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Angiogenesis is a complex process that has been implicated in a variety of pathological 

diseases, including cancer.  It is widely accepted that tumors must elicit an angiogenic response 

for survival, growth, and metastases.  Vascular endothelial growth factor (VEGF) is an important 

pro-angiogenic factor that has been found to be upregulated in a wide variety of tumor types.   

Clonal cell lines that express different levels of VEGF were created from two tumor types, 

a human colorectal carcinoma (HT29) and a murine squamous cell carcinoma (SCCVII), to 

investigate the relationship between this pro-angiogenic factor and tumor response.  Three clones 

were then chosen for each tumor model: the first clone expressed VEGF at a level comparable to 

the parental (non-infected) cell line, the second expressed VEGF at an intermediate level, and the 

third clone expressed VEGF at a high level.  The in vitro growth kinetics of the clonal cell lines 

did not significantly differ from that of the parental cell line.  However, the in vivo growth rate 

of the HT29 tumor model increased with increasing VEGF expression.  Physiological differences 

were also noted in both tumor models; the tumors arising from the clonal cell lines had 

distinctively different levels of vascularity, perfusion, and hypoxia.  

The clonal cell lines were then used to evaluate tumor response to radiation and vascular 

targeting agents.  In vitro, no significant difference was observed in the response to radiation, 
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ZD6474, an antiangiogenic agent, and ZD6126, a vascular disrupting agent, between the clonal 

and parental cell lines.  The results showed that tumors from the highest expressing VEGF clonal 

cell line demonstrated an enhanced response to radiation.  The HT29 tumors arising from the 

high expressing VEGF clonal cell line also responded better to both vascular targeting agents.  

The SCCVII model did not appear to be sensitive to ZD6474, perhaps due to its high growth 

rate, and there was no difference in the growth delay among the clonal cell lines.  There was a 

trend towards increased efficacy with increasing VEGF expression when the SCCVII tumor-

bearing mice were treated with ZD6126.  The results from these studies suggest that VEGF 

expression may play an important role in tumor response to anti-cancer therapies. 
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CHAPTER 1 
INTRODUCTION  

Cancer is a disease that affects millions of people in the United States alone.  According to 

the American Cancer Society, it is predicted that 2006 will see more than 1.3 million new cancer 

patients.  The current modalities for its treatment consist of surgery, radiation therapy, and 

chemotherapy.  However, all of these treatment options have drawbacks and despite the progress 

that has been made in the past few decades, approximately 40% of cancer patients will fail 

therapy (National Cancer Institute, 2006). 

Tumor Microenvironments 

It is thought that as a tumor grows, the growth of new blood vessels lags behind the 

expanding tumor (Tannock, 1970).  In addition, the vessels that are present within the tumor are 

highly irregular, chaotic structures that may contain dead ends and arteriovenous shunts (Brown, 

1999).  Together, the lack of an efficient vasculature creates tumor microenvironments where 

cells residing in these regions experience decreased nutrient delivery and impaired uptake of 

metabolic waste products (Vaupel et al, 1989).  As a result, tumor cells in these 

microenvironments may exist in states of lowered proliferation, or even quiescence (Tannock, 

1968).   

The impact of these tumor microenvironments on conventional therapies has been shown 

to be negative.  Many conventional chemotherapeutic agents target cancer cells due to their high 

rate of proliferation.  Thus, for cells that are not undergoing mitosis, like those residing in the 

microenvironments, these agents have little effect.  Another concern with cells located in these 

microregions is poor drug penetration resulting in less tumor cell killing (Tannock, 2001). 

The existence of microenvironments can also affect the radiosensitivity of the cells 

residing in these regions.  Since radiation therapy is also more effective against rapidly 
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proliferating cells, cells in these microregions are not as extensively affected as are tumor cells 

located in regions containing normal amounts of nutrients.  In addition, cells surviving in areas 

of decreased oxygen tensions (hypoxia) may also not be as sensitive to radiation (Hockel & 

Vaupel, 2001).  Hypoxic cells are typically found at a distance of 100-150 μm from the nearest 

functional vessel in tumors (Horsman, 1998).  Following exposure to radiation, available oxygen 

can chemically react with the resulting cellular biological lesions, thus causing the damage to 

become more difficult for the cell to repair (Brown, 1999).  In cells where the oxygen 

concentration is very low this phenomenon occurs less frequently, allowing for much of the 

damage to be repaired (Vaupel, 2004). 

Angiogenesis 

Angiogenesis, the process of new blood vessel formation from the existing vasculature, is 

a tightly regulated process that occurs mainly during development (Bellamy, 2002).  In adults, it 

is instrumental in wound healing and reproductive functions in females (Folkman, 1995).  

Endothelial cells are usually quiescent in normal tissues, dividing approximately once every 

seven years.  However, in a variety of pathological disorders, including cancer, the growth rate 

of endothelial cells can be rapidly accelerated, with divisions occurring as fast as once a week 

(Hobson & Denekamp, 1984).  This “angiogenic switch” has been shown to be vital to the 

growth of a tumor beyond a diameter of approximately 1-2 mm (Bergers & Benjamin, 2003). 

Angiogenic Cascade 

The sequence of events in the angiogenic process is orchestrated by a variety of molecules; 

the full extent of this process is yet to be completely understood [Fig. 1-1].  It is believed that the 

earliest stages of the cascade can be defined by vasodilation and increased permeability (Bergers 

& Benjamin, 2003).  Then, endothelial cells that have been stimulated by a pro-angiogenic signal 

can proliferate and migrate towards the stimulus source (Papetti & Herman, 2002).  Following 
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migration, the endothelial cells can adhere to one another, create a lumen, and become a 

functional vessel (Drake & Little, 1999).  The final steps involve basement membrane formation 

and maturation of the blood vessels (Jain, 2003).   

Aniogenic Factors 

Angiogenesis is a balancing act between pro- and anti-angiogenic molecules [Table 1-1] 

(Grunstein et al, 1999).  In order to stimulate angiogenesis, the angiogenic scale must be tipped 

towards the pro-angiogenic side, and this can be caused by an increase in pro-angiogenic factor 

expression, decreased anti-angiogenic factor expression, or a combination of both.  Endogenous 

anti-angiogenic factors include thrombospondin and a variety of inhibitors derived from type IV 

collagen and type XVIII collagen, such as arrestin, endostatin, and tumstatin (Kalluri, 2003).  

The positive regulators include fibroblast growth factor (FGF), placenta derived growth factor 

(PDGF), the angiopoietins (Ang), and vascular endothelial growth factor (VEGF). 

bFGF.  The fibroblast growth factors were discovered in the 1970s and two similar 

molecules were found that shared a 55% identity: acidic and basic fibroblast growth factors 

(aFGF and bFGF) (Slavin, 1995).  These proteins were found to be potent mitogens for 

endothelial cells as well as other cell types (Ferrara, 2002).  The two molecules do not contain a 

conventional secretory signal peptide, but they do have a relatively high affinity for heparin 

(Cronauer et al, 2003). It is thought that these proteins are sequestered in the extracellular matrix 

(ECM) until their release from heparin-sulfate proteoglycans (Vlodavsky et al, 1987).  Since 

aFGF is primarily localized to neural tissues it is not thought to be a major player in tumor 

angiogenesis (Friesel & Maciag, 1995).  However, bFGF has a ubiquitous distribution and has 

been implicated in tumor pathology (Czubayko et al, 1997). 

PDGF.  PDGF is also a potent mitogen for both normal and tumor cells (Heldin, 2004).  

PDGF is a dimer that can consist in the following forms: AA, BB, AB, CC, or DD (Fredriksson 
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et al, 2004).  The binding of this ligand to its receptor has been found to stimulate cell 

proliferation, cell migration, and angiogenesis (Tallquist & Kazlauskas, 2004).  The activation of 

the PDGF signaling pathway has also been shown to inhibit apoptotic pathways in some cells as 

well, leading to its classification as a survival factor (Claesson-Welsh, 1994). 

Angiopoietins.  This family of extracellular ligands specifically binds to an endothelial cell 

specific receptor tyrosine kinase termed Tie-2 (Ziegler et al, 1993).  Although Ang-1 and Ang-2 

are similar in structure (60% identity at the peptide level), these molecules elicit different 

responses after binding to the Tie-2 receptor (Tait & Jones, 2004).  Ang-1 acts as an agonist and 

activates the Tie-2 signaling pathways (Witzenbichler et al, 1998). Ang-2 acts mainly as an 

antagonist in the endothelium by blocking Ang-1 dependent activation (Maisonpierre et al, 

1997).  However, in some instances Ang-2 may act as an agonist as well (Stratmann et al, 1998).  

During angiogenesis, both molecules play important roles.  Ang-2 is thought to act at the 

beginning of the angiogenic cascade as a destabilizing signal that is seen prior to vessel sprouting 

(Zhang et al, 2003).  On the opposite end of the cascade, Ang-1 acts as a maturation factor, 

promoting the recruitment of pericytes and smooth muscle cells (Suri et al, 1996). 

VEGF  

VEGF is considered to be the most important pro-angiogenic signal in tumor pathology.  

However, VEGF is actually a family of molecules, some of which are more important to tumor 

growth than others.  The VEGF family is comprised of seven structurally related growth factors: 

VEGF-A, VEGF-B, VEGF-C (VEGF-related protein), VEGF-D, VEGF-E, VEGF-F, and 

placenta growth factor (PlGF).  These genes share a common eight cysteine residue motif which 

is found in the VEGF homology domain (Roy et al, 2006).    

PlGF.  The PlGF gene shares 37% homology with VEGF-A and encodes for four different 

isoforms via alternative splicing.  PlGF was first identified in the placenta, but it has since been 
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found in the heart and lungs as well (Tjwa et al, 2003).  PlGF-1 and PlGF-3 do not bind heparin 

and are therefore diffusible molecules, while PlGF-2 and PlGF-4 have heparin binding domains. 

The results from in vitro studies regarding the role of PlGF in angiogenesis have been 

inconsistent.  Some studies have shown that PlGF failed to promote angiogenesis after binding 

with VEGFR1 (Park et al, 1994) while the opposite has been found in other studies (Ziche et al, 

1997;Nagy et al, 2003).  Further studies of this molecule will be needed to elucidate its role. 

VEGF-E and VEGF-F.  The newest family members, VEGF-E and VEGF-F, were 

discovered in the parapoxvirus genome (Lyttle et al, 1994) and snake venom (Junqueira, I et al, 

2001), respectively.  Both family members are able to bind to VEGFR2 and VEGF-E is also able 

to bind to Nrp-1 (Takahashi & Shibuya, 2005).  VEGF-E can induce a strong angiogenic 

response in vivo, whereas VEGF-F appears to specifically block VEGF-A165 activity (Yamazaki 

et al, 2005). 

VEGF-D.  VEGF-D has been indentified as a c-fos-induced gene that contains a cysteine 

rich C-terminus domain that is similar to VEGF-C (Achen et al, 1998).  The processed form of 

this glycoprotein can bind to either VEGFR-2 or VEGFR-3 (Lohela et al, 2003).  Hence, this 

secreted protein has been shown to have angiogenic effects in vitro and in vivo in addition 

(Achen et al, 2001) to its role in lymphangiogenesis (Stacker et al, 2001). 

VEGF-C.  VEGF-C is produced as a precursor protein that is proteolytically activated in 

the extracellular space to bind to the receptors VEGFR-2 and VEGFR-3 (Joukov et al, 1997).    

VEGF-C is believed to be primarily a lymphangiogenic growth factor (mediated by binding 

VEGFR-3) (Enholm et al, 2001), but it has been shown to increase blood vessel permeability 

through its binding to VEGFR-2. 
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VEGF-B.  VEGF-B shares a 23% homology with VEGF-A. Hypoxia does not regulate 

expression of this family member since the VEGF-B promoter region lacks a HRE (Enholm et 

al, 1997).  Both isoforms are able to bind to VEGFR-1 and Nrp-1 (Tammela et al, 2005).  

VEGF-B is thought to be weakly angiogenic and it may play a role in inflammatory angiogenesis 

(Mould et al, 2003). 

VEGF-A.  VEGF-A is considered to be the most important pro-angiogenic growth factors 

in tumor pathology.  VEGF-A is an endothelial cell mitogen that is devoid of any appreciable 

mitogenic activity for other cell types (Ferrara, 1999).  This protein is known to activate and 

stimulate the migration of endothelial cells as well as increase vascular permeability (Harmey & 

Bouchier-Hayes, 2002).  VEGF-A has also been shown to enhance endothelial cell survival by 

upregulating the expression of the anti-apoptic molecule, Bcl-2 (Nor et al, 1999). 

VEGF-A has also shown the potential to modulate the immune system.  One group has 

suggested that VEGF-A may allow for enhanced tumor growth by avoiding induction of the 

immune system.  An in vitro study showed that VEGF-A inhibited the growth of immature 

dendritic cells, but did not significantly affect mature cells (Gabrilovich et al, 1996).  This was 

also seen in an in vivo system when VEGF-A infusion resulted in decreased dendritic cell 

development and changes in hematopoietic lineages, probably by blocking NF-κB signaling 

(Gabrilovich et al, 1999;Oyama et al, 1998). 

VEGF-A expression can be regulated by a number of cytokines, including interleukin-1 

(IL-1), IL-6, insulin-like growth factor-1, and PDGF (Stewart et al, 2001).  However, tissue 

hypoxia appears to be the most potent in vivo stimulus; a hypoxia response element (HRE) that 

is found within the promoter of this gene allows VEGF-A expression to react quickly to changes 
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in oxygen tension (Olenyuk et al, 2004).  An increase in VEGF-A mRNA transcripts was 

detectable within one hour of cells being placed in a hypoxic environment (Stavri et al, 1995).   

The human VEGF-A gene contains eight exons, separated by seven introns, with a coding 

region of approximately 14 kb (Houck et al, 1991).  Due to alternative splicing, at least four 

isoforms are known to exist in varying ratios with the following base pair lengths: 121, 165, 188, 

and 206 (Tischer et al, 1991)[Fig. 1-2].  VEGF165 is the predominant species with VEGF121 and 

VEGF188 being detected in the majority of cells; VEGF206 is very rare.  The 165, 188, and 206 

isoforms are basic, heparin-binding glycoproteins while VEGF121 is slightly acidic and does not 

bind heparin (Houck et al, 1992).  VEGF121 is also a freely diffusible protein while VEGF188 and 

VEGF206 are sequestered in the extracellular matrix (ECM). VEGF165 is bound to the cell surface 

and the ECM, as well as secreted (Cross et al, 2003).  

VEGF Receptors 

The effect that human VEGF exerts on cells is mediated by its interaction with the 

following receptors: VEGFR-1, VEGFR-2, VEGFR-3, Neuropilin-1 (Nrp-1), and Nrp-2.  

Historically, it was believed that these receptors were only present on endothelial cells, but it is 

now known that VEGF receptors also occur on bone marrow-derived cells, macrophages, and 

monocytes (Ferrara & Davis-Smyth, 1997).  VEGFR-1 and VEGFR-2 are two related receptor 

tyrosine kinases (RTKs) that contain seven immunoglobin-like domains and a single 

transmembrane domain (Klagsbrun & D'Amore, 1996).  VEGFR-3 (flt-4) is in the same RTK 

family and is a receptor for only VEGF-C and VEGF-D.  In addition to these receptors, some 

VEGF family members are also able to bind to a family of co-receptors named the neuropilins 

(Nrps) (Ferrara et al, 2003). 

Flt-1/VEGFR-1.  The VEGFR1/Flt-1 receptor binds VEGF with an approximately 10-fold 

greater affinity than the VEGFR2/Flk-1 receptor, but is unable to generate a mitogenic response 
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when stimulated (de Vries et al, 1992).  The main role for this receptor appears to be in the 

production of tissue factor and monocyte migration.  Disruption of the VEGFR1/Flt-1 receptor 

gene has been shown to be embryonic lethal due to endothelial cell overgrowth and general 

blood vessel disorganization (Fong et al, 1995).  There is also a soluble form of this receptor 

(sVEGFR-1) that lacks the transmembrane and intracellular portions of the receptor.  sVEGFR-1 

binds to VEGF-A with high affinity and it is expressed at considerable levels in the placenta 

during pregnancy (Clark et al, 1998).  Since VEGFR-1 binds VEGF-A with a high affinity yet is 

weakly mitogenic, it has been suggested that the main role of VEGFR1/Flt-1 may be to function 

as a negative regulator of VEGF activities (Zhu & Witte, 1999).  

Flk-1/VEGFR-2.  VEGFR-2 looks to be the main transducer of VEGF signals that result 

in endothelial cell proliferation, migration, differentiation, tube formation, increased vascular 

permeability, and maintenance of vascular integrity (Waltenberger et al, 1994).  The intracellular 

signaling events that mediate these downstream effects follow several different paths.  Activation 

of a protein kinase C (PKC) in a Ras-dependent or Ras-independent manner leads to activation 

of the Erk pathway, resulting in cellular proliferation (Takahashi et al, 1999;Meadows et al, 

2001).  VEGFR-2 can also activate PI3K that can then activate the cell survival pathway, 

Akt/PKB (Gerber et al, 1998).  The Akt/PKB pathway can also induce the nitric oxide (NO) 

pathway that is involved in vascular permeability (Dimmeler et al, 1999) [Fig]. 

Flt-4/VEGFR-3.  The main role of flt-4/VEGFR-3 is during lymphangiogenesis. 

Disruption of the VEGFR-3 gene is embryonically lethal; mouse embryos display fluid 

accumulation and cardiovascular failure that is caused by deficiencies in vascular remodeling 

(Dumont et al, 1998).  In adults, this receptor is expressed on lymphatic endothelial cells and 

point mutations that inactive VEGFR-3 lead to chronic lymphadema (Karkkainen & Alitalo, 
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2002).  To a small extent, VEGFR-3 is expressed on quiescent vascular endothelial cells and its 

expression may be induced in proliferating cells (Witmer et al, 2002;Witmer et al, 2001). 

Neuropilins.  Neuropilin-1 (Nrp-1) was originally identified on neuronal cells, but is now 

known to be expressed on endothelial and tumor cells as well (Soker et al, 1998).  Nrp-1 lacks an 

intracellular domain and therefore acts as a co-receptor to mediate VEGF signaling.  Nrp-1 

interacts with VEGFR-1 and VEGFR-2 as an isoform specific (VEGF165) receptor (Fuh et al, 

2000;Soker et al, 2002).  Nrp-2 has been shown to bind VEGF165 and PlGF (Gluzman-Poltorak 

et al, 2000). 

Pre-clinical studies    

Due to the importance of VEGF expression on tumor growth, there have been a variety of 

studies that have manipulated VEGF expression to examine the effects on tumor cells.  For 

example, studies that have targeted VEGF-A (subsequently referred to simply as VEGF) via 

siRNA techniques have shown that tumor cells display unaffected in vitro growth rates 

(Wannenes et al, 2005).  Yet, when these cells are placed in vivo, the tumors are slower to form 

(Guan et al, 2005) and they display a decreased growth rate (Takei et al, 2004).  Results from 

these studies also indicate that by decreasing VEGF expression, the resulting tumors display 

decreased number of blood vessels. 

Additional studies that have used an antisense mRNA technique to downregulate the 

expression of VEGF also showed that the in vitro growth rate of the tumor cells was not affected 

(Hao et al, 2006;Riedel et al, 2003).  However, endothelial cell proliferation and tubule 

formation was diminished when conditioned medium from stably transfected cells, secreting 

lesser amounts of VEGF, was added to endothelial cells (Kang et al, 2000;Shi & Siemann, 

2002). In addition, the results from the in vivo portion of these studies showed that the 
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downregulation of VEGF suppressed in vivo tumor growth of hepatocellular carcinoma, renal 

cell carcinoma, and head and neck squamous cell carcinoma xenografts. 

The relationship between vascularity and tumor response to radiation has also been 

studied in a pre-clinical setting.  It was noted in the 1970s that the vasculature patterns within 

tumors were of great significance in determining the tumor response to radiation (Falk, 1978).   

Clinical studies   

The role of VEGF in clinical studies has not been entirely clear.  Some studies have 

suggested that a high pre-treatment level of serum and/or tumor VEGF expression is a prognostic 

indicator of poor survival (Salven et al, 1998;Chen et al, 1999;Karayiannakis et al, 2002).  Other 

studies have shown the opposite relationship (Poncelet et al, 2004) or no relationship at all (West 

et al, 2005).  Contradictory results have also been seen when the issue of tumor vascularity and 

its impact on treatment outcome was addressed.  Several studies that examined the relationship 

between vessel density and radiation therapy have shown that decreased intratumoral vascularity 

leads to a poor outcome (Nativ et al, 1998;Lauk et al, 1989) whereas others have shown that 

increased vascularity is associated with better tumor control (Kaanders et al, 2002).  In addition, 

a large study involving head and neck tumors has shown a “U-shaped” response, where both 

increased and decreased intratumoral vascular density resulted in a poor outcome (Koukourakis 

et al, 2000).  It is most likely these different observations stem from the existence of several 

inter-study differences, including tumor types studied, endpoints assessed, and vessel density 

determination methods. 

Vascular Targeting Therapies 

Given the close relationship between vasculature and tumor growth, as well as metastasis, 

it is not surprising to find the emergence of a new class of agents that target this crucial network.  

Vascular targeting agents (VTAs) aim to exploit the inherent differences between tumor and 
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normal vasculature to gain a therapeutic advantage (Siemann & Shi, 2003).  For example, normal 

endothelial cells are generally quiescent while tumor-associated endothelial cells are in a 

constant state of proliferation.  There are currently two subclasses of VTAs: antiangiogenic 

agents and vascular disrupting agents (VDAs).     

To date, though, it is unknown which type of tumor may be most amenable to this new 

therapy: highly vascularized tumors or tumors with lesser degree of vascularity.  It would not be 

surprising to find that these agents are more effective in highly vascularized systems since the 

targets of these agents are the vessels: with more blood vessels present there would be more 

targets and, hence more damage done.  On the other hand, it could also be argued that less 

vascular tumors may be injured more readily through the use of VTAs.  After destroying just a 

few vessels this system could be critically damaged, whereas a highly angiogenic tumor may be 

able to recover faster due to its greater number of resources. 

Research Outline and Significance 

Tumor growth and metastasis are known to rely on the growth of new blood vessels.  Due 

to the extraordinary angiogenic demand by tumors, the growth of the tumor vasculature often 

lags behind that of the tumor.  The intratumoral vessel structure can also be characterized as an 

inefficient network, full of abnormalities.  As a result of the inadequate and nonuniform tumor 

vasculature, there exist tumor microenvironments where cells survive in lowered states of 

proliferation, due to poor nutrient levels and impaired uptake of metabolic waste products.  It has 

been found that cells existing in these microenvironments may be refractory to conventional anti-

cancer therapies, such as radiation and chemotherapy.   

Angiogenesis is known to be a delicate balance between pro- and anti-angiogenic factors. 

For a tumor to grow beyond a small size, it must tip the balance and elicit an angiogenic 

response.  Although a number of angiogenic molecules have been reported, VEGF is considered 



 

23 

to be the most important pro-angiogenic growth factor in tumor pathophysiology.  A variety of 

pre-clinical studies have shown that, in general, decreasing the expression of this molecule leads 

to decreased tumor growth rates and intratumoral vascularity.  Clinical data have also not been 

entirely consistent: studies have shown a positive, negative, or no correlation between VEGF 

expression/tumor vascularity and patient survival.  A number of cross-study variables (i.e., 

genetic differences among tumor types) are likely to blame for the contradictory results.  

Since tumor survival and metastasis have been linked to the establishment of a 

vasculature, vascular targeting agents have recently been introduced as a means to exploit this 

close relationship.  Two different strategies have emerged by which to target the tumor vessels: 

antiangiogenics and vascular disrupting agents.  Antiangiogenics aim to inhibit the growth of 

new blood vessels while VDAs target the existing vasculature within the tumors.  It has not yet 

been established which type of tumor would most benefit from these new therapies: highly or 

poorly vascularized tumors.   

The goal of this project was to examine the impact of VEGF expression/tumor 

vascularity on the impact of anti-cancer therapies by employing a genetic approach in order to 

avoid the complications that are inherent in the inter-comparison of tumor types. The first section 

of this dissertation will focus on the creation of the clonal cell lines and their in vitro and in vivo 

growth characteristics.  The following section will analyze the resulting tumors for important 

physiological parameters.  The final two sections will then determine what role VEGF 

expression plays in the response of tumors to anti-cancer therapies such as radiation therapy and 

vascular targeting therapies.
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Figure 1-1.  The steps of the angiogenic cascade involve vasodilation and increased permeability.  

Endothelial cells can then proliferate and migrate towards the pro-angiogenic source.  
Following migration, the endothelial cells can adhere to one another, create a lumen, 
and become a functional vessel.  The final steps involve basement membrane 
formation and maturation of the blood vessels.  [Adapted from (Papetti & Herman, 
2002), used with permission]  
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Table 1-1.  Angiogenesis is governed by a variety of promoters and inhibitors, of which several 
are listed below. 

 
Inhibitors Promoters 

Thrombospondin Fibroblast growth factors (aFGF and bFGF) 

Endostatin Transforming growth factor (TGF-β) 

Arrestin Platelet derived growth factor (PDGF) 

Tumstatin Angiopoietins (Ang-1, Ang-2) 

N-terminal fragment of prolactin Vascular endothelial growth factor (VEGF) 

Angiostatin Insulin growth factor-1 (IGF-1)  

 Interleukins (IL-6, IL-8) 
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Figure 1-2.  Schematic displaying the human VEGF-A isoforms following mRNA alternative 

splicing. 
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CHAPTER 2 
CREATION OF CLONAL CELL LINES 

Introduction 

As briefly discussed in the previous chapter, it has been difficult to determine the effect of 

the level of tumor VEGF expression on outcome, both in preclinical and clinical studies.  For 

example, some studies have suggested that a high pre-treatment level of serum and/or tumor 

VEGF expression is a prognostic indicator of poor survival (Salven et al, 1998;Chen et al, 

1999;Karayiannakis et al, 2002).  Other studies have shown the opposite relationship (Poncelet 

et al, 2004) or no relationship at all (West et al, 2005).  It should be noted that making 

comparisons across a broad number of studies is complicated by differences in the genetic 

background of tumors, endpoint differences, and variability in sample collection techniques.   

Therefore, to avoid such complications in this study, a gene therapy technique that utilizes 

a recombinant adeno-associated virus (rAAV) to infect cultured cells was used. Many 

investigators have previously used rAAV to safely deliver gene products to mammalian cells 

(Xiao et al, 1996;Hermonat & Muzyczka, 1984).  It is currently believed that rAAV infection of 

cultured cells results in the integration of the viral genome into the host cell genome (Church & 

Gilbert, 1984).  By employing a high multiplicity of infection (MOI), the copy number of the 

viral genome can vary among the infected cells, thus causing various levels of gene expression 

(Walz & Schlehofer, 1992). 

The goal of this study was to create clonal cell lines that expressed a range of VEGF levels 

and then examine their subsequent in vitro growth rates and ability to form tumors in vivo.  

Clonal cell lines varying in humanVEGF expression were created from two tumor types:  a 

human colon carcinoma (HT29) and a murine squamous cell carcinoma (SCCVII).  The rAAV 

vector that was used, pTR-UF21, contained a chicken β-actin promoter driving expression of the 
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human VEGF165 gene as well as a neomycin resistance gene [Fig. 2-1] that allowed for the 

subsequent selection of infected cells.  Following this selection process the in vitro and in vivo 

growth characteristics of the cell lines were assessed.  In addition, the VEGF receptor status and 

expression pattern of other pro-angiogenic factors were examined to ensure that any changes 

among the clonal cell lines were due solely to changes in the expression of VEGF ligand. 

Materials and Methods 

Cell Culture 

HT29 colon carcinoma cells were grown in Dulbecco’s modified minimum essential 

medium (DMEM) (Invitrogen, Grand Island, NY) supplemented with 10% fetal bovine serum 

(FBS) (Invitrogen, Grand Island, NY), 1% penicillin-streptomycin (Invitrogen, Grand Island, 

NY), and 2 mmol/L L-glutamine (Invitrogen, Grand Island, NY).  Murine SCCVII squamous 

cell carcinoma cells were grown in alpha minimal essential media (α-MEM) supplemented with 

10% FBS (Invitrogen, Grand Island, NY), 1% penicillin-streptomycin (Invitrogen, Grand Island, 

NY), and 2 mmol/L L-glutamine (Invitrogen, Grand Island, NY).  

Generation of Stable Cell Lines by rAAV Infection   

HT29 or SCCVII cells were infected with a recombinant adeno-associated virus (rAAV) 

containing the cassette for human VEGF165 as previously described for the human endostatin 

gene (Shi et al, 2002).  Briefly, 1 x 104 HT29 or SCCVII cells were suspended in 50 μL of 

serum- and antibiotic-free medium.  A rAAV containing the VEGF165 gene and a neomycin 

resistance gene were then added at a multiplicity of infection (MOI) of 10,000 and the mixture 

was incubated for 3 hr at 37°C.  Cells were then grown in selection media that contained 1 

mg/mL geneticin for 48 hr.  Cells were plated at a low density in 60 mm dishes to obtain clones.  

Stable cell lines were maintained in the appropriate cell media with the addition of 500 μg/mL 

geneticin.   
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Angiogenesis Factor Expression  

HT29 or SCCVII cells were plated in 60 mm dishes at a density of 2 x 106 cells in 2 mL of 

cell culture media.  Following a 24 hr incubation period, the cell culture supernatants were 

collected and analyzed by ELISA (R&D Systems, Minneapolis, MN) for the following factors: 

VEGF, PDGF, bFGF, Ang-1, and Ang-2. 

In Vitro Cell Growth   

HT29 or SCCVII cells were plated in 60 mm dishes at a density of 1 x 104 cells.  At 

various times thereafter, cells were trypsinized and counted using a hemocytometer.  The 

average number of cells per plate (three plates per time point) was determined as a function of 

time after plating. 

Animals and Tumor Models   

Mice were injected with either 1 x 106 HT29 tumor cells or 1 x 105 SCCVII tumor cells 

intramuscularly (in a volume of 0.02 mL phosphate buffered saline) into a single hind limb of 6-

8 week-old female NCR nu/nu or C3H/HeJ mice (Frederick Cancer Research Facility, MD), 

respectively.  The mice were maintained under specific-pathogen-free conditions (University of 

Florida Health Science Center Vivarium) with food and water provided ad libitum. 

In Vivo Growth Rate 

For both the HT29 and SCCVII models, tumor size was measured by passing the tumor 

bearing leg through a series of increasing diameter holes in an acrylic plate.  The smallest 

diameter hole that the tumor-bearing leg could pass through was recorded and converted to a 

tumor volume using the following formula: tumor volume=1/6(πd3)-100, where d is the hole 

diameter and 100 represents a volume correction factor determined for a mouse leg without a 

tumor.  The times for the tumors to grow from appearance (approximately 200 mm3) to 1000 

mm3 was recorded (n = 7-10 mice per group).   
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Results 

HT29 and SCCVII cells were infected with a rAAV containing the gene for human 

VEGF165 and colonies were selected for their expression of human VEGF.  The conditioned 

medium from clones was obtained and analyzed via ELISA to determine the secreted 

concentration of VEGF.  Three clones were ultimately chosen for each tumor model: the first 

clone expresses VEGF at a level that is comparable to the parental cell line, the second clone 

expresses VEGF at an intermediate level, and the third clone expresses VEGF at a high level 

[Fig. 2-2].  For the HT29 model the increase in VEGF expression is approximately 20 and 60 

fold greater than the parental cell line for the intermediate and high clone, respectively.  

Since many growth factor pathways are interconnected, it was conceivable that 

manipulating VEGF expression might also alter the expression of other angiogenic factors.  The 

clonal cell lines therefore were also tested for the expression levels of the pro-angiogenic factors 

bFGF, Ang-1, Ang-2, and PDGF (data not shown).  Neither the parental HT29 or SCCVII nor 

the clonal cell lines derived from either model were found to have significant paracrine 

expression of these growth factors.  In addition, it was possible that an autocrine feedback loop 

could exist if the tumor cells expressed the VEGF receptors.  However, RT-PCR confirmed the 

lack of expression of VEGFR1 and VEGFR2 on the clonal and parental tumor cell lines (data not 

shown). 

 Studies assessing the inherent growth characteristics of the parental (non-infected) and 

clonal cell lines showed that the elevation of VEGF levels did not significantly alter the growth 

rates in either the HT29 or SCCVII tumor models, leaving the in vitro doubling times at 

approximately 24 and 15 hours, respectively [Fig. 2-3].  The in vivo time to appearance (~200 

mm3) and the subsequent growth rate (200 to 1000 mm3) of the tumors resulting from the 

parental and clonal cell lines were then determined.  Figure 2-4A shows that the tumors arising 
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from the mid- and high-level VEGF expressing clones of the HT29 cell line appear faster than 

the parental and low-level expressing clonal cell lines (10.5 versus 18 days).  Tumors resulting 

from the highest expressing VEGF clone also grew significantly faster from 200 to 1000 mm3 

than the other groups (10 days versus 18 days) [Fig. 2-5A].  This was not seen with the SCCVII 

tumors; there was no significant difference in the time to tumor appearance or the growth rate 

from 200 to 1000 mm3 among the different clones and the parental cell line [Fig. 2-4B, 2-5B].   

Discussion 

VEGF is known to be a potent pro-angiogenic growth factor and the upregulation of its 

expression has been shown in a wide variety of tumors (Takekoshi et al, 2004;Tamura et al, 

2004;Bowden et al, 2002).  Although some clinical studies have demonstrated the potential use 

of VEGF as a prognostic indicator (Kyzas et al, 2005;Ferroni et al, 2005), not all studies agree 

with its use as a biomarker (Chung et al, 2006). This is perhaps not surprising given the wide 

range of factors, such as genetic differences among tumor types, which may influence the 

interpretation of clinical data.  

In the present study, stable clonal cell lines that express different levels of VEGF while 

possessing the same genetic backgrounds were generated.  Two tumor types, one a human colon 

carcinoma (HT29) and the other a murine squamous carcinoma (SCCVII) were used.  Clonal cell 

lines were established from both parental tumor types and were subsequently examined for their 

in vitro as well as in vivo growth characteristics.  

Manipulation of the VEGF expression levels did not significantly affect the in vitro growth 

rate. However, the in situ characteristics of tumors arising from the various clones were affected.  

Tumors derived from the HT29 clonal cell lines clearly showed that an increase in VEGF 

expression resulted in an earlier tumor appearance as well as an increased growth rate.  This was 

not seen with the SCCVII clonal cell lines. A likely explanation for the lack of an effect of 
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VEGF expression on SCCVII growth may be that the inherently high in situ growth rate of the 

parental line of this model (2 day doubling time) minimizes the likelihood of further 

enhancement in the growth rate [Fig. 2-3B].   

Three different scenarios were investigated to explain the observed increase in the in vivo 

growth rate of the HT29 model.  One possibility was that a positive autocrine feedback loop 

existed.  However, RT-PCR analysis of the clonal and parental cell lines showed no expression 

of the VEGF receptors Flt-1 or Flk-1.   A second possibility was that physiological 

characteristics of the tumors, namely vascularity and perfusion, had changed with increased 

VEGF expression.  Since VEGF is a potent angiogenic factor its upregulation could lead to 

increased nutrient delivery and growth rate, as detailed in the next chapter.  It was also 

conceivable that manipulating VEGF levels had led to altered expression patterns in other pro-

angiogenic factors, but ELISA assays indicated that there was negligible expression of bFGF, 

PDGF, Ang-1, and Ang-2 in the clonal and parental cell lines.  Therefore, it appears that the 

increased growth rate observed in the HT29 model does not result from changes in expression 

patterns of other angiogenic factors nor the VEGF receptors, but from differences in tumor 

physiology. 

In summary, clonal cell lines were created by infecting two different tumor types with a 

rAAV that contained the human VEGF gene.  Three clones were then selected that expressed a 

range of VEGF levels for each tumor model.  The infection process did not alter the in vitro 

growth characteristics of these cell lines nor did it change the expression levels of other 

important pro-angiogenic factors.  The in vivo growth rate did increase in the HT29 model 

following increased VEGF expression.  Since these tumor cells do not express the VEGF 
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receptors, it appears that the increased growth rate is due to changes in the physiology of the 

resulting tumors. 
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Figure 2-1. Diagram of the rAAV vector that codes for the expression of the human VEGF165 
gene and also contains a chicken β-actin promoter and neomycin resistance gene. 
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 A 

B 
Figure 2-2. Human VEGF expression levels as assayed by ELISA of the (A) HT29 and (B) 

SCCVII clonal cell lines.  Bars represent an average of two readings. 
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A 
 

B 
Figure 2-3.  Cell growth curve of the HT29 (A) and SCCVII (B) clonal cell lines as a function of 

time after plating.  Symbols represent an average of 3 plates per time point.  No 
significant difference in growth rates was detected using the student’s T-test. 
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A 

B 
 

Figure 2-4.  The number of days, post-injection, for tumors to appear (~ 200 mm3).  1 x 106 
HT29 tumor cells (A) or 1 x 105 SCCVII tumor cells (B) were injected i.m. in the left 
hind leg of nude or C3H mice, respectively.  Asterisk (*) indicates a p-value of less 
than 0.05 when groups were compared via the Wilcoxon rank sum test to the parental 
group. 
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A 
 

B 
Figure 2-5. In vivo growth rate of the tumors derived from the parental and clonal cell lines.  1 x 

106 HT29 tumor cells (A) or 1 x 105 SCCVII tumor cells (B) were injected i.m. into 
the left hind leg of nude or C3H mice, respectively.  The number of days from the 
time of tumor appearance (~ 200 mm3) until the tumor reached a size of 1000 mm3 
was recorded.  Asterisk (*) indicates a p-value of less than 0.05 when groups were 
compared via the Wilcoxon rank sum test to the parental group. 
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CHAPTER 3 
PHYSIOLOGICAL CHARACTERIZATION OF TUMORS 

Introduction 

In the preceding chapter, clonal cell lines were created that differed only in the expression 

levels of VEGF; expression of other important pro-angiogenic factors remained unchanged and 

there was no expression of VEGF receptors on the tumor cells.  The in vitro growth rate also 

remained unchanged among the clonal and parental cell lines.  In vivo, it was found that the 

clonal cell lines maintained the ability to form tumors.  However, the HT29 tumor model 

displayed differences in the time to tumor appearance (the amount of time following tumor cell 

implantation to an approximate tumor size of 200 mm3 decreased with increasing VEGF 

expression) and demonstrated an increased in vivo growth rate.   

VEGF is a potent pro-angiogenic molecule that can be closely linked to intratumoral 

vascularity and the in vivo growth rate of tumors; studies that have used siRNA to target VEGF 

have noted that reducing the VEGF expression level results in a decrease in intratumoral vessel 

density, increased areas of necrosis, and marked suppression of in vivo tumor growth (Takei et 

al, 2004;Guan et al, 2005;Wannenes et al, 2005).  Therefore, the goal of this chapter was to 

investigate the resulting tumor physiology of the clonal and parental cell lines and the following 

physiological parameters were examined: ability to induce blood vessel growth, perfusion, 

evidence of hypoxia, and areas of tumor necrosis. 

Two strategies were undertaken to evaluate the ability of the clonal cell lines to elicit an 

angiogenic response.  The first approach was to use an intradermal assay that allows for the 

visualization of new blood vessel growth towards tumor cell inoculates in vivo.  The other 

strategy was to assess intratumoral vessel density, the measure of blood vessel area to tumor 

area, in tumors resulting from the parental and clonal cell lines.  Endothelial cells were identified 
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with the commonly used pan-endothelial cell marker CD31 (PECAM-1), which is expressed on 

newly formed and existing vasculature (Ilan & Madri, 2003).  Since VEGF is a pro-angiogenic 

factor, it was expected that increased VEGF expression would lead to an increased angiogenic 

response that would be apparent in both assays.  

Tumor perfusion is a measurement of the functional blood vessels within a given area and 

this parameter is also expected to increase with increasing VEGF expression.  However, blood 

vessels within a tumor are highly chaotic structures that have been shown, by vascular casting 

techniques, to have blind ends and arteriovenous shunts (Grunt et al, 1985;Shah-Yukich & 

Nelson, 1988).  Sluggish and highly irregular blood flow is expected in such irregular vessels.  

Indeed, it was confirmed that blood flow does fluctuate within tumor vessels in previous studies 

where two different diffusible dyes that marked patent vessels were injected intravenously a few 

minutes apart.  The results from these studies showed that some of the vessels were labeled with 

one dye or the other (not both), thus implying that vessels can open and close in a small time 

frame (Chaplin et al, 1989;Chaplin et al, 1987).  Taken together, the results of these two 

approaches demonstrate that it is possible for a highly vascularized tumor to contain a significant 

proportion of non-functional blood vessels.   

In order to assess functional vessels in the tumors derived from the parental and clonal cell 

lines the diffusible dye, Hoechst 33342, was used.  Tumor bearing mice were injected with a 

solution of Hoechst 33342 dye and then killed one minute later, followed by removal of the 

tumor.  Hoechst 33342 is a dye that binds to double stranded DNA in the minor groove (Smith et 

al, 1988) and by allowing only a short time for the dye to diffuse out from blood vessels it is 

possible to visualize the patent blood vessels of a tumor (Olive et al, 1985).  Hoechst 33342 is 

readily visible in frozen tumor sections under a fluorescent microscope. 
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Although it is assumed that areas of high vascularity imply a well-oxygenated tissue, this 

may not always be the case (Ziemer et al, 2001).  Areas of hypoxia within a tumor can be 

visualized with the aid of a bio-reductive agent that is preferentially metabolized under hypoxic 

conditions.  EF5 is a nitroimiadazole-based agent whose nitro group undergoes hypoxia-

dependent metabolism by cellular nitroreductive enzymes. During this metabolic process, one of 

the intermediates produced is highly reactive and can form stable adducts with cellular 

macromolecules, such as proteins, thiol residues, and nucleic acids (Koch et al, 2001).  These 

adducts can then be detected in tumor sections with a monoclonal antibody conjugated to a 

flourophore (Lord et al, 1993).  Previous studies using this agent have shown that, in general, 

there is an inverse correlation between the location of blood vessels and areas of hypoxia (Evans 

et al, 2001). 

Finally, necrotic fraction, the measure of the area of necrosis as compared to the total area 

of the tumor, can also be affected by changes in vascularity.  Typically, the oxygen diffusion 

distance determines the area of viable tumor tissue and thus, the areas of necrosis.  Large 

intervessel distances, or low vessel density, would lead to a greater amount of poorly supplied 

areas and, hence tumor necrosis.  With an increase in vessel density, leading to decreased 

intervessel distances, the extent of tumor necrosis arising from highly expressing VEGF tumor 

cells is expected to decrease. This fraction can be obtained by imaging paraffin embedded 

sections that have been H & E stained with a morphometric microscope (Solesvik et al, 1982).   

Methods 

Intradermal Angiogenesis Assay 

1 X 105 HT29 or SCCVII cells were injected intradermally in a volume of 10 μL of PBS at 

four sites on the ventral surface of a female nude mouse.  The addition of one drop of a 0.4% 

trypan blue solution to the cellular mixture was used for light coloring to allow for the 
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subsequent location of the injection sites.  Three days post-injection the mice were killed.  The 

skin was separated from the underlying muscle and the number of vessels around each injection 

site was counted using a dissection microscope.  Scoring of each site was done at 5X 

magnification and only vessels that were readily visible and touching the edge of the tumor 

inoculates were included.  Data from each treatment group (n=5) were pooled for statistical 

analysis via the Wilcoxon rank sum test. 

Vessel Density 

Frozen sections of tumors arising from each of the clonal cell lines were cut on a cryostat, 

air-dried, and fixed in acetone/methanol at 4°C for 10 min.  Tumor microvessels were stained 

using a mouse monoclonal antibody to the CD31 (PECAM-1) antigen found on endothelial cells 

(Beckman Coulter, Brea, CA), applied overnight at 4°C at a dilution of 1:50.  A secondary 

antibody conjugated with Cy3 (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) 

was applied for 1 hour at room temperature.  The staining was followed by standard washing and 

then slides were allowed to air-dry prior to storage at 4°C.   

Assessment of Functional Vessels/Perfusion 

Hoechst 33342 was dissolved in sterile saline just prior to use and was injected 

intravenously at a dose of 40 mg/kg.  One minute later the tumor bearing mice were killed and 

the tumors were removed and snap frozen in liquid nitrogen.  Frozen sections of a thickness of 

20 μm were cut and the Hoechst 33342 dye was imaged with the aid of a morphometric 

microscope. 

Evidence of Hypoxia 

EF5 (provided by Dr. Cameron Koch, University of Pennsylvania, Philadelphia, PA) was 

prepared in a 5 mg/ml solution consisting of 40% propylene glycol, 50% warm saline, and 10% 

ethanol.  Each mouse was injected intravenously with 0.2 ml of this solution and one hour later 
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mice were killed via cervical dislocation.  The tumor was excised and snap frozen in liguid 

nitrogen.  Frozen sections of the tumors were then cut to a thickness of 20 μm.  The sections 

were fixed in 4% para-formaldehyde for one hour at 4°C.  These sections were blocked overnight 

at 4°C in PBS containing 0.3% Tween-20, 1.5% albumin, 20% skim milk, and 5% normal mouse 

serum.  Sections were incubated with cold Cy3-conjugated Elk351 antibody (provided by Dr. 

Cameron Koch) for six hours at 4°C.  Pictures were obtained using a morphometric microscope. 

Necrotic Fraction 

HT29 or SCCVII tumors were fixed in formalin, embedded in paraffin, sectioned, and 

H&E stained by the University of Florida molecular pathology core facility.  Pictures of the 

entire tumor section were taken using a morphometric microscope and these pictures were 

analyzed using the software program ImageJ (NIH).  The necrotic fraction was obtained by 

dividing the area of necrosis by the total tumor section area.     

Results 

Previous studies using siRNA techniques targeting VEGF have shown that a greater level 

of VEGF expression leads to a higher vessel density in a tumor (Takei et al, 2004) and a 

decrease in tumor necrosis (Guan et al, 2005;Takei et al, 2004).  The aforementioned studies 

found that by targeting VEGF with a siRNA approach, the tumor cells behaved the same in vitro, 

yet the resulting tumors displayed different physiological characteristics.  Since VEGF has been 

shown to be a potent angiogenic growth factor for a variety of tumor types, it is not altogether 

surprising to find that manipulating this pro-angiogenic factor would lead to observable changes 

in vessel density and other physiological factors.  

It was anticipated that the ability of the parental and clonal cell lines to initiate 

angiogenesis could vary. To determine the ability of the tumor cells to induce blood vessel 

growth, small inoculates of the cells were injected intradermally on the ventral surface of mice 



 

44 

and the number of vessels induced by the various clonal cell lines was determined. The results 

showed that the tumor cell inoculates corresponding to the higher VEGF expressing clonal cell 

line could induce a 2-3 fold greater number of blood vessels than the parental cell line [Fig. 3-1].  

The ability of the tumor cell lines to induce an angiogenic response was also quantified 

immunohistochemically. The CD31 antigen, a pan-endothelial marker, was used to visualize the 

blood vessels present within frozen sections obtained from the tumors arising from the clonal and 

parental cell lines.  The entire tumor sections were photographed and vessel density was then 

calculated with the aid of an image analysis program.  As expected, the tumors resulting from the 

higher VEGF expressing clonal cell line demonstrated a significant increase in vessel density 

when compared to tumors of the parental line in both tumor types [Fig.3-2]. 

Dual staining of frozen sections was then performed to assess areas of perfusion and 

hypoxia within the tumors derived from the parental and clonal cell lines.  Patent blood vessels 

were identified using the diffusible Hoechst 33342 dye and areas of perfusion were recognized 

with the bio-reductive marker EF5.  As can be readily seen in figures 3-3 and 3-4, there is a 

substantial increase in perfusion and decreased areas of hypoxia in those tumors resulting from 

the high expressing VEGF clonal cell lines as compared to the parental line.  

As a result of increased vascularity/perfusion, it was expected that those tumors derived 

from high expressing VEGF clonal cell lines would demonstrate decreased amounts of necrosis.  

Indeed, the HT29 tumor model demonstrated a reduction in tumor necrosis from ~20% in control 

HT29 xenografts to <10% in tumors established from the v2-8 clone [Fig 3-5A]. However, 

increasing vascularity did not affect the ~4 % necrotic fraction associated with SCCVII tumors 

[Fig 3-5B]. 
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Discussion 

In the preceding chapter, clonal cell lines were created that expressed increasing levels of 

VEGF.  Although the in vitro growth rate remained unchanged among the clonal and parental 

cell lines, HT29 tumors derived from the high VEGF expressing clonal cell line demonstrated an 

increased in vivo growth rate.  Previous studies have shown that by manipulating cellular VEGF 

expression, the resulting tumors display different physiological characteristics.  For example, 

studies that have used siRNA to target VEGF have noted that reductions in cellular VEGF 

expression results in a decrease in intratumoral vessel density and marked suppression of in vivo 

tumor growth (Takei et al, 2004;Guan et al, 2005;Wannenes et al, 2005).  Therefore, a number 

of physiological parameters were evaluated in the tumors resulting from the clonal and parental 

cell lines to determine the effects of increased VEGF expression on tumor physiology.   

The intradermal assay and the calculated vessel density demonstrated that an increase in 

the cellular expression levels of VEGF is related to an increase in the vessel density of the 

resulting tumor.  This observation is not altogether surprising since VEGF is a potent angiogenic 

factor.  Taken together, the higher level of intratumoral vessel density that was seen with the 

increased cellular VEGF expression may be the explanation for the increased in vivo growth rate 

that has already been noted in the preceding chapter [Fig. 2-5].   

Increasing vascularity should result in an increase in tumor perfusion and a decrease in 

areas of hypoxia.  Hoechst 33342 is a dye that readily diffuses from the blood vessels and binds 

to double stranded DNA in the minor groove (Smith et al, 1988).  By allowing only a short time 

for the dye to diffuse out from blood vessels it is possible to visualize the patent blood vessels of 

a tumor (Olive et al, 1985).  When functional blood vessels were identified with the Hoechst 

33342 dye, there was clearly an observable increase in perfusion in both tumor models.  With the 
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increased perfusion, it was not surprising to find a decrease in the evidence of hypoxia, as 

indicated by EF5 staining [Fig. 3-4]. 

An increase in vessel density within a tumor should result in increased nutrient delivery 

and enhanced survival of tumor cells.  As expected, the increased vascularity associated with 

tumors derived from the high VEGF expressing HT29 clonal cell line demonstrated a decrease in 

the extent of necrosis in the xenografts approximately 2-fold as compared to parental tumors 

[Fig. 3-5].  Such a reduction in necrosis was not seen in SCCVII tumors of varying vessel 

density, probably because the very low level of necrosis present even in the parental tumors of 

this cell line (~4 %) would make it difficult to demonstrate any further reduction in the necrotic 

fraction. 

In conclusion, the results of this study have shown that clonal cell lines expressing various 

levels of the pro-angiogenic factor VEGF range in their ability to elicit an angiogenic response; 

tumors from high expressing VEGF clonal cell lines were able to induce more blood vessel 

growth and as a result the tumors were more vascularized.  The tumors from the high expressing 

clonal cell line also displayed increased perfusion and decreased areas of hypoxia and necrosis.  

Tumor vascularity affects the distribution of nutrients such as oxygen as well as the delivery of 

chemotherapeutic agents and the inadequate and non-uniform vascular network within a growing 

tumor has been linked to the failure of many anti-cancer therapies (Tannock, 2001).  As detailed 

in this chapter and the preceding chapter, the genetic approach used here to establish clonal 

tumor cells may be applied to directly examine the relationship between angiogenic factors, 

tumor vascularity and treatment outcome without the confounding difficulties typically 

associated with inter tumor comparisons. 
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Figure 3-1.  Angiogenic potential of the parental and clonal cell lines as assessed by the 
intradermal assay.  1 x 105 HT29 tumor cells (A) or SCCVII cells (B) were injected at 
4 sites on the ventral surface of a nude mice.  72 hours later the mice were killed and 
the skin flap containing the inoculation sites was excised.  The number of blood 
vessels intersecting each inoculate was counted and data points for each group were 
pooled.  Asterisk (*) indicates a p-value of less than 0.05 when groups were 
compared via the Wilcoxon rank sum test to the parental group. 
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Figure 3-2.  HT29 tumors (A) and SCCVII tumors (B) resulting from the clonal and parental cell 
lines were stained for the CD31 antigen.  Vessel density was obtained by dividing the 
CD31-positive area by the total tumor area.  Value indicated by a horizontal line is 
the median value of group data points.  Asterisk (*) indicates a p-value of less than 
0.05 when data points were compared to control data points as computed by the 
Wilcoxon rank sum test. 
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Figure 3-3.  HT29 parental and clonal cell tumors were stained with for the hypoxia marker, EF5 

(red), and had functional vessels labeled with Hoechst 33342 (blue).  Entire tumor 
sections were imaged at 5X magnification.  A) HT29-parental, B) v1-8, C) v1-3, and 
D) v2-8. 
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Figure 3-4.  SCCVII parental and clonal cell tumors were stained with for the hypoxia marker, 

EF5 (red), and had functional vessels labeled with Hoechst 33342 (blue).  Entire 
tumor sections were imaged at 5X magnification. A) SCCVII-parental, B) v1-2, C) 
v1-9, and D) v2-7. 
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Figure. 3-5.  Paraffin sections of the HT29 tumors (A) and SCCVII tumors (B) resulting from the 

clonal and parental cell lines were H&E stained.  The necrotic fraction was obtained 
by dividing the area of necrosis by the total tumor section area.  Asterisk (*) indicates 
a p-value of less than 0.05 were data points were compared to control data points via 
the Wilcoxon rank sum test. 
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CHAPTER 4 
RESPONSE OF CLONAL CELL LINES TO RADIATION 

Introduction 

The use of ionizing radiation has been a method of cancer treatment for over 100 years and 

more than half of cancer patients today will receive radiation therapy as part of their treatment 

plan (Owen et al, 1992).  Despite its widespread use, radiotherapy is not always curative and the 

failure to control tumors in patients can be attributed to a wide variety of factors, one of which is 

the presence of tumor microenvironments.  As mentioned in the introductory chapter, one of 

these factors, the existence of inadequate and non-uniform blood vessel networks, is known to 

create tumor microenvironments in which cells can be resistant to conventional anti-cancer 

therapies, such as radiation (Durand, 1991).  The studies in this chapter will utilize clonal cell 

lines to better elucidate the role of VEGF, a key regulator of tumor vasculature and hence tumor 

microenvironments, in the radiation response of tumors.  

Tumor Microenvironment 

 As a tumor grows, it is believed that the growth of new blood vessels lags behind the 

expanding tumor (Tannock, 1968).  In its constant effort to grow this network the tumor 

develops a vessel structure that is characterized by dead-ends, leaky vessels, and arteriovenous 

shunts (Brown, 1999).  Aberrant vessels may lead to oxygen deficiency, termed hypoxia that is 

typically defined as 10 mm Hg and can be either a chronic or acute condition (Hockel & Vaupel, 

2001).  Areas of chronic hypoxia are diffusion-limited, typically occurring at distances of 100-

150 μm from the nearest functional vessel which corresponds to the limit of oxygen diffusion 

(Horsman, 1998). Acute areas of hypoxia are perfusion-limited; acute hypoxia is a consequence 

of intermittent cessation of blood flow that renders normally well-oxygenated areas suddenly 

hypoxic (Lanzen et al, 2006). 
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Radiation’s Mechanism of Action 

Ionizing radiation exists as moving energy packets termed photons and it is these packets 

of energy that are deposited into a substrate during irradiation. The chief manner in which energy 

deposition occurs, in the most commonly used energy range for cancer treatments, is via the 

Compton effect, a mechanism where the collision of a high energy photon and an atom’s outer 

orbital shell results in the removal of an electron (Tannock & Hill, 1998). Since electrons are 

small particles, they can easily be deflected and, thus, their travel through the tumor tissue is 

random.  The energy from electrons is then either absorbed directly or indirectly (via energy 

transfer) by cellular molecules (Barcellos-Hoff et al, 2005).  Due to the cell being in an aqueous 

environment, the main energy-absorbing molecule in tissue is water.  Upon the radiolysis of 

water, reactive chemical species are formed that can then damage biological molecules [Fig. 4-1] 

(Walden & Farzaneh, 1990).   

The response of mammalian cells to ionizing radiation is to halt their progression through 

the cell cycle, allowing for DNA repair of sub-lethal damage (SLD) (Shiloh, 2003).  Radiation 

that results in single strand breaks is usually not as important as double strand breaks due to the 

logistics of a cell’s DNA repair mechanisms; double strand breaks are more difficult for the cell 

to repair due to the loss of the DNA template (Prise et al, 2005).  Incomplete repair may result in 

chromosomal aberrations that can then result in cell death in subsequent early mitotic divisions 

(Withers, 1992).  The significance of double strand breaks is illustrated in the fact that of the 

thousands of DNA lesions induced by radiation, typically less than 50 double strand breaks will 

occur, yet following radiation these double strand breaks correlate most with cell survival 

(Tannock & Hill, 1998).  

Oxygen is known to enhance the cellular sensitivity to radiation.  It has been found that 

anoxic cells typically require 2.5-3 times the dose of radiation needed for normoxic cells to 
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produce the same amount of cell kill (Harrison & Blackwell, 2004) [Fig. 4-2].  The oxygen 

enhancement ration (OER) is a result of the ability of available oxygen to chemically react with 

radiation-induced biological lesions.  Although the exact mechanism is uncertain, oxygen present 

during the time of irradiation can “fix” DNA damage, causing increased difficulty for cellular 

repair.  In areas of decreased oxygen concentrations, the oxygen fixation phenomenon occurs 

less frequently and thus hypoxic cells incur less damage following irradiation (A.H.W.Nias, 

1988).   

Fractionation Schedules 

In the clinic, patients are more likely to receive radiation therapy on a fractionated 

schedule.  Fractionation is a process where radiotherapy is given in small doses (typically 1.5-2 

Gy) for a period of several weeks, usually five times per week.  There are several reasons for 

utilizing fractionation when treating patients and these biological factors are often referred to as 

the 4 R’s of radiotherapy: repair, repopulation, redistribution, and reoxygenation (Withers, 

1992). 

Repair 

One of the most important principles of fractionation is that of repair.  Sub-lethal DNA 

damage can generally be repaired within cells over the course of a few hours.  However, the 

extent of repair among normal, slower-growing cells is typically greater than the repair that 

malignant cells are capable of performing before undergoing mitosis (Bernier et al, 2004).  Since 

cell killing via radiation is logarithmic, the difference in cellular repair is amplified 

exponentially.  Therefore, small differences in survival following radiation may have an 

enormous impact on treatment outcome. 
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Repopulation 

In both tumor and normal tissue, surviving cells may proliferate during the course of 

fractionation.  In addition, some tissues, in response to accumulated damage, respond by 

increasing their rate of proliferation as a result of a homeostatic response.  This phenomenon is 

most important in early-responding tissues that are generally highly proliferative, such as mucosa 

and skin, and is of little consequence in those late-responding tissues (eg. kidney, lung).  In 

general, repopulation rates for tumors are lower than the rates of the early-responding tissues and 

this response allows the normal tissues to tolerate increased radiation doses (Tannock & Hill, 

1998). 

Redistribution 

As may be expected, there are significant differences in the sensitivity to radiation during 

different phases of the cell cycle.  For example, the S-phase of the cell cycle is radioresistant 

while the G2-M phase is radiosensitive; the relative lack of radiosensitivity during the S-phase is 

thought to result from the presence of a greater number of repair enzymes during DNA synthesis 

(Sinclair, 1968).  It is the variations in radiosensitivity during the cell cycle that can lead to a 

greater proportion of cells dying during the most sensitive phases of the cell cycle while cells 

that are in a more resistant phase have a better chance of surviving.  It was believed that 

radiotherapy could be tailored to take advantage of the redistribution phenomenon; properly 

timed doses of radiation could have resulted in the cell population becoming synchronized, 

possibly leading to a larger portion of cells in a sensitive cell cycle phase for subsequent 

fractions.  In reality, however, the small radiation dose given in each fraction minimizes the 

differences in radiosensitivity among the cell cycles and the heterogeneity of the tumor cell 

population conspire against this approach (Denekamp, 1986).   
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Reoxygenation 

Another important radiobiological principle may be that of reoxygenation.  This is the only 

radiobiological principle that is applicable to tumors alone since it is based on the presence of 

hypoxia.  As previously discussed, hypoxic cells are more resistant to radiotherapy than their 

normoxic peers [Fig. 4-2].  When multiple doses of radiation are given, those cells that are 

normoxic are preferentially killed.  The remaining cells, many of which will be hypoxic, may 

then be able to gain access to oxygen (Hall, 1994).  It is thought that reoxygenation may occur as 

a result of reduced oxygen consumption by radiation-damaged cells, redistributed blood flow due 

to decreased tissue tension, or a decrease in the average distance to the nearest functional vessel 

following the removal of damaged cells (Kallman, 1988).  However, there is still some 

controversy surrounding the mode of reoxygenation in pre-clinical studies and it may be tumor 

type dependent.   Although the timing and degree of reoxygenation is difficult to predict for a 

particular tumor, its impact may be seen during a subsequent radiation fraction when formerly 

hypoxic cells that have been reoxygenated may then be killed.  Thus, fractionation tends to 

mitigate the negative effects of hypoxia.  Reoxygenation has not been extensively studied in 

human tumors since it is quite unpleasant for the patient to obtain multiple oxygen tension 

measurements.  Therefore, the clinical implications of this principle are unclear.   

Role of VEGF in Radiation Response 

 Angiogenesis is a critical process that a tumor must manipulate in order to grow beyond a 

small size (Folkman, 2002). This process of new blood vessel formation from the existing 

vasculature is a tightly regulated process of endogenous factors that can either promote or inhibit 

new vessel growth (Sridhar & Shepherd, 2003).  Of the many different growth factors known, 

VEGF is considered to be a key regulator in the growth of a wide variety of tumor types (Ferrara, 

1999). 
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A variety of pre-clinical studies have examined the interaction between tumor angiogenesis 

and radiation effect, including the anti-apoptotic properties of angiogenic factors, such as VEGF.  

Growth delay studies that have evaluated the response of tumors to ionizing radiation while 

blocking VEGF signaling has shown an enhanced response compared to radiation alone (Gorski 

et al, 1999;Winkler et al, 2004;Gupta et al, 2002).  The mechanism by which VEGF blockage 

enhances radiation response of tumors remains largely unknown.  Some studies have shown that 

antiangiogenic agents may increase tumor oxygenation through a process termed “normalization 

of the tumor vasculature.”  The resulting increase in oxygenation following treatment with these 

agents would make tumor cells more sensitive to subsequent radiation (Jain, 2005).  However, 

not all studies agree with this assessment: studies have shown an increase, decrease, and no 

change in tumor oxygenation following antiangiogenic therapy (Siemann & Horsman, 2004).  

Another hypothesis is that by blocking a survival signal for tumor endothelial cells the 

endothelium becomes radiosensitized.  Thus, the ability of tumor-associated endothelial cells to 

survive radiation treatment is severely diminished, compromising the integrity of the vessels 

feeding the tumor.  This chain of events would lead to the observed increase in tumor response to 

radiation (Gupta et al, 2002).   

There have also been some clinical studies suggesting a link between VEGF 

expression/tumor vascularity and the response to radiation therapy. Several studies that examined 

the relationship between vessel density and radiation therapy have shown that decreased 

intratumoral vascularity leads to a poor outcome (Nativ et al, 1998;Lauk et al, 1989) whereas 

others have shown that increased vascularity is associated with better tumor control (Kaanders et 

al, 2002).  In addition, a large study involving head and neck tumors has shown a “U-shaped” 

response, where both increased and decreased intratumoral vascular density resulted in a poor 
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outcome (Koukourakis et al, 2000).  Comparing results across such studies is made difficult by a 

number of confounding factors, including differences in the genetic background of the tumors 

being studied and various vessel visualization techniques.  By utilizing the clonal cell lines that 

differ only in the expression of VEGF, it was possible to avoid these variabilities.   

The goal of this set of experiments was to use the clonal cell lines to evaluate the 

relationship between VEGF expression/tumor vascularity and radiation.  The clonal cell lines 

were first examined for their inherent sensitivity to radiation.  Subsequent studies examined the 

response of the clonal cell lines to radiation given as both a single dose and on a fractionated 

schedule. 

Materials and Methods 

Cell Culture  

Murine SCCVII squamous cell carcinoma cells were grown in alpha minimal essential 

media (α-MEM) supplemented with 10% FBS (Invitrogen, Grand Island, NY), 1% penicillin-

streptomycin (Invitrogen, Grand Island, NY), and 2 mmol/L L-glutamine (Invitrogen, Grand 

Island, NY).  As reported in Chapter 1, stable clonal cell lines were created via infection with a 

recombinant adeno-asscoiated virus and were maintained in culture in α-MEM medium with the 

addition of 500 μg/mL geneticin. 

In Vitro Clonogenic Cell Survival Assay   

HT29 and SCCVII cells were either treated with a single dose of radiation or kept as a 

control group.  The cells were then plated at three different concentrations.  After colony 

formation the plates were stained and fixed with a crystal violet and methanol solution.  The 

number of colonies, where a colony consists of at least 50 cells, for each group was counted 

using a dissecting microscope and a survival curve was generated. 
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Animals and tumor models   

Mice were injected with 1 x 106 HT29 or 1 x 105 SCCVII tumor cells intramuscularly (in a 

volume of 0.02 mL PBS) into a single hind limb of 6-8 week-old female nude or C3H/HeJ mice 

(Frederick Cancer Research Facility, MD), respectively.  The mice were maintained under 

specific-pathogen-free conditions (University of Florida Health Science Center Vivarium) with 

food and water provided ad libitum.  Tumor size was measured by passing the tumor bearing leg 

through a series of increasing diameter holes in an acrylic plate.  The smallest diameter hole that 

the tumor-bearing leg could pass through was recorded and converted to a tumor volume using 

the following formula: tumor volume=1/6(πd3)-100, where d is the hole diameter and 100 

represents a volume correction factor determined for a mouse leg without a tumor. 

Tumor Growth Delay Assay 

 Upon reaching an approximate tumor size of 200 mm3, tumor-bearing mice were separated 

into treatment and control groups.  Treatment groups received radiation on the following 

fractionation schedules: 2 Gy/day, 5 days a week for a period of 2 weeks and 3 Gy/day for 5 

consecutive days for the HT29 and SCCVII models, respectively.  Irradiations were performed 

using a 6MV Clinac 600c linear accelerator (Varian Oncology Systems, Palo Alto, CA) 

operating at a dose rate of 4 Gy/min on restrained, unanesthetized mice. 

Tumor Dissociation 

Following resection, tumors were mechanically dissociated until uniform small chunks 

remained.  HT29 tumor chunks were incubated at 37°C for 1 hour in the following enzyme 

cocktail: pronase, collagenase, and DNAse.  SCCVII tumor chunks were incubated at 37°C for 1 

hour in 1 mg/mL protease that was dissolved in α-MEM media.    
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Hypoxic Fraction 

Anoxic and normoxic mice were irradiated at various doses when tumor size reached 

approximately 500 mm3.  Tumors were dissociated in the appropriate enzymatic cocktail and 

then plated following the protocol for an in vitro clonogenic cell survival assay.  Paired cell 

survival curves were generated for the anoxic and normoxic conditions.  The hypoxic fraction 

was estimated by calculating the ratio of survival obtained by air-breathing conditions to the 

survival obtained under anoxic conditions at a dose where the survival curves are parallel.   

Results 

As was discussed in the previous two chapters, stable clonal cell lines of the SCCVII 

model were created via infection with a rAAV that contained the human gene for VEGF in order 

to examine the effect of increased VEGF expression on the physiological characteristics of tumor 

cells.  It was shown that the clonal cell lines maintained similar in vitro growth rates as the 

parental (non-infected) cell line [Fig. 2-3].  However, the tumors resulting from the high 

expressing clonal cell lines did show a significant increase in tumor vascularity as compared to 

the parental cell line, for both the HT29 and SCCVII tumor models [Fig. 3-2].   

In order to evaluate the effect of the increased vascularity on the response to radiation, an 

in vitro clonogenic cell survival assay was used to ensure that the modulation of VEGF 

expression did not significantly alter the inherent radiosensitivity of the clonal cell lines.  As 

expected, the results of this in vitro assay indicated that there was no significant difference in 

survival among the parental and clonal cell lines when a single dose of radiation was 

administered [Fig. 4-3].  Since there was no change in the inherent cellular response to radiation, 

any alterations in tumor radiosensitivity should be a product of the tumor’s physiology.   

Previous experiments had demonstrated that a measurable growth delay could be obtained 

for the HT29 tumors with a radiation dose of 10Gy (Brazelle et al, 2006).  Thus, a single dose of 
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radiation (10 Gy) was first used to evaluate the response of the tumors resulting from increased 

VEGF expression.  Tumors in the treatment groups were treated when the median of the group 

was approximately 200 mm3 and the growth delay was calculated by determining the difference 

in time needed for tumors to grow from approximately 200 to 1000 mm3 between the control and 

treated group.  Tumors arising from the high expressing VEGF clonal cell lines showed a 

significant increase in the growth delay for both the HT29 and SCCVII tumor types; the growth 

delay increased from 10 to 19 days (parental versus high VEGF clone) in the HT29 model and 

from 2 to 16 days in the SCCVII model [Fig. 4-4].    

In the clinic patients normally receive radiation therapy on a fractionated schedule that is 

typically given as a few Gy per day for an extended period of time.  Due to the significant 

increase in the growth delay that was observed after a single dose of radiation was given, it was 

conceivable that this increased radiosensitivity would carry over to a fractionated dose setting.  

Since the HT29 and SCCVII tumor types display great differences in their in vivo growth rate 

[Fig. 2-5], differing fractionation schedules were employed for the two models.  The HT29 

parental and clonal cell lines received 2 Gy/day given Monday through Friday for 2 consecutive 

weeks, but no significant increase in the growth delay was observed [Fig. 4-5A].  The SCCVII 

tumor model, though, did show an increased growth delay among the parental and high 

expressing VEGF clonal cell line (1 to 11 days) when the tumors were irradiated with a dose of 3 

Gy/day for 5 consecutive days [Fig. 4-5B].   

It has already been shown that increased VEGF expression leads to increased perfusion 

and decreased areas of hypoxia through immunohistochemical techniques [Figs. 3-3, 3-4].  

However, it is also possible to estimate the hypoxic fraction of a tumor by analyzing in vivo 

paired survival curves over a range of radiation doses.  By examining the radiation doses where 
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the survival curves are parallel, the estimated hypoxic fraction of the SCCVII parental cell line 

was calculated to be 8%.  The hypoxic fraction for the tumors derived from the high expressing 

VEGF cell line was approximately 4% [Fig. 4-6].    

Discussion 

Radiation therapy is a common modality in use today for the treatment of cancer.  It is 

estimated that approximately 70% of patients that are ultimately cured of their disease received 

radiation treatments (DeVita et al, 1997).  However, radiation therapy has its failures and it has 

been known for decades that hypoxia can play a role in these failures.  Tumors possess abnormal 

vasculature that can lead to deleterious microenvironments containing low levels of nutrients, 

such as oxygen.  

VEGF is one of the most important pro-angiogenic factors and has been found to be up-

regulated in a wide variety of tumor types.  Since abnormal tumor vasculature can result in 

intratumoral regions of poor oxygen delivery and negatively impact tissue response to radiation, 

there have been a variety of studies that have tried to address the role of VEGF in the outcome of 

radiation treatment.  However, the results from these studies have been inconclusive.  Since the 

clonal cell lines differ only in VEGF expression, it was possible to evaluate the relationship 

between VEGF expression and radiation response of tumors. 

In vitro clonogenic cell survival assays in response to a range of radiation doses have 

shown that VEGF expression does not alter the radiosensitivity of tumor cells in an in vitro 

setting for both the HT29 and SCCVII tumor models [Fig.4-3].  However, tumors arising from 

cells that display different levels of VEGF expression do demonstrate different 

radioresponsiveness to a single dose of radiation; as VEGF expression increases the resulting 

tumors are more responsive to radiation, as assessed by tumor growth delay assays, in both the 

HT29 (from 10 to 19 days) and SCCVII (from 2 to 16 days) tumor models [Fig. 4-2]. 



 

63 

The most likely cause of the increased response to radiation is differences in tumor 

oxygenation.  It has already been shown that upregulation of VEGF results in increased 

vascularity in the tumors derived from the high expressing VEGF clonal cell line as compared to 

the parental line [Fig. 3-2].  Although it is generally assumed that regions of high vascularity are 

well oxygenated, this may not always be the case (Ziemer et al, 2001).  By using a marker of 

hypoxia, EF5, our results have demonstrated that increased vascularity does result in decreased 

evidence of hypoxia in both tumor models [Figs. 3-3 and 3-4].  Another method for analyzing the 

extent of hypoxia within a tumor is to generate paired survival curves under normoxic and 

hypoxic conditions.  The hypoxic fraction obtained with this method for the SCCVII model (8% 

in the parental tumor reduced to 4% in the high expressing VEGF tumor) further verified that 

increasing VEGF expression (resulting in increased perfusion) leads to decreased tumor hypoxia. 

Therefore, it appears that the changes in tumor physiology resulting from increased VEGF 

expression, mainly the increased perfusion and decreased tumor hypoxia, are responsible for the 

observed increase in radiation response in the tumors derived from the high expressing VEGF 

clonal cell line.  

In the clinic, patients generally receive radiation treatment on a fractionation schedule and 

not as a single dose.  As the single dose growth delays showed an impressive increase in the 

response to radiation with increasing VEGF expression, growth delay assays were again used to 

assess the responsiveness to radiation given on a fractionated schedule.  The SCCVII tumor 

model showed that tumors derived from the high expressing VEGF cell line were more sensitive 

to radiation given as small fractions (growth delay increased from 1 to 11 days), but the HT29 

tumor model showed no difference in radiosensitivity when a fractionation schedule was used.  

One possible explanation for the lack of difference in the HT29 tumor model is the previously 
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discussed principle of reoxygenation.  Reoxygenation can be an important factor in some tumor 

types and a fractionation schedule can downplay the effects of differing hypoxia levels among 

the clonal cell lines.  It is likely that the fractionation schedule negated the increased perfusion 

and decreased hypoxia observed in HT29 tumors resulting from the high expressing VEGF 

clonal cell line. 

In summary, increased levels of VEGF expression do not alter the inherent radiosensitivity 

of tumor cell lines.  However, in vivo responses to radiation showed that tumors arising from 

high expressing VEGF clonal cell lines were more responsive to a single dose of radiation.  

Fractionated scheduling was not as conclusive: the SCCVII tumor model again demonstrated that 

increased VEGF expression led to an increase in radioresponsiveness while the HT29 tumor 

model no longer showed this relationship.  The likely cause of the enhanced radiation sensitivity 

in these models is the change in tumor physiology (eg. increased perfusion and decreased areas 

of hypoxia) that is induced by VEGF expression.  These data suggest that tumor VEGF 

expression/tumor vascularity is an important factor in determining radiation efficacy.   
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Figure 4-1.  Schematic showing the formation of DNA lesions following energy transfer from 
ionizing radiation.  The biological lesions may then be “fixed” with oxygen making it 
difficult for the cell to repair this damage [adapted from (Hall, 1994). 
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Figure 4-2.  Survival curves for ionizing radiation under anoxic (●) and normoxic (○) conditions.  
The oxygen enhancement ration (OER) shown in this figure is 2.5.   
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Figure 4-3.  Clonogenic cell survival curve demonstrating that the in vitro sensitivity to single 

doses of radiation is similar among the parental and clonal cell lines of the HT29 (A) 
and SCCVII (B) tumor types. 

 



 

68 

A 
 
 

B 
 

Figure 4-4.  Response to a single 10 Gy dose of radiation of tumors from HT29 (A) and SCCVII 
(B) parental and clonal cell lines.  Treatment was administered when the tumors 
reached an approximate size of 200 mm3.  Asterisk (*) indicates a p-value of less than 
0.05 when the growth delay of each group was compared via the Wilcoxon rank sum 
test to the parental group growth delay. 
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Figure 4-5.  Response to a fractionated schedule 2 Gy/day given Monday through Friday for 2 
weeks for the HT29 (A) parental cell lines and 3 Gy/day for 5 consecutive days) for 
the SCCVII (B) parental and clonal cell lines.  Treatment was administered when the 
tumors reached an approximate size of 200 mm3.  Asterisk (*) indicates a p-value of 
less than 0.05 when the growth delay of each group was compared via the Wilcoxon 
rank sum test to the parental group growth delay. 
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Figure 4-6.  Paired survival curves showing the cell survival of anoxic and normoxic tumors 

following irradiation with a single dose.  A hypoxic fraction of approximately 8% 
was calculated for the SCCVII parental tumors (A) and this decreased to 4% for 
tumors derived from the high expressing (v2-7) clone (B).  Each point indicates the 
mean of 3 different tumors per group and the standard deviation is indicated. 
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CHAPTER 5 
RESPONSE OF CLONAL CELL LINES TO VASCULAR TARGETING THERAPIES 

Introduction 

Angiogenesis, the formation of new blood vessels, is known to be a critical process in the 

growth and spread of a tumor.  For a tumor to grow beyond approximately 1 mm in diameter, the 

formation of a vascular system is required (Folkman, 2002).  In addition to providing the 

growing tumor with nutrients necessary for cell survival, the established vasculature may be used 

as a route for metastatic spread.  It is also the presence of this rapidly expanding, tumor vessel 

network that may lead to the development of microenvironments in which cells are refractory to 

conventional therapies (Vaupel et al, 1989).  Due to the importance of the vasculature for tumor 

growth and spread, it is not surprising to find ongoing efforts to target this vessel network.   

The premise for the development of vascular targeting agents (VTAs) was that if one could 

damage or inhibit the growth of the vasculature, then the enormous number of tumor cells that 

depend on that network for nutrients would be affected as well (Denekamp, 1999).  In addition to 

directly targeting the tumor “supply line,” these agents have several advantages over 

conventional chemotherapeutic agents.  The first advantage is that VTAs do not have the same 

drug delivery problems as chemotherapeutic agents since their target is the more readily 

accessible endothelial cell.  Also, endothelial cells are more genetically stable than the tumor 

cells to which they supply nutrients.  Therefore, these targets are less likely to acquire resistance 

to VTAs (Hicklin et al, 2001).  Finally, the doses at which these agents are effective appear to be 

less toxic than the conventional chemotherapeutic drugs that are currently used.  

Although these agents offer an exciting new strategy in anti-cancer therapy, it is not yet 

clear which tumor types will be most amenable to their use.  In the case of antiangiogenic 

therapy, there have been reports of physicians assuming that only well vascularized tumors will 
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be sensitive to this type of agent.  Consequently, some clinical trials examining the use of 

antiangiogenic agents have had restrictions placed on the tumor types allowed, including pre-

treatment biopsies for vessel density in order to exclude patients whose vessel density is deemed 

too low (Kerbel & Folkman, 2002).  As discussed in the first chapter, arguments can be made for 

either high or low vascularized tumors being more sensitive to these agents.   For example, 

highly vascularized tumors present more targets (blood vessels) than less vascularized tumors 

and thus, the use of VTAs would cause more damage in these tumors.  On the other hand, less 

vascularized tumors may be more dependent on their vessels and following a critical loss of just 

a few vessels, this system may be most compromised. 

In the effort to target the tumor vasculature, two distinct classes of vascular targeting 

agents have already been defined: the antiangiogenic agents and the vascular disrupting agents 

(Siemann et al, 2005).  These two classes of agents are aimed at different aspects of the tumor 

vasculature.  Antiangiogenic agents inhibit the process of new blood vessel formation 

(angiogenesis), while vascular disrupting agents damage existing vasculature [Fig.5-1].     

Antiangiogenics 

Antiangiogenic methods have been developed that target many different aspects of the 

angiogenic cascade.  As discussed in the first chapter, the process of angiogenesis is a highly 

orchestrated event that involves a number of steps.  Briefly, the basement membrane must first 

be degraded so that proliferating endothelial cells may migrate towards the pro-angiogenic 

signal.  After the endothelial cells join and form a functional vessel, specialized cells are then 

recruited to stabilize the nascent vessels, leading to vessel maturation (Jain, 2003).   

Although a wide range of angiogenic inhibitors have been identified, inhibition of VEGF 

appears to be most promising given its crucial role in tumor angiogenesis.  Indeed, many 

different avenues have been explored in the quest to target VEGF signaling, including 
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monoclonal antibodies to ligands (Kim et al, 1993) or receptors (Prewett et al, 1999), ribozymes 

(Weng et al, 2005), and small molecule inhibitors (Mendel et al, 2003) [Table 5-1].  Perhaps the 

most recognized antiangiogenic agent is bevacizumab (Avastin).  This monoclonal antibody to 

the human form of VEGF has been the first FDA-approved agent in this class; Avastin has 

shown a clinically significant increase in patient median survival when combined with standard 

chemotherapy versus chemotherapy alone (Hurwitz et al, 2004).    

Another antiangiogenic agent that inhibits VEGF signaling is ZD6474.  ZD6474 [N-(4-

bromo-2-fluorophenyl)-6-methoxy-7-[(1-methylpiperidin-4-yl)methoxy]quinazolin-4-amine] is 

an orally available low molecular weight inhibitor of VEGFR2, with additional activity against 

the epidermal growth factor receptor (EGFR), (Wedge et al, 2002).  It is believed that this agent 

works by adopting a kinase binding conformation where the adenine-binding site of the kinase is 

occupied by the quinazoline ring and the aniline portion of the molecule fits into a hydrophobic 

pocket on the enzyme.  Preclinical studies have shown that in nude mice with breast (MCF-7) 

xenografts the half-life of this agent was approximately 25 hours (Gustafson et al, 2006).  In 

addition, administration of ZD6474 has shown dose dependent tumor growth inhibition in a 

variety of xenograft models and can inhibit the growth of metastases (Drevs et al, 2004). 

ZD6474 is currently in clinical trials and appeared to be well tolerated in Phase I clinical 

trials (Sridhar & Shepherd, 2003).  A randomized phase II trial evaluating the combination of 

ZD6474 with chemotherapy for the treatment of non-small cell lung cancer (NSCLC) found that 

the estimated time to progression had been increased to approximately 19 weeks with the 

combination of ZD6474 and docetaxel from 12 weeks for docetaxel alone (Herbst et al, 2005).  

Additional phase II studies are ongoing and it is expected that ZD6474 will enter phase III trials 

soon. 
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Vascular Disrupting Agents 

VDAs are the second subclass of agents that make up the VTAs.  VDAs exploit the 

differences between normal and tumor vasculature; tumor vasculature is highly irregular and 

contains a large proportion of immature vessels while the normal vasculature is well-organized 

(Jordan & Wilson, 2004).  As a result of these structural differences, the tumor vasculature is 

highly susceptible to damage caused by VDAs whereas the normal vasculature remains mostly 

untouched (Prise et al, 2002;Davis et al, 2002).   

There are a variety of approaches that fall under the VDA subclass, including biological 

response modifiers, ligand-based approaches, and low molecular weight agents.  The most 

extensively studied approach of VDAs include two classes of low molecular weight agents that 

have been shown to induce rapid vascular shutdown within solid tumors: agents related to 

flavone acetic acid (FAA) and tubulin-binding agents.  DMXAA is the lead agent in the FAA 

group and it appears to work by partial dissolving actin filaments and inducing expression of 

TNFα (Tozer et al, 2005).  The tubulin-binding agents include the colchicines, the vinka 

alkaloids, and the combretastatins.  These agents exploit the non-equilibrium dynamics of 

microtubules that causes the constant, rapid assembly and disassembly of tubulin subunits 

(Jordan & Wilson, 2004).  By binding tubulin, these agents lead to cell shape changes in newly 

formed endothelial cells, which in turn initiates a cascade of events, concluding in vessel 

blockage.  Consequently, the tumor cells that are dependent on these affected blood vessels will 

die, due to ischemia (Siemann et al, 2004).   

ZD6126 [N-acetylcolchinol-O-phosphate] is a vascular disrupting agent that shows 

structural similarity to colchicine and is a competitive inhibitor of the binding of colchicine to 

tubulin (Blakey et al, 2002).  Pre-clinical studies have shown that treatment with ZD6126 can 
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inhibit endothelial cell tubule formation and, as a consequence, induce G2/M cell cycle delay 

(Hoang et al, 2006).  In vivo, this agent can cause a dramatic decrease in vascular patency within 

a few hours that can persist for at least 24 hours (Siemann & Rojiani, 2002).  

Materials and Methods 

In Vitro Clonogenic Cell Survival Assay 

 HT29 or SCCVII cells were either treated or kept as a control group.  The cells were then 

plated at three different concentrations.  Ten to fourteen days later, plates were stained and fixed 

with a crystal violet and methanol solution.  The number of colonies for each group, where a 

colony consists of at least 50 cells, was counted using a dissecting microscope and a survival 

curve was generated. 

Tumor growth delay assay  

Upon reaching a size of approximately 200 mm3, the HT29 xenografts or the SCCVII 

tumors, were randomly assigned to treatment or control groups.  Treatment was then 

administered as daily dosing of ZD6474 or dosing on days 1, 3, and 5 for ZD6126.  The time for 

the tumor to grow from 200 to 1000 mm3 for the various groups was recorded.  Results among 

groups were compared via the Wilcoxon rank sum test. 

Results 

The parental and clonal cell lines were first examined for their inherent sensitivity to a 

range of doses of the antiangiogenic agent, ZD6474, and the vascular disrupting agent, ZD6126.  

Cells were exposed to each agent individually for a period of 24 hours and then in vitro 

clonogenic cell survival assays were used to determine if these two agents elicited different 

responses among the tumor cell lines.  As can be seen in figures 5-2 and 5-3 there is no 

appreciable difference in the in vitro cell survival curves among the clonal and parental cell lines. 

In addition, it can also be seen that both of these agents have little effect on tumor cell survival. 
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VEGF is a potent pro-angiogenic growth factor that is produced in various levels among 

the clonal cell lines.  A previous experiment has shown that the tumor cells’ ability to induce 

new blood vessel growth increases with increased VEGF expression [Fig. 3-1].  However, it was 

unknown whether ZD6474 would be equally effective in blocking VEGF signaling in both low 

and high VEGF expressing cell lines.  To determine if there was a difference in response to this 

agent, an intradermal assay was used.  50 mg/kg ZD6474 was given by gavage for four 

consecutive days, beginning with the day prior to tumor cell inoculation.  Both the parental and 

high expressing VEGF groups of the HT29 tumor model showed a significant decline 

(approximately 2-fold) in the number of blood vessels growing towards the tumor inoculates 

[Fig. 5-4A].  The high expressing VEGF group for the SCCVII tumor model also showed a 

similar decrease in new blood vessel growth [Fig. 5-4B].  

A previous study examining the effect of ZD6474 on tumor growth using various 

xenograft models showed that a significant increase in the growth delay could be measured when 

a dose of 50 mg/kg was used (Wedge et al, 2002).  In order to test the response of the clonal cell 

lines to this agent, a similar growth delay assay was used.  Treatment with 50 mg/kg of ZD6474 

on days 1-5 and 8-12 resulted in a significant increase in the growth delay with increasing VEGF 

expression (4 days for the parental cell line versus 10 days for the high expressing VEGF clone) 

[Fig. 5-5A].  Due to its high growth rate, SCCVII tumors only received treatment on days 1-5; no 

significant growth delay was observed for the parental or clonal cell lines [Fig. 5-5B].    

The tumors derived from the clonal cell lines were also evaluated with ZD6126.  Previous 

studies have shown that the HT29 tumor model was not sensitive to this agent.  A growth delay 

assay confirmed this result, but interestingly the high expressing VEGF tumor group did show a 

significant growth delay (9 days) when treated with 100 mg/kg ZD6126 Monday, Wednesday, 
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and Friday for a period of two weeks [Fig. 5-6A].  Once again, the SCCVII tumor model only 

received treatment for one week, due to its high in vivo growth rate, yet there was a trend 

towards increased response with increasing VEGF expression [Fig. 5-6B]. 

Discussion 

Vascular targeting agents are a relatively new class of agents that aim to exploit the 

relationship between the tumor-associated vasculature and the growth and spread of tumors.  

Since these agents target the support system of the tumor cells it is possible to inflict damage on 

many tumor cells by only affecting a few vessels.  The current VTAs are less toxic than 

conventional chemotherapeutic agents and they have easily accessible targets – endothelial cells. 

ZD6474 is an antiangiogenic agent that targets pro-angiogenic signaling by inhibiting the 

VEGF and EGF receptors.  This agent has been found to be well tolerated in clinical trials and 

has demonstrated tumor growth inhibition in a wide variety of xenograft tumors (Wedge et al, 

2002).  ZD6126 is a representative VDA that selectively targets proliferating, immature 

endothelial by binding to tubulin (Blakey et al, 2002).  Considering that both agents target 

different aspects of endothelial cells, tumor cell survival should not be affected following 

treatment with either agent.  As expected, both tumor cell lines were not responsive to either 

agent in an in vitro setting. 

In vivo studies showed that the HT29 tumors derived from the high expressing VEGF 

clonal cell line were more responsive to ZD6474; this was not seen with the SCCVII tumor 

model.  The most likely cause of this difference is the increased growth rate demonstrated by the 

SCCVII tumors [Fig.2-5] that did not allow for more that one week of treatment.  In addition, 

there is a growing amount of evidence that suggests that antiangiogenic agents may be more 

useful in targeting smaller tumors or early-stage cancers (Lozonschi et al, 1999;Yoon et al, 
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1999).  Therefore, the rapid growth of SCCVII tumors leaves a smaller window of time in which 

ZD6474 treatment would be most beneficial.     

Surprisingly, ZD6126 treatment resulted in a measurable growth delay in the HT29 

tumors arising from the high VEGF expressing clonal cell line [Fig. 5-6].  Previous studies had 

demonstrated that treatment with this VDA was not effective against the parental cell line (also 

observed in this experiment) for unknown reasons.  The SCCVII tumors, despite receiving only 

one week of treatment, also appeared to trend towards an increased growth delay with increasing 

VEGF expression levels. 

Although VTAs have been shown to slow or even inhibit tumor growth, the current 

consensus is that these agents will be of greater use when combined with conventional therapies, 

such as radiation and chemotherapy (Siemann, 2004).  The rationale for combining treatment is 

based on enhanced antitumor efficacy, non-overlapping toxicities, and spatial cooperation (Steel 

& Peckham, 1979).  There have already been a number of studies that have reported on the 

enhanced effect when the combination of ZD6474 and radiation was used (Brazelle et al, 

2006;Damiano et al, 2005;Williams et al, 2004) and the combination of ZD6126 with radiation 

(Hoang et al, 2006;Horsman & Murata, 2003;Siemann & Rojiani, 2002). 
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B 
 

Figure 5-1.  Schematic representing the different targeting approaches of vascular targeting 
therapies.  Antiangiogenic therapy (A) aims to inhibit the formation of new blood 
vessel growth.  One antiangiogenic strategy is to target the pro-anigogenic factor 
VEGF, typically resulting in delayed tumor growth. Vascular disrupting agents (B) 
target the existing tumor vessels, causing rapid blood vessel collapse that leads to the 
formation of a central necrotic region. 
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Table 5-1.  Antiangiogenic agents and vascular disrupting agents are two subclasses that fall 
under the general heading of vascular targeting therapies.  Representative agents and 
their mode of action are indicated in the table below. 

 

Vascular Targeting Therapies 

Antiangiogenic Agents 
(inhibit angiogenesis) 

Vascular Disrupting Agents 
(target existing vasculature) 

Avastin Cytokine modulator DMXAA Monoclonal 
antibodies DC101 ZD6126 

ZD6474 

Tubulin-binding 
agents CA4DP Small molecule 

kinase inhibitors SU11248   

Ribozyme Angiozyme   
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Figure 5-2.  Clonogenic cell survival curve demonstrating that the in vitro sensitivity to a range 
of ZD6474 doses is similar among the parental and clonal cell lines of the HT29 (A) 
and SCCVII (B) tumor types. 
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Figure 5-3.  Clonogenic cell survival curve demonstrating that the in vitro sensitivity to a range 
of ZD6126 doses is similar among the parental and clonal cell lines of the HT29 (A) 
and SCCVII (B) tumor types. 



 

83 

A 

B 
 

Figure 5-4.  Ability of ZD6474 to modulate the angiogenic potential of the parental and high 
VEGF clonal cell line, as assessed by the intradermal assay. 1 x 105 HT29 tumor cells 
(A) or SCCVII cells (B) were injected at 4 sites on the ventral surface of a nude mice.  
72 hours later the mice were killed and the skin flap containing the inoculation sites 
was excised.  The number of blood vessels intersecting each inoculate was counted 
and data points for each group were pooled.  Asterisk (*) indicates a p-value of less 
than 0.05 when groups were compared via the Wilcoxon rank sum test to the parental 
group. 
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Figure 5-5.  Response of tumors from HT29 (A) and SCCVII (B) parental and clonal cell lines to 
a treatment of 50 mg/kg ZD6474.  Treatment was administered when the tumors 
reached an approximate size of 200 mm3.  Asterisk (*) indicates a p-value of less than 
0.05 when the growth delay of each group was compared via the Wilcoxon rank sum 
test to the parental group growth delay. 
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Figure 5-6.  Response of tumors from HT29 (A) and SCCVII (B) parental and clonal cell lines to 
a treatment of 100 mg/kg ZD6126.  Treatment was administered when the tumors 
reached an approximate size of 200 mm3.  Asterisk (*) indicates a p-value of less than 
0.05 when the growth delay of each group was compared via the Wilcoxon rank sum 
test to the parental group growth delay. 
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CHAPTER 6 
SUMMARY 

Tumors must elicit an angiogenic response if they are to grow beyond a very small size.  

Once a tumor vasculature has been established, the tumor may continue to grow and it may also 

use these vessels as a route for metastatic spread.  However, the tumor vessels that develop are 

highly disorganized and lead to the development of microregions within the tumor where poor 

nutrient delivery and impaired uptake of metabolic waste products are present.  As a result, cells 

residing within these areas are less likely to be proliferating and have decreased sensitivities to 

conventional therapies, such as radiation and chemotherapeutic agents.   

Angiogenesis, the growth of new blood vessels from the existing vasculature, is known to 

be a highly orchestrated process in which there is a delicate balance between pro- and anti-

angiogenic molecules.  Although there have been a number of angiogenic molecules identified, 

VEGF is considered to be the most important pro-angiogenic molecule in tumor pathology.  

 Due to the importance of VEGF, there have been a number of pre-clinical and clinical 

studies that have tried to elucidate the relationship between VEGF expression/tumor vascularity 

and patient outcome.  Unfortunately, the results from these studies were not in agreement: some 

studies claim that VEGF is a poor prognostic indicator while other studies profess the opposite or 

state that there is no relationship at all.  In addition, studies that addressed the link between 

VEGF expression and patient outcome following therapy, such as radiation, were also 

inconclusive.  The most probable explanation for these inequities is that inter-study comparisons 

can be complicated by differences in tumor type and methods used to analyze study parameters, 

such as VEGF expression and blood vessel visualization and quantitation.  Therefore, this project 

centered on the idea that creating clonal cell lines that varied only in the expression of VEGF 
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would bypass these difficulties and would be advantageous when examining tumor VEGF 

expression and its relationship to treatment outcome.  

In chapter 2, a rAAV was used to infect two different tumor types, HT29 and SCCVII, 

with a viral plasmid containing the human gene for VEGF165. Recombinant AAVs have been 

used by a variety of investigators to safely deliver gene products to various mammalian cell 

lines.  Generally, following infection with a rAAV the viral genome is randomly inserted into the 

host cellular genome.  Thus, by employing a high MOI, it is possible to obtain clonal cell lines 

that vary in the expression of the delivered gene product.  Following the selection of cells that 

had been infected with the viral plasmid, conditioned medium was screened via ELISA to 

quantitate the amount of secreted VEGF produced by each of the clones.  Ultimately, three 

clones from each tumor type were chosen for further study: one that expressed VEGF at a level 

that was comparable to the parental (non-infected) cell line, a second clone that expressed VEGF 

at an intermediate level, and a third clone that expressed VEGF at a high level. 

Since many growth factor signaling pathways are interconnected, ELISAs were also used 

to confirm that increased VEGF expression did not alter the expression of bFGF, PDGF, Ang-1, 

and Ang-2.  In addition, RT-PCR was performed on the clonal and parental cell lines to verify 

the lack of expression of VEGFR1 and VEGFR2 since expression of these receptors could result 

in an autocrine feedback loop.  Overall, these findings suggested that any subsequent differences 

that were found among the parental and clonal cell lines would only be due to the different 

amounts of VEGF ligand produced by the clonal cell lines. 

The in vitro growth characteristics of the clonal cell lines were then assessed using a 

growth curve assay.  There were no significant alterations found in the in vitro growth rate of the 

clonal cell lines compared to the respective parental cell lines for both tumor types.  The tumor 
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cells were then implanted into mice and it was found that the clonal cell lines maintained the 

ability to form tumors.  However, the results showed that the HT29 tumor model had an 

increased growth rate and the tumors appeared earlier with increased VEGF expression.  The 

SCCVII model did not display any differences in the time to appearance or the in vivo growth 

rate. 

Previous studies have shown that the modulation of VEGF expression can result in altered 

tumor growth rates and physiological characteristics.  In order to assess the physiological 

changes that result from increased VEGF expression the following parameters were assessed in 

the clonal and parental cell lines: ability to elicit an angiogenic response, perfusion, areas of 

hypoxia, and evidence of necrosis.   

 Increased VEGF expression resulted in an increased ability of the tumor cells to elicit an 

angiogenic response.  Results from the intradermal assay showed that the high expression VEGF 

clones induced 2-3 fold greater number of blood vessels than the corresponding parental cell 

lines.  Vessel density was also shown to increase among the clonal cell lines with increasing 

VEGF expression in the HT29 tumor model.  Tumor perfusion and hypoxia were also expected 

to differ among the clonal cell lines.  Perfusion was measured with the fluorescent DNA-binding 

dye Hoechst 33342 and areas of hypoxia were visualized using an antibody to the bio-reductive 

molecule EF5.  A substantial increase in tumor perfusion and decrease in hypoxia was observed 

in the tumors derived from the high expressing VEGF clonal cell line as compared to the parental 

line. 

Areas of necrosis within a tumor typically occur at the oxygen diffusion limit.  In tumors 

where there is a low vessel density the occurrence of necrosis is expected to be greater than in 

well vascularized tumors.  Indeed, this was observed in the HT29 tumor model: increased VEGF 



 

89 

expression/tumor vascularity resulted in decreased evidence of necrosis.  However, this was not 

the case for the SCCVII model and the relatively low basal level of necrosis present in the 

parental cell line can probably explain these results (i.e. a further decrease in necrosis would be 

difficult to detect). 

The inadequate and nonuniform vasculature that is generally associated with tumors has 

been linked with the failure of many anti-cancer therapies. Since the observed changes in the 

physiological characteristics of the tumor cell lines were substantial, it was conceivable that 

these differences could impact the response of the tumors derived from the clonal cell lines to 

anti-cancer therapies.  Therefore, the clonal cell lines were used to assess the impact of VEGF 

expression/tumor vascularity on the response to radiation and vascular targeting agents. 

Chapter 4 examined the relationship between VEGF expression and tumor response to 

radiation.  In vitro data collected concluded that there was no significant difference in the 

inherent sensitivity among the clonal and parental cell lines.  However, the in vivo data 

demonstrated that highly vascularized tumors responded significantly better to a single dose of 

radiation.  Given the increased tumor perfusion and decreased areas of hypoxia, this result was 

not altogether surprising.  It has been known for decades that hypoxia can confer resistance to a 

variety of tissue types.   

Typically, most cancer patients will receive small, daily (Monday through Friday) doses of 

radiation for several weeks.  Since a single dose of radiation resulted in a significant increase in 

radiation response, a fractionated schedule was also investigated.  Again, an increased response 

to radiation was evident in the SCCVII tumor model when a dose of 3 Gy/day was given for 5 

consecutive days.  There did not appear to be a significant difference between HT29 tumors 

derived from the high expressing VEGF clonal cell line and tumors arising from the parental cell 
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line when a dose of 2 Gy/day was given for 10 days.  A likely explanation for this finding 

involves the principle of reoxygenation.  When tumors are irradiated aerobic cells are 

preferentially killed, leaving a remaining contingent of hypoxic cells.  In some tumor types these 

hypoxic cells undergo a process by which they are able to gain access to oxygen supplies.  

During subsequent irradiations the newly-aerobic cells (formally hypoxic) can then be killed.  

Thus, when giving multiple fractions of radiation, the negative effects of hypoxia are mitigated. 

In chapter 5 the impact of VEGF expression on tumor response to vascular targeting agents 

was examined.  In vitro clonogenic cell survival assays demonstrated that there was no 

significant difference among the clonal and parental cell lines to the antiangiogenic agent, 

ZD6474, or the vascular disrupting agent, ZD6126.  In addition, these agents had little impact on 

the in vitro survival of the tumor cell lines, which was not surprising given the fact that both 

agents target endothelial (not tumor) cells. 

Initially, an intradermal assay was used to determine the efficacy of ZD6474 against the 

parental and high expressing VEGF clonal cell lines.  In both tumor models, 50 mg/kg ZD6474 

was able to decrease the number of blood vessels growing towards the tumor cell inoculates by 

approximately 2-fold.  Further studies demonstrated a significantly increased growth delay with 

increasing VEGF expression when HT29 tumor-bearing mice were treated with daily doses of 50 

mg/kg ZD6474.  This enhanced response with increasing VEGF expression was not observed in 

the SCCVII model and is probably due to the high in vivo growth rate of this tumor model. 

Previous studies have shown that, for unknown reasons, the HT29 tumor model is 

effectively resistant to ZD6126.  Interestingly, a significant growth delay was observed in the 

tumors arising from the high expressing VEGF clonal cell line while tumors derived from the 
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parental cell line did not show any growth delay.  The SCCVII tumor model also showed a trend 

towards increased response to ZD6126 with increasing VEGF expression. 

The work comprising this dissertation leads to several interesting questions.  First, the 

mechanism behind the difference in basal vascularity between the two tumor types, SCCVII and 

HT29, is unknown.  SCCVII is a murine line and it is conceivable that the parental cells already 

express high levels of mouse VEGF.  If this were the case then mouse VEGF expression may 

contribute significantly to the resultant tumor vascularity; in fact it might be the predominant 

factor determining the extent of tumor vascularity even for tumor cells expressing varying levels 

of human VEGF. This would also explain why the vascular differences were less apparent for 

tumors derived from the various SCCVII clones than those of the HT29 clones. Unfortunately it 

is not possible to resolve this issue since the mouse VEGF expression levels of the SCCVII cells 

were not measured.  In addition, while VEGF, bFGF, PDGF, and the angiopoietins are critical 

pro-angiogenic factors in tumor pathogenesis, this list is by no means exhaustive.   Evaluating 

the expression levels of other factors, such as the interleukins and IGF-1, may yield clues as to 

the large difference between the two tumor types as well.   

The behavior of the HT29 tumor model in regards to the efficacy of the vascular disrupting 

agent ZD6126 also raises questions.  Tumors arising from the HT29 parental cell line do not 

display a growth delay when ZD6126 is administered for a period of two weeks (100 mg/kg 

given Monday, Wednesday, Friday).  However, tumors arising from the high VEGF clonal cell 

line demonstrate a 9-day growth delay in response to ZD6126.  It may be interesting to explore 

why the parental line does not appear to be affected by this agent, yet a high expressing VEGF 

line is significantly affected.     
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Finally, the extent of benefit in combining vascular targeting therapies with conventional 

therapies in these models also remains to be addressed.  Studies have shown that combining 

VTAs with conventional therapy, such as radiation, generally has an additive (potentially greater 

than additive) effect.  However, it is not known if these observations will be consistent with the 

high expressing VEGF clonal cell lines.  Overall, the results from this body of work suggest that 

VEGF expression/tumor vascularity may be an important factor to consider in patient treatment.     
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