for 

CRT expression in lung tumor development.  
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The results from this study provide evidence that lung tumors from the Tie2-

CRT mice are non-epithelial in origin and that undifferentiated populations of tumor 

cells have HSC characteristics. After differentiation, these cells lose their HSC 

phenotype and acquire a more epithelial phenotype. This study is the first to examine 

the potential link between CRT and lung cancer development. 
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CHAPTER I: INTRODUCTION  

1.1. Calreticulin  

Calreticulin (CRT) is a ubiquitous eukaryotic protein localized in the lumen of 

the endoplasmic/sarcoplasmic reticulum (ER/SR) (Milner et al. 1991). It is composed 

of 400 amino acids with a predicted molecular weight of 46 kDa. The protein has three 

putative domains classified based on their biological functions and amino acid 

sequence: 1) a globular and hydrophobic amino terminal region known as the N-

domain, 2) a proline-rich domain in the middle of the protein which is referred to as 

the P-domain and 3) an acidic carboxyl end of protein called the C-domain (Figure 1).  

The N-domain of CRT spans residues 1-180 and forms a globular structure 

composed of eight antiparallel β-strands which are crucial for CRT’s chaperone 

function (Michalak et al. 2002; Gelebart et al. 2005). The N-domain contains both the 

polypeptide and carbohydrate-binding sites (Kapoor et al. 2004; Leach et al. 2004), as 

well as a high affinity Zinc (Zn2+) binding site (Baksh et al. 1995). Two cysteine 

residues in the N-domain have been shown to form a disulfide bridge (Andrin et al. 

2000). This domain also contains several histidine residues, one of which (His153) is 

essential for the chaperone function of CRT (Guo et al. 2003).  

The P-domain extends from residues 181-290 (Baksh et al. 1991) and shares a 

high degree of homology with calnexin, another ER lectin-like chaperone (Schrag et 

al. 2001). Nuclear Magnetic Resonance (NMR) spectroscopy studies have revealed 

that the P-domain of CRT contains an extended arm-structure which is stabilized by 

three antiparallel β-sheets (Ellgaard et al. 2001). In vitro analyses indicate that the P-
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domain also contains a high affinity (Kd=1μM), low capacity Ca2+ binding site (1 mol 

of Ca2+ per mol of protein for P-domains) (Baksh et al. 1991). 

The third functional domain of CRT, known as the C-domain, covers amino 

acids 291-400 and contains a large number of negatively charged amino acids that are 

responsible for the calcium (Ca2+) buffering capacity of the protein (Nakamura et al. 

2001). The C-domain of CRT binds over 50% of ER luminal Ca2+ with high capacity 

(25 mol of Ca2+ per mol of CRT protein) and low affinity (Kd=2mM) (Nakamura et al. 

2001). Since the C-domain of calnexin is shown to play an important role in the 

regulation of protein-protein interactions via phosphorylation, (Delom et al. 2006) a 

similar function for the C-domain of CRT is suspected. The C-terminal of CRT ends 

with the conserved KDEL (Lys-Asp-Glu-Leu) sequence, a known ER retention motif 

(Pelham 1988) which is responsible for targeting and recycling CRT to the ER lumen. 



Figure 1. Schematic linear and three-dimensional structure of calreticulin (CRT). (A) Linear representation of CRT protein. This protein is
composed of 400 amino acids with three putative domains, classified according to their biological functions and amino acid sequence as an
N-domain or the amino-terminal (black box), P-domain (red box), C-domain (green box) which terminates with the ER retention sequence,
KDEL. (B) A model of the three-dimensional structure of CRT. Based on NMR studies, it is predicted that the N-domain of CRT is
globular and contains a carbohydrate binding pocket and a disulfide bridge. The P-domain is a proline-rich P-domain which is predicted to
form an extended arm structure. The globular N-domain together with the extended arm P-domain of CRT are responsible for the
chaperone function of the protein. The C-terminal region of CRT contains a large number of negatively charged amino acids and is
involved in Ca2+ storage (with high capacity) in the lumen of the ER. The ERp57-binding site is also shown in this picture.

3
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1.2. Biological functions of CRT 

1.2.1. Chaperone function of CRT  

In the ER lumen, molecular chaperones facilitate the proper folding of newly 

synthesized proteins including glycosylated, secreted or integral membrane proteins 

that enter the ER after synthesis (Saito et al. 1999). If protein folding fails, the aberrant 

products are degraded via the proteasomal degradation pathway. CRT and calnexin are 

two major ER chaperone proteins involved in correct protein folding and quality 

control of newly synthesized glycosylated and non-glycosylated proteins (Saito et al. 

1999; Schrag et al. 2001). Other ER chaperones including grp94, ERp72, and Bip are 

also involved in the correct folding of non-glycosylated proteins (Nicchitta 1998; 

Gething 1999).  

The extended arm together with the N-domain of CRT generate a pocket in 

which glycoproteins can enter for proper folding (Ellgaard et al. 2001; Martin et al. 

2006). CRT and calnexin bind monoglycosylated carbohydrates attached to newly 

synthesized glycoproteins which ensure their proper folding. Carbohydrate moieties of 

newly synthesized glycoproteins consists of two N-acetylglucosamines, nine mannose 

residues and three terminal glucose residues in which the terminal glucose residue can 

be removed by the activity of glucosidase II and replaced by the activity of UDP-

glucose: glycoprotein transferase (UGGT) in the lumen of the ER (Michalak et al. 

1999; Michalak et al. 2002). Monoglycosylation serves as a signal to indicate unfolded 

substrates, resulting in association of the protein with CRT and/or calnexin (Michalak 

et al. 2002). This deglycosylation-glycosylation cycle may be repeated several times 

until the newly synthesized glycoprotein is properly folded. Once the terminal glucose 
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is removed, the protein dissociates from CRT/calnexin chaperones. CRT together with 

calnexin play a crucial role in the correct protein folding, assembly and maturation of 

many proteins including the human insulin receptor (Bass et al. 1998) and MHC class 

I proteins (Harris et al. 1998). CRT has also been shown to function as a chaperone 

and play an important role in the correct folding of myeloperoxidase (MPO) (Nauseef 

et al. 1995) and the bradykinin receptor (Nakamura et al. 2001). 

The interaction of substrates with CRT recruits ERp57 (a PDI-like thiol 

oxidoreductase) for that rearranges the disulfide bonds in the newly synthesized 

proteins (Van der Wal et al. 1998; Oliver et al. 1999). The interaction of the P-domain 

of CRT with ERp57 has also been reported recently (Frickel et al. 2002; Trombetta 

2003). The P-domain of CRT harbors two tryptophan residues (Trp302 and Trp 244) 

which are essential for the chaperone function of CRT (Martin et al. 2006). It has been 

shown that mutations of Glu239, Asp241, Glu243 and Trp244 in the tip of the P-domain 

disrupt the chaperone function of the P-domain as well as the interaction of CRT with 

ERp57 (Martin et al. 2006).  

 

1.2.2. CRT and calcium homeostasis  

CRT was initially discovered as a Ca2+ binding protein by Ostwald and 

MacLennan in 1974 (Ostwald et al. 1974) and was shown to have two Ca2+ binding 

sites: a high affinity, low capacity site and a low capacity, high affinity site (Ostwald et 

al. 1974; Milner et al. 1991). CRT-deficient cells as well as CRT overexpresing cells 

have been used to study the role of this protein in regulating Ca2+ homeostasis. 

Overexpression of CRT in HeLa and L fibroblast cells was shown to increase the 

concentration of intracellular Ca2+ without affecting cytosolic free calcium ([Ca2+]c) 
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concentration (Bastianutto et al. 1995; Mery et al. 1996). However, in rat 

cardiomyoblast cells, overexpression of CRT elevated the free cytosolic calcium 

concentration ([Ca2+]c) (Kageyama et al. 2002).  

Coppolino and colleagues (Coppolino et al. 1997) showed that deletion of CRT 

did not alter the Ca2+ storage capacity of the ER in embryonic stem (ES) cells, but 

resulting defective integrin mediated Ca2+ signaling. This suggests an essential role for 

CRT in the modulation of both integrin adhesive functions and integrin-initiated 

signaling in ES cells. CRT-deficient mouse embryonic fibroblast cells, on the other 

hand, show reduced ER Ca2+ storage capacity with no change in the free ER luminal 

Ca2+ ([Ca2+]ER) (Nakamura et al. 2001).  

Ca2+ concentration in the ER lumen regulates proper protein folding (Lodish et 

al. 1990; Corbett et al. 2000). Ca2+ signaling also governs many signaling pathways in 

the cells involved in cell survival, apoptosis, proliferation and differentiation (Berridge 

2002; Orrenius et al. 2003; Lipskaia et al. 2004). For instance, activation of the GATA 

family of transcription factors, a key element in cardiac muscle differentiation, is 

regulated through a calcineurin/Nuclear Factor of Activated T-cells (NFAT) dependent 

manner (Morkin 2000). Calcineurin activity is also regulated through the binding of its 

regulatory subunits to calmodulin (a Ca2+ binding protein) and Ca2+, respectively 

(Hemenway et al. 1999). It has been shown that a sustained increase of cytosolic Ca2+ 

level leads to activation of calcineurin (Cahalan et al. 1990) and subsequently, 

dephosphorylation and nuclear translocation of NFAT (Timmerman et al. 1996; Beals 

et al. 1997). NFAT, in cooperation with other transcription factors, enhances the 

transcription of a variety of genes, including the genes essential for cardiac 

development and hypertrophy (Crabtree 2001) and apoptosis (Chai et al. 2008). 
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Inhibition of NFAT translocation to the nucleus in CRT-deficient cells (Mesaeli et al. 

1999) suggests that CRT modulates the calcineurin/NFAT pathway which leads to 

defects in heart development as seen in CRT knockout mice (Mesaeli et al. 1999).  

Ca2+ is also involved in signaling pathways associated with apoptosis and 

cancer cell growth (Orrenius et al. 2003; Mamaeva et al. 2009). Mamaeva and 

colleagues (Mamaeva et al. 2009) have shown regulation of the Notch-1 signaling 

pathway in prostate cancer cells through Ca2+/calmodulin-dependent kinase II, a kinase 

associated with osteoblastogenesis of human mesenchymal stem cells (Shin et al. 

2008). High levels of NFAT expression in non-small cell lung cancer has recently 

been reported (Zhang et al. 2007). Using corticosterone-treated mouse Leydig tumor 

cells, Chai and colleagues (Chai et al. 2008) illustrated that NFAT directly stimulates 

the transcription of Fas Ligand, an important mediator of apoptosis.  

 

1.2.3. Role of CRT in cell adhesion and migration  

CRT has been shown to affect cell adhesion by the regulation of the adhesion-

specific cytoskeletal proteins vinculin and N-cadherin (Opas et al. 1996; Fadel et al. 

2001) as well as through modulating tyrosine phosphorylation of various focal 

adhesion proteins (Fadel et al. 1999; Fadel et al. 2001). The CRT N-domain was 

shown to interact with a highly conserved amino acid sequence (KXGFFKR) found in 

the cytoplasmic domain of α-integrins in vitro (Rojiani et al. 1991). Impaired integrin-

mediated attachment and spreading of Jurkat cells upon downregulation of CRT using 

antisense oligonucleotides has also been reported (Leung-Hagesteijn et al. 1994). 

More recently, Szabo and colleagues (Szabo et al. 2009) investigated the adhesive 

properties of CRT-deficient Embryonic Stem Cells (ESCs). They showed that CRT-
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deficient ESCs are highly adipogenic, poorly adhesive, and have increased 

calmodulin/CaMKII signaling as compared to wild-type ESCs. These authors 

concluded that adipogenesis of ESCs is directly controlled by the adhesive status of the 

cells which is modulated by CRT (Szabo et al. 2009). Additionally, loss of CRT 

function in the ESCs was shown to result in a disorganized cytoskeleton and a 

decreased level of focal adhesion-related proteins, such as vinculin, paxillin, and 

phosphorylated focal adhesion kinase resulting in limited focal adhesion formation and 

limited fibronectin deposition (Szabo et al. 2009).  

Overexpression of CRT has been shown to decrease cell motility of L 

fibroblasts by increasing vinculin mRNA and protein expression, while 

downregulation of CRT has the opposite effects (Opas et al. 1996). Furthermore, 

overexpression of CRT in fibroblast cells resulted in increased expression of N-

cadherin, that mediates Ca2+-dependent adhesion (Fadel et al. 2001). These cells also 

exhibit diminished phosphorylation of β-catenin, a member of the Wnt signaling 

pathway involved in linking adherens-type junctional components to the actin 

cytoskeleton (Fadel et al. 2001). More recently, Hayashida et al. have reported a 

higher expression of N-cadherin and fibronectin in conjunction with decreased 

expression of E-cadherin in epithelial kidney cells overexpressing CRT (Hayashida et 

al. 2006). In contrast to fibroblasts, increased CRT expression in Madin-Darby canine 

kidney cells enhanced cell migration in vitro (Hayashida et al. 2006). In esophageal 

squamous cell carcinoma, knockdown of CRT was shown to impair cell migration, 

invasion and resistance to anoikis (cell death that is induced by loss of cell adhesion or 

inappropriate cell adhesion and cell-matrix interactions) (Du et al. 2009). Altogether, 
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these findings show that changes in CRT expression alters cell adhesion and migration 

although effects are cell type dependent.   

The effect of CRT on cell proliferation of gastric cancer cell lines has been 

recently examined (Chen et al. 2007). Using the MTT assay (a colorimetric assay 

system which measures the reduction of a tetrazolium salt into an insoluble formazan 

product by the mitochondria of viable cells), a higher rate of proliferation was 

observed in CRT overexpressing cells whereas CRT-deficient cells displayed 

decreased proliferation. Moreover, CRT overexpressing cells had enhanced wound 

healing properties, a process that involves both cell proliferation and migration (Chen 

et al. 2007). Topical application of CRT in mammalian wound healing assays has 

previously been shown to increase cell migration to the injury site (Gold et al. 2006). 

These studies collectively show the effect of both endogenous and exogenous CRT in 

cell migration.  

Overexpression of CRT was shown to increase fibronectin expression, cell 

spreading and up-regulation of the cytoskeletal proteins in focal adhesion contacts 

leading to an increase in cell adhesion (Opas et al. 1996; Humphries et al. 2007; Papp 

et al. 2007; Papp et al. 2008). Cardiac specific overexpression of CRT in mice has 

been shown to reduce connexin 40 and 43 expression and result in complete heart 

block and sudden death in these animals (Nakamura et al. 2001). This indicates that in 

addition to cell adhesion, CRT influences intracellular communication through gap 

junction proteins. Cell adhesion is believed to be regulated by CRT localized in the 

ER, (Opas et al. 1996) however, other important functions including migration and 

phagocytosis have also been demonstrated to be modulated by extracellular or cell 
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surface localized CRT (Goicoechea et al. 2000; Goicoechea et al. 2002; Orr et al. 

2003; Orr et al. 2003; Gardai et al. 2005).  

Although CRT generally resides in the ER and the nuclear envelope, it has also 

been detected at the cell surface (Johnson et al. 2001). Cell surface CRT has been 

detected in many types of mammalian cells, including platelets, fibroblasts, apoptotic 

cells and endothelial cells (Goicoechea et al. 2000; Elton et al. 2002; Orr et al. 2003) 

and has been suggested to play a role in cell adhesion, cell-cell communication, and 

apoptosis. CRT has been identified as a cell surface receptor for both thrombospondin-

1 (TSP-1) and C1q, a component of the complement complex protein (Goicoechea et 

al. 2002; McGreal et al. 2002; Ghiran et al. 2003). TSP-1 is a multifunctional 

glycoprotein that has been shown to play key roles in interactions between human cells 

and components of the extracellular matrix (Chung et al. 1997). TSP-1 stimulates focal 

adhesion disassembly through a sequence known as the hep I peptide located in its 

heparin-binding domain (Greenwood et al. 1998; Goicoechea et al. 2000). A number 

of studies demonstrated that cell surface CRT interacts with the heparin-binding 

domain I of TSP-1 and Low-Density Lipoprotein (LDL) receptor-related protein 

(LRP) to mediate focal adhesion disassembly required for migration (Goicoechea et al. 

2000; Pallero et al. 2008). The binding site in CRT that interacts with the heparin 

binding domain I has been localized to amino-acid residues 19–36 in the N-terminus of 

CRT (Goicoechea et al. 2002). Cell surface CRT also binds to the carbohydrate 

constituent of cell adhesion and basement membrane proteins such as laminin through 

integrin binding (White et al. 1995; McDonnell et al. 1996).  
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1.2.4. Role of CRT in apoptosis 

Programmed cell death I or apoptosis (Krysko et al. 2008) is part of the normal 

physiological properties of a cell, and plays a major role in tissue homeostasis 

(Marsden et al. 2002). As such, cells that do not receive appropriate survival signals 

from the microenvironment undergo apoptosis. The apoptotic pathway, particularly the 

intrinsic pathway, is mediated by the mitochondria and the ER, thus any change in the 

ER luminal milieu can alter the susceptibility of cells to apoptotic signals (Srinivasan 

et al. 2005; Mao et al. 2007). CRT, as an ER resident chaperone, could affect several 

signaling pathways involved in cell survival and apoptosis. Expression of CRT has 

been proposed to modulate apoptosis through different signaling pathways. A study 

using the rat cardiomyoblast H9c2 cells revealed that overexpression of CRT increases 

differentiation-associated apoptosis of cardiac cells via suppression of Akt activity 

which is a downstream effector of the PI3K signaling pathway (Kageyama et al. 2002; 

Jalali et al. 2008).   

Changes in protein phosphatase 2A (PP2Acα) expression and suppression of 

Akt activity were also reported upon overexpression of CRT in malignant glioma cells 

(Okunaga et al. 2006). CRT overexpression in H9c2 cardiomyoblast cells and glioma 

cells was shown to augment the cellular responses to apoptotic signals such as 

oxidative stress and ultraviolet (UV) radiation, which could be due to changes in Ca2+ 

homeostasis caused by CRT overexpression (Ihara et al. 2006). Furthermore, 

overexpression of CRT in HeLa cells was shown to increase their sensitivity to 

staurosporine-induced apoptosis (Nakamura et al. 2000). Conversely, loss of CRT 

function in Mouse Embryonic Fibroblasts (MEF cells) increases their resistance to 

drug and UV-induced apoptosis (Nakamura et al. 2000; Mesaeli et al. 2004). The 
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increased resistance to UV-induced apoptosis could be explained by decreased levels 

of p53 expression and function (Mesaeli et al. 2004). Diminished p53 in CRT-

deficient cells is the result of increased degradation of p53 (Uvarov et al. 2008), which 

is mediated by activation and nuclear translocation of murine double minute (Mdm-2) 

(Mesaeli et al. 2004). Translocation of Mdm-2 to the nucleus was shown to 

ubiquitinate p53 cause it to be exported out of the nucleus where it is degraded by the 

ubiquitin-proteasome pathway (Haupt et al. 1997; Jabbur et al. 2002).  

 

1.2.5. Role of CRT in the clearance of apoptotic cells 

One of the features of apoptosis that differs from necrosis is the lack of an 

inflammatory response (Waterhouse et al. 2007). Apoptosis is generally associated 

with rapid condensation of the cytoplasm and nuclear chromatin, followed by DNA 

fragmentation and blebbing of the plasma membrane (Kerr et al. 1972). The resulting 

apoptotic bodies, which contain nuclear and cytoplasm material, are readily engulfed 

by neighboring cells or phagocytic cells recruited to the site of apoptosis (Lauber et al. 

2003).   

One hypothesis for the removal of apoptotic cells is that apoptotic cells release 

chemotactic factors that recruit phagocytic cells to sites of apoptosis (Lauber et al. 

2003). This group identified lysophosphatidylcholine, which is produced via caspase-

3-mediated activation of Ca2+-independent phospholipase A2, as the chemotactic 

signal secreted by apoptotic cells (Lauber et al. 2003). Another hypothesis proposes 

that it is the initiation of electrical signals due to changes in the membrane 

composition of apoptotic cells that attract phagocytes (Zhao et al. 2006). Weihua and 

colleagues (Weihua et al. 2005) showed that a disruption in membrane composition of 
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apoptotic cells generates a negative surface charge, which has been shown to induce 

movement of endothelial cells toward the dying cells by a mechanism that involves 

endothelial cell membrane hyperpolarization and cytoskeleton reorganization. 

Whether the clearance of apoptotic cells is directed via chemokines or 

electrical signals, there is mounting evidence that efficient removal of apoptotic cells is 

crucial both in suppressing inflammatory responses at sites of apoptosis and in 

maintaining an adaptive immune tolerance (Taylor et al. 2000). Indeed, the defective 

clearance of apoptotic cells has been shown to cause autoimmune and inflammatory 

diseases (Taylor et al. 2000). This indicates that effective discrimination between 

viable cells and dead or dying cells is crucial for the specific and efficient removal of 

apoptotic cells. Removal of apoptotic cells is a multiple-step process consisting of: the 

accumulation of phagocytes at the site of apoptosis, the recognition of dying cells 

through a number of receptors, engulfment by a unique uptake process, and processing 

of engulfed cells within phagocytes (Ogden et al. 2001; Gardai et al. 2005; Obeid et 

al. 2007; Waterhouse et al. 2007). Ogden et al. (Ogden et al. 2001) shed new light on 

the process of recognition and phagocytic uptake of the apoptotic cell by showing that 

C1q and mannose binding lectin bind to apoptotic cells and stimulate the ingestion of 

apoptotic cells by binding to CRT on the surface of phagocytic cells. The translocation 

of CRT to the cell surface may be due to the ability of CRT to escape the KDEL 

receptor-mediated salvage pathway (Afshar et al. 2005).  

The chemotherapeutic agent anthracycline was demonstrated to induce 

translocation of CRT to the surfaces of mouse colon carcinoma (CT26 cell line) 

(Obeid et al. 2007). This translocation triggers a cascade of events which eventually 

lead to the activation of the immunogenic response and the removal of tumor cells by 



 14

dentritic cells. This observation suggests that CRT exposure at the cell surface of the 

apoptotic cells provides a signal that promotes phagocytosis of these cells (Gardai et 

al. 2005; Obeid et al. 2007). The level of CRT expression at the cell surface has been 

shown to correlate with the percentage of phagocytosis by dendritic cells (Obeid et al. 

2007). More recently, Panaretakis and colleagues (Panaretakis et al. 2009) investigated 

pathways that mediate pre-apoptotic CRT exposure in immunogenic cell death in 

response to several immunogenic anticancer agents. They illustrated that following 

early activation of a complex of cascades including the ER kinase (PERK), caspase-8, 

BAP31, Bax and Bak, CRT transited the Golgi apparatus and was then secreted 

through a SNARE-dependent exocytosis (Panaretakis et al. 2009).  

Viable cells normally express CD47 (Integrin-associated protein/IAP) protein 

on the cell surface which binds to Signal Regulatory Protein-alpha (SIRP-α) on 

macrophages (Gardai et al. 2005; Takizawa et al. 2007). Interaction of CD47 

macrophage SIRP-α prevents clearance and phagocytosis of IgG opsonized viable cells 

(Gardai et al. 2005; Takizawa et al. 2007). Cell surface CD31 is another molecule 

presented on viable cells that has been shown to prevent the engulfment of healthy 

cells by circulating phagocytes (Brown et al. 2002). The precise mechanism of action 

of these molecules that discriminate against removal of viable cells is not yet fully 

defined. However, it has been shown that CRT clustering at the cell surface is largely 

coordinated with a decrease in the expression of CD47, a phenomenon that usually 

occurs in the early stage of apoptosis and functions as a signal to discriminate between 

viable cells and apoptotic cells (Gardai et al. 2005; Kuraishi et al. 2007). Using an 

antibody against the extracellular, but not the intracellular domain of LDL receptor-

related protein (LRP), Gardai et al. (Gardai et al. 2005) showed that recognition of the 
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apoptotic cell requires exposure of CRT on the surface of apoptotic cells. Surface CRT 

will then stimulate phagocytosis upon binding with LRP/CD91 on phagocytes (Gardai 

et al. 2005). Clearance of apoptotic cells opsonized by C1q, or the collectins MBL, 

surfactant Protein A and D (SP-A, and SP-D), is through a similar mechanism 

involving CRT and LRP (Vandivier et al. 2002; Gardai et al. 2005). This is not 

surprising since CRT is a sticky protein interacting with the soluble proteins TSP-1 

and C1q which are two important elements that may serve as bridges to facilitate the 

recognition of CRT by phagocytes (Ogden et al. 2001). 

Adiponectin, a protein hormone that modulates a number of metabolic 

processes, is structurally similar to C1q and surfactant proteins (Takemura et al. 2007). 

Based on the structural similarity between adiponectin and these molecules, Takemura 

et al. recently elucidated that adiponectin also mediates the in vivo clearance of 

apoptotic cells (Takemura et al. 2007). This study revealed that CRT and CD91 are 

essential for adiponectin-stimulated uptake of apoptotic cells. CRT knockdown using 

siRNA blocks adiponectin-dependent phagocytosis of apoptotic Jurkat T cells 

(Takemura et al. 2007) suggesting that the interaction of adiponectin with CRT on 

both the macrophage and the apoptotic cell surface is critical for the clearance of 

apoptotic cells. 

 

1.2.6. Role of CRT in angiogenesis 

Growth of solid tumors and their ability to metastasize are generally dependent 

on the existence of a sufficient blood supply vessels. This requires the development of 

new blood vessels through a process known as angiogenesis (Folkman 1982; Hanahan 

et al. 1996). Angiogenesis is also essential for organ growth and repair. The 
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observation that increased angiogenesis occurs around tumors was first documented 

over 100 years ago (Goldman 1907). Alteration in CRT expression has been shown to 

regulate angiogenesis through different pathways (Pike et al. 1998; Liu et al. 2008). 

For example, Liu et al. (Liu et al. 2008) investigated the role of CRT in FGF-2 

(Fibroblast Growth Factor-2)-induced angiogenesis in the ischemic myocardium and 

showed that down regulation of CRT is linked with FGF-2-induced angiogenesis 

through the calcineurin pathway. Furthermore, overexpression of CRT was shown to 

block FGF-2-induced microvascular endothelial cell proliferation (Liu et al. 2008).  

Changes in CRT expression may also alter matrix metalloproteinase (MMPs) 

activities (Wu et al. 2007). MMPs are a family of zinc-containing endopeptidases that 

degrade numerous components of the extra cellular matrix (ECM) and have been 

strongly implicated in multiple stages of cancer progression including cancer cell 

growth, differentiation, migration, invasion, and the regulation of tumor angiogenesis 

(Vu et al. 1998; Sounni et al. 2002). MMPs contribute to tumor angiogenesis not only 

by degrading the basement membrane, which facilitates endothelial cell detachment 

and migration into new tissue, but also by releasing pro-angiogenic factors such as 

vascular endothelial growth factor (VEGF) from the ECM (Hawinkels et al. 2008). 

Furthermore, metastasis, a multi-step process that begins with the detachment of tumor 

cells from the original solid tumor and invasion through and into the basement 

membrane, requires the activity of different MMPs (Egeblad et al. 2002). As an ER 

resident chaperone, any alteration in CRT production may alter MMP activity. A 

recent study from our laboratory demonstrated a significant reduction in MMP-9 

activity in CRT-deficient fibroblast cells which was accompanied by an increase in 

MMP-2 activity and an overall decrease in gelatinolytic properties (Wu et al. 2007).  
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The N-terminal fragment of CRT, also known as vasostatin, has been reported 

to inhibit angiogenesis and prevent endothelial cell proliferation both in vivo and in 

vitro (Pike et al. 1998). Furthermore, exogenously added full length CRT also inhibits 

angiogenesis and prevents endothelial cell proliferation (Lin et al. 1997; Pike et al. 

1999). Yao et al. (Yao et al. 2002) demonstrated that binding of vasostatin to the ECM 

protein laminin inhibits endothelial cell attachment to ECM thus affecting their 

subsequent growth (Yao et al. 2002). The small size and solubility of vasostatin makes 

it a potential angiogenesis inhibitor (Pike et al. 1998). Inhibition of angiogenesis has 

been a key target in controlling tumor growth (D'Andrea et al. 2005; Goldberg et al. 

2005). Targeting angiogenesis for example, through the VEGF pathway is a clinical 

strategy currently in use to treat a variety of types of cancer (D'Andrea et al. 2005; 

Goldberg et al. 2005).  

The anti-angiogenic role of vasostatin (or CRT) was further examined using an 

in vivo assay to measure tumor growth. Xiao et al. showed that administration of a 

cDNA encoding vasostatin into the muscle of mice with lung tumors prevents 

angiogenesis and tumor progression (Xiao et al. 2002). These investigators showed 

that intramuscularly injected vasostatin cDNA can produce vasostatin which is 

released into the circulation (Xiao et al. 2002). Based on their data, Xiao et al. 

suggested that this method could be used to interfere with the progression of several 

types of cancer. More recently, adenoviral-mediated gene transfer of vasostatin was 

also reported to suppress tumor progression in pancreatic cancer (Li et al. 2006). 

However, other studies showed increased malignant behavior of the cells after 

vasostatin or CRT overexpression. For example, overexpression of vasostatin in 

neuroendocrine tumor cells enhanced their malignant properties and induced faster 
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tumor development when these cells are transplanted into mice (Liu et al. 2005). In 

addition, overexpression of CRT in colon cancer cell lines also increased 

aggressiveness of these cells in vivo (Hayashi et al. 2005). 

  

Conclusion: 

CRT is a multifunctional ER Ca2+ binding protein that functions as a Ca2+ 

buffer and chaperone protein. In this section, important roles of CRT in different cell 

functions including the regulation of cell adhesion and migration, angiogenesis, 

apoptosis, and cancer cell growth have been summarized. Furthermore, the role of 

Ca2+ as a key modulator of signaling pathways associated with apoptosis and cancer 

cell growth has been discussed. Considering all of these facts, any alteration in CRT 

levels may directly or indirectly impact many cellular functions and cell behavior, 

resulting in a pathological condition. In the next section, I will summarize the current 

knowledge regarding changes in CRT expression in different cancer subtypes.  
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1.3.  Alteration of CRT expression in tumor cells  

Early diagnosis of cancer is positively correlated with increased rates of 

survival (Jemal et al. 2009). Therefore, the development of proteomic technologies 

that enable the discovery of specific biomarkers is essential in the clinical setting to 

facilitate early diagnosis and to increase survival rates. Using proteomic techniques, 

several investigators reported differential expression of CRT in various types of 

tumors (Zhu et al. 1999; Brunagel et al. 2003; Kageyama et al. 2004; Toquet et al. 

2007; Vougas et al. 2008; Alur et al. 2009). Furthermore, altered CRT expression 

levels have also been correlated with different stages of carcinogenesis in certain 

neoplasias such as gastric and esophageal cancers (Chen et al. 2007; Du et al. 2009). 

As such, CRT was proposed to be a marker that may be useful for early diagnosis of 

cancer (Kageyama et al. 2004; Chen et al. 2009; Kageyama et al. 2009). To date, little 

is known about the mechanisms underlying the observed changes in CRT expression 

in cancer cells. Whether fluctuations of the levels of CRT are a cause or a consequence 

of tumorigenecity needs further investigation. Table 1 lists the published reports on 

CRT expression in specific types of cancers, and a brief summary is described below. 

  

1.3.1. CRT expression in bladder cancer 

Kageyama and colleagues (Kageyama et al. 2004) measured the levels of 

several proteins in tissues obtained from bladder cancer patients using proteomic 

analysis. They found that the expression of CRT and nine other candidate proteins 

were not only increased in tumor tissue, but also detected CRT in urine samples of 

these patients (Kageyama et al. 2004). More recently, the same group (Kageyama et 
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al. 2009) developed an enzyme-linked immunosorbent assay (ELISA) procedure using 

commercially available anti-CRT antibodies to evaluate the potential utility of CRT as 

a urinary biomarker for bladder cancer. They measured the concentration of urinary 

CRT in a cohort of patients with histologically confirmed bladder urothelial carcinoma 

(n=109) and non-urological patients (n=40) and found that the urinary CRT 

concentration of patients with urothelial carcinoma was significantly higher than non-

urological patients (Kageyama et al. 2009). Autoantibodies against CRT in the 

biological fluids of bladder cancer patients has also been reported which may suggest a 

potential application for CRT detection as a tumor marker for early diagnosis 

(Kageyama et al. 2004). Similarly, Hong, et al. (Hong et al. 2004) have identified 

CRT autoantibodies in the sera of pancreatic cancer patients. 

 



Table 1: Expression profile of CRT in different types of human cancers as compared to normal tissues. 

Type of cancer Total Case Numbers Method Result Reference 

Bladder cancer  251 2-DE + (Kageyama et al. 2004) 

Colon cancer 58 S.Q. IHC - (Toquet et al. 2007) 

Colon cancer 10 2-DE + (Brunagel et al. 2003) 

Colon cancer 92 SELDI N/A (Ward et al. 2006) 

Esophagus 45 2-DE + (Jazii et al. 2006) 

Esophagus 41 2-DE + (Du et al. 2007) 

Liver cancer 11 2-DE + (Yoon et al. 2000) 

Hepatoma cell line  N/A 2-DE + (Yu et al. 2000) 

Breast cancer 12 2-DE + (Franzen et al. 1996) 

Breast  cancer 10 2-DE + (Bini et al. 1997) 

Neuroblastoma 68 IHC, RT-PCR + (Hsu et al. 2005) 

Note: +, increased; and –, decreased 

S.Q: Semi-quantitative 2-DE:  two-dimentional gel electreopheresis 

SELDI: Surface enhanced laser desorption/ionization 
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1.3.2. CRT expression in breast cancer 

Protein expression profiles of benign and malignant human breast tissue and 

the MCF-7 breast cancer cell line have been examined by several groups (Franzen et 

al. 1996; Bini et al. 1997; Sarvaiya et al. 2006). Using two-dimensional gel 

electrophoresis (2-DE), Bini et al. (Bini et al. 1997) compared the protein expression 

profiles of human breast ductal carcinoma to histologically normal breast tissue. 

Thirty-two spots, including CRT, were found to be highly expressed in all carcinoma 

specimens. Proteomic analysis (2-DE and mass spectrometry) of the MCF-7 breast 

cancer cell line showed altered expression of over 2000 proteins (Sarvaiya et al. 2006) 

including CRT. Furthermore, a positive correlation between CRT overexpression and 

metastasis in breast cancer patients has recently been reported (Eric et al. 2009).   

 

1.3.3. CRT expression in colon cancer  

Reports on alterations in CRT expression in colon cancer have been 

conflicting. Ward, et al. (Ward et al. 2006) investigated the proteomic profile of serum 

samples from colorectal cancer patients and healthy subjects and detected changes in 

the expression of several proteins but CRT was not present in this pool. In contrast, 

Toquet and colleagues (Toquet et al. 2007) analyzed the expression of CRT and CD91 

in human colon adenocarcinomas using a semi-quantitative immunohistochemical 

method, and reported a lower expression of CRT and CD91 in 48% of human colon 

adenocarcinomas as compared to the normal tissue. Conversely, Brunagel, et al. 

(Brunagel et al. 2003), used 2-DE to evaluate the composition of nuclear matrix 

proteins in ten colon cancers, adjacent normal tissues, normal donor tissues, and two 

colon cancer cell lines and demonstrated increased expression of CRT in the nuclear 
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matrix of human colon cancer as compared to both the normal adjacent tissue and 

normal donor colon tissues. Similarly, higher expression of CRT in multiple intestinal 

neoplasias isolated from a mouse model of colon cancer has been previously reported 

(Cole et al. 2000). The discrepancy between the expression levels of CRT observed in 

these studies could be due to the type of tissue and the techniques used. Further studies 

are necessary to resolve these discrepancies. 

 

1.3.4. CRT expression in esophageal cancer 

The proteomic profile of esophageal carcinoma has been evaluated by several 

investigators (Zhou et al. 2005; Jazii et al. 2006; Du et al. 2007; Breton et al. 2008). In 

esophageal squamous cell carcinoma, CRT was among several other proteins which 

were significantly overexpressed (Jazii et al. 2006; Du et al. 2007). However, no 

changes in CRT expression were detected in esophageal adenocarcinoma (Breton et al. 

2008). Further, studies are required to decipher the role of CRT in these two different 

subtypes of esophageal cancer.  

 

1.3.5. CRT expression in liver cancer 

Using a 2-DE technique, Yoon, et al. (Yoon et al. 2000) analyzed the nuclear 

matrix protein profiles of human hepatocyte cell carcinoma obtained from 11 partial 

hepatectomy specimens, and compared them with corresponding healthy liver tissue. 

A number of proteins including CRT were present predominantly in the nuclear matrix 

of carcinoma cells as compared to non-malignant liver tissues. Furthermore, a 

comparative proteomic expression profile of a human hepatoma cell line and normal 

liver cells showed higher expression of CRT in this cell line (Yu et al. 2000). 
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1.3.6. CRT expression in neuroblastoma 

Expression of CRT on the surface of neuroblastoma cell lines has been 

reported (Xiao et al. 1999; Xiao et al. 1999) suggesting a possible role for CRT in 

neurite formation during cell differentiation. Similarly, CRT has also been shown to be 

crucial for neural development in mice (Rauch et al. 2000). In contrast, differentiation 

of neuroblastoma cells with dibutyryl c-AMP has been shown to significantly increase 

the stability and expression of CRT due to a large increase in the turnover time of CRT 

in differentiated cells (Johnson et al. 1998).  

Hsu and colleagues (Hsu et al. 2005) examined CRT expression in 

neuroblastoma tumor cells using immunohistochemistry (IHC), reverse transcriptase 

PCR (RT-PCR) and western blot. Results obtained from this study demonstrated a 

positive correlation between CRT expression and a differentiated histology and better 

outcome of the disease. This highlights the potential for CRT to be used as an 

independent prognostic factor for the survival of neuroblastoma patients. It also 

implies that CRT may affect the differentiation of neuroblastoma cells, and could 

therefore have a role in mediating the behavior of this cancer. 

 

Conclusion: 

Changes in CRT expression have been reported in different types of tumors 

primarily through proteomic analyses including 2DE and mass-spectrometry. In most 

tumor types CRT expression was increased, however, one report showed decreased 

CRT expression in colon cancers using IHC analysis (Toquet et al. 2007). Despite 

evidence that indicate alteration of CRT expression in various cancer cells, the role of 
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CRT in tumorigenecity remains unknown. Some published reports show that increased 

CRT expression is correlated with poor prognosis such as in esophageal squamous cell 

carcinoma (Du et al. 2007), enhances the aggressive behavior of tumor cells such as in 

colon cancer (Hayashi et al. 2005) and correlates with metastasis as has been 

demonstrated with breast cancer patients (Eric et al. 2009). Alternatively, 

overexpression of CRT was shown to inhibit tumor growth and metastasis in a prostate 

cancer model (Alur et al. 2009). Overall, further research is needed to elucidate 

whether changes in CRT expression can cause malignant behavior in normal cells or if 

the observed changes are the consequence of the ensued cell stress during the 

tumorigenic process. 
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1.4. Tie2 receptor tyrosine kinase 

1.4.1. Role of Tie2 in angiogenesis 

The receptor tyrosine kinases are a family of receptors that have an intrinsic 

protein-tyrosine kinase activity. In 1990, Partanen and colleagues (Partanen et al. 

1990) identified a gene encoding a transmembrane tyrosine kinase which they 

classified as an unknown tyrosine kinase-homologous to a cDNA fragment from 

human leukemia cells. They further characterized this gene and its encoded protein as 

a type of angiopoietin receptor (Ang) and renamed it Tie, which is an abbreviation for 

Tyrosine kinase with Ig and EGF (Epidermal Growth Factor) homology domains 

(Partanen et al. 1992; Sato et al. 1993). The Tie receptor has been shown to be 

expressed predominantly in endothelial cells, their precursors, and primitive 

hematopoietic stem cells (HSCs) (Dumont et al. 1992; Iwama et al. 1993; Sato et al. 

1993). 

Tie2 (also termed Tek) and Tie1 are structurally related receptors that 

constitute the Tie receptor family. Tie2 expression is detected in endothelial cells 

throughout development, and is also expressed in virtually all adult endothelial cells 

(Sato et al. 1993). Schlaeger and colleagues (Schlaeger et al. 1997) studied the role of 

Tie2 in rodent models using a transgenic mouse model when the LacZ reporter gene is 

driven by the Tie2 promoter and showed that Tie2 is expressed during embryonic 

vessel development and in the quiescent adult vasculature suggesting a role for Tie2 in 

mouse vascular development. The structure of the Tie2 receptor is comprised of Ig-

like, EGF and fibronectin-like-3 repeats, a single transmembrane domain, and an 

intracellular kinase domain (Jones et al. 2001). The Tie2 sequence is highly conserved 
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among vertebrate species, with the greatest amino acid identity occurring in its kinase 

domain (Jones et al. 2001).  

The endogenous ligands of the Tie2 receptor include four members of the 

angiopoietin family of growth factors, all of which bind to Tie2 via a carboxy-terminal 

fibrinogen homology domain. These four members include Ang1 (angiopoietin-1), 

Ang2, and interspecies orthologs Ang3 (mouse) and Ang4 (human) (Davis et al. 1996; 

Maisonpierre et al. 1997; Valenzuela et al. 1999). Ang1 and Ang4, activate the Tie2 

receptor, whereas Ang2 and Ang3 inhibit Ang1-induced Tie2 phosphorylation 

(Maisonpierre et al. 1997).  

The mechanism of Tie2/Ang1 signaling has been studied primarily in 

endothelial cells. Binding of Ang1 to the Tie2 extracellular domain results in receptor 

dimerization, a process that leads to autophosphorylation of different tyrosine residues 

in the intracellular kinase domain. This domain acts as a docking site for many 

effectors of cytoplasmic signaling pathways including MAPK, p21-activated kinase 

and PI3-K/Akt (Kim et al. 2000; Jones et al. 2001; Shiojima et al. 2002). Tie2 

dependent signaling regulates the survival and apoptosis of endothelial cells, controls 

vascular permeability, and regulates the capillary sprouting that occurs during normal 

angiogenesis (Kim et al. 2000; Jones et al. 2001; Shiojima et al. 2002). In many 

situations this occurs in coordination with the potent pro-angiogenic growth factor 

VEGF.  

Tie2 and angiopoietins have been extensively studied in vivo using genetically 

modified animal models. These studies have provided valuable information regarding 

the physiological role of the Tie2 receptor and its ligands particularly highlighting 

their role in normal blood vessel development (Dumont et al. 1994; Sato et al. 1995). 
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Dumont and colleagues showed that Tie2-deficient mice die in utero due to severe 

vascular abnormalities (Dumont et al. 1994). Interestingly, Ang1 knockout mice, are 

also embryonic lethal due to vascular defects closely resembling those seen in Tie2 

knockout mice (Suri et al. 1996). Sato and colleagues (Sato et al. 1993) also analyzed 

mouse embryos deficient in Tie2 and demonstrated that endothelial cell expression of 

Tie2 plays a crucial role in angiogenesis, particularly during vascular network 

formation. Although these findings suggest that Tie2 and its downstream signaling 

events are critical for the normal maintenance of endothelial cells and the development 

of the cardiovascular system, the requirement for Tie2 signaling in endocardial 

development may be restricted to an early development phase, as Jones et al. (Jones et 

al. 2001) have demonstrated that normal heart development doesn’t require Tie2 

signaling. 

 

1.4.2. Role of Tie2 in hematopoiesis 

Hematopoiesis involves the continuous production of different mature blood 

cell types from HSCs which reside in the bone cavity or bone marrow (BM) (Fliedner 

1998). HSCs are rounded cells with rounded nuclei, very similar to lymphocytes 

(Fliedner 1998) which makes it difficult to identify them in a microscope with regular 

staining procedure such as Giemsa staining. Therefore, HSCs are primarily identified 

by expression of various antigenic markers on their surface such as CD34, CD45, Sca-

1, c-kit, CD133 and lack of lineage markers (Yin et al. 1997; Lagasse et al. 2000; Sata 

et al. 2002). Like many other stem cels, HSCs are also defined by their ability to form 

multiple cell types and their ability to self-renew (Fliedner 1998). 
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Interaction of HSCs with their particular microenvironments, known as stem 

cell niches, is essential for proper adult hematopoiesis in the BM (Fliedner 1998). At 

least 2 different niches for HSCs have been identified in the BM: the osteoblastic 

niche, a microenvironment close to the inner bone surface next to the osteoblasts 

(Calvi 2003; Zhang et al. 2003) and the vascular niche, an endothelial cell containing 

vascular zone of sinusoidal vessels (Kiel et al. 2005; Kopp et al. 2005). Osteoblasts are 

bone forming cells derived from mesenchymal stem cells (Calvi 2003) and have been 

shown to be an important component of the stem cell niche for adult HSCs (Calvi 

2003; Zhang et al. 2003). These cells produce receptor activator for NF-kB ligand 

(RANKL) and release factors such as macrophage-colony stimulating factor (M-CSF) 

that induce the differentiation of osteoblasts from HSCs (Yasuda et al. 1998). HSCs 

were shown to interact not only with osteoblasts but also with other stromal cells, 

including sinusoidal endothelial cells (Li et al. 2004) suggesting an alternative niche 

created by endothelial cells termed as vascular niche (Kiel et al. 2005; Kopp et al. 

2005).  

The quiescent state is believed to be an essential property for the maintenance 

of HSCs in the BM (Calvi 2003). Indeed, 5-bromodeoxyuridine (BrdU) labeling of 

stem cells from the epidermis and hair revealed that in their normal state, stem cells are 

slow-cycling cells, however, when stem cells enter a proliferative state, they 

differentiate to replace damaged and senescent cells (Taylor et al. 2000). Several 

signaling molecules have been studied and suggested to be involved in niche 

regulation including SCF/c-Kit, Jagged/Notch, Tie2/Ang1, and Ca2+-sensing receptor 

(Heissig 2002; Calvi 2003; Arai et al. 2004; Adams et al. 2006).   
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The Tie2/Ang1 signaling pathway has been shown to play an important role in 

maintaining the long-term population and quiescent status of HSCs in the BM niche 

(Cheng et al. 2000). Ang1 is expressed in osteoblasts, while Tie2, is expressed in 

HSCs osteoblastic niche and endothelial cells (Arai et al. 2004). Furthermore, in the 

osteoblastic niche, Ang1 is secreted by osteoblasts and activates Tie2 in HSCs, 

resulting in tighter adhesion of the HSCs to the osteoblasts via integrin β1 and N-

cadherin and maintenance of HSCs in a quiescent and anti-apoptotic state (Arai et al. 

2004). Circulation of HSC involves HSCs leaving the BM, entering the vascular 

system (mobilization), and returning to the BM (homing) and it has been postulated 

that this process is dependent on various factors including specific molecular 

recognition, cell-cell adhesion/ disengagement, transendothelial migration, and finally 

anchoring to the BM niche (Lapidot et al. 2005; Cancelas et al. 2006; Muguruma et al. 

2006). However, the underlying physiological function of these events is not fully 

understood (Wright et al. 2001; Mayack et al. 2008).    

Stromal cell-derived factor-1 (SDF-1, also called Chemokine (CXC motif) 

Ligand 12 or CXCR12) and its receptor CXCR4 (Dar et al. 2005; Lapidot et al. 2005; 

Neiva et al. 2005) as well as underlying signaling pathways, including the Rac family 

molecules, are proposed to regulate HSC mobilization and homing, but also play a role 

in cell survival and proliferation (Cancelas et al. 2005; Lapidot et al. 2005). HSCs 

express CXCR4, while SDF-1 is constitutively expressed by endothelial cells, 

osteoblasts, and other stromal cells and stored in the bone matrix (Peled et al. 1999; 

Kortesidis et al. 2005). Rapid downregulation of SD-1 by both translational and post-

translational mechanisms is critical for optimal mobilization of HSCs from the BM 

towards circulation (Abkowitz et al. 2003; Kopp et al. 2005). Granulocyte-colony 
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stimulating factor (G-CSF) which is widely used clinically during stem cell-based 

transplantation procedures is shown to induce HSCs mobilization (Petit et al. 2002). 

The mechanism of G-CSF-induced mobilization of HSCs is primarily based on a 

decreasing SDF-1 in osteoblasts, while increasing SDF-1 in peripheral circulation after 

G-CSF treatment (Petit et al. 2002). Furthermore, G-CSF could regulate SDF-1 

expression in BM at the transcriptional level (Semerad et al. 2005). 

Expression of SDF-1 by endothelial cells also induces HSCs to undergo 

transendothelial migration mediated by E and P-selectins (Katayama et al. 2003). 

Similarly, during stem cell homing, high levels of SDF-1 on the surface of osteoblasts 

attract HSCs expressing CXCR4 to return home to the osteoblast niche (Kiel et al. 

2005; Kopp et al. 2005). Additionally, formation of the adherens complex by N-

cadherin and β-catenin proteins may play an important role for anchoring HSCs to the 

osteoblastic niche (Zhang et al. 2003; Muguruma et al. 2006). Recently, the Ca2+-

sensing receptor was found to facilitate the maintenance of HSCs in the osteoblastic 

niche. Adams et al. (Adams et al. 2006) have studied homing and mobilization of 

HSCs in Ca2+-sensing receptor knockout mice. They found that deficiency of the Ca2+-

sensing receptor leads to the release of HSCs into the bloodstream. Interestingly, 

although HSC homing to the BM in these animals was not disrupted, the cells were 

unable to remain retained  in the osteoblastic niche (Adams et al. 2006). 

 

1.4.3. Tie2 receptor in malignancy 

In cancer, elevated expression of Tie2 was originally observed in the 

endothelium of the neovasculature of different solid tumors. Peters and colleagues 

(Peters et al. 1998) were the first group to show that Tie2 was expressed in the 
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vascular endothelium of both normal breast tissue and breast tumors. However, the 

proportion of Tie2 positive microvessels was higher in tumors. Furthermore, this group 

showed that Tie2 expression appeared to be more intense in vascular hot spots at the 

leading edge of the invasive tumors (Peters et al. 1998). Higher expression of Tie2 was 

found in the vasculature of several human tumors including prostate cancer (Caine et 

al. 2003), hepatocellular carcinoma (Tanaka et al. 2002), non-small cell lung cancer 

(Takahama et al. 1999), hemangioma (Yu et al. 2001), Kaposi’s sarcoma (Brown et al. 

2000), astrocytoma (Zadeh et al. 2004) melanoma (Siemeister et al. 1999), retinal and 

choroidal neovascularization (Hangai et al. 2001).  

Increased Tie2 receptor expression in solid tumors is positively correlated with 

increased malignancy suggesting that elevated Tie2 expresion leads to pathologic 

angiogenesis. Based on this hypothesis, two groups used a soluble form of the 

extracellular domain of murine Tie2 (ExTEK) to block Tie2 action and showed that 

ExTEK can inhibit tumor angiogenesis and growth in vivo (Lin et al. 1997; Zadeh et 

al. 2004). Furthermore, an adenoviral vector containing cDNA for the soluble Tie2 

receptor (AdExTek) was able to significantly inhibit the growth of a murine mammary 

carcinoma (4T1) and a murine melanoma (Lin et al. 1998). 

In addition to the expression of Tie2 in the vascular structures of tumors, 

several studies have shown that Tie2 is also expressed in the tumor cells of several 

neoplasms (Muller et al. 2002; Shirakawa et al. 2002; Wang et al. 2005; Schliemann et 

al. 2006), however, the role of Tie2 expression in the extravascular regions of tumors 

is not known. Wang et al. (Wang et al. 2005) examined the expression of Tie2 and its 

ligands in gastric tumor samples isolated from patients and in gastric cancer cell lines 

by PCR (Polymerase Chain Reaction), IHC and western blotting, and showed that 
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expression of Tie2 and its ligands Ang1 and Ang2 was elevated. They concluded that 

Tie2 and its ligands might be involved in the initiation and progression of gastric 

cancer.  

Tie2 and its ligands were also found to be overexpressed in both acute and 

chronic myeloid leukemia (AML and CML) cell lines and patient samples (Muller et 

al. 2002; Schliemann et al. 2006). Similar results have been observed in some 

erythroblastic and megakaryoblastic cell lines (Kukk et al. 1997). Loges and 

colleagues (Loges et al. 2005) studied the prognostic relevance of the Tie2/Ang 

signaling system using qRT-PCR reaction in a group of 90 patients younger than 61 

years with AML and showed that high Ang2 mRNA expression in peripheral 

myeloblast cells represents an independent prognostic factor for overall survival in 

AML patients. This finding suggests a role for Tie2 in stem cell proliferation or 

differentiation and pathogenesis of hematologic neoplasia. 

Shirakawa et al. (Shirakawa et al. 2002) compared Tie2 expression in 

inflammatory breast cancer, which is characterized by rapid tumor progression and 

poor prognosis, with Tie2 expression in non-inflammatory breast cancer specimens. In 

the inflammatory breast cancer, they found that Tie2 was not only expressed at higher 

levels in the endothelial cells and tumor infiltrating monocytes, but also expressed in 

the inflammatory cancer cells. They also demonstrated that treatment of inflammatory 

breast cancer xenografts in the mammary pad of female BALB/c nude mice with 

soluble Tie2 (Ad-Tie2) resulted in reduced tumor growth and suppression of lung 

metastasis (Shirakawa et al. 2002). These observations support a role for Tie2/Ang 

signaling in inflammatory breast cancer. 
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Conclusion: 

Tie2 is a receptor tyrosine kinase which is highly expressed by HSCs, 

endothelial progenitor cells and the vascular endothelium. In this section, we have 

summarized the different roles of the Tie2 receptor in angiogenesis, maintenance of 

hematopoiesis, and malignany. We have also discussed the important signaling 

pathways in angiogenesis and mobilization/homing of HSCs as well as known and 

putative functions of the Tie2 receptor in the regulation of angiogenesis, HSCs self-

renewal, mobilization, and homing.  
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1.5. Biology of the Lungs 

1.5.1. Lung airway and alveolar epithelium 

The lungs are one of the most complex organs in the body and are composed of 

over 40 different cell types. Their primary function is the exchange of oxygen and 

carbon dioxide between the external environment and the pulmonary circulation 

(Bloom et al. 1975). Each lung is divided into five lobes: three in the right lung and 

two in the left lung. The trachea first divides into the left and right primary bronchi 

which supply each lung. Each primary bronchi gives rise to the secondary bronchi, 

which supply the lobes of the lung before dividing again to form the tertiary or 

segmented bronchi which supply the segments of each lobe (Bloom et al. 1975). The 

bronchi branch many times into smaller and smaller airways known as bronchioles that 

have a diameter less than 1 mm. The trachea and bronchi have cartilage support and 

submucosal glands, however, bronchioles have neither cartilage support nor 

submucosal glands (Bloom et al. 1975).  

The respiratory epithelium in the bronchioles is composed of ciliated columnar 

cells with a few Goblet cells that secrete a mucous that functions to trap inhaled 

particles (Bloom et al. 1975). In the terminal and respiratory bronchioles, Goblet cells 

are entirely replaced by Clara cells, which are columnar non-mucous and non-ciliated 

secretory epithelial cells (Bloom et al. 1975) and were first described by Max Clara in 

1937 (Clara 1937). Clara cells line the pulmonary airways and are localized mainly in 

the proximal or central portion of the pulmonary acinus at the junction between the 

conducting airways and the alveolar space (Bloom et al. 1975; Evans et al. 1978). The 

primary function of Clara cells is to protect the bronchiolar epithelium by secreting a 
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variety of different surfactant proteins including SP-A, SP-B, SP-D (Walker et al. 

1986; Wong et al. 1996) and a 10 kDa protein known as Clara Cell Secretory protein 

(CCSp or CC10) (Bedetti et al. 1987). It has been shown that Clara cells detoxify 

harmful substances inhaled into the respiratory system via the cytochrome P450 

enzymes found in their smooth ER (Boyd 1977). Furthermore, experimental studies on 

animal models suggest that Clara cells can function as stem cells to repair damaged 

bronchial epithelium (Evans et al. 1978; Plopper et al. 1992).  

Each bronchiole terminates in grape-like sac clusters known as alveoli that are 

surrounded by a network of thin-walled capillaries. These capillaries are separated 

from the alveoli by only 0.2 µm as both structures have extremely thin walls (Bloom et 

al. 1975). The alveolar ducts and the alveoli are lined with a simple squamous 

epithelium composed of type I and type II alveolar cells (pneumocytes). The majority 

of the alveolar surface area (about 90%), is covered by squamous type I alveolar cells 

which form a thin barrier through which gas exchange occurs (Bloom et al. 1975). 

Type I alveolar cells are extremely thin cells and as such are very susceptible to injury. 

Type II alveolar cells are cuboidal in shape, with short microvilli along their apical 

surface and comprise about 15% of the cells in the distal lung (Bloom et al. 1975). 

These actively dividing cells are able to differentiate into both type I and type II 

alveolar cells (Evans et al. 1975). Therefore, it is postulated that type II alveolar cells 

may serve as a progenitor cell for alveolar type I cells, particularly during re-

epithelialization of the alveolus after lung injury (Mason 2006). Type II cells 

synthesize and secrete surfactant proteins including SP-A, SP-B, SP-C and SP-D 

(Mason 2006). As mentioned above, SP-A, SP-B and SP-D are also synthesized by 
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Clara cells (Walker et al. 1986; Wong et al. 1996) however SP-C is the only surfactant 

protein which is exclusively synthesized by alveolar type II cells (Mason et al. 2000).  

Surfactant proteins are a complex mixture of lipids and proteins (lipoprotein 

complex) that work to reduce the surface tension of the alveolar surface, allowing the 

alveoli to expand during inspiration, and preventing their collapse during expiration 

(Pattle 1955). Other important functions of alveolar type II cells are: (i) transporting 

sodium from the alveolar fluid into the interstitium so as to minimize alveolar fluid 

and thereby to maximize gas exchange and (ii) regulation of the inflammatory 

response by secreting a variety of growth factors and cytokines (Fehrenbach 2001; 

Mason 2006). 

 
1.5.2. Epithelial injury and inflammation in the lung 

An average person with moderate activity breathes approximately 11,000 liters 

of air containing potentially harmful gases and particles everyday (Wright 2003), 

which results in constant exposure to harmful agents. In addition to harmful gases such 

as ozone, small particles less than 3 to 5 microns in diameter can penetrate into the 

alveolar sacs and larger particles will form deposits on the epithelial layer of the upper 

airways (Adamson et al. 1999; Wright 2003). Defense of the respiratory system in the 

upper airway involves ciliated columnar cells that line the airway and a layer of mucus 

secreted by Goblet cells that also line the upper airways (Kyd et al. 2001). Rhythmic 

beating of cilia transports mucus and particles/pathogens trapped in the mucus through 

the larger airways into the pharynx where it is swallowed. In the lower airways 

however, due to the requirements of gas exchange, alveoli are not protected by mucus. 

Instead, the host defense in alveolar sacs relies principally on cellular (phagocytes) 
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immune responses. The junction between the terminal conducting airways and the 

alveolar sac is an important anatomic landmark because host defenses change 

dramatically at this level from largely mechanical clearance of offending agents to 

humoral and cellular/phagocytic responses on the alveolar surface (Bouthillier et al. 

1998; Imrich et al. 2007). 

The resident mononuclear phagocytes in the lung are alveolar macrophages, the 

tissue equivalent of monocytes in the blood. The pulmonary alveolar macrophage is a 

large cell (15-50 µm), with a large number of organelles and inclusions containing a 

vast repertoire of enzymes such as peroxidase, lysosome, and acid-hydrolases which 

are used to destroy microorganisms (Klebanoff et al. 1984). The role of alveolar 

macrophages in destroying microorganisms as well as in removal of dust and other 

inhaled particles during inflammation and injury in the alveoli has been well 

established (Imrich et al. 2007).  

In response to serious threats, circulatory white blood cells, specifically 

neutrophils, can be recruited to the lung to help ingest and kill foreign particles. 

Guided by chemotactic factors, circulatory monocytes will then migrate to the site of 

inflammation and subsequently differentiate into macrophages. Activated alveolar 

macrophages and other inflammatory cells are the main source of growth factors and 

cytokines which profoundly affect endothelial, epithelial and mesenchymal cells in the 

local microenvironment of the lungs (Khalil et al. 1993; Perkins et al. 1993; Imrich et 

al. 2007). There are a variety of growth factors such as FGF family members, HGF 

(Hepatocyte Growth Factor), and EGF family members secreted by fibroblasts and 

inflammatory cells that can stimulate type II cell proliferation (Morimoto et al. 2001; 

Ware 2002). Although alveolar epithelial cells are vital for the maintenance of the 
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pulmonary air/blood barrier, they are also known to play a major role in the regulation 

of immune responses in the lung (Sato et al. 2002). After epithelial injury, the alveolar 

epithelial cells can greatly enhance the lung defenses through increasing secretion of a 

variety of cytokines (Stadnyk 1994; Sato et al. 2002; Manzer et al. 2008) and 

surfactant proteins such as SP-A and SP-D (McIntosh et al. 1996).  

SP-A and SP-D play important roles in the innate immunity of the lung 

including phagocytosis, cytokine production and chemotaxis (Wright 2004). Using a 

rat model of pulmonary infection, Restrepo et al. (Restrepo et al. 1999) showed that 

SP-D stimulated the uptake of a pulmonary pathogen, Pseudomonas aeruginosa by 

alveolar macrophages. Furthermore, inflammatory cytokines, such as interleukin 1 (IL-

1), interleukin 6 (IL-6), interleukin 8 (IL-8) and tumor-necrosis factor (TNF) have 

been shown to be produced and secreted by inflammatory cells. These cytokines also 

regulate inflammatory reactions either directly or indirectly through the induction of 

the synthesis of cellular adhesion molecules or other cytokines by other cell types such 

as alveolar type II cells. For example, Dentener et al. (Dentener et al. 2000) described 

a human alveolar epithelial cell line producing LPS-binding protein, a protein known 

to play a central role in the defense from bacterial endotoxins, in response to IL-1ß and 

TNF-α. 

In addition to small particles and bacteria, the toxicity of some gases such as 

ozone on the lung epithelial cells has been well documented (Vincent et al. 1997; 

Bouthillier et al. 1998; Adamson et al. 1999). Vincent and colleagues (Vincent et al. 

1997) showed that 4 hours of exposure to 0.8 ppm ozone followed by 32 hours of 

exposure to clean air induced epithelial cell damage. The health effects of ozone on 

human lungs has also been investigated by different groups (Broeckaert et al. 1999; 
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Frampton et al. 1999; Avissar et al. 2000). Broeckaert et al. (Broeckaert et al. 1999) 

showed that exposure of exercising participants to an average of 0.07 ppm ozone over 

2 hours increased airway permeability due to epithelial injury. 

 

1.5.3. Tissue renewal in the lung  

The alveolar epithelium is the largest epithelial surface of the body exposed to 

the external environment with an average surface area greater than 70 square meters 

(Bloom et al. 1975). Alveolar epithelium is mainly composed of AT1 cells which are 

extremely thin cells and are very susceptible to injury during inhalation. Rapid repair 

of the denuded alveolar surface after injury is key to survival (Theise et al. 2002). This 

unique feature of lung epithelial cells suggests that at least one progenitor cell per 

alveolar sac is required to accomplish rapid coverage and ensure the maintenance of 

lung tissues (Driscoll et al. 2000). Thus, a large number of cells must function as a 

"ready reserve" to repair damaged alveolar surface area. Previous studies suggest that 

Clara cells and AT2 cells function as progenitor cells of alveolar epithelial cells (Evans 

et al. 1975; Evans et al. 1978). Brody, et al. (Brody et al. 1987) isolated Clara cells 

from rabbits and implanted them into nude mice to investigate the role of Clara cells in 

the repair of the bronchial epithelium. These isolated Clara cells, led to the seeding and 

development of a cuboidal epithelium in the denuded trachea, suggesting that Clara 

cells may function as progenitor cells for the respiratory epithelium in injured lungs. 

Furthermore, Driscoll and colleagues (Driscoll et al. 2000) demonstrated up regulation 

of telomerase, a stem/progenitor cell marker after acute oxygen injury in alveolar 

epithelial cells in rodents (mice and rats). This suggests that alveolar epithelial cells 

either contain a subpopulation of stem/progenitor cells, or that the majority of alveolar 
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epithelial cells can undergo reactivation into a progenitor-like state in response to 

injury. These putative progenitor cells are shown to be relatively more proliferative and 

resistant to injury-induced apoptosis and that they must be evenly distributed over the 

alveolar surface (Driscoll et al. 2000; Reddy et al. 2004). Stem cells are 

undifferentiated cells that have two unique properties: first, they have the ability to 

renew themselves almost indefinitely through cell division and second, they can 

differentiate into multiple cell lineages (Slack 2000). Indeed, tissue-specific stem cells 

or somatic stem cells are capable of maintaining and regenerating terminally 

differentiated cells within their own specific tissue (Slack 2000).  

Putative endogenous lung epithelial progenitor cells have been identified and 

proposed to play a role as progenitor cells in the process of lung repair (Reynolds et al. 

2000; Engelhardt 2001; Giangreco et al. 2002; Reddy et al. 2004; Kim et al. 2005). In 

fact, current evidence supports the existence of multiple stem cell niches in the lung 

tissue (Otto 2002). These cells have been located within the adult lung in the basal 

layer of the upper airways, within or near pulmonary neuroendocrine cells (Reynolds 

et al. 2000; Engelhardt 2001; Reddy et al. 2004) as well as at the bronchoalveolar 

junction (Giangreco et al. 2002; Kim et al. 2005). Bronchoalveolar stem cells (BASC) 

discovered by Kim and colleagues (Kim et al. 2005) reside at the bronchoalveolar 

junction and express stem cell antigens (Sca-1, c-kit,) and both alveolar type II (SP-C) 

and airway epithelial cell markers (CC10). These cells have been shown to be resistant 

to naphthalene-induced epithelial injury, proliferate after injury in vivo, and are also 

multipotent in clonal assays in vitro. BASCs may also be putative sites of tumorgenesis 

as increased number of BASCs has been observed in the early stages of tumorgenic 
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lesions in the Lox-K-ras transgenic mouse model of lung adenocarcinoma (Kim et al. 

2005). 

   
1.5.4. Contribution of bone marrow-derived cells (BMDCs) to lung 

epithelial repair  

As mentioned before, the lung is a complex organ with a limited regenerative 

capacity and that the process of tissue renewal relies mainly on the activation of 

resident somatic stem cells residing in the damaged tissue (Slack 2000; Engelhardt 

2001; Otto 2002). However, evidence is now emerging that progenitor cells derived 

from the BM are also able to reach their target tissue through the blood stream (Wright 

et al. 2001), and cross the lineage barrier to contribute to postnatal tissue renewal by 

supporting local stem cells of various solid organs, a process which is termed 

“developmental plasticity”. These phenomena occur normally, but at a low frequency 

in vivo (Wagers et al. 2002) and required tissue damage for BM stem cell recruitment 

and selective survival advantage for propagation (Lagasse et al. 2000). The biological 

mechanisms underlying stem cell plasticity are still debated, and the exact mechanisms 

are not entirely understood. 

Although, several investigators failed to reproduce these original findings 

(Balsam et al. 2004; Murry et al. 2004; Nygren et al. 2004), other studies 

demonstrated that BMDCs possess an unexpected degree of plasticity, and serve as 

precursors for differentiated cells of multiple organs such as the heart (Orlic et al. 

2001), liver (Petersen et al. 1999; Theise et al. 2000; Jang et al. 2004) and brain 

(Mezey et al. 2003). Contribution of BMDCs to the repair of lung epithelium is 

summarized in Table 2. 



 

Table 2: Summary of publications examining contribution of BMDCs to the repair of lung epithelium. 
T

is
su

e 

M
od

el
 

Tissue of Origin Method of Detection Study 

Lung m HSC enrichment Y chromosome FISH, RT-PCR (Krause et al. 2001) 

Lung m lacZ expresser BM X-gal staining, IHC (Kotton et al. 2001) 

Lung m HSC EGFP (Wagers et al. 2002) 

Lung m Whole BM Y chromosome FISH, RT-PCR (Theise et al. 2002) 

Lung m MSC Y chromosome FISH (Ortiz et al. 2003) 

Lung m EGFP labeled BM Flow cytometry (Abe et al. 2003) 

Lung h Sex-mismatched donor BM Y chromosome FISH, PCR (Kleeberger et al. 2003) 

Lung h Sex-mismatched donor BM X and Y chromosome FISH, IHC  (Suratt et al. 2003) 

Lung m GFP labeled fetal liver IHC for CD45-, GFP+ cells (Ishizawa et al. 2004) 

Lung m GFP labeled BM Flow cytometry, IHC, RT-PCR (Hashimoto et al. 2004) 

Lung m EGFP labeled BM Flow cytometry (Yamada et al. 2004) 

Lung h Sex-mismatched donor HSC Y chromosome FISH, IHC (Mattsson et al. 2004) 

Lung m HSC enrichment Flow cytometry (Dooner et al. 2004) 

Lung m GFP labeled MSC IF for GFP and IHC (Rojas et al. 2005) 

Lung h EPCs IF and IHC (Yamada et al. 2005) 
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Table 2: Continued 
 

Lung h GFP labeled MSC IF, Flow cytometry (Wang et al. 2005) 

Lung m Sex-mismatched GFP 

labeled donor BM 

Y chromosome FISH, RT-PCR, Flow cytometry  (Loi et al. 2006) 

Lung m Sex-mismatched donor BM Y chromosome FISH, IHC (MacPherson et al. 2006) 

Lung m GFP labeled MSC Flow cytometry (Gupta et al. 2007) 

Lung m EGFP labeled MSC Flow cytometry (Xu et al. 2007) 

Lung m GFP labeled donor BM Flow cytometry, IF, RT-PCR,  (Wong et al. 2007) 

Lung r Sex-mismatched GFP 

labeled donor BM 

Y chromosome FISH, GFP+ cells and IHC (Spees et al. 2008) 

Lung r DAPI-labeled MSC IF and IHC (Zhao et al. 2008) 

Lung m Sex-mismatched GFP 

labeled donor BM 

Y chromosome FISH, IF and IHC (Rejman et al. 2009) 

 
 
Definition of abbreviations: m: Mice, h: Human, r: Rat, EGFP, Enhanced green fluorescent protein, MSC, Mesenchymal stem 
cells, EPCs: Endothelial progenitor cells, FISH: Fluorescence in situ hybridization, IF: Immunofluorescence staining,  
IHC: Immunohistochemistry staining 
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The bone marrow (BM) is a soft tissue inside the core of most bones that 

contains heterogeneous populations of stem cells mainly HSCs and mesenchymal stem 

cells. As discussed before (section 1.4.2), both the osteoblastic and vascular niches 

play important roles in regulating BMDC mobilization, the process by which BMDCs 

leave the BM and enter the circulatory system to reach their target tissue (Wright et al. 

2001). It is proposed that local tissue injury is “sensed” by BM stem cells which 

induces BMDC mobilization towards the site of injury (Figure 2). BM stem cells are 

recruited to the site of injury and differentiate through promoting structural and 

functional repair (Yamada et al. 2004; Kajstura et al. 2005; Rojas et al. 2005; 

MacPherson et al. 2006). 

Using a bleomycin-induced lung injury model, Kotton, et al. (Kotton et al. 

2001) assessed the capacity of BM cells to serve as precursors of lung alveolar cells. 

Following injection of LacZ-labeled BM cells in wild-type recipient mice, engraftment 

of BM stem cells in recipient lung parenchyma as cells with the morphological and 

molecular phenotype of alveolar type I epithelium, but not type II was shown (Kotton 

et al. 2001). However, Theise, et al (Theise et al. 2002) reported engraftment of BM 

stem cells into both alveolar type I and II cells. In this study, Theise and colleagues 

injected whole BM cells from age-matched male donors into a cohort of lethally 

irradiated female mice. Using the fluorescent in situ hybridization (FISH) assay, they 

detected Y-chromosome positive type I and type II pneumocytes as early as 5 days 

post-transplantation (Theise et al. 2002). Additionally, using fluorescence-activated 

cell sorting (FACS), they demonstrated that transplantation of male derived CD34+ lin- 

BM cells into female mice shows a similar pattern of pulmonary engraftment (Theise 

et al. 2002). Rojas, Xu et al. (Rojas et al. 2005) also provided evidence that transfer of 
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BMDCs could protect the lung epithelium against bleomycin-induced lung injury. 

They suggest that recruitment of BMDCs to the site of injury is partly mediated by 

cytokines that are secreted by injured lung tissue, but not by normal lung tissue. 

Overall, these studies support the hypothesis that BMDCs are able to cross the lineage 

barrier and contribute to postnatal lung tissue renewal. 

 

Conclusion: 

Lungs are exposed to a high rate of epithelial cell injury, chronic inflammation 

and a constant state of tissue renewal, which develops as a consequence of continued 

exposure to environmental insults. In this section, in addition to summarizing the 

physiology of the lung, recent knowledge related to epithelial injury and the process of 

tissue renewal in the lung has been discussed. The plasticity of HSCs, and the 

importance of BMDCs as a back up system in tissue renewal of different organs 

particularly lung epithelial repair have also discussed. 



Figure 2. Overview of the mobilization HSCs in the repair of solid-organ tissue. (A) In chronic tissue injury, mediators such as SDF-
1, G-CSF, HGF, FGF-4 are released into the peripheral blood, acting as signals to recruit HSCs to the site to injury. (B) HSCs leave
their niche in the bone marrow in response to decreases in both SDF-1 and CXCR4 expression, begin to mobilize and are released
into the circulation towards the site of the injured tissue. Once HSCs reach the target tissue, their fate may change according to the
new microenvironment that they encounter. Source of images with modification: The liver: www.stanford.edu, The lung:
www.topnews.in, The brain: www.ipmc.cnrs.fr, The Heart: www.nlm.nih.gov, The bone: www.schneiderchildrenshospital.org

47



  48

1.6. Epithelial cell damage, inflammation and carcinogenesis 

The association of inflammatory cells such as lymphoctyes and macrophages 

with tumor cells was reported nearly a century and a half ago (Virchow 1863). Based 

on this observation, a primary role for inflammatory cells in neoplastic development 

was hypothesized. Epidemiologic observations demonstrated that individuals with 

respiratory diseases caused by chronic inflammation are at a higher risk for subsequent 

development of lung cancer (Cohen et al. 1977). It is believed that tissues that 

normally undergo rapid renewal might also be expected to experience increased cancer 

incidence, as the high turnover rate might require a large number of activated stem 

cells (Danese 2008; Engels 2008; Farinati et al. 2008; Lee et al. 2009). In fact, organs 

such as the skin, the lungs, and the gastrointestinal tract, which are continuously 

exposed to environmental insults, and consequently are in a constant state of renewal, 

are the primary sites for a large proportion of human cancers (Danese 2008; Farinati et 

al. 2008; Lee et al. 2009). Along with advances in cancer biology, much has been 

learned in terms of the molecular mechanisms that govern the association between 

inflammation and development of many types of neoplasia. These include skin (Perez-

Moreno et al. 2008; Zheng et al. 2008), lung (Engels 2008; Lee et al. 2009), colon 

(Maggio-Price et al. 2006; Danese 2008), gastric (Farinati et al. 2008; Tu et al. 2008) 

and mammary cancers (Cole 2009), and supports the idea that there is a functional 

association between inflammation and tumorigenicity. 

Chronic inflammation in the lung, which develops as a consequence of 

continued exposure to environmental insults, leads to repetitive tissue damage and a 

constant state of renewal. The presence of highly reactive nitrogen and oxygen species 
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released from inflammatory cells interacts with DNA in proliferating epithelium and 

increases the rate of mitotic error through genomic alterations such as point mutations, 

deletions, or rearrangements (Walser et al. 2008). Indeed, p53 mutations are a common 

occurrence not only in tumors, but also in chronic inflammatory diseases such as 

rheumatoid arthritis and inflammatory bowel disease (Wistuba et al. 1997; Coussens et 

al. 2002).  

It is hypothesized that genetic changes in the airway epithelium of smokers 

may predict or identify individuals at increased risk for lung cancer (Lee et al. 2009). 

Chronic airway inflammation also contributes to alterations in the bronchial epithelium 

and lung microenvironment, providing a situation that leads to pulmonary 

carcinogenesis. For instance, inflammation-inducible cyclooxygenase-2 (COX-2) is 

upregulated in non-small cell lung cancer (Dohadwala et al. 2006; Krysan et al. 2008) 

and is suggested to play an important role in carcinogenesis through inhibition of host 

immunity. Elevated expression of COX-2 in lung adenocarcinoma was also proposed 

to be associated with its invasion and metastasis (Achiwa et al. 1999). Associations 

between inflammation and lung cancer also indicate an increased risk for lung cancer 

in COPD (Chronic obstructive pulmonary disease) and asthma patients (Krysan et al. 

2008). Interestingly, the protective effect of aspirin or other non-steroidal anti-

inflammatory drugs on many neoplasias (Cuzick et al. 2009) including lung cancer has 

also been reported (Schreinemachers et al. 1994; Malkinson 2004; Malkinson 2005; 

Van Dyke et al. 2008).  

Epithelial-mesenchymal transition (EMT) was initially described as a process 

essential in embryonic development, composed of a shift from an epithelial phenotype 

to a highly motile fibroblastoid or mesenchymal phenotype (Huber et al. 2005). In 
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addition to embryonic development, EMT has been implicated in chronic inflammation 

and cancer development (Gotzmann et al. 2004). More recently a role for EMT in a 

variety of malignancies, including lung cancer has been described (Dasari et al. 2006; 

Soltermann et al. 2008). Different pathways including Transforming Growth Factor-β 

(TGF-β), PI3K/Akt, ROS, receptor tyrosine kinase/Ras signaling, and Wnt pathways 

have been shown to be involved in EMT during tumor development (Gotzmann et al. 

2004; Huber et al. 2005; Radisky et al. 2005). Furthermore, the association between 

inflammation and EMT progression in the development of lung cancer has been 

described (Dohadwala et al. 2006; Krysan et al. 2008; Hotz et al. 2009; Wu et al. 

2009). For instance, IL-1β and PGE2, inflammatory mediators in the lung, were shown 

to decrease E-cadherin expression and promote EMT in non-small cell lung cancer 

(Dohadwala et al. 2006; Krysan et al. 2008). Recently, Hayashida et al. (Hayashida et 

al. 2006) showed that overexpression of CRT can induce EMT through the 

downregulation of E-cadherin expression at both the protein and transcript levels. 

Overexpression of CRT in Madin-Darby Canine Kidney Epithelial (MDCK) cells was 

shown to alter intracellular Ca2+ homeostasis leading to the up-regulation of Slug (a 

repressor of the E-cadherin promoter) and suppression of the E-cadherin transcription 

(Hayashida et al. 2006). Whether CRT can affect EMT through its other functions 

requires further investigation.  

Although EMT has been widely implicated in the metastatic process of 

epithelial malignancy, recent work of Mani and colleagues (Mani et al. 2008) 

demonstrated a direct link between EMT and gain of epithelial stem cell properties. 

Their work suggests that inflammation in the lung may also impact stem cell properties 

via EMT-dependent events in the early stages of carcinogenesis of lung cancer, thus 
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implicating the inflammatory pulmonary environment in both lung cancer initiation 

and progression.  

 

Conclusion: 

The correlation between chronic inflammation, epithelial injury and cancer has 

been long known. The association between inflammation and cancer is further 

discussed in this section. We also discussed the role of different signaling pathways 

involved in inflammation, EMT, and cancer, and the possible role of CRT in the 

induction of EMT via downregulation of E-cadherin expression. Since there is a 

potential role for BMDCs in lung epithelial repair during chronic epithelial injury, 

BMDCs can be considered as an alternative source of malignant transformation 

associated with inflammation and injury in the lung. 
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1.7. Lung cancer 

Lung cancer is the leading cause of cancer-related death in both developed and 

developing countries (Lam et al. 2004; Alberg et al. 2005; Canadian Cancer Statistics 

2009; Jemal et al. 2009; Jung et al. 2009). Although the rate of lung cancer deaths for 

males is decreasing in the developed countries, the rate of lung cancer in women has 

increased in the last few decades, which is attributed to the increased percentage of 

female smokers (Ginsberg 2005; Walser et al. 2008). It has been reported that more 

women die of lung cancer than any other cancer, including breast cancer, ovarian 

cancer and uterine cancers combined (Lam et al. 2004). Although tobacco smoking is 

the main risk factor for lung cancer, accounting for about 90% of the cases in men and 

70% of the cases in women (Wynder et al. 1950; Alberg et al. 2005; Ginsberg 2005), a 

number of etiological factors including exposure to air pollution, occupational 

exposure to asbestos, arsenic and other carcinogens, exposure to environmental 

tobacco smoke, cooking oil vapour and radon have been identified to also influence 

lung cancer incidence (Alberg et al. 2005; Ginsberg 2005). 

Despite advances in cancer research and technology, the average 5-year 

survival rate for lung cancer patients is still only approximately 14% , indicating that 

there has been virtually no improvement in the survival rate as compared to other 

cancers such as breast or prostate cancer (Comis 2003). This is mainly due to: 1) the 

development of metastases when the primary lung tumors are still small and are not 

detected, 2) early detection of lung cancer is hindered and difficult to achieve due to a 

lack of clinical diagnostic markers (Mountain et al. 2003) leading to diagnosis at an 

advanced stage in the majority of patients when the prognosis is poor. 
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Despite the fact that most lung cancers are the result of tobacco smoking, lung 

cancer is also a significant health problem in those with no history of smoking 

(Subramanian et al. 2007; Sun et al. 2007). It is estimated that, approximately 25% of 

lung cancer cases worldwide are not related to tobacco use, accounting for over 

300,000 deaths each year (Huber 2007; Sun et al. 2007). Universally, lung cancer in 

non-smokers comprises an estimated 15% of cases in men and 53% in women (Parkin 

et al. 2005). However, there are major geographical differences in the incidence of 

lung cancer in non-smokers, particularly in Asia, where 60 to 80% of women with 

lung cancer are non-smokers (Huber 2007; Sun et al. 2007). There are significant 

differences in the lung cancers arising in non-smokers as compared to smokers in 

terms of epidemiological, clinical and molecular characteristics, suggesting that they 

are two different forms of lung cancer (Huber 2007; Sun et al. 2007). 

Lung cancer is categorized into two major histological groups based on the size 

and appearance of the malignant cells under the light microscope: 1) Small Cell Lung 

Cancers (SCLC), which represent about 20% of lung cancers and 2) Non-Small-Cell 

Lung Cancers (NSCLC) which represent the remaining 80% of lung cancers (Travis et 

al. 1995; Travis 2002). NSCLC is further divided into squamous cell carcinoma, 

adenocarcinoma (including bronchiolo-alveolar carcinoma), large cell carcinoma and 

mixed types. This classification, although based on simple patho/morphological 

criteria, has very important implications for clinical management and prognosis of the 

disease. A brief description of types of lung cancer is provided below. 
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1.7.1. Small cell lung cancer 

SCLC, also called "oat cell carcinoma", is the less common form of lung 

cancer and is distinct from NSCLC based on clinical and biological characteristics. 

This type of lung cancer tends to arise in peribronchial locations which infiltrate the 

bronchial submucosa, grows rapidly, and forms a large mass (Zakowski 2003). The 

"oat" cell contains dense neurosecretory granules, producing a variety of peptide 

hormones, which frequently leads to a wide range of associated 

endocrine/paraneoplastic syndromes. SCLC metastasizes early in the course of the 

disease, usually spreading to mediastinal lymph nodes, liver, bones, adrenal glands, 

and the brain (Zakowski 2003; Kalemkerian et al. 2008). SCLC is initially sensitive to 

chemotherapy and radiation, but carries a poor prognosis and often presents as 

metastatic form of the tumor. Due to its sensitivity to chemotherapy and radiation, 

surgery doesn’t play a role in its management except in rare situations. SCLC is 

strongly associated with smoking (Barbone et al. 1997; Rosti et al. 2006; Hann et al. 

2008; Kalemkerian 2008; Owonikoko et al. 2008).  

The most common molecular abnormality identified in SCLC is amplification 

of the myc family of oncogenes MYC, MYCN, and MYCL (Little et al. 1983; Nau et al. 

1985). C-myc, a member of the myc family, is found more frequently in relapsed forms 

of tumors, therefore its expression in SCLC indicates a poor prognosis (Little et al. 

1983).  
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1.7.2. Non-small cell lung cancer (NSCLC) 

 NSCLC is a common name for a group of lung cancers with heterogeneous 

histology. The three main types of NSCLC are a) squamous cell carcinoma b) large 

cell carcinoma and c) adenocarcinoma. These are grouped together because their 

diagnosis, staging, prognosis, and treatment are similar (Travis 2002).  

 

1.7.2.1. Squamous cell carcinoma 

Squamous cell carcinoma (SCC), accounting for 20% to 25% of lung cancer, 

commonly arises in the larger lobar and segmental bronchi of the central part of the 

lung, but grows very slowly (Collins et al. 2007). Therefore, the pre-cancerous phase 

of SCC may last several years during which abnormal, but not cancerous cells are 

found in the sputum and chest X-rays with no evidence of tumor growth (Patz 2000; 

Collins et al. 2007). SCC has a very strong association with smoking, frequently found 

in males (Muscat et al. 1995) and unlike adenocarcinomas, generally metastasizes late 

in the disease course (Patz 2000).   

SCC was the most frequent histologic type of lung tumor prior to the 1990s (el-

Torky et al. 1990). However, more recent studies have reported a shift in the relative 

frequency of lung cancer types such that adenocarcinoma now is more frequent than 

SCC, particularly in women (Vincent et al. 1977; Tanaka et al. 1988; el-Torky et al. 

1990; Migaldi et al. 1996). A review of the histopathologic data for lung carcinomas 

of almost 5000 patients entered into a tumor registry between 1964 and 1985 in the 

United States shows that adenocarcinoma is the most common lung tumor in women, 

accounting for approximately 40% of the cases (el-Torky et al. 1990). Interestingly, 

SCC has remained the major histologic tumor type in men, but its incidence has 
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decreased from 50 to 37%, while the incidence of adenocarcinoma has increased from 

13 to 27% (el-Torky et al. 1990).  

 

1.7.2.2. Large cell carcinoma (LCC) 

LCC is a poorly differentiated, fast-growing form of lung cancer that shows no 

evidence of differentiation to either a squamous or a glandular phenotype 

(adenocarcinoma). LCC occurs less frequently than other lung cancers and accounts 

for only 10% of total lung cancers (Travis et al. 1995). Histological features of 

malignant cells are large nuclei, abundant cytoplasm and usually well defined cell 

borders (Travis et al. 1995; Travis 2002). LCCs generally behave like 

adenocarcinomas in terms of presenting at the periphery of the lung as large masses, 

but spread more aggressively (Travis et al. 1995; Travis 2002). Another feature of 

LCCs is that they are strongly associated with smoking and metastasize very early 

(Travis 2002). Large cell neuro-endocrine carcinoma is a major subtype of LCC and is 

believed to be derived from neuroendocrine cells (Fernandez et al. 2006). It is 

proposed that large cell neuro-endocrine carcinoma of the lung is a poorly 

differentiated, high-grade neuroendocrine tumor that is morphologically and 

biologically classified in between atypical carcinoid and SCLC (Fernandez et al. 

2006).  

 

1.7.2.3. Adenocarcinoma 

Adenocarcinomas are the most common subtype of NSCLC, accounting for 

40% of all lung cancers (Alberg et al. 2005). According to epidemiological studies, 

adenocarcinoma has exceeded SCC as the most common type of lung carcinoma 
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during the past decade, and its early metastasis has become increasingly common 

(Vincent et al. 1977; Tanaka et al. 1988; el-Torky et al. 1990; Migaldi et al. 1996; 

Alberg et al. 2005; Collins et al. 2007). Adenocarcinomas usually appear as 

histologically heterogeneous peripheral masses (frequently starts near the gas-

exchanging surface of the lung) and metastasize during the early stages of tumor 

growth (Travis et al. 1995; Travis 2002; Collins et al. 2007). Clara cells and alveolar 

type II cells, two major cell types present at bronchiole/alveolar junction (Raz et al. 

2006) are proposed to be the most common sites of transformation in lung 

adenocarcinoma. Adenocarcinomas have been reported to frequently occur in patients 

with underlying lung disease (Travis et al. 1995). Despite the fact that most cases of 

lung adenocarcinoma are linked to tobacco smoking, adenocarcinoma is also the most 

common form of lung cancer amongst non-smokers (particularly female non-smokers), 

young people, and women of all ages (Muscat et al. 1995; Subramanian et al. 2007; 

Sun et al. 2007). Bronchioalveolar carcinoma, a subtype of adenocarcinoma, is more 

common amongst female non-smokers and may have different responses to current 

treatments (Raz et al. 2006; Song et al. 2007). Although there are inconsistencies 

between IHC and electron microscopy (EM) studies, most studies indicate that non-

mucinous bronchioalveolar carcinoma consists of Clara cells or alveolar type II cells 

(Raz et al. 2006; Song et al. 2007). 

 

1.7.3. Stages of NSCLC cancer  

After diagnosis of NSCLC, staging of lung cancer through a combination of 

methods is needed to determine how far the disease has spread. Understanding the 
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stages of NSCLC is crucial in terms of therapeutic and prognostic decisions (Mountain 

1997; Pfister et al. 2004).  

Occult stage: Also called the hidden stage in which malignant cells are found 

in the sputum, but a solid tumor cannot be detected in the lung by imaging or 

bronchoscopy (Mountain 1997; Clifton F. Mountain 2000).  

Stage 0: At this stage, abnormal cells can only be found in a local area and in a 

few epithelial layers of cells which may become malignant and spread into adjacent 

normal tissue. Another term for this type of lung cancer is carcinoma in situ (Mountain 

1997; Clifton F. Mountain 2000; Pisters et al. 2007).  

Stage I: Patients with stage I NSCLC are considered to have "local" disease. In 

this stage a small size tumor or growth (3 cm or smaller) is formed in the lung, but has 

not spread to the surrounding normal tissue or lymph nodes or any other distant organ. 

The average 5-year survival rate at this stage is 47% (Mountain 1997; Clifton F. 

Mountain 2000; Pisters et al. 2007). 

Stage II: This stage of NSCLC is still considered local disease, with an 

increased likelihood that the cancer has spread to the nearby lymph nodes, but not to 

any distant sites. The average 5-year survival rate at this stage is decreased to yet 26%. 

Stage II is subdivided into stages IIA and IIB (Mountain 1997; Clifton F. Mountain 

2000; Pisters et al. 2007). In stage IIA, the tumor is 3 cm or smaller and has invaded 

nearby chest structures. At this stage, one or more lymph nodes on the same side of the 

chest are involved, but there is no spread to distant sites. 

Stage IIB is assigned in two situations: 1) the tumor is larger than 3 cm with 

invasion to nearby tissue and spread to one or more lymph nodes on the same side of 

the chest, 2) the tumor has not spread to the lymph nodes, but has either spread to the 
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chest wall, the diaphragm, the pleura, or pericardium. The tumor may also have spread 

to the main bronchus of the lung and is 2 cm or more from the carina (where the 

trachea joins the bronchi) (Mountain 1997; Clifton F. Mountain 2000; Pisters et al. 

2007). 

Stage III: Stage III is also subdivided into stages IIIA (surgical) and IIIB (non-

surgical) (Mountain 1997; Clifton F. Mountain 2000; Pisters et al. 2007). In stage IIIA, 

the tumor can vary in size, and has invaded lymph nodes on the same side of the chest. 

The tumor may have also spread to the chest wall, diaphragm, pleura, main bronchus 

or the membrane around the heart, however it has not spread to the trachea. In stage 

IIIB, the tumor can vary in size and has spread to the lymph nodes on the opposing 

side of the chest. The tumor may also spread to chest wall, diaphragm, trachea, 

sternum, esophagus, heart. The tumor may be found in more than one location on the 

same lobe of the lung, and in the pleural fluid. The average 5-year survival rate at this 

stage is only 8% (Mountain 1997; Clifton F. Mountain 2000; Pisters et al. 2007). 

Stage IV: Stage IV lung cancer is the most advanced stage in which the cancer 

has spread to the lymph nodes as well as other lobes of the lungs or to other parts of 

the body such as the brain, liver, adrenal glands, kidneys, or bone. The average 5-year 

survival rate at this stage is very low (2%). Unfortunately, lung cancer is often 

diagnosed at this late stage when the tumor has already spread to other parts of the 

body (Mountain 1997; Clifton F. Mountain 2000; Socinski et al. 2003; Pisters et al. 

2007). 
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1.7.4. Molecular biology of NSCLC 

Normal cell growth and proliferation is tightly regulated by the balance of 

growth-promoting and growth-inhibiting factors. This allows differentiated cells to 

grow in a well controlled and regulated manner, in order to maintain the normal 

integrity and functioning of the organ. One of the hallmarks of malignant tumors is 

uncontrolled cell proliferation. Like other neoplasia, lung cancer also occurs as a result 

of multiple molecular alterations including activation and overexpression of 

oncogenes, deletion and reduced expression of tumor suppressor genes, and various 

types of cytogenetic events (Wistuba et al. 1997; Wistuba et al. 2000). Oncogenes, 

growth factors, and their receptors, play a central role during lung tumorigenesis. EGF 

and its receptor (EGFR) have been identified as being key elements in the process of 

cell growth and proliferation.  

EGFR is a 170 kDa membrane protein consisting of an extracellular EGF-

binding domain, a short transmembrane region, and an intra-cellular domain with 

ligand-activated tyrosine kinase activity (Chen et al. 1989). EGFR has two common 

ligands: EGF and transforming growth factor-alpha (TGF-α) (Chen et al. 1989). 

Binding of TGF-α to EGFR results in the activation of the tyrosine kinase domain, 

followed by phosphorylation, and an increase in cytosolic Ca2+ within target cells. This 

results in increased DNA synthesis and proliferation as well as differentiation of the 

affected cell (Chen et al. 1989). Increased activity of the EGFR has been implicated in 

a variety of solid tumors including NSCLC, (Rusch et al. 1997) and its expression is a 

poor prognostic indicator in NSCLC patients (Ohsaki et al. 2000). Reissmann et al. 

(Reissmann et al. 1999) studied the expression of the cyclin D1 and EGFR genes by 
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Northern blot and IHC analysis in a group of 298 NSCLC specimens, and observed 

that EGFR gene was overexpressed in 13% of the cohort.  

EGFR has been shown to be overexpressed in many solid tumors including 

lung and breast cancer (Biscardi et al. 2000; El Hiani et al. 2009). This has led to the 

development of therapies targeting EGFR including anti-EGFR antibodies to block the 

growth of human tumor cells and chemotherapeutic agents which block the tyrosine 

kinase activity of these receptors (erlotinib or gefitinib). Unfortunately, all patients 

who initially respond to EGFR inhibitor therapy will eventually develop a resistance to 

the drugs (Pao et al. 2005), which is due to a second mutation in the EGFR (Pao et al. 

2005).  

The RAS family of oncogenes (H-ras, K-ras, and N-ras) encode a GTP-binding 

protein named RAS that generates a growth-promoting signal (Malumbres et al. 2003). 

The genes and their encoded proteins play a vital role in several signal transduction 

pathways in normal cells and have been shown to be deregulated in many neoplasias 

(Malumbres et al. 2003). A mutation in oncogenic RAS, results in a loss of stability of 

hydrolyzed GTP, resulting in a constitutively active RAS-GTP growth-promoting 

activity (Malumbres et al. 2003). Oncogenic K-ras is the most frequently activated 

RAS gene in lung cancer and is usually caused by a point mutation (Slebos et al. 1992). 

K-ras mutations have been detected in approximately 20-30% of lung 

adenocarcinomas, 15-20% of all NSCLCs, but are rarely observed in SCLCs 

(Richardson et al. 1993; Salgia et al. 1998). The majority of the point mutations occur 

in K-ras codons 6, 12 or 13 (Richardson et al. 1993; Salgia et al. 1998). Several 

studies (Slebos et al. 1990; Mitsudomi et al. 1991) have reported a correlation between 

the presence of K-ras mutations and poor prognosis of NSCLC patients. Lipid 
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modification of RAS (farnesylation) has been shown to be regulated by the enzyme 

farnesyltransferase and is essential for RAS activity (Omer et al. 1997). As such, 

several farnesyltransferase inhibitors are currently being investigated in clinical trials 

to control tumor growth (Omer et al. 1997; Kim et al. 2006). 

Several tumor suppressor genes including p53, p16 and RB have been shown to 

be involved in lung cancer (Richardson et al. 1993; Salgia et al. 1998). The tumor 

suppressor gene p53 is located at chromosome region 17p13.1 and encodes a 53 kDa 

nuclear protein (Vogelstein et al. 1992). p53 is responsible for maintaining genomic 

integrity in the face of DNA damage from gamma or UV irradiation, blocking cell 

cycle progression in late G1 phase, and triggering apoptosis (Sidransky et al. 1996). 

Mutations in the p53 gene are one of the most common genetic changes associated 

with cancer, and lead to the loss of its tumor suppressor function and ability to induce 

apoptosis (Sidransky et al. 1996; Stuppia et al. 1997). Mutation of the p53 gene is 

reported in 40–60% of all NSCLCs, with a higher incidence in SCCs as compared to 

adenocarcinomas (Nishio et al. 1996). p53 point mutations have been reported in lung 

tumors which correlate with benzo(a)pyrene-induced damage caused by cigarette 

smoking, and are mostly due to a GC to TA transversion resulting in missense 

mutations (Greenblatt et al. 1994). The prognostic value of p53 expression or 

mutations is controversial, since p53 mutations have been linked to positive cisplatin-

based chemotherapy or radiotherapy response in patients with NSCLC (Kandioler-

Eckersberger et al. 1999; Matsuzoe et al. 1999). 

p16Ink4A is another targeted tumor suppressor protein belonging to the family of 

cell cycle regulators known as cyclin-dependent kinase inhibitors (CDKI). p16Ink4A 

regulates retinoblastoma (RB) function by binding to cyclin-dependent protein kinase 
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4 (CDK4) and CDK6. This binding blocks the activity of CDK4 and promotes cell 

cycle progression through G0/G1 phase (Marx 1994; Sherr 1996). Therefore, p16Ink4A 

inactivation is another means for tumors to disrupt the p16Ink4a-cyclin D1-CDK4-RB 

cell cycle control pathway (Marx 1994). Inactivation of the p16Ink4A gene by 

hypermethylation and homozygous deletion has been detected in most NSCLCs (You 

et al. 1998). Detection of a specific alteration in oncogenes or tumor suppressor genes 

in pre-neoplastic or pre-invasive lesions suggests that these abnormalities may be 

useful as biomarkers for lung cancer. The ultimate goal of using these biomarkers 

would be to identify individuals at high risk for developing lung cancer, diagnose lung 

cancer during its early stages, and monitor the efficiency of lung cancer therapies. 
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1.8. Mouse models of human lung cancer 

In recent years, several mouse models for human NSCLC and SCLC have been 

characterized. Mouse models for lung cancer include strains that are susceptible to 

spontaneous and chemically-induced lung tumors as well as several transgenic mouse 

strains that express known viral and cellular oncogenes (Rehm et al. 1991; Meuwissen 

et al. 2001; Wang et al. 2006) (Shimkin et al. 1975). The primary goal for developing 

mouse models of human lung cancer is to gain insight into the biology of the disease. 

This is accomplished by dissecting the molecular pathways involved in initiation and 

progression of lung cancer. The susceptibility and occurrence of spontaneous lung 

tumors varies largely between inbred-mouse strains (Shimkin 1955; Manenti et al. 

2003). Spontaneous lung cancer develops in approximately 3% of wild-type mice, and 

has a higher incidence in inbred strains (Shimkin 1955). Among them, A/J and SWR 

mice are the most sensitive strains, while other strains like O20 and BALB/c are 

moderately sensitive. CBA and C3H are relatively resistant strains, while C57BL/6 

and DBA are almost completely resistant to spontaneous lung tumors (Shimkin 1955). 

CD-1 is the outbred-mouse line commonly used in toxicology and carcinogenicity 

bioassays with a 21.8% mean incidence of spontaneous lung tumors (Manenti et al. 

2003) which is lower than the lifetime incidence of spontaneous lung tumors in A/J 

mice or SWR/J mice but similar to that of BALB/c mice. The prevalence of lung 

tumors in the A/J strain is about 100% by 18-24 months of age, which is shown to 

have a strong correlation with a polymorphism in the second intron of oncogene K-ras 

(You et al. 1992).  
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Although not all of these mouse lung tumors are identical to human lung 

cancer, spontaneous lung adenocarcinomas in mice are quite similar to human 

adenocarcinomas in morphology, histopathology, and molecular characteristics 

(Jackson et al. 2001; Meuwissen et al. 2005; Wang et al. 2006). Mouse models for 

lung adenocarcinoma can thus serve as a valuable tool not only for understanding the 

molecular mechanisms that control the development of this disease, but also for the 

development and validation of new tumor intervention strategies as well as for the 

identification of markers for early diagnosis.  

The first mouse models of human lung cancers were developed using chemical 

carcinogens (Croninger et al. 1958). These potentially carcinogenic agents are 

polycyclic aromatic hydrocarbons and nitrosamines derived from tobacco and ethyl 

carbamate (Goldman et al. 2001). Induction of lung tumors with chemical carcinogens 

is a very reproducible approach particularly for pulmonary adenoma and 

adenocarcinomas (Shimkin et al. 1975). Strains such as A/J and SWR mice that have a 

high frequency of spontaneous lung tumors are also very responsive to chemical 

induction of lung tumors (Shimkin et al. 1975). In addition to pulmonary 

adenocarcinoma, mouse models for pulmonary SCC have also been developed by 

intratracheal intubation of methyl carbamate (MC) (Nettesheim et al. 1971) or 

prolonged topical application of N-nitrosomethyl-bis-chloroethylurea (NMBCU) or N-

nitroso-trischloroethylurea (NTCU) (Rehm et al. 1991). 

Advances in transgenic technology to generate conventional transgenic animals 

has extensively improved the ability to study the role of specific genes in the process 

of transformation and tumor progression in vivo (Whitsett et al. 2001). The first 

generation of transgenic mouse models for lung cancer constitutively expressed cell 
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cycle regulatory genes in the pulmonary epithelium (Dutt et al. 2006). Two promoters 

have been extensively used to direct the transgene to cells in the mouse lung are: the 

SP-C promoter, which targets gene expression primarily to the alveolar type II cells 

(Glasser et al. 1991) and the Clara Cell secretory protein (CCSP) promoter, which 

targets the transgene expression to the non-ciliated secretory cells of the airways 

(Stripp et al. 1992; Ray et al. 1995). These two promoters have been used to deliver 

many regulatory proteins specifically to the lung cells to study their role in lung 

development, physiology, and oncogenic transformation (Whitsett et al. 2001). 

Studying expression of surfactant protein gene and protein using in situ hybridization 

and IHC suggest that alveolar type II cells are the predominant cell type in murine 

pulmonary adenomas (Mason et al. 2000).  

The first targeted oncogene for induction of tumors in the lung was the simian 

virus large T antigen (T Ag). Both the SP-C (Wikenheiser et al. 1992; Wikenheiser et 

al. 1997) and CCSP (DeMayo et al. 1991; Magdaleno et al. 1997) promoters were 

used to direct the expression of the T Ag to the target cells in the lung. Expression of T 

Ag in these models leads to a rapid transformation of the pulmonary epithelium and 

results in an adenocarcinoma that becomes visible within the first few months of life. 

Lung-specific expression of different targeted proteins, such as c-myc (Geick et al. 

2001), and the human achaete schuete gene (Linnoila et al. 2000) or deletion of tumor 

suppressor genes such as dominant-negative p53 (Tchou-Wong et al. 2002), generate 

pulmonary oncogenic transformation in mice leading to different types of lung cancer. 

However, in mouse models of lung adenocarcinoma (similar to human), K-ras 

mutations are one of the most common genetic alterations and are frequently 

associated with alterations in the p53 pathway (Jackson et al. 2001; Wang et al. 2006).  
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Although the SP-C and CCSP promoters are valuable tools in the establishment 

of mouse models for lung cancer, these two promoters activate gene expression early 

in development, which limits the use of this type of mouse models in studying lung 

cancer initiation and progression. Gene transcription under the control of the SP-C 

promoter starts at embryonic day 10 (Wert et al. 1993) and the CCSP promoter is 

active at around embryonic day 17 (Ray et al. 1996). Expression of genes that disrupt 

the process of lung development will result in an embryonic lethal phenotype, which 

limits investigation of lung cancer progression. Moreover, in a conventional transgenic 

approach, transcription of the transgene is permanent, meaning that once transcription 

of the transgene is initiated, it is irreversible. Thus, to overcome the limitations of 

using conventional transgenic approaches in studying lung cancer, investigators have 

generated conditional transgenic mouse models. 

The most effective regulatory systems for conditional transgenic mice are the 

ligand-inducible binary transgenic systems (Lewandoski 2001). They consist of at least 

two transgene constructs; a regulator transgene and a target transgene. The regulator 

transgene encodes a transcription factor whose transcriptional activity is controlled by 

the administration of an exogenous compound (for example tetracycline in the 

tetracycline-responsive binary system). The regulator is placed under the control of a 

tissue-specific promoter to facilitate expression of the transcription factor in the tissue 

of interest. Cre/LoxP-mediated modification technology (Gu et al. 1993) including 

excision, inversion, insertion and many other approaches are being widely used to 

generate transgenic mice to study tumor development in the lung using conditional 

alleles of tumor suppressor genes as well as oncogenes.  
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Jackson and colleagues (Jackson et al. 2001) developed a mouse model of lung 

adenocarcinoma by employing a method based on the Cre-loxP recombination system 

to conditionally activate an allele of oncogenic K-ras in the lung. They infected the 

lung with a recombinant adenovirus expressing Cre-recombinase, to induce oncogenic 

K-ras expression in the lungs of transgenic mice. Four weeks post-infection, the mice 

showed an onset of adenomatous alveolar hyperplasia, which further developed into 

adenocarcinomas at 9-12 weeks post-infection. Adenovirus administration enabled 

investigators to precisely map the initiation of tumorigenesis, and characterize the 

stages of tumor progression in these mice. Of particular interest, lung cancer in this 

mouse model did not metastasize to other organs, possibly due to rapid local tumor 

progression resulting in a shortened life span. The same mouse model generated by 

another group also showed a similar phenotype (Meuwissen et al. 2001). 

Conditional transgenic mouse models will further clarify the specific molecular 

mechanisms occurring during the process of initiation and progression of lung cancer 

by allowing for the cell-specific-regulated ablation or expression of genes in the lung. 

Another advantage of conditional lung tumor models is that they can serve as useful 

models to discover new and potentially clinically relevant biomarkers for lung cancer 

that are indicative of the early stages of the disease (Dutt et al. 2006; Wakamatsu et al. 

2007). 
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1.9. Rationale  

The current model for lung cancer development suggests that tumors develop 

as part of a multi-step transformation of a normal cell into a malignant cell through 

elevated oncogene function in combination with the loss of tumor suppressor genes 

(Sato et al. 2007; Wakamatsu et al. 2007; Diaz-Meco et al. 2008). Chronic cigarette 

smoking results in lung inflammation and epithelial damage that activates a chronic 

wound repair program (Walser et al. 2008). Several groups have reported genetic 

damage in the early stages (pre-neoplastic lesions) of tumor development in lung 

epithelial cells of current or former smokers (Wistuba et al. 1997; Spira et al. 2004; 

Reynolds et al. 2006; Spira et al. 2007). This highlights a role for epithelial cell 

damage, tissue renewal and inflammation in the initiation and progression of lung 

cancer via different pathways, such as up-regulation of oncogenes, downregulation of 

tumor suppressors and EMT (Wistuba et al. 1997; Spira et al. 2004; Walser et al. 

2008).  

Recent studies have also demonstrated the ability of BMDCs to respond to 

epithelial damage and contribute to epithelial repair in the lung (Kotton et al. 2001; 

Ishizawa et al. 2004; Yamada et al. 2004). BM stem cells have been shown to possess 

an unexpected degree of plasticity and often reside in other tissues including the lungs 

and contribute to the process of epithelial repair (Petersen et al. 1999; Kotton et al. 

2001; Ishizawa et al. 2004; Yamada et al. 2004). The traditional view of neoplasia and 

tumorgenesis indicates that tumors generally originate from the transformation of their 

tissue-specific stem cells. However, BMDCs which are frequently recruited to sites of 

inflammation and tissue injury, may also undergo malignant transformation and 
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represent a potential source of neoplasia (Houghton et al. 2004; Liu et al. 2006; Avital 

et al. 2007; Janin et al. 2009; Worthley et al. 2009). 

Using the Helicobacter-infected mouse model of gastric cancer, Houghton and 

colleagues (Houghton et al. 2004) demonstrated that gastric cancers originated from 

BMDCs. This provides a direct link not only between chronic inflammation and 

carcinogenesis, but also initiation of gastric cancer from BMDCs. In support of this 

finding, several studies have shown a rare occurrence of tumors originated from the 

donor BM cells in patients with a history of BM transplantation (Avital et al. 2007; 

Janin et al. 2009; Worthley et al. 2009). This suggests that the same disease processes 

which has been observed in the mouse may also occur in humans.  

A transgenic mouse model overexpressing CRT under the control of the Tie2 

promoter (referred as Tie2-CRT mice) was previously generated in our laboratory. 

These mice show a high incidence of tumor development in the lungs. Several 

proteomic studies showed changes in CRT expression in different human cancers, 

(Zhu et al. 1999; Brunagel et al. 2003; Kageyama et al. 2004; Toquet et al. 2007; 

Vougas et al. 2008; Alur et al. 2009) however, no data are available concerning the 

role of CRT in lung cancer development. The Tie2 promoter is active in endothelial 

cells, endothelial progenitor cells and HSCs (Iwama et al. 1993; Sato et al. 1993; Arai 

et al. 2004). The unexpected observation of reproducible lung tumor formation in the 

Tie2-CRT mice suggested a possible role of vascular integrity and HSCs (besides 

alveolar and Clara cells) in the lung tumorigenecity. Therefore, in the current study we 

further characterized this transgenic mouse model and examined the possible role that 

HSC might play in the lung cancer development in Tie2-CRT mice. 
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1.10. Hypothesis  

Overexpression of CRT in endothelial cells and HSCs results in an 

increased inflammatory response in the Tie2-CRT mice that facilitates 

mobilization and recruitment of HSCs to the lungs. Ultimately, this higher rate of 

inflammation in the lungs leads to the malignant transformation of the recruited 

HSCs and the formation of lung adenocarcinoma. 

 

To test this hypothesis, we examined the following aims: 

1. To characterize the lung tumors developed in Tie2-CRT mice by studying: 

1.1. Histogenesis of lung tumors developed in Tie2-CRT mice. 

1.2. In vivo and in vitro progression of lung tumors observed in Tie2-CRT 

mice. 

1.3. Properties of lung tumor cells isolated from Tie2-CRT mice.  

 

2. To investigate whether the mobilization of HSCs is altered in Tie2-CRT mice 

by: 

2.1. Examining changes in HSC number in the BM and circulating blood of 

Tie2-CRT mice as compared to their wt littermates. 

2.2. Test the ability of HSCs to grow under anchorage independent conditions. 

 

3. To measure changes in endogenous CRT expression in human and mouse lung 

adenocarcinomas.  
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CHAPTER II: MATERIALS AND METHODS  

2.1. Reagents and chemicals 

Dulbecco’s Modified Eagle Medium (DMEM), RPMI 1640, OPTI-MEM® I 

(Reduced Serum Medium), Fetal Bovine Serum (FBS), Agarose (DNA grade), 

granulocyte macrophage colony stimulating factor (GM-CSF), IL-3 and Low Melting 

Point Agarose (L.M.P Agarose) were all purchased from Invitrogen (Burlington, ON). 

Western Blotting Luminol Reagent was purchased from Santa Cruz Biotechnology 

(Santa Cruz, CA). Nitrocellulose membrane, pre-stained broad-range and low-range 

protein standard markers and DC Protein Assay kit were obtained from Bio-Rad 

Laboratories (Mississauga, ON). Primers used for PCR were all ordered from Sigma 

Genosys (Sigma-Aldrich, Oakville, ON). All other chemicals used were of the highest 

analytical grade and were purchased from Sigma (Sigma-Aldrich, Oakville, ON), 

Fisher (Fisher Scientific, Ottawa, ON) or VWR (VWR International, Mississauga, 

ON). 

 

2.2. Antibodies 

Antibodies used for immunohistochemistry (IHC), immunofluorescence (IF) 

and western blotting were: SP-C, CC10, CRT, Mac-3, CD117 (c-kit), Tie2, CD133, 

CD31, vWF, Sca-1, CD34, HA, E-Cadherin, VEGFR-3, PTEN, p53, P-Akt (Ser473), 

α-Fetoprotein and α-actin. The majority of antibodies used were commercially 

available with the exception of anti-CRT which was a gift from Dr. Marek Michalak 

(University of Alberta) and anti-VEGFR-3 which was a gift from Dr. Daniel Dumont 

(University of Toronto). Further details for each individual antibody are outlined in 
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Table 3. Secondary antibodies were purchased from Jackson ImmunoResearch 

Laboratories (West Grove, PA, USA) and detailed specifications for each antibody 

used are highlighted in Table 4. 



Table 3: List of primary antibodies and dilution factors used in this study  
 

Antibody Species Application Dilution Catalog # Source 
CC10 Rabbit IHC 1/1000 sc-25555 Santa Cruz Biotechnology 
CD117 (c-kit) Rabbit IHC 1/50 sc-168 Santa Cruz Biotechnology 
CD133 Rabbit IHC, IF 1/200 ab19898 Abcam 
CD31 (PECAM) Rat IHC, IF 1/250 550274 BD Biosciences 
CD34 Rat IHC 1/100 119301 Biolegend 

CRT Goat IHC 
WB 

1/200 
1/400 N/A Dr. Marek Michalak U of 

Alberta 
E-Cadherin Rabbit IHC 1/50 4065 Cell Signaling 
HA Tag Rabbit IHC 

WB 
1/3000 
1/10000 600-401-384 Rockland 

HA Tag Rabbit WB 1/200 026k4801 Sigma-Aldrich 
Ki67 Mouse IHC 1/200 550609 BD Biosciences 
Mac-3 Rat IHC 1/100 sc-19991 Santa Cruz Biotechnology 

P53 Mouse IHC 
WB 

1/50 
1/200 sc-6243 Santa Cruz Biotechnology 

P-Akt (Ser473) Rabbit WB 1/1000 9271S Cell Signaling 

PTEN Rabbit IHC 
WB 

1/100 
1/200 138G6 Cell Signaling 

Sca-1 Rat IHC 1/200 108101 R&D System 
SP-C Rabbit IHC 1/800 sc-13979 Santa Cruz Biotechnology 
Tie2 Rabbit IHC 1/200 sc-324 Santa Cruz Biotechnology 

VEGFR-3 Rat IHC 1/200 N/A Dr. Dan Dumont, U of 
Toronto 

vWF Rabbit IHC 1/800 A0082 Dako 
α-actin Rabbit WB 1/1000 A2066 Sigma-Aldrich 
α-Fetoprotein Mouse IHC 1/100 MAB1368 R&D System 
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Table 4: List of secondary antibodies and dilution factors used in this study  
 

Antibody Species Application Dilution Catalog # Source 
Biotin-SP-conjugated Donkey anti-mouse IHC 1/400 715-067-003 Jackson Immunoresearch 
Biotin-SP-conjugated Donkey anti-goat IHC 1/400 705-065-003 Jackson Immunoresearch 
Biotin-SP-conjugated Goat anti-rabbit IHC 1/400 111-065-045 Jackson Immunoresearch 
Biotin-SP-conjugated Goat anti-rat IHC 1/400 112-065-008 Jackson Immunoresearch 

Cy2-conjugated Goat anti-Rabbit 
Flow 

cytometry 
1/70 111-225-144 Jackson Immunoresearch 

Fab fragment Goat anti-mouse IgG IHC 1/10 115-007-003 Jackson Immunoresearch 

FITC-conjugated Donkey anti-mouse IF 1/70 715-095-150 Jackson Immunoresearch 

FITC-conjugated Goat anti-rabbit IF 1/70 111-095-008 Jackson Immunoresearch 
FITC-conjugated Goat anti-rat IF 1/70 112-095-008 Jackson Immunoresearch 
HRP-Conjugated Goat Anti-Rabbit WB 1/10000 111-035-003 Jackson Immunoresearch 

HRP-Conjugated Goat Anti-Rat WB 1/5000 Sc-2006 Santa Cruz Biotechnology 

HRP-Conjugated Rabbit Anti-Goat WB 1/10000 305-035-003 Jackson Immunoresearch 

R-Phycoerythrin-

conjugated 
Donkey anti-rat 

Flow 

cytometry 
1/100 712-116-153 Jackson Immunoresearch 

Texas Red-conjugated Goat anti-rabbit IF 1/70 111-075-003 Jackson Immunoresearch 
Texas Red-conjugated Mouse anti-rat IF 1/70 212-075-082 Jackson Immunoresearch 
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2.3. Generation of Tie2-CRT transgenic mice 

To express exogenous CRT specifically in endothelial cells and HSCs, the 

CRT gene was placed under the control of the endothelial cell specific Tie2 promoter 

(Dumont et al. 1992; Sato et al. 1993). As shown in Figure 3, the transgene cassette 

consisted of the Tie2 promoter, the Tie2 enhancer and the full-length CRT cDNA. To 

distinguish between endogenous CRT and exogenous CRT, a hemagglutinin tag (HA) 

was added to the carboxyl-terminus of the CRT cDNA upstream of the KDEL ER 

retention signal. The cassette was inserted in the Hind III/Not I sites of the 

pSPTg.T2FpAXK plasmid (a generous gift from Dr. T.N. Sato, University of Texas, 

Southwestern Medical Center). The plasmid was then digested with Sal I and the 691 

kb fragment containing the Tie2 promoter, Tie2 enhancer, CRT-HA cDNA and SV40 

polyadenylation site (Fig. 3) was gel purified. Transgenic mice were generated by 

microinjecting the transgene into fertilized CD-1 oocytes using standard techniques at 

the Genetic Model Centre of the University of Manitoba. Eight founder Tie2-CRT 

mice were identified which were bred at the R.O Burrell laboratory at St. Boniface 

Research Centre to establish colonies. Animals were housed according to the Animal 

Care and Use Committee (CCAC) guidelines and regulations and were monitored over 

several generations to determine their phenotype. 



HA

Tie2 Promoter

5´ CRT cDNA

KDEL

Poly A

Tie2 Enhancer

3´

Sal I Sal I

Hind III Not I
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Fig. 3. Schematic diagram showing the transgene used to generate Tie2-CRT mice.
The transgene cassette consists of the full length CRT cDNA including the NH2-terminal signal sequence and the COOH-terminal
followed by the HA epitope tag and a KDEL ER retrieval signal. The CRT-HA cDNA was cloned into the Hind III/Not I sites of the
pSPTg.T2FpAXK plasmid. The transgene was under the control of the Tie2 promoter and also contained a polyA signal as well the
Tie2 Enhancer. The construct was linearized by digestion with SalI, gel purified, and microinjected into fertilized CD1 oocytes. The
fertilized oocytes were then transferred into the oviduct of pseudopregnant CD1 mice. I would like to acknowledge Dr. Nasrin
Mesaeli for designing and generating the transgene cassette used in generation of Tie2-CRT mice, Melanie Durston and Michael
Wiwchar for establishing the mice colonies, genotyping and initial histo-pathological analysis of the mice.
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2.4. Genotyping of transgenic mice 

2.4.1. Isolation of genomic DNA 

Genomic DNA was isolated from the tails of 4 week founder mice and 

subjected to PCR analysis to identify mice bearing the transgene. Briefly, a 2-5 mm 

tail segment was cut and homogenized in a buffer containing 10 mM Tris, pH 8.0, 0.1 

M EDTA (Ethylene Diamine Tetraacetic Acid), 0.5% SDS (Sodium Dodecyl Sulfate) 

and 0.3 mg/ml proteinase K. Tissue lysate was incubated at 37°C for 1 hour followed 

by incubation at 50°C overnight. The samples were then cooled on ice for 5 minutes 

and 100μl of 4M NaCl was added to the mixture and incubated on ice for 10 minutes 

to precipitate any remaining proteins in the sample. The tubes were then centrifuged at 

14,000 rpm for 10 minutes at room temperature. The supernatants were extracted with 

phenol/chloroform/isoamyl alcohol (25:24:1, v/v), and the samples were centrifuged at 

14,000 rpm for 2 minutes at room temperature. Following a second extraction with 

chlorofom/isoamyl alcohol, to remove any residual phenol, the supernatant was 

collected, transferred into a new tube, and genomic DNA was precipitated by adding 

isopropanol and mixing. The tubes were then centrifuged at 14,000 rpm for 20 minutes 

at room temperature. The DNA pellet was washed with 70% ethanol and air dried on 

the benchtop. The genomic DNA was resuspended in 50-100μl of Tris/EDTA buffer 

(0.1M Tris, 1mM EDTA pH 8.0) and incubated at 65°C for 10 minutes. The 

concentration of DNA was then calculated using a GeneQuant pro RNA/DNA 

spectrophotometer (Fisher Scientific, Ottawa, ON). 
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2.4.2. PCR analysis 

0.5-1µg of genomic DNA isolated from mice tails was used for PCR analysis. 

The 5′ primer (Tie2-5′) used for PCR corresponded to a sequence in the mouse Tie2 

promoter region, 5′-GGGAAGTCGCAAAGTTGTGAGTT-3′, and the 3′ primer 

(CR3′) corresponded to the 5' end of the CRT cDNA coding sequence, 5′-

ATCTTCACCTCATACGTGTTGTCCGGCC-3′. The PCR reaction contained 10mM 

dNTP mix, 10µM of each primer, 50mM MgCl2, 1X Taq Buffer and 0.5µl Taq DNA 

polymerase (Invitrogen, Burlington, ON) in a total volume of 50µl. The optimum 

annealing temperature was determined as being 60°C. The DNA was amplified by a 

single denaturing cycle for 15 minutes at 94°C followed by 35 amplification cycles as 

follows: 94°C for 30 sec; 60°C for 1 minute and 72°C for 45 sec. PCR products were 

separated on a 1% agarose gel and visualized by ethidium bromide staining. Images 

were obtained using the Bio-Rad Gel-Doc system and Quantity One program. A 650 

bp fragment was amplified from the transgene and was only detected in samples from 

transgenic mice (Fig. 4). 

 

2.4.3. Western blot analysis 

Western blot analysis was carried out on proteins isolated from mouse tail 

samples using a rabbit anti-HA antibody from Rockland (Gilbertsville, PA, USA) to 

detect expression of exogenous CRT. Further details of the western blot analyses 

carried out in this study are explained in section 2.10. 
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2.4.4. Histological analysis 

Expression of ectopic CRT was evaluated in different tissues including the 

lungs, aorta, BM and white blood cells by immunohistochemistry (IHC) and 

immunofluorescent (IF) staining as described in section 2.7. A rabbit anti-HA antibody 

from Rockland (Gilbertsville, PA, USA) was used to detect CRT-HA. 

 

2.5. Tissue preparation 

2.5.1. Soft tissue 

For necropsy, animals were euthanized following an overdose of pentobarbital 

(CEVA SANTE ANIMALE, La Ballastière, Montreal, QC) (60 mg/kg i.p). Body 

weight was measured and recorded. Following euthanasia, blood was collected directly 

via cardiac puncture with a 1 ml syringe and blood smears were prepared. A portion of 

the whole blood was collected in EDTA coated tubes from BD Biosciences 

(Mississauga, ON) and used for a complete blood count (CBC). Plasma was collected 

by centrifugation of whole blood at 1,500 rpm for 10 minutes and stored at -80°C for 

future studies. The blood cell profiles were examined by the Clinical Pathology 

Laboratory of the Province of Manitoba Veterinary Services Branch using an Abbott 

Cell Dyn 3500. Blood glucose was measured immediately after euthanasia using the 

OneTouch UltraSmart Blood Glucose Monitoring System from Lifescan.  

Tissue samples were collected during necropsy and fixed either in 4% formalin in 

phosphate buffered saline (1X PBS) or Zinc buffer. Tissues were then frozen in 

optimal cutting temperature (OCT) compound or embedded in paraffin using an 

automated tissue processor and histology suite located at the Institute of 
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Cardiovascular Sciences, St. Boniface Hospital Research Centre. Visible tumors were 

detected at the time of necropsy by examining the lungs using a Nikon stereo-

microscope. Digital images of tissue samples were collected using a Nikon CoolPix 

900 digital camera. Paraffin embedded tissue sections were further processed for 

histological and IHC examination as outlined below.  

 

2.5.2. Bone decalcification and sectioning 

Femurs and tibiae were collected from mice and were fixed in 4% formalin 

overnight. Bones were then washed in 1X PBS for a minimum of 30 minutes and were 

decalcified using a decalcification solution containing 4% hydrochloric acid (Fisher 

Scientific, Ottawa, ON) and 4% formic acid (Sigma-Aldrich, Oakville, ON). Bones 

were then removed from the decalcification solution and again washed in 1X PBS for 

30 minutes. They were then subjected to an increasing sucrose gradient, 1 ml of 10%, 

15%, and 20% sucrose in 1X PBS, for 2-3 minutes each. Next, bones were incubated 

in a solution of 1:1 optimal cutting temperature (OCT) (Fisher Scientific, Ottawa, ON) 

and 20% sucrose overnight at 4°C. Bones were then placed in OCT, frozen and kept at 

-80°C for later use. 4 micron bone sections were obtained using a cryostat and sections 

were post-fixed in cold acetone (-20°C) for 5-10 minutes. Sections were then 

processed for IHC as described below.  

 

2.5.3.  Isolation of bone marrow cells from femurs and tibia 

Femur and tibiae (from both male and female mice) were harvested and the 

end of the bone was cut with a razor blade or scalpel to expose the marrow. BM cells 

were flushed out of the bone shaft using a 1 ml syringe equipped with a 26-gauge 
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needle filled with cold FACS buffer (5% FBS in 1X PBS). The syringe needle was 

moved up and down inside the bone to flush out any residual marrow. The red blood 

cells in BM were depleted using ammonium chloride lysis buffer (1.5 M NH4Cl, 100 

nM KHCO3, 10 nM Na4EDTA) for 15 minutes at room temperature (Current Protocols 

in Cytometry 1997). BM cells were then washed with cold FACS buffer and 

centrifuged at 400 x g for 15 minutes at 4°C. This step was repeated for a second time, 

the FACS buffer was discarded, and BM cells were collected (Current Protocols in 

Cytometry 1997). Isolated BM cells were then used for flow cytometry analysis or 

magnetic bead cell sorting. 

 For maintaining BM cells in culture, the procedure was repeated with 

replacing FACS buffer by RPMI media supplemented with 10% FBS and 

Penicillin/Streptomycin (Pen/Strep). Isolated BM cells were then used for soft agar 

cultures as described below. 

 

2.5.4. Isolation of White Blood Cells using Ficoll-Hypaque solution 

Whole blood (approximately 700-1000 μl) was collected from each mouse by 

cardiac puncture, placed in EDTA coated tubes from BD Biosciences (Mississauga, 

ON) and inverted gently to mix. The samples were centrifuged at 400 x g for 15 

minutes at 4°C. 2 ml of Ficoll-Hypaque solution containing sodium diatrizoate (Sigma-

Aldrich, Oakville, ON) and Ficoll Type 400 (Sigma-Aldrich, Oakville, ON) was added 

to the blood cells and inverted gently to mix. The samples were then centrifuged at 400 

x g for 20 minutes at 18° to 25°C. The top layer of white blood cells (Buffy coat) was 

collected and transferred into a 2 ml tube. White blood cells were then washed twice 
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with ice cold 1X PBS and centrifuged at 400 x g for 15 minutes at 4°C. The 

supernatant was then discarded and white blood cells were collected. 

 

2.6. Histological staining 

Tissues were collected from both Tie2-CRT and wt animals (male and female) 

and used for histological and immunohistological examination. Tissues were fixed in 

4% formalin for at least 72 hours and embedded in paraffin using a tissue processor 

(Thermo Shandon Excelsior Advanced Automatic Tissue Processor, Fisher Scientific, 

Ottawa, ON) and embedding machine (Shandon Histocentre 2 Embedding Center, 

Fisher Scientific, Ottawa, ON). Tissue sections (4μm) were prepared from 

representative paraffin blocks using a Shandon Finesse E Microtome Sectioner (Fisher 

Scientific, Ottawa, ON) and mounted on Superfrost Plus slides (Fisher Scientific, 

Ottawa, ON). The slides were dried overnight at 50°C in a slide dryer (Fisher 

Scientific, Ottawa, ON), cooled to room temperature and stored in a slide box at room 

temperature until use. For staining, slides were de-paraffinized in xylene for 10 

minutes followed by rehydration by sequential incubation in 100, 95, 85, 75 and 50% 

ethanol for 3 minutes each. Slides were then washed with distilled water for 5 minutes 

and used for either Hematoxylin and Eosin (H&E) or IHC staining as described 

bellow. 

 

2.6.1. H&E staining 

For H&E staining a standard protocol of Harris Hematoxylin was used (Prophet 

et al. 1994). Briefly, after de-paraffinization and rehydration (as described above), 
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sections were washed in distilled water and stained in Harris hematoxylin solution for 

8 minutes. Sections were then washed with running tap water for 5 minutes and 

differentiated in 1% acid alcohol (1% hydrochloric acid in 70% ethanol) for 30 

seconds followed by another wash in running tap water for 1 minute. The intensity of 

hematoxylin staining was adjusted using a bluing solution (0.2% lithium carbonate in 

distilled water) for 30-60 seconds. Sections were then washed in running tap water for 

5 minutes and dehydrated in 95% alcohol for a few seconds followed by 

counterstaining in eosin-phloxine solution for 30-60 seconds. Next, sections were 

washed and dehydrated through 95% alcohol and two changes of absolute alcohol for 5 

minutes each and then cleared in xylene for 15 minutes. Slides were then mounted with 

Permount (Fisher Scientific, Ottawa, ON) and images were obtained using a Zeiss 

Axioskop2 microscope equipped with an AxioCam (Carl Zeiss Canada Ltd., Toronto). 

Images were analyzed with the Axiovision 4.6 program (Carl Zeiss Canada Ltd., 

Toronto).  

 

2.6.2. Mucicarmine Staining 

To examine the expression of mucin by lung cells, we used the previously 

described mucicarmine staining technique (Prophet et al. 1994). Briefly, sections were 

first de-paraffinized, rehydrated, and stained in Mayer's hematoxylin (Vector Inc, 

Burlington, ON) for 10 minutes. After a 5 minute wash in running tap water, sections 

were stained with mucicarmine solution at room temperature for 1 hour. Sections were 

then washed in distilled water for 5 minutes followed by staining with Metanil yellow 

for 30-60 seconds. Finally, sections were dehydrated with 95% alcohol and two 

changes of absolute alcohol for 5 minutes each and cleared in xylene for 15 minutes. 
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Slides were mounted with Permount (Fisher Scientific, Ottawa, ON) and images were 

collected as described above. 

 

2.6.3. Oil Red O staining   

Oil Red O (ORO) staining is commonly used to identify exogenous or 

endogenous lipid deposits in frozen sections of fresh or formalin-fixed tissue. For ORO 

staining, we used an established standard method (Prophet et al. 1994). Briefly, slides 

of frozen sections were air dried for 30-60 minutes at room temperature and then fixed 

in 4% formalin for 5-10 minutes. Slides were then washed in distilled water for 5 

minutes and placed in 85% propylene glycol (in distilled water) for 10-15 minutes 

followed by staining with ORO (0.5% Oil Red O in propylene glycol) for 2-6 hours at 

room temperature. Slides were then washed in 85% propylene glycol for 5 minutes 

followed by a wash in distilled water for 5 minutes. Sections were then counter stained 

with Mayer’s hematoxylin for 30 seconds and washed with distilled water for 5 

minutes. Slides were mounted with aqueous mounting media and images were taken 

using a Zeiss Axioskop2 microscope. 

 

2.6.4. Giemsa staining 

Blood smears were prepared immediately from fresh whole blood obtained by 

cardiac puncture at the time of necropsy. Briefly, one drop of the blood was placed on 

a glass slide. A clean spreader slide was used to pick up the blood droplet behind the 

spreader and make the blood smear. The blood smear was then dried for 30 minutes at 

room temperature and used for Giemsa and MPO staining. For Giemsa staining, blood 

smears were fixed for 30 seconds by immersing in absolute methanol followed by 
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staining with freshly prepared 5% Giemsa stain solution from Sigma (Sigma-Aldrich, 

Oakville, ON) for 20-30 minutes. The blood smears were then washed using tap water 

and left to dry at room temperature. 

  

2.6.5. Myeloperoxidase (MPO) staining 

MPO is a peroxidase enzyme abundantly present in neutrophil granulocytes 

and in the lysosomes of monocytes of the myeloid cell lineage (Klebanoff 1999). To 

evaluate the presence of MPO in the white blood cells of Tie2-CRT and wt mice, blood 

smears were stained for MPO using a standard method (Haematology. 1993). Briefly, 

the blood smears were fixed for 30 seconds using a fixative (pH=6.6) containing 

Na2HPO4 (0.2 g anhydrous), KH2PO4 (1.0 g anhydrous), distilled water (300 ml), 37% 

formalin (250 ml) and acetone (450 ml). The blood smear was then stained in MPO 

reagent containing 10 mg AEC substrate (3-amino-9-ethylcarbazole), 6 ml DMSO 

(dimethyl sulfoxide), 50 ml acetone buffer and 0.005 ml of 30% H2O2 for 8 minutes at 

room temperature followed by a quick wash with distilled water. The blood smear was 

then counterstained with Mayer’s hematoxylin for 30 seconds and rinsed with distilled 

water. The blood smear was air-dried and mounted with Permount (Fisher Scientific, 

Ottawa, ON).  
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2.7. Immunostaining 

2.7.1. Immunohistochemistry (IHC) staining 

Paraffin embedded mouse tissue was used for IHC. Paraffin sections of 4μm 

thickness were prepared using a Shandon Finesse E Microtome Sectioner (Fisher 

Scientific, Ottawa, ON). Sections were mounted on Superfrost Plus slides (Fisher 

Scientific, Ottawa, ON) and, dried overnight at 50°C in a slide dryer (Fisher Scientific, 

Ottawa, ON). For immunostaining, slides were first de-paraffinized in xylene and 

hydrated in graded ethanol to distilled water, followed by washings with a solution of 

1X PBS (pH 7.4). Heat-induced Epitope Retrieval (HIER) was performed by placing 

the slides in a pre-warmed steamer (60-90°C) with citrate buffer (0.1 M citric acid, 0.1 

M sodium citrate, pH 6.0) in a Coplin Jar for 30 minutes. The slides were then 

removed, and allowed to cool to room temperature for 20 minutes while they were 

remained in citrate buffer. They were then washed three times for 5 minutes in 1X 

PBS. Blocking solution (1.5 ml maleic acid, 0.5 ml FBS, 50 μl Tween 10%, 0.5 ml of 

stock blocking (Roche, Mississauga, ON) in 2.5 ml 1X PBS) was added to each slide 

and the slides were incubated in a humidified chamber for 30 minutes at room 

temperature to decrease background staining. The slides were then washed three times 

for 5 minutes in 1X PBS and incubated with 3% H2O2 (in 1X PBS) for 10 minutes at 

room temperature. The slides were then incubated with the Avidin and Biotin blocking 

Kit (Vector Inc, Burlington, ON) for 15 minutes followed by three washes with 1X 

PBS for 5 minutes.  

Primary antibodies were then diluted (as listed in Table 3) in blocking solution 

and incubated with tissue sections at 4°C overnight in a humidified chamber. The next 
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day, the slides were washed three times for 5 minutes with 1X PBS. When using 

mouse primary antibodies on mouse tissues, sections were first incubated with 

unconjugated AffiniPure Fab Fragment goat anti-mouse IgG (Jackson 

ImmunoResearch Labs) for 1 hour to block endogenous mouse IgG. Next, biotinylated 

secondary antibody was diluted in blocking solution (as listed in Table 4) and 

incubated on the sections for 1 hour at room temperature. The slides were then washed 

again three times for 5 minutes in 1X PBS and ABC solution (Vector Inc, Burlington, 

ON) was added to the slides and incubated for 30 minutes at room temperature. After 

washing, DAB substrate (3,3-diaminodbenzidine) was added to the sections and 

incubated for 2-5 minutes. The reaction was stopped by the addition of distilled water 

for 5 minutes. Nuclei were counter stained with Mayer’s hematoxylin for 3 minutes 

followed by 30 seconds in basic water (0.2% lithium carbonate in distilled water). The 

slides were then washed and dehydrated as described above and mounted with 

Permount (Thermo Fisher Scientific, Ottawa, ON). As a negative control, sections 

were processed as above but addition of primary antibody was omitted. 

 

2.7.2. Immunofluorescence (IF) staining 

2.7.2.1. IF staining of cells 

Lung tumor cells isolated from Tie2-CRT mice as well as human lung tumor 

cells lines (A549 and H460) were grown on glass coverslips overnight in DMEM 

supplemented with 10% FBS and 10% Pen/Strep (100 units/ml). Coverslips were 

washed with cold 1X PBS and cells were fixed in 4% formaldehyde for 15 minutes at 

room temperature. Cells were then washed with 1X PBS three times to remove 

fixative, and blocked with blocking buffer (1X PBS containing 0.1% saponin and 2% 
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milk powder) for 30 minutes at room temperature. Cells were then incubated at 4°C 

overnight with primary antibodies diluted in blocking buffer (Table 3). After the 

incubation with primary antibody, coverslips were washed three times with 1X PBS 

containing 0.1% saponin, and incubated with either Fluorescein Isothiocyanate (FITC)-

conjugated or Texas Red conjugated secondary antibody (Table 4, 1/70 dilution) for 1 

hour in the dark at room temperature.  

For co-immunostaining experiments, after the incubation with the first primary 

and secondary antibody, coverslips were washed three times with 1X PBS containing 

0.1% saponin and the second primary antibody of interest (diluted in blocking buffer 

Table 3) was added to the cells and incubated at 4°C overnight in the dark. Next day, 

coverslips were washed three times with 1X PBS containing 0.1% saponin, and 

incubated with the second fluorescent labeled secondary antibody (Table 4, 1/70 

dilution) for 1 hour in the dark at room temperature. Coverslips were then mounted on 

slides using ProLong Gold mounting media with DAPI (Invitrogen, Burlington, ON) 

for nuclear staining.  

 

2.7.2.2. IF staining of tissues 

Paraffin embedded mouse lung tissue was used for IF staining. Tissue sections 

(4μm thick) were prepared from paraffin blocks. Following de-paraffinization and 

rehydration (as described above), sections were washed in distilled water and used for 

IF staining. For antigen retrieval, the slides were incubated in preheated citrate buffer 

(0.1 M citrate acid, 0.1 M sodium citrate, pH 6.0) and placed in a steamer at 90-100°C 

for 30 minutes. The slides were then removed, cooled to room temperature and washed 

three times for 5 minutes with 1X PBS. Blocking solution (1.5 ml maleic acid, 0.5 ml 
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FBS, 50 µl Tween 10%, 0.5 ml of stock blocking buffer (Roche, Mississauga, ON) in 

2.5 ml 1X PBS) was added to each slide and incubated in a humidified chamber for 30 

minutes at room temperature. Primary antibodies (Table 3) were diluted in blocking 

solution and incubated with the tissue sections at 4°C overnight in a humidified 

chamber followed by subsequent washes with 1X PBS the following day. A 

fluorescent secondary antibody (Table 4) was diluted in blocking solution and 

incubated with the sections for 1 hour at room temperature in the dark. The slides were 

then washed three times with 1X PBS for 5 minutes. This step was repeated for co-

staining. Slides were then mounted with an anti-fade mounting reagent containing 

DAPI (Invitrogen, Burlington, ON) and covered with a coverslip. 

 

2.8. Microscopy and imaging 

Slides were viewed using a Zeiss Axioskop2 microscope equipped with an 

AxioCam cooled digital camera. Digital images were captured and analyzed with 

Axiovision 4.6 software from Carl Zeiss. (Carl Zeiss Canada Ltd., Toronto).  

 

2.9. Cell Culture 

2.9.1. Establishment of a lung adenocarcinoma cell line from Tie2-CRT 

mice 

To study the progression of the lung tumors observed in Tie-CRT mice in vitro, 

we established a lung adenocarcinoma primary cell line isolated from the tumors found 

in these mice. Fresh lung tumor tissues were excised from the lungs of Tie2-CRT mice 

and placed in sterile 1X PBS containing 10% Pen/Strep. The tumor was dissected away 
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from the surrounding normal lung tissue and then minced into small pieces under 

aseptic conditions. The minced tissue was incubated in 0.2 mg/ml collagenase type IV 

(Roche, Mississauga, ON) in 1X PBS at 37°C for 30 minutes with continuous rotation. 

1X PBS containing 10% Pen/Strep was added to the cell suspension and then 

centrifuged at 1,000 x g for 15 minutes at 4°C. The supernatant was discarded, then 5 

ml of DMEM containing 20% FBS and 10% Pen/Strep was added to the pellet and 

cells were further dissociated by trituration using a wide bore sterile pipette. The cell 

suspension was then plated in tissue culture plates and incubated in an incubator. Cells 

were then sub-cultured every two days for a period of 5 weeks to establish a lung 

tumor cell line. Once the cell line was established, several aliquots were frozen and 

stored in liquid nitrogen. 

   

2.9.2. A549 (Human lung adenocarcinoma cell line) 

To compare the data obtained from the cell lines of Tie2-CRT mice with human 

lung adenocarcinoma, we used an established human lung adenocarcinoma cell line 

(A549 cell line). The A549 cell line was purchased from the American Type Culture 

Collection (ATCC, VA, USA). Cells were grown in DMEM supplemented with 10% 

FBS, 10% Pen/Strep 100 units/ml. The media was changed every 48 hours and cells 

were sub-cultured when they reached 90% confluence. 
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2.10. Western Blot analysis  

The expression of different proteins of interest in tumor cells and tissue isolated 

from experimental animals was evaluated using western blot analysis. Samples were 

lysed using ice cold new RIPA buffer (250 mM NaCl, 20mM Tris, 1 mM EDTA, 1 

mM EGTA, 1 mM Na3VO4, 30 mM NaF, 10mM Na4P2O7, 0.5% sodium deoxycholate, 

1% Nonidet P-40, 1% Triton X-100, 0.5µM PMSF and a protease inhibitor cocktail) 

and centrifuged at 7,000 rpm for 10 minutes at 4°C. The protein concentration of each 

sample was analyzed using a DC protein assay kit from BioRad (BioRad, Mississauga, 

ON) according to the manufacturer’s protocol. A total of 30µg of protein for each 

sample was separated on SDS-polyacrylamide gels (SDS-PAGE) (percentage varied 

from 7.5-15% depending on the size of the protein being examined). Low-range or 

broad range pre-stained protein ladder (Bio Rad, Mississauga, ON) was used to 

determine the molecular mass of the proteins. The proteins were then transferred to 

nitrocellulose membrane using a semidry transfer system. The details of solutions used 

for western blot analysis as well as the protocol used for preparing different 

concentrations of SDS-PAGE are outlined in Table 5 and Table 6.  

 

 



Table 5. List of solutions, their composition and preparation for SDS-PAGE Western blot analysis.  
 

Steps Solution Composition Preparation 

4 X Separating Gel 
Buffer 1.5 M Tris, 0.4% SDS, pH=8.8 

54.52g Tris Base and 1.2g SDS 
Adjust pH to 8.8 and bring to a final volume of 

300ml with ddH2O. Store at RT Casting gels 
4 X Stacking Gel 

Buffer 0.5 M Tris, 0.4% SDS, pH=6.8 
12.14g Tris Base and 0.8g SDS 

Adjust pH to 6.8 and bring to a final volume of 
200ml with ddH2O. Store at RT 

Electrophoresis 5 X SDS-PAGE 
Running Buffer 

125 mM Tris, 960 mM Glycine, 
0.5 % SDS, pH~8.3 

15.1g Tris Base, 72g Glycine, 5 g SDS 
Make up to 1L with ddH2O and store at RT or 4°C. 

For 1 X Running buffer: Dilute 1:5 with ddH2O 

Transfer 1 X Transfer Buffer 25 mM Tris, 19.2 M Glycine 
20% Methanol, pH~8.3 

6.0g Tris Base, 28.8g Glycine, 400ml Methanol 
Make up to 2L with ddH2O, Store at 4°C and use 

cold.  

10 X PBS 

 
 137mM NaCl, 2.7mM KCl, 
10mM Na2HPO4, 1.76 mM 

KH2PO4, pH=7.4 

14.4 g Na2HPO4, 2.4 g KH2PO4, 2 g KCl, 80 g NaCl 
Make up to 1L with ddH2O and store at RT. 

Washing  

1 X PBST 

13.7mM NaCl, 0.27mM KCl, 
0.1mM Na2HPO4, 0.176 mM 

KH2PO4,  
0.1% Tween 20, pH~7.4 

200ml 10 X PBS, 200 μ1 Tween 20 
Make up to 2L with ddH2O and store at RT. 

Blocking antibodies 5% milk in PBS   5% Non-fat skim milk powder in PBS 
Diluting antibodies 1% milk in PBS   1% Non-fat skim milk powder in PBS 
 
SDS = sodium dodecyl sμlfate, ddH2O = double-distilled water, RT = room temperature, PBS = phosphate buffered saline,  
PBST = PBS Tween 20  
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Table 6: Protocol used for preparing different concentrations of SDS-PAGE gels.  
 

Separating Gel 
7.5% 10% 12.5% 15% 17.5%  

20ml 40ml 20ml 40ml 20ml 40ml 20ml 40ml 10ml 40ml 
ddH2O 9.65 19.3 8 16 6.8 12.6 4.85 9.8 1.67 6.66 
4X Separating Gel Buffer 5 10 5 10 5 10 5 10 2.5 10 
Acryl amide 5 10 6.7 13.4 8.35 16.7 10 20 5.84 23.34 
TEMED 5μl 15μl 15μl 15μl 15μl 20μl 15μl 20μl 15μl 20μl 
10% APS 75μl 150μl 150μl 150μl 150μl 200μl 150μl 200μl 150μl 200μl 

 

 
 

3% Stacking Gel 
 5ml 10ml 20ml 

DDH2O 2.9 5.9 11.8 
4X Stacking Gel Buffer 1.25 2.5 5 
Acryl amide 0.95 1.9 3.8 
TEMED 10 20 20 
10% APS 100μl 200μl 200μl 
 
APS = ammonium persulphate  
Separating and Stacking Gel Buffers: see Table 4  
 
Procedure for running gels:  
75 V in Stacking Gel for 20-30 min 
125 V in Separating Gel until it goes to bottom of gel  

94



  95

To prevent non-specific antibody binding, nitrocellulose membranes were 

incubated in 1X PBS containing 5% non-fat skim milk powder for 30 minutes at room 

temperature prior to antibody detection. The membrane was then incubated with 

primary antibody diluted in 1% non-fat skim milk powder in 1X PBS or 1% bovine 

serum albumin in 1X PBS as recommended by the manufacturer. Subsequently, the 

primary antibody was removed and the membrane was washed twice for 15 minutes in 

1X PBS containing 0.1% Tween and once in 1X PBS for 15 minutes. The membrane 

was then incubated with HRP (Horseradish Peroxidase)-conjugated secondary 

antibody (Table 4) corresponding to the primary antibody used. The secondary 

antibody was also diluted in 1% non-fat skim milk powder in 1X PBS and was added 

to the nitrocellulose membrane and incubated for 1 hour at room temperature with 

constant mixing. The wash steps were repeated as above. The membrane was then 

incubated in with ECL (Enhanced Chemiluminescence) (Santa Cruz Biotechnology, 

Inc. Santa Cruz, CA) for 5 minutes and images were captured using a Fluor-S Max 

Imager (BioRad). The relative density of protein bands corresponding to each specific 

protein was captured and quantified using Bio-Rad QuantityOne software. To evaluate 

equal loading, each nitrocellulose membrane was stripped and re-probed with an 

antibody to cytoskeletal α-actin (1/1000, Sigma-Aldrich). Data were presented as the 

ratio of the specific protein band density to that of the α-actin protein. 
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2.11. Soft agar colony assay 

2.11.1. Tumor cells 

To examine the anchorage-independent growth of tumor cells, cells were 

cultured in a soft agar colony forming assay for 2-3 weeks. Briefly, 1% Low Melting 

Point Agarose (Invitrogen, Burlington, ON) was prepared in distilled water and 

autoclaved. For base agar, 2X DMEM/F12 with 20% FBS was warmed to 40°C in a 

water bath for at least 30 minutes after which it was added to an equal volume of 

warmed 1% agarose. 1.5 ml of the 0.5% Agar contianing 1X DMEM/F12 and 10% 

FBS solution was then layered into the wells of a 6-well culture plate and permitted to 

solidify at room temperature under aseptic conditions.  

For the top agar, 0.7% Low Melting Agarose was mixed with 2X DMEM/F12 

containing 20% FBS resulting in a final concentration of 0.35% Agar containing 1X 

DMEM/F12 and 10% FBS. This solution was kept at 40 ºC in a water bath. Cells were 

then counted using a hemocytometer, and 5,000 cells were suspended in 1.5 ml of 

0.35% agarose in DMEM/F12 + 10% FBS. The cell suspension was then layered onto 

the base agar in 6-well plates. The plate was then incubated at 37°C in a humidified 

incubator in an atmosphere of 5% CO2 and 95% air. After two weeks, the plates were 

stained with 0.5ml of 0.005% Crystal Violet for >1 hour and then the number of 

colonies in each plate was counted using a stereo-microscope. 

 

2.11.2. Bone marrow cells 

To evaluate the proliferative capacity of BM cells of both Tie2-CRT and wt 

mice, isolated BM cells from these mice (section 2.5.3) were cultured for 14 days in 
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soft agar culture media as previously described (Horowitz et al. 2002). Soft agar used 

for BM cells was same as one used for tumor cells except the DMEM/F12 was 

replaced with RPMI media. Briefly, base agar was prepared as explained above using 

RPMI medium to give 0.5% Agar containing 1x RPMI and 10% FBS and 10ng/ml IL-

3 (Interleukin 3) (Invitrogen Burlington, ON) and 10ng/ml GM-CSF (Invitrogen 

Burlington, ON). Top agar was also prepared as explained above using RPMI medium 

to give 0.35% Agar containing 1x RPMI and 10% FBS, with the addition of IL-3 and 

GM-CSF. A volume of 1.5 ml base agar (0.5% Agar contaiing 1 RPMI and 10% FBS) 

was added to each well of a 6-well culture plate and set aside to solidify at room 

temperature. Cells were then counted using a hemocytometer, and 5x104 cells were 

suspended in 1.5 ml of 0.35% agarose in RPMI containing 10% FBS supplemented 

with IL-3 and GM-CSF. The plate was then incubated at 37°C in a humidified 

incubator in an atmosphere of 5% CO2 and 95% air. After two weeks, the plates were 

stained with 0.5ml of 0.005% Crystal Violet for >1 hour and the number of colonies in 

each plate was counted using a stereo-microscope. 

 

2.12. Non-adherent sphere assay 

To evaluate the ability of lung tumor cells isolated from Tie2-CRT to form 

colonies in serum-free non-adherent culture conditions, we performed a non-adherent 

sphere assay, which is a well established method that has already been used by several 

investigators (Ponti et al. 2005; Ricci-Vitiani et al. 2007; Eramo et al. 2008; Visvader 

et al. 2008; Tirino et al. 2009). The sphere assay has been shown to be an excellent 

technique to isolate stem cells and progenitor cells on the basis of their ability for self-
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renewal and the expression of different surface markers (Tirino et al. 2009). Thus, in 

this study, a non-adherent culture condition was used to form spheres with stem cell-

like characteristics. Briefly, lung adenocarcinoma cells derived from Tie2-CRT mice 

were plated at low density (60 000 cells per well) in six-well plates in DMEM/F12 

with 10% Pen/Strep but without FBS. Cells were incubated at 37°C with 5% CO2 for a 

period of 4 weeks to grow and form spheres that could be visualized using an inverted 

phase-contrast microscope. 

 

2.13. Magnetic bead cell sorting 

To isolate CD133 positive cells from the BM, we used a magnetic bead cell 

sorting kit (Miltenyi Biotec Inc. CA, USA). BM cells expressing CD133 were 

positively selected according to the manufacturer's protocol. Briefly, BM cells were 

isolated from the long bones of Tie2-CRT and wt mice (male and female) as described 

in section 2.5.3. A total of 109 nucleated BM cells, as estimated using a 

hemocytometer, were incubated on ice with a rabbit anti-CD133 antibody for 30 

minutes. Next, cells were incubated for 15 minutes with magnetic microbeads that 

were conjugated to goat anti-rabbit antibodies on ice.  

Samples were then placed in a magnetic field for 5 minutes and the unlabelled 

cells in the supernatant were transferred to a new tube. Samples were removed from 

the magnetic field and the CD133 labeled BM cells were collected. Cells were then 

resuspended in 500 μL buffer and the magnetic field separation was repeated to enrich 

for CD133 positive cells. To confirm the degree of cell purification, aliquots of CD133 

positive and CD133 negative sorted cells were stained with a CD133 antibody using 
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the IF staining protocol described in section 2.7.2. The number of CD133 positive cells 

isolated from 109 BM cells of Tie2-CRT mice and wt controls were determined using a 

hemocytometer and the values were then graphed for comparison.  

 

2.14. Flow Cytometry analysis   

HSCs are normally formed and stored in the BM of adults until they are fully 

matured and then released into the blood circulation (Calvi 2003; Zhang et al. 2003). 

The presence of circulating HSCs in the blood circulation during normal homeostasis 

suggests a turnover in BM niches (Calvi 2003; Zhang et al. 2003). Therefore, to 

investigate whether the mobilization of HSCs was altered in Tie2-CRT mice, the total 

number of HSCs in the circulating blood and BM was examined using flow cytometry 

(MoFlo XDP cell sorter, Beckman Coulter, Flow cytometry Laboratory, University of 

Manitoba). Briefly, BM and blood samples were collected from both transgenic and wt 

littermates as described in section 2.5. RBCs were removed from the samples by 

incubation in ammonium chloride lysis buffer (1.5M NH4Cl, 100nM KHCO3, 10nM 

Na4EDTA) for 15 minutes at room temperature (Current Protocols in Cytometry 

1997). 10 ml of lysis buffer was used for every 1 ml of blood sample.  

For immunostaining, cells were washed 2-3 times with FACS buffer (5% FBS 

in 1X PBS) and incubated with blocking buffer (1X PBS containing 0.1% saponin and 

2% milk powder) for 30 minutes on ice. After 2-3 washes with FACS buffer, cells 

were re-suspended in 50µl of FACS buffer. Cells were then incubated with primary 

antibodies of interest (Table 3) and diluted in blocking buffer for 1 hour on ice. For co-

immunostaining, primary antibodies raised in different species were mixed and 
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incubated with cells simultaneously. We co-stained c-kit (rabbit anti-mouse) with 

CD34 (rat anti-mouse) or c-kit (rabbit anti-mouse) with Sca-1 (rat anti-mouse). Cells 

were then washed 2-3 times with FACS buffer and the pellets from the final wash were 

suspended in 50µl of FACS buffer containing a mixture of secondary antibodies (for 

the two species) conjugated with fluorochromes. Cy2-conjugated goat anti-rabbit (1/70 

dilution) and R-phycoerythrin-conjugated donkey anti-rat (1/100 dilution) were used 

for co-staining of the cells. Samples were mixed gently and incubated for 30 minutes 

on ice in the dark. Cells were then washed 2-3 times with FACS buffer and suspended 

in 200-300µl FACS buffer containing 1% PFA and then analyzed with a flow 

cytometer (MoFlo XDP cell sorter). In order eliminate non-specific signals during the 

flow cytometer experiments, we applied dual color compensation using unstained 

cells, green-only cells (Cy2 alone), red-only cells (R-phycoerythrin) and cells that had 

been labeled only with primary antibodies. 

 

2.15. Tissue microarray and semi-quantitative scoring (H-scores) 

To evaluate CRT expression in human lung adenocarcinoma, we carried out 

IHC staining for CRT on human tissue microarray (TMA) slides using a goat anti-CRT 

antibody. Briefly, a lung adenocarcinoma (grade I-III, 33 cases) TMA slide was 

obtained from US Biomax Inc. Each slide contained 96 cores of specimens (diameter 1 

mm, 5 μm thickness each) from a malignant tumor, adjacent tissue and normal tissue.  

The dilution factor of the CRT antibody was first optimized for IHC staining 

using normal lung tissue. TMA slides were then deparaffinized in xylene and 

rehydrated through a serial dilution of alcohol followed by washings with a solution of 
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1X PBS (pH 7.4). Sections were then submitted to heat-induced antigen retrieval in 

citrate buffer followed by incubation in blocking solution as described in section 2.7. 

For immunostaining, CRT primary antibody was diluted in blocking solution, added to 

the TMA slides, and incubated at 4°C overnight in a humidified chamber followed by 

subsequent washes with 1X PBS the following day. A biotinylated anti-goat secondary 

antibody was prepared in blocking solution and added to the slides and incubated for 1 

hour at room temperature. The slides were then washed with 1X PBS and incubated 

with ABC solution (Vector Inc, Burlington, ON) for 30 minutes at room temperature. 

Staining of the antigen was then visualized using DAB substrate (3,3-

diaminodbenzidine) and the sections were then counterstained with Mayer’s 

hematoxylin (Vector Inc, Burlington, ON). The slides were washed, dehydrated, 

mounted with Permount (Thermo Fisher Scientific, Ottawa, ON), and used for 

microscopic examination and study comparison. To validate of the specificity of the 

CRT antibody in these IHC assays, CRT antibody was pre-incubated with 50 fold 

excess of CRT recombinant protein (a generous gift from Dr. Marek Michalak-

Department of Biochemistry, University of Alberta) for 4 hours at 4ºC. The blocked 

antibody was then added to the TMA slide and the slides were then processed for IHC. 

Negative controls were obtained by processing the TMA slides in the same manner, 

but by omitting the primary antibody.  

For evaluation of immunohistochemical staining, semi-quantitative scoring (H-

scores) was used to assess positive staining for CRT protein expression in TMAs 

according to the method described previously by Skliris et al. (Skliris et al. 2008). The 

H-score was calculated by a semi-quantitative assessment of both staining intensity 

(scale 0–3) and the percentage of positive cells (0–100%), which, when multiplied, 
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generated a score ranging from 0 to 300. The intensity score was made on the basis of 

the average intensity of staining where 0 = negative, 1 = weak, 2 = intermediate and 3 

= strong. Statistical analysis was carried out on the H-score data obtained. Scoring of 

the sections was performed by two blinded independent individuals. 

 

2.16. Statistics 

Statistical analysis of the data was carried out by using the two-tailed Student's 

t-test to determine significant differences at a p value < 0.05. The data were plotted as 

the mean ± SE of individual experimental values.  
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CHAPTER III: RESULTS  

3.1. Characterization of the Tie2-CRT mouse model 

3.1.1. Detection of transgene expression  

 We have generated a transgenic mouse model overexpressing CRT under the 

control of the Tie2 promoter. In total, eight transgenic founders were generated and 

used to establish colonies. To identify the transgenic mice in each litter, we used PCR 

of genomic DNA and specific primers Tie2-5′ and CR3′. Fig. 4A shows a 

representative PCR of genomic DNA isolated from wt and Tie2-CRT mice. As shown, 

amplification of Tie2-CRT genomic DNA produced the expected 650 bp fragment, 

while no signal was detected in the wt control. In order to demonstrate specific 

expression of the transgene CRT-HA in transgenic mice lines we carried out western 

blot assay and immunostaining with a rabbit anti-HA antibody on different tissues 

obtained from Tie2-CRT mice. Fig. 4B shows a representative western blot with the 

anti-HA antibody of the lung and white blood cells isolated from Tie2-CRT and wt 

littermates. A 62 kDa protein band was detected only in lung, white blood cells Fig. 

4B, mouse tail (data not shown) and arteries (data not shown) of Tie2-CRT mice 

illustrating activity of Tie2 promoter in the lung and white blood cells. 



Fig. 4. Detection of transgene expression with PCR and Western Blot analyzing
Transgenic mice were identified by PCR analysis of genomic DNA isolated from tail biopsies as described in “Materials and
Methods”. (A) shows a representative PCR of genomic DNA of Tie2-CRT mice and wt littermates (n=10). A 650 bp amplicon was
detected in samples from transgenic mice only. (B) A representative Western blot analysis with anti-HA antibody in the lung and
white blood cells isolated from Tie2-CRT and wt littermates to examine the expression of the transgene in these tissues (n=10).
Whole cell lysate from lung tissue and white blood cells were used for Western blot analysis using an anti-HA antibody and anti-
actin as a loading control. A single protein band at 65 kDa was detected in protein samples isolated from Tie2-CRT mice only.
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Fig. 5 shows IHC analysis of transgene (CRT-HA) expression in the EC of 

descending aorta of Tie2-CRT mice as compared to their wt littermates. CRT-HA was 

highly expressed only in the EC of vascular wall of Tie2-CRT mice (Fig. 5 black 

arrows). HA positive cells (black arrows) were also detected in the sections prepared 

from the femurs of Tie2-CRT mice. In addition to BM sinusoid endothelial cells (Fig 6, 

red arrows), other BM cells also highly expressed CRT-HA (Fig 6, black arrows). 

To detect the expression of ectopic CRT (CRT-HA) in HSCs and endothelial 

progenitor cells in the BM, we performed IF staining using antibodies against CD34 

and CD31 which are HSCs and endothelial progenitor cell markers respectively (Yin et 

al. 1997; Kisanuki et al. 2001). Fig. 7A shows co-expression of CD34 (green) and HA 

(red) in polymorphonuclear (PMN) progenitor cells derived from the myeloid lineage 

of hematopoietic cells (white arrows). Fig. 7B (white arrows) illustrates co-expression 

of CD31 (green) and HA (red) in endothelial progenitor cells of the BM cells isolated 

from Tie2-CRT mice. Together, these data confirmed the expression of the transgene 

(CRT-HA), in the target tissues of Tie2-CRT mice. 



Fig. 5. Immunohistochemical staining with HA antibody to examine CRT-HA transgene expression.
Representative IHC analysis of CRT-HA expression in endothelial cell layer of the aorta in Tie2-CRT transgenic mice as compared
to a non- transgenic littermate (n=4). CRT-HA positive endothelial cells (black arrows) were detected by immunohistochemistry of
sections prepared from the descending aorta of Tie2-CRT mice using an anti-HA antibody. Scale bars, 50 μm.

Tie2-CRT Aortawt Aorta
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Tie2-CRT Bone marrowwt Bone marrow

Fig. 6. Detection of CRT-HA expression in bone marrow cells of Tie2-CRT mice using immunohistochemistry (IHC)
staining with HA antibody.
Representative IHC analysis of CRT-HA expression in bone marrow cells in Tie2-CRT transgenic mice as compared to a non-
transgenic littermate (n=4). CRT-HA positive cells (black arrows) were detected by IHC in sections prepared from the
femurs of Tie2-CRT mice using an anti-HA antibody followed by the avidin-biotin horseradish peroxidase and DAB (brown color)
and counterstained with Mayer’s hematoxylin as described in “Materials and Methods”. The endothelial cell layer of
microcapillaries in the bone marrow are also expressed CRT-HA (red arrows). Scale bars, 50 μm
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Fig. 7. Detection of CRT-HA expression in cells isolated from bone marrow of Tie2-CRT mice using immunoflorescence (IF).
(A) Representative IF images showing co-expression of CD34 antigen (green) and CRT-HA (red) in polymorphonuclear (PMN)
progenitor cells (white arrows) which belong to the myeloid lineage (n=6). (B) Representative IF images showing co-expression of
CD31 antigen (green) and CRT-HA (red) in endothelial progenitor cells in bone marrow (n=6). Nuclei of the cells were
counterstained with DAPI (blue). Scale bars indicate 20 μm.
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3.1.2. General characteristics of Tie2-CRT mice 

Body weight and blood glucose of both wt and Tie2-CRT mice were measured 

at the time of necropsy as described in “Materials and Methods”. Fig. 8A and B show 

that there was no significant changes in either body weight or blood glucose 

concentration in Tie2-CRT mice as compared to their wt littermates. Blood cell profiles 

of wt and Tie2-CRT mice were also examined using an automated cell counter and 

there were no significant changes in the number of WBC (Fig. 9A) or RBC (Fig. 9B) 

in Tie2-CRT mice as compared to wt control animals. Similarly, there were no 

significant changes in blood hemoglobin concentration (Fig. 9C) in Tie2-CRT mice (15 

mg/dl) as compared to wt controls (13.9 mg/dl). 

Fig. 10 shows light microscopic images of representative blood smears 

obtained from wt and Tie2-CRT mice stained with Giemsa (Fig. 10A and 7B, n=30) 

and MPO (Fig. 10C and 7D, n=8) as described in “Materials and Methods”. As seen in 

this figure, the morphology of both WBCs and RBCs appears normal in Tie2-CRT 

mice (Fig. 10B) compared to wt littermate controls (Fig. 10A). However, WBCs 

isolated from Tie2-CRT mice failed to express MPO (compare Fig. 10C with 10D).    
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Fig. 8. General characteristics of Tie2-CRT mice compared to non-transgenic littermates.
Body weight and blood glucose concentration were measured following euthanasia as described in “Materials and Methods”. Bar
graphs in A and B show no significant change in the body weight or blood glucose concentration of Tie2-CRT transgenic mice as
compared to wt littermates. Bar graphs are mean ± SE of n=40 mice in each group.
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Fig. 9. Blood cell profiles of Tie2-CRT mice compared to wt.
The blood cell profiles of both Tie2-CRT mice and wt controls were examined using an automated cell counter. (A) The number of
white blood cells (WBC) in Tie2-CRT mice did not differ from wt controls. (B) There was no significant difference in the number of
red blood cells (RBC) in Tie2-CRT mice as compared to wt controls. (C) Similarly, there were no significant changes in blood
hemoglobin (Hb) concentration in Tie2-CRT mice (15 mg/dl) as compared to their wt controls (13.9 mg/dl). Bar graphs are mean ±
SE of n=6 samples in each group.

12
12.5

13
13.5

14
14.5

15
15.5

16

wt Tie2/CRT

H
b,

 m
g/

dL

8.5
9

9.5
10

10.5

wt Tie2/CRT
R

B
C

 n
ub

be
r

10
 e

12
/L

CB

0
1
2
3
4
5

wt Tie2/CRT

W
B

C
 n

um
be

r
10

 e
9/

L

A

111



Ti
e2

-C
R

T 
B

lo
od

 s
m

ea
r

B

w
tB

lo
od

 s
m

ea
r A

Fig. 10. Morphological analysis of blood cells from Tie2-CRT mice.
Representative (>10 mice per group) light microscopy images of blood smears obtained from wt (A) and Tie2-CRT (B) mice stained
with Giemsa as described in “Materials and Methods”. Morphology of both WBCs (black arrows) and RBCs (red arrow) is normal
in Tie2-CRT mice as compared to their wt littermates. C and D show light microscopic images of representative blood smears
obtained from wt and Tie2-CRT transgenic mice stained for myeloperoxidase (n=7). C, inset, shows a wt neutrophil stained positive
for myeloperoxidase in contrast to neutrophils of Tie2-CRT mice which were negative for myeloperoxidase (D, inset).
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3.1.3. Increased incidence of lung cancer in Tie2-CRT mice 

Necropsies of Tie2-CRT transgenic mice demonstrated localized hemorrhagic 

lesions in different tissues, including the uterus (Fig. 11A), ovaries (Fig. 11B), liver 

(Fig. 11C) and lungs (Fig. 11C). As the Tie2-CRT mice aged, they suffered from 

labored breathing, suggesting a lung defect. Indeed, at the time of necropsy the 

presence of solid tumors were observed on the pleural surface of the lung and was 

confirmed by examining the lobes of the lungs under a stereo–microscope (Fig. 12).  

Fig. 12A-D illustrates the morphology of lungs of Tie2-CRT mice at different 

stages of lung tumor. Lungs isolated from young Tie2-CRT mice showed signs of 

congestion and reddish discoloration on their periphery (Fig. 12A black arrows) 

suggesting possible onset of an inflammatory response. Histology of the lung at this 

stage also confirmed congestion accompanied with accumulation of inflammatory cells 

in the lung (Fig. 14B and C). With age, animals developed visible tumors at the 

periphery of the lung that had a soft, smooth surface with a white to tan appearance 

(Fig. 12C, black arrow). At later more advanced stages, the tumor spreads and invades 

all of the lobes of the lungs (Fig. 12D).  

Fig. 13A shows the incidence of lung tumors in Tie2-CRT mice as compared to 

wt littermates at different ages. As illustrated in the bar graph, (Fig. 13A) 50% of Tie2-

CRT animals less than 12 months of age developed lung tumors as compared to just 

14% of wt mice. This incidence increased to 65.7% in 12 to 18 month old Tie2-CRT 

mice, whereas the incidence of lung tumor in wt littermates was only 20%. In mice 

older than 18 months, 93% of Tie2-CRT mice had fully developed lung tumors while 

only 23% of wt mice had fully developed lung tumors. Further studies showed that 
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tumor formation in Tie2-CRT mice occurs in both sexes with similar frequency (Fig. 

13B).  



Fig. 11. Localized hemorrhagic lesions in Tie2-CRT mice.
Tie2-CRT mice show signs of hemorrhage in different organs: (A) shows a
hemorrhagic uterus (black arrows), (B) the ovaries (black arrows) and (C and D)
point hemorrhages were observed in the liver and the lungs respectively (black
arrows).
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Fig. 12. Lung phenotype of theTie2-CRT mice.
A-D show the gross morphology of the lungs of Tie2-CRT mice at different stages of
lung tumor development. A and B show lungs at the early stages of tumor formation.
At this stage, there are discolorations and focal hemorrhagic regions in different
lobes of the lung (black arrows). As the lesions progress with age, they acquire a
more spherical shape with a smooth surface and a white to tan color (C). These
tumors usually appear peripherally. This lesion (black arrow) represents the fully
developed adenocarcinoma. At later stages, the lesion spreads to invade all of the
lobes of the lung (D).
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Fig. 13. Incidence of lung tumors in Tie2-CRT transgenic mice as compared to wt
littermates.
(A) Bar graph shows a significantly higher incidence of lung tumors in Tie2-CRT mice 
as compared to wt littermates at all ages examined. As Tie2-CRT mice aged, there were a 
increase in tumors observed from 50% to 93%, white bars. However, the incidence of 
lung tumors in wt mice only showed a slight increase as the mice aged (black bars). n,
indicates the number of mice examined in each group. (B) The incidence of tumor 
formation in Tie2-CRT mice is similar in both sexes. Numbers on the bar graph show the 
percentages of lung tumors and “n” indicates the number of mice in each group.
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3.1.4. Histological characterization of lung tumors in Tie2-CRT mice 

Histological analysis revealed that the tumors in Tie2-CRT mice spontaneously 

arise in the alveolar region of the lung and continue to grow over time to form a dense 

cellular peripheral tumor (Fig. 14). Fig. 14A and B show representative H&E staining 

of lung sections isolated from a young wt (A) and a young Tie2-CRT (B) mouse. As 

shown in the Fig. 14B, lung tissue isolated from Tie2-CRT mice has undergone 

changes in the alveolar architecture as a result of an increase in cell number in the 

respiratory epithelium, congestion and chronic inflammation as compared to wt lung 

tissue (Fig. 14A). The next stage of the tumor development is formation of atypical 

adenomatous hyperplasia (AAH) in the peripheral airway. AAH refers to a lesion in 

the lung of the genetically modified mice that precedes the adenoma stage (Jackson et 

al. 2001). 

At the AAH stage, pre-malignant cells in various states of dysplasia are seen in 

the regions where the lung architecture is disrupted and has an abnormal appearance 

(Fig. 14C). Fig. 14C is a photomicrograph of H&E staining of a lung section 

demonstrating focal epithelial hyperplasia seen in the alveoli of Tie2-CRT mice. This 

lesion consists of relatively uniform atypical cuboidal cells with different size of nuclei 

(Fig. 14C). Black arrows in Fig. 14C demonstrate RBC accumulation in the lung 

which is indicative of increased congestion. The regions of epithelial hyperplasia will 

progress to neoplasia with uniform populations of hypertrophic cuboidal cells forming 

glandular structures followed by adenoma and the presence of small peripheral nodules 

in the lung (Fig. 14D). These nodules eventually form peripheral tumors with 

glandular/papillary structures (Fig. 14E). Fig. 14E shows a fully developed lung 
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adenocarcinoma seen in Tie2-CRT mice at low magnification. Fig. 14F is shown at a 

higher magnification to highlight the glandular pattern of tumor cells.  

 

 



B

D

A C

E F

wt lung Tie2-CRT lung AAH stage

Lung adenoma Adenocarcinoma120



Fig. 14. Stages of lung tumors observed in Tie2-CRT mice.
Four μm paraffin sections of lung from wt and Tie2-CRT mice were processed for H&E staining to analyze the type and
stages of lung tumors. Photomicrographs showing representative (>10 mice in each group) H&E staining of lung sections
isolated from wt (A) and young (3-6 month) Tie2-CRT mice (B) demonstrating changes in the alveolar architecture in Tie2-
CRT mice. These changes include respiratory epithelium hyperplasia in Tie2-CRT as compared to wt lung. As the Tie2-CRT
ages, lung morphology changes to form focal epithelial hyperplasia in the alveoli of Tie2-CRT mice (C) which consists of
relatively uniform atypical cuboidal to columnar cells and red blood cells (black arrows) accumulated in the lung, a further
indication of increased congestion. Epithelial hyperplasia will then progress into sites of neoplasia, forming glandular
structures in the lung known as adenoma (D). Finally, the adenoma proceeds to form fully developed adenocarcinoma (E,
low magnification). At higher magnification (F) the lung tumors of Tie2-CRT mice are of a glandular pattern with their own
established vasculature and irregular shaped cells. Scale bars are included in each image.
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3.1.5. Immunohistochemical characterization of lung cancer in Tie2-CRT mice 

To study the histogenesis of the lung tumors seen in Tie2-CRT mice, we 

examined the expression of the alveolar type II marker SP-C and the bronchiolar cell 

marker CC10 in these tumors. These are two common markers used to characterize 

cells in lung tumors in order to determine the cell of origin of the tumor (Mason et al. 

2000; Kim et al. 2005). As illustrated in Fig. 15, the tumor cells of Tie2-CRT mice 

were positive for SP-C expression (Fig. 15C) and negative for CC10 expression (Fig. 

1DB). However, lung tumors observed in wt mice are either SP-C negative (Fig. 15C) 

or SP-C positive adenocarcinoma (Fig. 15C). Another marker which is used to 

characterize cells in lung tumors is mucin. The mucicarmine method was used to 

examine mucin production by lung tumor cells in Tie2-CRT mice as described in 

“Materials and Methods”. As illustrated in Fig. 15D, the tumor cells of Tie2-CRT mice 

do not express mucin. These data illustrate that the tumors in Tie2-CRT mice are 

composed of alveolar type II cells, but not Clara cells.  

Similar to human lung adenocarcinoma, the gross morphology of the lung 

adenocarcinoma observed in Tie2-CRT mice showed a white-tan appearance. 

Therefore, to examine whether this was a consequence of lipid deposition, ORO 

staining was performed on lung tumor sections. Fig. 15F is a representative ORO 

staining of a lung tumor section showing red coloration for lipid deposits in lung tumor 

cells (Fig. 15F, inset). These lipid deposits could be surfactant-rich lipoproteinaceous 

material including SP-C secreted by the tumor cells.  
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Fig. 15. IHC characterization of lung tumors in Tie2-CRT mice.
IHC staining for (A, B, and C) SP-C, an alveolar type II marker shows that the lung adenocarcinoma of Tie2-CRT mice are SP-C
pos (C) while lung tumors observed in wt mice are either SP-C neg (A) or SP-C pos (B). As seen in the picture, immuno
histochemical properties of tumor cells of the Tie2-CRT mice lung adenocarcinoma (C) are different as compared to lung
adenocarcinoma seen in wt mice (n=2, B and C). Furthermore, IHC staining for CC10, a bronchial marker shows that the lung
adenocarcinoma of Tie2-CRT mice are CC10 neg (D). Insets in (A, B and C) show a higher magnification of tumor section
stained for SP-C protein (B and C brown color) or absence of SP-C in tumor cells (A). Insets in (D) show the absence of CC10
in tumor cells with higher magnification (top inset) and the presence of CC10 (brown color) in Clara cells of a bronchiole from
the same section as the positive control (lower inset, blue arrows). (E) shows mucin staining of tumor cells in the lung tissue
using the mucicarmine technique, which indicates mucin-negative tumor cells in advanced lung tumors from Tie2-CRT mice.
Insets in (E) showing lack of mucin secretion by tumor cells at higher magnification (top inset) and some mucin positive cells
(pink color) in the bronchiole cells from the same section as a positive control (lower inset, blue arrows). Tumor sections also
stained positive for lipid deposits using oil-red-O staining (F), indicating large amounts of surfactant-rich lipoproteinaceous
material secreted by tumor cells. Scale bar, 200 μm.
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We also examined changes in cell proliferation in the lung of wt and Tie2-CRT 

mice in vivo by examining the expression of Ki-67, a nuclear protein that is strictly 

associated with cell proliferation (Minami et al. 2002). Fig. 16A and C show only a 

few cells staining positive for Ki67 in the lungs of a wt mouse illustrating a small but 

ongoing cell proliferation in the normal lung tissue. As compared to the wt lung, the 

Tie2-CRT lungs contained a higher number of cells staining for Ki-67. As seen in Fig. 

16B and D, Ki-67 staining was observed in both the tumor region (B, black arrows) 

and the area adjacent to the tumor (B, red arrows) but a decrease level as compared to 

the tumor section. This indicates a high rate of proliferation in the lung tumor (Fig. 

16D) as compared to the adjacent tissue (Fig. 16B).  

 

3.1.6. Evaluation of lung inflammation in Tie2-CRT mice 

 As mentioned above, upon necropsy, we often observed that lungs isolated 

from Tie2-CRT mice, showed signs of congestion and reddish discoloration on the 

periphery of the lungs. To examine the possible inflammation in the lungs of Tie2-CRT 

mice we examined the presence of inflammatory cells by IHC. An anti-Mac-3 

antibody, a known marker for macrophages (Noorman et al. 1997), was used for IHC 

analysis. As shown in Fig. 17, prior to detectable tumor formation in the lungs of Tie2-

CRT mice there was a high level of Mac-3 staining indicative of increased numbers of 

macrophages infiltrating the lungs of these mice (Fig. 17B, black arrows) as compared 

to wt littermates (Fig. 17A, black arrows). 



Fig. 16. Ki-67 expression in the lung sections of wt and Tie2-CRT mice.
IHC using a Ki-67 antibody, a nuclear protein that is strictly associated with cell proliferation was carried out as described in
“Materials and Methods” (n=4). Few cells in wt lungs stained positive with an anti-Ki-67 antibody (A and C, black arrows) whereas
a higher number of Ki-67 positive cells were seen in Tie2-CRT lung both in the tumor region (B and D black arrows) and in the
normal tissue adjacent to the tumor (B, red arrows). Scale bars are as included in each image.

Tumor

Tie2-CRT LungWT Lung A B

C D

Adjacent tissue

126



Fig. 17. Evidence of inflammation in the lung of Tie2-CRT mice.
Presence of inflammatory cells in the lung of Tie2-CRT mice was confirmed by IHC using a Mac 3 antibody, a known marker for 
macrophages. Representative images of lung sections of young wt (A) and Tie2-CRT (B) mice (n=3) stained with anti-Mac 3 
antibody and DAB demonstrating an increased number of macrophages present in the lung of Tie2-CRT mice (B, black arrows) as 
compared to wt littermates (A, black arrows).
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3.1.7. Development of liver tumors in Tie2-CRT mice 

In addition to our observation of lung tumors in Tie2-CRT mice, we frequently 

observed tumors in the liver, which sometimes were accompanied by lung tumors. The 

incidence of primary liver tumors in mice has previously been reported (Andervont 

1950; Andervont et al. 1962) and ranges from 15-55% in C3H and 20-29% in CBA 

mice, and typically arises only in mice over 12 months of age (Andervont 1950). We 

sought to determine whether the liver tumors observed in Tie2-CRT mice were due to 

lung metastases or were a consequence of CRT overexpression, we partially 

characterized these liver tumors. Figure 18 shows representative sections of the liver 

tumors seen in Tie2-CRT mice with different appearances including adenoma (Fig. 

18A, black arrows), hemorrhagic (Fig. 18B, black arrows) and a mixed tumor (Fig. 

18C and D, black arrows).  

We also examined the incidence of liver tumors in the Tie2-CRT mice. The bar 

graph in Fig. 19 shows the frequency of liver tumors (of all types) observed in Tie2-

CRT mice as compared to wt littermates at different ages. As shown in Fig. 19, in wt 

mice younger than 12 months, no tumors were observed, but 2% of Tie2-CRT mice 

developed liver tumors. This incidence increased to 25% in 12 to 18 month old Tie2-

CRT mice, while the frequency of liver tumors in wt littermates only increased to 7%. 

The incidence of liver tumors in mice older than 18 months of age increases to 34% in 

Tie2-CRT mice and 25% in wt control mice. Overall, the frequency of liver tumors in 

Tie2-CRT mice (Fig. 19) was lower than that of the lung tumors (Fig. 13). 
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Fig. 18. Morphology of liver tumors observed in Tie2-CRT mice.
A-D Images of liver tumors observed in Tie2-CRT mice. In contrast to the lung
tumors observed in Tie2-CRT mice, three different types of tumors in the liver were
seen including adenocarcinoma (A), hemorrhagic (B) and mixed tumors (C and D).
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Fig. 19. Incidence of liver tumors in Tie2-CRT transgenic mice.
The bar graph shows the frequency of liver tumors observed in Tie2-CRT mice as compared to their wt littermates at different ages.
The incidence of liver tumors appeared to increase with age in both the wt and Tie2-CRT. In wt mice, no liver tumors were detected
when the mice were less than 12 months old, but this number increased to 25% in mice over 18 months of age (black bars). The
incidence of liver tumors in Tie2-CRT mice increased from 3% in less than 12 month old mice to 34% in mice over 18 months of
age. n= number of mice examined in each group.
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Fig. 20 shows H&E staining of sections from a liver tumor from wt (Fig. 20A) 

and Tie2-CRT mice (Fig. 20B, C, D). As seen in this figure, liver tumors of Tie2-CRT 

mice had diverse histological characteristics including hemorrhagic (Fig. 20B), 

adenocarcinoma (Fig. 20C) and mixed (Fig. 20D) structure. To further study the 

histogenesis of the liver tumors observed in Tie2-CRT mice, we performed IHC using 

antibodies against α-fetoprotein (AFP), a specific marker for fetal hepatocytes and a 

biomarker of hepatocellular carcinoma, and SP-C (alveolar type II cell marker). As 

illustrated in Fig. 21, some of the cells in the tumor region stained positive for AFP 

(Fig. 21A, black arrows). Furthermore, only a subset of liver tumors in Tie2-CRT mice 

contained SP-C positive cells (Fig. 21B, C). Fig. 21D shows IHC on a section of a 

liver tumor labeled with an antibody against HA. Expression of CRT-HA in the 

endothelial cell layer of vessels (Fig.21D, black arrows) and capillaries in the tumor 

area (Fig. 21C, red arrows) was observed. However, the tumor cells themselves did not 

express CRT-HA, which indicates that the tumor cells in the liver are not derived from 

either endothelial cells or HSCs. These results illustrate that only a subset of liver 

tumors in Tie-2 CRT mice could be linked to lung cancer, as evident by SP-C 

expression in these tumors. Further studies are needed to fully characterize the origin 

of liver tumors in these mice and study the correlation of liver tumors to lung tumors in 

the Tie2-CRT mice. 

 

 



Fig. 20. Liver tumors of Tie2-CRT mice show diverse histological characteristics.
A-C represent H&E staining of sections (n=11) from different tumors in the liver of wt (A) and Tie2-CRT mice (B-D). Tumors 
in the liver of Tie2-CRT mice (B-D) show diverse histological characteristics as compared to wt liver tumors (A). Histological 
characteristics of the tumors in Tie2-CRT mice include hemorrhagic (B), glandular (C) and mixed (D) structure. Scale bars 
indicate 100 μm. 
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Fig. 21. Immunohistochemical characterization of liver tumors developed in Tie2-CRT mice.
IHC on sections from tumors in the liver was carried out using anti- alpha-fetoprotein (AFP) (A), anti-SP-C (B, C) and anti HA (D)
antibodies to determine the phenotype of the liver tumors (n=5 for each antibody). Some of the liver tumor cells stained positive for
AFP (A, black arrows) whereas the staining of liver tumors with SP-C was diverse. Some liver tumors did not stain with an anti-
SP-C antibody (B) while others contained cells which expressed SP-C (C, black arrows). (D) shows IHC on a liver tumor section
using an antibody against HA demonstrating expression of CRT-HA by the endothelial cell layer of vessels (D, black arrows) and
capillaries in the tumor area (D, red arrows). However, the tumor cells themselves did not express CRT-HA. Scale bars indicate 100
μm.
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3.1.8. Characterization of tumor cells in lung cancer of Tie2-CRT mice   

In these transgenic mice, ectopic CRT expression is driven by the Tie2 

promoter. We therefore examined expression of both endothelial cell and HSC markers 

in the lung tumor cells in an effort to elucidate the origin of these tumor cells. As 

shown in Fig. 22A, expression of CD31 (endothelial cell marker) was restricted to the 

lining of the vessels and capillaries in both wt (Fig. 22D, black arrow) and Tie2-CRT 

mice (Fig. 22A, black arrow), and absent in the tumor cells of fully developed 

adenocarcinoma (Fig. 22A, blue arrows). Conversely, there was heterogeneous 

expression of CD34 (Fig. 22B, black arrows) and CRT-HA (Fig. 22C, black arrows) in 

the tumor region.  

Fig. 23 shows representative images of H&E stained tumor sections (Fig. 23A) 

as well as IHC staining using anti-SP-C (Fig. 23B) and anti-CC10 antibodies (Fig. 

23C). As demonstrated in Fig. 23, at least three different cell types can be identified. 

These cells have been classified into three groups. Group A are neoplastic, cuboidal 

cells, with moderate to large nuclei that form a glandular structure in the tumor area 

(Fig. 23A, black arrow). These epithelial cells stained positive for SP-C (Fig. 23B, 

black arrow), but are negative for CC10 (Fig. 23C, black arrow). Group B are non-

glandular, neoplastic polygonal cells, with ill-defined cell borders, and a strongly 

eosinophilic cytoplasm as seen with H&E staining (Fig. 23A, blue arrow). This group 

of tumor cells stained negative for both SP-C (Fig. 23B, blue arrow) and CC10 (Fig. 

23C, blue arrow). Group C are stromal cells with a spindle shape and oval nuclei (Fig. 

23A, red arrow). This group of cells also lacks expression of SP-C (Fig. 23B, red 

arrow) and CC10 (Fig. 23C, red arrow). 
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Fig. 22. Expression of CRT-HA, CD34 and CD31 in lung tumors of Tie2-CRT mice.
Representative IHC staining (n=4 for each antibody) with CD31, CD34 and HA of the sections of lung tumors from Tie2-CRT mice 
(A, B, C) and wt controls (D, E and F). Endothelial cells (black arrows in A and D ) lining the capillaries were CD31 positive, 
whereas tumor cells were not (blue arrows in A). A population of non-epithelial cells from lung adenocarcinomas isolated from 
Tie2-CRT mice stained positive with an anti-CD34 antibody (B, blue arrows). (C) shows expression of CRT-HA by tumor cells 
(black arrows) as compared to wt littermate lungs (F). Scale bars for all photomicrographs represent 50 μm. 
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Fig. 23. Heterogeneous population of tumor cells in lung cancer of Tie2-CRT mice.
(A-C) Photomicrographs showing H&E and IHC on sections from lung tumor using anti-SP-C and CC10 antibodies
demonstrating three different groups of cells in fully developed tumors. Group A: neoplastic cuboidal cells with a
moderate to large amount of nuclei which stained positive for SP-C, but negative for CC10 (black arrows). Group B:
neoplastic polygonal cells with ill-defined cell borders and a large amount of strongly eosinophilic cytoplasm in H&E
staining (blue arrows). This group of tumor cells stained negative for both SP-C and CC10. Group C: stromal cells with a
spindle to polygonal shape and an oval nucleus. This group of cells do not express either SP-C or CC10 (red arrows).
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To further characterize the cellular composition of the lung tumors from Tie2-

CRT mice, we carried out IHC on sequential lung sections of these mice (Fig. 24A-F). 

Fig. 24 is a representative image of CRT-HA staining (Fig. 24A, B and C) and 

corresponding adjacent sections stained for CD34 (Fig. 24D), SP-C (Fig. 24E) and 

VEGFR-3 (Fig. 24F) respectively. As shown in Fig. 24E, neoplastic epithelial cells 

which were positive for SP-C (Fig. 24E, black arrows) did not express CRT-HA (Fig. 

24B, black arrows). Furthermore, a subset of tumor cells expressing CRT-HA (Fig. 

24C, black arrow) were positive for CD34 (Fig. 24D) or VEGFR-3 (Fig. 24F. black 

arrow). These data illustrate that a subset of cells expressing CRT-HA contribute to the 

neovascularization of the lung adenocarcinoma of Tie2-CRT mice.   

Fig. 25 shows representative staining with E-cadherin, a marker of epithelial 

cells (Fig. 25A), and vWF (von Willebrand factor), a marker of endothelial cells (Fig. 

25B). As seen in this figure, the neoplastic cuboidal cells (group A) express E-cadherin 

(Fig. 25A, black arrow), but do not express vWF (Fig. 25B, black arrow) suggesting 

that these cells are epithelial cells. Subsets of group B tumor cells were negative for 

both E-cadherin (Fig. 25A, blue arrow) and vWF (Fig. 25B, blue arrow). In contrast, 

group C cells stained positive for vWF (Fig. 25B, red arrow), but not for E-cadherin 

(Fig. 25A, red arrow) suggesting that these are endothelial cells. Altogether, these 

observations indicate a diverse protein expression signature for tumor cells which 

confirms their heterogeneity. 

Since the Tie2 promoter is also active in HSCs, we carried out IF with specific 

antibodies to HSC markers. Co-immunofluorescence staining of tumor sections using 

anti-HA, anti-Sca-1, anti-CD34, and anti-c-kit antibodies showed co-expression of HA 

(Fig. 26A, red) with Sca-1 (Fig. 26A, green) and CD34 (Fig. 26B, green). Fig. 26C 
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also shows co-expression of CD34 (Fig. 26C, red) and c-kit (Fig. 26C, green) in lung 

tumor sections. Immunohistochemical characteristics of the three different cell types 

seen in the tumors are summarized in Table 7. As shown in Table 7, group B tumor 

cells express both exogenous CRT (CRT-HA) and HSC markers suggesting that HSCs 

may contribute to the formation of these lung tumors in the Tie2-CRT mice. 
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Fig. 24. Characterization of lung tumor cells in Tie2-CRT mice.
Representative IHC staining on sequential tumor sections (n=4 for each antibody) using an HA antibody to label CRT-HA (A, B and 
C) and corresponding adjacent sections were stained using CD34 (D), SP-C (E) and VEGFR-3 (F) antibodies respectively. 
Neoplastic epithelial cells, which are positive for SP-C (E, black arrows), did not express CRT-HA (B, black arrows). However, a
group of cells in the tumor region co-stained with CD34 and CRT-HA (D and A) as well as VEGFR-3 and CRT-HA (C and F). Scale 
bars for all photomicrographs indicate 50 μm. 
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Fig. 25. E-cadherin and vWF expression patterns in Tie2-CRT lung tumors.
(A) IHC staining of lung tumor sections using an anti-E-cadherin antibody (n=4). As seen, group A tumor
cells (epithelial structure) are stained positive for E-cadherin (A, black arrow) while group B (A, blue
arrow) and C (A, red arrow) tumor cells do not express E-cadherin. (B) A representative image of tumor
sections stained for vWF (n=6). Neoplastic epithelial cells belonging to group A stained negative for vWF
(B, black arrow). Group B tumor cells were also negative for vWF (B, blue arrow), however, group C cells
stained positive for vWF (B, red arrow). Scale bars indicate 50 μm.

E-cadherin

A B

vWF

Group A, Group B, Group C Group A, Group B, Group C

140



Sca-1/DAPICRT-HA/DAPI CD34/DAPICRT-HA/DAPI C-kit/DAPICD34/DAPI

Fig. 26. Co-expression of stem cell markers and HA-CRT in the lung of Tie2-CRT mice.
Representative immunofluorescence images of lung sections (from n=3) containing tumors co-stained with (A) anti-HA (red)
and either anti Sca-1 (green) or (B) anti CD34 (green). (C) Cells were alternatively co-stained with anti-CD34 (red) and anti-c-
kit (green) as described in “Materials and Methods”. A portion of cells in the tumor region co-stained with CRT-HA and the
above mentioned stem cell markers (A,B). The nuclear stain DAPI (blue) was used as a counter stain. Scale bars indicate 50
μm.
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Table 7: Immunohistochemichal characteristics of the different cell types 

observed in lung adenocarcinomas from Tie2-CRT mice. 

Cell Type 

Marker 
Group A Group B Group C 

SP-C Positive Negative Negative 

CC10 Negative Negative Negative 

E-Cadherin Positive Negative Negative 

CRT-HA Negative Positive Positive 

CD31 Negative Negative Positive 

vWF Negative Negative Positive 

CD34 Negative Positive Positive 

c-kit Negative Positive Negative 

Sca-1 Negative Positive Negative 

VEGFR-3 Negative Positive Positive 
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3.1.9. Evaluation of lung cancer progression in Tie2-CRT mice 

To evaluate tumor development, we carried out IHC analysis of lung tumors at 

different stages of tumor progression (AAH, adenoma and fully developed 

adenocarcinoma, n=3 in each group). During the early stages of tumor formation 

(AAH), the hyperplastic cells formed a glandular structure with heterogeneous 

expression of SP-C (Fig. 27B) and few cells expressing CRT-HA (Fig. 27F). 

Interestingly, the cells expressing SP-C do not express CRT-HA. At this stage many of 

the cells in the tumor area express c-kit and CD133 (Fig. 28B and F). Furthermore, 

cells in the tumor area also express Sca-1 and CD34 (Fig. 29B and F), although to a 

lesser extent. 

At the adenoma stage, IHC staining revealed heterogeneous expression of SP-C 

in the tumor. Cells with a glandular structure (Group A tumor cells) express SP-C (Fig. 

27C, black arrows), whereas non-glandular tumor cells did not express SP-C (Fig. 

27C, blue arrows). Additionally, the non-glandular cells in the tumor region highly 

expressed CRT-HA (group B and C cells) (Fig. 27G, black arrows). Furthermore, 

expression of c-kit (Fig. 28C), CD133 (Fig. 28G), and Sca-1 (Fig. 29C) was 

significantly decreased in the adenoma stage. However, CD34 expression was 

maintained (Fig. 29G). Overall, the expression of HSC markers and CRT-HA was 

restricted to SP-C negative cells.  

In the fully developed adenocarcinoma, when most neoplastic cells with a 

glandular structure expressed SP-C (Fig. 27D), we observed only a very few cells 

expressing c-kit (Fig. 28D), CD133 (Fig. 28H) and Sca-1 (Fig. 29D). At this stage, 

CRT-HA expression was observed in clusters of non-glandular tumor cells and 

vascular regions (Fig. 27H, black arrows), which did not express SP-C (Fig. 27D, 
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black arrow). These observations suggest a differentiation dependent protein 

expression by tumor cells, in which at the initial stages of tumor formation, cells in the 

tumor express HSC markers (including CD133, Sca-1, c-Kit) and exogenous CRT, but 

as the tumor progresses into adenocarcinoma, the epithelial tumor cells with glandular 

structure lose the expression of HSC markers, while non-glandular tumor cells express 

exogenous CRT.  
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Fig. 27. Evaluation of SP-C and CRT-HA expression at different stages of lung tumor of Tie2-CRT mice.
To evaluate SP-C and CRT-HA expression during tumor development, sequential tumor sections at different stages were processed
for IHC with antibodies to SP-C (A-D) and HA (E-H). As shown in (B-D) and (F-H), the expression of CRT-HA did not co-localize
with SP-C. B-D show that as the tumor progresses from AAH to fully developed adenocarcinoma, the number of epithelial tumor
cells expressing SP-C increases while CRT-HA expression is restricted to the irregular shaped cells dispersed between the epithelial
tumor cells (F-H, black arrows). n=3, Scale bars indicate 50 μm.
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Fig. 28. Evaluation of c-kit and CD133 expression at different stages of lung cancer in Tie2-CRT mice.
Representative photomicrographs of the lung sections of wt (A,E) and Tie2-CRT mice (B-D and F-H) stained with c-kit and CD133.
No significant staining with anti-c-kit (A) and CD133 (E) antibodies were observed in wt lung sections. During the early stages of
tumor development most of the cells in the AAH stained positive for both c-kit (B) and CD133 (F). At the adenoma stage, the
staining intensity with both c-kit (C) and CD133 (G) in the tumor cells was reduced as compared to AAH. In the adenocarcinoma
stage only a few cells still stained positive for c-kit (D, arrow) and CD133 (H, arrow). n= 3, Scale bars indicate 50 μm.
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Fig. 29. Evaluation of Sca-1 and CD34 expression at different stages of lung tumor of Tie2-CRT mice.
Representative photomicrographs of the lung sections of wt (A,E) and Tie2-CRT mice (B-D and F-H) stained with Sca-1and
CD34. In the wt lung sections no staining with anti-Sca-1antibody was observed (A), while only endothelial cells of capillaries
stained positive for CD34 (E). At the early stages of tumor development, a significant number of the cells of the AAH stained
positive for both Sca-1(B) and CD34 (F). In adenomas, the staining intensity with Sca-1(C) and CD34 (G) was largely in the
neo-vasculature as compared to AAH. In the adenocarcinoma stage, only a few cells still stained positive for Sca-1(D, arrow).
Similar to the adenoma stage, microcapillaries of the adenocarcinoma stained positively with CD34 (H, black arrows) while a
few irregular shaped cells located between the epithelial cells expressed CD34 (H, blue arrows). n= 3, Scale bars indicate 50
μm.
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3.1.10. In vitro tumorigenicity assay of Tie2-CRT adenocarcinoma ells  

Next we asked whether cells develop from tumors of lung of Tie2-CRT mice 

have in vitro tumorigenic potential. Anchorage-independent growth of tumor cells is 

one of the hallmarks of transformation, and correlates strongly with tumorigenicity and 

invasiveness in many types of tumors (Pavelic et al. 1980; Dodson et al. 1981). The 

ability of cells to grow and form colonies in a semi-solid medium (soft agar) is a 

routine test used to determine if cells are capable of anchorage independent growth. 

Therefore, to examine the tumorigenicity of tumor cells in vitro, we assessed the 

ability of isolated cells from Tie2-CRT lung adenocarcinoma to form colonies in soft 

agar. We first established a continuous lung adenocarcinoma cell line derived from the 

lung tumors of Tie2-CRT mice as described in “Materials and Methods”. Fig. 30A 

shows a representative image of a monolayer of lung adenocarcinoma cells derived 

from a lung tumor harvested from a Tie2-CRT mouse. These cells were then cultured 

in soft agar for 3 weeks to allow them to grow and form colonies in the soft agar media 

(Fig. 30B). Fig. 30C shows a representative plate with 3 week old colonies stained 

with crystal violet. The colonies were counted using a stereo-microscope and this 

revealed that a small population of the seeded cells (2.82% of total seeded cells) were 

able to form colonies in this assay (142.5±27.3 colonies in each plate, n=6). Fig. 30D 

is a representative H&E staining of a tumor sphere section showing its histological 

features as a group of intact tumor cells grown in a spheroid shape. 



Fig. 30. In vitro tumorigenicity assay of mouse lung adenocarcinoma cells isolated from Tie2-CRT mice (Soft agar
colony formation assay)
To examine the tumorigenic potential of the adenocarcinoma cell line established from Tie2-CRT mice in vitro, we assessed
the anchorage-independent growth of these cells in soft agar as described in “Materials and Methods”. (A) 5 103 cells of
adenocarcinoma cells of Tie2-CRT mice were embedded in 0.5% agar and allowed to grow for 3 weeks. Tumor cells were
able to grow and form colonies in soft agar media (B). Plates were then stained with crystal violet and examined for the
presence of colonies under a dissecting microscope (C). (D) A representative H&E staining of one tumor sphere cryosection
illustrating the cellular structure of these tumor spheres . Scale bars indicate 50 μm.

A B C D

150



  151

3.1.11. In vitro evaluation of tumor sphere differentiation 

To examine the differentiation potential of tumor spheres, they were grown in a 

medium containing 10% serum. Fig. 31 shows the differentiation potential of one 

tumor sphere (Fig. 31A) when seeded in a tissue culture plate with medium containing 

10% FBS. The tumor sphere attached to the plate and gradually migrated to form a 

monolayer of adherent cells (Fig. 31B and C). Tumor cells located at the edge of the 

tumor sphere had a flattened appearance and morphologically distinct from the cells 

located in the middle of the sphere. 

IF staining of tumor spheres after 3 days of growth in a regular culture plate 

with media containing FBS was carried out to examine the expression of Sca-1, 

CD133 and Tie2 in these cells. Fig. 32 shows a representative image of co-staining for 

CD133 (Fig. 32A red) and Sca-1 (Fig. 32B green) on one tumor sphere after 3 days of 

growth in media containing 10% FBS, demonstrating the expression of CD133 and 

Sca-1 by cells only within the sphere of tumor cells. However on the edge where the 

cells form a monolayer, there is no expression of these markers (Fig. 32A and B).  

Tie-2 expression in tumor spheres was also examined using a Tie-2 specific 

antibody (Fig. 32C). Fig. 32C shows expression of Tie-2 (Fig. 32C, red) by cells in the 

middle of the tumor sphere and loss of Tie-2 expression in the cells located on the 

periphery of the sphere growth after 3 days in culture (Fig. 32C). These observations 

suggest that cells in the periphery of tumor sphere undergo at least partial 

differentiation as they acquire a more adherent phenotype. 
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Fig. 31. In vitro evaluation of tumor sphere differentiation.
A-C show a representative (n=6) examination of the differentiation potential of tumor spheres (from soft agar) by plating
colonies in tissue culture plate and allowing them to adhere and grow in a media containing 10% serum. As shown in B, tumor
spheres placed in a plate containing media with 10% FBS attached to the plate and gradually differentiated into a monolayer of
adherent cells (B and C). As the cells from the colony migrate out, they undergo morphological changes, however, the cells in
the centre still maintain a spheroid morphology. After approximately 2 weeks all of the cells had spread to form a monolayer
(D).
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Fig. 32. IF examination of in vitro tumor sphere differentiation.
Growth of one tumor sphere placed in media containing 10% serum is examined by IF staining using stem cell markers.
Tumor spheres were able to adhere to the plate and gradually differentiate into a monolayer of adherent cells. Tumor cells
located at the edge of tumor sphere growth represent more differentiated cell type as compared to the cells located in the
middle of tumor. After differentiation, tumor cells on the edge lose their ability to express CD133 (A) and Sca-1 (B) while
cells in the middle of colony that remain undifferentiated, stained positive for CD133 (A) and Sca-1 (B). (C) shows
expression of Tie-2 by cells in the middle (undifferentiated) region of tumor sphere and loss of Tie-2 expression in the
differentiated cells located in the periphery of the tumor sphere. n=3, CD133 (Texas red, red), Sca-1 (FITC, green) and
nuclei blue (DAPI), scale bars indicate 100 μm.
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3.1.12. Immunohistochemical characterization of undifferentiated 

(tumor spheres) and differentiated tumor cells. 

To further characterize undifferentiated tumor cells (tumor spheres) and 

differentiated tumor cells (adherent monolayer), we evaluated expression of HSC 

markers in two different forms of tumor cells using IF methods. Fig. 33 is a 

representative IF staining of tumor spheres (Fig. 33, A-F) and differentiated tumor 

cells (Fig. 33, G-L) using different markers as illustrated in Table 8. As shown in Fig. 

33, the undifferentiated form of tumor cells (tumor spheres) express CRT-HA (Fig. 

33F) and different stem cell markers including CD133 (Fig. 33C), Sca-1(Fig. 33D), c-

kit (Fig. 33E), but do not express SP-C, CC10 or E-cadherin (Fig. 33A, B and C). In 

contrast, when tumor spheres are cultured in monolayers (differentiated tumor cells), 

they express SP-C and E-cadherin, but lose stem cell marker expression (Fig. 33G-H). 

Collectively, these data show that at the initial stages of neoplastic transformation, 

tumor cells display a non-epithelial phenotype and express HSC proteins. However, 

after growth in a monolayer, they differentiate into epithelial cells as evident by 

expression of epithelial markers and lose the HSC antigens. The immunohistochemical 

characteristics of tumor spheres and differentiated form of lung tumor cells are 

summarized in Table 8.  
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Fig. 33. Characterization of tumor spheres (undifferentiated form) and adherent (differentiated) tumor cells.
Tumor spheres grown in soft agar were isolated and fixed in 4% paraformaldehyde and embedded in OCT. Five μm cryosections
were prepared and used for IF staining using different antibodies as listed in A-F. A-F, IF staining of tumor spheres (un-
differentiated) and G-L are IF staining images of differentiated tumor cells. As shown, tumor spheres did not express SP-C (A)
and E-cadherin (B, marker of epithelial cells), while they stained positive for CD133 (C), Sca-1 (D), c-kit (E), and CRT-HA (F).
Differentiated tumor cells express SP-C (G) and E-cadherin (H) while they stained negative for CD133 (I), Sca-1 (J), c-kit (K),
and CRT-HA (L). n=3, Scale bars indicate as shown in each image.
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Table 8. Immunohistochemical characteristics of undifferentiated (tumor 

spheres) and differentiated forms of lung tumor cells in Tie2-CRT mice. 

Marker Differentiated Undifferentiated 

SP-C Positive Negative 

CC-10 Negative Negative 

E-Cadherin Positive Negative 

CD133 Negative Positive 

CD34 Negative Positive 

CD31 Negative Negative 

Sca-1 Negative Positive 

c-kit Negative Positive 

CRT-HA Negative Positive 

Tie2 Negative Positive 
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3.1.13. Non-adherent sphere assays using lung tumor cells isolated from 

Tie2-CRT mice. 

To better understand the mechanisms of initiation and progression of the lung 

tumors observed in Tie2-CRT transgenic mice, lung tumor cells were isolated and a 

cell line was established from them as described in “Materials and Methods”. Next, we 

asked whether these tumor cells have the capacity for self-renewal. To address this 

question, we examined the ability of isolated lung tumor cells to expand and generate 

undifferentiated sphere-like cellular masses in a proliferative serum–free medium 

(Ponti et al. 2005; Ricci-Vitiani et al. 2007; Eramo et al. 2008). After 4 weeks of 

culture in these conditions, lung tumor spheres were formed as a cluster of growing 

undifferentiated tumor cells (Fig. 34A and B). We examined the characteristics of 

these tumor spheres with IF staining using different stem cell markers. Similar to 

tumor spheres generated in soft agar culture, the tumor spheres formed in this medium 

express different stem cell markers including CD34 (Fig. 34C), Sca-1(Fig. 34D), 

CD133 (Fig. 34E) and CRT-HA (Fig. 34F). These data show that cells isolated from 

Tie2-CRT lung tumors have the ability to expand and generate sphere-like cellular 

masses under non-adherent conditions, and that some of cells in these spheres have 

stem cell characteristics and also express CRT-HA. 



Fig. 34. Non-adherent culture conditions for tumor sphere production
To examine the ability of lung tumor cells isolated from Tie2-CRT to form colonies in serum-free non-adherent culture conditions,
we performed a non-adherent sphere assay. Lung tumor cells grown on the plate (A) were cultured in a proliferative serum–free
medium. After 4 weeks of culture, undifferentiated sphere-like cellular masses (B) formed as a cluster of growing undifferentiated
tumor cells. C-F show the immunophenotypic characterization of these tumor spheres. As shown, tumor spheres express different
stem cell markers including CD34 (C), Sca-1 (D), CD133 (E) as well as CRT-HA (F). n=3, Scale bars indicate 50 μm.
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3.1.14. Characterization of differentiated and undifferentiated human lung 

adenocarcinoma cells (A549). 

To determine the similarities between our Tie2-CRT lung cancer model and 

human lung cancer, we repeated the soft agar assays using A549 human lung 

adenocarcinoma cell line. For comparison we also examined H460 human lung large 

cell carcinoma (LCC) cells. As illustrated in Fig. 35 and 36, both cell lines express SP-

C (Fig. 35G and 36G) and CC10 (Fig. 35H and 36H). Furthermore, undifferentiated 

tumor spheres isolated from A549 cells (Fig. 35A) and H460 cells (Fig. 36A) express 

the stem cell markers CD133 (Fig. 35D and 36D) and c-kit (Fig. 35E and 36E). After 

differentiation, these cells lose the expression of CD133 (Fig. 35I and 36I) and c-kit 

(Fig. 35J and 36J) antigens, similar to Tie2-CRT mice cell line. In contrast to 

immunophenotypic characterization of undifferentiated tumor spheres isolated from 

Tie2-CRT mice, undifferentiated tumor spheres (undifferentiated cells) from human 

A549 cells and H460 cells stained positive for SP-C (Fig. 35B and 36B) and CC10 

(Fig. 35C and 36C). These data support the previously published data that both A549 

and H460 human cell lines have a bronchiole alveolar origin. 



Fig. 35. Characterization of differentiated and undifferentiated human lung adenocarcinoma cell line (A549).
Tumor spheres were prepared in soft agar and fixed in 4% paraformaldehyde and embedded in OCT. Five μm cryo sections were
prepared and used for IF staining using different antibodies as listed in each IF image. Photomicrographs of undifferentiated
tumor spheres from A549 cells (A) and differentiated tumor cells (F) showing morphology of these cells in the culture. IF staining
of undifferentiated (tumor spheres) (B-E) and differentiated tumor cells (G-J) with SP-C, CC10, CD133 and c-kit. As shown, both
differentiated cells and tumor spheres express SP-C (B and G respectively) and CC-10 (C and H respectively). Undifferentiated
cells also stained positive for CD133 (I) and c-kit (J), while differentiated cells did not express either CD133 (D) or c-kit (E). n=3,
Scale bars indicate 50 μm.
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Fig. 36. Characterization of differentiated and undifferentiated human lung large cell carcinoma cell line (H460).
Tumor spheres were prepared in soft agar and fixed in 4% paraformaldehyde and embedded in OCT. Five μm cryo-sections were
prepared and used for IF staining using different antibodies as listed in IF images. Photomicrograph of undifferentiated tumor
spheres from H460 cells (A) and differentiated tumor cells (F) showing morphology of these cells in the culture. IF staining of
undifferentiated (tumor spheres) (B-E) and differentiated tumor cells (G-J) with SP-C, CC10, CD133 and c-kit are shown. Both
differentiated and tumor spheres express SP-C (B and G respectively) and CC-10 (C and H respectively). Undifferentiated cells
stained positive for CD133 (I) and c-kit (J), while differentiated cells did not express CD133 (D) and c-Kit (E). n=3, Scale bars
indicate 50 μm.
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3.1.15. In vitro clonogenic assay of BM cells in soft agar media. 

 Our data showed that at the initial stages of lung tumor formation, the tumor 

cells express stem cell markers (Fig. 37) suggesting that BM cells may play a role as 

the cell of origin for lung tumors seen in Tie2-CRT mice. Therefore we examined the 

proliferative capacity of BM cells of Tie2-CRT mice as compared to wt control. The 

generation of hematopoietic colonies in a semi-solid medium (soft agar) is a common 

test used to evaluate the proliferative capacity of BM cells in vitro (Bradley et al. 

1966; Broxmeyer 1984). As such, we isolated BM cells from both Tie2-CRT and wt 

mice and cultured them in soft agar (Horowitz et al. 2002) as described in “Materials 

and Methods”.  

Fig. 37A and C are photomicrographs of BM cells from wt (and Tie2-CRT 

mice, respectively, cultured in soft agar. After 2 weeks, colonies of BM cells from 

both wt (Fig. 37B) and Tie2-CRT mice (Fig. 37D) were generated in soft agar. Plates 

were stained with crystal violet and then the number of colonies in each plate was 

counted using a stereo-microscope. As shown in the bar graph (Fig. 37E), the number 

of colonies generated from the BM of Tie2-CRT mice was significantly higher than the 

number of colonies generated from the BM of wt mice (p<0.05, n=3). The higher 

colony-forming ability of the BM cells isolated from Tie2-CRT mice suggests that 

these cells are more proliferative and may have increased tumorigenicity in vivo as 

compared to those of their wt littermates.  

Colonies were also isolated and used for IF staining for further 

characterization. Fig. 38, A-F show representative images of colonies stained for CRT-

HA, CD133 and SP-C. As expected, colonies generated from Tie2-CRT mice 

expressed CRT-HA transgene (Fig. 38D) whereas colonies isolated from their wt 



  163

littermates did not express CRT-HA (Fig. 38A). Colonies generated from both wt and 

Tie2-CRT expressed CD133 (Fig. 38B and E), but not SP-C protein (Fig. 38C and F).  



Fig. 37. In vitro clonogenic assay of bone marrow cells in soft agar culture.
Bone marrow cells were isolated from wt and Tie2-CRT mice as described in “Materials and Methods”. 5x104 bone marrow
cells from wt (A) and Tie2-CRT (C) mice were cultured in soft agar supplemented with 10ng/ml GM-CSF and IL-3 and
allowed to grow for 14 days. After 2 weeks, bone marrow cells from both wt (B) and Tie2-CRT (D) were able to grow and
form colonies in soft agar. The two-tailed Student's t-test was used to determine significant differences between the two
values. The bar graph (E) shows mean SE of number of colonies counted under microscope from three different mice in
each group. *p<0.05, significantly different from wt.
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Fig. 38. IF examination of colonies generated from bone marrow cells of wt and Tie2-CRT mice in soft agar culture.
(A-F) show representative colonies stained for CRT-HA, CD133 and SP-C (n=3 for each antibody). Colonies generated
from Tie2-CRT mice expressed CRT-HA (F). Both wt and Tie2-CRT bone marrow colonies expressed CD133 (D and G)
while neither expressed SP-C, a marker of alveolar type II cells. Scale bars indicate 50μm
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3.2. HSC alterations in Tie2-CRT mice 

It has long been known that adult BM cells serve as precursors for HSCs 

(Fliedner 1998). However, several studies have suggested that cell populations derived 

from the BM of adult rodents have the ability to cross lineage barriers, and serve as 

precursors for differentiated cells of different organs including lung (Kotton et al. 

2001; Ishizawa et al. 2004; Yamada et al. 2004; Rojas et al. 2005). In the majority of 

these studies using animal models, recruitment of BM cells to the lung occurs in 

response to induced epithelial injury and inflammation. Lung inflammation can result 

in epithelial injury and release of inflammatory cytokines that will subsequently lead 

to the recruitment of BM cells to the lung (Yamada et al. 2004; Krause 2008).  

As shown in Fig. 13 and 14, discoloration and inflammation were observed in 

the lung of young Tie2-CRT mice. Furthermore, double IF staining for CD34, c-kit and 

Sca-1 also revealed existence of cells which stained positive for stem cell markers in 

the lungs of Tie2-CRT but not wt mice (Fig. 26 A-C). An increase in the number of 

inflammatory cells and presence of HSCs in the lung of Tie2-CRT mice raises the 

question of whether the rate of mobilization of HSCs from BM and the number of 

HSCs in the circulation of Tie2-CRT mice is increased. Thus, to address these 

questions we examined changes in the number of HSCs in the BM and blood of Tie2-

CRT mice using flow cytometry. 

 

3.2.1. Analysis of HSC in the peripheral blood of wt and Tie2-CRT mice. 

Blood samples were collected from both Tie2-CRT transgenic mice and wt 

littermates by cardiac puncture. Cells were stained with different markers of HSCs 
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including CD34, c-kit and Sca-1 and analyzed by flow cytometry as described in 

“Materials and Methods”. Fig. 39 shows a representative result (n=7) obtained from 

flow cytometry experiments using blood cells. Bar graph (Fig. 40A) shows no 

significant changes in the number of Sca-1+/c-kit+ dual stained cells in the Tie2-CRT 

mice as compared to wt controls. However, the number of CD34+/c-kit+ dual stained 

HSCs in the blood of Tie2-CRT mice was significantly higher than in wt littermates 

(Fig. 40B). Fig. 40C demonstrates that the population of Sca-1+/c-kit+ cells was 1.61 

fold higher in Tie2-CRT mice as compared to their wt littermates, while CD34+/c-kit+ 

cells were 2.09 fold higher (p<0.05, n=7) in Tie2-CRT mice as compared to wt mice. 

The increased number of HSCs in the circulation suggests an elevated rate of HSC 

mobilization in Tie2-CRT mice in contrast to wt mice, which could contribute to the 

observed increase in stem cells in the lung tissue of Tie2-CRT mice (Fig. 27). 



Fig. 39. Analysis of circulatory HSCs in wt and Tie2-CRT mice.
Circulatory white blood cells of both wt and Tie2-CRT mice were isolated and analyzed by flow cytometry. The window in (A)
shows the population of leukocytes considered for evaluation (R1). B and C show representative sorting of blood cells isolated
from wt (B) and Tie2-CRT (C) mice using CD34 and c-kit antibodies.
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Fig. 40. Number of [Sca-1posc-kitpos] and [CD34posc-kitpos] HSCs in the circulation of Tie2-CRT as compared to wt mice.
Bar graphs show the percentage of [Sca-1posc-kitpos](A) and [CD34posc-kitpos] (B) HSCs in the circulation of Tie2-CRT mice as
compared to their wt littermates. The number of [CD34posc-kitpos] HSCs in the blood of Tie2-CRT mice is significantly higher than
for wt littermates (B) while there were no significant changes in the number of [Sca-1posc-kitpos]HSCs in the Tie2-CRT mice as
compared to wt controls (A). Furthermore, [Sca-1posc-kitpos] and [CD34posc-kitpos]HSCs were higher in Tie2-CRT mice as compared
to their wt littermates (C). Values are mean ± SE of blood samples isolated from 7 Tie2-CRT and 7 wt mice.
*p<0.05, significantly different from their wt.
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3.2.2. Analysis of HSC in the BM of Tie2-CRT mice and their wt littermates  

In addition to evaluating the HSC population in the peripheral blood, we 

examined the population of HSCs in the BM of Tie2-CRT mice and compared them to 

their wt littermates. BM cells were collected from both Tie2-CRT transgenic mice and 

wt littermates, and stained with different markers and analyzed using a flow cytometer. 

Fig. 41 shows a representative data obtained from flow cytometry experiments using 

BM cells. Bar graphs in Fig. 42 show no significant changes in the number of Sca-

1+/c-kit+ (Fig. 42A) and CD34+/c-kit+ (Fig. 42B) doubly stained cells in the BM of 

Tie2-CRT mice as compared to wt controls. Over all, there was only a 1.38 fold 

increase in the number of Sca-1+/c-kit+ cells and a 1.33 fold increase in the number of 

CD34+/c-kit+ HSCs in BM of Tie2-CRT mice as compared to their wt controls. These 

increases were not statistically significant (Fig. 42C).  



B Bone marrow wt CCA Bone marrow Tie2-CRT

Fig. 41. Analysis of the HSC population in the bone marrow of wt and Tie2-CRT mice
Bone marrow cells of both wt and Tie2-CRT mice were isolated and analyzed using flow cytometry.  The window in (A) shows the 
population of bone marrow cells (R1) considered for evaluation by flow cytometery. B and C show representative dot plots of 
sorted of bone marrow cells isolated from wt (B) and Tie2-CRT (C) mice using Sca-1 and c-kit antibodies. 
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Fig. 42. Examining [Sca-1posc-kitpos] and [CD34posc-kitpos] HSCs in the bone marrow (BM) of Tie2-CRT as compared to
wt mice.
Bar graphs show the number of [Sca-1posc-kitpos](A) and [CD34posc-kitpos] (B) HSCs in the bone marrow of Tie2-CRT mice as
compared to their wt littermates. Values are mean ± SE of bone marrow samples isolated from 7 Tie2-CRT and 7 wt mice.
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3.2.3. Evaluation of the bone marrow CD133 positive cells in wt and Tie2-CRT 

mice.  

CD133 was originally described as a marker of normal HSCs (Yin et al. 1997) 

however, it has gained more prominence as a marker of cancer stem cells in solid 

tumors (Singh et al. 2003; Ponti et al. 2005; Ricci-Vitiani et al. 2007; Eramo et al. 

2008; Chan et al. 2009). Increased numbers of CD133 positive cells in the BM of 

myelodysplastic syndrome patients has been reported (Auberger et al. 2005). Since 

CD133 positive cells are proposed as a putative tumor initiating stem cells, we 

examined the number of CD133 positive cells in the BM of Tie2-CRT mice and wt 

littermates. CD133 positive cells were isolated from the BM of wt and Tie2-CRT mice 

using a magnetic bead sorting kit as described in “Materials ad Methods”. As seen in 

Fig. 43, the number of CD133 positive cells in the BM of Tie2-CRT mice is 

significantly greater than that of wt mice (p<0.05, n=3). A higher number of CD133+ 

cells in the BM of Tie2-CRT mice not only suggests a higher rate of hematopoiesis in 

these transgenic animals as compared to wt control mice but also may indicate a 

possible increased tumorgenesis capacity of BM cells of Tie2-CRT mice. 
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Fig. 43. Evaluation of CD133 positive bone marrow cells in wt and Tie2-
CRT mice.
Cells were isolated from the bone marrow of wt and Tie2-CRT mice using
CD133 magnetic beads. The bar graph is the mean ± SE of the number of cells
isolated from 3 wt and 3 Tie2-CRT mice. *p<0.05, significantly different from
the wt mice.
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3.3. Expression of CRT in human and Tie2-CRT mice lung 

adenocarcinomas  

In this study, we have shown a relationship between the expression of 

exogenous CRT and lung tumor development in Tie2-CRT transgenic mice. 

Furthermore, differential expression of CRT in various types of human tumors and cell 

lines has previously been reported (Kageyama et al. 2004; Jazii et al. 2006; Sarvaiya et 

al. 2006; Du et al. 2007; Toquet et al. 2007; Eric et al. 2009). However, there are no 

reports on CRT expression in human lung adenocarcinoma. Thus, we tested whether 

there is any alteration in the expression of endogenous CRT in human lung 

adenocarcinoma as well as in the lung tumors observed in Tie2-CRT mice.  

 

3.3.1. Evaluation of endogenous CRT expression in Tie2-CRT lung 

adenocarcinoma 

We evaluated the expression of endogenous CRT in the lung tumors observed 

in Tie2-CRT mice using IHC and western blot analysis. Following validation of the 

CRT antibody, we performed IHC on different sections of lung tumors and adjacent 

normal tissues. As seen in Fig. 44, IHC analysis with the CRT antibody shows 

expression of endogenous CRT in the epithelial cells of the lung tumor. In the normal 

adjacent lung tissue, endogenous CRT was expressed uniformly in the cells of the 

lung. To quantify the changes in the endogenous CRT expression we performed 

western blot analysis using a goat anti-CRT antibody. Visible tumors were isolated 

from the adjacent tissue and homogenized in RIPA buffer for western blot analysis. 

Fig. 45 shows a typical western blot of CRT expression in three different tumors and 
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corresponding adjacent lung tissues. There were no significant differences in the 

expression levels of endogenous CRT in the lung tumors observed in Tie2-CRT mice 

as compared to their normal lung tissues (Fig. 45). The results obtained from western 

blotting correlates with the expression of CRT observed with IHC in Tie2-CRT lung 

tumors and adjacent tissues.  

 

3.3.2. Evaluation of endogenous CRT expression in the Tie2-CRT lung tumor 

derived cell line. 

We next evaluated the expression of endogenous CRT in differentiated and 

undifferentiated cells of the Tie2-CRT lung tumor derived cell line. Soft agar colony 

forming assays were used to isolate the tumor spheres (undifferentiated cells) from the 

Tie2-CRT lung tumor cell line. Proteins were isolated from both tumor spheres and 

differentiated cells, and used for western blotting to evaluate any changes in the 

expression of CRT. Fig. 46 demonstrates that there was no significant difference in 

total CRT expression between undifferentiated tumor spheres and differentiated cells. 

Altogether, these data suggest that there is no association between the expression of 

endogenous CRT and the progression of lung tumors in Tie2-CRT mice. 

 



Lung tumor

Normal lung

Fig. 44. Evaluation of endogenous CRT expression in Tie2-CRT lung
adenocarcinoma.
Four μm paraffin sections of lung tumors of Tie2-CRT mice were processed for
IHC with a goat anti-CRT antibody. (A) A representative (n=3) IHC image with
CRT antibody showing endogenous CRT expression in the lung tumor and (B)
adjacent normal tissue.
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Fig. 45. Western blot analysis of CRT expression in Tie2-CRT lung
adenocarcinoma.
Visible lung tumors were separated from the adjacent tissue. Tissues were then
homogenized in RIPA buffer and solubilized proteins were resolved on a 10%
SDS-PAGE gel. Western blotting was carried out using an anti-CRT antibody. The
upper panel shows a representative western blot of CRT expression in three
different tumors and their corresponding adjacent lung tissues. The bar graph
shows the mean SE of CRT expression in 3 separate lung tumors and their
corresponding adjacent tissues.
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Fig. 46. Evaluation of CRT protein levels in the Tie2-CRT lung tumor derived
cell line.
Western blot analysis showing the expression of endogenous CRT in differentiated
(adherent) and undifferentiated (tumor sphere) Tie2-CRT lung tumor cells.
Proteins were isolated from both tumor spheres and differentiated cells and used
for western blotting. The upper panel shows a representative western blot using an
anti-CRT antibody. The lower panel is a bar graph of the quantification of CRT
from the above mentioned western blot. The band density of CRT was normalized
to actin (loading control). Values represent the mean SE of 4 separate
preparations.
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3.3.3. Evaluation of CRT expression in the A549 human lung adenocarcinoma 

cell line  

As highlighted earlier, several groups reported differential expression of CRT 

in various types of human tumors and cell lines. As such, we evaluated the expression 

of CRT in the differentiated and undifferentiated stages of the A549 human lung 

adenocarcinoma cell line. We used the soft agar colony forming assays to isolate tumor 

spheres (undifferentiated cells) from the A549 cell line. Proteins were isolated from 

both undifferentiated and differentiated A549 cells, and used for western blot analysis 

to measure changes in the expression of CRT. Fig. 47 shows a representative western 

blot for CRT expression in differentiated and undifferentiated A549 cell. As shown, 

undifferentiated tumor cells express significantly higher levels of CRT as compared to 

differentiated tumor cells suggesting that unlike the lung tumors of Tie2-CRT mice, 

there is an association between the expression of endogenous CRT and the progression 

of human lung adenocarcinoma. 
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Fig. 47. CRT expression in tumor spheres and differentiated cells of the
human lung adenocarcinoma cell line (A549).
A representative western blot showing the expression of CRT in tumor spheres and
differentiated monolayers of the A549 cell line. Soft agar colony forming assays
were used to generate and isolate the tumor spheres (undifferentiated cells) of the
A549 cell line. The bar graph shows the mean SE of the ratio of CRT to actin
band intensity from four different experiments. *p<0.05, significantly different
from the tumor spheres.
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3.3.4. Evaluation of CRT expression in human lung adenocarcinoma using 

tissue microarray (TMA). 

To determine whether the changes in the expression of CRT in differentiated 

and undifferentiated human lung adenocarcinoma cell line represents changes in the 

human lung adenocarcinoma in vivo we carried out a semi-quantitative IHC on TMA 

sections (from US Biomax Inc.). The TMA slides contained 96 cores of lung 

adenocarcinoma specimens from malignant tumors (grade I-III, 33 cases), adjacent 

tissue and normal tissue as explained in “Materials and Methods”. Fig. 48A and B 

show representative images of TMA cores from malignant tumor and adjacent normal 

tissues stained for CRT. IHC studies showed lower CRT expression in the tumor 

regions compared to the adjacent normal tissue (Fig. 48A and B). Semi-quantitative 

scoring (H-scores) was used to quantify CRT expression in human lung tissue. As 

shown in Fig. 48C there were a significant decrease in CRT expression in the tumor 

regions as compared to the adjacent normal tissue (p<0.005).  
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Fig. 48. Evaluation of CRT expression in human lung adenocarcinomas using
tissue microarray (TMA).
IHC with an anti-CRT antibody was carried out on two human TMA sections to
examine the CRT protein expression in human lung adenocarcinomas. Two
representative cores from the TMA of malignant tumors (A and B, right panel)
and adjacent normal tissues (A and B, left panel) stained for CRT are shown.
Expression of CRT was evaluated using H-Scoring as described in “Materials and
Methods”. (C) The bar graph shows the semi-quantitative (H Score) analysis of
CRT expression in the human lung adenocarcinomas using TMA. Values are
means ± SE of 30 separate TMA cores of adenocarcinoma and their adjacent
normal tissues. *p<0.05, significantly different from adjacent normal tissue.
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3.3.5. Expression of p53, PTEN and phospho-Akt in the lung tumors in Tie2-

CRT mice. 

There are several lines of evidence implicating different proteins including 

PTEN (Soria et al. 2002; Yanagi et al. 2007; Iwanaga et al. 2008), Akt (Diaz-Meco et 

al. 2008) and p53 (Nishio et al. 1996) in the development of lung cancer. Thus to 

determine whether these proteins (p53, PTEN and P-Akt) are altered during the 

development of lung tumors in Tie2-CRT mice, we used western blot analysis of lung 

tumors as compared to adjacent to normal tissues. Fig. 49 shows a western blot with an 

antibody specific for PTEN on tissue lysates from isolated lung tumors seen in Tie2-

CRT mice and their adjacent normal tissue. There was no significant change in the 

level of PTEN protein expression in lung tumors as compared to adjacent normal 

tissue (Fig. 49). However, the expression of p53 tumor suppressor protein was 

significantly lower in the lung tumors (Fig. 50) as compared to adjacent normal tissue 

(n=3, p<0.05).  

Since the lysis buffer used for preparation of these tissues was not 

supplemented with phosphatase inhibitors, we were not able to evaluate expression of 

phospho-Akt in these samples. To examine changes in phospho-Akt (S473) levels in 

lung tumors, we used undifferentiated (tumor spheres) and differentiated tumor cells of 

Tie2-CRT mice. Western blot analysis showed no significant change in the level of 

phospho-Akt protein expression in undifferentiated tumor spheres as compared to 

differentiated form (Fig. 51). These data suggest that there is no difference in the Akt 

activity in these cells. 
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Fig. 49. PTEN protein level in Tie2-CRT mice lung tumor and adjacent
normal tissue.
The upper panel shows a western blot with anti-PTEN antibody and actin (loading
control) on tissue lysates isolated from lung tumors and the adjacent lung tissue of
Tie2-CRT mice. The bar graph shows the mean SE of ratio of PTEN/actin band
intensity from three separate mice.
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Fig. 50. p53 protein level in Tie2-CRT mice lung tumor and adjacent normal
tissue.
The upper panel shows a western blot with anti-p53 antibody and actin (loading
control) of tissue lysates isolated from lung tumors and adjacent lung tissue of
Tie2-CRT mice. The bar graph shows the mean SE of ratio of p53/actin band
intensity of three separate mouse tissue. *p<0.05, significant different from
adjacent normal tissue.
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Fig. 51. Phospho-Akt level in tumor spheres and differentiated Tie2-CRT mice
lung tumor cells.
A representative western blot showing the expression of CRT in tumor spheres and
differentiated monolayers of the Tie2-CRT tumor derived cell line. Soft agar
colony forming assays were used to generate and isolate the tumor spheres
(undifferentiated cells) of Tie2-CRT mice tumor derived cell line. The upper panel
is a representative western blot with anti-P-Akt (S473) antibody and actin (loading
control) of proteins isolated from both tumor spheres and differentiated Tie2-CRT
tumor cells. The bar graph shows the mean SE of ratio of P-Akt/actin band
intensity of four different experiments.
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CHAPTER IV: DISCUSSION 

CRT is a multifunctional Ca2+-buffering chaperone protein that is localized to 

the lumen of the ER. As such, it has diverse biological roles including ensuring proper 

folding of newly synthesized proteins and regulation of Ca2+ homeostasis (Milner et al. 

1991; Gelebart et al. 2005). In addition to its critical role in cardiovascular 

development (Mesaeli et al. 1999), CRT has been reported to be important in many 

key biological processes such as angiogenesis (Pike et al. 1998), cell adhesion, 

migration (Opas et al. 1996; Coppolino et al. 1997; Hayashida et al. 2006) and 

apoptosis (Nakamura et al. 2000; Mesaeli et al. 2004). For instance, CRT 

overexpressing cells are more sensitive to drug-induced apoptosis (Nakamura et al. 

2000; Kageyama et al. 2002), whereas cells lacking CRT are more resistant to drug or 

UV-induced apoptosis (Nakamura et al. 2000; Mesaeli et al. 2004). Overexpression of 

CRT has been shown to increase the expression of both vinculin and N-cadherin (Opas 

et al. 1996; Fadel et al. 1999) which results in increased cell spreading and adhesion, 

whereas down regulation of CRT results in the converse effect (Leung-Hagesteijn et 

al. 1994; Opas et al. 1996). Altered CRT expression has been illustrated in various 

types of tumors (Bini et al. 1997; Yu et al. 2000; Kageyama et al. 2004; Du et al. 

2007; Toquet et al. 2007), however the mechanism and significance of this 

phenomenon is not yet known.  

 

4.1. Characterization of lung tumor development in Tie2-CRT mice 

Several studies have suggested a role for exogenous CRT in regulating 

angiogenesis and cell growth thus affecting tumor growth (Pike et al. 1998; Pike et al. 
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1999; Liu et al. 2005). For example, the recombinant N-terminal fragment of CRT, 

known as vasostatin, has been reported to inhibit angiogenesis and prevent endothelial 

cell proliferation (Pike et al. 1998). In contrast, overexpression of vasostatin in 

neuroendocrine tumor cells, enhances malignant behavior (Liu et al. 2005). Although 

these studies suggest a role for exogenous CRT in angiogenesis and tumor growth, no 

direct evidence for the role of endogenous CRT in angiogenesis and tumor progression 

is available. Therefore, to study the in vivo function of CRT in angiogenesis and 

vascular development, we generated a transgenic mouse model (Tie2-CRT mice) 

overexpressing CRT specifically in endothelial cells. This was achieved by using the 

Tie2 promoter (Fig. 3), a commonly used promoter for generation of endothelial cell 

and HSC specific transgenic mouse models (Dumont et al. 1992; Sato et al. 1993; 

Kisanuki et al. 2001; Arai et al. 2004; Shaw et al. 2004)  In the current study, PCR, 

western blot and immunohistochemical analysis confirmed expression of exogenous 

CRT in the lungs (Fig. 4B), white blood cells (Fig. 4B), aorta (Fig. 5) and bone 

marrow cells (Fig. 6 and 7). 

The Tie2-CRT mice appeared to grow and develop normally as was evident by 

their general characteristics including body weight, blood glucose (Fig. 8) and blood 

cell profiles (Fig. 9).  However, with increased age, they displayed signs of labored 

breathing and edema. Upon necropsy, we observed that Tie2-CRT mice have 

hemorrhagic lesions in various tissues including the lungs, ovaries, uterus, and liver 

(Fig. 11).  The most striking phenotype of these mice was their increased incidence of 

lung cancer (Fig. 12) which developed at a higher rate than wt mice as the mice aged. 

Therefore, the purpose of this study was to first characterize the lung tumors observed 

in Tie2-CRT mice. According to their histology and IHC marker profiles, the tumors in 
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Tie2-CRT mice have been characterized as adenocarcinoma (Fig. 14 and 15). Lung 

adenocarcinoma is the most common subtype of lung cancer with an increasing 

incidence worldwide, (Alberg et al. 2005) however, the cell of origin of this tumor 

type remains to be identified. As such, the second aim of this study was to use Tie2-

CRT mice as a model of lung cancer to investigate the mechanisms underlying the 

initiation and progression of lung adenocarcinoma.     

During the early stages, lungs isolated from Tie2-CRT mice show signs of 

inflammation as evidenced by increased congestion and a reddish discoloration on the 

periphery of the lungs (Fig. 13A and B).  This was further investigated by histology 

(Fig. 14B and C) and IHC (Fig. 17) indicating an ongoing inflammatory response in 

the lungs of Tie2-CRT mice. A correlation between chronic inflammation and lung 

cancer (risk and progression) has recently been shown in both individuals with lung 

cancer as well as in individuals at high risk of lung cancer (McKeown et al. 2004; Lu 

et al. 2006; Wistuba 2007; Engels 2008; Lee et al. 2009). For instance, higher levels of 

inflammatory markers, such as plasma C-reactive protein, has been shown to be 

associated with the progression of bronchial dysplasia in smokers (Sin et al. 2006) 

Chronic airway inflammation can lead to lung cancer via different pathways. 

Highly reactive nitrogen and oxygen species (RNS and ROS) released from 

inflammatory cells interact with DNA in the proliferating epithelium which results in 

an increased rate of mitotic error through genomic alterations such as point mutations, 

deletions, or rearrangements (Walser et al. 2008). Inflammation also changes the lung 

microenvironment through inflammatory signaling, which subsequently leads to 

pulmonary carcinogenesis. For instance, prostaglandin E2 (PGE2) and IL-1β (and 

other inflammatory cytokines derived from stromal and immune cells) reduce E-
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cadherin expression via a MAPK/Erk-dependent up-regulation of the transcriptional 

repressors: zinc-finger E-box binding homeobox 1 (ZEB-1) and Snail (Charuworn et 

al. 2006; Dohadwala et al. 2006; Krysan et al. 2008).  

The ongoing inflammatory response in the lung of Tie2-CRT mice could be due 

to altered function of leukocytes upon overexpression of CRT. Indeed, our data in Fig. 

10C and 10D illustrate lack of MPO (myeloperoxidase) expression in the leukocytes of 

Tie2-CRT as compared to the wt littermates. MPO is a lysosomal protein with 

peroxidase activity that is stored in the azurophilic granules found in granulocytes, and 

in the lysosomes of monocytes of the myeloid cell lineage (Klebanoff 1999). It is 

involved in many immune responses including tumor cell destruction (Weiss et al. 

1982) and host defense (Klebanoff et al. 1984; Klebanoff 1999). Previous reports 

showed a role for CRT as a chaperone during the biosynthesis and maturation of MPO 

(Nauseef et al. 1995; Nauseef et al. 1998). However, the effect of overexpression of 

CRT on the folding and maturation of MPO remains unknown. 

Folding of newly synthesized proteins in the ER is regulated by the luminal 

Ca2+ concentration (Lodish et al. 1990; Corbett et al. 2000). CRT, an ER chaperone 

protein, plays a crucial role in mediating the homeostasis of ER Ca2+ (Bastianutto et al. 

1995; Mery et al. 1996). Alterations in the expression of CRT result in increased ER 

stress and changes in ER Ca2+ concentration which subsequently leads to impaired 

protein folding (Oyadomari et al. 2001; Mesaeli et al. 2004). Furthermore, 

overexpression of both calnexin and CRT has been shown to increase the initial 

folding steps in the biosynthesis of human thyroperoxidase (hTPO) (Fayadat et al. 

2000). However, this increase did not result in an elevated amount of hTPO present at 

the cell surface thus affecting the level of hTPO in the cell (Fayadat et al. 2000).  
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Considering that both hTPO and MPO are heme containing peroxidases that 

are processed by CRT and calnexin chaperones in the ER, it can be postulated that 

overexpression of CRT might affect MPO maturation and subsequently MPO levels in 

a similar fashion to hTPO. Since the overexpression of CRT is driven by the Tie2 

promoter which is active in both endothelial cells and HSCs (bone marrow stem cells 

that also give rise to the blood leukocytes) (Iwama et al. 1993; Sato et al. 1993; Arai et 

al. 2004), it is not surprising that the biosynthesis of MPO in the leukocytes of these 

mice might be affected. The decreased MPO level may render these mice more 

susceptible to chronic inflammatory responses.  

In the Tie2-CRT mouse model as lung tumors progress, the regions with 

discoloration on the periphery of the lungs develop into sites of neoplasia and atypical 

adenomatous hyperplasia (AAH) (Fig. 14C). AAH is a lesion in the lung that precedes 

the adenoma stage  (Jackson et al. 2001). The AAH sites are comprised of a uniform 

population of hypertrophic cuboidal cells, which form glandular structures. As the 

number of cells increase in AAH, the lesion transforms into adenomas that are visible 

as peripheral nodules in the lung. These nodules eventually form small peripheral 

tumors with glandular/papillary structures (Fig. 14). Based on their histological 

appearance and immunophenotypic characteristics, the tumors in Tie2-CRT mice have 

been characterized as lung adenocarcinomas with a SP-C positive and CC10 negative 

phenotype (Fig. 15) suggesting the involvement of alveolar type II cells in the 

development of these tumors and not bronchial cells. Furthermore, IHC staining of the 

lung tumors observed in wt mice showed that these tumors are heterogenous with some 

being SP-C negative (Fig. 15C) while others were SP-C positive adenocarcinomas 

(Fig. 15C). These results suggest that the lung adenocarcinomas observed in Tie2-CRT 
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mice are derived from different origins as compared to those of their wt littermates.  

The absence of mucin secretion by lung tumor cells (Fig. 15E) also confirms that these 

tumors are not bronchiolar in origin. Mucins are a family of glycosylated proteins 

produced and secreted by a variety of epithelial cells including goblet cells in the 

bronchioles of the lungs (Voynow et al. 2004; Song et al. 2007).  

Previous studies using in situ hybridization and IHC have shown that alveolar 

type II cells are the predominant cell type in most mouse models of pulmonary 

adenocarcinomas (Mason et al. 2000; Meuwissen et al. 2005; Wang et al. 2006). 

However, simultaneous detection of markers specific for both alveolar type II and 

Clara cells have also been reported (Sunday et al. 1999; Jackson et al. 2001), 

indicating that certain types of adenocarcinomas might be of multilineage pulmonary 

epithelial origin. Interestingly, in some cases, the overexpression of known oncogenes 

such as the simian virus 40 (SV-40) T antigen under the control of the human SP-C 

promoter has been reported to result in transgenic mice with adenocarcinomas 

expressing CC-10, but not SP-C (Wikenheiser et al. 1997). Kim et al.  have suggested 

that stem cells at the bronchioalveolar duct junction could give rise to epithelial cells 

of both the alveolar and bronchial lineages (Kim et al. 2005). In Tie2-CRT mice, the 

expression of SP-C and the lack of expression of CC-10 and mucins by lung tumor 

cells indicate the involvement of alveolar type II cells in the formation of lung 

adenocarcinomas in these mice. 

In addition to lung tumor development in Tie2-CRT mice, we observed a 

consistent development of tumors in the liver. Unlike the lung tumors, the liver tumors 

in these mice displayed a heterogeneous phenotype and histopathology (Fig. 18 and 

20). Hepatocellular tumors are a very common age related tumor in mice (Andervont 
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1950; Andervont et al. 1962). The incidence of liver tumors in mice older than 12 

months of age ranges between 15-55% in C3H, 20-29% in CBA, and 6.1-35.5% in 

CD-1 mice (Andervont 1950; Maita et al. 1988). The fatty liver Shionogi (FLS) 

mouse, a new inbred strain that develops spontaneous hepatic lipidosis, has a high 

incidence of hepatocellular carcinomas (40% of animals at 15-16 months of age) (Soga 

et al. 2003).  Our data revealed that the incidence of liver tumors in Tie2-CRT mice 

appeared to increase with age from 3% in mice less than 12 months old to 34% in mice 

over 18 months of age (Fig. 19). Our data also illustrated that the incidence of liver 

tumors in the wt mice appeared at a lower frequency as compared to the incidence of 

lung tumors in Tie2-CRT (Fig. 13). The incidence of liver tumors in the Tie2-CRT 

increases from 50% in less than 12 month old mice to 93% in mice over 18 months of 

age (Fig. 19). The higher frequency of tumors in the lungs of Tie2-CRT mice as 

compared to the liver could be caused by the lung having a higher rate of tissue 

renewal and being more prone to chronic inflammation which renders them 

particularly susceptible to tumorigenesis (Malkinson 2004; Azad et al. 2008; Engels 

2008; Walser et al. 2008).  

Since the occurrence of liver tumors in Tie2-CRT mice was occasionally 

accompanied with lung tumors, we investigated whether the liver tumors observed in 

Tie2-CRT mice were derived from metastases of the of lung tumors or were a 

consequence of CRT overexpression. Studying the histogenesis of the liver tumors 

with IHC revealed the presence of cells within the tumors that stain positive for AFP 

(Fig. 21A), a specific marker for fetal hepatocytes and a biomarker of hepatocellular 

carcinoma, but do not stain for the SP-C protein (Fig. 21B). On the other hand, some 

of the liver tumors contained cells that stained positive for SP-C (Fig. 21C). These 
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observations suggest that some of the liver tumors might be derived from metastases 

from the lung tumors while others are likely primary liver tumors. Further studies are 

needed to characterize and identify the cell of origin of the liver tumors in the Tie2-

CRT mice. 

As is expected, the endothelial cell layer of vessels and capillaries in the tumor 

area express CRT-HA (Fig. 21D) because endothelial cells were the target cells for 

expression of the transgene (CRT-HA). However, liver tumor cells did not stain 

positive for CRT-HA (Fig. 21D). This is contrary to our observations in the lung 

tumors of Tie2-CRT mice in which lung tumor cells express CRT-HA (Fig. 22C). The 

lack of expression of CRT-HA by liver tumor cells suggested that the tumor cells in 

the liver are not derived from either endothelial cells or HSCs. Further studies are 

warranted to fully characterize the liver tumors of the Tie2-CRT mice and the 

mechanisms behind the progression and development of these tumors.  

Histological examination of the lung adenocarcinoma in Tie2-CRT mice 

illustrated the lack of expression of CD31 (a marker of endothelial cells) by tumor 

cells (Fig. 22A), suggesting that tumor cells were not of endothelial origin, but may 

have arisen from different cell types or have undergone differentiation during tumor 

progression. Examination of a group of non-epithelial cells located in the lung 

adenocarcinoma region express CD34, a known marker of HSCs and neo-angiogenesis 

(Fig. 22B). However, IHC using the HA antibody revealed expression of CRT-HA by 

some of the tumor cells (Fig. 22C). Since we have shown that the CRT transgene is 

driven under the control of the Tie2 promoter which is active in both endothelial cells 

and HSCs, this raises an important question: why are tumor cells expressing CRT-HA 

negative for CD34 and CD31? One possible explanation for this observation could be 
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the plasticity of HSCs (Wagers et al. 2002). In fact, reversible expression of CD34 by 

HSCs has been shown by different investigators (Bhatia et al. 1998; Dao et al. 2003). 

HSCs leave the BM as undifferentiated precursors expressing different markers 

including CD34. They enter the circulation, and home to the appropriate target tissue 

where they undergo further maturation and cross the lineage barrier to engraft into 

solid organs (Petersen et al. 1999; Theise et al. 2000; Orlic et al. 2001; Theise et al. 

2002; Mezey et al. 2003; Jang et al. 2004). Once HSCs reach their target tissue, the 

requirement for continued expression of CD34 may therefore no longer be necessary. 

Further histological examination of the adenocarcinoma in Tie2-CRT mice 

showed the presence of a heterogeneous population of cells composed of SP-CPos, 

CC10Neg, E-CadherinPos epithelial cells (Fig. 23 and 25A) and cells which were 

positive for both HSCs markers (CD34, c-kit and Sca-1) and transgenic CRT, but 

negative for SP-C (Fig. 23B and 24E) and CC10 (Fig. 23C). Tumors are also highly 

vascularized as verified by the expression of CD34 (Fig. 22B) and vWF (Fig. 25B). 

Neovascularization is needed for the continuing growth of tumors (REFERENCE). 

The heterogeneous population of tumor cells in lung adenocarcinoma of Tie2-CRT 

mice has been classified into three groups based on their morphology and 

immunohistochemical characteristics as summarized in Table 7.  

A heterogeneous population of tumor cells in both hematological and solid 

malignancies has previously been reported (Heppner 1984). Heterogeneous tumor cells 

have been suggested to arise from genetic and epigenetic differences in the cells during 

tumor evolution (Heppner 1984). A possible explanation for the heterogeneity of the 

tumor cell population is that the tumor is comprised of a bulk of neoplastic cells at 

different stages of differentiation which express different markers according to their 
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particular stage as well as vascular cells and fibroblasts. This postulate is in accordance 

with the cancer stem cell hypothesis (Hemmati et al. 2003; Jordan 2004). According to 

this model, heterogeneity arises from the existence of a group of cells within tumors 

known as tumor-initiating cells or cancer stem cells.  These cells are a subset of the 

bulk tumor that can self-renew and differentiate into progenitor cells resulting in a 

heterogeneous population of tumor cells with differential protein expression (Hemmati 

et al. 2003; Jordan 2004).  

Immunohistochemical studies on Tie2-CRT lung tumors have also 

demonstrated changes of tumor composition during the different stages of tumor 

progression including AAH, adenoma and fully developed adenocarcinoma (Fig. 27, 

28 and 29). These data illustrate that during the initial stages of tumor formation, 

tumor cells expressed the transgene (CRT-HA) and HSC markers including CD133, 

Sca-1, and c-kit (Fig. 28 and 29). As the tumor progresses into an adenocarcinoma, the 

fully developed tumor cells lose the expression of HSC markers and become epithelial 

cells expressing SP-C (Fig. 27, 28 and 29).  

Different respiratory stem cells residing in specialized niches, such as the 

bronchoalveolar duct junction, have been described and are hypothesized to be the 

putative cells of origin for lung adenocarcinoma (Kim et al. 2005). The particular stem 

cells described by Kim and colleagues (Kim et al. 2005) are known as bronchoalveolar 

stem cells (BASCs) and express both Clara cell-specific (CC10) and alveolar type II-

specific (SP-C) proteins along with stem cell markers (Sca1 and CD34). In Tie2-CRT 

mice, ectopic CRT is driven by Tie2 promoter which is active in endothelial cells, 

endothelial progenitor cells and HSCs, but a review of the current literature did not 

reveal activity of the Tie2 promoter in BASCs. As such, the remaining question is 
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whether BASCs, HSCs and endothelial cells are involved in the progression of the 

lung tumors observed in Tie2-CRT mice. We predict that BASCs are not involved in 

the formation of these tumors due to the absence of CC10 staining in Tie2-CRT lung 

adenocarcinoma.. 

To better understand the development and progression of the lung tumors 

observed in Tie-CRT mice in vitro, a lung adenocarcinoma cell line from fully 

developed tumors isolated from these mice was established. Following the 

establishment of the lung tumor derived cell line, we first evaluated the tumorigenic 

capacity of these cells. Transplantation of tumor cells into immunocompromised mice 

represents a unique and favored method to assess tumorigenicity and meets the 

requirements for the evaluation of metastasis-related processes (Nagamachi et al. 

1998). However, the non-adherent sphere assay is an alternative method that is 

increasingly being used by many investigators (Dodson et al. 1981). In vitro 

tumorigenicity assays with lung tumor cells using the soft agar assay, revealed that 

lung tumor cells isolated from Tie2-CRT mice possess anchorage-independent growth 

characteristics (Fig. 30) which demonstrate their potential tumorigenicity.  

Our data illustrated that tumor spheres (prepared in soft agar assay) cultured in 

a media containing 10% FBS and on regular tissue culture plates, gradually 

differentiated into a monolayer of adherent cells (Fig. 31) highlighting the 

differentiation potential of tumor spheres. In fact, in vitro evaluation of tumor sphere 

differentiation demonstrated a differentiation dependent expression of HSC markers 

(CD133, Sca1 and Tie2) by tumor cells from Tie2-CRT mice (Fig. 32). These results 

showed that tumor spheres positive for CD133, Sca1 and Tie2 lost their ability to 

express these stem cell markers when the tumor spheres were allowed to adhere to the 
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culture plate and differentiate. After three days of culture, differentiation continued 

within the outer layer of cells surrounding the tumor spheres, as demonstrated by the 

lack of expression of CD133, Sca1 and Tie2 (Fig. 32). Overall, these data suggest that 

the monolayers of cells are comprised of various differentiated types of tumor sphere 

cells. This finding is in accordance with the differentiation potential of human lung 

cancers demonstrated by Eramo and colleagues (Eramo et al. 2008). They have shown 

the expression of CD133 by lung tumor spheres which was lost in sphere-derived 

adherent cells upon differentiation (Eramo et al. 2008).  

Our data illustrated that tumor spheres (undifferentiated cells) derived from the 

lung tumors of Tie2-CRT mice express several different stem cell markers including 

CD133, Sca-1, and c-kit and exogenous CRT (Fig. 33C-F), but not SP-C and E-

cadherin which are known markers of epithelial cells (Fig. 33A and 33B). 

Furthermore, sphere-derived adherent cells express SP-C and E-cadherin, but lose the 

expression of HSC markers and exogenous CRT (Fig. 33G-L). Overexpression of CRT 

was shown to downregulate E-cadherin expression (Hayashida et al. 2006) via 

enhanced binding of Slug to the E-box element in the E-cadherin promoter, a process 

which induces epithelial to mesenchymal transition (EMT). According to the EMT 

process, when tumor cells convert from the non-invasive to the invasive phenotype, 

they become anchorage-independent by switching from an epithelial to a more motile 

mesenchymal phenotype (Thiery et al. 2006; Prudkin et al. 2009). This process is also 

related to embryologic morphogenesis, fibrosis, and wound healing, but recently much 

attention has been given to EMT in the progression and metastasis of epithelial tumors 

(Thiery et al. 2006). The connection between EMT and tumor initiating cells or cancer 

stem cells has been investigated by different groups (Mani et al. 2008; Morel et al. 
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2008). They have demonstrated that the induction of EMT in differentiated breast 

cancer cells generate cancer stem cell-like cells with increased self-renewal ability and 

initiation of new tumors (Mani et al. 2008; Morel et al. 2008) suggesting that the 

cancer cells disseminated via EMT may also have properties of cancer stem cells.  

The heterogeneity of the lung tumor cell population, the presence of cells with 

stem cell characteristics within the initial stages of the tumor, and the differentiation 

dependent expression of HSC markers by tumor spheres isolated from soft agar led us 

to further investigate the progression of lung tumors by performing non-adherent 

sphere assays using serum-free sphere cultures (Ponti et al. 2005; Ricci-Vitiani et al. 

2007; Eramo et al. 2008). Putative tumor initiating cells have been identified on the 

basis of their ability for self-renewal and the expression of different surface markers. 

however due to limitation in our facilities we were not able to evaluate their 

tumorigenic capacity via serial passaging of tumor initiating cells in immunodeficient 

mice. Our immunohistochemical analysis revealed that the sphere-growing cells 

derived from the lung tumors of Tie2-CRT mice express different stem cell markers 

including CD34, Sca-1, and CD133 (Fig. 34). These findings are in agreement with a 

previous study (Eramo et al. 2008) in which long-term cultures of sphere-growing 

cells derived from human lung adenocarcinoma were shown to be highly enriched for 

CD133 expression, but negative for SP-C and CC10. These data suggest that the lung 

tumors observed in Tie2-CRT mice are non-epithelial in origin, and after 

differentiation they lose their stem cell phenotype and acquire an epithelial phenotype.  

It has previously been shown that BM cells have the capacity to engraft into 

pulmonary epithelial cells (Theise et al. 2002; Yamada et al. 2004; Rojas et al. 2005; 

MacPherson et al. 2006). Thus it is reasonable to consider that tumor cells may arise 
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from HSCs since they are able to engraft into lung epithelial cells and following 

transformation and differentiation they may lose their stem cell markers. There are 

several possible mechanisms for engraftment of HSCs and the possible role for HSCs 

as the potential cells of origin of lung tumors in Tie2-CRT mice which are discussed 

further in the next section (section 4.2). 

 Using the soft agar assay, we generated lung tumor spheres from two human 

lung cancer cell lines, the A549 human lung adenocarcinoma cell line and the H460 

human lung large cell carcinoma (LCC) cell line. Examining the immunohistochemical 

characteristics of the differentiated and undifferentiated stages of these two human 

lung cancer cell lines using IF staining revealed that both spheres and differentiated 

cells expressed SP-C and CC10, while expression of CD133 and c-kit antigens was 

lost upon differentiation (Fig. 35 and 36). This is in contrast to the lung tumor spheres 

of Tie2-CRT mice in which undifferentiated tumor spheres failed to express SP-C 

antigen (Fig. 33). One explanation for this observation is that the origin of both the 

A549 human lung adenocarcinoma and the H460 human lung LCC cell lines are from 

BASCs expressing SP-C and CC10 proteins and not HSCs (Eramo et al. 2008). 

 

4.2. HSC alterations in Tie2-CRT mice 

Expression of HSC markers by lung tumor spheres isolated from Tie2-CRT 

mice led us to consider HSCs as being prime candidates for the cells of origin of the 

lung tumors observed in these mice. As such, we first sought to determine if the 

proliferative capacity of BM cells from Tie2-CRT mice is defective. In vitro 

clonogenic assays of BM cells in soft agar media (Dicke et al. 1983; Horowitz et al. 
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2002) demonstrated a higher colony-forming ability of the BM cells isolated from 

Tie2-CRT mice as compared to wt controls (Fig. 37) suggesting that BM cells isolated 

from Tie2-CRT mice are more proliferative and potentially more tumorigenic. Future 

investigation of the tumorigenic capacity of BM cells from Tie2-CRT mice using 

transplantation of BM cells into immunocompromised mice may elucidate the 

mechanisms behind these findings. 

IF examination of colonies generated from the bone marrow of Tie2-CRT mice 

using antibodies against CRT-HA, CD133 and SP-C confirmed that the colonies 

express exogenous CRT and CD133 and that these colonies are originally from the 

bone marrow, but not derived from alveolar type II cells (Fig. 38). A recent study by 

Du and colleagues has shown that decreased CRT expression in esophageal squamous 

carcinoma cells inhibits their colony formation in soft agar (Du et al. 2009). This 

observation was further confirmed by injection and growth of esophageal squamous 

carcinoma cells into immunocompromised mice (Du et al. 2009). In this study, 

overexpression of CRT in HSCs resulted in increased colony formation in soft agar 

(Fig. 37). 

It is generally believed that BM cells serve as precursors for hematopoiesis 

(Becker et al. 1963; Zhang et al. 2003). However, there are a few critical studies that 

suggest that circulating cells derived from the bone marrow are able to home to sites of 

chronic injury to reconstitute non-hematopoietic tissues such as the lung (Kotton et al. 

2001; Theise et al. 2002; Jang et al. 2004; Rojas et al. 2005). It is also possible that 

these cells (bone marrow derived cells) could be potential targets of mitotic error or 

mutation as cancer cells when recruited to the site of injury and may function as tumor 

initiating cells (Houghton et al. 2004). Our IHC studies demonstrated an increased 
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number of inflammatory cells and the presence of HSCs in the lung of Tie2-CRT mice 

at the initial stages of tumor formation (Fig. 14, 17, 28 and 29). This concentration of 

cells could induce the mobilization of HSCs to the blood circulation of Tie2-CRT 

mice. Analysis of the population of circulatory HSCs using flow cytometry revealed a 

significant increase in the number of CD34+/c-kit+ HSCs (Fig. 40B) in the blood of 

Tie2-CRT mice as compared to their wt controls.  

Previous studies have shown the mobilization of CD34+ BM cells after 

coronary injury (Sata et al. 2002; Inoue et al. 2007). Increased circulatory levels of 

macrophage and neutrophil markers after coronary artery injury revealed that the 

mobilization of BMDCs is mainly due to an increased inflammatory response (Inoue et 

al. 2007). Growth factors and cytokines such as VEGF (Grunewald et al. 2006) G-CSF 

(Inoue et al. 2007) and SDF-1(Jin et al. 2006) have been strongly implicated as signals 

that mobilize BM derived stem cells into the peripheral circulation. 

The ability of HSCs to mobilize and then return to their niche in the BM 

(homing) relies on several factors including specific molecular recognition, cell-cell 

adhesion/disengagement, trans-endothelial migration, and anchoring to the BM niche 

(Lapidot et al. 2005; Cancelas et al. 2006). The chemokine SDF-1 and its receptor 

CXCR4 are two well known proteins that play a crucial role in the regulation of HSC 

mobilization and homing (Dar et al. 2005; Neiva et al. 2005). SDF-1 is constitutively 

expressed by endothelial cells, osteoblasts, and other stromal cells, while HSCs 

express CXCR4 (Peled et al. 1999; Kortesidis et al. 2005). SDF-1 produced by 

endothelial cells induces HSCs to undergo trans-endothelial migration mediated by E-

and P-selectins (Katayama et al. 2003). Activation of adhesion molecules such as 

VLA-4 (Very Late Antigen-4) and LFA-1(leukocyte function antigen-1) is also 
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required for mobilization and the subsequent migration in the BM towards the 

osteoblast surface (Kopp et al. 2005). 

Adhesive contacts through N-cadherin or c-kit/ SCF (Stem cell factor) 

interactions may also hold HSCs anchored to the endosteal niche, promoting their 

quiescence (Driessen et al. 2003; Arai et al. 2004; Haylock et al. 2005). Thus, 

impaired adhesion to BM niches leads to aberrant niches and loss of quiescence which 

results in migration of BM cells into the peripheral blood. For example, HSCs of 

chronic myeloid leukemia (CML) patients have reduced expression of adhesion 

proteins including L-selectin, CD44 and N-cadherin (Bruns et al. 2009). In idiopathic 

myelofibrosis (IM), degradation of SDF-1 or cleavage of its receptor CXCR4 as a 

result of increased production of MMP-9 leads to the release of the HSCs into the 

peripheral blood (Xu et al. 2005).  

As mentioned above, within the hematopoietic microenvironment in the BM, 

the microvascular endothelium not only acts as a gatekeeper to control the trafficking 

and homing of hematopoietic progenitors, but also provides cellular contacts and 

secretes cytokines and adhesion molecules that allow for the preservation of steady 

state hematopoiesis. Considering this information and that CRT plays a role in the 

synthesis of different adhesion molecules and MMPs (Opas et al. 1996; Fadel et al. 

1999; Fadel et al. 2001; Wu et al. 2007) it is plausible to consider that overexpression 

of CRT in HSCs and the microvascular endothelium may alter the expression of 

adhesion molecules and consequently the rate of HSC mobilization. 

Engraftment of BM cells into pulmonary epithelial cells has been shown 

previously (Theise et al. 2002; Yamada et al. 2004; Rojas et al. 2005; MacPherson et 

al. 2006). Our data (Fig. 40 and 42) have also demonstrated a higher rate of 
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mobilization of HSCs from Tie2-CRT mice as compared to wt mice and that they are 

potentially tumorigenic. Taken together, it is possible to consider that circulatory 

HSCs from Tie2-CRT mice in the lung epithelium serve as potential cells of origin for 

the lung tumors observed in Tie2-CRT mice.  

There are several possible mechanisms for the engraftment of HSCs into 

pulmonary epithelial cells to play a role as the cell of origin for the lung 

adenocarcinoma in Tie2-CRT mice. One potential scenario is the fusion of a 

circulatory HSC with an alveolar epithelium to form a heterokaryon, a cell with 

multiple, genetically different nuclei, which converts the gene expression pattern of the 

original HSC to that of the alveolar epithelium. For instance, fusion of a macrophage, 

which would be BM derived, with an injured hepatocyte in vivo has been shown to 

result in reprogramming of the macrophage nucleus to express liver specific genes 

(Vassilopoulos et al. 2003). Herzog and colleagues have already demonstrated that 

fusion of BM derived epithelial cells occurs in the lungs of mice following BM 

transplantation (Herzog et al. 2007). Another possibility is that there are epithelial 

progenitor cells in the BM that can undergo engraftment as epithelial cells, but not as 

hematopoietic cells (Kucia et al. 2005; Kucia et al. 2005; Gomperts et al. 2006). A 

final possibility is that engraftment of HSCs occurs via multiple different mechanisms. 

Further investigation on the role of HSCs as cell of origin of lung adenocarcinoma 

from Tie2-CRT mice using sex mismatch transplantation of HSCs will elucidate the 

mechanisms behind these findings.  

Our results show that there is a higher number of HSCs (Fig. 41) and CD133+ 

cells (Fig. 43) in the BM of Tie2-CRT mice as compared to wt control mice, which is 

indicative of a higher rate of hematopoiesis in these transgenic animals. CD133 is a 
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transmembrane glycoprotein and a known marker of HSCs (Yin et al. 1997) as well as 

a marker of cancer stem cells in solid tumors (Singh et al. 2003; Ponti et al. 2005; 

Ricci-Vitiani et al. 2007; Eramo et al. 2008; Chan et al. 2009). The number of CD133 

positive cells was shown to be increased in the BM of myelodysplastic syndrome 

patients (Auberger et al. 2005).  It has also been postulated to be an adverse prognostic 

factor in acute leukemia (Wang et al. 2007) or during the progression of chronic 

gastritis into gastric cancer (Futagami et al. 2010). However, whether the increased 

number of CD133 positive cells in the BM is an indication of tumorgenesis is unclear 

and requires further investigation. 

The increased rate of hematopoiesis in Tie2-CRT mice could be caused by 

ongoing chronic inflammation (Yamada et al. 2004; MacPherson et al. 2006) and the 

increased demand for leukocytes to participate in the immune response. As well, 

alteration of the expression of adhesion molecules and cytokines in the BM 

microvascular endothelium (Abkowitz et al. 2003; Katayama et al. 2003) due to the 

overexpression of CRT in HSCs and the microvascular endothelium results in 

increased hematopoiesis in these animals. Further investigation is required to identify 

the role of CRT in the alteration of hematopoiesis in Tie2-CRT mice.  
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4.3. Expression of CRT in human and Tie2-CRT mice lung 

adenocarcinoma  

In the present study, we have seen that ectopic expression of exogenous CRT 

in Tie2-CRT transgenic mice results in lung tumors. Thus, it was important to 

investigate changes in the endogenous CRT expression in the lung tumors observed in 

Tie2-CRT mice, as well as in human lung adenocarcinoma. Our data show that the 

expression of CRT does not change significantly in Tie2-CRT lung adenocarcinoma 

tumor cells as compared to the adjacent tissue (Fig. 44 and 45). We also did not 

observe any significant changes in the expression of CRT in differentiated and 

undifferentiated stages of the Tie2-CRT lung tumor derived cell line (Fig. 46). These 

data suggest that there is an association between the expression of exogenous CRT, but 

not with endogenous CRT, and the development of lung tumors in Tie2-CRT mice. 

The role of exogenous CRT in the progression of various cancers has been investigated 

recently (Du et al. 2007; Alur et al. 2009; Chen et al. 2009). Chen and colleagues 

(Chen et al. 2009) showed that overexpression of CRT resulted in increased 

angiogenesis and facilitated proliferation and migration of gastric cancer cells. They 

also observed an association between CRT overexpression and increased microvessel 

density, increased tumor invasion, enhanced lymph node metastasis, and poorer 

survival in gastric cancer patients (Chen et al. 2009).  

It has previously been shown that there is a correlation between the 

overexpression of CRT and poor prognosis for patients with esophageal squamous cell 

carcinoma (Du et al. 2007). This same group (Du et al. 2009) has recently shown that 

CRT plays a crucial role during tumorigenesis by enhancing cell motility and anoikis 
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resistance through cortactin (CTTN) in esophageal squamous cell carcinoma cells. 

Another group examined the effects of exogenous CRT expression in prostate cancer 

cells (Alur et al. 2009) using full length CRT and CRT mutants with different 

functional domains deleted. They showed that prostate cancer cells overexpressing 

exogenous CRT (particularly the P domain of CRT) produced fewer colonies in both a 

monolayer culture and soft agar suggesting an inhibitory effect for CRT on the growth 

and/or metastasis of prostate cancer cells (Alur et al. 2009). Collectively, these data 

show that the effect of exogenous CRT on tumor cells is cell type dependent. The 

precise mechanism underlying the role of exogenous CRT in the development of 

cancers awaits further investigation.  

To date no data is available on changes in CRT expression in human lung 

adenocarcinoma, thus we examined changes in CRT level in human lung 

adenocarcinoma. We first examined the expression of CRT in differentiated (adherent 

tumor cells) and undifferentiated (tumor spheres) stages of the A549 human lung 

adenocarcinoma cell line. We observed a significant increase in the expression of CRT 

in the undifferentiated tumor cells as compared to the differentiated tumor cells (Fig. 

47). This is in contrast to our previous results in which there was no significant 

difference in the expression of CRT in differentiated and undifferentiated stages of the 

Tie2-CRT lung tumor cell line (Fig. 46). Furthermore, evaluation of CRT protein 

expression in human lung adenocarcinoma using a lung adenocarcinoma tissue 

microarray also revealed a significant reduction in CRT expression in the tumor 

regions as compared to the adjacent lung tissue (Fig. 48) while the results from Tie2-

CRT lung adenocarcinoma showed no significant differences in the expression of 

endogenous CRT in the tumor regions as compared to the adjacent normal tissue (Fig. 
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44 and 45). These data suggest that the mechanism of progression of Tie2-CRT lung 

adenocarcinoma is different from that of human lung adenocarcinoma.     

Increased CRT expression in a number of cancers has been reported by 

different groups using 2-dimentional gel electrophoresis (Franzen et al. 1996; Bini et 

al. 1997; Du et al. 2007). However, our TMA studies demonstrated decreased CRT 

expression in the tumor region as compared to the adjacent tissues. This difference 

could be due to the different tumor types (none of the previous studies were from lung 

cancer), heterogeneity of the cells in the tumor, and the multiple signaling pathways 

affected by CRT during tumorigenesis. The results of TMA studies also suggest the 

potential application of CRT as a prognostic marker during the development of human 

lung adenocarcinoma.  

It is still unclear whether differential expression of CRT in human lung 

adenocarcinoma is a consequence of tumor progression or if CRT alone (directly or 

indirectly) has a role in the initiation and progression of human lung adenocarcinoma. 

In normal prostate tissue, CRT is expressed at high levels and its expression is 

regulated by androgens in both the mouse and human prostate epithelial cells (Zhu et 

al. 1998). It has been shown that Ca2+ signaling pathways are among the most 

important pathways involved in tumorigenesis through activation of different signaling 

pathways including ERK (extracellular signal-regulated kinase) (Chuderland et al. 

2008), Ca2+-dependent transcription factors involved in cell cycle control such as 

cAMP response element binding (CREB) (Arnould et al. 2002) and nuclear factor of 

activated T-cells (NFAT) (Baksh et al. 2002; Neal et al. 2003). CRT is a major ER 

chaperone protein and regulator of Ca2+ homeostasis within the cell, and as such may 

have an important functional role during the progression of cancer.  
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We also examined the protein expression of known tumor suppressors such as 

p53, PTEN and phospho-Akt (proteins involved in growth factor mediated cell 

survival and cancer) in the lung tumors from Tie2-CRT mice. Although there were no 

changes in the level of PTEN (Fig. 49) and phospho-Akt (Fig. 51) in these tumors, 

expression of p53 protein (Fig. 50) was significantly decreased in the tumors as 

compared to the normal adjacent tissue. Alterations in the PTEN/Akt pathway are 

common events occurring in human malignancies, and are especially prevalent in 

breast cancer (Page et al. 2000; DeGraffenried et al. 2004; Panigrahi et al. 2004) 

whereas p53 mutations are more frequent in human and mouse lung cancer (Nishio et 

al. 1996; Wang et al. 2006). 

p53 is a tumor suppressor protein which controls cell proliferation by arresting 

growth at cell cycle checkpoints (Harper et al. 1993; Sidransky et al. 1996) and 

triggering apoptotic cell death (Yonish-Rouach et al. 1991; Shaw et al. 1992). The p53 

gene is the most frequently mutated gene associated with cancer. p53 mutations often 

lead to the loss of its tumor suppressor function and ability to induce apoptosis (Kastan 

et al. 1991; Sidransky et al. 1996; Stuppia et al. 1997). Furthermore, decreased 

expression of p53 has been reported in several cancers (Minami et al. 2002; Pizzi et al. 

2002) while its overexpression is associated with induction of apoptosis (Orazi et al. 

1996; Shao et al. 2000). Expression of CRT was shown to regulate p53 function, 

nuclear localization and subsequently cell behavior (Mesaeli et al. 2004; Liu et al. 

2005). For example, overexpression of vasostatin (the N-terminal domain of CRT) in 

neuroendocrine tumor cells increased their malignant properties by downregulating  

tumor suppressor genes including p53, and Rb (Liu et al. 2005). More recently, CRT 

overexpression in mature cardiomyocytes was also shown to increase the activity of 
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pro-apoptotic factors such as, Bax (Bcl-2–associated X protein), p53 and caspase 8, 

promoting apoptosis via a Ca2+-dependent pathway (Lim et al. 2008).  

The association between inflammation and tumor progression is well 

established (Coussens et al. 2002) and many malignancies arise from sites of infection, 

chronic irritation and inflammation (Danese 2008; Engels 2008; Farinati et al. 2008; 

Lee et al. 2009). It is estimated that 15% of the worldwide cancer incidence can be 

attributed to chronic infections and inflammatory responses (Parkin et al. 2001). 

Proinflammatory cells and soluble mediators, such as cytokines and chemokines have 

the capacity to promote the propagation of cancer cells and their progression. TGF-β 

and Tumor Necrosis Factor-alpha (TNFα) are the two main pro-inflammatory 

cytokines in inflammatory pathways that increase tumorigenesis (Parsonnet 1997; 

Aggarwal et al. 2002). Nuclear factor kappa B (NF-κB) is a transcription factor that 

has been shown to play a central role in connecting inflammation and cancer (Naugler 

et al. 2008). In the lung, it has been shown that CRT in association with CD91 (also 

known as LDL receptor related protein) acts as pathogen associated molecular patterns 

(PAMPs) which can be recognized by the pulmonary collections, SP-A and SP-D 

(Gardai et al. 2003). This stimulates macrophage inflammatory responses which 

results in enhanced p38/MAPK activation and NFκB reporter activity suggesting a 

possible role for surface CRT in the pro-inflammatory action of surfactant proteins in 

the lungs (Gardai et al. 2003). 

Pro-inflammatory cytokines have been shown to inhibit p53 activity (Hudson 

et al. 1999) which indicates a link between inflammation and tumorigenesis through 

p53 inactivation. The association between inflammation and EMT progression in the 

development of non-small cell lung cancer has been previously described (Dohadwala 
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et al. 2006; Krysan et al. 2008). This process is coordinated mainly though 

downregulation of E-cadherin expression via inflammatory mediators in the lung such 

as IL-1β and PGE2. This suggests that inflammation in the lung of Tie2-CRT mice 

may also impact stem cell properties via EMT-dependent events in the early stages of 

carcinogenesis in lung cancer. Inflammation can also promote EMT through other 

pathways such as NFκB (Wu et al. 2009). Furthermore, a link between EMT and 

cancer stem cells has been shown by different groups (Mani et al. 2008; Morel et al. 

2008). Collectively, these findings may also suggest a transition of pulmonary 

epithelial cells in the lungs of Tie2-CRT mice to stem cell-like cells via EMT in the 

presence of inflammation in the lungs. 

Another potential alternative mechanism for lung tumor initiation and 

progression in Tie2-CRT mice could be related to the increased permeability of blood 

vessels in these mice. It is known that inflammation leads to increased vascular 

permeability and promotes chemokine-mediated recruitment of immune cells such as 

monocytes, macrophages and other leukocytes (Wilhelm 1973; Klimenko et al. 1999) 

that can synthesize angiogenic cytokines and growth factors. Chen and colleagues have 

shown that overexpression of CRT increased expression and secretion of vascular 

endothelial growth factor (VEGF) (Chen et al. 2009), a growth factor that when in 

excess, often produces hyper-permeable leaky vessels (Proescholdt et al. 1999). 

Therefore, it is possible that overexpression of CRT in the microvascular endothelium 

in the lungs of Tie2-CRT mice or even the increased inflammation seen in the lungs 

resulted in increased permeability of blood vessels of the lungs which promotes 

leukocyte and HSC recruitment. Macrophages which are recruited by VEGF could 

also alter VEGF levels by producing the factor themselves and secreting 
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metalloproteinases that release extracellular matrix-bound VEGF (Bergers et al. 2000). 

Increased vascular permeability and secretion of VEGF was shown to accelerate the 

process of carcinogenesis (Mullin et al. 2000; Inoue et al. 2002). 

The third possible mechanism for lung tumor progression in Tie2-CRT mice is 

the role of CRT in modulating tyrosine kinase pathways. It has long been known that 

tyrosine kinase signaling pathways are important in normal cellular physiology and 

that deregulation of these pathways contributes to the development of numerous types 

of human malignancies including lung cancer (Salgia et al. 1998; Biscardi et al. 2000). 

Like many other cancer cells, lung cancer cells also overexpress receptor tyrosine 

kinases (Salgia et al. 1998). Upon activation of receptor tyrosine kinases by growth 

factors, various biological functions are altered in the cells, including cell growth, 

migration/motility, and the activation of downstream signal-transduction events 

(Salgia et al. 1998; Biscardi et al. 2000). CRT, as an ER resident chaperone, could 

affect several tyrosine kinase signaling pathways involved in cell survival and 

apoptosis. Expression of CRT has been proposed to modulate apoptosis through 

different tyrosine kinase signaling pathways (Kageyama et al. 2002; Jalali et al. 2008). 

Previous work in our laboratory using CRT-deficient cells showed increased insulin 

receptor density and activity in the absence of CRT function (Jalali et al. 2008). CRT 

overexpression was also shown to increase the cell surface expression of the human 

insulin receptor (Ramos et al. 2007). These data together suggest a complex role for 

CRT in the modulation of tyrosine kinase signaling pathways which may have an 

effect during tumorigenesis and the regulation of tumor progression. 

Based on the collective results obtained in this study, we can propose a model 

for the initiation and progression of the lung tumors observed in Tie2-CRT transgenic 
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mice involving HSCs and endothelial cells (Fig. 52). Our data demonstrate that 

increased inflammation and ongoing inflammatory responses are accompanied with 

the presence of HSCs in the lungs of Tie2-CRT mice. The mechanism behind this 

observation remains to be elucidated, but we postulate that overexpression of CRT in 

the microvascular endothelium in the lungs results in the production and release of 

inflammatory mediators by neighboring cells or increased permeability of blood 

vessels in the lungs which promotes HSC recruitment.  

In the present study, we have shown that overexpression of CRT in HSCs and 

endothelial cells of Tie2-CRT mice may not only augmented the mobilization of HSCs 

towards the blood circulation, but could also result in an increased malignant behavior 

of HSCs which allows these cells to readily home to a target tissue, and initiate a 

tumor. At the same time, increased inflammation in the lungs makes this an organ that 

is a particularly susceptible target for the recruitment of HSCs and provides a suitable 

microenvironment for tumor initiation. 



Figure 52. Summary of proposed model for development of lung tumors in Tie2-CRT mice. Overexpression of CRT in HSCs and 
the microvascular endothelium from the BM (1) and the lungs (2) in Tie2-CRT mice results in an increased rate of mobilization of 
HSCs and inflammation in the lungs. HSCs released into the blood circulation are recruited to the site of inflammation in the lungs. 
Inflammation in the lungs not only makes this organ a susceptible target tissue for the recruitment of HSCs, but also provides a suitable 
microenvironment for the initiation of tumors. At the initial stages (3), tumor cells are non-epithelial cells (SP-CNeg) expressing HSC 
markers (Sca-1Pos, c-kitPos,  CD34Pos ) and transgenic CRT (CRT-HAPos), while after further development and progression they 
differentiate and lose their stem cell phenotype, acquiring an epithelial phenotype.

Osteoblastic
Niche

Mobilization 

Bone marrow 
capillary 

endothelium

Homing

Circulation

Ø

Tie2-CRT mice

Ù

Ø

Ù Ú Û

Sca-1Pos

c-kitPos

CD34Pos

CRT-HAPos

SP-CNeg

Sca-1Neg

c-kitNeg

CD34Neg

CRT-HAPos/Neg

SP-CPos

Initial stage Developed lung tumor

216



  217

4.4. SUMMARY 

I. Tie2 driven overexpression of CRT is associated with the development of 

lung tumors in mice. 

II. Lung tumors observed in Tie2-CRT mice were adenocarcinomas with a SP-

C Pos and CC10 Neg phenotype. 

III. Lung tumors in Tie2-CRT mice are composed of a heterogeneous 

population of cells. 

IV. Cells derived from Tie2-CRT mice lung tumors are capable of anchorage 

independent growth, and the tumor spheres express HSC markers (CD133, 

c-kit, Sca-1, CD34), CRT-HA and Tie2.      

V. Tumor spheres grown in a monolayer lose their HSC markers and express 

SP-C and epithelial markers. 

VI. Undifferentiated cells of A549 and H460 human lung tumor cell lines are 

positive for SP-C, CC10 and HSC antigens suggesting a possible 

involvement of BASCs in these human lung tumors. 

VII. There is an elevated rate of HSC mobilization in Tie2-CRT mice. 

VIII. CRT expression is elevated in undifferentiated tumor spheres of the A549 

human cell line as compared to differentiated cells. 

IX. Reduced CRT expression is observed in the tumor region of the human 

lung adenocarcinoma as compared to the normal adjacent tissue. 

X. p53 expression is reduced in the lung tumors of Tie2-CRT mice as 

compared to normal adjacent tissue.  

http://www.sciencedirect.com.proxy1.lib.umanitoba.ca/science?_ob=MiamiImageURL&_imagekey=B6VS0-4SC1DBW-1-7&_cdi=6248&_user=1068138&_check=y&_orig=search&_coverDate=02%2F29%2F2008&view=c&wchp=dGLbVtz-zSkWz&md5=8965b70a8cf77219604527da2c9ee6c9&ie=/sdarticle.pdf�
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4.5. FUTURE DIRECTIONS 

In the present study, the Tie2 promoter was used to overexpress CRT in 

endothelial cells  (Sato et al. 1993).  However, subsequent studies by other 

investigators showed that the Tie2 promoter is also active in HSCs (Arai et al. 2004; 

Shaw et al. 2004). Therefore, one of the limitations of our study which hinders our 

ability to conclude the importance of vascular integrity in lung adenocarcinoma 

development is the lack of vessel wall-specific targeting for overexpression of CRT. 

To overcome this limitation, generation of transgenic mice using a more specific 

promoter for endothelial cells, such as VE-cadherin (Gory et al. 1999), would be 

interesting and could provide clearer results.    

Another limitation of this study relates to use of CD-1 mice for the generation 

of Tie2-CRT mice. CD-1 mice are the outbred-mouse line commonly used in a broad 

range of genetic studies.  However, the prevalence of spontaneous lung and liver 

tumors in CD-1 mice is about 21.8 and 6.1-35.5% respectively (Maita et al. 1988; 

Manenti et al. 2003) which is relatively high as compared to other mice strains. 

Therefore, it would be valuable to use a mouse strain that is resistant to the lung and 

liver tumors such as CBA or C3H mice (Andervont 1950; Shimkin 1955; Mezey et al. 

2003) for studying the role of CRT in the development of lung and liver tumors.     

In this study we have shown that the overexpression of CRT under the control 

of the Tie2 promoter resulted in lung adenocarcinoma which correlates with increased 

inflammation in the lungs of Tie2-CRT mice. The molecular mechanisms involved in 

this process are not yet understood, but it is clear that increased inflammation in the 

lungs is a hallmark of the initiation and progression of lung tumors in these animals. 
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Further studies are needed to provide insight into the role of inflammation in the 

development of lung tumors by determining the contribution of inflammation, 

accumulation of inflammatory cells, and inflammatory responses to the tumorigenic 

process.  

This study also provides evidence that the lung tumors which develop in Tie2-

CRT mice originate from HSCs. We have shown through isolation and 

immunophenotypic characterization of lung tumor cells from Tie2-CRT mice 

(anchorage independent growth and non-adherent culture condition assays) that these 

cells are positive for HSCs antigens as well as CRT-HA. It is important to elucidate 

the exact role played by HSCs as the cells of origin for generating these lung tumors. 

Sex-mismatches BM transplantation from a donor to a recipient is a common 

technique used to study the participation of BM cells in the generation of non-

hematopoietic tissues and tumors (Hudson et al. 1999). Thus, sex-mismatched BM 

transplantation will provide valuable information regarding the role of HSCs during 

the formation and progression of lung tumors in Tie2-CRT mice. 

Our flow cytometry data indicates an increased rate of HSC mobilization in 

Tie2-CRT mice when compared to wt mice. This may be due to the increased 

inflammatory signals from the lung or the alteration of adhesion molecules involved in 

the migration and mobilization of HSCs. Therefore, to understand the mechanisms by 

which HSC mobilization in Tie2-CRT mice is increased, it will be necessary to 

investigate the role of CRT overexpression in the alteration of adhesion molecule 

expression of adhesion molecules as well as changes in inflammatory mediators which 

may lead to the increased mobilization of HSCs. 
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In the present study we have observed decreased protein expression of p53 in 

the lung tumors of Tie2-CRT mice as compared to normal adjacent tissue. This 

implicates p53 as being a potential key regulatory protein during the development of 

these lung tumors. A link between inflammation and tumorigenesis through p53 

inactivation (Mesaeli et al. 2004; Liu et al. 2005) and also a role for CRT in the 

regulation of p53 function, nuclear localization and malignant cell behavior has 

previously been reported . Further investigation of p53 function and expression in CRT 

overexpressing HSCs isolated from Tie2-CRT mice is needed to provide insight into 

the regulatory role of CRT overexpression on p53 function. 
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