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ABSTRACT 

 

Regulation of Vascular Endothelial Growth Factor Receptor-2 in Pancreatic and 

Breast Cancer Cells by Sp Proteins. (May 2006) 

Kelly Jean Higgins, B.S.; B.A., New Mexico State University 

Chair of Advisory Committee:  Dr. Stephen H. Safe 

 
 

Vascular endothelial growth factor receptor-2 (VEGFR2) is a key 

angiogenic factor, and angiogenesis is an important physiological process 

associated with neovascularization, growth, and metastasis of many different 

tumors.  The mechanism of VEGFR2 gene expression was investigated in 

MiaPaCa-2, Panc-1, and AsPC-1 pancreatic cancer cells transfected with a 

series of VEGFR2 promoter deletion/mutated constructs, and the results 

indicated that the GC-rich –60 to –37 region of the promoter was essential for 

VEGFR2 expression in these cell lines.  EMSA and ChIP assays showed that Sp 

proteins are expressed and bind to the proximal GC-rich region of the VEGFR2 

promoter.  RNA interference studies on Sp proteins demonstrated that Sp1, Sp3, 

and Sp4 all contributed to VEGFR2 gene/protein expression in pancreatic 

cancer cells.  

VEGFR2 gene expression was also investigated in ZR-75 and MCF-7 

breast cancer cells.  ZR-75 cells treated with 10 nM 17β-estradiol (E2) increased 

VEGFR2 mRNA levels/protein expression.  The VEGFR2 promoter was induced 

by E2 in ZR-75 cells, and analysis of the VEGFR2 promoter identified the GC-
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rich -60 to -37 region that was required for E2-mediated transactivation.  EMSA 

and ChIP assays confirmed that Sp1, Sp3, and Sp4 proteins are expressed in 

ZR-75 cells and bind the proximal GC-rich region of the VEGFR2 promoter.  

RNA interference was used to determine the relative contributions of Sp proteins 

on hormonal regulation of VEGFR2 through ER/Sp complexes, and interestingly, 

in ZR-75 cells, hormone-induced activation of VEGFR2 involves ERα/Sp3 and 

ERα/Sp4 but not ERα/Sp1.  

In MCF-7 cells treated with 10 nM E2, VEGFR2 mRNA levels were 

decreased.  Analysis of the VEGFR2 promoter revealed that the same GC-rich 

region important for E2-mediated upregulation in ZR-75 cells was responsible for 

E2-dependent downregulation of VEGFR2 gene expression in MCF-7 cells.  

EMSA and ChIP assays confirmed that Sp1, Sp3, and Sp4 proteins are 

expressed in MCF-7 cells and bind to the proximal GC-rich region of the 

VEGFR2 promoter.  RNA interference studies showed that Sp1, Sp3, and Sp4 

are involved in the E2-mediated downregulation of VEGFR2 in MCF-7 cells, and 

ERα/Sp protein-promoter interactions are accompanied by recruitment of the 

corepressor SMRT using the ChIP assay.    
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CHAPTER I 

 

INTRODUCTION 

 

1.1. Cancer  

1.1.1. Statistics  

     According to estimates by the American Cancer Society, in 2002 there 

were almost 11 million new cases of cancer worldwide (Table 1).  There were 

approximately 6.7 million deaths and 24.6 million persons alive with cancer 

within three years of diagnosis (1).  Lung cancer is the most commonly 

diagnosed cancer with 1.35 million cases as well as the most common cause of 

cancer mortality with 1.18 million deaths (1).  Diagnosis of breast and colorectal 

cancers follow with 1.15 and 1 million cases, respectively (1).  Breast cancer is 

the most prevalent disease of women in the world with 4.4 million survivors up to 

5 years after diagnosis; however, approximately 411,000 women died from 

breast cancer in 2002 (1).  There were approximately 934,000 cases and 

700,000 deaths from stomach cancer, and 626,000 cases and 598,000 deaths 

from liver cancer (1).  Worldwide, there are 202,000 new cases of pancreatic 

cancer and nearly as many deaths from pancreatic cancer every year (2).   

 
This dissertation follows the style and format of Cancer Research.  
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Table 1. Incidence and mortality by sex and cancer site worldwide, 2002 
(Adapted from (1)). 
  

Incidence Mortality
Cancer Site Male Female Male Female
Bladder 273,858 82,699 108,310 36,699
Brain 108,221 81,264 80,034 61,616
Breast 1,151,298 410,712
Cervix uteri 493,243 273,505
Colon/rectum 550,465 472,687 278,446 250,532
Corpus uteri 198,783 50,327
Esophagus 315,394 146,723 261,162 124,730
Hodgkin disease 38,218 24,111 14,460 8,352
Kidney 129,223 79,257 62,696 39,199
Larynx 139,230 20,011 78,629 11,327
Leukemia 171,037 129,485 125,142 97,364
Liver 442,119 184,043 416,882 181,439
Lung 965,241 386,891 848,132 330,786
Melanoma of skin 79,043 81,134 21,952 18,829
Multiple myeloma 46,512 39,192 32,696 29,839
Non-Hodgkin lymphoma 175,123 125,448 98,865 72,955
Oral cavity 175,916 98,373 80,736 46,723
Ovary 204,499 124,860
Pancreas 124,841 107,465 119,544 107,479
Pharynx 162,015 48,324 102,877 31,448
Prostate 679,023 221,002
Stomach 603,419 330,518 446,052 254,297
Testis 48,613 8,878
Thyroid 37,424 103,589 11,297 24,078  

 

 

There are more than 100 distinct types of cancer in humans as well as 

subtypes of tumors within specific organs (3).  While there are many different 

types of cancers that are classified by tissue and cell type, cancer cells have two 

distinct properties: unregulated proliferation and the ability to invade and 

metastasize (4).  Development of cancer in humans occurs over long periods of 

time (from 5-20 years) and involves multiple changes in the genome of tumor 
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cells, conferring some growth advantage and/or defects in the regulatory 

mechanisms that govern cell proliferation and homeostasis.   

 

1.1.2. Stages of carcinogenesis 

Development of cancer is the result of several independent events that 

have a cumulative effect on a cell, and many carcinogenic agents significantly 

increase the likelihood of cancer cell formation.  There are three distinct stages 

in carcinogenesis: initiation, promotion, and progression (Figure 1).  Tumor 

initiation is often attributed to irreversible damage or mutation of DNA.  Most 

cancers are initiated by DNA damage induced by carcinogens, such as tobacco 

smoke, chemical carcinogens, ionizing radiation such as x-rays, and viruses. 

Various agents, which induce mutations in DNA, have been correlated with the 

cause of carcinogenesis and may be the result of environmental mutagens or 

defects in DNA processing including DNA excision and repair (4).  Mutations can 

occur spontaneously because of limitations of the accuracy of DNA replication 

and repair, and an increase in the frequency of mutations can influence both the 

incidence of tumors and the rate of progression.  Blocking normal maturation of 

cells toward a non-dividing state or preventing normal programmed cell death 

also play a role in tumor formation. 
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Figure 1. Stages of carcinogenesis (Adapted from (5)).  

 
 
 

Tumor promoters are not mutagenic but induce proliferation of damaged 

cells (i.e., reproductive hormones in women at different stages of life), and 

mutated cells survive to proliferate and avoid apoptosis (programmed cell 

death).  The promotion process can be stopped or interrupted and initiated cells 

seem to disappear.  However, when benign, initiated cells acquire additional 

permanent genetic mutations, they have reached the progression stage and 

have become sufficiently unstable genetically in order to invade and metastasize 

(6).   

Tumorigenesis is a multistep process involving genetic alterations that 

transform normal cells into cancer cells.  Mutations that result in gain of function 

of oncogenes or loss of function of tumor suppressor genes are common in most 

cancers.  Common alterations in cellular physiology lead to malignant growth 

and allow cancer cells to evade anticancer defense mechanisms of normal cells.  
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1.1.3. Acquired capabilities of cancer cells 

Cancer cells become self-sufficient in growth signals, insensitive to 

growth inhibitory signals, capable of evading apoptosis, sustaining angiogenesis, 

invading surrounding tissues, and undergoing metastasis, and they exhibit 

limitless replicative potential (3, 7).  Figure 2 shows these six acquired 

capabilities of cancer cells and an example of each mechanism. 

 
 
 

 

Figure 2. Acquired capabilities of cancer cells (Adapted from (3)). 
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Cells can acquire the ability to become self-sufficient in growth signals 

through oncogenes that mimic normal growth signals.  Tumor cells may 

generate their own growth factors, creating a positive feedback loop, in order to 

decrease dependence on growth factors from other cells.  For example, platelet-

derived growth factor (PDGF) and tumor growth factor alpha (TGFa) are 

overexpressed in glioblastomas and sarcomas respectively (3, 7).  Cell surface 

receptors that are involved in mediating growth stimulatory pathways are also 

targets of deregulation during tumor pathogenesis.  For example, growth factor 

receptors are overexpressed in many cancers, and this overexpression enables 

cancer cells to become hyperresponsive to levels of growth factors that would 

not normally trigger cell proliferation (7, 8).  Epidermal growth factor receptor 2 

(EGFR-2)/HER-2 is overexpressed in several cancers such as stomach, brain, 

and breast tumors (3).  Overexpression of growth factor receptors or structural 

alteration of receptors, such as mutations or truncations, can lead to ligand-

independent activation of growth stimulatory pathways (3, 7, 8).  

 Cancer cells can switch to expression of extracellular matrix receptors 

(integrins) that transmit growth signals, thus, influencing cell behavior such as 

motility, induction of apoptosis, and entrance into the cell cycle as well as 

activation of kinase pathways (9).  Alterations in downstream components of 

pathways involved in receiving and processing signals from ligand-activated 

growth factor receptors and integrins are targets of deregulation in many human  
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tumors (3, 10).  In fact, approximately 50% of all human colon carcinomas have 

mutant ras oncogenes, and the other half are suspected to have mutations in 

other components of growth signaling pathways (3, 11).  Growth of normal cells 

is influenced by paracrine signals from neighboring cells or systemic endocrine 

signals.  Cell to cell growth signaling in tumors also results in tumor cell 

proliferation, as evidenced in growth signals from stromal cells of a tumor that 

contribute to proliferation of neighboring cancer cells (12).  

 Normally, cells are maintained in homeostasis by multiple antigrowth 

signals such as soluble growth inhibitors or inhibitors embedded in the 

extracellular matrix or the surface of nearby cells which block cell proliferation 

(3).  Through intracellular signaling by cell surface receptors, these growth 

inhibitory signals block proliferation by either temporarily or permanently forcing 

cells out of the active proliferative cycle into G0 (the quiescent state) or into a 

postmitotic state (Figure 3) (3).   
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Figure 3. The cell cycle (Adapted from (13)). 

 
 
 

Cancer cells must become insensitive to growth inhibitory signals which 

block normal cell proliferation.  Many of these antigrowth signals are associated 

with the components of the cell cycle that govern the transition of the cell 

through G1 phase of the cell cycle (13).  When retinoblastoma protein (Rb) is 

hypophosphorylated, E2F transcription factors, which control the expression of 

many genes essential for G1 to S phase progression, are sequestered, and their 

function is decreased, resulting in inhibition of proliferation (14).  

Phosphorylation of Rb activates E2F protein and allows cancer cells to 

proliferate.  Transforming growth factor beta (TGFb) prevents phosphorylation of 

Rb, inactivating pRb, and blocking cells from progressing through G1 (14).  
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Some human tumors lose TGFb responsiveness through downregulation of the 

TGFb receptor or mutations in the TGFb receptor that render it dysfunctional, 

resulting in enhanced cell cycle progression (3).    

The ability of tumor cells to evade apoptosis contributes to the expansion 

of the tumor cell population.  Activation of apoptosis triggers disruption of cellular 

membranes, breakdown of cytoplasmic and nuclear skeletons, degradation of 

chromosomes, and nuclear fragmentation (3).  Certain cell surface receptors 

and their ligands are responsible for either survival or death signals.  The ligands 

insulin-like growth factor 1 and 2 (IGF-1/IGF-2) and their receptor, IGF-1R, or 

interleukin 3 (IL-3) and its receptor, IL-3R, are examples of survival signals for 

cells (15, 16).  Tumor cells often acquire the ability to evade apoptosis by 

overexpressing survival factors like IGF-1/IGF-2 (7, 15).  Conversely, apoptosis 

can be triggered by the p53 tumor suppressor protein that upregulates 

expression of Bax, a proapoptotic protein, in response to DNA damage (7, 17).  

Resistance to apoptosis by cancer cells can also result from loss of proapoptotic 

regulators through inactivating p53 mutations (15).  Inactivation of p53 is 

observed in more than 50% of human cancers, including pancreatic cancer (3, 

17).   

 Cells also have an intrinsic program that limits their ability to proliferate 

which must be disrupted in order for cells to acquire the limitless replicative 

potential needed to form a tumor (18).  Normally, cells go through a certain 

number of cell cycles where cells multiply and then stop growing or enter a 
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phase called senescence, G0 (3).  When pRb or p53 tumor suppressor proteins 

are inactivated, senescence is avoided and cells continue to multiply (19).  

When cells acquire the ability to multiply without limit, they are referred to as 

“immortal.”  Most types of tumor cells have this ability and cell immortality is 

essential for malignant growth of a tumor (20).   

The ends of chromosomes have telomeres made up of thousands of 

repeats of a short 6 base pair sequence element.  There is a loss of telomeric 

DNA from the ends of chromosomes during each cell cycle (18).  Continuous 

shortening of telomeric DNA from chromosomal ends is due to the inability of 

DNA polymerases to completely replicate the 3’ ends of DNA during S phase, 

and this leads to the eventual loss of protection of the ends of chromosomal 

DNA.  Chromosomal ends that are unprotected can result in cell death (3).   

Almost all types of malignant cells maintain their telomeres, mostly by 

upregulating telomerase, an enzyme that adds 6 base pair repeats to the ends 

of telomeric DNA (19).  By keeping telomeres above a critical length, cells can 

continue to multiply limitlessly. 

 Cells require oxygen and nutrients to function and survive.  Blood vessels 

supply cells within about 100 mm (21).  Angiogenesis, the growth of new blood 

vessels, is tightly regulated by balancing positive and negative cellular signals 

(7, 22).   Examples of angiogenesis initiating signals are vascular endothelial 

growth factor (VEGF) and fibroblast growth factors 1 and 2 (FGF1/2) which bind 

to transmembrane tyrosine kinase receptors on the surface of endothelial cells 
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(22, 23).  Thrombospondin-1 is a known inhibitor of angiogenesis (7, 21, 23).  

Cancer cells acquire the ability to induce and sustain angiogenesis during tumor 

development by expressing increased levels of angiogenic factors such as 

VEGF and FGFs compared to normal cells or by downregulating expression of 

inhibitors such as thrombospondin (7).  Thus, the normal balance of signals in 

the cell is altered and angiogenesis is sustained, allowing for further growth of 

tumor cells (23).   

 Primary human tumors often acquire the ability to invade other tissues 

and metastasize to form secondary tumors (3).  In cells that possess the ability 

to invade and metastasize, proteins involved in cell-to-cell and cell-to-

environment interactions are altered: cell-cell adhesion molecules (CAMs) and 

integrins which link cells to extracellular matrix substrates.  For example, E-

cadherin is a cell-to-cell interaction molecule ubiquitously expressed on epithelial 

cells which often lose their function in certain cancer cells (7).  E-cadherin acts 

as a suppressor of invasion and metastasis of cancer cells, and inactivation of 

E-cadherin is one way cells acquire the ability to invade and metastasize.   

 

1.1.4. Environmental and genetic factors 

Development of cancer results from a disturbance in the most 

fundamental rules of the behavior of cells and is a multistage process involving 

the accumulation of genetic damage and other factors, including interactions 

between genetics of an individual and the environment.  The sum of these 
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events is required to produce a malignant tumor (4, 24, 25).  In vitro models and 

studies using cultured cells from human tissues have facilitated research on 

causes of these events and have verified that the risk of developing cancer is 

the combination of genetics and interactions with an oncogenic agent (25).  

Environmental factors such as nutrition have an influence on health and 

disease risk, and it has been estimated that nutritional and dietary factors 

influence 20-60% of cancers worldwide (24, 26).  For example, dietary fiber and 

phytochemicals, such as indoles in cruciferous vegetables and allyl sulfides in 

garlic, are components in certain foods that have potentially important 

chemoprotective effects (24).  Subjects whose diets are high in certain fruits and 

vegetables that contain substances with potential anticarcinogenic activity, 

including folate, carotenoids, flavonoids, vitamins, isothiocyanates, 

dithiolthiones, glucosinolates, allium compounds, and limonene, have a lower 

risk of most cancers (26).  See Table 2 for the relationship of several dietary 

factors with the risk of major cancers.  Epidemiological, clinical, and laboratory 

studies provide substantial evidence suggesting that nutritional and dietary 

factors not only influence risk for development of cancer, but also prognosis after 

diagnosis and quality of life during cancer treatment (24).  
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Table 2. Relationship of dietary factors with risk of major cancers: (+) 
indicates an increased risk, (-) indicates a decreased risk (Data modified 
from (26)). 
 

Diet Breast Pancreatic Lung Colorectal Endometrial Prostate

Foods
Red or processed meat + + + +
Fruits - - - - - -
Vegetables - - - - -

Nutrients
Folate -- - --
Alcohol ++ ++
Calcium - +
Carotenoids
Vitamins - - -

Macronutrients/energy balance
Obesity ++ + ++ ++
Glycemic index/glycemic load + + ++ + +
Fat/refined carbohydrates + + +  

 
 
 

Furthermore, weight/obesity, exercise/physical inactivity, tobacco, 

alcohol, occupation/work environment, and exposure to estrogens also play an 

important role in cancer risk and prevention (26, 27).  For example, in the US, 

smoking is the cause of death in more than 440,000 smoking related diseases, 

30% of cancer deaths, and as many as 80% of lung cancers (27).  Positive 

associations have been reported between renal cell carcinoma (RCC) and 

cigarette smoking, obesity, diabetes, and hypertension (28).  There is convincing 

evidence of moderate to small protective effects of physical activity for colon 

cancer and breast cancer, respectively (27, 29), as well as evidence that obesity  
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has a large to moderate effect on various cancers and may account for about 

10% of breast and colorectal cancers, and 25-40% of kidney, esophageal, and 

endometrial cancer (27).  Lifetime exposure to both endogenous and exogenous 

estrogens increases the risk of hormone-dependent cancers such as breast, 

endometrial, and uterine cancer. 

There are important interactions between environmental and genetic 

factors that contribute to the risk of disease.  Gene variants may not cause 

disease, but they can make an individual more susceptible to carcinogenesis.  

Genes involved in metabolic activation, detoxification, or elimination of 

carcinogens, DNA repair, chromosome instability, activity of tumor suppressor 

genes or oncogenes, cell cycle control, signal transduction, hormone 

metabolism, vitamin metabolism, immune function, and receptor action can all 

potentially influence susceptibility to dietary and other environmental exposures 

(Figure 4) (24).   
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Figure 4. Biotransformation enzyme systems (Adapted from (24)). 
 

 

A balance of enzyme expression levels and potential gene polymorphism 

may account for propensity or sensitivity to carcinogens (30).  For example, 

polymorphisms exist in the genes for drug-metabolizing enzymes.  Phase I 

enzymes, such as cytochromes P450, which are coded by CYP genes, catalyze 

oxidation of endogenous compounds like steroid hormones and vitamin D 

metabolites and of exogenous xenobiotics such as drugs and carcinogens.   

Polymorphic CYP genes in the general population result in differences in 

the ability to oxidize substrates, resulting in enhanced metabolism of some 

carcinogens to more activated carcinogenic intermediates.  CYP1A1 
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metabolizes polycyclic aromatic hydrocarbons such as benzo[a]pyrene, a 

carcinogenic substance contained in tobacco smoke.  Increased lung cancer risk 

in smokers has been associated with certain CYP1A1 polymorphisms: the 

homozygous CYP1A1 MspI genotype and CYP1A1*2 alleles are associated with 

increased lung cancer risk (31).  A significant association of the CYP1A1*2C 

allele with esophageal cancer in smokers has been reported as well as 

CYP1A1*2A or CYP1A1*2B alleles with increased risk of developing leukemia 

(31). 

Diet also affects endogenous substrates of CYPs which may be a key to 

preventing some cancers (24).  The activities of CYPs can be inhibited by 

dietary constituents, such as naringenin, a dietary flavonoid in grapefruit juice 

(24).  CYP1A1 is induced by indole-3-carbinol found in many vegetables and 

results in increased estradiol 2-hydroxylase activity in humans.  2-Hydroxylation 

converts estradiol (E2) to less potent metabolites; 2-hydroxy-E2 (2-OH-E2) can 

subsequently be metabolized to 2-methoxyestradiol (2-MeO-E2) by catechol-O-

methyltransferase (COMT).  

2-MeO-E2 may reduce the risk for estrogen-related cancers, such as 

breast and endometrial cancer, due to its ability to inhibit proliferation of several 

cell types and because it has antitumorigenic and antiangiogenic properties.  

Furthermore, methoxyestrogens can inhibit CYP1B1 activity leading to 

decreased formation of 4-OH-derived quinones and semiquinones which have 

high carcinogenic potential.  Quinones are reactive metabolites capable of 
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forming DNA adducts, and redox cycling between quinones and semiquinones 

generates reactive oxygen species that can result in DNA damage (32).   

Phase II or conjugating enzymes, such as glutathione S-transferases 

(GSTs), N-acetyltransferases (NATs), microsomal epoxide hydrolase, 

sulfotransferases, and UDP-glucuronosyl-transferases, catalyze detoxification 

reactions.  GSTs play a crucial role in conjugation of reduced glutathione to 

electrophilic compounds formed by P450s.  Electrophiles can bind to DNA 

forming adducts which can potentially result in DNA mutations.  Thus, GSTs 

protect cells from these reactive compounds, and phytochemicals, including 

indole-3-carbinol and sulforaphane in cruciferous vegetables, that induce GST 

activity can result in overall decreased susceptibility to cancer.   

GSTs catalyze conjugation of GSH with epoxides, quinones, and 

polycyclic aromatic hydrocarbons, common carcinogens found in tobacco smoke 

and food.  However, impaired detoxification may increase susceptibility for 

development of cancer.  Genetic polymorphisms in GSTs have been identified, 

and some of these have been correlated with a higher risk for several types of 

cancer (24): GSTM1-null genotypes confer a higher risk of bladder and lung 

cancers (33).  Combination of high-risk alleles for GSTT1 and GSTM1 and 

heterozygous or homozygous for the GSTP1 valine substitution increase breast 

cancer risk almost four-fold (34).  
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1.2. Breast cancer 

1.2.1. Statistics/ risk factors/ genetics  

There are about 1.15 million new cases of breast cancer worldwide each 

year (1).  Breast cancer is not only the most common cancer in women but is 

also the most prevalent cancer in the world and accounts for more than 20% of 

cancers worldwide (1, 35).  In the last twenty years, the death rate from breast 

cancer in the US and Europe has declined due to advances in early detection, 

diagnosis, and treatment (1, 35, 36); however, about 411,000 women died from 

breast cancer in 2002 (1). 

Factors associated with the risk of breast cancer include weight/ obesity, 

lack of exercise, diet/ nutrients (phytoestrogens/ flaxseed), and alcohol intake 

(37).  Women reporting moderate to vigorous physical activity for 7 or more 

hours per week had a 20% lower risk of developing breast cancer than those 

who exercised less than 1 hour per week (38).  Increased risk for breast cancer 

is associated with alcohol use, intake of red meat, and an energy-dense diet rich 

in fat/ low complex carbohydrate, whereas intake of carotenoids, folate, soy 

(phytoestrogens), and other phytochemicals are associated with a decreased 

risk of breast cancer (29, 36, 37, 39-42).  Areas where the diet is high in 

consumption of soy and flaxseed show a lower breast cancer rate (37, 41, 42).  

Many foods in our diet, such as fruits, vegetables, and tea, contain compounds 

that prevent cancer.  For example, broccoli contains sulforaphane, grapes have 

resveratrol, soy has genistein, tumeric contains curcumin, and green tea 
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contains epigallocatechin-3-gallate (EGCG) (30), and all these compounds 

inhibit cancer formation/growth in animal models.   

Breast cancer is a hormone-dependent disease, and exposure to 

estrogens over a lifetime plays a role in breast cancer risk (36, 37).  It is well 

established that reproductive factors are associated with breast cancer risk, and 

these include early age at menarche, late age at menopause, and late first 

childbirth, as well as shorter duration of breast-feeding (36, 37, 43, 44).  The 

effect of using oral contraceptives on breast cancer risk is not yet clearly 

established.  One study showed a small increase in risk with long-term use of 

oral contraceptives; however, other studies have shown no association with 

breast cancer risk and oral contraceptive use (36).  In 1986, the Nurses’ Health 

Study showed no long-term adverse effect for past oral contraceptive users, but 

a modest risk increase for current users; over 50 separate epidemiological 

studies have confirmed this finding (29).   

Hormone replacement therapy has been associated with an increased 

risk of breast cancer, especially with long-term use (37, 45, 46).  In 1995, the 

Nurses’ Health Study published a report stating that the duration of 

postmenopausal hormone use was associated with increased breast cancer risk 

(29).  For current users with 5 years of use, the risk of using estrogen alone was 

1.2 versus 1.7 for using estrogen combined with progestin (29).  Several studies 

have confirmed that combined estrogen-progestin therapy increases the risk of 

breast cancer more than estrogen alone (Table 3) (29, 47).    
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Table 3. Relative risk of breast cancer associated with hormone 
replacement therapy (Adapted from (47)). 

 
 

 

Another risk factor for breast cancer is family history and genetics.  

Family history, specifically mutations in the BRCA1 and BRCA2 genes, accounts 

for about 5-10% of all human breast cancers (36).  BRCA1 suppresses 

estrogen-dependent transcriptional pathways that regulate the proliferation of 

breast epithelial cells.  Mutation of BRCA1 results in the loss of this ability to 

regulate proliferation, thus contributing to tumorigenesis (37, 48).  Other genes 

associated with a predisposition to breast cancer are CHEK-2, a gene involved 

in DNA repair, and ATM, a gene encoding a putative protein kinase.  Mutations 
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in CHEK-2 are found in 1% of breast cancers, and two mutations in ATM are 

associated with a 16-fold increased risk of breast cancer (36, 49).   

Furthermore, there is epidemiological evidence that indicates a role of 

metabolic factors in breast cancer risk.  Glucose metabolism, hyperinsulinemic 

insulin resistance, and insulin-like growth factor bioavailability may play a role in 

breast cancer (50).  Insulin is not only a strong mitogenic agent that induces 

growth of breast cancer cell lines, but it also stimulates production of androgens 

in ovarian tissue (50, 51).  IGF-1 is a mitogenic and anti-apoptotic protein that 

stimulates cellular responses related to growth, such as DNA, RNA, and protein 

synthesis (50, 52).  IGF-1 increases proliferation of breast epithelial cells, and 

both in vitro and animal data indicate a role for IGF-1 in breast cancer (29, 37).  

To further support the role of these metabolic factors in breast cancer, many 

breast cancer cell lines show increased expression of insulin and IGF-I 

receptors, and an increase in glucose metabolism/ utilization for proliferation is 

characteristic of malignant tissues compared to normal tissue (50).   

 

1.2.2. Role of hormones and growth factors in normal breast development 

Development of human mammary glands is a progressive process, 

involving changes in size, shape, and function that start during embryonic life.  

The main growth occurs with lobule formation at puberty, and only by the end of 

the first full term pregnancy is development and differentiation of the breast 

completed (53).  The ovarian steroids 17b-estradiol (E2) and progesterone (P) 
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are the most important in terms of biological activity and are synthesized from 

the onset of menarche until menopause (53).  These hormones play a significant 

role in breast development; the mammary epithelium undergoes extensive cell 

proliferation during puberty and again during early pregnancy.  During other 

stages, the mammary epithelium responds to ovarian hormone levels that 

fluctuate during the menstrual cycle (53).  These hormonal fluctuations cause 

small changes in proliferation and apoptosis in the mammary epithelium (54).  

See Figure 5 for a diagram of the human breast.  

 
 
 

 

Figure 5. Structure of the female breast (American Cancer Society, 2005). 
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The steroid hormones, E2 and P, promote proliferation and differentiation 

in normal breast epithelium through binding to their respective receptors and 

regulate target gene expression (54).  Through the estrogen receptor (ER), E2 

mediates transcription of various genes to modulate physiological processes, 

including development and function of reproductive organs, and bone density 

(55).  Classical targets for estrogens are organs that function in sex and 

reproduction such as the breast, uterus, vagina, and ovaries.  Endothelial cells 

have recently been identified as targets for estrogens; expression of low levels 

of functional ER have been shown in endothelial cells from vasculature, and 

expression of ER is upregulated upon treatment with E2 (56).  Furthermore, E2 

induces endothelial cell proliferation and migration mediated by the classical ER 

(57). 

Steroid hormone receptors can also integrate with other signaling 

pathways (Figure 6).  For example, the downstream effects of cell surface 

receptors can result in phosphorylation of ER, thus activating ER in the absence 

of ligand, or alternatively, steroid hormone receptors can modulate the activity of 

signaling proteins, such as c-src (54).  Most growth factors, including EGF, 

TGFa, and IGF, stimulate proliferation and differentiation of mammary epithelial 

cells (58), and they play pivotal roles in the growth and development of the 

mammary gland.  There is growing evidence of cross-talk between nuclear 

steroid hormone receptors such as ER and signaling pathways such as IGF in 

mammary gland cell proliferation (58).  Both E2 and IGF stimulate proliferation, 
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and E2 not only increases mRNA and protein expression of IGF-1 and IGF-1R, 

but E2 also enhances IGF signaling (58).  ER is transcriptionally activated by 

survival factors such as IGF and epidermal growth factor (EGF), and E2 in 

combination with IGF or EGF synergistically stimulate mammary cell proliferation 

(58).     

 
 

 

Figure 6. Crosstalk mechanisms between ERa , growth factor receptors 
and their intracellular kinase cascade signaling pathways. Membrane ER 
can interact with and activate intracellular signaling pathways, or nuclear 
ERa can be activated by growth factor signaling pathways.  
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Steroid hormone receptor expression in the normal human mammary 

gland has been primarily studied in women who are not pregnant or lactating.  

ERa is expressed in approximately 15-25% of luminal epithelial cells that are 

scattered throughout the mammary epithelium and are not expressed in other 

cell types (54, 59).  ERb is present in most luminal epithelial cells and 

myoepithelial cells and is detectable in fibroblasts and other stromal cells in the 

normal human mammary gland (60).  In the normal human breast, progesterone 

receptor (PR) is expressed in a small percentage of cells which are also 

scattered throughout the luminal epithelium in a pattern similar to that observed 

for ERa expression (54).  Immunofluorescence has been used to show that all 

the cells in the luminal epithelium that express PR also express ERa (54), and 

the two isoforms of PR, PR-A and PR-B, are expressed in comparable amounts 

in normal mammary epithelium (61).   

In the normal human breast, cells expressing ERa or PR are not actively 

proliferating cells although they are often adjacent to proliferating cells (54).  The 

separation of steroid hormone receptor-expressing cells from those cells that are 

proliferating has been confirmed in human breast and in mouse or rat mammary 

glands (62).  This implies that receptor containing cells act as “sensors” that 

respond to steroid hormone concentrations and induce secretion of growth 

factors that influence the activity of adjacent/ neighboring proliferating cells 

(Figure 7) (54).   

 



 26 

  

Figure 7. Growth factor stimulation of proliferation (Adapted from (63)). 
 

 

To study the normal functions of ERa and ERb genes during 

development and maturation, knockout mouse models have been utilized.  

Knocking out either ERa and/or ERb in mice is not lethal (64).  ERa knockout 

mice (aERKO) do not exhibit abnormal external phenotypes, but defective 

phenotypes occur in the uterus and the mammary gland, and to a lesser extent 

in the ovary (64, 65).  aERKO mice also show altered sexual behavior and are 

infertile (64-66).  Adult aERKO mice have mammary glands that look similar to 

those of prepubescent female mice, indicating that for glands to become fully 

differentiated, ERa is required (67).   



 27 

ERb knockout mice (bERKO) have the most obvious phenotype defects in 

the ovary, whereas mammary gland structure is normal (66).  Sexual behavior in 

bERKO mice appears normal (68).  However, bERKO females have fewer litters 

and fewer pups per litter, thus, knocking out ERb reduces fertility (64, 66).   Mice 

with both ERa and ERb knockouts (abERKO) also survive to adulthood and 

exhibit no abnormal external phenotypes; however, these mice are infertile (69).   

 

1.2.3. Role of hormones in breast cancer 

While many steroid hormones regulate breast development, these same 

hormones play a role in both development and growth of breast cancer, and an 

increase in breast cancer risk results from lifetime exposure to estrogens 

associated with early menarche, late pregnancy, late menopause or decreased 

with early menopause or late menarche (37).  Correlations between reproductive 

history and risk for breast cancer support the idea that female hormones act as 

tumor promoters.  Therefore, using drugs such as tamoxifen, an estrogen 

antagonist, prevents or delays recurrence of breast cancer (4).  Hormones 

presumably affect the incidence of breast cancer by influencing cell proliferation 

in the breast; estrogens promote the development of mammary cancer in 

rodents and have proliferative effects on cultured human breast cancer cells (37, 

70). 

High levels of both estrogens and androgens (i.e., testosterone) are 

positively associated with increased breast cancer risk (29, 71, 72).  Although 
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postmenopausal ovaries produce a small amount of estrogen, circulating 

estrogens may act directly on breast tissue and breast cancer cells, while serum 

androgens may be aromatized into estrogens within breast tissue and breast 

cancer cells (50, 73).  Prolactin, an endogenous hormone, may enhance breast 

cancer risk by increasing cell proliferation and survival as well as promoting cell 

motility (74). 

ER and PR expression in mammary tumors are predictive for their 

positive response to hormone therapy; they also can predict sensitivity or 

resistance to specific treatments.  For example, ER(+) tumors respond well to 

endocrine therapy with a good prognosis (75).  About 75% of primary human 

breast cancers are ER(+) when diagnosed (76), whereas only 7-17% of normal 

human breast epithelial cells are ER(+) (70).  Most proliferating cells in the 

normal breast are ER(-), and estrogen induces proliferation through paracrine 

pathways; however, many proliferating cells in ER(+) breast tumors express ER 

and estrogen directly induces proliferation (70).   

In the normal rat and human mammary gland, as well as in benign breast 

disease, ERb is predominant, but the ratio of ERa to ERb changes during 

carcinogenesis where ERb mRNA expression is downregulated and ERa mRNA 

is upregulated (77, 78).  Also, most breast tumors express lower ERb than 

ERa (78, 79) whereas animals with reduced breast cancer risk have higher 

levels of ERb in the mammary gland (77). 
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About 10-20% of epithelial cells of normal breast tissue express PR. 

However, in benign, premalignant, or malignant breast lesions, more than 70% 

of cells are PR(+) (61).  PR(+) breast cancers are usually smaller, less 

proliferative, more differentiated, and correspond to a more favorable prognosis 

and better response to endocrine therapy (61).  Furthermore, postmenopausal 

women with primary breast cancers that are PR(-) have tumors that are more 

likely to progress to secondary sites (61).  Although the PR-A and PR-B forms of 

PR are expressed in comparable amounts in normal mammary epithelium, in 

tumors, the ratio often favors PR-A (61).  

 

1.2.4. Treatment of breast cancer 

 More than 100 years ago, George Beatson showed that metastatic breast 

cancer could be forced into remission by removal of the ovaries in 1 out of 3 

women (59, 80).  In the mid-20th century, diethylstilbestrol (DES), a synthetic 

estrogen, was used as an effective treatment for breast cancer, especially in 

postmenopausal women where response rates were 20-40% (63, 80).  See 

Figure 8 for the chemical structures of selected ER ligands. 
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Figure 8. Chemical structures of selected ER ligands: E2, DES, raloxifene, 
4-OH-tamoxifen (Adapted from (55)). 
 

 

In the 1970s, the drug tamoxifen became the most widely prescribed 

endocrine treatment for breast cancer: tamoxifen is an antiestrogen, or selective 

estrogen receptor modulator (SERM) (Table 4), that decreases breast cancer 

proliferation rates and increases cell death in vivo for ER(+) cases, and this drug 

has decreased the rate of breast cancer mortality since the mid-1980s (63).  

Tamoxifen exhibits both antiestrogenic effects as well as partial agonist 

properties in the uterus resulting in increased risk of endometrial carcinoma 

which is a major adverse side-effect associated with prolonged treatment with 

tamoxifen (80).  Other side-effects of tamoxifen include increased risk of 

thrombosis, hot flashes, and depression, but because tamoxifen acts as an 

estrogen, it has beneficial effects on bone and lipid levels (80).  
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Table 4. Examples of breast cancer therapies and their mechanisms of 
action (Data modified from (81)). 
 
Breast cancer therapies Mechanism of action Direct result

SERMs block binding of E2 to ER attenuate transcription of 
some E2-sensitive genes

Aromatase inhibitors compete with androgen block synthesis of E2
for aromatase binding 
site on aromatase enzyme

Faslodex (ICI 182,780) bind to ER blocking E2 no ER dimer formed: 
target ER for degradation or 
abrogate transcription of
E2-sensitive genes

 

 

 

Research shows that 50-60% of women with ER(+) tumors responded to 

endocrine therapy, while only 5-10% of ER(-) tumors regressed with this 

treatment (75).  In a study comparing tamoxifen to placebo, tamoxifen increased 

survival in patients with ER(+) tumors, but had little benefit for patients with   

ER(-) breast cancer, while patients who had ER(-), PR(+) tumors benefited from 

tamoxifen treatment more than patients with ER(-), PR(-) tumors (82).  Also, in 

ER(+), PR(+) breast tumors, 70-80% regressed with endocrine therapy (75). 
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Unfortunately, most patients with a tumor that initially regresses after 

treatment with tamoxifen will eventually have a resistant tumor recur (55, 83).  

Loss of ER does not account for tamoxifen resistance because most of these 

tumors have a functional ER (55).   Levels of ERb mRNA are elevated in 

tamoxifen resistant tumors (83).  Resistance to tamoxifen could be explained by 

numerous potential mechanisms including increased local metabolism of 

tamoxifen to less potent or unstable metabolites, mutations in the ER, 

modulation of coregulator expression and recruitment, or interactions with other 

signaling pathways.  The precise mechanisms of tamoxifen resistance are 

unknown and require further investigation (55, 83, 84). 

2-(p-[(Z)-4-chloro-1,2-diphenyl-1-butenyl]-phenoxy)-N,N-

dimethylethylamine citrate (toremifene), 3-OH-tamoxifen (droloxifene), and 

methanone, [6-hydroxy-2-(4-hydroxyphenyl)benzo[b]thien-3-yl]-[4-[2-(1-

piperidinyl) ethoxy] phenyl]-, hydrochloride (raloxifene) represent a new 

generation of antiestrogens that have been developed to circumvent the adverse 

side effects of tamoxifen while retaining the benefits (80, 85, 86).  The pure 

antiestrogen ICI 182,780 (Faslodex) (Table 4) does not exhibit estrogenic 

activity and can be used in cases when tamoxifen has failed (80, 81).  Other  
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drugs that inhibit estrogen synthesis, such as specific aromatase inhibitors 

anastrozole and letrozole, have recently been shown to be more effective than 

tamoxifen in treating breast cancer (Table 4) (75, 87, 88).  For example, 

anastrozole and letrozole, as well as exemestane, a steroidal aromatase 

inactivator, are strong and highly specific inhibitors of the cytochrome P450 

enzyme, aromatase, resulting in efficient blockage of the conversion of 

androgens to estrogens in breast tissue (86).  These aromatase inhibitors offer a 

promising new therapeutic strategy for treatment of ER(+) breast cancer. 

Although endocrine therapy/antiestrogen treatment is well developed and 

successful for treating ER(+) breast tumors, endocrine therapy is not effective 

for treating ER(-) breast cancer.  Patients with ER(-) breast tumors are primarily 

treated with cytotoxic drugs and the overall prognosis is poor.  New mechanism-

based drugs, such as Herceptin for EGFR (74), may provide alternate strategies 

for future therapeutic treatment of human breast cancers.
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1.3. Pancreatic cancer 

1.3.1. Statistics/ genetics/ risk factors  

Approximately 202,000 new cases of pancreatic cancer occur worldwide 

every year and pancreatic cancer is the 4th most common cause of cancer 

deaths in the US (2, 89, 90).  In the US, there are nearly 30,000 newly 

diagnosed cases of pancreatic cancer every year and almost the same number 

of fatalities (2, 91, 92).  Pancreatic cancer is one of the most lethal human 

cancers (91) with a very low survival rate; about 99% of these cases will develop 

metastases and death (91, 93), and this cancer is the most lethal of the GI 

malignancies (2).  The overall one-year survival rate after diagnosis is less than 

20%, and after 5 years, only 1-3% (90, 93, 94). 

The incidence rate of pancreatic cancer has either remained constant or 

decreased slightly in the past 25 years in the US, while a rise in frequency has 

been seen in Japan and almost all European countries (93).  Although no 

specific industrial cause has been found, pancreatic cancer is still more common 

in Western industrialized countries than in less developed nations (93).  

Furthermore, pancreatic cancer incidence rates for Japanese emigrants to the 

US are higher than those in Japan and are even higher than among white 

Americans (93). 

There are a variety of risk factors associated with pancreatic cancer 

including genetics and medical history (2).  Of patients with primary cancer of 

the breast, colon, lung, kidney, and skin, 3-12% exhibit metastasis in the 
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pancreas (95).  Family history of pancreatic cancer, hereditary syndromes, such 

as pancreatitis, non-polyposis colorectal cancer, and familial breast cancer, as 

well as other genetic syndromes (i.e., Peutz-Jeghers syndrome (PJ), multiple 

colonic adenomas in familial adenomatous polyposis (FAP), and familial atypical 

multiple-mole melanoma (FAMMM)) are associated with an increased risk of 

pancreatic cancer (2, 91, 93, 96-99).  An estimated 10% of patients with 

pancreatic cancer have one or more first or second-degree relatives with 

pancreatic cancer (2).  There is an 18-fold increased risk of pancreatic cancer in 

families with at least 2 first-degree relatives with pancreatic cancer (100).  See 

Table 5 for examples of genetic disorders and their associated risk of pancreatic 

cancer. 

 
 
 
Table 5. Genetic disorders and germline genetic alterations associated 
with familial pancreatic cancer (Data modified from (100)). 
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The role of diabetes in pancreatic cancer has been examined since 

diabetes mellitus frequently accompanies pancreatic cancer (93).  Up to 80% of 

pancreatic cancer patients are also diabetic or have impaired glucose tolerance 

at the time of diagnosis (2).  Recent research indicates diabetes is an indicator 

of pancreatic dysfunction and may be an underlying cause of pancreatic cancer 

in long term diabetics (93).  However, results from one study indicate that 

diabetes may play a role in non-familial pancreatic cancer but is less prevalent in 

cases of familial pancreatic cancer (93). 

Other risk factors for pancreatic cancer such as age and cigarette 

smoking are consistently reported (91).  Advanced age is a major risk factor for 

pancreatic cancer (onset of the disease within the seventh and eighth decades 

of life) (2, 101).   Eighty percent of diagnosed cases of pancreatic cancer are in 

people between the ages of 60 and 80; people under age 25 rarely have this 

disease, and it is relatively uncommon in those under age 45 (93).  Cigarette 

smoking is the most reproducible and significant environmental factor associated 

with a 1.5 to 5.5-fold increase in pancreatic cancer risk (2).  Often, interactions 

between two or more of these risk factors result in an even higher risk: studies 

have shown persons with pancreatitis who also smoke are 50 to 154 times more 

likely to have pancreatic cancer and the occurrence of this disease is 

approximately 20 years sooner than for individuals who do not smoke (2). 

There is also evidence that genetic variability in DNA repair and 

carcinogen metabolism genes affects susceptibility to carcinogen exposure and 
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risk for pancreatic cancer (91).  Studies involving polymorphisms in genes 

involved in metabolism and detoxification of carcinogens and DNA repair show 

an increase in risk of pancreatic cancer for smokers (91).  For example, 

significant association between cigarette smoking and the GSTT1 null genotype 

is reported in pancreatic cancer (102).   

Pancreatic cancer is more common in males than in females, is slightly 

more common in Jewish people, and mortality is highest in blacks (91, 93).  

Single rather than married individuals have a greater risk of developing 

pancreatic cancer, regardless of age or sex, although no definitive explanation 

has been found (93).  Also, as in breast cancer, environmental/ lifestyle factors, 

including diet, obesity, and physical activity and occupational exposures, are all 

associated with an increased risk of developing pancreatic cancer (91).   

Positive associations have been noted between pancreatic cancer and dietary 

intake of fat and oil, meat, and dairy products, as well as high intake of fried 

foods, carbohydrates, cholesterol, and salt (93).  Consumption of fresh fruits, 

vegetables, fiber, natural foods, and vitamin C is associated with a decreased 

risk of pancreatic cancer (93).   

 

1.3.2. Disease model involving stepwise gene mutations 

Pancreatic cancer is a multistage process resulting from the accumulation 

of genetic changes in the DNA of normal cells which lead to disturbance of cell 

cycle regulation and continuous growth (103).  In fact, most pancreatic cancers 
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have accumulated multiple mutations and abnormalities such as overexpression 

of receptor-ligand systems, oncogene activation, loss of tumor suppressor 

genes, and dysfunctional genomic maintenance genes (103, 104).  These 

multiple genetic changes and the functional consequences of these changes 

result in aggressive growth and rapid early spread of pancreatic cancer (92, 

105).  At a very early stage of development, 85 to 90% of pancreatic cancers 

have an activating point mutation at codon 12 in the K-ras oncogene (Figure 9) 

(91, 106, 107).   

 
 
 

 
Figure 9. Genetic profile of pancreatic intraepithelial neoplasia (PanIN) 
progression model. 
 

 

Frequent genetic alterations in pancreatic tumors include mutations in K-

RAS (oncogene), CDKN2A (Ink4A & ARF), TP53, and DPC4/SMAD4/MADH4 

(tumor suppressors), followed by less frequent/rare mutations in BRCA2 (tumor 
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suppressor), AKT2, and LKB1/STK11 (mismatch repair genes and serine-

threonine kinases) (103, 108).  The tumor suppressor gene most often 

inactivated in pancreatic cancers is p16 (inactivated in 90-95%) (91, 107).  TP53 

is the second most frequently inactivated tumor suppressor gene (inactivated in 

50-75%), followed by others such as DPC4/SMAD4/MADH4 gene (inactivated in 

55%), and BRCA2 (inactivated in about 7%) (Table 6) (91, 103, 107).  

 
 
 

Table 6. Genetic alterations in pancreatic cancer (Data modified from (103, 
107, 108)). 
 

Gene Frequency (%) Alteration Appearance
Oncogenes

K-ras 90-95 activation mutation early
AKT2 ~15 amplification
CDKN2A(Ink4A & ARF) 95 mutation, silencing middle

Tumor-suppressor genes
p16 95 inactivation mutation middle
p53 50-75 inactivation mutation late
DCP4/SMAD4/MADH4 55 inactivation mutation late
BRCA2 7 inactivation mutation late
LKB1/STK11 5 inactivation mutation
MKK4 4 inactivation mutation
ALK4 ~2 inactivation

Genome maintenance genes
MSH2 4 mutation
MLH1 ~3 silencing

Receptors/signaling genes
TGFBRs ~3 underexpression
ErbB2/Her2/neu 82 overexpression early  
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Recent research indicates that pancreatic cancer involves mutation and 

activation of oncogenes and inactivation of tumor suppressor genes as well as 

abnormalities in growth factors and their receptors affecting downstream signal 

transduction pathways that control growth and differentiation (91).  Pancreatic 

cancers overexpress several growth factors and receptors such as VEGF, FGF, 

EGFs, as well as many cytokines including TGFb, IL-1, IL-6, IL-8, and TNFa (91, 

109-111).  Upregulation of growth-promoting factors and decreased expression 

of growth-inhibitory factors results in decreased apoptosis and cells which 

exhibit upregulation of growth signals, angiogenesis, and metastasis (91). 

 

1.3.3. Treatment of pancreatic cancer 

Life expectancy for patients diagnosed with pancreatic cancer is usually 

in months.  This poor prognosis for pancreatic cancer patients is due to three 

main factors: namely metastasis of the tumor to distant sites, increased 

morbidity as the disease progresses, and resistance to most forms of cancer 

chemotherapy (91).  However, another complicating factor in treatment of 

pancreatic cancer is that reliable diagnosis of this disease is not possible based 

on signs or symptoms alone (2).  Many early symptoms are general complaints 

and are often confused with other illnesses, e.g., stomach pain, nausea, loss of 

appetite, insomnia, and overall poor health (2).  Therefore, most patients already 

have metastases when diagnosed due to the fact that early stages of pancreatic 

cancer are not readily detected or diagnosed (112). 
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Less than 20% of patients present early enough for curative surgical 

resection (2).  Prognostic factors for pancreatic cancer patients include surgical 

margin status, nodal status, and tumor size (91).  If angiogenesis, metastasis, or 

node involvement has occurred, patients usually have less than 1-year survival 

rate, and surgery alone provides no better prognosis (2).  Therefore, approaches 

such as surgery, radiation, chemotherapy, or combinations of these treatments, 

have had only a minor impact on the course of this disease (91).  Adjuvant 

fluorouracil-based chemoradiation is frequently recommended for resectable 

pancreatic cancer in the US (91).  The overall 5-year survival rate is around 20% 

after surgery (113), but in this subset of patients, survival can be increased to 

55% with an interferon-based adjuvant chemoradiation regimen (2, 114).  

Unfortunately, by the time of diagnosis, more than 80% of patients have 

tumors that are unresectable (2).  Few options exist for patients who present 

with locally advanced or metastatic pancreatic cancer.  However, recently, 

locally advanced, unresectable pancreatic cancers that do not show signs of 

distant metastasis are typically treated with fluorouracil-based chemoradiation 

(100).  Combining external-beam radiation with 5-fluorouracil (5-FU) doubles the 

survival time from about 23 weeks to 42-44 weeks compared to radiation alone 

(Figure 10) (91, 113, 115).   
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Figure 10. Schematic illustration contrasting preoperative and 
postoperative chemoradiation (115). 
 

 

To date no single-agent chemotherapy provides a substantial 

improvement in survival for patients with unresectable tumors; however, 

gemcitabine is currently the most promising chemotherapeutic agent for treating 

metastatic pancreatic cancer.  Although it only modestly improves survival, it is 

highly effective for improving the patient’s quality of life (2).  Patients treated with 

gemcitabine had a median survival time of 5.6 months, which is slightly longer 

than the 4.4 months for those patients treated with fluorouracil (91, 113).  More 

significantly, symptoms such as pain and weight were improved with 

gemcitabine vs fluorouracil (91).  Currently, gemcitabine is standard treatment 
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for patients with metastatic pancreatic cancer and is associated with a 1-year 

survival advantage of 18% vs 2% for fluorouracil (91).   

Preliminary data on the use of gemcitabine combined with radiation 

therapy look promising, and novel therapies such as tyrosine kinase inhibitors, 

antiangiogenic agents, farnesyl transferase inhibitors, and gene therapy are 

being developed (115-117).  New approaches in pancreatic cancer treatment 

are to target components of the tumor microenvironment and signaling pathways 

to specifically inhibit tumor growth and metastasis or to increase antitumor 

immunity to antigenic targets (100).  For example, targets in the tumor 

microenvironment include matrix metalloproteinases (MMP), which are 

overexpressed and facilitate early pancreatic tumor invasion and metastasis, 

and pancreatic cancer associated genes that are linked to angiogenesis, such 

as VEGF or K-ras (100).  Furthermore, identification of signaling pathways that 

are specifically upregulated in pancreatic cancer, such as the K-ras signaling 

pathway, could provide even more potential targets for pancreatic cancer 

therapy (100).  Clinical testing on vaccine and antibody therapies that target 

tumor antigens associated with pancreatic cancer produce minimal toxicity but 

minimal improvements in clinical response; yet synergistic activity between 

immune-based therapy and other cancer treatment strategies (surgery, 

radiation, and chemotherapy) has been noted (118).   
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1.4. Gene transcription 

1.4.1. Importance in cancer 

 Since cancer is a genetic disease that involves multiple steps in the 

process of tumorigenesis including alteration in activities of regulatory genes, 

cell cycle, and germline mutations, determining selected transcriptional 

mechanisms may facilitate understanding of cancer development and 

development of new and more effective treatment strategies.  For example, 

BRCA1 is involved in various transcriptional activation or repression processes, 

apoptosis, maintenance of genome stability, and interaction with complexes for 

DNA recognition and repair.  It is known that BRCA1 mutations are associated 

with breast and ovarian cancer and that many cancer therapies are based to 

some extent on inhibiting transcription of this and other specific genes (119).  

 

1.4.2. Gene promoters/ basal transcription machinery/ activation of transcription 

 The basic structure of eukaryotic promoters is divided into core elements 

and regulatory elements, and only minimal transcriptional activity is evident in 

the core promoter region.  In fact, DNA regions, at sites distant from the core 

promoter, regulate activity and provide binding sites for regulatory transcription 

factors (TFs) (120).  The core promoter includes the site for assembly of the 

preinitiation complex (PIC) and a TATA sequence, located upstream of the 

transcription start site.  The TATA sequence is the binding site for TATA binding 

protein (TBP).  TBP is a transcription factor required for initiation of transcription 
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by RNA polymerase II (RNAP II) and is required for expression of most, if not all, 

genes in vivo.  Some promoters have an initiator sequence (Inr), alone or along 

with a TATA element, which encompasses the start site (120, 121). Downstream 

promoter elements (DREs) often function in conjunction with the Inr in TATA-

less promoters (121).   

The regulatory elements are located upstream of the core promoter and 

are gene specific sequences that control the rate of transcription initiation.  

Regulatory elements include upstream activation sequences (UAS) and 

upstream repression sequences (URS), where transcriptional enhancers and 

repressors bind.  Regulatory DNA elements do not effect transcription by 

themselves, but serve as binding sites for a diverse group of DNA-binding 

proteins, TFs.  Numerous transcription factors binding together at the same time 

are believed to effect transcription (120).   

 General transcription factors (GTFs), including TBP, TFIIB, TFIIE, TFIIF, 

and TFIIH, are required for basal-level transcription initiation by RNAPII which 

requires the assembly of the GTFs at the promoter to form a PIC (Figure 11) 

(122).  At most promoters, TFIID binds to the TATA box.  TFIID is a multi-subunit 

factor composed of TBP and TBP-associated factors (TAFs).  TFIIA and TFIIB 

then join the complex providing a platform for recruitment of RNAPII and TFIIF.  

TFIIE and TFIIH join to complete the PIC (121, 122).   
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Figure 11.  Idealized model for transcription initiation from core promoters 
containing TATA or Inr elements (123). 
 

 

This large multisubunit enzyme, RNAPII, is responsible for transcribing 

nuclear genes encoding messenger RNAs and several other small nuclear 

RNAs but does not identify the promoter and begin transcription by itself (124).  

Instead, RNAPII relies on GTFs, transcriptional activators, and coactivators to 

regulate transcription.  Activators increase the rate and extent of PIC formation.  

Activation domains can interact with several target factors within the TFIID 

complex including TBP and TAFs (122).  These transcriptional activator proteins 
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act synergistically, thus, directing a greater level of transcription than would be 

expected from observing the activity of an individual activator (122). 

Coactivators are required for activation of transcription but are not part of 

the basal transcription machinery (Figure 12) (122).  Coactivators of the nuclear 

receptor (NR) superfamily (I) bind to target transcription factors in a ligand-

dependent manner, (II) many are capable of directly interacting with the basal 

transcription machinery, and (III) some exhibit enzymatic function intrinsically 

linked to gene regulation, such as histone acetyl-transferase (HAT) or 

deacetylase (HDAC) activities (125).  They often have transferable 

transactivation or repression domains, and thus, can function by remodeling 

chromatin structure and/or act as bridging molecules between nuclear receptors 

and the basal transcription machinery (125).  Basal transcription can be 

performed on the DNA template by the PIC.  In living cells, DNA is assembled 

into chromatin, impeding assembly of the PIC requiring chromatin to be modified 

before PIC can nucleate at the promoter (122). 
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Figure 12. Coregulators of transcription (125). 

 
 

  Proteins are essentially the functional end products of information stored 

in DNA.  Protein encoding genes are transcribed from DNA to RNA by RNAP; 

primary RNA-transcripts are processed into mRNA which is transported out of 

the nucleus into the cytoplasm where it is translated into a protein product.   

There are three primary domains required for site-specific transcription: a DNA-

binding domain, a nuclear localization signal, and a transcriptional regulatory 

domain (126).  Mechanisms of diseases such as cancer that exhibit deviant 

growth and differentiation patterns are most likely a result of these proteins 

affecting morphogenesis (126).   
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1.4.3. Transcription factors - Sp family 

There are several families of TFs which share the ability to bind specific 

sequences on DNA promoters or enhancers through the presence of a DNA 

binding domain (DBD) and have in common the presence of a transactivation 

domain involved in modulation of the transcriptional activity of the target 

promoter (120).  TFs interact directly with subunits of the transcription 

machinery, and this causes a conformational change, increases transcriptional 

initiation, and enhances recruitment of basal transcription factors to the 

promoter.  TFs can interact with different targets; therefore, simultaneous action 

of TFs can increase transcription synergistically (120).   

Specificity protein 1 (Sp1) is a general transcription factor that binds to 

GC-rich regions of many different gene promoters and activates transcription of 

these target genes.  Sp1 interacts with nuclear proteins including the basal 

transcription machinery (TBP and TAFs) as well as cell cycle regulating proteins, 

such as retinoblastoma-related protein p107, and transcription factors, such as 

YY1 and E2F (127).  Sp1 is implicated in the activation of a large number of 

genes involved in housekeeping, tissue-specific and cell cycle-regulated genes, 

and is required to prevent methylation of CpG islands (127).   

Sp1 is a member of the Sp family of proteins, including Sp2, Sp3, and 

Sp4, which all share similar domain structures, including the characteristic three 

zinc fingers on the C-terminal region that interact with DNA, activation domains, 
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and other common structural motifs (128).  Sp2 is the least well-studied protein 

in the family and is known to bind to GT-rich promoter elements in vitro (127).   

Reports on the transcriptional properties of Sp3 are contradictory.  Sp3 

acts as a transcriptional activator like Sp1 or remains as an inactive or very 

weak activator depending upon the gene promoter and cell context (127).  In 

some cases Sp3 competes for the same binding site as Sp1 and can decrease 

Sp1-mediated activation, and in others, Sp1 and Sp3 cooperatively activate 

expression of some genes.  Currently, it is not understood what experimental 

conditions are needed for Sp3 to act as a strong activator versus a 

transcriptionally inactive protein that represses Sp1-mediated activation.  It is 

possible that the arrangement of the GC-rich promoter sites may determine the 

activity of Sp3.  Promoters containing one GC-rich site are activated, whereas 

Sp3-dependent repression is often observed with promoters containing multiple 

binding sites, and this also is modulated by cell context (127).  Unlike the 

ubiquitously expressed Sp1 and Sp3 proteins, Sp4 expression is restricted 

mainly to the brain and central nervous system.  Furthermore, Sp4 exhibits 

specific functional properties distinct from Sp1 and Sp3 (127).    

 

1.4.4. Nuclear hormone receptors - ER 

The NR superfamily includes receptors for thyroid and steroid hormones, 

retinoids and vitamin D, as well as different “orphan” receptors.  NRs act as 

ligand-inducible transcription factors by directly interacting with DNA response 
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elements of target genes and by crosstalk to other signaling pathways (129).  

NRs are primarily classified by the type of hormone to which they bind.  NRs 

possess a highly conserved DNA binding region which separates the variable 

amino (N-) terminal from the conserved carboxy (C-) terminal region (Figure 13) 

(130).   

 
 
 

 

Figure 13. Nuclear receptor domains (129). 
 

 

NRs regulate transcription of target genes by binding to specific 

sequences of DNA known as hormone response elements (HREs) located in 

regulatory regions of gene promoters.  Two six base pair consensus sequences 

have been identified as the core motifs in HREs recognized by nuclear 

receptors: AGAACA is preferentially recognized by steroid class III receptors, 

and AGG/TTCA is recognized by the remainder of receptors in the superfamily 

(129).  These are idealized consensus sequences, and naturally occurring HREs 

can vary significantly from the consensus.  Most receptors bind as homo- or 
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heterodimers to two core HREs except in the case of steroid hormone receptors 

which predominantly bind as homodimers (129).   

Estrogens increase proliferation of target cells by transcriptional 

mechanisms involving the ER (131), and recent studies on the transcriptional 

regulation of target genes by the ER have identified the regulatory factors and 

molecular mechanisms of action.  Also of interest are the activity of various ER 

ligands, the identification of new ER subtypes, and the types of gene families 

regulated by estrogens during hormonally-induced increases in proliferation.  

The ER contains several domains that are involved in transcriptional regulation, 

and activation of these domains are dependent in part on ligand structure (131).   

ERa is a modular protein with 3 major functional domains: two activation 

function domains (AF-1 and AF-2) and a DNA binding domain (DBD) (132).    

AF-1 exhibits some transcriptional activity in certain cell contexts, and in most 

cells, AF-1 cooperatively interacts with ligand-activated AF-2 (133).  The AF-1 

domain interacts with components of basal transcription machinery and several 

different cofactors and is required for ligand-independent activation of ERa 

through several different kinase-signaling cascades.  The DBD is responsible for 

protein-DNA contacts with EREs on DNA and is important for dimerization and 

nuclear localization (132).  The AF-2 domain functions in receptor dimerization, 

ligand binding, nuclear localization, transcription activation, heat shock protein 

binding, and coactivator/ corepressor binding (132, 134).  
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1.4.5. Mechanisms of ER-activated gene transcription 

The ER is a member of the nuclear receptor superfamily and is a ligand-

induced nuclear transcription factor (129).  Overexpression of ERa can affect 

the rate of progression of several cancers, and ER interacts with a large number 

of other proteins to regulate transcription (131).  Nuclear factors such as 

coactivators and corepressors play important roles in ER mediated 

transcriptional events, and these factors can alter the magnitude of cellular 

responses to estrogens and other steroids.  For example, in breast 

tumorigenesis, ER coactivator expression is modified, and estrogen-dependent 

signaling may be modulated by relative expression of different cofactors that 

upregulate ER expression (70). 

Ligand bound ER activates transcription through several different 

mechanisms.  In the classical mechanism (Figure 14), E2 passively diffuses into 

the cell where it binds nuclear ER.  Ligand binding promotes a conformational 

change that dissociates heat shock proteins, and this facilitates formation of an 

ER homodimer (134, 135).  Estrogen-bound NRs bind to specific DNA 

sequences such as the estrogen-responsive element (ERE) at the promoter 

regions of target genes, and this results in activation of target gene expression 

(56).  Recruitment of coactivators, which perform a variety of functions including 

histone acetylation, mediate interactions of ER with the basal transcription 

machinery and are also required for gene transcription.   
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Figure 14. Classical mechanism of ER mediated transactivation (Adapted 
from (120)). 
 
 
 

Estrogens and antiestrogens also regulate expression of target genes 

that do not contain HREs, and this can occur through protein-protein interactions 

(131).  Surprisingly, very few E2-responsive genes have been identified that are 

strictly regulated by the classical mechanism described above.  An alternative 

DNA independent mechanism for ER involves interaction with other transcription 

factors, such as Jun/FOS, which bind DNA at activator protein 1 (AP-1) sites 

(Figure 15) (136).  The human collagenase gene promoter is regulated through 

ER-mediated induction at AP-1 sites (136, 137). 
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Figure 15.  ER/AP1: DNA independent mechanism (Adapted from (136)). 
 
 

 

Furthermore, several genes studied in this laboratory, including cathepsin 

D (138), Hsp 27 (139), and TGFa (140), and genes identified in other labs, such 

as C-myc (141), induce transactivation through nonclassical pathways involving 

interactions between ERa and Sp1.  This mechanism involves Sp1 binding to 

GC-rich elements, and ERa binds an ERE-halfsite and Sp1 in association with 

other factors (Figure 16).   
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Figure 16. ER/Sp1: DNA dependent mechanism (Adapted from (138, 140)). 
 
 
 
 

In contrast, a second ERa/Sp1 mechanism requires only ERa-Sp1 

(protein-protein) interactions at GC-rich sites, and ERa does not directly bind 

promoter DNA (Figure 17).  Sp1 plays an important role in the transcription of 

many different genes including various genes involved in the cell cycle, purine/ 

pyrimidine biosynthesis, and angiogenesis.  The ERa/Sp1 mechanism has been 

extensively investigated in our laboratory, and E2-responsive genes that are 

regulated via ER/Sp1 in breast cancer cell lines include cathepsin D (142), c-fos 

(143), retinoic acid receptor a1 (RARa1) (144), insulin-like growth factor binding 

protein 4 (IGFBP-4) (145), adenosine deaminase (ADA) (146), bcl-2 (147), E2F1 

(148), cad (149), cyclin D1 (150), rat creatine kinase B (CKB) (151), and 

deoxyribonucleic acid polymerase a (DNAPa) (152).  
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Figure 17. ER/Sp1: DNA independent mechanism (Adapted from (153)). 
 
 
 
 

Although interaction of ER/Sp1 with GC-rich elements is required for 

hormonal activation of these genes, there are important differences in their gene 

promoters as well as in their regulation in different cell lines.  ERa/Sp1 mediated 

gene expression through GC-rich promoters is observed in MCF-7, ZR-75, and 

Hec1A cells but not LnCaP cells, and ERb/Sp1 is not activated by hormones 

(153, 154).  The fact that only some genes containing GC-rich promoter 

elements are activated by ER/Sp1 and that only some GC-rich sites within the 

same promoter are E2-responsive, suggest that the promoter sequences and 

positioning of chromatin and nucleosomes also influence ERa/Sp1-mediated 

transactivation (155).   

The VEGF gene promoter contains multiple GC-rich elements.  In Hec1A 

human endometrial cancer cells treated with E2, VEGF mRNA expression was 

decreased, and deletion analysis of the VEGF gene promoter identified a 

specific GC-rich region of the promoter that was sufficient for decreased 
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transactivation by E2.  Further characterization of this region revealed a novel 

mechanism whereby ERa-Sp3 interactions mediated inhibition of VEGF gene 

expression (156).  In ZR-75 breast cancer cells, E2 induced VEGF expression 

through a GC-rich region in the promoter that interacts with both ER/Sp1 and 

ER/Sp3 and is required for transactivation (157).  Investigation of various 

pancreatic cancer cell lines revealed the importance of Sp1, Sp3, and Sp4 in 

regulating basal expression of VEGF (158).  These reports demonstrate the 

complexity of hormonal regulation of VEGF and the strong influence of cell 

context which may be related to differential expression of coregulatory factors.   

The VEGFR2 and VEGF promoters are similar and both contain some of the 

same motifs including GC-rich sequences that bind Sp1 protein (Figure 18).  

Preliminary data shows that the VEGF and VEGFR2 promoters both respond to 

E2 and other treatments in transient transfection studies in various cell lines. 

 

 

 
Figure 18. Schematic of the VEGF and VEGFR2 gene promoters (Adapted 
from (157)). 
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1.5. VEGF and VEGFRs 

1.5.1. Angiogenesis 

Angiogenesis, the process by which capillaries sprout from preexisting 

blood vessels, is a complex phenomenon requiring numerous biological steps 

including degradation of the endothelial cells underlying basement membranes 

and the interstitial matrix.  Injury to the vessel walls or disruption of basement 

membranes that surround the capillaries activates endothelial cells.  These cells 

subsequently secrete extracellular matrix proteases permitting them to migrate 

into the stromal space and to attach to other matrix molecules.  Proliferation and 

differentiation of endothelial cells yield a sufficient mass of cells to allow 

organization into new tubular structures, and with secretion and remodeling of a 

new basement membranes, mature capillaries are formed as part of the 

angiogenic process (56, 159). 

Physiological roles of angiogenesis include development of the embryonic 

cardiovascular system, wound healing/tissue repair, and the menstrual cycle in 

the adult.  Pathological roles for angiogenesis are seen in tumor progression and 

in a variety of disorders including the perpetuation of chronic inflammatory 

diseases such as rheumatoid arthritis and psoriasis (56, 160).  Mutated cells can 

develop into benign tumors when their proliferation is uncontrolled, and in a 

population of somatic cells, an individual mutant cell prospers while destroying 

neighboring cells, leading to development of cancer.  However, uncontrolled cell 

division is not the only characteristic necessary for tumor growth.  In order for a 
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tumor to continue to proliferate, invade surrounding tissue, and metastasize, 

angiogenesis must occur.  

 

1.5.2. Role of angiogenesis in tumor growth and metastasis 

Angiogenesis is important for neovascularization and growth of many 

different tumors.  Tumor cells also require oxygen and nutrients for growth.  The 

diffusion limit for oxygen is about 100-200 mm from blood vessels.  Solid tumors 

greater than 1-2 mm usually have many new vessels that satisfy the requirement 

for nutrients and oxygen which enable unlimited tumor growth.  Because tumors 

cannot grow beyond a critical size without blood vessels, tumor cells must 

stimulate the development and formation of new blood vessels to carry both 

oxygen and nutrients to support growth.  

In 1972, Judah Folkman recognized the importance of microvasculature 

in the growth of malignant tumors.  The connection between angiogenesis and 

tumor growth was originally theorized when transplanted tumors displayed 

unusual neovascularization (161).  Although an important feature of cancer is 

uncontrolled cell growth and proliferation, it is in latter stages when tumors 

become invasive and metastasize to other organs/ tissues that they become 

malignant (162).  

Angiogenesis is not only crucial for tumor growth but also for tumor 

metastasis.  The expression of angiogenic factors in tumors correlates with 

relapse, metastasis, and poor prognosis in human cancer patients, and thus, 
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angiogenesis is an indication of the metastatic potential of human tumors.  Many 

studies have shown that increased vascular density of a tumor correlates with 

increased metastasis, with the highly vascularized primary tumors having a 

higher incidence of metastases than poorly vascularized tumors; moreover, this 

increase in tumor vasculature correlates with decreased survival (21).  These 

observations are consistent with the role of angiogenesis in providing an efficient 

route for tumor cells to exit the site of the primary tumor into the blood stream 

and metastasize to different sites. 

When a tumor metastasizes, several steps occur.  Surrounding tissues, 

blood, and lymphatic vessels are invaded when tumor cells permeate tissue 

barriers.  There is also interaction of tumor cells with other tumor cells and/or 

with blood cells and stimulation of fibrin deposition resulting in local embolus. 

Another step in the process is the adhesion of tumor cells to endothelial cells. 

Finally, there is extravasation of tumor cells into organs/tissues (163).  Once 

established, these cells proliferate and form their own neovasculature (Figure 

19).   
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Figure 19. Vascular components of tumor metastasis.  The steps of 
metastatic pathways that involve interactions with blood vessels. (a) Small 
primary tumors (<2 mm) remain avascular until they (b) invade the local 
epithelial basement membrane.  If tumor cells produce angiogenic factors 
(c) angiogenesis will occur, allowing expansion of the primary tumor.  (d) 
New blood vessels then provide a route of entry into the bloodstream and 
the tumor cells circulate until they die or (e) attach specifically to 
endothelial cells in the vessels of downstream organs. (f) The tumor cells 
extravasate through the vessel wall and then (g) migrate to sites proximal 
to arterioles where their growth is enhanced.  (h) Micrometastases can 
remain dormant for extended time periods during which angiogenesis is 
suppressed.  (i) Initiation of angiogenesis at the secondary site releases 
the metastatic colonies from dormancy and allows rapid growth (21). 
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1.5.3. Regulation of angiogenesis 

Some triggers for angiogenesis are metabolic stress (low oxygen, pH, or 

hypoglycaemia), mechanical stress from pressure generated by proliferating 

cells, immune/inflammatory responses, and genetic mutations including 

activation of oncogenes or deletion of tumor suppressors that control expression 

of angiogenic regulators (164).  Angiogenesis is tightly regulated in normal and 

malignant tissues by the balance of a large number of proangiogenic and 

antiangiogenic factors that are produced in target tissues and at distant sites 

(22, 163).  Deregulation of cellular and molecular mechanisms, such as 

angiogenesis, motility, and invasiveness, lead to malignancy.  Tumor 

vasculature is disorganized, uneven, and chaotic compared to normal vessels, 

which is thought to be a result of an imbalance of angiogenic regulators (Figure 

20) (164).   

 
 
 

 

Figure 20. The balance hypothesis for the angiogenic switch  (Adapted 
from (23)). 
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1.5.4. Physiological and pathological roles of VEGF 

A large number of proangiogenic factors and receptors have been 

identified, including VEGF.  VEGF, also known as vascular permeability factor, is 

a prominent angiogenic factor and is a highly specific mitogen for vascular 

endothelial cells (165, 166).  VEGF is the most potent direct-acting angiogenic 

protein and induces angiogenic responses in a variety of in vitro and in vivo 

models (22).  

VEGF expression in normal cells is restricted to proliferating endothelial 

cells and stimulates a cascade of responses required for growth and 

angiogenesis including increased vascular leakage and protection of endothelial 

cells from cytotoxic drugs and other injuries (163, 167).  VEGF acts as a survival 

factor for endothelial cells (ECs) and prevents apoptosis induced by serum 

starvation in vitro (161).  Several studies have also reported the mitogenic 

effects of VEGF on certain non-EC types (161).  

VEGF plays a role in wound healing, cancer, rheumatoid arthritis, ocular 

and neovascular disorders, and cardiovascular disease (168).  Heterozygous 

mutations or deletion of one allele of the VEGF gene in mice is embryolethal due 

to impaired blood vessel formation (156, 169).  Neovascularization requires a 

coordination of complex processes in the activation of a number of receptors by 

various ligands; however, VEGF signaling is a key rate-limiting enzyme in 

angiogenesis (161).  
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VEGF is a diffusible glycoprotein that stimulates mitosis and migration of 

endothelial cells and increases vascular permeability which plays a significant 

role in inflammation as well as in other pathologies such as increasing 

metastatic potential of tumor cells (22, 161, 167).  VEGF and its receptors are 

important in angiogenic pathways associated with tumor growth in many solid 

tumors including breast cancer, colon cancer, hepatoma, bladder cancer, gastric 

cancer, and prostate cancer (22, 161).  VEGF not only stimulates angiogenesis 

in vitro and in vivo but also plays a major role in proliferation and maintenance of 

vascular endothelial cells and in development of new blood vessels in tumors 

(170). 

 

1.5.5. VEGF isoforms and receptors 

The VEGF family of proteins includes six members: VEGF-A, B, C, D, 

and E, as well as placental growth factor (PlGF) (165, 171).  VEGFs interact with 

three receptors which activate downstream signaling required for vascular and 

embryonic development.  VEGF receptors VEGFR1/flt-1, VEGFR2/flk-1/KDR, 

and VEGFR3/flt-4 are cell surface receptor tyrosine kinases which have a single 

transmembrane segment and are activated by ligand binding (172).  Activation 

of VEGFRs by VEGF results in receptor dimerization and autophosphorylation of 

cytoplasmic tyrosine residues resulting in either enhanced catalytic activity or 

enhanced interactions with other intracellular signaling proteins (22).  VEGFRs 

activate signaling pathways that are involved in cell proliferation, differentiation, 
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migration, and metabolism.  VEGF-A is the most important form of VEGF and 

interacts with both VEGFR1 and VEGFR2, although functionally, VEGFR2 is the 

most predominant receptor for VEGF (167).  VEGF-A has five known mRNA 

isoforms generated by alternative splicing of a single gene containing eight 

exons (Figure 21) (165, 171, 173, 174).  

 
 
 

 
 
Figure 21. VEGF and VEGFRs. 
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1.5.6. Function and expression of VEGFR  

Both VEGFR1 and VEGFR2 play a role in embryonic development as 

well as pathological angiogenesis.  Disruption of either VEGFR gene leads to 

embryonic lethality in mice (174).  However, embryonic lethality in homozygous 

VEGFR2 null mice resulted from the absence of endothelial cells, whereas 

deletion of VEGFR1 led to embryonic lethality due to endothelial cell overgrowth 

and disorganized blood vessels (175, 176).   

VEGFR1 and VEGFR2 differ considerably in their signaling properties.  

VEGFR2 positively regulates angiogenesis while VEGFR1 appears to negatively 

regulate this response (175).  VEGF does not induce autophosphorylation of or 

kinase activation of VEGFR1 in vivo and in vitro, nor does it stimulate EC 

migration or angiogenesis in vitro (175).  There are many conflicting reports 

about the role of VEGFR1 as a positive or negative regulator of angiogenesis 

primarily due to the fact that its functions and signaling properties are different 

depending on the developmental stage and cell type (160). 

VEGFR2 plays a role in endothelial cell differentiation and vasculogenesis 

and in tumor vascularization, growth, and metastasis (22).  Angiogenesis is 

primarily initiated by VEGFR2 yet VEGFR1 may inhibit angiogenesis in some 

tumors (163).  VEGFR1 has a higher affinity for VEGF than VEGFR2, and 

formation of a VEGF-VEGFR1 complex may decrease activation of VEGFR2 

(177). 



 68 

VEGFR2 is expressed in all vessel-derived endothelial cells, is 

upregulated when tumors shift to an angiogenic phenotype, and is coexpressed 

with VEGF in primary breast cancers (167).  VEGF, VEGFR1, and VEGFR2 are 

colocalized by immunohistochemistry in many cancer cells within the tumor 

mass (178).  VEGF, VEGFR1, and VEGFR2 mRNA levels are elevated in 

pancreatic cancer tissues compared to the normal pancreas (178).  VEGFR1 

and VEGFR2 are mainly expressed in endothelial cells (Figure 22), and mRNAs 

for both receptors are expressed in a variety of breast cancer cell lines, including 

T-47D and MCF-7 cells, and VEGFR2 is enhanced in endothelial cells of 

malignant breast tissue compared to neighboring normal breast tissue (179).   

AsPC-1, Capan-1, and MiaPaCa-2 pancreatic cancer cells express VEGFR2 

mRNA and protein (178).  VEGFR3 is also upregulated in tumor angiogenesis 

such as breast carcinomas (174), and VEGFR3 expression is elevated in 

invasive breast cancer as compared to normal breast tissue (180).  
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Figure 22. Schematic of VEGF being secreted by tumor cells and binding 
to its receptors (R1 and R2) on the abluminal surface of tumor endothelial 
cells (171). 
 
 
 
 

 Overexpression of growth factors and downregulation of growth inhibiting 

factors in tumors result in evasion of apoptosis, increased angiogenesis, and 

metastasis (91).  For example, human pancreatic cancers overexpress many 

growth factors and their receptors such as VEGF, FGF, TNFa, TGFb, IL-1, etc 

(91).  VEGF may stimulate angiogenesis through both paracrine and autocrine 

effects on tumor cells (Figure 23).  Transcription and secretion of growth factors 

by tumor and stromal cells upregulates and activates growth factor receptors.   
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Figure 23. Paracrine and autocrine stimulation by angiogenic growth 
factors (22). 

 

 

1.5.7. Regulation of VEGF/VEGFR expression 

In vitro, many tumor cells express VEGF with no apparent external 

stimulation, supporting the idea that loss/ inactivation of tumor suppressor genes 

and activation of oncogenes is associated with this response (91).  The VEGF 

promoter contains binding sites for various transcription factors such as hypoxia 

inducible factor 1 (HIF-1), AP-1/2, and Sp1 (91), and multiple signal transduction 

pathways may be involved in regulation of VEGF transcription.  In human 

pancreatic cancer cells, basal expression of multiple-metastasis-related proteins, 

such as IL-8 and VEGF are regulated by transcription factors such as Sp1 and 

STAT3 (91).  
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Chronic pancreatitis with reduced blood flow, low tissue oxygenation, and 

low pH levels are common to pancreatic cancer (89).  The hypoxic conditions in 

pancreatic tumors may account for the aggressive nature of pancreatic cancer 

and its resistance to chemo and radiation therapies (181).  Hypoxia stabilizes 

and enhances the HIF-1 heterodimeric complex that activates many genes, such 

as VEGF and PDGF, which promote angiogenesis, tumor growth and metastasis 

(89).  The HIF system activates genes encoding angiogenic growth factors, such 

as VEGF, and metabolic enzymes responsible for growth under reduced oxygen 

conditions, thereby facilitating development of new blood vessels and growth in 

hypoxic tumors (89).  HIF-1 increases the rate of gene transcription and 

increases the mRNA stability.  VEGF enables endothelial cell migration by 

activating expression of tissue plasminogen activator, urokinase plasminogen 

activator, collagenases and matrix metalloproteases, which contribute to 

degradation of the extracellular matrix (172).  

HIF-1a and VEGF are overexpressed in patients with pancreatic 

carcinoma (92), and VEGF, VEGFR1, and VEGFR2 are upregulated by hypoxia 

in tumor endothelial cells (174).  As observed in ischemic regions of tumors, 

VEGFR1 and VEGFR2 genes are upregulated in lung vasculature in rats 

exposed to hypoxia (182).  This upregulation of VEGFR2 is interesting because, 

unlike the VEGFR1 gene promoter, the VEGFR2 gene promoter does not 

contain a putative HIF consensus binding sequence.  In vitro, conflicting findings 

have been observed.  Hypoxia induces VEGF and VEGFR1 in endothelial cells, 
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but VEGFR2 mRNA levels are unchanged in vitro.  This suggests the presence 

of additional components involved in the VEGFR2 upregulation observed in 

several in vivo models.  In vivo, VEGFR2 expression is increased in hypoxic 

conditions most likely through upregulation of hypoxia inducible VEGF which in 

turn upregulates VEGFR2.  Alternatively, a so far unidentified paracrine mediator 

released by ischemic tissues might be responsible for VEGFR2 upregulation in 

response to hypoxia.  Discrepancies between in vivo and in vitro findings might 

be partially explained by a soluble factor not present in endothelial cell 

supernatant (182). 

Acidosis (low extracellular pH) also upregulates VEGF expression, most 

likely through activation of the transcription factors nuclear factor kappa B 

(NFkB) and AP-1 (91).  For example, in human pancreatic cancer, constitutively 

activated NFkB and AP-1 are required for basal expression of both IL-8 and 

VEGF (91).  In areas of a tumor where hypoxia and acidosis are not detected, 

VEGF expression may still be elevated due to other activating factors such as 

hormones, growth factors, and cytokines such as TNFa, PDGF, EGF, TGFb1, 

IL-1b (91). 

 

1.5.8. Hormonal regulation of VEGF/VEGFR 

VEGFR2 was detected in ~65% of 141 invasive human breast 

carcinomas, and hypoxia induced expression of VEGF in tumors is enhanced by 

the presence of sex hormones (172, 183).  Estrogen is involved in angiogenesis 



 73 

and promotion of new vessel formation both in vitro and in vivo (56, 159).  The 

molecular mechanisms through which estrogens induce angiogenesis are 

unknown and may involve activation of both genomic and non-genomic 

mechanisms.     

Hormonal regulation of angiogenesis is supported by findings that 

angiogenesis is impaired in aERKO mice, ER antagonists inhibit angiogenesis, 

and that there is a positive correlation between ER expression, angiogenesis, 

and breast tumor invasiveness (57).  In adults under normal conditions, the 

female reproductive tract is virtually the only location where angiogenesis occurs 

(57).  Neovascularization is required in the uterus as part of normal physiology, 

and estrogens plays a role in modulating this process (56, 57).  Throughout the 

normal menstrual cycle, sex hormones, estrogen and progesterone, control the 

recurrent cycle of uterine cell proliferation, vascular growth, and repair of 

damaged tissues (57).  This coordinated, complex cycle of neovascularization 

supports the theory that angiogenic growth factor expression is regulated by 

steroid hormones and influences blood vessel formation (57).   

The proangiogenic effects of estrogen include upregulation of both VEGF 

and its receptors, and these effects extend beyond the tissues involved in 

reproduction and are mediated by VEGF and other factors (159).  Several 

observations show that VEGF may be partially responsible for the angiogenic 

action of estradiol.  First, VEGF expression in uterine and vascular tissues is 

induced by estradiol.  Second, some estrogen-dependent tumors exhibit 
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increased expression of VEGF and its receptors, and finally, increased VEGF 

expression is associated with acceleration of endothelial recovery after estrogen 

treatment for arterial injury (57).   

Estrogen also increases VEGF and VEGFR2 mRNA and protein levels in 

retinal microvascular endothelial cells (184), stimulates VEGF production in rats 

and monkeys (159), and steroid hormones and antiestrogens regulate VEGF 

protein expression in breast cancer cells (185).  Both estrogens and growth 

factors enhance proliferation of human breast cancer cells and regulate 

secretion of VEGF to stimulate tumor-associated angiogenesis (76).  These 

studies indicate that at least one mechanism by which estrogen may stimulate 

angiogenesis is through upregulation of VEGF and VEGFR expression and that 

both VEGF and VEGFR are involved in estrogen-induced carcinogenesis.  

Human vascular endothelial cells (HUVECs) express both full length and 

soluble VEGFR1 (sVEGFR1) whereas normal mammary cells and breast cancer 

cells lines primarily express sVEGFR1.  In ER(+) but not ER(-) breast cancer 

cells treated with estrogen, sVEGFR1 expression is decreased and 

accompanied by increased angiogenesis, and pretreatment with an ER 

antagonist blocks the estrogen-induced responses (177).  In MCF-7 breast 

cancer cells treated with estrogen, sVEGFR1 mRNA levels are greatly 

decreased, and this response is inhibited by the ER antagonist ICI 182,780.  ER-

negative MDA-MB-231 breast cancer cells also express sVEGFR1, and E2 did 

not affect sVEGFR1 levels.  VEGFR1 expression is also not affected by E2 in 
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normal breast epithelial cells (7-17%) due to low levels of ER expression; 

however, in early stage ER-positive breast tumors, estrogen decreases VEGFR1 

and thereby increases the availability of VEGF to activate angiogenesis (177).  

This relationship is consistent with observations that patients with higher 

sVEGFR (and lower availability of VEGF) had a better prognosis than patients 

with low VEGFR1/VEGF ratios (177). 

Angiogenesis is also a prognostic marker in breast cancer (57, 167).  

Cells of large solid tumors release angiogenic factors such as bFGF and VEGF 

(167).  VEGF-A is upregulated when tumor growth exceeds 1-3 mm3 (167), and 

this overexpression in many solid tumors indicates poor prognosis because of 

increased microvascularization (172).  The degree of vascularization in tumors, 

angiogenesis, and expression of VEGF and VEGFR are negative prognostic 

factors for breast cancer patient survival (174).  Patients with ER(+) node 

negative breast cancer, a group usually associated with good prognosis, have 

significantly reduced survival rates when VEGF expression levels are high (186).  

In breast cancer, not only does expression of VEGF correlate with early relapse, 

but tumors that produce multiple angiogenic factors also show higher rates of 

tumor growth (21).   

 

1.5.9. Implications of angiogenesis in cancer treatment  

It is difficult to surgically remove every cancer cell, and treatment with 

cytotoxic chemicals or radiation is not specific for cancer cells and can also kill 
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normal cells.  Furthermore, conventional cancer therapies are often limited by 

their inability to effectively cause regression of tumors that have undergone 

metastasis.  One major problem with chemotherapeutic agents is that many 

tumors are genetically unstable and cancer cells may develop drug resistance.  

One aim is to combine cytotoxic therapy with antiangiogenic agents in order to 

target existing vascularized tumors as well as to prevent further 

neovascularization and growth (22).  Blocking angiogenesis could be an 

effective strategy for inhibiting tumor growth (187), and in animal studies, 

angiogenic inhibitors decrease tumor growth and metastasis (21).  Thus, a 

combination of conventional chemotherapy with antiangiogenic agents 

significantly reduces tumor metastases. 

There are several known angiogenic inhibitors and these include naturally 

occurring agents such as thrombospondin, interferon, metalloproteinase 

inhibitors, synthetic protease inhibitors and anti-adhesive peptides, tumor-

derived angiostatin, endostatin, and pharmacological agents such as 

AGM1470/TNP470, thalidomide, and carboxyamidotriazole (21).  Inhibition of 

tumor angiogenesis and VEGF has also been observed in cells/tumors treated 

with naturally occurring isoflavonoids (188), antisense oligo/ribosymes (22), and 

anti VEGF antibodies (22, 163).  Drugs acting directly on VEGFRs (172), anti 

VEGFR antibodies (163), soluble VEGFR constructs (90), and peptide/low 

molecular weight inhibitors of VEGFR have also been investigated (Table 7) (94, 

163, 189, 190).   
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Table 7. Antiangiogenic mechanisms, targets, and therapies (Data 
modified from (91, 164, 169, 172, 191, 192)). 
 
Mechanisms Target Therapy

Block proteolytic pathways occurring Metalloproteinases and their Metalloproteinase inhibitors
in the extracellular matrix substrates

Block proliferating endothelial cells Activated endothelium Specific growth inhibitors (i.e. TNP-470)

Gene therapy Thrombospondin-1, angiostatin, Transfection of neoplastic cells with 
and platelet-factor 4 genes encoding angiogenic inhibitors

Block angiogenic peptides VEGF, bFGF, and others Growth factor inhibitors;
neutralizing antibodies

Block angiogenic growth factor VEGFR Inhibitors; neutralizing antibodies; 
receptors soluble receptor constructs  

 
 

The naturally occurring isoflavonoid genistein has strong antiangiogenic 

activity and inhibits tyrosine kinases and hypoxic activation of HIF-1 in 

pancreatic carcinoma cells; VEGF mRNA expression is also decreased by 

treatment with genistein, and this phytochemical may be beneficial for pancreatic 

cancer patients (188).   

Anti-VEGF antibodies, such as 2C3, inhibit both angiogenesis and tumor 

growth in implanted tumors.  For example, 2C3 prevents binding of VEGF to 

VEGFR2 but allows VEGF to bind to VEGFR1.  2C3 also inhibited tumor growth 

in mice and in xenografts bearing MDA-231 human breast cancer and 

decreased VEGFR2 expression and tumor vascularization (163).  Over 90% of 

all human cancers are solid tumors which are resistant to current antibody-

based therapies.  This resistance stems from the inaccessibility of tumor cells in 

solid masses to these agents.  This problem can be alleviated, in part, by 2C3 



 78 

which binds VEGF/VEGFR1 in vitro while blocking interactions between VEGF 

and VEGFR2.  Therefore, 2C3 combines vascular targeting and anti-

angiogenesis into one molecule suggesting possibilities that linkage to other 

drugs may enhance their effects on solid tumors (171). 

Results of clinical trials support the development of antiangiogenesis 

agents targeting VEGFR2.  For example, pancreatic cancer growth is inhibited 

using dominant negative VEGFR2 (92), and VEGFR tyrosine kinase inhibitors in 

conjunction with chemotherapy are highly effective for treating pancreatic cancer 

(94).  Soluble VEGFR2 mRNA is 2.3 KB and contains the secretory leader 

sequence and extracellular immunoglobulin-like domains of the receptor.  The 

cDNA is about 1034 bp with the first 3 immunoglobulin-like domains, without the 

4-7 immunoglobulin-like domains, transmembrane spanning sequence, or 

kinase domain.  Soluble VEGFR2 has a high binding affinity for VEGF but does 

not exhibit tyrosine kinase activity or induce endothelial proliferation.  Trapping 

VEGF with a soluble VEGFR chimer that binds VEGF with high affinity 

suppresses the growth and metastasis of pancreatic tumors as well as 

decreasing tumor microvessel density (90).  Soluble VEGFR2 can form a 

heterodimer with wild type VEGFR2 to block activation, and retroviruses that 

express soluble VEGFR2 inhibited pancreatic tumor growth but did not eliminate 

tumors from the animals (193).  
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1.6. Research objectives 

1.6.1. Objective 1 

Angiogenesis as well as VEGF and VEGFR expression are upregulated 

in pancreatic cancer tissues compared to normal pancreas.  Studies on various 

pancreatic cancer cell lines in this laboratory have revealed the importance of 

Sp1, Sp3, and Sp4 in regulating expression of VEGF (158).  The first objective 

of this research was to investigate VEGFR2 gene expression and to identify 

mechanisms of transcriptional regulation and the role of Sp proteins in mediating 

VEGFR2 expression in various pancreatic cancer cell lines.  

 

1.6.2. Objective 2 

Angiogenesis and expression of VEGF and VEGFR2 are negative 

prognostic factors for survival of breast cancer patients.  VEGF and VEGFR2 

are potential targets of E2-induced carcinogenesis, and VEGF gene expression 

is induced by E2 in some hormone-dependent cancer cell lines.  Data from this 

laboratory have confirmed that in Hec1A endometrial cancer cells treated with 

E2, VEGF mRNA and promoter-reporter gene expression was decreased.  It 

was shown that specific GC-rich regions of the VEGF gene promoter were 

required for decreased transactivation of VEGF by E2 in Hec1A cells, and the 

ERa-Sp3 complex was required for this novel mechanism (156).  However, in 

ZR-75 breast cancer cells, E2 induces VEGF mRNA and promoter-reporter gene 

expression.  This upregulation of VEGF expression was dependent on the same 
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GC-rich region in the VEGF promoter that was critical for E2-mediated inhibition 

in Hec1A cells, and interactions with both ERa/Sp1 and ERa/Sp3 mediated the 

induced response (157).  From these reports, the complexity of hormonal 

regulation of VEGF and the strong influence of cell context is apparent. VEGFR2 

expression levels are elevated in some hormone-dependent cancers compared 

to normal cells, but currently, the mechanisms of hormonal regulation of VEGFR 

are not well understood.  The VEGF and VEGFR2 gene promoters are similar 

and lack a consensus ERE but contain comparable proximal GC-rich sequences 

that bind Sp proteins.  The second objective of this research was to identify 

specific regions of the VEGFR2 gene promoter required for transactivation by E2 

and to determine the role of Sp proteins and other transcription factors required 

for upregulation of VEGFR2 by E2 in ZR-75 cells.   

 

1.6.3. Objective 3 

Global gene expression profiles of E2-responsive genes in breast cancer 

and other cell lines have been widely investigated.  Although expression of many 

genes is regulated by E2, expression of a large percentage of these genes is 

decreased.  The mechanisms of E2-dependent inhibition of gene expression are 

not well characterized and are dependent on gene and cell context.  The third 

objective of this research was to investigate downregulation of VEGFR2 by E2 in 

MCF-7 breast cancer cells as a model for understanding the mechanisms of E2-

mediated downregulation of gene expression. 
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CHAPTER II 

 
 

REGULATION OF VASCULAR ENDOTHELIAL GROWTH 

FACTOR RECEPTOR-2 EXPRESSION IN PANCREATIC CANCER 

CELLS BY Sp PROTEINS 

 
 
2.1. Introduction 
 

Pancreatic cancer ranks fourth among cancer deaths in the United 

States, and it is estimated that approximately 32,000 new pancreatic cancer 

cases were diagnosed in 2004 (194).  Since diagnosis of this disease usually 

occurs at a late stage, the prognosis for patient survival is low, and the five-year 

survival rate is < 5% (195).  Successful management of pancreatic cancer 

requires more sensitive methods for early diagnosis, the development of 

improved surgical and chemotherapies, and a more comprehensive 

understanding of the underlying biological basis for pancreatic tumor 

development and metastasis (91).  A number of genetic determinants and 

medical conditions have been identified as risk factors for this disease (91, 108, 

196-198).  For example, several heritable gene mutations such as Peutz-

Jeghers, hereditary pancreatitis, hereditary non-polyposis colorectal cancer 

syndromes, familial breast cancer, and familial atypical multiple-mole melanoma 

(FAMMM) are associated with increased risks for pancreatic cancer (108, 196-
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198).  In addition, medical conditions such as chronic pancreatitis gastrectomy, 

diabetic mellitus, and certain polymorphisms associated with DNA repair and 

drug/carcinogen metabolism are also associated with increased risks for 

pancreatic cancer (93, 102, 199-206).  Epidemiology studies also show that 

several environmental and lifestyle factors such as cigarette smoking, intakes of 

red and processed meats and their methods of preparation, and low dietary 

intakes of fruits and vegetables are correlated with increased incidence of 

pancreatic cancer (207-212).  Many of these same factors are associated with 

increased risks for other cancers; however, identification of specific substances 

that modulate these risks have not been determined. 

  Development of pancreatic cancer is also accompanied by several 

acquired mutations of both oncogenes and tumor suppressor genes (213-222).  

K-ras oncogene mutations are observed in > 85% of pancreatic tumors and are 

generally detected during the early stages of cancer development.  In contrast, 

the tumor suppressor genes p16, p53, and SMAD4 are detected in up to 95%, 

98%, and 75% of pancreatic cancer cases respectively and are generally 

observed in later stages of tumor development (197).  Mutations of these and 

other genes contribute to the high proliferative rates and metastases of 

pancreatic cancers.  Current chemotherapies commonly used for treatment of 

pancreatic cancer involve cytotoxic drugs such as gemcitabine alone or in 

combination with radiation or other drugs; therapies that inhibit k-ras, receptor 
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tyrosine kinases, and matrix metalloproteinases are promising new approaches 

for treatment of this disease (91, 223, 224).   

 Research in our laboratory has focused on expression and regulation of 

the important angiogenic factor vascular endothelial growth factor (VEGF) in 

cancer cell lines (156-158, 225, 226).  Several studies show that VEGF 

expression is due, in part, to specificity protein 1 (Sp1) expression in pancreatic 

and other cancer cell lines (109, 158, 225-227).  However, using RNA 

interference, it has recently been shown that VEGF regulation in pancreatic 

cancer cell lines is due to Sp1, Sp3, and Sp4 (158).  In this study, using Real-

time PCR, we have identified VEGFR2 expression in Panc-1, AsPC-1, Panc-28, 

HPAFII, BxPC-3, and MiaPaCa-2 pancreatic cancer cells, and this has been 

confirmed by immunofluorescent staining for VEGFR2 protein in Panc-1 cells.  

Analysis of the VEGFR2 promoter shows that two proximal GC-rich sites at -58 

and -44 are important for expression of VEGFR2, and RNA interference studies 

show that Sp proteins (Sp1, Sp3, and Sp4) are critical transcription factors that 

mediate expression of VEGFR2 in pancreatic cancer cells.   

 

2.2. Materials and methods 

2.2.1. Chemicals, plasmids, and gifts 

Phosphate buffered saline (PBS) and 100X antibiotic/ antimycotic solution 

were purchased from Sigma Chemical Company (St. Louis, MO); 5X lysis buffer, 

luciferase reagent, restriction enzymes (XhoI and HindIII), and ligase were 
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purchased from Promega (Madison, WI).  b-galactosidase reagents were 

purchased from Tropix (Bedford, MA).  Taq polymerase and other PCR reagents 

were purchased from Perkin Elmer (Boston, MA).  pCDNA3.1-His-LacZ 

expression plasmid was obtained from Invitrogen (Carlsbad, CA).  VEGFR2 

promoter luciferase constructs pVEGFR2A, pVEGFR2B, and pVEGFR2C 

(previously named pKDR-716/+268, pKDR-225/+268, and pKDR-95/+268) were 

provided by Dr. Arthur Mu-EnLee (deceased) and Dr. Koji Maemura 

(Cardiovascular Biology Laboratory, Boston, MA).  pGL2 basic luciferase 

reporter vector was purchased from Promega.  

 

2.2.2. Cell lines and tissue culture 

The human pancreatic cancer cell lines Panc-1, AsPC-1, MiaPaCa-2, 

HPAFII, and BxPC-3 were obtained from American Type Culture Collection 

(ATCC, Manassas, VA), and Panc-28 cells were obtained from Dr. J. 

Abbruzzese, M.D. Anderson Cancer Center (Houston, Tx).  Panc-1, MiaPaCa-2, 

and Panc-28 cells were cultured in Dulbecco’s modified Eagle’s medium/F12 

(Sigma) supplemented with 5 or 10% fetal bovine serum (FBS) (Summit 

Biotechnology, Fort Collins, CO; Intergen, Des Plains, IA; JRH Biosciences, 

Lenexa, KS; or Atlanta Biologicals, Inc., Norcross, GA).  Medium was further 

supplemented with 2.2 g/L sodium bicarbonate and 100X antibiotic/ antimycotic 

solution (Sigma).  AsPC-1 and BxPC-3 cells were maintained in RPMI 1640 

media (Sigma) supplemented with 10% FBS (Summit Biotechnology; Intergen; 
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JRH Biosciences; or Atlanta Biologicals, Inc.).  Medium was further 

supplemented with 1.5 g/L sodium bicarbonate, 2.38 g/L HEPES, 0.11 g/L 

sodium pyruvate, and 100X antibiotic/ antimycotic solution (Sigma).  HPAFII 

cells were cultured in Eagle’s Minimal Essential medium (Sigma) supplemented 

with 10% FBS (Summit Biotechnology; Intergen; JRH Biosciences; or Atlanta 

Biologicals, Inc.).  Medium was further supplemented with 1.5 g/L sodium 

bicarbonate and 100X antibiotic/antimycotic solution (Sigma).  Cells were 

maintained at 37 ºC with a humidified CO2:air (5:95) mixture.  

 

2.2.3. Cloning and oligonucleotides  

VEGFR2 promoter-derived oligonucleotides, PCR primers, and primers 

employed in plasmid construction were synthesized by Genosys/Sigma (The 

Woodlands, TX) or Integrated DNA Technologies (IDT) (Coralville, IA).  VEGFR2 

promoter deletion constructs pVEGFR2D, pVEGFR2E, pVEGFR2F, and 

pVEGFR2G were created by PCR amplification using pVEGFR2A as the 

template.  Forward primers were designed with XhoI restriction enzyme sites at 

the 5’ end.  A reverse luciferase primer was used for PCR.  PCR products were 

digested with XhoI and HindIII, and subsequently ligated into the pGL2 basic 

vector.  All constructs are in pGL2 basic luciferase reporter vector, and all 

constructs were sequenced to verify their identity.  Mutation constructs 

pVEGFR2Em1, pVEGFR2Em2, and pVEGFR2Em3 were constructed by PCR 

amplification using the reverse luciferase primer paired with the forward primer 
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containing the desired mutations.  Forward primers are as follows: (mutated 

bases are underlined) 

XhoI      -60 

M1=5’-GAT GAT CTC GAG CCA AGC CCC GCA TGG CCC CGC C-3’ 
    
M2=5’-GAT GAT CTC GAG CCC CGC CCC GCA TGG CCA AGC CTC CGC  

GC-3’ 
 
M3=5’-GAT GAT CTC GAG CCA AGC CCC GCA TGG CCA AGC CTC CGC  

GC-3’ 
 
 
 

2.2.4. Transient transfection assays 

Cells were seeded in 12-well plates at a concentration of 1.5-3.0 x 105 

cells per well in phenol red-free DME/F12 media supplemented with 2.5% 

charcoal-stripped FBS.  Panc-1, AsPC-1, and MiaPaCa-2 cells were transiently 

cotransfected with 500 ng of the appropriate VEGFR2 luciferase reporter 

plasmid and 250 ng of pCDNA3.1-His-LacZ.  Four to eight hr after transfection, 

cells were shocked with 25% glycerol in PBS to increase transfection efficiency, 

washed with PBS, and fresh serum-free DME/F12 medium was replaced.  Cells 

were harvested by scraping the plates in 100-200 mL of 1X lysis buffer 

(Promega).  An aliquot of soluble protein was obtained by one cycle of 

freezing/thawing the cells, vortexing (30 s), and centrifuging at 12,000 x g (1 

min).  Cell lysates (30 mL) were assayed for luciferase activity using Luciferase 

Assay Reagent (Promega) and b-galactosidase activity using Tropix Galacto-

Light Plus assay system (Tropix) in a Lumicount micro-well plate reader 



 87 

(Packard Instrument Co., Downers Grove, IL).  Relative luciferase activity was 

normalized to relative b-galactosidase units for each transfection experiment.  

 

2.2.5. Transient transfection of siRNA  

Cells were cultured in phenol red-free DME/F12 medium supplemented 

with 2.5% charcoal stripped FBS in 12-well plates until 50-70% confluent.  Cells 

were washed once with serum free, antibiotic free, phenol red-free DME/F12 

media.  The amount of siRNA to give a maximal decrease of each target protein 

was determined experimentally (5-20 nM final concentration in the well). 

Pancreatic cancer cells were co-transfected with siRNA, 400 ng of the 

appropriate VEGFR2 luciferase reporter plasmid and 200 ng of pCDNA3.1-His-

LacZ using Lipofectamine 2000 reagent (Invitrogen) according to the 

manufacturer’s protocol.  Cells were harvested ~48 hr later.  Cell lysates were 

assayed for luciferase and b-galactosidase activity as described above.   

The Lamin A/C duplex (target sequence: 5’-CTG GAC TTC CAG AAG 

AAC A-3’) and the Luciferase GL2 duplex RNA (target sequence: 5’-CGT ACG 

CGG AAT ACT TCG A-3’) from Dharmacon (Lafayette, CO) were used for 

controls in siRNA transfections.  The siRNA oligonucleotides for Sp1, Sp3, and 

Sp4 were also ordered from Dharmacon as follows:    

Sp1: 5’-AUC ACU CCA UGG AUG AAA UGA dTdT-3’ 

Sp3: 5’-GCG GCA GGU GGA GCC UUC ACU dTdT-3’ 

Sp4: 5’-GCA GUG ACA CAU UAG UGA GCdT dT-3’ 
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2.2.6. Western blot analysis  

Cells were seeded into 6-well plates in DME/F12 medium supplemented 

with 2.5% charcoal stripped FBS.  The next day, cells were transfected with 

siRNA as described above.  Cellular protein was obtained by harvesting cells in 

a high salt lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 10% (v/v) 

glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 10 mg/mL aprotinin, 50 

mM phenylmethylsulphonylflouride, 50 mM sodium orthovanadate) on ice for 45-

60 min and centrifugation at 20,000 x g for 10 min at 4ºC.  Thirty to sixty mg of 

protein was diluted with Laemmli’s loading buffer, boiled, and loaded onto a 

7.5% SDS-polyacrylamide gel.  Samples were resolved using electrophoresis at 

150-180 V for 3-4 hr and transferred (transfer buffer: 48 mM Tris-Hcl, 29 mM 

glycine, and 0.025% SDS) to a PVDF membrane (BioRad, Hercules, CA) by 

electrophoresis at 0.2 A for ~12-16 hr.   

Membranes were blocked with excess protein and then probed with 

polyclonal primary antibodies for Sp1 (PEP2), Sp3 (D20), and Sp4 (V20) from 

Santa Cruz Biotechnology Inc (Santa Cruz, CA).  Sp1 and Sp3 were each 

diluted 1:1000 and incubated overnight.  Sp4 was diluted 1:250 or 1:500 and 

incubated overnight as well.  Membranes were probed with a horseradish 

peroxidase conjugated secondary antibody (1:5000) for 3-6 hr.  Blots were 

visualized using the chemiluminescent substrate ECL detection system (NEN-

DuPont, Boston, MA) and exposure on Kodak X-O Mat autoradiography film 

(Eastman Kodak Co., Rochester, NY).  Band intensity values were obtained by 
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scanning the film on a Sharp JX-330 scanner (Sharp Electronics, Mahwah, NJ) 

and by densitometry using the Zero-D Scanalytics software package 

(Scanalytics, Sunnyvale, CA).  

 

2.2.7. Real-time PCR  

For experiments involving siRNA, pancreatic cancer cells were 

transfected as described previously.  Total RNA was isolated using the RNeasy 

Protect Mini Kit (Qiagen, Valencia, CA) according to the manufacturer’s protocol.  

RNA was eluted with 30 mL RNase-free water and stored at -80ºC.  RNA was 

reverse transcribed using Superscript II reverse transcriptase (Invitrogen, 

Carlsbad, CA) according to the manufacturer’s protocol.  PCR was carried out 

using SYBR Green PCR Master Mix from PE Applied Biosystems (Warrington, 

UK) on an ABI Prism 7700 Sequence Detection System (PE Applied 

Biosystems).  The 25 mL final volume contained 0.5 mM of each primer and 2 mL 

of cDNA template.  TATA binding protein (TBP) was used as an exogenous 

control to compare the relative amount of target gene in different samples.  The 

PCR profile was as follows:  1 cycle of 95°C for 10 minutes, then 40 cycles of 

95°C for 15 s and 60°C for 1 min.  The comparative CT method was used for 

relative quantitation of samples.  Primers were purchased from Integrated DNA 

Technologies (Coralville, IA).   

 

 



 90 

The following primers were used:   

KDR (F): 5’- CAC CAC TCA AAC GCT GAC ATG TA -3’  

KDR (R): 5’- CCA ACT GCC AAT ACC AGT GGA T -3’  

TBP (F): 5’- TGC ACA GGA GCC AAG AGT GAA -3’    

TBP (R): 5’- CAC ATC ACA GCT CCC CAC CA -3’   

 

2.2.8. Preparation of nuclear extracts  

Cells were cultured in medium without phenol red, supplemented with 

2.5% charcoal stripped FBS.  The next day, cells were switched to serum free 

media without phenol red for 1-3 days.  Cells were washed in PBS (2X), scraped 

in 1 ml of 1X lysis buffer, incubated at 4ºC for 15 min, and centrifuged 1 min at 

14,000 x g.  Cell pellets were washed in 1 ml of lysis buffer (3X).  Lysis buffer 

supplemented with 500 mM KCl was then added to the cell pellet and incubated 

for 45 min at 4ºC with frequent vortexing.  Nuclei were pelleted by centrifugation 

at 14,000 x g for 1 min at 4ºC, and aliquots of supernatant were stored at -80°C 

until needed. 

 

2.2.9. Electrophoretic Mobility Shift Assays (EMSA)   

VEGFR2 oligonucleotide (-64 5’-CCG GCC CCG CCC CGC ATG GCC 

CCG CCT CCG-3’ -35) was synthesized and annealed, and 5 pmol aliquots 

were [32P] labeled at the 5’-end using T4 polynucleotide kinase (Invitrogen) and 

[g32P]ATP (NEN-Dupont, Boston, MA).  A 30 ml EMSA mixture contained ~100 
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mM KCl, 3 mg of crude nuclear protein, 1 mg poly(dI-dC) (Roche Molecular 

Biochemicals, Basel, Switzerland), with or without unlabeled competitor 

oligonucleotide, and ~10 fmol of radiolabeled probe.  After incubation for 20 min 

on ice, antibodies against Sp1, Sp3, or Sp4 proteins were added and incubated 

another 20 min on ice.  Protein-DNA complexes were resolved by 5% 

polyacrylamide gel electrophoresis as previously described (Stoner et al., 2004; 

Abdelrahim et al., 2004).  Specific DNA-protein and antibody-supershifted 

complexes were observed as retarded bands in the gel, and were visualized by 

exposure to a phosphor-storage screen, followed by scanning on a STORM 860 

(Molecular Dynamics, Sunnyvale, CA).   

 

2.2.10. Chromatin Immunoprecipitation (ChIP) assay  

MiaPaCa-2, Panc-1, and AsPC-1 cells (1x107 each) were fixed with 1.5% 

formaldehyde, and the cross-linking reaction was stopped by addition of 0.125 M 

glycine.  Cells were scraped, pelleted, and hypotonically lysed, and nuclei were 

collected.  Nuclei were then sonicated to desired chromatin length (~500bp).  

The chromatin was precleared by addition of protein A-conjugated beads (Pierce 

Biotechnology, Rockford, IL).  The precleared chromatin supernatants were 

immunoprecipitated with antibodies specific to IgG, TFIIB, Sp1, Sp3, and Sp4 

(Santa Cruz Biotechnology) at 4°C overnight.  The protein-antibody complexes 

were collected by addition of protein A-conjugated beads for 1 hr, and the beads 

were extensively washed.  The protein-DNA crosslinks were eluted and 
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reversed.  DNA was purified by Qiaquick Spin Columns (Qiagen) and followed 

by PCR amplification. The VEGF primers are: 5’ - GGT CGA GCT TCC CCT 

TCA - 3’ (forward) and 5’ - GAT CCT CCC CGC TAC CAG - 3’ (reverse), which 

amplify a 202-bp region of human VEGF promoter containing GC-rich/Sp1 

binding sites.  The VEGFR2/KDR primers are: 5’ - GTC CAG TTG TGT GGG 

GAA AT - 3’ (forward) and 5’ - GAG CTG GAG CCG AAA CTC TA - 3’ (reverse), 

which amplify a 169-bp region of human VEGFR2/KDR promoter containing GC-

rich/Sp1 binding sites.  The positive control primers are: 5’ - TAC TAG CGG TTT 

TAC GGG CG - 3’ (forward) and 5’ - TCG AAC AGG AGG AGC AGA GAG CGA 

- 3’ (reverse), which amplify a 167-bp region of human glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) gene.  The negative control primers are: 5’ 

- ATG GTT GCC ACT GGG GAT CT - 3’ (forward) and 5’ - TGC CAA AGC CTA 

GGG GAA GA - 3’ (reverse), which amplify a 174-bp region of genomic DNA 

between the GAPDH gene and the CNAP1 gene.  PCR products were resolved 

on a 2% agarose gel in the presence of 1:10,000 SYBR gold (Molecular Probes-

Invitrogen, Carlsbad, CA). 

 

2.2.11. Immunofluorescence  

Rabbit polyclonal antibody for VEGFR2/KDR was purchased from Santa 

Cruz Biotechnology. Fluorescein isothiocyanate (FITC)-conjugated goat anti-

rabbit immunoglobulin G (IgG) was purchased from Jackson ImmunoResearch 

Laboratories (West Grove, PA) or Santa Cruz Biotechnology.  Panc-1 cells were 
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seeded in Lab-Tek chamber slides (Nalge Nunc International, Naperville, IL) at 

100,000 cells/well in phenol red-free DME/F12 medium supplemented with 5% 

charcoal-stripped FBS.  Cells were then transfected with iRNAs as described 

previously and, after 48 hr, were fixed with cold methanol at -20°C for 5 min.  

After washing with PBS, cells were blocked with 4% goat serum at 4°C overnight 

and incubated with the primary rabbit polyclonal antibody against VEGFR2 

(1:25) at 37°C for 1 hr.  After washing with PBS/0.1% Tween 3 x 10 min, the 

samples were incubated with FITC-conjugated goat anti-rabbit IgG (1:500) at 

room temperature for 1 hr.  After PBS/Tween rinsing, glass coverslips were 

mounted over the samples with mounting medium containing 4’,6-diamidino-2-

phenylindole (Vector Laboratories, Burlingame, CA), and cells were examined 

with a fluorescence microscope.  

 

2.2.12. Statistical analysis  

Results of transient transfection studies are presented as means (+/-)  

standard error (S.E.) for at least three replicates for each treatment group.  All 

other experiments were carried out at least two times to confirm a consistent 

pattern of responses. Significant statistical differences between treatment 

groups were determined by analysis using SuperANOVA and Scheffe’s test or 

Fisher’s Protected LSD (p < 0.05).  
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2.3. Results 

2.3.1. VEGFR2 expression in human pancreatic cancer cells 

Several studies have reported expression of VEGF in pancreatic tumors 

and cancer cells and have identified a role for this protein and other angiogenic 

factors in tumor growth and metastasis (109, 226, 228, 229).  A recent study did 

not detect expression of VEGFR2 in pancreatic cancer cells using reverse 

transcriptase-PCR (230).  Real-time PCR was used in this study to analyze 

expression of VEGFR2 mRNA in several pancreatic cancer cell lines including 

Panc-1, AsPC-1, Panc-28, HPAFII, BxPC-3, and MiaPaCa-2 cells.  VEGFR2 

mRNA was detected in all cell lines tested, and the relative expression levels 

between cell lines were determined by comparison with TATA binding protein 

(TBP) (Table 8).  Relatively high VEGFR2 expression was observed in Panc-1 

and AsPC-1 cells, lower levels of VEGFR2 mRNA were detected in Panc-28 and 

HPAFII cells, and among these six cell lines, the lowest levels were observed in 

BxPC-3 and MiaPaCa-2 cells.  Subsequent transfection studies have used 

Panc-1, AsPC-1, and MiaPaCa-2 cells as models since they express both high 

and low VEGFR2 mRNA levels and are readily transfectable.  
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  Table 8. VEGFR2 expression in pancreatic cancer cellsa. 

 
    a - Expression of VEGFR2 mRNA detected by Real-time  
   PCR in pancreatic cancer cell lines relative to TATA  
   binding protein (TBP). 
 
 
 
 
2.3.2. Analysis of VEGFR2 gene promoter constructs in Panc-1, AsPC-1, and 

MiaPaCa-2 pancreatic cancer cells 

The proximal region of the VEGFR2 promoter contains multiple cis-

elements (170, 231, 232), and the relative contributions of these motifs to 

expression of VEGFR2 were investigated in transient transfection studies.  

Panc-1 human pancreatic cancer cells were transiently transfected with 

pVEGFR2A which contains the -716 to +268 promoter insert and also a series of 

5’ deletion constructs including pVEGFR2B, pVEGFR2C, pVEGFR2D, and  
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pVEGFR2E (Figure 24).  Luciferase activity was comparable even after deletion 

of the -716 to -78 region of the VEGFR2 promoter; however, activity was 

significantly decreased by approximately 35% in Panc-1 cells after deletion of 

the promoter region between -77 to -61.  This suggests that overlapping GC-

rich/ AP-2 motifs may contribute to the basal activity of VEGFR2.  Upon further 

deletion of the two GC-rich sites between -60 to -37, basal activity was 

decreased by > 80%.  Mutation analysis of the proximal GC-rich motifs shows 

that basal activity was also decreased in cells transfected with constructs 

containing single mutations of each of these sites (pVEGFR2Em1 and 

pVEGFR2Em2), and a further decrease was observed in cells transfected with 

the double mutant (pVEGFR2Em3).  Thus, results of deletion/mutation analysis 

of the VEGFR2 promoter in Panc-1 cells show that basal activity is primarily due 

to two proximal GC-rich motifs between -60 to -37. 
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Figure 24. Deletion and mutation analysis of the VEGFR2 gene promoter in 
Panc-1 cells.  Panc-1 cells were transiently transfected with 500 ng of each 
pVEGFR2 reporter construct (or pGL2 empty vector), and luciferase 
activity was determined as described in the Materials and methods.  
Significantly (p < 0.05) decreased activity compared to that observed for 
pVEGFR2A is indicated by an asterisk.  Results are presented as means +/- 
S.E. for at least 3 determinations for each treatment group.  
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The pattern of activity of the VEGFR2 deletion and mutated constructs 

was also investigated in two additional pancreatic cancer cell lines which are 

also known to express Sp proteins that bind GC-rich motifs (158).  The results 

obtained in AsPC-1 cells are illustrated in Figure 25.  There was a significant 

45% decrease in activity after deletion of the -95 to -78 region of the promoter, 

and further deletion of the overlapping GC-rich/AP-2 motifs (-77 to -61) did not 

significantly result in further decreased luciferase activity.  Thus, in contrast to 

Panc-1 cells, the AP-2/NFkB sites (-95 to -78) contribute to basal activity of the 

VEGFR2 promoter constructs in AsPC-1 cells; however, analysis of the proximal 

-60 to -37 region of the promoter shows that both proximal GC-rich sites are the 

major cis-elements required for basal activity in both AsPC-1 (Figure 25) and 

Panc-1 (Figure 24) cells. The role of the proximal GC-rich motifs in modulating 

basal activity of VEGFR2 constructs in MiaPaCa-2 cells which express lower 

levels of the VEGFR2 mRNA transcript (Table 8) was also investigated.  The 

results of transfection studies (Figure 26) show that the loss of activity in 

MiaPaCa-2 cells is only observed after deletion of the -60 to -38 GC-rich sites. 

Mutation analysis shows that both the -58 and -44 GC-rich motifs are required 

for maximal activity suggesting cooperative interactions between Sp proteins 

bound in this region of the VEGFR2 promoter in MiaPaCa-2 cells.  These results 

(Figures 24-26) indicate that the proximal GC-rich sites at -58 and -44 are critical 

cis-elements for constitutive expression of VEGFR2 in pancreatic cancer cells. 
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Figure 25. Deletion and mutation analysis of the VEGFR2 gene promoter in 
AsPC-1 cells.  AsPC-1 cells were transiently transfected with 500 ng of 
each pVEGFR2 reporter construct (or pGL2 empty vector), and luciferase 
activity was determined as described in the Materials and methods.  
Significantly (p < 0.05) decreased activity compared to that observed for 
pVEGFR2A is indicated by an asterisk.  Results are presented as means +/- 
S.E. for at least 3 determinations for each treatment group.  
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Figure 26. Deletion and mutation analysis of the VEGFR2 gene promoter in 
MiaPaCa-2 cells. MiaPaCa-2 cells were transiently transfected with 500 ng 
of each pVEGFR2 reporter construct (or pGL2 empty vector), and 
luciferase activity was determined as described in the Materials and 
methods.  Significantly (p < 0.05) decreased activity compared to that 
observed for pVEGFR2A is indicated by an asterisk.  Results are presented 
as means +/- S.E. for at least 3 determinations for each treatment group.  
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2.3.3. Role of Sp proteins in regulating VEGFR2 expression in pancreatic cancer 

cells  

 Results in Figure 27A summarize the Western blot analysis of whole cell 

lysates from MiaPaCa-2, Panc-1, and AsPC-1 cells and show that Sp1, Sp3, 

and Sp4 are expressed in all three cell lines. The role of Sp proteins in mediating 

regulation of VEGFR2 expression in pancreatic cancer cells was investigated by 

RNA interference in Panc-1, AsPC-1, and MiaPaCa-2 cells using small inhibitory 

RNAs (siRNAs) for Sp1 (iSp1), Sp3 (iSp3), and Sp4 (iSp4).  Initial studies on the 

effectiveness of these siRNAs were carried out in Panc-1 cells transfected with 

different amounts of iSp1 (Figure 27B).  The results showed that 20 nM iSp1 

decreased Sp1 protein expression by 45-58% based on Western blot analysis of 

whole cell lysates.  Since transfection efficiencies vary from 60-95% in this cell 

line, the results represent a relatively high percentage of Sp1 protein knockdown 

in the transfected cells.  In this study, expression of Sp3 and Sp4 proteins were 

unaffected by iSp1 (data not shown), and this has previously been observed with 

this same siRNA oligonucleotide in Panc-1 cells (158).  Using a comparable 

approach, 20 nM iSp3, 20 nM iSp4, and iLamin (control) were also transfected 

into Panc-1 cells, and protein levels relative to those in iLamin transfected cells 

were determined by Western blot analysis (Figure 27C).  Both iSp3 and iSp4 

were highly effective in decreasing expression of Sp3 and Sp4 proteins, 

respectively.  Protein expression was decreased using 5-20 nM of the siRNAs, 

and higher levels of siRNAs appeared to be less effective (data not shown).  A 
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similar approach was used for MiaPaCa-2 (Figure 27D) and AsPC-1 cells 

(Figure 27E), and the results show the iSp1, iSp3, and iSp4 specifically 

knockdown Sp1, Sp3, and Sp4 proteins respectively as determined by Western 

blot analysis of whole cell lysates.  

 
 
 

 

Figure 27. Sp protein expression and Sp protein knockdown in pancreatic 
cancer cells by RNA interference. A. Sp protein expression. Whole cell 
lysates from Panc-1, AsPC-1, and MiaPaCa-2 cells were analyzed for Sp1, 
Sp3, and Sp4 by Western blot analysis as described in the Materials and 
methods. 
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Figure 27. (Continued) B. Effects of iSp1 in Panc-1 cells. Different amounts 
of iSp1 were transfected in Panc-1 cells, and protein levels were 
determined by Western blot analysis as described in the Materials and 
methods.  C. Effects of iSp3 and iSp4 in Panc-1 cells.  Panc-1 cells were 
transfected with 20 nM iSp3 or iSp4, and protein levels were determined by 
Western blot analysis as described in the Materials and methods.  Protein 
expression was quantitated relative to levels in cells treated with iLamin 
(control), and results are expressed as means +/- S.E. for at least 3 
determinations for each treatment group.  A significant (p < 0.05) decrease 
in protein expression level is indicated by an asterisk. 
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Figure 27. (Continued) Knockdown of Sp proteins in MiaPaCa-2 (20 nM) (D) 
and AsPC-1 cells (5 nM) (E) by RNA interference. Cells were transfected 
with iLamin, iSp1, iSp3, or iSp4, and whole cell lysates were analyzed by 
Western blot as described in the Materials and methods.  
 

 

The relative contributions of Sp1, Sp3, and Sp4 proteins in regulating 

VEGFR2 expression was investigated in pancreatic cancer cells cotransfected 

with the pVEGFR2A or pVEGFR2E constructs and iSp1, iSp3, or iSp4.  Panc-1 

cells were cotransfected with pVEGFR2A (Figure 28A) and pVEGFR2E (Figure 

28B) and iLamin (non-specific control), iGL2 (positive control), iSp1, iSp3, and 

iSp4.  The results show that all three siRNAs for Sp proteins decreased 
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luciferase activity in Panc-1 cells transfected with either construct.  Transfection 

with iGL2 decreased luciferase activity by > 90-95% and served as a control 

showing the effectiveness of RNA interference in the transfected cells.  The 

effects of iSp1, iSp3, and iSp4 were also investigated in AsPC-1 and MiaPaCa-2 

cells transfected with pVEGFR2A and pVEGFR2E (Figures 28C-F).  The results 

showed that all three siRNAs decreased activity in AsPC-1 (Figures 28C & 28D) 

and MiaPaCa-2 (Figures 28E & 28F) cells transfected with pVEGFR2A or 

pVEGFR2E and confirm a role for Sp1, Sp3, and Sp4 proteins in regulating 

VEGFR2 expression in pancreatic cancer cells.  The results are similar to those 

observed for Sp-dependent regulation of VEGF in pancreatic cancer cells (158) 

and suggest an important role for Sp1, Sp3, and Sp4 proteins in mediating 

expression of two critical angiogenic factors in pancreatic cancer cells.   
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Figure 28. Effects of Sp proteins on regulation of VEGFR2 in pancreatic 
cancer cells.  pVEGFR2A or pVEGFR2E constructs were transfected in 
Panc-1 (A, B), AsPC-1 (C, D), or MiaPaCa-2 (E, F) cells, cotransfected with 
iLamin, iGL2, iSp1, iSp3, or iSp4, and luciferase activity was determined as 
described in the Materials and methods.  Results are expressed as means 
+/- S.E. for three replicate determinations for each treatment group, and 
significant (p < 0.05) inhibition of luciferase activity is indicated by an 
asterisk.  iLamin serves as a non-specific control plasmid, and iGL2 is a 
positive control siRNA that targets the luciferase mRNA as described 
(158). 
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The effects of Sp proteins on VEGFR2 mRNA expression were also 

determined in Panc-1 and AsPC-1 cells transfected with a combination of 

siRNAs for Sp1, Sp3, and Sp4 (Figures 29A & 29B).  These cells were used in 

this study because of their relatively high expression of VEGFR2 mRNA (Table 

8).  Real-time PCR analysis of mRNA from both cell lines show that knockdown 

of Sp1, Sp3, and Sp4 resulted in a significant decrease in VEGFR2 mRNA 

expression in both cell lines.  These results complement the VEGFR2 promoter 

studies and confirm that VEGFR2 expression in pancreatic cancer cells is 

regulated by Sp1, Sp3, and Sp4.  The role of Sp proteins in VEGFR2 expression 

was also investigated in Panc-1 cells by immunofluorescent staining (Figure 

29C).  Cytoplasmic green staining for VEGFR2 was observed in cells 

transfected with iScr (non-specific) (panel a), and intensity of this staining was 

decreased after transfection of iSp1 (panel b) or iSp4 (panel c).  Nuclei are 

stained blue with DAPI.  These data confirm expression of VEGFR2 protein in 

this cell line and the role of Sp proteins in mediating VEGFR2 expression.   
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Figure 29. Decreased VEGFR2 expression by RNA interference in 
pancreatic cancer cells. Downregulation of VEGFR2 mRNA by siRNA for 
Sp-proteins in Panc-1 (A) and AsPC-1 (B) human pancreatic cancer cells.  
Panc-1 cells were transfected with siRNA for Sp1 (10 nM), Sp3 (20 nM), and 
Sp4 (20 nM) or iLamin (50 nM) (control), and AsPC-1 cells were transfected 
with siRNA for Sp1 (5 nM), Sp3 (5 nM), and Sp4 (5 nM) or iLamin (15 nM) 
(control).  After 48 hr, RNA was isolated using the RNeasy Protect Mini Kit 
(Qiagen), and samples were analyzed by Real-time PCR as described in the 
Materials and methods (A, B). Results are presented as means +/- S.E. for 
at least 3 determinations for each treatment group.  Significant (p < 0.05) 
inhibition of VEGFR2 mRNA levels (relative to iLamin) is indicated by an 
asterisk (*).  Immunofluorescence detection of VEGFR2 in Panc-1 cells 
transfected with siRNA for Sp proteins (C). Panc-1 cells were transiently 
transfected with iScr (a), iSp1 (b), and iSp4 (c), and stained for VEGFR2 
(green) and nucleus with 4',6-Diamidino-2-phenylindole–stained (blue) as 
described in the Materials and methods. Photographs were taken at the 
magnification of X400.  
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The direct binding of Sp proteins to the proximal region of the VEGFR2 

promoter was initially investigated in electrophoretic mobility shift assays using 

an oligonucleotide (VEGFR2-32P) derived from the -64 to -35 region of the 

VEGFR2 promoter (Figure 30A).  Extracts from Panc-1, MiaPaCa-2, and AsPC-

1 cells (lanes 2-4) gave a pattern of protein-DNA complexes in which the least 

mobile band contains Sp1, Sp3, and Sp4 as previously reported (158), and the 

more mobile band contains Sp3 protein.  These assignments were confirmed in 

supershift experiments with antibodies for Sp1 (lane 5), Sp3 (lane 6), and Sp4 

(lane 7).  Non-specific IgG (lane 8) did not affect the pattern of retarded bands, 

and in the absence of cell extracts [lane 1, free probe (FP)], only the 

radiolabeled oligonucleotide probe was observed.  Interactions of Sp proteins 

with the GC-rich region of the VEGFR2 promoter was further investigated in a 

ChIP assay using primers that target the proximal region of the VEGFR2 

promoter (Figures 30B & 30C).  The results show that Sp1, Sp3, and Sp4 bind to 

the VEGFR2 promoter in MiaPaCa-2, AsPC-1, and Panc-1 cells, and we also 

show that these Sp proteins bind to the corresponding GC-rich region of the 

VEGF promoter (Figures 30B & 30C).  As a control for the ChIP assay, we show 

that TFIIB binds to the proximal region of the GAPDH promoter but not exon-1 of 

CNAP1 (Figure 30D) as previously described (233).  The ChIP assay confirms 

that Sp1, Sp3, and Sp4 bind to the VEGFR2 promoter, and this is consistent 

with the role of these transcription factors in mediating the expression of 

VEGFR2 in pancreatic cancer cell lines.  
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Figure 30. Sp protein binding to the VEGFR2 promoter in pancreatic 
cancer cells.  A. Electrophoretic mobility shift assay.  Nuclear extracts 
from Panc-1, AsPC-1, and MiaPaCa-2 cells were incubated with 
radiolabeled VEGFR2-32P alone or in the presence of unlabeled 
oligonucleotides and/or antibodies, and DNA-protein complexes were 
separated by EMSA as described in the Materials and methods. Arrows 
indicate various retarded and supershifted complexes. 
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Figure 30. (Continued) B. Summary of primers (Æ  ¨) and targeted regions 
of the VEGF and VEGFR2 promoters used in ChIP assays.  C. Analysis of 
protein interactions with the VEGF and VEGFR2 promoter by ChIP.  
MiaPaCa-2, Panc-1, and AsPC-1 cells were harvested and analyzed in a 
ChIP assay as described in the Materials and methods. D. Binding of TFIIB 
to the GAPDH promoter. The ChIP assay was also used to examine binding 
of TFIIB to the GAPDH promoter (positive control) and to exon 1 of CNAP1 
(negative control) as described in the Materials and methods. 
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2.4. Discussion 

 Angiogenesis is a key process in both physiologic and carcinogenic 

pathways where angiogenic factors play a critical role in tumor cell growth and 

metastasis (21, 23, 164).  VEGF proteins and related placental growth factors 

regulate angiogenesis through interactions with the transmembrane receptors 

VEGFR1, VEGFR2, VEGFR3, neurophilins, and a soluble form of VEGFR1 

which does not express the transmembrane or tyrosine kinase domains (161, 

234, 235).  VEGF is overexpressed in multiple tumors and cancer cells, and for 

some cancers, VEGF is a negative prognostic factor (236, 237).  VEGFR1 and 

VEGFR2 are also expressed in tumors and cancer cells, but their prognostic 

significance and function have not been extensively investigated.  VEGFR2 was 

expressed in over 64% of a set of breast tumors, and expression was highly 

correlated with proliferation indices (183).  Also, in another mammary tumor 

study, there was a correlation between VEGF and VEGFR2 expression (167).  

VEGFR1 and VEGFR2 are expressed in other tumors and cancer cell lines (167, 

179, 183, 238-240), and VEGFR2 expression increases while VEGFR1 

decreases during prostate tumor progression (240).   

 The molecular mechanism of VEGFR2 expression has primarily been 

investigated in endothelial cells using various constructs containing VEGFR2 

promoter inserts.  The VEGFR2 promoter is highly complex and contains 

multiple cis-elements including GATA, E-box, GC-rich, NFkB, and AP-2 motifs 

(170, 231, 232).  However, deletion analysis and DNA footprinting studies in 
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endothelial cells indicate that interactions of Sp1 protein with proximal GC-rich  

(-110 to -25) are important for basal and sheer-stress-induction of transactivation 

in cells transfected with pVEGFR2 constructs (161, 170, 231, 232).  These 

results are similar to those observed for VEGF expression in breast, colon, and 

pancreatic cancer cells where proximal GC-rich sites in the VEGF promoter are 

required for basal and hormone-induced transactivation (109, 156-158).  Real-

time PCR showed that VEGFR2 mRNA is expressed in a series of pancreatic 

cancer cell lines (Table 8), and we also detected VEGFR2 by immunostaining 

(Figure 29C).  In addition, we investigated the molecular biology of VEGFR2 

regulation in three cell lines that are readily transfected and express high (Panc-

1, AsPC-1) and low (MiaPaCa-2) VEGFR2 mRNA levels (Table 8).  In cells 

transfected with a series of deletion constructs (Figures 24-26), basal luciferase 

activity was primarily dependent on two GC-rich sites at -58 and -44 in Panc-1 

and MiaPaCa-2 cells, and in AsPC-1 cells there was also a significant 

contribution from the -95 to -78 region of the promoter which also contains AP-

2/NFkB sites.  These results illustrate that the proximal GC-rich sites at -58 and  

-44 in the VEGFR2 promoter are important for transactivation, and this parallels 

results obtained for regulation of VEGF in Panc-1 cells where proximal GC-rich 

sites were also critical for expression (158).   

 Several studies show that Sp1 is overexpressed in tumors, and this 

transcription factor regulates expression of VEGF and other genes associated 

with cancer cell proliferation (226-229).  Our results show that Sp1 is expressed 



 114 

in Panc-1, AsPC-1, and MiaPaCa-2 cells and that these cells also contain Sp3 

and Sp4 proteins (Figure 27A).  Sp1 and Sp3 are often coexpressed in cancer 

cell lines and cooperatively activate some GC-rich promoters, although Sp3 also 

inhibits other Sp1-dependent genes.  For example, Sp3 attenuated Sp1-

mediated activation of VEGFR2 in endothelial cells (231).  Electrophoretic 

mobility shift and ChIP assays (Figure 30) show that Sp1, Sp3, and Sp4 are 

expressed in these pancreatic cancer cell lines and bind to proximal GC-rich 

motifs in the VEGFR2 promoter.  RNA interference studies with inhibitory RNAs 

for Sp1, Sp3, and Sp4 demonstrate that all three proteins not only regulate 

transactivation in cells transfected with pVEGFR2 constructs (Figure 28) but are 

also important for VEGFR2 mRNA (Figures 29A & 29 B) and protein (Figure 

29C) expression.  These results demonstrate that, like VEGF (158), VEGFR2 

expression is regulated by multiple Sp transcription factors in pancreatic cancer 

cell lines.   

Chemotherapies targeting the tyrosine kinase domains of VEGFR2 are 

currently being developed for inhibiting tumor angiogenesis and metastasis 

(241-244).  Results of this study also suggest that drugs such as mithramycin 

that target GC-rich promoters or cyclooxygenase inhibitors that induce Sp 

protein degradation will also exhibit antiangiogenic activity in pancreatic and 

other cancer cells through their effects on VEGF/VEGFR2 expression (225, 245, 

246).  Current studies in this laboratory are investigating chemotherapies that 

specifically target Sp transcription factors alone or in combination with other 
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agents such as gemcitabine or tyrosine kinase inhibitors as novel drug 

combinations for treatment of pancreatic cancer and for inhibition of 

angiogenesis through downregulation of Sp-dependent genes such as VEGFR2.  
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CHAPTER III 

 

VASCULAR ENDOTHELIAL GROWTH FACTOR RECEPTOR-2 

EXPRESSION IS INDUCED BY 17b-ESTRADIOL IN ZR-75 

BREAST CANCER CELLS BY ESTROGEN RECEPTOR a/Sp 

PROTEINS 

 

3.1. Introduction 

 Angiogenesis involves formation of blood vessels from vascular 

endothelial cells and pre-existing vessels and is a critical process required for 

neovascularization in normal and cancerous tissues (21, 23, 247).  New blood 

vessel formation is necessary for diverse biological processes including 

numerous steps in embryogenesis and wound repair, and several diseases 

including diabetes, cancer, and inflammation are also dependent on angiogenic 

pathways.  Although angiogenesis is dependent on the interplay of many cellular 

factors, key mediators of this response include vascular endothelial growth 

factor (VEGF) and its cognate receptors, VEGF receptor (VEGFR) (161, 234, 

235).  VEGF or vascular permeability factor belongs to the VEGF-platelet-

derived growth factor gene family.  Several major forms of VEGF are expressed 

in different tissues and cells based on alternative splicing.  VEGFRs are 

transmembrane tyrosine kinase receptors that are expressed as three major 
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forms, namely VEGFR1 (Flt-1)/soluble VEGFR1 (sFlt-1), VEGFR2 (KDR/Flk-1), 

and VEGFR3 (Flt-4).   Among these three receptors, VEGFR2 is generally 

recognized as the major form that mediates VEGF-induced responses (235). 

 VEGFR2 is highly expressed in endothelial cells and has also been 

detected in tumors and cancer cell lines derived from multiple tissues (163, 167, 

179, 183, 238-240, 248-250).  For example, VEGFR2 expression is increased in 

prostate cancer samples compared to normal prostate, and there is a switch 

from VEGFR1 expression to VEGFR2 expression during prostate tumor 

progression (240).  This switch is important because VEGFR1 and VEGFR2 

differ considerably in their signaling properties: VEGFR2 is the primary initiator 

of angiogenesis, while VEGFR1 may be an inhibitor of angiogenesis in some 

tumors (239).  VEGFR2 and VEGF are co-expressed in primary breast 

carcinomas, and their expression is increased when tumors shift to an 

angiogenic phenotype.  In addition, VEGFR2 is constitutively expressed in 

breast tumor epithelial cultures but exhibits decreased expression in stromal cell 

cultures (163).  Angiogenesis is hormonally regulated in breast cancer cells and 

other estrogen-responsive tissues, and E2 induces VEGF expression in many of 

these cells and tissues (157, 185, 251-260).  Hormonal regulation of VEGFR2 

has previously been observed in bovine retinal capillary endothelial cells where 

E2 induces expression of both VEGFR2 and VEGF (184).    

Although VEGFR2 is expressed in many different tumor types and has 

been detected in various cancer cell lines, to our knowledge, little is known 
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about the mechanism of regulation of VEGFR2 in hormonally regulated tissues/ 

cells including various cancer cell lines.  The VEGFR2 gene promoter is highly 

complex with multiple cis-elements; however, consensus or non-consensus ERE 

motifs have not been identified in the 5'-promoter region of this gene (170).  In 

this study, we show that VEGFR2 is expressed in estrogen receptor (ER)-

positive ZR-75 breast cancer cells and that gene expression is increased after 

treatment of these cells with E2.  Analysis of the VEGFR2 gene promoter shows 

hormone responsiveness is primarily due to two proximal GC-rich motifs (-60 to -

37) that bind Sp proteins, and hormonal activation of VEGRF2 is associated with 

ERa/Sp protein-mediated transactivation.  These results are similar to those 

previously observed for hormonal activation of VEGF in the same cell line (157) 

and suggest a common induction mechanism for both angiogenic factors.  

However, in contrast to previous reports showing that ERa/Sp1 is important for 

activation of hormone-responsive genes in breast cancer cells (143, 146, 149, 

152, 153, 261), VEGFR2 is primarily regulated by ERa/Sp3 and ERa/Sp4. 

 

3.2. Materials and methods 

3.2.1. Chemicals and plasmids   

Dimethyl sulfoxide (Me2SO), E2, 4'-hydroxytamoxifen, 100X 

antibiotic/antimycotic solution, and phosphate buffered saline (PBS) were 

purchased from Sigma Chemical Company (St. Louis, MO).  ICI 182,780 was 

kindly provided by Dr. Alan Wakeling (AstraZeneca, Macclesfield, UK).  Lysis 
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buffer, luciferase reagent, restriction enzymes (XhoI and HindIII), and ligase 

were purchased from Promega (Madison, WI).  b-galactosidase reagents were 

purchased from Tropix (Bedford, MA). Taq polymerase and other PCR reagents 

were purchased from Perkin Elmer (Boston, MA). Progesterone and other 

chemicals of the highest quality possible were obtained from commercial 

sources.  

Human ERa expression plasmid was provided by Dr. Ming-Jer Tsai 

(Baylor College of Medicine, Houston, TX).  ERa deletion constructs HE11C 

(DBD of ERa deleted) and HE19C (AF-1 domain of ERa deleted) were originally 

obtained from Dr. Pierre Chambon (Instutut de Genetique et de Biologie 

Moleculaire et Cellulaire, Illkirch, France) and inserted into vectors pCDNA3 and 

pCDNA3.1/His C.  pCDNA3.1-His-LacZ expression plasmid was obtained from 

Invitrogen (Carlsbad, CA).  VEGFR2 promoter luciferase constructs pVEGFR2A, 

pVEGFR2B, and pVEGFR2C (previously named pKDR-716/+268, pKDR-

225/+268, and pKDR-95/+268) were provided by Dr. Arthur Mu-EnLee 

(deceased) and Dr. Koji Maemura (Cardiovascular Biology Lab, Boston, MA).  

pGL2 basic luciferase reporter vector was purchased from Promega. 

 

3.2.2. Cell lines and tissue culture 

The human breast cancer cell line ZR-75 was obtained from American 

Type Culture Collection (ATCC, Manassas, VA).  Cells were maintained in RPMI 

1640 media (Sigma) supplemented with 10% Fetal Bovine Serum (FBS) 
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(Summit Biotechnology, Fort Collins, CO; Intergen, Des Plains, IA; JRH 

Biosciences, Lenexa, KS; or Atlanta Biologicals, Inc., Norcross, GA).  Medium 

was further supplemented with 1.5 g/L sodium bicarbonate, 2.38 g/L HEPES, 

0.11 g/L sodium pyruvate, and 100X antibiotic/antimycotic solution (Sigma).  

Cells were maintained at 37ºC with a humidified CO2:air (5:95) mixture.  

 

3.2.3. Cloning and oligonucleotides 

VEGFR2 promoter-derived oligonucleotides, PCR primers, and primers 

employed in plasmid construction were synthesized by Genosys/Sigma (The 

Woodlands, TX) or Integrated DNA Technologies (IDT) (Coralville, IA).  VEGFR2 

promoter deletion constructs pVEGFR2D, pVEGFR2E, pVEGFR2F, and 

pVEGFR2G were created by PCR amplification using pVEGFR2A as the 

template.  Forward primers were designed with XhoI restriction enzyme sites at 

the 5'-end.  A reverse luciferase primer was used for PCR.  PCR products were 

digested with XhoI and HindIII, and subsequently ligated into the pGL2 basic 

vector.  All constructs are in pGL2 basic luciferase reporter vector, and all 

constructs were sequenced to verify their identity.  Mutation constructs 

pVEGFR2Em1, pVEGFR2Em2, and pVEGFR2Em3 were constructed by PCR 

amplification using the reverse luciferase primer paired with the forward primer 

containing the desired mutations.  Forward primers are as follows: (mutated 

bases are underlined) 
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   XhoI      -60 

M1=5’-GAT GAT CTC GAG CCA AGC CCC GCA TGG CCC CGC C-3’ 
    
M2=5’-GAT GAT CTC GAG CCC CGC CCC GCA TGG CCA AGC CTC CGC  

GC-3’ 
 
M3=5’-GAT GAT CTC GAG CCA AGC CCC GCA TGG CCA AGC CTC CGC  

GC-3’ 
 
 
 

3.2.4. Transient transfection assays   

Cells were seeded in 12-well plates at a concentration of 1.5-3.0 x 105 

cells per well in phenol red-free DME/F12 media supplemented with 2.5% 

charcoal-stripped FBS.  After 18-24 hr, the appropriate VEGFR2 luciferase 

reporter plasmid (500 ng), ERa or ERa deletion construct expression plasmid 

(500 ng), and pCDNA3.1-His-LacZ expression plasmid (250 ng) (for 

normalization of transfection efficiency) were transiently cotransfected into ZR-

75 cells using the calcium phosphate-DNA co-precipitation method.  pCDNA3.1 

empty vector was transfected to maintain DNA mass balance among different 

transfection groups.  An estrogen-responsive pC3-Luc construct, containing the 

mouse complement-3 (C3) gene promoter insert, was kindly provided by Dr. 

Donald P. McDonnell (Duke University Medical School, Durham, NC) and was 

used as a positive control in most experiments to confirm hormone 

responsiveness of the transfected cells.   

After transfection (4-8 hr), cells were shocked with 25% glycerol in PBS to 

increase transfection efficiency.  Then cells were washed with PBS and treated 
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for 24-48 hr with fresh serum-free DME/F12 medium containing 10 nM E2, 10 

nM progesterone (P), 10 nM E2 + 1 mM ICI 182,780, 1 mM !ICI 182,780 dissolved 

in Me2SO, or Me2SO alone as a solvent control.  Cells were harvested by 

scraping the plates in 100-200 mL of 1X lysis buffer (Promega).  An aliquot of 

soluble protein was obtained by one cycle of freezing/thawing the cells, 

vortexing (30 s), and centrifuging at 12,000 x g (1 min).  Cell lysates (30 mL) 

were assayed for luciferase activity using Luciferase Assay Reagent (Promega) 

and b-galactosidase activity using Tropix Galacto-Light Plus assay system 

(Tropix) in a Lumicount micro-well plate reader (Packard Instrument Co., 

Downers Grove, IL).  Relative luciferase activity was normalized to relative b-

galactosidase units for each transfection experiment.  

 

3.2.5. Transient transfection of siRNA   

Cells were cultured in phenol red-free DME/F12 medium supplemented 

with 2.5% charcoal stripped FBS in 12-well plates until 50-70% confluent.  Cells 

were washed once with serum free, antibiotic free, phenol red-free DME/F12 

media.  The amount of siRNA to give a maximal decrease of each target protein 

was determined experimentally (50 nM final concentration in the well).  

Oligofectamine reagent (Invitrogen, Carlsbad, CA) was used to transfect ZR-75 

cells with siRNA according to the manufacturer’s protocol.  The next day, 

following the manufacturer’s instructions, Lipofectamine 2000 reagent 

(Invitrogen) was used to transfect cells with 500 ng of the appropriate VEGFR2 
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luciferase reporter plasmid, 200 ng of pCDNA3.1-His-LacZ expression plasmid, 

and 500 ng ERa expression plasmid.  Four to eight hr later, cells were treated 

with 10 nM E2 or Me2SO in serum free, antibiotic free, phenol red-free DME/F12 

media.  Cells were harvested 24-48 hr after treatment.  Cell lysates were 

assayed for luciferase and b-galactosidase activity as described earlier.   

The Lamin A/C duplex (target sequence: 5’-CTG GAC TTC CAG AAG 

AAC A-3’) and the Luciferase GL2 duplex (target sequence: 5’-CGT ACG CGG 

AAT ACT TCG A-3’) RNA from Dharmacon (Lafayette, CO) were used for 

controls in siRNA transfections.  The siRNA oligonucleotides for Sp1, Sp3, and 

Sp4 were also ordered from Dharmacon as follows:    

Sp1: 5’-AUC ACU CCA UGG AUG AAA UGA dTdT-3’ 

Sp3: 5’-GCG GCA GGU GGA GCC UUC ACU dTdT-3’ 

Sp4: 5’-GCA GUG ACA CAU UAG UGA GCdT dT-3’ 

 

3.2.6. Western blot analysis   

Cells (3.0 x 105) were seeded into 6-well plates in DME/F12 medium 

supplemented with 2.5% charcoal stripped FBS.  The next day, cells were 

transfected with siRNA as described above.  Protein was extracted from the 

tissue culture cells by harvesting in a high salt lysis buffer (50 mM HEPES, pH 

7.5, 150 mM NaCl, 10% (v/v) glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM 

EGTA, 10 mg/mL aprotinin, 50 mM phenylmethylsulphonylflouride, 50 mM 

sodium orthovanadate) on ice for 45-60 min and centrifugation at 20,000 x g for 
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10 min at 4ºC.  Sixty mg of protein was diluted with Laemmli’s loading buffer, 

boiled, and loaded onto a 7.5% SDS-polyacrylamide gel.  Samples were 

resolved using electrophoresis at 150-180 V for 3-4 hr and transferred (transfer 

buffer: 48 mM Tris-HCl, 29 mM glycine, and 0.025% SDS) to a PVDF membrane 

(BioRad, Hercules, CA) by electrophoresis at 0.2 A for ~12-16 hr.   

Membranes were blocked with excess protein and then probed with 

polyclonal primary antibodies for Sp1 (PEP2), Sp3 (D20), and Sp4 (V20) from 

Santa Cruz Biotechnology Inc (Santa Cruz, CA).  Sp1 and Sp3 were each 

diluted 1:1000 and incubated overnight.  Sp4 was diluted 1:250 and incubated 

overnight as well.  Membranes were probed with a horseradish peroxidase 

conjugated secondary antibody (1:5000) for 3-6 hr.  Blots were visualized using 

the chemiluminescent substrate ECL detection system (NEN-DuPont, Boston, 

MA) and exposure on Kodak X-O Mat autoradiography film (Eastman Kodak 

Co., Rochester, NY).  Band intensity values were obtained by scanning the film 

on a Sharp JX-330 scanner (Sharp Electronics, Mahwah, NJ) and by 

densitometry using the Zero-D Scanalytics software package (Scanalytics, 

Sunnyvale, CA).  

 

3.2.7. Real-time PCR   

For experiments involving hormonal regulation, ZR-75 cells were cultured 

in serum-free DME/F12 media for 1-3 days before treatment with 10 nM E2 or 

Me2SO as a solvent control for 6-24 hr.  For experiments involving siRNA, ZR-75 
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breast cancer cells were transfected as described previously.  Total RNA was 

isolated using the RNeasy Protect Mini Kit (Qiagen, Valencia, CA) according to 

the manufacturer’s protocol.  RNA was eluted with 30 mL RNase-free water and 

stored at -80ºC.  RNA was reverse transcribed using Superscript II reverse 

transcriptase (Invitrogen) according to the manufacturer’s protocol.   

PCR was carried out using SYBR Green PCR Master Mix from PE 

Applied Biosystems (Warrington, UK) on an ABI Prism 7700 Sequence 

Detection System (PE Applied Biosystems).  The 25 mL final volume contained 

0.5 mM of each primer and 2 mL of cDNA template.  TATA binding protein (TBP) 

was used as an exogenous control to compare the relative amount of target 

gene in different samples.  The PCR profile was as follows:  1 cycle of 95°C for 

10 minutes, then 40 cycles of 95°C for 15 s and 60°C for 1 min.  The 

comparative CT method was used for relative quantitation of samples.  Primers 

were purchased from Integrated DNA Technologies.   

The following primers were used:   

KDR (F): 5’- CAC CAC TCA AAC GCT GAC ATG TA -3’  

KDR (R): 5’- CCA ACT GCC AAT ACC AGT GGA T -3’  

TBP (F): 5’- TGC ACA GGA GCC AAG AGT GAA -3’    

TBP (R): 5’- CAC ATC ACA GCT CCC CAC CA -3’   
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3.2.8. Preparation of nuclear extracts   

Cells were cultured in phenol red-free medium supplemented with 2.5% 

charcoal stripped FBS.  The next day, cells were switched to serum free, phenol 

red-free media for 1-3 days.  Cells were treated with Me2SO or 10 nM E2 for 30 

min before harvesting.  Cells were washed in PBS (2X), scraped in 1 ml of 1X 

lysis buffer, incubated at 4ºC for 15 min, and centrifuged 1 min at 14,000 x g.  

Cell pellets were washed in 1 ml of lysis buffer (3X).  Lysis buffer supplemented 

with 500 mM KCl was then added to the cell pellet and incubated for 45 min at 

4ºC with frequent vortexing.  Nuclei were pelleted by centrifugation at 14,000 x g 

for 1 min at 4ºC, and aliquots of supernatant were stored at -80°C until needed. 

 

3.2.9. Electrophoretic Mobility Shift Assay (EMSA)  

VEGFR2 oligonucleotide (-64 5’-CCG GCC CCG CCC CGC ATG GCC 

CCG CCT CCG-3’ -35) was synthesized and annealed, and 5-pmol aliquots 

were 5'-end-labeled using T4 kinase and [g-32P]ATP.  A 30-mL EMSA reaction 

mixture contained ~100 mM KCl, 3 mg of crude nuclear protein, 1 mg poly(dI-dC), 

with or without unlabeled competitor oligonucleotide, and 10 fmol of radiolabeled 

probe.  After incubation for 20 min on ice, antibodies against Sp1, Sp3, or Sp4 

proteins were added and incubated another 20 min on ice.  Protein-DNA 

complexes were resolved by 5% polyacrylamide gel electrophoresis.  Specific 

DNA-protein and antibody-supershifted complexes were observed as retarded 

bands in the gel.   



 127 

3.2.10. Immunofluorescence   

Rabbit polyclonal antibodies for VEGFR2/KDR, Lamin, Sp1, Sp3, Sp4, 

and normal rabbit IgG were purchased from Santa Cruz Biotechnology. 

Fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit immunoglobulin G 

(IgG) was purchased from Jackson ImmunoResearch Laboratories (West Grove, 

PA) or Santa Cruz Biotechnology.  ZR-75 cells were seeded in Lab-Tek 

chamber slides (Nalge Nunc International, Naperville, IL) at 0.75-1.0 x 105 

cells/well in phenol red-free DME/F12 medium supplemented with 2.5 or 5% 

charcoal-stripped FBS.  The next day, cells were either washed with PBS, 

changed to serum free medium and incubated for 24 hr or were transfected with 

siRNAs as described previously.  For experiments involving E2 treatment, ZR-75 

cells were treated with 10 nM E2 or Me2SO in serum free media for 7 hr and 

fixed with cold methanol at -20°C for 5 min.  After washing with PBS, cells were 

blocked with 4% goat serum at room temperature for 1 hr and incubated with the 

primary rabbit polyclonal antibodies against VEGFR2/KDR (1:25), Lamin (1:200), 

Sp1 (1:200), Sp3 (1:200), Sp4 (1:100), or normal rabbit IgG (1:1000) at 4°C 

overnight.  After washing with PBS/0.3% Tween 3 x 10 min, the samples were 

incubated with FITC-conjugated goat anti-rabbit IgG (1:500 or 1:1000) at room 

temperature for 1 hr.  After PBS/Tween rinsing, glass coverslips were mounted 

over the samples with mounting medium (Vector Laboratories, Burlingame, CA) 

or ProLong Gold (Invitrogen), and cells were examined with a fluorescence 
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microscope.  In some experiments, ZR-75 cells were stained with propidium 

iodide for nuclear counter-staining. 

  

3.2.11. Chromatin Immunoprecipitation (ChIP) assay   

ZR-75 cells (1.0 x 107) were treated with Me2SO (time 0) or 10 nM E2 for 

15, 60, and 120 min.  Cells were then fixed with 1.5% formaldehyde, and the 

cross-linking reaction was stopped by addition of 0.125 M glycine.  Cells were 

scraped, pelleted, and hypotonically lysed, and nuclei were collected.  Nuclei 

were then sonicated to desired chromatin length (~500bp).  The chromatin was 

precleared by addition of protein A-conjugated beads (Pierce Biotechnology, 

Rockford, IL).  The precleared chromatin supernatants were immunoprecipitated 

with antibodies specific to IgG, TFIIB, Sp1, Sp3, Sp4, and ERa (Santa Cruz 

Biotechnology) at 4°C overnight.  The protein-antibody complexes were 

collected by addition of protein A-conjugated beads for 1 hr, and the beads were 

extensively washed.  The protein-DNA crosslinks were eluted and reversed.  

DNA was purified by Qiaquick Spin Columns (Qiagen) and followed by PCR 

amplification.  The pS2 primers are: 5’ - CTA GAC GGA ATG GGC TTC AT - 3’ 

(forward) and 5’ - ATG GGA GTC TCC TCC AAC CT - 3’ (reverse), which 

amplify a 209-bp region of the human pS2 promoter containing estrogen 

response element (ERE).  The VEGF primers are: 5’ - GGT CGA GCT TCC 

CCT TCA - 3’ (forward) and 5’ - GAT CCT CCC CGC TAC CAG - 3’ (reverse), 

which amplify a 202-bp region of human VEGF promoter containing GC-rich/Sp1 
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binding sites.  The VEGFR2/KDR primers are: 5’ - GTC CAG TTG TGT GGG 

GAA AT - 3’ (forward) and 5’ - GAG CTG GAG CCG AAA CTC TA - 3’ (reverse), 

which amplify a 169-bp region of human VEGFR2/KDR promoter containing GC-

rich/Sp1 binding sites.  The positive control primers are: 5’ - TAC TAG CGG TTT 

TAC GGG CG - 3’ (forward) and 5’ - TCG AAC AGG AGG AGC AGA GAG CGA 

- 3’ (reverse), which amplify a 167-bp region of human glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) gene.  The negative control primers are: 5’ 

- ATG GTT GCC ACT GGG GAT CT - 3’ (forward) and 5’ - TGC CAA AGC CTA 

GGG GAA GA - 3’ (reverse), which amplify a 174-bp region of genomic DNA 

between the GAPDH gene and the CNAP1 gene.  PCR products were resolved 

on a 2% agarose gel in the presence of 1:10,000 SYBR gold (Molecular Probes-

Invitrogen, Carlsbad, CA). 

  

3.2.12. Statistical analysis  

Results of transient transfection studies are presented as means (+/-)  

standard error (S.E.) for at least three replicates for each treatment group.  All 

other experiments were carried out at least two times to confirm a consistent 

pattern of responses. Significant statistical differences between treatment 

groups were determined by analysis using SuperANOVA and Scheffe’s test or 

Fisher’s Protected LSD (p < 0.05).  
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3.3. Results 

3.3.1. Induction of VEGFR2 by E2 in ZR-75 cells   

The effect of E2 on VEGFR2 mRNA expression in ZR-75 human breast 

cancer cells was investigated using Real-time PCR.  VEGFR2 mRNA 

expression was significantly upregulated by E2 in ZR-75 cells 6 hr after 

treatment but decreased to background levels 12 and 24 hr after treatment 

(Figure 31A).  We also investigated the effects of E2 on VEGFR2 expression by 

immunofluorescent staining.  ZR-75 cells were treated with Me2SO or 10 nM E2 

for 7 hr.  IgG (non-specific) and VEGFR2 antibodies were used to visualize 

protein expression (green), and nuclei were stained with propidium iodide 

(Figure 31B).  The results show that in Me2SO-treated cells, weak VEGFR2 

staining was observed (e, f), and after treatment with 10 nM E2, there was 

enhanced cytoplasmic VEGFR2 staining (green).  Thus, both VEGFR2 mRNA 

and protein are induced by E2 in ZR-75 cells.   
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Figure 31. Upregulation of VEGFR2 by E2 in ZR-75 cells. A. Upregulation of 
VEGFR2 mRNA by E2 in ZR-75 human breast cancer cells.  ZR-75 cells 
were treated with Me2SO or 10 nM E2 for 6, 12, or 24 hr.  RNA was isolated 
using the RNeasy Protect Mini Kit (Qiagen), and samples were analyzed by 
Real-time PCR as described in the Materials and methods.  Significant (p < 
0.05) induction of VEGFR2 mRNA levels by E2 are indicated by an asterisk.  
Results are presented as means ±  S.E. for at least three determinations for 
each treatment group.  B. Immunofluorescence detection of VEGFR2/KDR 
in ZR-75 cells treated with E2.  ZR-75 cells were treated with 10 nM E2 (a, b, 
c, g, h, i) or Me2SO (d, e, f) for 7 hr and incubated with normal rabbit IgG (a, 
b, c) or rabbit anti-KDR (d, e, f, g, h, i) and FITC (green)-conjugated 
secondary antibody as shown in b, e, and h.  Nuclei were counterstained 
with propidium iodide (red) as shown in a, d, and g.  Photographs were 
taken at the magnification of X200.  Two respective photos were merged 
and shown in c, f, and i.  VEGFR2/KDR staining (green) was increased in 
ZR-75 cells treated with E2. 
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3.3.2. Hormonal regulation of VEGFR2 promoter constructs:  deletion and 

mutation analysis   

The VEGFR2 promoter does not contain EREs although there are 

multiple cis-elements within the -716 to +268 region of the promoter.  The results 

in Figure 32A show that E2 induced activity in ZR-75 cells transfected with 

pVEGFR2A, pVEGFR2B, and pVEGFR2C which contain -716 to +268, -225 to 

+268, and -95 to +268 VEGFR2 promoter inserts.  Basal activity was essentially 

unchanged in the transfected cells, and hormone inducibility ranged from 2.4- to 

4.5-fold.  Further deletion of the -95 to -78 and -77 to -61 sequences resulted in 

lower (~35%) basal activity (i.e., after transfection of pVEGFR2C, pVEGFR2D 

and pVEGFR2E), and hormone inducibility was slightly enhanced in cells 

transfected with these VEGFR2 deletion constructs (Figure 32B).  In contrast, 

both basal and hormone-induced activity decreased dramatically in ZR-75 cells 

transfected with pVEGFR2F, suggesting that the two GC-rich sites between -60 

and -38 were critical elements for regulating VEGFR2 expression.  Fold-

inducibility was also increased in cells transfected with pVEGFR2F; however, 

since absolute activity was low, the fold-inducibility was highly variable, thus 

hormone-responsive elements in the -37 to +268 region of the VEGFR2 

promoter were not further investigated.  Mutation of one or both GC-rich sites at 

-58 and -44 in the VEGFR2 promoter resulted in loss of basal and hormone-

induced activity (Figure 32C).  These results demonstrate the importance of the 
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two proximal GC-rich motifs in mediating hormonal activation of VEGFR2 in ZR-

75 cells. 

 
 
 

 

Figure 32. Deletion analysis of the VEGFR2 gene promoter and effects of 
E2 on luciferase activity in ZR-75 cells.  ZR-75 human breast cancer cells 
were transiently transfected with 500 ng of pVEGFR2A, pVEGFR2B or 
pVEGFR2C (A), and pVEGFR2C, pVEGFR2D, pVEGFR2E, or pVEGFR2F (B), 
250 ng pCDNA3.1-His-LacZ, and 500 ng ERa .  Cells were treated for 36-48 
hr with Me2SO or 10 nM E2, and luciferase activity was determined as 
described in the Materials and methods.  Significant (p < 0.05) induction of 
luciferase reporter activity by E2 is indicated by an asterisk, (a) indicates 
no significant difference from E2-treated pGL2 (control), and (b) indicates 
no significant difference from Me2SO-treated pGL2 (control).  Results are 
expressed as means ±  S.E. for at least three determinations for each 
treatment group. 
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Figure 32. (Continued) C. Mutation analysis of pVEGFR2E in ZR-75 cells.  
ZR-75 human breast cancer cells were transiently transfected with 500 ng 
of pVEGFR2E, pVEGFR2Em1 (mutation of the 5' GC-rich element), 
pVEGFR2Em2 (mutation of the 3' GC-rich element), pVEGFR2Em3 
(mutation of both GC-rich elements), or pVEGFR2F, cells were treated for 
36-48 hr with Me2SO or 10 nM E2, and luciferase activity was determined 
as described in the Materials and methods.  Significant (p < 0.05) induction 
of luciferase reporter activity by E2 is indicated by an asterisk, (a) 
indicates no significant difference from E2-treated pGL2 (control), and (b) 
indicates no significant difference from Me2SO pGL2 (control).  Results are 
expressed as means ±  S.E. for at least three determinations for each 
treatment group. 
 

 

 Previous studies have demonstrated that ER/Sp1-mediated 

transactivation of E2-responsive GC-rich promoter did not require the DNA 

binding domain (DBD) of ERa (143, 146, 149, 152, 153, 261).  In ZR-75 cells 

transfected with wild-type ERa and variants containing deletions in the DBD 

(HE11C) or AF-1 (HE19C), E2 induced transactivation in cells cotransfected with 

the two former expression plasmids (Figure 33A).  These results demonstrate 

the requirement of the AF-1 but not the DBD of ERa for transactivation, and 

these results are similar to those observed for other hormone-induced genes 
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activated by ERa/Sp proteins (143, 146, 149, 152, 153, 261).  The results in 

Figure 33B demonstrate the hormone receptor specificity of hormonal activation 

of VEGFR2.  E2 induced activity in ZR-75 cells transfected with ERa and 

pVEGFR2C, and the antiestrogen ICI 182,780 inhibited hormone-induced 

transactivation.  In contrast, progesterone did not affect activity in ZR-75 cells 

transfected with PR-B, and similar results on the hormone receptor specificity of 

this response were observed in studies with VEGF in the same cell line (157). 

 
 
 

 
Figure 33. ER domain requirements and hormone specificity. A. 
Comparative effects of wild-type and variant ERa  on E2-induced 
transactivation in ZR-75 cells transfected with pVEGFR2C.  ZR-75 cells 
were transiently transfected with 500 ng of pVEGFR2C and 500 ng of ERa  
or variant (HE11C and HE19C) ERa .  Cells were treated with Me2SO or 10 
nM E2, and luciferase activity was determined as described in the 
Materials and methods.  Significant (p < 0.05) induction of luciferase 
activity is indicated by an asterisk.  Results are presented as means ±  S.E. 
for at least three determinations of each treatment group. 
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Figure 33. (Continued) B. Hormone and antiestrogen responsiveness of 
pVEGFR2C in ZR-75 cells.  ZR-75 cells were transiently transfected with 
500 ng of pVEGFR2C and 500 ng ERa  or PR-B.  Cells were treated with 
Me2SO, 10 nM E2, 10 nM E2 + 1 mM ICI 182,780, 1 mM ICI 182,780 alone, or 
10 nM progesterone.  Luciferase activity was determined as described in 
the Materials and methods.  Significant (p < 0.05) induction of luciferase 
activity (*) and inhibition of induced activity by the antiestrogen ICI 182,780 
are indicated (**).  Results are presented as means ± S.E. for at least three 
determinations for each treatment group. 
 
 
 
 
3.3.3. ERa and Sp protein interactions with the VEGFR2 promoter   

Interaction of Sp proteins with the proximal GC-rich sequences in the 

VEGFR2 promoter were investigated using EMSA with nuclear extracts from 

ZR-75 cells and VEGFR2-32P which contain the -64 to -35 proximal GC-rich 

sequence from the VEGFR2 promoter (Figure 34A).  The results show a pattern 

of retarded bands comparable to those observed using cancer cell nuclear 
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extracts and other GC-rich oligonucleotides (149, 152, 261).  Sp1 and Sp4 

complexes form an overlapping retarded band, and a more mobile Sp3-DNA 

complex is also observed (lane 2).  Coincubation with antibodies for Sp1, Sp3, 

and Sp4 results in formation of supershifted complexes (lanes 3 - 5, 

respectively), and coincubation with 100-fold excess of unlabeled 

oligonucleotide decreases intensity of all the retarded bands (lane 7).  However, 

non-specific IgG did not affect retarded band intensities (lane 6).  These results 

clearly show that Sp1, Sp3, and Sp4 are expressed in ZR-75 cells, and all three 

proteins bind the GC-rich VEGFR2 oligonucleotide.  We did not observe direct 

interactions of ERa with the Sp1-DNA complex in the EMSA, and this was 

consistent with results of previous studies with GC-rich oligonucleotides which 

did not observe formation of a ternary ERa/Sp1-DNA complex (153). 

Interactions of ERa, Sp1, Sp3, and Sp4 with the proximal GC-rich region 

of the VEGFR2 promoter in ZR-75 cells were also investigated using a ChIP 

assay (Figures 34B & 34C).  In untreated cells (0-time), Sp1, Sp3, Sp4, and 

ERa were bound to the VEGFR2 promoter, and similar results were observed 

for binding to the E2-responsive GC-rich region of the VEGF promoter.  VEGF 

was used as a comparative reference for studying the VEGFR2 promoter since  
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both proteins/genes are induced by E2 in ZR-75 cells (157).  The pS2 gene was 

also used as a control since previous studies show that treatment of MCF-7 cells 

with E2 enhances binding of ERa to the nonconsensus ERE in the pS2 

promoter (262-265).  The results obtained in this study also show that E2 

induces ERa binding to the pS2 promoter and that Sp1, Sp3, and Sp4 are 

constitutively bound to the promoter in the presence or absence of E2.  GC-rich 

sites that bind Sp proteins have previously been identified in the ERE region of 

the pS2 promoter (266).  After treatment of ZR-75 cells with E2 for 15, 60, or 120 

min, there were minimal changes in ERa or Sp protein binding to the VEGF or 

VEGFR2 promoter.  Thus, in contrast to the results obtained for protein 

assembly on the pS2 promoter, ERa and Sp1, Sp3, and Sp4 are constitutively 

bound to the VEGFR2 (and VEGF) promoter.  Results in Figure 34D show that 

TFIIB binds to the GAPDH promoter (positive control) but not to exon 1 of the 

CNAP1 promoter (negative control). 
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Figure 34. Sp protein binding to the VEGFR2 promoter in ZR-75 cells.  A. 
Electrophoretic mobility shift assay.  Nuclear extracts from ZR-75 cells 
were incubated with radiolabeled VEGFR2-32P alone or in the presence of 
unlabeled oligonucleotides and/or antibodies, and DNA-protein complexes 
were separated by EMSA as described in the Materials and methods.  
Arrows indicate various retarded and supershifted complexes. 
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Figure 34. (Continued) B. Summary of primers (Æ  ¨) and targeted regions 
of the pS2, VEGF, and VEGFR2 promoters used in ChIP assays.  C. 
Analysis of protein interactions with the pS2, VEGF, and VEGFR2 promoter 
by ChIP.  ZR-75 cells were treated with Me2SO (control) or 10 nM E2, and 
cells were harvested after treatment with hormone for up to 2 hr and 
analyzed in a ChIP assay as described in the Materials and methods. D. 
Binding of TFIIB to the GAPDH promoter. The ChIP assay was also used to 
examine binding of TFIIB to the GAPDH promoter (positive control) and to 
exon 1 of CNAP1 (negative control) as described in the Materials and 
methods. 
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3.3.4. RNA interference studies   

Sp proteins play a critical role in regulating genes involved in growth and 

angiogenesis.  Recent RNA interference studies in pancreatic cancer cells 

showed that Sp1, Sp3, and Sp4 are important for VEGF expression (157, 158).  

Initial studies showed that after transfection of ZR-75 cells with small inhibitory 

RNAs for Sp1 (iSp1), Sp3 (iSp3), and Sp4 (iSp4), there was 35-50% knockdown 

of Sp proteins as determined by Western blot analysis of whole cell lysates 

(Figure 35A).  Transfection efficiencies were 40-60%, indicating that the siRNAs 

were highly active, and this was confirmed in immunostaining of transfected cells 

which indicated that in transfected cells, >90% of the targeted protein was 

degraded (Figure 35B).  In panels a - d, cells were stained for Lamin, and 

decreased staining was observed in cells transfected with iLamin (a); Lamin 

staining was observed in cells transfected with small inhibitory RNAs for Sp 

proteins (b - d).  Sp1 (e), Sp3 (g), and weak Sp4 (i) immunostaining was 

observed in ZR-75 cells transfected with iLamin (non-specific control), but 

transfection with iSp1 (f), iSp3 (h), and iSp4 (j) decreased staining of Sp1, Sp3, 

and Sp4 proteins, respectively.  Staining with IgG or the secondary antibody (k, 

l) is also shown.  The decreases observed with iSp1 and iSp3 are consistent 

with results of previous studies (158); the antibody available for Sp4 was less 

efficient, but iSp4 decreased the overall immunostaining for this protein.  Results 

in Figures 35C and 35D show that iGL2 (siRNA for luciferase) decreased activity 

by >90% in ZR-75 cells transfected with pVEGFR2A and pVEGFR2E; however, 
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the effects of RNA interference of Sp protein expression were surprising.  iSp3 

and iSp4 significantly decrease hormone-responsiveness, yet iSp1 did not affect 

basal or inducible luciferase activity.  These results suggest that hormonal 

regulation of VEGFR2 in ZR-75 cells is primarily due to ERa/Sp3 and ERa/Sp4 

but not ERa/Sp1.  

 
 
 

 

Figure 35. Role of Sp proteins in hormonal regulation of VEGFR2 in ZR-75 
cells.  A. Sp protein knockdown – Western blot analysis.  ZR-75 cells were 
transfected with iSp1, iSp3, or iSp4, and whole cell lysates were analyzed 
by Western blot analysis as described in the Materials and methods.  The 
experiments were repeated (3X), and the Sp protein levels were 
significantly (p < 0.05) decreased by RNA interference (relative to iLamin) 
as indicated by an asterisk. 
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Figure 35. (Continued) B. Sp protein knockdown -  analysis by 
immunostaining.  ZR-75 cells were transfected with iLamin (control) (a, e, 
g, i), iSp1 (b, f), iSp3 (c, h), or iSp4 (d, j) and immunostained for Lamin (a - 
d), Sp1 (e, f), Sp3 (g, h), or Sp4 (i, j) as described in the Materials and 
methods.  IgG (k) and mouse secondary antibody (l) served as controls. 
Photographs were taken at the magnification of X60. 
 
 
 



 144 

 

 

Figure 35. (Continued) Effects of iSp1, iSp3, and iSp4 on basal and E2-
dependent activity in ZR-75 cells transfected with pVEGFR2A (C) and 
VEGFR2E (D).  ZR-75 human breast cancer cells were transiently 
transfected with 500 ng of pVEGFR2A or VEGFR2E and 50 nM of each 
siRNA, treated with Me2SO or 10 nM E2, and luciferase activity was 
determined as described in the Materials and methods.  Significantly (p < 
0.05) decreased basal reporter activity by siRNAs (*) and decreased 
activity after treatment with E2 (**) compared to non-specific control (iNS) 
are indicated.  Results are presented as means ±  S.E. for at least three 
determinations for each treatment group. 
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3.4. Discussion 

 VEGFR2 is a key mediator of angiogenesis in normal and cancerous 

tissues, and this receptor is upregulated in many cancer cell lines and tumors 

(163, 167, 179, 183, 235, 238-240, 248-250).  Tyrosine kinases such as 

VEGFR2 are targets for development of antiangiogenic drugs, and several 

studies have characterized VEGFR inhibitors that block tyrosine kinase activities 

(241-244).  For example, CEP-7055 or N,N-dimethylglycine 3-[5,6,7,18-

tetrahydro-9-[(1-methyleneoxy)methyl]-5-oxo-12H-indeno(2,1-9)pyrrolo(3,4-

c)carbazol-12-yl] propyl ester is a pan-VEGFR inhibitor which inhibits 

angiogenesis in both in vitro and in vivo models (242).  Moreover, in athymic 

nude mouse xenograft studies, CEP-7055 inhibits growth of multiple tumor types 

including tumors in mice bearing MCF-7 breast cancer cell xenografts where a 

dose of 23.8 mg/kg/d (for 26 days) resulted in a 65% inhibition of tumor growth.  

Previous reports also showed that VEGFR2 was expressed in mammary tumors 

and both ER-negative and ER-positive breast cancer cells lines including T47D 

and MCF-7 cells (238).  Results of this study confirm that VEGFR2 is also 

expressed in ZR-75 cells (Figure 31). 

 Regulation of VEGFR2 expression is dependent on a number of factors 

including cell context.  Initial studies by Patterson and coworkers using VEGFR2 

promoter constructs showed that basal activity in bovine aortic endothelial cells 

was primarily associated with the GC-rich -95 to -60 region of the promoter 

which contains Sp, AP-2 and NFkB motifs (170).  This analysis was also 
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supported by DNA footprinting studies showing protected sequences between    

-110 and -25 in human umbilical vein endothelial cells (HUVECs).  Interestingly, 

comparable interactions were not observed in fibroblasts or HeLa cells (232).  

Hata and coworkers also showed that the GC-rich -79 to -68 region of the 

promoter was essential for activity in endothelial cells.  This region bound both 

Sp1 and Sp3; however, their results suggested that Sp1 expression enhanced 

VEGFR2 expression, but that Sp3 attenuated this response (231).  In contrast, 

Urbich and coworkers showed that basal and shear stress-induced activation of 

VEGFR2 promoter constructs in HUVECs was primarily dependent on two more 

proximal GC-rich sites at -58 and -44 bp (267).  Results of this study using 

epithelial-derived ZR-75 cells show a remarkable similarity to the results 

reported for shear stressed HUVECs where the -58 and -44 sites in VEGFR2 

are essential for high basal expression of VEGFR2 (Figure 32).  In ZR-75 cells, 

we have also confirmed, by both EMSA and ChIP assays, that Sp1, Sp3, and 

Sp4 constitutively bind regions of the VEGFR2 promoter encompassing the two 

proximal GC-rich sites (Figure 34).  The potential role of Sp3 in activating VEGF 

(157) and VEGFR2 expression in ZR-75 cells is in contrast to the inhibitory 

effects of the protein in endothelial cells, and this illustrates the important cell 

and promoter context-dependent effects of Sp3 on transactivation observed in 

other studies (268-270). 

 Hormone-dependent activation of VEGFR2 also primarily involves the 

proximal GC-rich sites in the VEGFR2 promoter (Figure 32), and the results with 



 147 

PR and ERa variants (Figure 33) are similar to those observed for other 

hormone-responsive genes activated through interactions of ERa/Sp with GC-

rich cis-elements (270).  Most previous studies have assumed that hormonal 

activation of GC-rich promoters are dependent on ERa/Sp1 interactions with E2-

responsive GC-rich sites; however, RNA interference studies and selective 

knockdown of Sp1, Sp3, and Sp4 demonstrate that ERa/Sp1 plays a minimal 

role in activation of VEGFR2 and that both ERa/Sp3 and ERa/Sp4 are the 

critical factors required for this response (Figure 35).  Moreover, unlike the pS2 

gene where E2 enhances recruitment of ERa to the ERE promoter site (262-

266), ERa and the Sp proteins are constituitively bound to the proximal GC-rich 

VEGFR2 and VEGF promoters (Figure 34), and treatment with hormone has 

minimal effects on these interactions.  Previous studies have confirmed that 

ERa interacts with Sp proteins in the absence of ligand (153, 156), and the ChIP 

results suggest that in ZR-75 cells unliganded ERa is associated with Sp protein 

bound to E2-responsive GC-rich promoters and that addition of E2 does not 

significantly alter Sp or ER promoter interactions.  Presumably, hormone 

induces recruitment of coregulatory proteins required for transactivation, and 

current studies in this laboratory are focused on identification and 

characterization of ERa/Sp coactivators. 

 In summary, our results show that ERa/Sp3 and ERa/Sp4 are involved in 

hormone-dependent activation of VEGFR2 in ZR-75 cells.  Studies in several 

laboratories have demonstrated an important role for DNA-independent 
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activation of genes through nuclear receptor interactions with DNA-bound Sp 

transcription factors (271-280).  In contrast to results of this study, PPARg 

differentially activated VEGFR2 through Sp1 but not Sp3 in retinal capillary 

endothelial cells (279).  PPARa agonists inhibited VEGFR2 in HUVECs, and this 

response was linked to interactions with Sp1 bound to the proximal -58 and -44 

GC-rich sites (280).  Thus, expression of VEGFR2 and other genes with GC-rich 

promoters can be up- or downregulated by ER and other nuclear receptors, and 

current studies in this laboratory are focused on further understanding this 

pivotal gene regulatory pathway involving nuclear receptors and Sp proteins in 

breast cancer cells and other hormone-responsive tissues. 
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CHAPTER IV 

 

VASCULAR ENDOTHELIAL GROWTH FACTOR RECEPTOR-2 

EXPRESSION IS DOWNREGULATED BY 17b -ESTRADIOL IN 

MCF-7 BREAST CANCER CELLS BY ESTROGEN  

RECEPTOR a/Sp PROTEINS 

 

4.1. Introduction 

 Angiogenesis is a complex biological function that is required for new 

blood vessel formation and is essential for embryogenesis, wound healing, and 

many other physiological processes (161, 234, 247).  In addition, angiogenic 

pathways also contribute to disease states including inflammation, diabetes, and 

cancer where both tumor growth and metastasis are dependent on development 

of new vasculature in the parent tumor and in distal sites of metastasis (21, 23).  

Vascular permeability factor or vascular endothelial growth factor (VEGF) is a 

key angiogenic protein and is a critical activator of this pathway.  Several 

different splice-variant forms of VEGF (or VEGF-A) have been characterized 

along with VEGF-B, VEGF-C, VEGF-D, VEGF-E, and platelet-induced growth 

factor (234, 235).  The expression of these mitogens is tissue/cell specific, and 

there is also some specificity in their interactions with VEGF receptors 

(VEGFRs) which are protein tyrosine kinase transmembrane receptors.   
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 The expression of VEGFRs is cell-type specific: the major VEGFRs 

include VEGFR1(flt-1), soluble VEGFR1(sflt-1), VEGFR2(KDR/flk-1), and 

VEGFR3(flt-4) (161, 234, 235).  Soluble VEGFR1 (sVEGFR1) is a truncated 

form of VEGFR1 which does not contain the tyrosine kinase domain but 

expresses the extracellular ligand binding function of VEGFR1.  There is some 

evidence that sVEGFR1 exhibits anti-angiogenic activity by interacting with 

extracellular VEGF thereby inhibiting its interactions with other VEGFRs (234, 

235).  For example, a recent study (177) showed that 17b-estradiol (E2) induced 

sVEGFR1 (but not VEGFR1) in estrogen receptor a (ERa)-positive MCF-7 

breast cancer cells, the antiestrogen ICI 182 780 inhibited the E2-induced 

response, and sVEGFR1 levels were increased by the antiestrogen alone.  Also, 

evidence from xenograft studies with MCF-7 cells showed decreased expression 

of sVEGFR1 after treatment with E2 correlated with a less than 2-fold increase 

in vessel density. 

 Among the VEGFRs, VEGFR2 is the predominant form that regulates 

angiogenesis.  VEGFR2 is overexpressed in some tumor types (163, 167, 179, 

183, 238, 239, 249, 250), and tyrosine kinase inhibitors that block VEGFR 

signaling have been developed for cancer chemotherapy (241-244).  Regulation 

of VEGFR2 expression has been investigated in several different cell lines, and 

analysis of the VEGFR2 promoter has identified several important transacting 

factors/cis-elements (170, 231, 232, 267).  The proximal region of the VEGFR2 

promoter contains E-boxes, GC-rich, AP-2, and NFkB motifs which are 
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important for VEGFR2 expression in several cell lines, and a recent study 

showed that TFII-I also modulates endothelial cell expression of VEGFR2 (281).  

Studies in this laboratory recently showed that E2 induced VEGFR2 expression 

in ERa-positive ZR-75 breast cancer cells, and this was due to a non-classical 

mechanism involving ERa/Sp protein interactions with proximal GC-rich motifs 

at -58 and -44 (282).  Surprisingly, we observe that E2 decreases VEGFR2 

mRNA levels in MCF-7 cells, and analysis of this response also showed that the 

GC-rich sites at -58 and -44 are critical for the decreased response in MCF-7 

cells.  Results of RNA interference, chromatin immunoprecipitation, 

electrophoretic mobility shift, and transient transfection assays suggest that 

hormone-dependent downregulation is primarily dependent on ERa/Sp1 and 

ERa/Sp3 promoter interactions which are accompanied by recruitment of the 

corepressor silencing mediator for retinoid and thyroid hormone receptors 

(SMRT).  This novel mechanism for downregulation must also involve other 

factors which include cell context-dependent factors which govern the E2-

dependent up or downregulation in ZR-75 and MCF-7 cells respectively. 

 

4.2. Materials and methods 

4.2.1. Chemicals, plasmids, and gifts  

Dimethyl sulfoxide (Me2SO), 17b-estradiol (E2), 4’-hydroxytamoxifen, 

100X antibiotic/antimycotic solution, and phosphate buffered saline (PBS) were 

purchased from Sigma Chemical Company (St. Louis, MO).  ICI 182,780 was 
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kindly provided by Dr. Alan Wakeling (AstraZeneca, Macclesfield, UK).  5X lysis 

buffer, luciferase reagent, restriction enzymes (XhoI and HindIII), and ligase 

were purchased from Promega (Madison, WI).  b-galactosidase reagents were 

purchased from Tropix (Bedford, MA).  Taq polymerase and other PCR reagents 

were purchased from Perkin Elmer (Boston, MA).  Progesterone and other 

chemicals of the highest quality possible were obtained from commercial 

sources.  

Human ERa expression plasmid was provided by Dr. Ming-Jer Tsai 

(Baylor College of Medicine, Houston, TX).  ERa deletion constructs HE11C 

(DBD of ERa deleted) and HE19C (AF-1 domain of ERa deleted) were originally 

obtained from Dr. Pierre Chambon (Instutut de Genetique et de Biologie 

Moleculaire et Cellulaire, Illkirch, France) and inserted into vectors pCDNA3 and 

pCDNA3.1/His C.  pCDNA3.1-His-LacZ expression plasmid was obtained from 

Invitrogen (Carlsbad, CA).  VEGFR2 promoter luciferase constructs pVEGFR2A, 

pVEGFR2B, and pVEGFR2C (previously named pKDR-716/+268, pKDR-

225/+268, and pKDR-95/+268) were provided by Dr. Arthur Mu-EnLee 

(deceased) and Dr. Koji Maemura (Cardiovascular Biology Lab, Boston, MA).  

pGL2 basic luciferase reporter vector was purchased from Promega. 

 

4.2.2. Cell lines and tissue culture 

The human breast cancer cell line MCF-7 was obtained from American 

Type Culture Collection (ATCC, Manassas, VA).  Cells were cultured in 
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Dulbecco’s modified Eagle’s medium/F12 (Sigma) supplemented with 5 or 10% 

fetal bovine serum (FBS) (Summit Biotechnology, Fort Collins, CO; Intergen, 

Des Plains, IA; JRH Biosciences, Lenexa, KS; or Atlanta Biologicals, Inc., 

Norcross, GA).  Medium was further supplemented with 2.2 g/L sodium 

bicarbonate and 100X antibiotic/antimycotic solution (Sigma).  Cells were 

maintained at 37 ºC with a humidified CO2:air (5:95) mixture.  

 
 
4.2.3. Cloning and oligonucleotides  

VEGFR2 promoter-derived oligonucleotides, PCR primers, and primers 

employed in plasmid construction were synthesized by Genosys/Sigma (The 

Woodlands, TX) or Integrated DNA Technologies (IDT) (Coralville, IA).  VEGFR2 

promoter deletion constructs pVEGFR2D, pVEGFR2E, pVEGFR2F, and 

pVEGFR2G were created by PCR amplification using pVEGFR2A as the 

template.  Forward primers were designed with XhoI restriction enzyme sites at 

the 5’-end.  A reverse luciferase primer was used for PCR.  PCR products were 

digested with XhoI and HindIII, and subsequently ligated into the pGL2 basic 

vector.  All constructs are in pGL2 basic luciferase reporter vector and all 

constructs were sequenced to verify their identity.  Mutation constructs 

pVEGFR2Em1, pVEGFR2Em2, and pVEGFR2Em3 were constructed by PCR 

amplification using the reverse luciferase primer paired with the forward primer 

containing the desired mutations.  Forward primers are as follows: (mutated 

bases are underlined) 
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  XhoI      -60 

M1= 5’-GAT GAT CTC GAG CCA AGC CCC GCA TGG CCC CGC C-3’ 
    
M2= 5’-GAT GAT CTC GAG CCC CGC CCC GCA TGG CCA AGC CTC CGC  

GC-3’ 
 
M3= 5’-GAT GAT CTC GAG CCA AGC CCC GCA TGG CCA AGC CTC CGC  

GC-3’ 
 
 
 
4.2.4. Transient transfection assays 

Cells were seeded in 12-well plates at a concentration of 1.5-3.0 x 105 

cells per well in phenol red-free DME/F12 media supplemented with 2.5% 

charcoal-stripped FBS.  After 18-24 hr, the appropriate VEGFR2 luciferase 

reporter plasmid (500 ng), 250 or 500 ng ERa or ERa deletion constructs 

expression plasmid, and 250 ng pCDNA3.1-His-LacZ expression plasmid (for 

normalization of transfection efficiency) were transiently cotransfected into MCF-

7 cells using the calcium phosphate-DNA co-precipitation method.  pCDNA3.1 

empty vector was transfected to maintain DNA mass balance among different 

transfection groups.  An estrogen-responsive pC3-Luc construct, containing the 

mouse complement-3 (C3) gene promoter insert, was kindly provided by Dr. 

Donald P. McDonnell (Duke University Medical School, Durham, NC) and was 

used as a positive control in most experiments to confirm hormone 

responsiveness of the transfected cells.   

After transfection (4-8 hr), cells were shocked with 25% glycerol in PBS to 

increase transfection efficiency.  Then cells were washed with PBS and treated 
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for 24-48 hr with fresh serum-free DME/F12 medium containing 10 nM E2, 10 

nM progesterone (P), 10 nM E2 + 1 mM ICI 182,780, 1 mM ICI 182,780 dissolved 

in Me2SO, or Me2SO alone as a solvent control.  Cells were harvested by 

scraping the plates in 100-200 mL of 1X lysis buffer (Promega).  An aliquot of 

soluble protein was obtained by one cycle of freezing/thawing the cells, 

vortexing (30 s), and centrifuging at 12,000 x g (1 min).  Cell lysates (30 mL) 

were assayed for luciferase activity using Luciferase Assay Reagent (Promega) 

and b-galactosidase activity using Tropix Galacto-Light Plus assay system 

(Tropix, Bedford, MA) in a Lumicount micro-well plate reader (Packard 

Instrument Co., Downers Grove, IL).  Relative luciferase activity was normalized 

to relative b-galactosidase units for each transfection experiment.  

 

4.2.5. Transient transfection of siRNA 

 Cells were cultured in phenol red-free DME/F12 medium supplemented 

with 2.5% charcoal stripped FBS in 12-well plates until 50-70% confluent.  Cells 

were washed once with serum free, antibiotic free, phenol red-free DME/F12 

media.  The amount of siRNA to give a maximal decrease of each target protein 

was determined experimentally (50 nM final concentration in the well).  

Oligofectamine reagent (Invitrogen) was used to transfect MCF-7 cells with 

siRNA according to the manufacturer’s protocol.  The next day, following the 

manufacturer’s instructions, Lipofectamine 2000 reagent (Invitrogen) was used 

to transfect cells with 400 ng of the appropriate VEGFR luciferase reporter 
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plasmid and 200 ng of pCDNA3.1-His-LacZ, as well as 400 ng ERa.  Four to 

eight hr later, cells were treated with 10 nM E2 or Me2SO in serum free, 

antibiotic free, phenol red-free DME/F12 media.  Cells were harvested 24 hr 

after treatment.  Cell lysates were assayed for luciferase and b-galactosidase 

activity as described above.   

The Lamin A/C duplex (target sequence: 5’-CTG GAC TTC CAG AAG 

AAC A-3’) and the Luciferase GL2 duplex RNA (target sequence: 5’-CGT ACG 

CGG AAT ACT TCG A-3’) from Dharmacon (Lafayette, CO) were used for 

controls in siRNA transfections.  The siRNA oligonucleotides for Sp1, Sp3, Sp4, 

NCoR, and SMRT were also ordered from Dharmacon as follows:    

Sp1: 5’-AUC ACU CCA UGG AUG AAA UGA dTdT-3’ 

Sp3: 5’-GCG GCA GGU GGA GCC UUC ACU dTdT-3’ 

Sp4: 5’-GCA GUG ACA CAU UAG UGA GCdT dT-3’ 

NCoR: 5’-AAG AAG GAU CCA GCA UUC GGA dTdT-3’ 

SMRT: 5’-AAA GUC UAA ACU GAG CUC GCA dTdT-3’ 

 

4.2.6. Western blot analysis 

 Cells were seeded into 6-well plates in DME/F12 medium supplemented 

with 2.5% charcoal stripped FBS.  The next day, cells were transfected with 

siRNA as described earlier.  Protein was extracted from the tissue culture cells 

by harvesting in a high salt lysis buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 

10% (v/v) glycerol, 1% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 10 mg/mL 
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aprotinin, 50 mM phenylmethylsulphonylflouride, 50 mM sodium orthovanadate) 

on ice for 45-60 min and centrifugation at 20,000 x g for 10 min at 4ºC.  Thirty to 

sixty mg of protein was diluted with Laemmli’s loading buffer, boiled, and loaded 

onto a 7.5% SDS-polyacrylamide gel.  Samples were resolved using 

electrophoresis at 150-180 V for 3-4 hr and transferred (transfer buffer: 48 mM 

Tris-Hcl, 29 mM glycine, and 0.025% SDS) to a PVDF membrane (BioRad, 

Hercules, CA) by electrophoresis at 0.2 A for ~12-16 hr.   

Membranes were blocked with excess protein and then probed with 

polyclonal primary antibodies for Sp1 (PEP2), Sp3 (D20), and Sp4 (V20) from 

Santa Cruz Biotechnology Inc (Santa Cruz, CA).  Sp1 and Sp3 were each 

diluted 1:1000 and Sp4 was diluted 1:250 or 1:500 and incubated overnight. 

Membranes were probed with a horseradish peroxidase conjugated secondary 

antibody (1:5000) for 3-6 hr.  Blots were visualized using the chemiluminescent 

substrate ECL detection system (NEN-DuPont, Boston, MA) and exposure on 

Kodak X-O Mat autoradiography film (Eastman Kodak Co., Rochester, NY).  

Band intensity values were obtained by scanning the film on a Sharp JX-330 

scanner (Sharp Electronics, Mahwah, NJ) and by densitometry using the Zero-D 

Scanalytics software package (Scanalytics, Sunnyvale, CA).  

 

4.2.7. Real-time PCR 

For experiments involving hormonal regulation, MCF-7 cells were cultured 

in serum-free DME/F12 media for 1-3 days before treatment with 10 nM E2 or 
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Me2SO as a solvent control for 6-48 hr.  For experiments involving siRNA, MCF-

7 breast cancer cells were transfected as described above.  Total RNA was 

isolated using the RNeasy Protect Mini Kit (Qiagen, Valencia, CA) according to 

the manufacturer’s protocol.  RNA was eluted with 30 mL RNase-free water and 

stored at -80ºC.  RNA was reverse transcribed using Superscript II reverse 

transcriptase (Invitrogen) according to the manufacturer’s protocol.   

PCR was carried out using SYBR Green PCR Master Mix from PE 

Applied Biosystems (Warrington, UK) on an ABI Prism 7700 Sequence 

Detection System (PE Applied Biosystems).  The 25 mL final volume contained 

0.5 mM of each primer and 2 mL of cDNA template.  TATA binding protein (TBP) 

was used as an exogenous control to compare the relative amount of target 

gene in different samples.  The PCR profile was as follows:  1 cycle of 95°C for 

10 minutes, then 40 cycles of 95°C for 15 s and 60°C for 1 min.   The 

comparative CT method was used for relative quantitation of samples.  Primers 

were purchased from Integrated DNA Technologies (Coralville, IA).  

KDR (F): 5’- CAC CAC TCA AAC GCT GAC ATG TA -3’  

KDR (R): 5’- CCA ACT GCC AAT ACC AGT GGA T -3’  

TBP (F): 5’- TGC ACA GGA GCC AAG AGT GAA -3’  

TBP (R): 5’- CAC ATC ACA GCT CCC CAC CA -3’   
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4.2.8. Preparation of nuclear extracts   

Cells were cultured in phenol red-free medium supplemented with 2.5% 

charcoal stripped FBS.  The next day, cells were switched to serum free, phenol 

red-free media for 1-3 days.  Cells were treated with Me2SO or 10 nM E2 for 30 

min before harvesting.  Cells were washed in PBS (2X), scraped in 1 ml of 1X 

lysis buffer, incubated at 4ºC for 15 min, and centrifuged 1 min at 14,000 x g.  

Cell pellets were washed in 1 ml of lysis buffer (3X).  Lysis buffer supplemented 

with 500 mM KCl was then added to the cell pellet and incubated for 45 min at 

4ºC with frequent vortexing.  Nuclei were pelleted by centrifugation at 14,000 x g 

for 1 min at 4ºC, and aliquots of supernatant were stored at -80°C until needed. 

 

4.2.9. Electrophoretic Mobility Shift Assay (EMSA) 

VEGFR2 oligonucleotide (-64 5’-CCG GCC CCG CCC CGC ATG GCC 

CCG CCT CCG-3’ -35) was synthesized and annealed, and 5-pmol aliquots 

were 5'-end-labeled using T4 kinase and [g-32P]ATP.  A 30-mL EMSA reaction 

mixture contained ~100 mM KCl, 3 mg of crude nuclear protein, 1 mg poly(dI-dC), 

with or without unlabeled competitor oligonucleotide, and 10 fmol of radiolabeled 

probe.  After incubation for 20 min on ice, antibodies against Sp1, Sp3, or Sp4 

proteins were added and incubated another 20 min on ice.  Protein-DNA 

complexes were resolved by 5% polyacrylamide gel electrophoresis.  Specific 

DNA-protein and antibody-supershifted complexes were observed as retarded 

bands in the gel.   
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4.2.10. Chromatin Immunoprecipitation (ChIP) assay 
 

MCF-7 cells (1.0 x 107) were treated with Me2SO (time 0) or 10 nM E2 for 

15, 60, and 120 min.  Cells were then fixed with 1.5% formaldehyde, and the 

cross-linking reaction was stopped by addition of 0.125 M glycine.  Cells were 

scraped, pelleted, and hypotonically lysed, and nuclei were collected. Nuclei 

were then sonicated to desired chromatin length (~500bp).  The chromatin was 

precleared by addition of protein A-conjugated beads (Pierce Biotechnology, 

Rockford, IL).  The precleared chromatin supernatants were immunoprecipitated 

with antibodies specific to IgG, TFIIB, Sp1, Sp3, Sp4, ERa, SRC-1, SRC-3, 

NCoR, and SMRT (Santa Cruz Biotechnology) at 4°C overnight.  The protein-

antibody complexes were collected by addition of protein A-conjugated beads for 

1 hr, and the beads were extensively washed.  The protein-DNA crosslinks were 

eluted and reversed.  DNA was purified by Qiaquick Spin Columns (Qiagen) and 

followed by PCR amplification.  The pS2 primers are: 5’ - CTA GAC GGA ATG 

GGC TTC AT - 3’ (forward) and 5’ - ATG GGA GTC TCC TCC AAC CT - 3’ 

(reverse), which amplify a 209-bp region of the human pS2 promoter containing 

estrogen response element (ERE).  The VEGFR2/KDR primers are: 5’ - GTC 

CAG TTG TGT GGG GAA AT - 3’ (forward) and 5’ - GAG CTG GAG CCG AAA 

CTC TA - 3’ (reverse), which amplify a 169-bp region of human VEGFR2/KDR 

promoter containing GC-rich/Sp1 binding sites.  The positive control primers are: 

5’ - TAC TAG CGG TTT TAC GGG CG - 3’ (forward) and 5’ - TCG AAC AGG 

AGG AGC AGA GAG CGA - 3’ (reverse), which amplify a 167-bp region of 
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human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene.  The 

negative control primers are: 5’ - ATG GTT GCC ACT GGG GAT CT - 3’ 

(forward) and 5’ - TGC CAA AGC CTA GGG GAA GA - 3’ (reverse), which 

amplify a 174-bp region of genomic DNA between the GAPDH gene and the 

CNAP1 gene.  PCR products were resolved on a 2% agarose gel in the 

presence of 1:10,000 SYBR gold (Molecular Probes-Invitrogen, Carlsbad, CA). 

 
 
4.2.11. Immunofluorescence  

Rabbit polyclonal antibody for Lamin, Sp1, Sp3, Sp4, and normal rabbit 

IgG were purchased from Santa Cruz Biotechnology. Fluorescein isothiocyanate 

(FITC)-conjugated goat anti-rabbit immunoglobulin G (IgG) was purchased from 

Jackson ImmunoResearch Laboratories (West Grove, PA) or Santa Cruz 

Biotechnology.  MCF-7 cells were seeded in Lab-Tek chamber slides (Nalge 

Nunc International, Naperville, IL) at 75,000 -100,000 cells/well in phenol red-

free DME/F12 medium supplemented with 2.5 or 5% charcoal-stripped FBS.  

The next day cells were either washed with PBS, changed to serum free 

medium and incubated for 24 hr or were transfected with siRNAs as described 

above.  For experiments involving E2 treatment, MCF-7 cells were treated with 

10 nM E2 or Me2SO in serum free media for 4-7 hr and fixed with cold methanol 

at -20°C for 5 or 10 min.  After washing with PBS, cells were blocked with 4% 

goat serum at room temperature for 1 hr and incubated with the primary rabbit 

polyclonal antibodies against Lamin (1:200), Sp1 (1:200), Sp3 (1:200), Sp4 
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(1:100) or normal rabbit IgG (1:1000) at 4°C overnight.  After washing with 

PBS/0.3% Tween 3 x 10 min, the samples were incubated with FITC-conjugated 

goat anti-rabbit IgG (1:500 or 1:1000) at room temperature for 1 hr.  After 

PBS/Tween rinsing, glass coverslips were mounted over the samples with 

mounting medium (Vector Laboratories, Burlingame, CA) or ProLong Gold 

(Invitrogen), and cells were examined with a fluorescence microscope.  

 
 
4.2.12. Statistical analysis 

 Results of transient transfection studies are presented as means (+/-)  

standard error (S.E.) for at least three replicates for each treatment group.  All 

other experiments were carried out at least two times to confirm a consistent 

pattern of responses. Significant statistical differences between treatment 

groups were determined by analysis using SuperANOVA and Scheffe’s test or 

Fisher’s Protected LSD (p < 0.05). 

 

4.3. Results 

4.3.1. Downregulation of VEGFR2 by E2 in MCF-7 cells 

 Studies in this laboratory showed that E2 induced VEGFR2 expression in 

ZR-75 breast cancer cells (282); however, after treatment of MCF-7 cells with 10 

nM E2, there was a significant decrease in VEGFR2 mRNA levels 12 hr after 

treatment, and this persisted for up to 48 hr (Figure 36A).  These results were 

observed in replicate experiments and represents an example of hormone-
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induced downregulation of gene expression in ER-positive breast cancer cells.  

pVEGFR2A is a construct containing the -716 to +268 region of the VEGFR2 

promoter, and E2 induced transactivation in ZR-75 cells transfected with 

pVEGFR2A (282).  In contrast, E2 decreased luciferase activity in MCF-7 cells 

transfected with pVEGFR2A (Figure 36B).  Transfection of a series of 5’-deletion 

constructs into MCF-7 cells showed that basal activity was similar after 

transfection with pVEGFR2A, pVEGFR2B (-225 to +268), pVEGFR2C (-95 to 

+268), and pVEGFR2D (-77 to +268); A 20-30% loss of activity was observed in 

cells transfected with pVEGFR2E, suggesting that the GC-rich/AP-2 sites at -77 

to -60 play a role in basal expression of VEGFR2 in MCF-7 cells.  Furthermore, 

deletion of the proximal GC-rich sites at -58 and -44 resulted in the loss of >90% 

of basal activity, demonstrating the important role for these elements in VEGFR2 

expression.  E2-dependent downregulation of luciferase activity was observed in 

MCF-7 cells transfected with pVEGFR2A, pVEGFR2B, pVEGFR2C, 

pVEGFR2D, and pVEGFR2E, and deletion of the proximal GC-rich sites 

(pVEGFR2F) resulted in loss of hormone-responsiveness.  Thus, the -60 to -37 

region of the promoter was critical for both basal and hormone-induced activity.  

Transfection of a series of constructs containing mutations of a single GC-rich 

site (pVEGFR2Em1/ pVEGFR2Em2) or mutation of both sites (pVEGFR2Em3) 

showed that both sites contributed to E2-induced downregulation of 

transactivation (Figure 36C).  Hormone-responsiveness was lost only in cells 
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transfected with pVEGFR2Em3 (mutation of both GC-rich motifs) or pVEGFR2F 

(deletion of -60 to -37 region of the promoter).   

 

 

 

Figure 36. Downregulation of VEGFR2 by E2 in MCF-7 cells.  A. 
Downregulation of VEGFR2 mRNA by E2 in MCF-7 human breast cancer 
cells.  MCF-7 cells were treated with Me2SO or 10 nM E2 for 12, 24, or 48 hr.  
RNA was isolated using the RNeasy Protect Mini Kit (Qiagen), and samples 
were analyzed by Real-time PCR as described in the Materials and 
methods.  Significant (p < 0.05) downregulation of VEGFR2 mRNA levels 
by E2 are indicated by an asterisk.  Results are presented as means ±  S.E. 
for at least three determinations for each treatment group. 
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Figure 36. (Continued) B. Deletion analysis of the VEGFR2 gene promoter 
and effects of E2 on luciferase activity in MCF-7 cells.  MCF-7 human 
breast cancer cells were transiently transfected with 500 ng of pVEGFR2A, 
pVEGFR2B, pVEGFR2C, pVEGFR2D, pVEGFR2E, or pVEGFR2F, 250 ng 
pCDNA3.1-His-LacZ, and 250 ng ERa .  Cells were treated for 36-48 hr with 
Me2SO or 10 nM E2, and luciferase activity was determined as described in 
the Materials and methods.  Significant (p < 0.05) downregulation of 
luciferase reporter activity by E2 is indicated by an asterisk.  Results are 
expressed as means ±  S.E. for at least three determinations for each 
treatment group.   
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Figure 36. (Continued) C. Mutation analysis of pVEGFR2E in MCF-7 cells.  
MCF-7 human breast cancer cells were transiently transfected with 500 ng 
of pVEGFR2E, pVEGFR2Em1 (mutation of the 5' GC-rich element), 
pVEGFR2Em2 (mutation of the 3' GC-rich element), pVEGFR2Em3 
(mutation of both GC-rich elements), or pVEGFR2F, 250 ng pCDNA3.1-His-
LacZ, and 250 ng ERa .  Cells were treated for 36-48 hr with Me2SO or 10 
nM E2, and luciferase activity was determined as described in the 
Materials and methods.  Significant (p < 0.05) downregulation of luciferase 
reporter activity by E2 is indicated by an asterisk.  Results are expressed 
as means ±  S.E. for at least three determinations for each treatment group. 
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4.2.2. Domain requirements of ERa and hormone specificity in MCF-7 cells 

 We also investigated the receptor specificity of E2-induced inhibition of 

transactivation in cells transfected with pVEGFR2A and wild-type ERa or ERa 

mutants containing DNA-binding domain (DBD) (HE11C) or A/B domain 

(HE19C) deletions (Figure 37A).  The results showed that both the DBD and C-

terminal region of ERa were required for E2-dependent decreased luciferase 

expression.  Consistent with these observations, the antiestrogen ICI 182,780 

also reversed the effects of E2 on luciferase activity in MCF-7 cells transfected 

with ERa and pVEGFR2C (Figure 37B) whereas 1 uM ICI 182,780 had no effect 

on transactivation.  Receptor specificity for this response was demonstrated in 

MCF-7 cells transfected with pVEGFR2C and ERa or PR-B: E2, but not 

progesterone, decreased transactivation (Figure 37C).  These results suggest 

that E2-dependent downregulation of VEGFR2 is specific for ERa and requires 

the proximal GC-rich motifs at -58 and -44, suggesting a role for Sp proteins in 

mediating this response.   
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Figure 37. ER domain requirements and hormone specificity in MCF-7 
cells.  A. Comparative effects of wild-type and variant ERa  on E2-induced 
transactivation in MCF-7 cells.  MCF-7 cells were transiently transfected 
with 500 ng of pVEGFR2A and 250 ng of ERa  or variant (HE11C and 
HE19C) ERa .  Cells were treated with Me2SO or 10 nM E2, and luciferase 
activity was determined as described in the Materials and methods.  
Significant (p < 0.05) downregulation of luciferase activity is indicated by 
an asterisk.  Results are presented as means ±  S.E. for at least three 
determinations of each treatment group.  
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Figure 37. (Continued) B. Antiestrogen responsiveness of pVEGFR2C in 
MCF-7 cells.  MCF-7 cells were transiently transfected with 500 ng of 
pVEGFR2C and 250 ng ERa .  Cells were treated with Me2SO, 10 nM E2, 10 
nM E2 + 1 mM ICI 182,780, or 1 mM ICI 182,780 alone.  Luciferase activity 
was determined as described in the Materials and methods.  Significant (p 
< 0.05) downregulation of luciferase activity (*) is indicated.  Results are 
presented as means ±  S.E. for at least three determinations for each 
treatment group.  C. Hormone responsiveness of pVEGFR2C in MCF-7 
cells.  MCF-7 cells were transiently transfected with 500 ng of pVEGFR2C 
and 250 ng ERa  or PR-B.  Cells were treated with Me2SO, 10 nM E2, or 10 
nM progesterone.  Luciferase activity was determined as described in the 
Materials and methods.  Significant (p < 0.05) downregulation of luciferase 
activity (*) is indicated.  Results are presented as means ±  S.E. for at least 
three determinations for each treatment group.   
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4.3.3. Expression of Sp proteins and knockdown by RNA interference  

 Previous studies have demonstrated expression of Sp1 and Sp3 in breast 

cancer cells, and results in Figures 38A & 38B confirm expression of Sp1, Sp3, 

and Sp4 in these cells and their binding to the GC-rich region of VEGFR2.  

Incubation of nuclear extracts from MCF-7 cells with VEGFR2-32P 

oligonucleotide (-64 5’-CCG GCC CCG CCC CGC ATG GCC CCG CCT CCG-3’ 

-35) gave an intense mobile band and a less intense, more mobile retarded 

band (Figure 38C) (lane 2) that resemble the patterns previously observed for 

Sp protein-DNA complexes.  Coincubation with antibodies to Sp1 (lane 3), Sp4 

(lane 4), or Sp3 (lane 5) gave supershifted bands, while non-specific IgG did not 

affect the retarded bands (lane 6).  Coincubation with 100-fold excess of 

unlabeled VEGFR2 oligonucleotide reduced intensities of all retarded bands.   

Further confirmation of Sp1, Sp3, and Sp4 expression in MCF-7 cells was 

obtained in studies which used small inhibitory RNAs for Sp1 (iSp1), Sp3 (iSp3), 

and Sp4 (iSp4) to knockdown all three Sp proteins in MCF-7 cells (Figure 38B) 

as previously described in other cell lines (158).  Western blot analysis of whole 

cell lysates from MCF-7 cells transfected with iLamin (non-specific) showed that 

Sp1, Sp3, and Sp4 are expressed in MCF-7 cells (lane 1).  However, in cells 

transfected with iSp1 (lane 2), iSp3 (lane3), or iSp4 (lane4), there was 

decreased expression of Sp1, Sp3, and Sp4 respectively in whole cell lysates,  
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and in replicate experiments (at least three), the siRNAs significantly decreased 

expression of their targeted proteins.  The effectiveness of the RNA interference 

on cellular expression of Sp proteins was also determined by immunofluorescent 

staining (Figure 38C).  Staining for Lamin was clearly decreased in MCF-7 cells 

transfected with iLamin (a) but not in cells transfected with iSp1 (b) or iSp3 (c).  

Sp1 exhibited punctate nuclear staining in cells transfected with iLamin (d), and 

this staining was barely visible in cells transfected with iSp1 (e).  Similarly, Sp3 

exhibited a punctate nuclear staining pattern in MCF-7 cells transfected with 

iLamin (g), and transfection with iSp3 (h) virtually eliminated the Sp3 staining.  In 

the absence of the primary (f) or secondary (i) antibodies, no 

immunofluorescence was detected.  The Sp4 antibodies commercially available 

gave weak immunofluorescent staining patterns and could not be effectively 

used to confirm Sp4 protein knockdown as observed in the Western blots 

(Figure 38B). 
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Figure 38. Sp protein expression in MCF-7 cells and knockdown by RNA 
interference.  A. Sp protein binding to the VEGFR2 promoter -  EMSA.  
Nuclear extracts from MCF-7 cells were incubated with radiolabeled 
VEGFR2-32P alone or in the presence of unlabeled oligonucleotides and/or 
antibodies, and DNA-protein complexes were separated by EMSA as 
described in the Materials and methods.  Arrows indicate various retarded 
and supershifted complexes. 



 173 

 

 
Figure 38. (Continued) B. Sp protein knockdown by Western blot analysis.  
MCF-7 cells were transfected with iSp1, iSp3, or iSp4, and whole cell 
lysates were analyzed by Western blot analysis as described in the 
Materials and methods.  The experiments were repeated (3X), and the Sp 
protein levels were significantly (p < 0.05) decreased by RNA interference 
(relative to iLamin) as indicated by an asterisk.  C. Sp protein knockdown -  
analysis by immunostaining.  MCF-7 cells were transfected with iLamin 
(control) (a, d, g), iSp1 (b, e), or iSp3 (c, h), and immunostained for Lamin 
(a - c), Sp1 (d, e), or Sp3 (g, h), as described in the Materials and methods.  
No primary antibody (f) and no secondary antibody (i) served as controls. 
Photographs were taken at the magnification of X60.  The level of Sp4 
expression in these cells was below the detection limit of the assay.  
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4.3.4. Role of Sp proteins in hormone-dependent downregulation of VEGFR2      

 Previous studies in Hec1A endometrial cancer cells showed that hormone 

dependent downregulation of VEGF involved ERa/Sp3 interactions with GC-rich 

promoter elements (156), and the role of ERa/Sp in downregulation of VEGFR2 

was further investigated in this study by RNA interference.  MCF-7 cells were 

cotransfected with pVEGFR2A and iLamin (control), iGL2, iSp1, iSp3, or iSp4, 

treated with E2, and luciferase activities were determined (Figure 39A).  E2 

induced downregulation of luciferase activity in cells transfected with iLamin, and 

activity was significantly decreased in both Me2SO- and E2-treated groups in 

cells cotransfected with iGL2 (which targets luciferase mRNA).  Basal luciferase 

activity was decreased in cells transfected with iSp1, iSp3, and iSp4; however, 

E2-induced downregulation of luciferase activity was observed only in cells 

transfected with iSp4.  These results indicate that hormone-responsiveness (i.e. 

downregulation) was primarily dependent on cooperative ERa/Sp1 and 

ERa/Sp3 interactions, and ERa/Sp4 played a minor role in this response.  The 

role of Sp proteins in mediating E2/ERa-dependent downregulation of VEGFR2 

was further confirmed by Real-time PCR analysis of VEGFR2 mRNA levels in 

MCF-7 cells cotransfected with either iLamin or iSp1, iSp3, and iSp4 (combined) 

(Figure 39B).  The results showed that the downregulation of VEGFR2 mRNA 

levels by E2 was inhibited by cotransfection with iSp1, iSp3, and iSp4, and these 

results complement the parallel studies using the pVEGFR2A construct (Figure 

39A).   
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Figure 39. Role of Sp proteins in hormone-dependent downregulation of 
VEGFR2.  A. Effects of iSp1, iSp3, and iSp4 on basal and E2-dependent 
activity in MCF-7 cells transfected with pVEGFR2A.  MCF-7 human breast 
cancer cells were transiently transfected with 500 ng of pVEGFR2A and 50 
nM of each siRNA, treated with Me2SO or 10 nM E2, and luciferase activity 
was determined as described in the Materials and methods.  Significantly 
(p < 0.05) decreased reporter activity after treatment with E2 (*) and 
decreased basal activity by siRNAs (**) are indicated.  Results are 
presented as means ±  S.E. for at least three determinations for each 
treatment group.  B. Effects of iSp1, iSp3, and iSp4 on VEGFR2 mRNA in 
MCF-7 human breast cancer cells.  MCF-7 cells were treated with Me2SO or 
10 nM E2 for 24 hr.  RNA was isolated using the RNeasy Protect Mini Kit 
(Qiagen), and samples were analyzed by Real-time PCR as described in the 
Materials and methods.  Significant (p < 0.05) downregulation of VEGFR2 
mRNA levels by E2 are indicated (*).  Results are presented as means ± 
S.E. for at least three determinations for each treatment group.   
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4.3.5. Protein interactions with the proximal VEGFR2 promoter 

 Most studies in MCF-7 and ZR-75 cells show that E2 activates several 

genes through ERa/Sp1 complexes, and this is associated with interactions with 

GC-rich promoter elements (226, 270).  The interactions of ERa, Sp proteins, 

coactivators, and corepressors with the proximal region of the VEGFR2 

promoter were further investigated in a ChIP assay.  The results (Figure 40B) 

showed that in the absence of E2, Sp1, Sp3, and Sp4 were associated with the 

VEGFR2 promoter, and the Sp1, Sp3, and Sp4 band intensities were similar 

after treatment with 10 nM E2 for 15 min, 1 or 2 hr.  A less than 2-fold increase 

in the Sp4 band was the most noticeable change.  The PCR bands obtained 

after immunoprecipitation with ERa, SRC-1, or SRC-3 antibodies also varied 

less than two-fold after treatment with 10 nM E2, and these proteins also 

appeared to be constitutively associated with the VEGFR2 promoter.  In 

contrast, the nuclear receptor corepressors NCoR and SMRT were minimally 

associated with the VEGFR2 promoter, and PCR analysis showed an increased 

association of these proteins with this promoter after treatment with 10 nM E2.   
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Furthermore, treatment of MCF-7 cells with 10 nM E2 resulted in increased 

association of ERa with the region of the pS2 promoter containing an ERE  

(Figure 40C), and this was consistent with previous reports of ChIP assays on 

the pS2 gene promoter (282).  In addition, E2 induced recruitment of SRC-3 but 

not SRC-1 to the pS2 promoter, and association of the corepressors NCoR and 

SMRT with the pS2 promoter exhibited minimal changes after treatment with E2.  

There was some increase in the PCR band intensity in SMRT antibody 

immunoprecipitates from cells treated with E2 for 2 hr.  However, in replicate 

experiments this increase in band intensity was minimal, although the increased 

band intensities for ERa and SRC-3 after treatment with E2 were consistently 

observed.  As a positive control for the ChIP experiment, Figure 40D shows the 

transcription factor TFIIB was constitutively bound to the proximal region of the 

GAPDH promoter, and the binding was also observed after treatment with E2.  

TFIIB did not interact with exon 1 of the CNAP1 gene. 
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Figure 40. Interaction of proteins with the proximal VEGFR2 promoter.  A. 
Summary of primers (Æ  ¨) and targeted regions of the VEGFR2 and pS2 
promoters used in ChIP assays. Analysis of protein interactions with the 
VEGFR2 (B) and pS2 (C) promoters by ChIP.  MCF-7 cells were treated with 
Me2SO (control) or 10 nM E2, and cells were harvested after treatment with 
hormone for up to 2 hr and analyzed in a ChIP assay as described in the 
Materials and methods. D. Binding of TFIIB to the GAPDH promoter. The 
ChIP assay was also used to examine binding of TFIIB to the GAPDH 
promoter (positive control) and to exon 1 of CNAP1 (negative control) as 
described in the Materials and methods. 
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4.3.6. Role of corepressor proteins in hormone-dependent downregulation of  
 

VEGFR2 
 
 The role of liganded ERa as a repressor of Sp protein-dependent 

transactivation was accompanied by recruitment of the corepressors SMRT and 

NCoR to the VEGFR2 promoter (Figure 40) suggesting a possible role for the 

corepressors in mediating this hormone-dependent response.  We therefore 

examined the effects of SMRT and NCoR knockdown by RNA interference in 

MCF-7 cells cotransfected with pVEGFR2A and siRNAs for SMRT (iSMRT) and 

NCoR (iNCoR).  The results (Figure 41) showed that iSMRT significantly 

reversed E2-dependent downregulation of luciferase activity suggesting a role 

for SMRT in mediating the repressive function of ERa in regulating VEGFR2 

gene expression.  

 

4.4. Discussion 

 Estrogen regulation of gene expression is highly complex and dependent 

on multiple factors including the structure of the ligand and the relative 

tissue/cell-specific expression of ERa, ERb, and various coregulatory proteins 

(283, 284).  The classical mechanism of E2-dependent upregulation of many 

genes involves ligand-induced ER homodimerization and interaction of the 

nuclear ER homodimer with estrogen responsive elements (EREs) in target 
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Figure 41. Effects of iNCoR and iSMRT on basal and E2-dependent activity 
in MCF-7 cells transfected with pVEGFR2A.  MCF-7 human breast cancer 
cells were transiently transfected with 500 ng of pVEGFR2A and 50 nM of 
each siRNA, treated with Me2SO or 10 nM E2, and luciferase activity was 
determined as described in the Materials and methods.  Significant (p < 
0.05) reversal of downregulated reporter activity by siRNAs is indicated (*).  
Results are presented as means ±  S.E. for at least three determinations for 
each treatment group.  
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 gene promoters.  Ligand-induced formation of the ER homodimer-DNA complex 

is accompanied by recruitment of coactivators and other nuclear factors and by 

interactions with the basal transcription machinery to activate gene transcription 

(285-287).  Studies on the molecular biology of ER action have subsequently 

revealed more complex mechanisms which involve DNA-bound ER interacting 

with other transcription factors such as Sp1, and ER-transcription factor 

interactions where the latter protein(s) but not ER binds its cognate response 

element (155, 270).  For example, ERa/Sp1, ERa/AP-1, and ERb/AP-1 

mediated transactivation through binding GC-rich and AP-1 motifs have been 

extensively investigated (155, 270, 288, 289). 

Several studies have examined more global gene expression profiles of 

estrogen-responsive genes in breast cancer and other cell lines (290-294).  

Frasor and coworkers reported that over 400 genes “showed a robust pattern of 

regulation” (290) by E2, and over 70% of these genes were downregulated.  

Thus, although E2 plays a major role in decreasing gene expression in MCF-7 

cells, mechanisms associated with this response have not been extensively 

investigated.  The mechanisms of E2-dependent inhibition of genes regulated by 

NFkB have been studied, and the results show that these effects are complex 

and dependent on the gene, cell context, and ligand structure (295-302).  At 

least one mechanism involves direct binding of ERa to nuclear NFkB, and this 

results in inhibition of coactivator recruitment and decreased NFkB binding to 

promoter elements and decreased transactivation.  The E2-dependent 
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downregulation of VEGFR2 mRNA levels (Figure 36A) and reporter gene activity 

in transfection studies (Figure 36B) in MCF-7 cells was in contrast to hormonal 

activation of this gene in ZR-75 cells (282).  Therefore, we further investigated 

this response in MCF-7 cells as a model for understanding the molecular 

mechanisms of E2-dependent downregulation of gene expression.   

The deletion and mutation analysis of the VEGFR2 promoter (Figures 

36B & 36C), coupled with the effects of antiestrogens and the requirement for 

wild-type ERa or HE11C (Figure 37), indicate that ERa interactions with Sp 

proteins are required for downregulation of VEGFR2 by E2 in MCF-7 cells.  The 

critical GC-rich sites at -58 and -44 were required for E2-dependent upregulation 

of VEGFR2 mRNA or promoter constructs in ZR-75 cells (282) and 

downregulation of these same responses in MCF-7 cells.  The major difference 

between the two cell lines was associated with the domains of ERa required for 

these responses.  In MCF-7 cells, deletion of the N-terminal A/B region did not 

affect transactivation in cells transfected with pVEGFR2 constructs whereas 

deletion of the DBD resulted in loss of transactivation (Figure 37A).  This 

suggested that decreased transactivation in MCF-7 cells treated with E2 was 

dependent on the C-terminal C-F domains of ERa containing both the DBD and 

AF-2.  In contrast, the DBD of ERa was not required for induction of 

transactivation in ZR-75 cells transfected with pVEGFR2 constructs (282), and 

similar results were obtained for induction of many other E2-responsive genes 

by both ERa/Sp1 and HE11C/Sp1 (155, 270).  Both AF-1 and AF-2 in the C- 
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and N-terminal regions of ERa were required for upregulation of ERa/Sp-

dependent gene expression by E2 (155, 270, 282); however, E2-dependent 

inhibition of transactivation in cells transfected with the pVEGFR2A construct 

required the DBD and AF-2 domain, but was AF-1 independent (Figure 37A). 

The pattern of retarded bands associated with Sp-DNA (VEGFR2 

oligonucleotide) interactions in MCF-7 cells (Figure 38A) was similar to that 

observed in ZR-75 cells (282) and was associated with binding of Sp1, Sp3, and 

Sp4 proteins which are expressed in both cell lines.  ERa enhances the on-rate 

of Sp binding to GC-rich motifs (153); yet, ternary ERa-Sp-DNA complexes were 

not detected in electorphoretic mobility shift assays in this study or in previous 

reports (155, 270).  However, using a ChIP assay, we have shown that ERa was 

constitutively bound to the GC-rich promoter (149) (Figure 40B), and treatment 

with E2 did not appreciably enhance the PCR bands associated with ERa.  The 

results are consistent with the fact that ERa binds Sp1 and Sp3 in the presence 

or absence of ligand (153, 156), and nuclear colocalization of ERa and Sp4 in 

breast cancer cells was observed in the presence or absence of ligand (data not 

shown). 

Studies on hormonal regulation of genes through ERa/Sp proteins have 

shown that ERa/Sp1 is involved in induced expression of several genes 

whereas downregulation of VEGF in Hec1A endometrial cancer cells was due to 

ERa/Sp3 interactions with proximal GC-rich motifs (156).  The role of Sp3 in 

mediating decreased VEGF expression in Hec1A cells treated with E2 was 
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supported by studies with dominant negative Sp3 which reversed the effects of 

E2.  The relative contributions of Sp1 and Sp4 were not determined.  The 

availability of siRNAs for Sp proteins has greatly facilitated studies on 

determining which specific Sp proteins are required for ERa/Sp action, and 

results in Figure 39 clearly demonstrated that ERa/Sp1 and ERa/Sp3 were 

primarily responsible for E2-dependent downregulation of VEGFR2.  The results 

do not exclude a role for Sp4 in this response since decreased Sp4 expression 

decreased the magnitude of the effects of E2 from 73% to a 49% decrease in 

luciferase activity (Figure 39A).  In contrast, loss of Sp1 or Sp3 totally abrogated 

the effects of E2 in cells transfected with pVEGFR2A suggesting that both Sp1 

and Sp3 are cooperatively involved in the ERa/Sp-induced suppression of 

activity.   

As indicated above, ERa decreases NFkB-dependent transactivation 

through multiple pathways (295-302), and ER and other nuclear receptors 

decrease expression of genes/ reporter genes by modulating the activity of other 

DNA-bound transcription factors.  PPARg-dependent suppression of 

thromboxane receptor expression in vascular smooth muscle cells is dependent 

on a GC-rich promoter sequence and may be due to decreased Sp-1 promoter 

(DNA) interactions (274).  Ligands for PPARg and PPARa also decrease 

VEGFR2 expression in retinal capillary endothelial and human umbilical vein 

endothelial cells, respectively, and these responses were associated with 

decreased Sp1/Sp3 and Sp1-DNA (promoter) binding, respectively (279, 280).  
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In contrast, decreased VEGFR2 expression in MCF-7 cells treated with E2 was 

not associated with decreased association of Sp proteins to the VEGFR2 

promoter in ChIP (Figure 40) or electrophoretic mobility shift assays (Figure 

38A).  Moreover, studies with recombinant ERa plus Sp1 showed that ER 

enhances Sp1 binding to GC-rich oligonucleotides (153), and nuclear extracts 

from E2- and solvent- (Me2SO) treated cells gave retarded bands with similar 

intensities (149, 261).  Similar results were observed using treated nuclear 

extracts from MCF-7 cells and the VEGFR2-32P oligonucleotide (Figure 38A). 

Several studies report that corepressors NCoR and SMRT bind 

promoters in E2-responsive genes and play a role in modulation of nuclear 

receptor-mediated transactivation (149, 261, 303-307).  ChIP analysis of the 

proximal region of the VEGFR2 promoter indicates constitutive binding of NCoR, 

SMRT, SRC-1, and SRC-3.  However, after treatment with E2, there was 

increased binding of NCoR and SMRT but minimal changes in SRC-1 and SRC-

3 binding to the VEGFR2 promoter (Figure 40B).  In contrast, both ER and SRC-

3 were recruited to the E2-responsive region of the pS2 gene promoter whereas 

minimal changes were observed in binding of SRC-1, NCoR, and SMRT to the 

pS2 gene promoter (Figure 40C).  The recruitment of corepressors has 

previously been linked to ligand-dependent repression of genes (308-310), and 

we therefore further examined the effects of SMRT and NCoR knockdown on 

luciferase activity in cells transfected with pVEGFR2A (Figure 41).  The results 

showed that E2-dependent downregulation of activity was reversed, in part, after 
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cotransfection with iSMRT but not iNCoR.  These observations suggest a 

possible model for the mechanism of E2-dependent downregulation of VEGFR2 

gene expression (Figure 42).  ERa forms an ER/Sp complex on the VEGFR2 

promoter in the absence of ligand; however, after treatment with E2, the nuclear 

corepressor SMRT is recruited and ERa/SMRT act to depress transactivation.  

In the absence of E2, knockdown of SMRT does not decrease Sp-dependent 

transactivation associated with the VEGFR2 promoter (Figure 41) suggesting 

the repressed transactivation is associated with the liganded ERa-SMRT 

complex.  Moreover, at least two additional factors may also affect the activity of 

the ERa-SMRT complex.  First, since VEGFR2 is upregulated in ZR-75 cells 

(282) and downregulated in MCF-7 cells, then cell context-dependent factors 

must influence this pathway.  Furthermore, since many GC-rich promoters/ 

genes such as CAD and E2F1 are upregulated by ERa/Sp proteins in both ZR-

75 and MCF-7 cells (149, 261), a second factor influencing liganded ERa-SMRT 

inhibitory actions may be promoter context and other nuclear factors bound to 

the VEGFR2 promoter in MCF-7 cells.  While this model (Figure 42) does not 

fully define the mechanism of E2-dependent downregulation of gene expression, 

we have demonstrated that SMRT and other factors play a role in mediating this 

response.  Current studies are focused on further identifying other key elements 

involved in E2-dependent downregulation of VEGFR2 thereby providing insights 

on an important pathway of estrogen action involving gene repression that is not 

well understood.   
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Figure 42. Proposed model for the mechanism of E2-dependent 
downregulation of VEGFR2 gene expression in MCF-7 cells -  role of 
ERa /Sp proteins and involvement of the corepressor SMRT.  
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CHAPTER V 

 

SUMMARY AND CONCLUSIONS 

 

5.1. Regulation of VEGFR2 in pancreatic cancer cells 

Vascular endothelial growth factor receptor-2 (VEGFR2/KDR) is an 

important mediator of angiogenesis, and VEGFR2 mRNA is expressed in 

several pancreatic cancer cell lines.  Deletion analysis of the VEGFR2 promoter 

in Panc-1, AsPC-1, and MiaPaCa-2 pancreatic cancer cells shows that the 

proximal region of the promoter is primarily responsible for VEGFR2 expression, 

and two GC-rich sites at -58 and -44 are critical elements in all three cell lines.  

Panc-1, AsPC-1, and MiaPaCa-2 cells also express Sp1, Sp3, and Sp4 proteins 

which bind to the GC-rich region of the VEGFR2 promoter in electrophoretic 

mobility shift and chromatin immunoprecipitation (ChIP) assays.  RNA 

interference with small inhibitory RNAs for Sp1, Sp3, and Sp4 decreases 

VEGFR2 mRNA and reporter gene activity in transfection assays, confirming 

that VEGFR2 expression in pancreatic cancer cells is regulated by Sp proteins. 

The results suggest that VEGFR2 can not only be targeted by receptor tyrosine 

kinase inhibitors but also by drugs that interfere with Sp proteins.    
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5.2. Hormone-dependent upregulation of VEGFR2 in ZR-75 cells  

 Vascular endothelial growth factor receptor-2 (VEGFR2/KDR) is critical 

for angiogenesis, and VEGFR2 mRNA and protein are expressed in ZR-75 

breast cancer cells and induced by 17b-estradiol (E2).  Deletion analysis of the 

VEGFR2 promoter indicates that the proximal GC-rich region is required for both 

basal and hormone-induced transactivation, and mutation of one or both of the 

GC-rich motifs at -58 and -44 results in loss of transactivation.  Electrophoretic 

mobility shift and ChIP assays show that Sp1, Sp3, and Sp4 proteins bind the 

GC-rich region of the VEGFR2 promoter.  Results of the ChIP assay also 

demonstrate that ERa is constitutively bound to the VEGFR2 promoter and that 

this interaction is not enhanced after treatment with E2 whereas ERa binding to 

the region of the pS2 promoter containing an estrogen responsive element is 

enhanced by E2.  The ERE region of the pS2 promoter contains GC-rich sites, 

and Sp1, Sp3, and Sp4 are constitutively bound to the pS2 promoter in the 

presence or absence of E2.  Current studies are investigating recruitment of Sp 

proteins to other estrogen-responsive promoters to confirm that binding of Sp 

proteins is unique to GC-rich promoters.  RNA interference studies show that 

hormone-induced activation of the VEGFR2 promoter constructs requires Sp3 

and Sp4 but not Sp1, demonstrating that hormonal activation of VEGFR2 

involves a non-classical mechanism in which ERa/Sp3 and ERa/Sp4 complexes 

activate GC-rich sites where Sp proteins but not ERa bind DNA.  These results 

show for the first time that Sp3 and Sp4 cooperatively interact with ERa to 
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activate VEGFR2 and are in contrast to previous results showing that several 

hormone-responsive genes are activated by ERa/Sp1 in breast cancer cell lines.  

Interestingly, in experiments on VEGFR2, knockout of Sp3 or Sp4 proteins with 

the corresponding siRNAs resulted in total loss of hormone-inducibility, and this 

suggests that these Sp proteins could not compensate for each other which is 

consistent with the cooperative nature of these transcription factors. 

 

5.3. Hormone-dependent downregulation of VEGFR2 in MCF-7 cells 

Several studies have examined estrogen-responsive gene expression 

profiles in various cancer cell lines.  Many genes are upregulated by 17b-

estradiol (E2) in breast cancer cells; however, others are downregulated by E2.  

Since the mechanisms associated with hormone-dependent downregulation of 

gene expression have not been extensively investigated, we used the 

downregulation of VEGFR2 by E2 in MCF-7 cells as a model for understanding 

the molecular mechanisms associated with E2-dependent decreased gene 

expression in breast cancer cells.  E2 decreases VEGFR2 mRNA levels in MCF-

7 cells, and deletion analysis of the VEGFR2 promoter indicates that the 

proximal GC-rich motifs at -58 and -44 are critical for the E2-dependent 

decreased response in MCF-7 cells.  Mutation or deletion of these GC-rich 

elements results in loss of hormone-responsiveness and shows that the -60 to -

37 region of the VEGFR2 promoter is critical for both basal and hormone-

induced activity in these cells.  Western blot, immunofluorescent staining, and 
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RNA interference assays, in conjunction with electrophoretic mobility shift and 

ChIP assays, support a role for Sp proteins in hormone-dependent 

downregulation of VEGFR2 in MCF-7 cells, primarily through ERa/Sp1 and 

ERa/Sp3 interactions with the VEGFR2 promoter.  When expression of one of 

the three Sp proteins was knocked out using RNAi, reporter activity was partially 

lost and the other two Sp proteins could not totally compensate.  Using ChIP and 

transient transfection/RNA interference assays we show that the ERa/Sp 

protein-promoter interactions are accompanied by recruitment of the corepressor 

SMRT and that SMRT plays a role in the E2-mediated downregulation of 

VEGFR2 in MCF-7 cells.  Current studies are looking at coactivator/corepressor 

recruitment to other estrogen-responsive GC-rich promoters to confirm that 

corepressor recruitment is unique to downregulation of VEGFR2 in MCF-7 cells.  

This study illustrates a novel mechanism of hormone-dependent downregulation 

of a gene in breast cancer cells. 

 

5.4. Future implications 

 Molecular mechanisms of VEGF, VEGFR1, and VEGFR2 regulation are 

under intense investigation due to their importance in tumor angiogenesis (240).  

VEGFR2 is an important target for inducing antiangiogenesis because it is 

expressed almost exclusively on activated endothelial cells, such as those in 

tumors.  Thus, inhibitors of VEGFR2 are highly specific anti-tumor agents that 

block tumor growth and metastasis.  VEGFR2 inhibitors allow greater 
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accessibility to tumors because vessel endothelium is in direct contact with 

blood.  Furthermore, since endothelial cells have a normal complement of 

chromosomes and are genetically stable, they are less likely than tumor cells to 

develop resistance to antiangiogenic therapies targeting VEGF or VEGFR (176). 

Many human cancers are treated with radiation, and approximately 50% 

of all cancer patients receive radiation at some point during the course of their 

treatment.  However, radiation therapy has limited effectiveness due to normal 

tissue tolerance and development of radiation-resistance by tumor cells (311).  

Strategies that focus on inhibition of tumor angiogenesis are promising for 

cancer therapy, and the first antiangiogenic agent received FDA approval in 

2004.  Studies using the monoclonal antibody to VEGFR2, cp1C11, inhibit 

proliferation, reduce migration, and disrupt differentiation of endothelial cells and 

also block formation of new capillary-like networks.  Inhibition of VEGFR2 using 

DC101, a monoclonal antibody, significantly inhibited growth of tumor xenografts 

in athymic mice.   Endothelial cells or human tumor xenografts treated with 

cp1C11 and DC101, respectively, show a modest increase in radiosensitivity.  

This suggests that blocking VEGFR2 has an interactive cytotoxic effect with 

radiation on endothelial cells and that inhibition of VEGFR2 alone and in 

combination with radiation might be a valuable strategy for cancer therapy by 

targeting tumor vasculature and enhancing tumor responsiveness (311). 

 In ER(+) premenopausal breast cancer, expression of VEGFR2 is 

associated with the impaired effects of tamoxifen.  VEGFR2 status is a 
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significant predictor of tamoxifen-responsiveness in breast cancer patients.  In 

these cases, breast cancers expressing VEGFR2 might benefit from treatment 

with tamoxifen in combination with VEGFR2 inhibitors (312).  Currently, both 

VEGFR2 monoclonal antibodies and tyrosine kinase inhibitors are being tested 

in clinical trials.  Combining tamoxifen with EGFR and/or HER2 inhibitors is a 

promising therapy for endocrine resistant tumors, and in theory, this strategy 

could be used for treatment of ER(+), VEGFR2(+) tumors.  Antiangiogenic 

therapies may be useful as adjuvant therapy with tamoxifen and may be more 

effective in combination as a therapy for hormone-resistant breast cancer (312). 

Furthermore, tumor angiogeneisis can be inhibited in mice if a cellular 

response is induced against VEGFR2 (313).  Vaccination of mice using 

VEGFR2 epitope peptides significantly suppressed tumor growth and prolonged 

survival of the animals with limited adverse effects.  In antiangiogenesis assays, 

vaccination using these VEGFR2 epitope peptides suppressed tumor-induced 

angiogenesis.  These VEGFR2 epitope peptides might be an effective 

antiangiogenic immunotherapy for cancer (313). 

It has been shown that therapies targeting VEGF/VEGFR2 have great 

potential for cancer treatment.  Our results further support the importance of 

VEGFR2 in cancer and emphasize the complexity of VEGFR2 gene regulation in 

cancer cells.  By understanding the molecular mechanisms involved in 

regulation of VEGFR2 expression in various cancer cell lines, it may be possible 

to identify alternate methods for blocking angiogenic pathways.  Our results 
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demonstrate that both basal and hormone-induced expression of VEGFR2 are 

dependent on Sp proteins (Sp1, Sp3, and Sp4).  Several studies have 

demonstrated that Sp proteins can be targeted and either degraded or their 

activity as transcription factors can be inhibited by agents such as mithramycin 

that inactivate GC-rich sites (270).  Thus, identification of the important role of 

Sp proteins in mediating VEGFR2 expression reported in this study can lead to 

new antiangiogenic therapies by targeting Sp proteins.  

 



 195 

REFERENCES 
 

1. Parkin DM, Bray F, Ferlay J, Pisani P. Global cancer statistics, 2002. CA 
Cancer J Clin; 2005; 74-108. 

2. Brand R. Pancreatic cancer. Dis Mon 2004; 50(10): 545-55. 

3. Hanahan D, Weinberg RA. The hallmarks of cancer. Cell 2000; 100(1): 
57-70. 

4. Alberts B, Bray D, Lewis J, Raff M, Roberts K, Watson JD. Molecular 
Biology of the Cell. 3rd ed. New York, NY, USA: Garland Publishing, Inc.; 
1994. 

5. Yokota J. Tumor progression and metastasis. Carcinogenesis 2000; 
21(3): 497-503. 

6. Trosko JE, Chang CC, Upham BL, Tai MH. Ignored hallmarks of 
carcinogenesis: stem cells and cell-cell communication. Ann N Y Acad 
Sci 2004; 1028: 192-201. 

7. Compagni A, Christofori G. Recent advances in research on multistage 
tumorigenesis. Br J Cancer 2000; 83(1): 1-5. 

8. Fedi P, Kimmelman A, Aaronson SA. Growth Factor Signal Transduction 
in Cancer. In Cancer Medicine. 5 ed. Hamilton, Ontario: BC Decker Inc.; 
2000. 

9. Giancotti FG, Ruoslahti E. Integrin signaling. Science 1999; 285(5430): 
1028-32. 

10. Hunter T. Oncoprotein networks. Cell 1997; 88(3): 333-46. 

11. Kinzler KW, Vogelstein B. Lessons from hereditary colorectal cancer. Cell 
1996; 87(2): 159-70. 

12. Skobe M, Fusenig NE. Tumorigenic conversion of immortal human 
keratinocytes through stromal cell activation. Proc Natl Acad Sci U S A 
1998; 95(3): 1050-5. 

13. Andreeff M, Goodrich DW, Pardee AB. Cell Proliferation, Differentiation, 
and Apoptosis. In Cancer Medicine. 5 ed. Hamilton, Ontario: BC Decker 
Inc.; 2000. 



 196 

14. Weinberg RA. The retinoblastoma protein and cell cycle control. Cell 
1995; 81(3): 323-30. 

15. Butt AJ, Firth SM, Baxter RC. The IGF axis and programmed cell death. 
Immunol Cell Biol 1999; 77(3): 256-62. 

16. Lotem J, Sachs L. Control of apoptosis in hematopoiesis and leukemia by 
cytokines, tumor suppressor and oncogenes. Leukemia 1996; 10(6): 925-
31. 

17. Wang XW, Harris CC. p53 tumor-suppressor gene: clues to molecular 
carcinogenesis. J Cell Physiol 1997; 173(2): 247-55. 

18. Hayflick L. The illusion of cell immortality. Br J Cancer 2000; 83(7): 841-6. 

19. Bryan TM, Cech TR. Telomerase and the maintenance of chromosome 
ends. Curr Opin Cell Biol 1999; 11(3): 318-24. 

20. Shay JW, Bacchetti S. A survey of telomerase activity in human cancer. 
Eur J Cancer 1997; 33(5): 787-91. 

21. Zetter BR. Angiogenesis and tumor metastasis. Annual Review of 
Medicine 1998; 49: 407-24. 

22. McMahon G. VEGF receptor signaling in tumor angiogenesis. Oncologist 
2000; 5 Suppl 1: 3-10. 

23. Hanahan D, Folkman J. Patterns and emerging mechanisms of the 
angiogenic switch during tumorigenesis. Cell 1996; 86(3): 353-64. 

24. Rock CL, Lampe JW, Patterson RE. Nutrition, genetics, and risks of 
cancer. Annual Review of Public Health 2000; 21: 47-64. 

25. Yuspa SH. Overview of carcinogenesis: past, present and future. 
Carcinogenesis 2000; 21(3): 341-4. 

26. McCullough ML, Giovannucci EL. Diet and cancer prevention. Oncogene 
2004; 23(38): 6349-64. 

27. Gotay CC. Behavior and cancer prevention. J Clin Oncol 2005; 23(2): 
301-10. 

28. Moore LE, Wilson RT, Campleman SL. Lifestyle factors, exposures, 
genetic susceptibility, and renal cell cancer risk: a review. Cancer Invest 
2005; 23(3): 240-55. 



 197 

29. Colditz GA, Hankinson SE. The Nurses' Health Study: lifestyle and health 
among women. Nat Rev Cancer 2005; 5(5): 388-96. 

30. Chen C, Kong AN. Dietary cancer-chemopreventive compounds: from 
signaling and gene expression to pharmacological effects. Trends 
Pharmacol Sci 2005; 26(6): 318-26. 

31. Agundez JA. Cytochrome P450 gene polymorphism and cancer. Curr 
Drug Metab 2004; 5(3): 211-24. 

32. Kisselev P, Schunck WH, Roots I, Schwarz D. Association of CYP1A1 
polymorphisms with differential metabolic activation of 17beta-estradiol 
and estrone. Cancer Res 2005; 65(7): 2972-8. 

33. Brockmoller J, Cascorbi I, Kerb R, Sachse C, Roots I. Polymorphisms in 
xenobiotic conjugation and disease predisposition. Toxicol Lett 1998; 
102-103: 173-83. 

34. Thompson PA, Ambrosone C. Molecular epidemiology of genetic 
polymorphisms in estrogen metabolizing enzymes in human breast 
cancer. J Natl Cancer Inst Monogr 2000(27): 125-34. 

35. Pecorelli S, Favalli G, Zigliani L, Odicino F. Cancer in women. 
International Journal of Gynaecology & Obstetrics 2003; 82(3): 369-79. 

36. Brekelmans CT. Risk factors and risk reduction of breast and ovarian 
cancer. Curr Opin Obstet Gynecol 2003; 15(1): 63-8. 

37. Clemons M, Goss P. Estrogen and the risk of breast cancer. N Engl J 
Med 2001; 344(4): 276-85. 

38. Rockhill B, Willett WC, Hunter DJ, Manson JE, Hankinson SE, Colditz 
GA. A prospective study of recreational physical activity and breast 
cancer risk. Arch Intern Med 1999; 159(19): 2290-6. 

39. Toniolo P, Van Kappel AL, Akhmedkhanov A, Ferrari P, Kato I, et al.  
Serum carotenoids and breast cancer. Am J Epidemiol 2001; 153(12): 
1142-7. 

 
40. Shrubsole MJ, Jin F, Dai Q, Shu X, Potter JD,  et al. Dietary folate intake 

and breast cancer risk: results from the Shanghai breast cancer study. 
Cancer Res 2001; 61(19): 7136-41. 

 



 198 

41. Brzezinski A, Debi A. Phytoestrogens: the "natural" selective estrogen 
receptor modulators? Eur J Obstet Gynecol Reprod Biol 1999; 85(1): 47-
51. 

42. Barnes S. Phytoestrogens and breast cancer. Baillieres Clin Endocrinol 
Metab 1998; 12(4): 559-79. 

43. Tryggvadottir L, Tulinius H, Eyfjord JE, Sigurvinsson T. Breast cancer risk 
factors and age at diagnosis: an Icelandic cohort study. Int J Cancer 
2002; 98(4): 604-8. 

44. Collaborative Group on Hormonal Factors in Breast Cancer. Breast 
cancer and breastfeeding: collaborative reanalysis of individual data from 
47 epidemiological studies in 30 countries, including 50302 women with 
breast cancer and 96973 women without the disease. Lancet 2002; 
360(9328): 187-95. 

45. Collaborative Group on Hormonal Factors in Breast Cancer. Breast 
cancer and hormone replacement therapy: collaborative reanalysis of 
data from 51 epidemiological studies of 52,705 women with breast cancer 
and 108,411 women without breast cancer. Lancet 1997; 350(9084): 
1047-59. 

46. Magnusson C, Baron JA, Correia N, Bergstrom R, Adami HO, Persson I. 
Breast-cancer risk following long-term oestrogen- and oestrogen-
progestin-replacement therapy. Int J Cancer 1999; 81(3): 339-44. 

47. Schairer C, Lubin J, Troisi R, Sturgeon S, Brinton L, Hoover R. 
Menopausal estrogen and estrogen-progestin replacement therapy and 
breast cancer risk. In: Jama; 2000. p. 485-91. 

48. Fan S, Wang J, Yuan R, Ma Y, Meng Q, et al. BRCA1 inhibition of 
estrogen receptor signaling in transfected cells. Science 1999; 284(5418): 
1354-6. 

 
49. Chenevix-Trench G, Spurdle AB, Gatei M, Kelly H, Marsh A, et al. 

Dominant negative ATM mutations in breast cancer families. J Natl 
Cancer Inst 2002; 94(3): 205-15. 

 
50. Muti P. The role of endogenous hormones in the etiology and prevention 

of breast cancer: the epidemiological evidence. Ann N Y Acad Sci 2004; 
1028: 273-82. 



 199 

51. Nestler JE, Jakubowicz DJ. Decreases in ovarian cytochrome P450c17 
alpha activity and serum free testosterone after reduction of insulin 
secretion in polycystic ovary syndrome. N Engl J Med 1996; 335(9): 617-
23. 

52. Clemmons DR, Underwood LE. Nutritional regulation of IGF-I and IGF 
binding proteins. Annu Rev Nutr 1991; 11: 393-412. 

53. Russo J, Russo IH. Development of the human breast. Maturitas 2004; 
49(1): 2-15. 

54. Anderson E, Clarke RB. Steroid receptors and cell cycle in normal 
mammary epithelium. J Mammary Gland Biol Neoplasia 2004; 9(1): 3-13. 

55. Pearce ST, Jordan VC. The biological role of estrogen receptors alpha 
and beta in cancer. Crit Rev Oncol Hematol 2004; 50(1): 3-22. 

56. Cid MC, Schnaper HW, Kleinman HK. Estrogens and the vascular 
endothelium. Ann N Y Acad Sci 2002; 966: 143-57. 

57. Losordo DW, Isner JM. Estrogen and angiogenesis: a review. Arterioscler 
Thromb Vasc Biol 2001; 21(1): 6-12. 

58. Lamote I, Meyer E, Massart-Leen AM, Burvenich C. Sex steroids and 
growth factors in the regulation of mammary gland proliferation, 
differentiation, and involution. Steroids 2004; 69(3): 145-59. 

59. Ali S, Coombes RC. Endocrine-responsive breast cancer and strategies 
for combating resistance. Nat Rev Cancer 2002; 2(2): 101-12. 

60. Speirs V, Skliris GP, Burdall SE, Carder PJ. Distinct expression patterns 
of ER alpha and ER beta in normal human mammary gland. J Clin Pathol 
2002; 55(5): 371-4. 

61. Mote PA, Bartow S, Tran N, Clarke CL. Loss of co-ordinate expression of 
progesterone receptors A and B is an early event in breast 
carcinogenesis. Breast Cancer Res Treat 2002; 72(2): 163-72. 

62. Russo J, Ao X, Grill C, Russo IH. Pattern of distribution of cells positive 
for estrogen receptor alpha and progesterone receptor in relation to 
proliferating cells in the mammary gland. Breast Cancer Res Treat 1999; 
53(3): 217-27. 

63. Clarke RB, Anderson E, Howell A. Steroid receptors in human breast 
cancer. Trends Endocrinol Metab 2004; 15(7): 316-23. 



 200 

64. Curtis Hewitt S, Couse JF, Korach KS. Estrogen receptor transcription 
and transactivation: estrogen receptor knockout mice: what their 
phenotypes reveal about mechanisms of estrogen action. Breast Cancer 
Res 2000; 2(5): 345-52. 

65. Lubahn DB, Moyer JS, Golding TS, Couse JF, Korach KS, Smithies O. 
Alteration of reproductive function but not prenatal sexual development 
after insertional disruption of the mouse estrogen receptor gene. Proc 
Natl Acad Sci U S A 1993; 90(23): 11162-6. 

66. Krege JH, Hodgin JB, Couse JF, Enmark E, Warner M, et al. Generation 
and reproductive phenotypes of mice lacking estrogen receptor beta. 
Proc Natl Acad Sci U S A 1998; 95(26): 15677-82. 

 
67. Bocchinfuso WP, Korach KS. Mammary gland development and 

tumorigenesis in estrogen receptor knockout mice. J Mammary Gland 
Biol Neoplasia 1997; 2(4): 323-34. 

68. Ogawa S, Chan J, Chester AE, Gustafsson JA, Korach KS, Pfaff DW. 
Survival of reproductive behaviors in estrogen receptor beta gene-
deficient (betaERKO) male and female mice. Proc Natl Acad Sci U S A 
1999; 96(22): 12887-92. 

69. Couse JF, Hewitt SC, Bunch DO, Sar M, Walker VR, et al. Postnatal sex 
reversal of the ovaries in mice lacking estrogen receptors alpha and beta. 
Science 1999; 286(5448): 2328-31. 

 
70. Murphy LC, Simon SL, Parkes A, Leygue E, Dotzlaw H, et al. Altered 

expression of estrogen receptor coregulators during human breast 
tumorigenesis. Cancer Research 2000; 60(22): 6266-71. 

 
71. Hankinson SE, Willett WC, Manson JE, Colditz GA, Hunter DJ, et al. 

Plasma sex steroid hormone levels and risk of breast cancer in 
postmenopausal women. J Natl Cancer Inst 1998; 90(17): 1292-9. 

 
72. Key T, Appleby P, Barnes I, Reeves G. Endogenous sex hormones and 

breast cancer in postmenopausal women: reanalysis of nine prospective 
studies. J Natl Cancer Inst 2002; 94(8): 606-16. 

73. James VH, McNeill JM, Lai LC, Newton CJ, Ghilchik MW, Reed MJ. 
Aromatase activity in normal breast and breast tumor tissues: in vivo and 
in vitro studies. Steroids 1987; 50(1-3): 269-79. 

74. Clevenger CV, Furth PA, Hankinson SE, Schuler LA. The role of prolactin 
in mammary carcinoma. Endocr Rev 2003; 24(1): 1-27. 



 201 

75. Duffy MJ. Predictive markers in breast and other cancers: a review. Clin 
Chem 2005; 51(3): 494-503. 

76. Pietras RJ. Interactions between estrogen and growth factor receptors in 
human breast cancers and the tumor-associated vasculature. Breast 
Journal 2003; 9(5): 361-73. 

77. Hilakivi-Clarke L, Cabanes A, Olivo S, Kerr L, Bouker KB, Clarke R. Do 
estrogens always increase breast cancer risk? Journal of Steroid 
Biochemistry & Molecular Biology 2002; 80(2): 163-74. 

78. Speirs V, Parkes AT, Kerin MJ, Walton DS, Carleton PJ, et al. 
Coexpression of estrogen receptor alpha and beta: poor prognostic 
factors in human breast cancer? Cancer Res 1999; 59(3): 525-8. 

 
79. Knowlden JM, Gee JM, Robertson JF, Ellis IO, Nicholson RI. A possible 

divergent role for the oestrogen receptor alpha and beta subtypes in 
clinical breast cancer. Int J Cancer 2000; 89(2): 209-12. 

80. Hanstein B, Djahansouzi S, Dall P, Beckmann MW, Bender HG. Insights 
into the molecular biology of the estrogen receptor define novel 
therapeutic targets for breast cancer. European Journal of Endocrinology 
2004; 150(3): 243-55. 

81. Morris C, Wakeling A. Fulvestrant ('Faslodex')--a new treatment option for 
patients progressing on prior endocrine therapy. Endocr Relat Cancer 
2002; 9(4): 267-76. 

82. Early Breast Cancer Trialists' Collaborative Group. Tamoxifen for early 
breast cancer: an overview of the randomised trials. Lancet 1998; 
351(9114): 1451-67. 

83. Speirs V, Malone C, Walton DS, Kerin MJ, Atkin SL. Increased 
expression of estrogen receptor beta mRNA in tamoxifen-resistant breast 
cancer patients. Cancer Res 1999; 59(21): 5421-4. 

84. Fuqua SA, Wiltschke C, Zhang QX, Borg A, Castles CG, et al. A 
hypersensitive estrogen receptor-alpha mutation in premalignant breast 
lesions. Cancer Res 2000; 60(15): 4026-9. 

 
85. Dickler MN, Norton L. The MORE trial: multiple outcomes for raloxifene 

evaluation--breast cancer as a secondary end point: implications for 
prevention. Ann N Y Acad Sci 2001; 949: 134-42. 



 202 

86. Nicholson RI, Staka C, Boyns F, Hutcheson IR, Gee JM. Growth factor-
driven mechanisms associated with resistance to estrogen deprivation in 
breast cancer: new opportunities for therapy. Endocr Relat Cancer 2004; 
11(4): 623-41. 

87. Baum M, Buzdar A, Cuzick J, Forbes J, Houghton J, et al. Anastrozole 
alone or in combination with tamoxifen versus tamoxifen alone for 
adjuvant treatment of postmenopausal women with early-stage breast 
cancer: results of the ATAC (Arimidex, Tamoxifen Alone or in 
Combination) trial efficacy and safety update analyses. Cancer 2003; 
98(9): 1802-10. 

 
88. Smith IE. Letrozole versus tamoxifen in the treatment of advanced breast 

cancer and as neoadjuvant therapy. J Steroid Biochem Mol Biol 2003; 
86(3-5): 289-93. 

89. Yoon DY, Buchler P, Saarikoski ST, Hines OJ, Reber HA, Hankinson O. 
Identification of genes differentially induced by hypoxia in pancreatic 
cancer cells. Biochem Biophys Res Commun 2001; 288(4): 882-6. 

90. Fukasawa M, Korc M. Vascular endothelial growth factor-trap suppresses 
tumorigenicity of multiple pancreatic cancer cell lines. Clin Cancer Res 
2004; 10(10): 3327-32. 

91. Li D, Xie K, Wolff R, Abbruzzese JL. Pancreatic cancer. Lancet 2004; 
363(9414): 1049-57. 

92. Buchler P, Reber HA, Ullrich A, Shiroiki M, Roth M, et al. Pancreatic 
cancer growth is inhibited by blockade of VEGF-RII. Surgery 2003; 
134(5): 772-82. 

 
93. Ghadirian P, Lynch HT, Krewski D. Epidemiology of pancreatic cancer: an 

overview. Cancer Detection & Prevention 2003; 27(2): 87-93. 

94. Baker CH, Solorzano CC, Fidler IJ. Blockade of vascular endothelial 
growth factor receptor and epidermal growth factor receptor signaling for 
therapy of metastatic human pancreatic cancer. Cancer Res 2002; 62(7): 
1996-2003. 

95. Sperti C, Pasquali C, Liessi G, Pinciroli L, Decet G, Pedrazzoli S. 
Pancreatic resection for metastatic tumors to the pancreas. J Surg Oncol 
2003; 83(3): 161-6. 



 203 

96. Lowenfels AB, Maisonneuve P, DiMagno EP, Elitsur Y, Gates LK, et al. 
Hereditary pancreatitis and the risk of pancreatic cancer. International 
Hereditary Pancreatitis Study Group. J Natl Cancer Inst 1997; 89(6): 442-
6. 

 
97. Brose MS, Rebbeck TR, Calzone KA, Stopfer JE, Nathanson KL, Weber 

BL. Cancer risk estimates for BRCA1 mutation carriers identified in a risk 
evaluation program. J Natl Cancer Inst 2002; 94(18): 1365-72. 

98. The Breast Cancer Linkage Consortium. Cancer risks in BRCA2 mutation 
carriers. J Natl Cancer Inst 1999; 91(15): 1310-6. 

99. Su GH, Hruban RH, Bansal RK, Bova GS, Tang DJ, et al. Germline and 
somatic mutations of the STK11/LKB1 Peutz-Jeghers gene in pancreatic 
and biliary cancers. Am J Pathol 1999; 154(6): 1835-40. 

 
100. Jaffee EM, Hruban RH, Canto M, Kern SE. Focus on pancreas cancer. 

Cancer Cell 2002; 2(1): 25-8. 

101. Lillemoe KD, Yeo CJ, Cameron JL. Pancreatic cancer: state-of-the-art 
care. CA Cancer J Clin 2000; 50(4): 241-68. 

102. Duell EJ, Holly EA, Bracci PM, Liu M, Wiencke JK, Kelsey KT. A 
population-based, case-control study of polymorphisms in carcinogen-
metabolizing genes, smoking, and pancreatic adenocarcinoma risk. J Natl 
Cancer Inst 2002; 94(4): 297-306. 

103. Schneider G, Schmid RM. Genetic alterations in pancreatic carcinoma. 
Mol Cancer 2003; 2(1): 15. 

104. Sohn TA, Yeo CJ. The molecular genetics of pancreatic ductal 
carcinoma: a review. Surg Oncol 2000; 9(3): 95-101. 

105. Schmid RM. Genetic basis of pancreatic cancer. Best Pract Res Clin 
Gastroenterol 2002; 16(3): 421-33. 

106. Almoguera C, Shibata D, Forrester K, Martin J, Arnheim N, Perucho M. 
Most human carcinomas of the exocrine pancreas contain mutant c-K-ras 
genes. Cell 1988; 53(4): 549-54. 

107. Hruban RH. Pancreatic cancer: from genes to patient care. J Gastrointest 
Surg 2001; 5(6): 583-7. 

108. Bardeesy N, DePinho RA. Pancreatic cancer biology and genetics. Nat 
Rev Cancer 2002; 2(12): 897-909. 



 204 

109. Shi Q, Le X, Abbruzzese JL, Peng Z, Qian CN, et al. Constitutive Sp1 
activity is essential for differential constitutive expression of vascular 
endothelial growth factor in human pancreatic adenocarcinoma. Cancer 
Res 2001; 61(10): 4143-54. 

 
110. Kleeff J, Ishiwata T, Maruyama H, Friess H, Truong P, et al. The TGF-

beta signaling inhibitor Smad7 enhances tumorigenicity in pancreatic 
cancer. Oncogene 1999; 18(39): 5363-72. 

 
111. Shi Q, Abbruzzese JL, Huang S, Fidler IJ, Xiong Q, Xie K. Constitutive 

and inducible interleukin 8 expression by hypoxia and acidosis renders 
human pancreatic cancer cells more tumorigenic and metastatic. Clin 
Cancer Res 1999; 5(11): 3711-21. 

112. Juhasz M, Nitsche B, Malfertheiner P, Ebert MP. Implications of growth 
factor alterations in the treatment of pancreatic cancer. Mol Cancer 2003; 
2(1): 5. 

113. Tamm EP, Silverman PM, Charnsangavej C, Evans DB. Diagnosis, 
staging, and surveillance of pancreatic cancer. AJR Am J Roentgenol 
2003; 180(5): 1311-23. 

114. Picozzi VJ, Kozarek RA, Traverso LW. Interferon-based adjuvant 
chemoradiation therapy after pancreaticoduodenectomy for pancreatic 
adenocarcinoma. Am J Surg 2003; 185(5): 476-80. 

115. Wayne JD, Abdalla EK, Wolff RA, Crane CH, Pisters PWT, Evans DB. 
Localized Adenocarcinoma of the Pancreas: The Rationale for 
Preoperative Chemoradiation. Oncologist 2002; 7(1): 34-45. 

116. Wolff RA, Chiao P, Lenzi R, Pisters PW, Lee JE, et al. Current 
approaches and future strategies for pancreatic carcinoma. Invest New 
Drugs 2000; 18(1): 43-56. 

 
117. Joensuu TK, Kiviluoto T, Karkkainen P, Vento P, Kivisaari L, et al. Phase 

I-II trial of twice-weekly gemcitabine and concomitant irradiation in 
patients undergoing pancreaticoduodenectomy with extended 
lymphadenectomy for locally advanced pancreatic cancer. Int J Radiat 
Oncol Biol Phys 2004; 60(2): 444-52. 

 
118. Laheru D, Biedrzycki B, Jaffee EM. Immunologic approaches to the 

management of pancreatic cancer. Cancer J 2001; 7(4): 324-37. 

119. Kenemans P, Verstraeten RA, Verheijen RH. Oncogenic pathways in 
hereditary and sporadic breast cancer. Maturitas 2004; 49(1): 34-43. 



 205 

120. Grandien K, Berkenstam A, Gustafsson JA. The estrogen receptor gene: 
promoter organization and expression. Int J Biochem Cell Biol 1997; 
29(12): 1343-69. 

121. Hampsey M. Molecular genetics of the RNA polymerase II general 
transcriptional machinery. Microbiol Mol Biol Rev 1998; 62(2): 465-503. 

122. Roberts SG. Mechanisms of action of transcription activation and 
repression domains. Cell Mol Life Sci 2000; 57(8-9): 1149-60. 

123. Smale ST. Transcription initiation from TATA-less promoters within 
eukaryotic protein-coding genes. Biochim Biophys Acta 1997; 1351(1-2): 
73-88. 

124. Patikoglou G, Burley SK. Eukaryotic transcription factor-DNA complexes. 
Annu Rev Biophys Biomol Struct 1997; 26: 289-325. 

125. Lee JW, Lee YC, Na SY, Jung DJ, Lee SK. Transcriptional coregulators 
of the nuclear receptor superfamily: coactivators and corepressors. Cell 
Mol Life Sci 2001; 58(2): 289-97. 

126. Kaczynski J, Cook T, Urrutia R. Sp1- and Kruppel-like transcription 
factors. Genome Biol 2003; 4(2): 206. 

127. Suske G. The Sp-family of transcription factors. Gene 1999; 238(2): 291-
300. 

128. Safe S, Kim K. Nuclear receptor-mediated transactivation through 
interaction with Sp proteins. Prog Nucleic Acid Res Mol Biol 2004; 77: 1-
36. 

129. Aranda A, Pascual A. Nuclear hormone receptors and gene expression. 
Physiol Rev 2001; 81(3): 1269-304. 

130. Tenbaum S, Baniahmad A. Nuclear receptors: structure, function and 
involvement in disease. Int J Biochem Cell Biol 1997; 29(12): 1325-41. 

131. Dickson RB, Stancel GM. Chapter 8: Estrogen receptor-mediated 
processes in normal and cancer cells. J Natl Cancer Inst Monographs 
2000; 2000(27): 135-45. 

132. Kumar V, Green S, Stack G, Berry M, Jin JR, Chambon P. Functional 
domains of the human estrogen receptor. Cell 1987; 51(6): 941-51. 



 206 

133. Tora L, White J, Brou C, Tasset D, Webster N, et al. The human estrogen 
receptor has two independent nonacidic transcriptional activation 
functions. Cell 1989; 59(3): 477-87. 

 
134. Tsai MJ, O'Malley BW. Molecular mechanisms of action of steroid/thyroid 

receptor superfamily members. Annu Rev Biochem 1994; 63: 451-86. 

135. Gronemeyer H, Laudet V. Transcription factors 3: nuclear receptors. 
Protein Profile 1995; 2(11): 1173-308. 

136. Webb P, Lopez GN, Uht RM, Kushner PJ. Tamoxifen activation of the 
estrogen receptor/AP-1 pathway: potential origin for the cell-specific 
estrogen-like effects of antiestrogens. Mol Endocrinol 1995; 9(4): 443-56. 

137. Uht RM, Anderson CM, Webb P, Kushner PJ. Transcriptional activities of 
estrogen and glucocorticoid receptors are functionally integrated at the 
AP-1 response element. Endocrinology 1997; 138(7): 2900-8. 

138. Krishnan V, Wang X, Safe S. Estrogen receptor-Sp1 complexes mediate 
estrogen-induced cathepsin D gene expression in MCF-7 human breast 
cancer cells. J Biol Chem 1994; 269(22): 15912-7. 

139. Porter W, Wang F, Wang W, Duan R, Safe S. Role of estrogen 
receptor/Sp1 complexes in estrogen-induced heat shock protein 27 gene 
expression. Mol Endocrinol 1996; 10(11): 1371-8. 

140. Vyhlidal C, Samudio I, Kladde MP, Safe S. Transcriptional activation of 
transforming growth factor alpha by estradiol: requirement for both a GC-
rich site and an estrogen response element half-site. J Mol Endocrinol 
2000; 24(3): 329-38. 

141. Dubik D, Shiu RP. Mechanism of estrogen activation of c-myc oncogene 
expression. Oncogene 1992; 7(8): 1587-94. 

142. Wang F, Hoivik D, Pollenz R, Safe S. Functional and physical interactions 
between the estrogen receptor Sp1 and nuclear aryl hydrocarbon 
receptor complexes. Nucleic Acids Res 1998; 26(12): 3044-52. 

143. Duan R, Porter W, Safe S. Estrogen-induced c-fos protooncogene 
expression in MCF-7 human breast cancer cells: role of estrogen receptor 
Sp1 complex formation. Endocrinology 1998; 139(4): 1981-90. 

144. Sun G, Porter W, Safe S. Estrogen-induced retinoic acid receptor alpha 1 
gene expression: role of estrogen receptor-Sp1 complex. Mol Endocrinol 
1998; 12(6): 882-90. 



 207 

145. Qin C, Singh P, Safe S. Transcriptional activation of insulin-like growth 
factor-binding protein-4 by 17beta-estradiol in MCF-7 cells: role of 
estrogen receptor-Sp1 complexes. Endocrinology 1999; 140(6): 2501-8. 

146. Xie W, Duan R, Safe S. Estrogen induces adenosine deaminase gene 
expression in MCF-7 human breast cancer cells: role of estrogen 
receptor-Sp1 interactions. Endocrinology 1999; 140(1): 219-27. 

147. Dong L, Wang W, Wang F, Stoner M, Reed JC, et al. Mechanisms of 
transcriptional activation of bcl-2 gene expression by 17beta-estradiol in 
breast cancer cells. J Biol Chem 1999; 274(45): 32099-107. 

 
148. Wang W, Dong L, Saville B, Safe S. Transcriptional activation of E2F1 

gene expression by 17beta-estradiol in MCF-7 cells is regulated by NF-Y-
Sp1/estrogen receptor interactions. Mol Endocrinol 1999; 13(8): 1373-87. 

149. Khan S, Abdelrahim M, Samudio I, Safe S. Estrogen receptor/Sp1 
complexes are required for induction of cad gene expression by 17{beta}-
estradiol in breast cancer cells. Endocrinology 2003; 144(6): 2325-35. 

150. Castro-Rivera E, Samudio I, Safe S. Estrogen regulation of cyclin D1 
gene expression in ZR-75 breast cancer cells involves multiple enhancer 
elements. J Biol Chem 2001; 276(33): 30853-61. 

151. Wang F, Samudio I, Safe S. Transcriptional activation of rat creatine 
kinase B by 17beta-estradiol in MCF-7 cells involves an estrogen 
responsive element and GC-rich sites. J Cell Biochem 2001; 84(1): 156-
72. 

152. Samudio I, Vyhlidal C, Wang F, Stoner M, Chen I, et al. Transcriptional 
activation of deoxyribonucleic acid polymerase alpha gene expression in 
MCF-7 cells by 17 beta-estradiol. Endocrinology 2001; 142(3): 1000-8. 

 
153. Porter W, Saville B, Hoivik D, Safe S. Functional synergy between the 

transcription factor Sp1 and the estrogen receptor. Mol Endocrinol 1997; 
11(11): 1569-80. 

154. Saville B, Wormke M, Wang F, Nguyen T, Enmark E, et al. Ligand-, cell-, 
and estrogen receptor subtype (alpha /beta)-dependent activation at GC-
rich (Sp1) promoter elements. J Biol Chem 2000; 275(8): 5379-87. 

 
155. Safe S. Transcriptional activation of genes by 17 beta-estradiol through 

estrogen receptor-Sp1 interactions. Vitam Horm 2001; 62: 231-52. 



 208 

156. Stoner M, Wang F, Wormke M, Nguyen T, Samudio I, et al. Inhibition of 
vascular endothelial growth factor expression in HEC1A endometrial 
cancer cells through interactions of estrogen receptor alpha  and Sp3 
proteins. J Biol Chem 2000; 275(30): 22769-79. 

 
157. Stoner M, Wormke M, Saville B, Samudio I, Qin C, et al. Estrogen 

regulation of vascular endothelial growth factor gene expression in ZR-75 
breast cancer cells through interaction of estrogen receptor alpha and SP 
proteins. Oncogene 2004; 23(5): 1052-63. 

 
158. Abdelrahim M, Smith R, III, Burghardt R, Safe S. Role of Sp proteins in 

regulation of vascular endothelial growth factor expression and 
proliferation of pancreatic cancer cells. Cancer Res 2004; 64(18): 6740-9. 

159. Rubanyi GM, Johns A, Kauser K. Effect of estrogen on endothelial 
function and angiogenesis. Vascular Pharmacology 2002; 38(2): 89-98. 

160. Ferrara N. Vascular endothelial growth factor: basic science and clinical 
progress. Endocr Rev 2004; 25(4): 581-611. 

161. Ferrara N, Gerber HP, LeCouter J. The biology of VEGF and its 
receptors. Nat Med 2003; 9(6): 669-76. 

162. Stapleton G, Spence HJ. Beatson International Cancer Conference: 
invasion and metastasis. British Journal of Cancer 2000; 82(9): 1615-7. 

163. Zhang W, Ran S, Sambade M, Huang X, Thorpe PE. A monoclonal 
antibody that blocks VEGF binding to VEGFR2 (KDR/Flk-1) inhibits 
vascular expression of Flk-1 and tumor growth in an orthotopic human 
breast cancer model. Angiogenesis 2002; 5(1-2): 35-44. 

164. Carmeliet P, Jain RK. Angiogenesis in cancer and other diseases. Nature 
2000; 407(6801): 249-57. 

165. Veikkola T, Alitalo K. VEGFs, receptors and angiogenesis. Semin Cancer 
Biol 1999; 9(3): 211-20. 

166. Neufeld G, Cohen T, Gengrinovitch S, Poltorak Z. Vascular endothelial 
growth factor (VEGF) and its receptors. FASEB J 1999; 13(1): 9-22. 

167. Ryden L, Linderholm B, Nielsen NH, Emdin S, Jonsson PE, Landberg G. 
Tumor specific VEGF-A and VEGFR2/KDR protein are co-expressed in 
breast cancer. Breast Cancer Research & Treatment 2003; 82(3): 147-54. 



 209 

168. Zachary I, Gliki G. Signaling transduction mechanisms mediating 
biological actions of the vascular endothelial growth factor family. 
Cardiovascular Research 2001; 49(3): 568-81. 

169. Gasparini G. Angiogenesis research up to 1996. A commentary on the 
state of art and suggestions for future studies. Eur J Cancer 1996; 
32A(14): 2379-85. 

170. Patterson C, Perrella MA, Hsieh C-M, Yoshizumi M, Lee M-E, Haber E. 
Cloning and functional analysis of the promoter for KDR/flk-1, a receptor 
for vascular endothelial growth factor. J Biol Chem 1995; 270(39): 23111-
8. 

171. Brekken RA, Thorpe PE. VEGF-VEGF receptor complexes as markers of 
tumor vascular endothelium. J Control Release 2001; 74(1-3): 173-81. 

172. Eatock MM, Schatzlein A, Kaye SB. Tumour vasculature as a target for 
anticancer therapy. Cancer Treatment Reviews 2000; 26(3): 191-204. 

173. Klagsbrun M, D'Amore PA. Vascular endothelial growth factor and its 
receptors. Cytokine & Growth Factor Reviews 1996; 7(3): 259-70. 

174. Veikkola T, Karkkainen M, Claesson-Welsh L, Alitalo K. Regulation of 
angiogenesis via vascular endothelial growth factor receptors. Cancer 
Res 2000; 60(2): 203-12. 

175. Meyer RD, Singh A, Majnoun F, Latz C, Lashkari K, Rahimi N. 
Substitution of C-terminus of VEGFR-2 with VEGFR-1 promotes VEGFR-
1 activation and endothelial cell proliferation. Oncogene 2004; 23(32): 
5523-31. 

176. Zhu Z, Witte L. Inhibition of tumor growth and metastasis by targeting 
tumor-associated angiogenesis with antagonists to the receptors of 
vascular endothelial growth factor. Investigational New Drugs 1999; 
17(3): 195-212. 

177. Elkin M, Orgel A, Kleinman HK. An angiogenic switch in breast cancer 
involves estrogen and soluble vascular endothelial growth factor receptor 
1. Journal of the National Cancer Institute 2004; 96(11): 875-8. 

178. Itakura J, Ishiwata T, Shen B, Kornmann M, Korc M. Concomitant over-
expression of vascular endothelial growth factor and its receptors in 
pancreatic cancer. International Journal of Cancer 2000; 85(1): 27-34. 



 210 

179. Kranz A, Mattfeldt T, Waltenberger J. Molecular mediators of tumor 
angiogenesis: enhanced expression and activation of vascular endothelial 
growth factor receptor KDR in primary breast cancer. Int J Cancer 1999; 
84(3): 293-8. 

180. Valtola R, Salven P, Heikkila P, Taipale J, Joensuu H, et al. VEGFR-3 
and its ligand VEGF-C are associated with angiogenesis in breast cancer. 
Am J Pathol 1999; 154(5): 1381-90. 

 
181. Buchler P, Reber HA, Lavey RS, Tomlinson J, Buchler MW, et al. Tumor 

hypoxia correlates with metastatic tumor growth of pancreatic cancer in 
an orthotopic murine model. Journal of Surgical Research 2004; 120(2): 
295-303. 

 
182. Gerber HP, Condorelli F, Park J, Ferrara N. Differential transcriptional 

regulation of the two vascular endothelial growth factor receptor genes. 
Flt-1, but not Flk-1/KDR, is up-regulated by hypoxia. J Biol Chem 1997; 
272(38): 23659-67. 

183. Nakopoulou L, Stefanaki K, Panayotopoulou E, Giannopoulou I, 
Athanassiadou P, et al. Expression of the vascular endothelial growth 
factor receptor-2/Flk-1 in breast carcinomas: correlation with proliferation. 
Hum Pathol 2002; 33(9): 863-70. 

 
184. Suzuma I, Mandai M, Takagi H, Suzuma K, Otani A, et al. 17 {beta}-

estradiol increases VEGF receptor-2 and promotes DNA synthesis in 
retinal microvascular endothelial cells. Invest Ophthalmol Vis Sci 1999; 
40(9): 2122-9. 

 
185. Ruohola JK, Valve EM, Karkkainen MJ, Joukov V, Alitalo K, Harkonen 

PL. Vascular endothelial growth factors are differentially regulated by 
steroid hormones and antiestrogens in breast cancer cells. Mol Cell 
Endocrinol 1999; 149(1-2): 29-40. 

186. Linderholm B, Tavelin B, Grankvist K, Henriksson R. Vascular endothelial 
growth factor is of high prognostic value in node-negative breast 
carcinoma. J Clin Oncol 1998; 16(9): 3121-8. 

187. Kou B, Li Y, Zhang L, Zhu G, Wang X, et al. In vivo inhibition of tumor 
angiogenesis by a soluble VEGFR-2 fragment. Experimental & Molecular 
Pathology 2004; 76(2): 129-37. 

 



 211 

188. Buchler P, Reber HA, Buchler MW, Friess H, Lavey RS, Hines OJ. 
Antiangiogenic activity of genistein in pancreatic carcinoma cells is 
mediated by the inhibition of hypoxia-inducible factor-1 and the down-
regulation of VEGF gene expression. Cancer 2004; 100(1): 201-10. 

189. Hetian L, Ping A, Shumei S, Xiaoying L, Luowen H, et al. A novel peptide 
isolated from a phage display library inhibits tumor growth and metastasis 
by blocking the binding of vascular endothelial growth factor to its kinase 
domain receptor. J Biol Chem 2002; 277(45): 43137-42. 

 
190. Zhang L, Gasper WJ, Stass SA, Ioffe OB, Davis MA, Mixson AJ. 

Angiogenic inhibition mediated by a DNAzyme that targets vascular 
endothelial growth factor receptor 2. Cancer Res 2002; 62(19): 5463-9. 

191. Turner HE, Harris AL, Melmed S, Wass JA. Angiogenesis in endocrine 
tumors. Endocrine Reviews 2003; 24(5): 600-32. 

192. Kerbel RS. Tumor angiogenesis: past, present and the near future. 
Carcinogenesis 2000; 21(3): 505-15. 

193. Tseng JF, Farnebo FA, Kisker O, Becker CM, Kuo CJ, et al. Adenovirus-
mediated delivery of a soluble form of the VEGF receptor Flk1 delays the 
growth of murine and human pancreatic adenocarcinoma in mice. 
Surgery 2002; 132(5): 857-65. 

 
194. American Cancer Society. Cancer Facts and Figures 2005. Atlanta: 

American Cancer Society; 2005.  

195. Jemal A, Clegg LX, Ward E, Ries LA, Wu X, et al. Annual report to the 
nation on the status of cancer, 1975-2001, with a special feature 
regarding survival. Cancer 2004; 101(1): 3-27. 

 
196. Vimalachandran D, Ghaneh P, Costello E, Neoptolemos JP. Genetics 

and prevention of pancreatic cancer. Cancer Control 2004; 11(1): 6-14. 

197. Hruban RH, Petersen GM, Ha PK, Kern SE. Genetics of pancreatic 
cancer. From genes to families. Surg Oncol Clin N Am 1998; 7(1): 1-23. 

198. Schenk M, Schwartz AG, O'Neal E, Kinnard M, Greenson JK, et al. 
Familial risk of pancreatic cancer. J Natl Cancer Inst 2001; 93(8): 640-4. 

 
199. Calle EE, Murphy TK, Rodriguez C, Thun MJ, Heath CW, Jr. Diabetes 

mellitus and pancreatic cancer mortality in a prospective cohort of United 
States adults. Cancer Causes Control 1998; 9(4): 403-10. 



 212 

200. Everhart J, Wright D. Diabetes mellitus as a risk factor for pancreatic 
cancer. A meta-analysis. JAMA 1995; 273(20): 1605-9. 

201. Klein AP, Brune KA, Petersen GM, Goggins M, Tersmette AC, et al. 
Prospective risk of pancreatic cancer in familial pancreatic cancer 
kindreds. Cancer Res 2004; 64(7): 2634-8. 

 
202. Coughlin SS, Calle EE, Patel AV, Thun MJ. Predictors of pancreatic 

cancer mortality among a large cohort of United States adults. Cancer 
Causes Control 2000; 11(10): 915-23. 

203. Duell EJ, Holly EA, Bracci PM, Wiencke JK, Kelsey KT. A population-
based study of the Arg399Gln polymorphism in X-ray repair cross- 
complementing group 1 (XRCC1) and risk of pancreatic adenocarcinoma. 
Cancer Res 2002; 62(16): 4630-6. 

204. Jiao L, Firozi PF, Connor T, Li D. Codon 143 polymorphism of AGT gene 
in pancreatic cancer. Proc Am Assoc Cancer Res 2001; 42: A1844. 

205. Bartsch H, Malaveille C, Lowenfels AB, Maisonneuve P, Hautefeuille A, 
Boyle P. Genetic polymorphism of N-acetyltransferases, glutathione S-
transferase M1 and NAD(P)H:quinone oxidoreductase in relation to 
malignant and benign pancreatic disease risk. The International 
Pancreatic Disease Study Group. Eur J Cancer Prev 1998; 7(3): 215-23. 

206. Liu G, Ghadirian P, Vesprini D, Hamel N, Paradis AJ, et al. 
Polymorphisms in GSTM1, GSTT1 and CYP1A1 and risk of pancreatic 
adenocarcinoma. Br J Cancer 2000; 82(10): 1646-9. 

 
207. Li D. Molecular epidemiology of pancreatic cancer. Cancer J 2001; 7(4): 

259-65. 

208. Gold EB, Goldin SB. Epidemiology of and risk factors for pancreatic 
cancer. Surg Oncol Clin N Am 1998; 7(1): 67-91. 

209. Ahlgren JD. Epidemiology and risk factors in pancreatic cancer. Semin 
Oncol 1996; 23(2): 241-50. 

210. Howe GR, Jain M, Burch JD, Miller AB. Cigarette smoking and cancer of 
the pancreas: evidence from a population-based case-control study in 
Toronto, Canada. Int J Cancer 1991; 47(3): 323-8. 

211. Muscat JE, Stellman SD, Hoffmann D, Wynder EL. Smoking and 
pancreatic cancer in men and women. Cancer Epidemiol Biomarkers 
Prev 1997; 6(1): 15-9. 



 213 

212. Nothlings U, Wilkens LR, Murphy SP, Hankin JH, Henderson BE, Kolonel 
LN. Meat and fat intake as risk factors for pancreatic cancer: the 
multiethnic cohort study. J Natl Cancer Inst 2005; 97(19): 1458-65. 

213. Caldas C, Kern SE. K-ras mutation and pancreatic adenocarcinoma. Int J 
Pancreatol 1995; 18(1): 1-6. 

214. Iacobuzio-Donahue CA, Klimstra DS, Adsay NV, Wilentz RE, Argani P, et 
al. Dpc-4 protein is expressed in virtually all human intraductal papillary 
mucinous neoplasms of the pancreas: comparison with conventional 
ductal adenocarcinomas. Am J Pathol 2000; 157(3): 755-61. 

 
215. Wilentz RE, Iacobuzio-Donahue CA, Argani P, McCarthy DM, Parsons 

JL, et al. Loss of expression of Dpc4 in pancreatic intraepithelial 
neoplasia: evidence that DPC4 inactivation occurs late in neoplastic 
progression. Cancer Res 2000; 60(7): 2002-6. 

 
216. Tascilar M, Skinner HG, Rosty C, Sohn T, Wilentz RE, et al. The SMAD4 

protein and prognosis of pancreatic ductal adenocarcinoma. Clin Cancer 
Res 2001; 7(12): 4115-21. 

 
217. Schutte M, Hruban RH, Geradts J, Maynard R, Hilgers W, et al. 

Abrogation of the Rb/p16 tumor-suppressive pathway in virtually all 
pancreatic carcinomas. Cancer Res 1997;57(15):3126-30. 

 
218. Caldas C, Hahn SA, da Costa LT, Redston MS, Schutte M, et al. 

Frequent somatic mutations and homozygous deletions of the p16 
(MTS1) gene in pancreatic adenocarcinoma. Nat Genet 1994; 8(1): 27-
32. 

 
219. Hu YX, Watanabe H, Ohtsubo K, Yamaguchi Y, Ha A, et al. Frequent loss 

of p16 expression and its correlation with clinicopathological parameters 
in pancreatic carcinoma. Clin Cancer Res 1997; 3(9): 1473-7. 

 
220. Barton CM, Staddon SL, Hughes CM, Hall PA, O'Sullivan C, et al. 

Abnormalities of the p53 tumour suppressor gene in human pancreatic 
cancer. Br J Cancer 1991; 64(6): 1076-82. 

 
221. Dong M, Nio Y, Tamura K, Song MM, Guo KJ, et al. Ki-ras point mutation 

and p53 expression in human pancreatic cancer: a comparative study 
among Chinese, Japanese, and Western patients. Cancer Epidemiol 
Biomarkers Prev 2000; 9(3): 279-84. 

 



 214 

222. Redston MS, Caldas C, Seymour AB, Hruban RH, da Costa L, et al. p53 
mutations in pancreatic carcinoma and evidence of common involvement 
of homocopolymer tracts in DNA microdeletions. Cancer Res 1994; 
54(11): 3025-33. 

 
223. McKenna S, Eatock M. The medical management of pancreatic cancer: a 

review. Oncologist 2003; 8(2): 149-60. 

224. Haller DG. Chemotherapy for advanced pancreatic cancer. Int J Radiat 
Oncol Biol Phys 2003; 56(4 Suppl): 16-23. 

225. Abdelrahim M, Safe S. Cyclooxygenase-2 inhibitors decrease vascular 
endothelial growth factor expression in colon cancer cells by enhanced 
degradation of Sp1 and Sp4 proteins. Mol Pharmacol 2005; 68(2): 317-
29. 

226. Safe S, Abdelrahim M. Sp transcription factor family and its role in cancer. 
Eur J Cancer 2005; 41(16): 2438-48. 

227. Ryuto M, Ono M, Izumi H, Yoshida S, Weich HA, et al. Induction of 
vascular endothelial growth factor by tumor necrosis factor alpha in 
human glioma cells. Possible roles of Sp-1. J Biol Chem 1996; 271(45): 
28220-8. 

 
228. Yao JC, Wang L, Wei D, Gong W, Hassan M, et al. Association between 

expression of transcription factor Sp1 and increased vascular endothelial 
growth factor expression, advanced stage, and poor survival in patients 
with resected gastric cancer. Clin Cancer Res 2004; 10(12 Pt 1): 4109-
17. 

 
229. Wang L, Wei D, Huang S, Peng Z, Le X, et al. Transcription factor Sp1 

expression is a significant predictor of survival in human gastric cancer. 
Clin Cancer Res 2003; 9(17): 6371-80. 

 
230. Wey JS, Fan F, Gray MJ, Bauer TW, McCarty MF, et al. Vascular 

endothelial growth factor receptor-1 promotes migration and invasion in 
pancreatic carcinoma cell lines. Cancer 2005; 104(2): 427-38. 

 
231. Hata Y, Duh E, Zhang K, Robinson GS, Aiello LP. Transcription factors 

Sp1 and Sp3 alter vascular endothelial growth factor receptor expression 
through a novel recognition sequence. J Biol Chem 1998; 273(30): 
19294-303. 



 215 

232. Patterson C, Wu Y, Lee M-E, DeVault JD, Runge MS, Haber E. Nuclear 
protein interactions with the human KDR/flk-1 promoter in vivo. 
Regulation of Sp1 binding is associated with cell type-specific expression. 
J Biol Chem 1997; 272(13): 8410-6. 

233. Abdelrahim M, Liu S, Safe S. Induction of endoplasmic reticulum-induced 
stress genes in Panc-1 pancreatic cancer cells is dependent on Sp 
proteins. J Biol Chem 2005; 280(16): 16508-13. 

234. Shibuya M. Structure and function of VEGF/VEGF-receptor system 
involved in angiogenesis. Cell Struct Funct 2001; 26(1): 25-35. 

235. Shibuya M. Vascular endothelial growth factor receptor-2: its unique 
signaling and specific ligand, VEGF-E. Cancer Sci 2003; 94(9): 751-6. 

236. Gasparini G, Toi M, Gion M, Verderio P, Dittadi R, et al. Prognostic 
significance of vascular endothelial growth factor protein in node-negative 
breast carcinoma. J Natl Cancer Inst 1997; 89(2): 139-47. 

 
237. Toi M, Inada K, Suzuki H, Tominaga T. Tumor angiogenesis in breast 

cancer: its importance as a prognostic indicator and the association with 
vascular endothelial growth factor expression. Breast Cancer Res Treat 
1995; 36(2): 193-204. 

238. Price DJ, Miralem T, Jiang S, Steinberg R, Avraham H. Role of vascular 
endothelial growth factor in the stimulation of cellular invasion and 
signaling of breast cancer cells. Cell Growth Differ 2001; 12(3): 129-35. 

239. Speirs V, Atkin SL. Production of VEGF and expression of the VEGF 
receptors Flt-1 and KDR in primary cultures of epithelial and stromal cells 
derived from breast tumours. Br J Cancer 1999; 80(5-6): 898-903. 

240. Huss WJ, Hanrahan CF, Barrios RJ, Simons JW, Greenberg NM. 
Angiogenesis and prostate cancer: identification of a molecular 
progression switch. Cancer Res 2001; 61(6): 2736-43. 

241. Beebe JS, Jani JP, Knauth E, Goodwin P, Higdon C, et al. 
Pharmacological characterization of CP-547,632, a novel vascular 
endothelial growth factor receptor-2 tyrosine kinase inhibitor for cancer 
therapy. Cancer Res 2003; 63(21): 7301-9. 

 
242. Ruggeri B, Singh J, Gingrich D, Angeles T, Albom M, et al. CEP-7055: a 

novel, orally active pan inhibitor of vascular endothelial growth factor 
receptor tyrosine kinases with potent antiangiogenic activity and antitumor 
efficacy in preclinical models. Cancer Res 2003; 63(18): 5978-91. 



 216 

243. Laird AD, Christensen JG, Li G, Carver J, Smith K, et al. SU6668 inhibits 
Flk-1/KDR and PDGFRbeta in vivo, resulting in rapid apoptosis of tumor 
vasculature and tumor regression in mice. Faseb J 2002; 16(7): 681-90. 

 
244. Wedge SR, Kendrew J, Hennequin LF, Valentine PJ, Barry ST, et al. 

AZD2171: a highly potent, orally bioavailable, vascular endothelial growth 
factor receptor-2 tyrosine kinase inhibitor for the treatment of cancer. 
Cancer Res 2005; 65(10): 4389-400. 

 
245. Zhu GH, Lenzi M, Schwartz EL. The Sp1 transcription factor contributes 

to the tumor necrosis factor-induced expression of the angiogenic factor 
thymidine phosphorylase in human colon carcinoma cells. Oncogene 
2002; 21(55): 8477-85. 

246. Wei D, Wang L, He Y, Xiong HQ, Abbruzzese JL, Xie K. Celecoxib 
inhibits vascular endothelial growth factor expression in and reduces 
angiogenesis and metastasis of human pancreatic cancer via 
suppression of Sp1 transcription factor activity. Cancer Research 2004; 
64(6): 2030-8. 

247. Carmeliet P. Angiogenesis in health and disease. Nat Med 2003; 9(6): 
653-60. 

248. Orre M, Rogers PA. VEGF, VEGFR-1, VEGFR-2, microvessel density 
and endothelial cell proliferation in tumours of the ovary. Int J Cancer 
1999; 84(2): 101-8. 

249. Wu W, Shu X, Hovsepyan H, Mosteller RD, Broek D. VEGF receptor 
expression and signaling in human bladder tumors. Oncogene 2003; 
22(22): 3361-70. 

250. Straume O, Akslen LA. Expresson of vascular endothelial growth factor, 
its receptors (FLT-1, KDR) and TSP-1 related to microvessel density and 
patient outcome in vertical growth phase melanomas. Am J Pathol 2001; 
159(1): 223-35. 

251. Hyder SM, Stancel GM, Chiappetta C, Murthy L, Boettger-Tong HL, 
Makela S. Uterine expression of vascular endothelial growth factor is 
increased by estradiol and tamoxifen. Cancer Res 1996; 56(17): 3954-60. 

252. Hyder SM, Nawaz Z, Chiappetta C, Stancel GM. Identification of 
functional estrogen response elements in the gene coding for the potent 
angiogenic factor vascular endothelial growth factor. Cancer Res 2000; 
60(12): 3183-90. 



 217 

253. Hyder SM, Murthy L, Stancel GM. Progestin regulation of vascular 
endothelial growth factor in human breast cancer cells. Cancer Res 1998; 
58(3): 392-5. 

254. Hyder SM, Chiappetta C, Stancel GM. Triphenylethylene antiestrogens 
induce uterine vascular endothelial growth factor expression via their 
partial estrogen agonist activity. Cancer Lett 1997; 120(2): 165-71. 

255. Mueller MD, Vigne JL, Minchenko A, Lebovic DI, Leitman DC, Taylor RN. 
Regulation of vascular endothelial growth factor (VEGF) gene 
transcription by estrogen receptors alpha and beta. Proc Natl Acad Sci U 
S A 2000; 97(20): 10972-7. 

256. Nakamura J, Savinov A, Lu Q, Brodie A. Estrogen regulates vascular 
endothelial growth/permeability factor expression in 7,12-
dimethylbenz(a)anthracene-induced rat mammary tumors. Endocrinology 
1996; 137(12): 5589-96. 

257. Classen-Linke I, Alfer J, Krusche CA, Chwalisz K, Rath W, Beier HM. 
Progestins, progesterone receptor modulators, and progesterone 
antagonists change VEGF release of endometrial cells in culture. Steroids 
2000; 65(10-11): 763-71. 

258. Bogin L, Degani H. Hormonal regulation of VEGF in orthotopic MCF7 
human breast cancer. Cancer Res 2002; 62(7): 1948-51. 

259. Buteau-Lozano H, Ancelin M, Lardeux B, Milanini J, Perrot-Applanat M. 
Transcriptional regulation of vascular endothelial growth factor by 
estradiol and tamoxifen in breast cancer cells: a complex interplay 
between estrogen receptors alpha and beta. Cancer Res 2002; 62(17): 
4977-84. 

260. Yoshiji H, Harris SR, Thorgeirsson UP. Vascular endothelial growth factor 
is essential for initial but not continued in vivo growth of human breast 
carcinoma cells. Cancer Res 1997; 57(18): 3924-8. 

261. Ngwenya S, Safe S. Cell context-dependent differences in the induction 
of E2F-1 gene expression by 17 beta-estradiol in MCF-7 and ZR-75 cells. 
Endocrinology 2003; 144(5): 1675-85. 

262. Shao W, Halachmi S, Brown M. ERAP140, a conserved tissue-specific 
nuclear receptor coactivator. Mol Cell Biol 2002; 22(10): 3358-72. 



 218 

263. Metivier R, Penot G, Hubner MR, Reid G, Brand H, et al. Estrogen 
receptor-alpha directs ordered, cyclical, and combinatorial recruitment of 
cofactors on a natural target promoter. Cell 2003; 115(6): 751-63. 

 
264. Acevedo ML, Lee KC, Stender JD, Katzenellenbogen BS, Kraus WL. 

Selective recognition of distinct classes of coactivators by a ligand-
inducible activation domain. Mol Cell 2004; 13(5): 725-38. 

265. Krieg AJ, Krieg SA, Ahn BS, Shapiro DJ. Interplay between estrogen 
response element sequence and ligands controls in vivo binding of 
estrogen receptor to regulated genes. J Biol Chem 2004; 279(6): 5025-
34. 

266. Sun JM, Spencer VA, Li L, Yu Chen H, Yu J, Davie JR. Estrogen 
regulation of trefoil factor 1 expression by estrogen receptor alpha and Sp 
proteins. Exp Cell Res 2005; 302(1): 96-107. 

267. Urbich C, Stein M, Reisinger K, Kaufmann R, Dimmeler S, Gille J. Fluid 
shear stress-induced transcriptional activation of the vascular endothelial 
growth factor receptor-2 gene requires Sp1-dependent DNA binding. 
FEBS Lett 2003; 535(1-3): 87-93. 

268. Bouwman P, Philipsen S. Regulation of the activity of Sp1-related 
transcription factors. Mol Cell Endocrinol 2002; 195(1-2): 27-38. 

269. Black AR, Black JD, Azizkhan-Clifford J. Sp1 and kruppel-like factor 
family of transcription factors in cell growth regulation and cancer. J Cell 
Physiol 2001; 188(2): 143-60. 

270. Safe S, Kim K. Nuclear receptor-mediated transactivation through 
interaction with Sp proteins. Progress in Nucleic Acid Research & 
Molecular Biology 2004; 77: 1-36. 

271. Husmann M, Dragneva Y, Romahn E, Jehnichen P. Nuclear receptors 
modulate the interaction of Sp1 and GC-rich DNA via ternary complex 
formation. Biochem J 2000; 352 Pt 3: 763-72. 

272. Suzuki Y, Shimada J, Shudo K, Matsumura M, Crippa MP, Kojima S. 
Physical interaction between retinoic acid receptor and Sp1: mechanism 
for induction of urokinase by retinoic acid. Blood 1999; 93(12): 4264-76. 

273. Shimada J, Suzuki Y, Kim SJ, Wang PC, Matsumura M, Kojima S. 
Transactivation via RAR/RXR-Sp1 interaction: characterization of binding 
between Sp1 and GC box motif. Mol Endocrinol 2001; 15(10): 1677-92. 



 219 

274. Sugawara A, Uruno A, Kudo M, Ikeda Y, Sato K, et al. Transcription 
suppression of thromboxane receptor gene by peroxisome proliferator-
activated receptor-gamma via an interaction with Sp1 in vascular smooth 
muscle cells. J Biol Chem 2002; 277(12): 9676-83. 

 
275. Rohr O, Aunis D, Schaeffer E. COUP-TF and Sp1 interact and cooperate 

in the transcriptional activation of the human immunodeficiency virus type 
1 long terminal repeat in human microglial cells. J Biol Chem 1997; 
272(49): 31149-55. 

276. Pipaon C, Tsai SY, Tsai MJ. COUP-TF upregulates NGFI-A gene 
expression through an Sp1 binding site. Mol Cell Biol 1999; 19(4): 2734-
45. 

277. Liu Z, Simpson ER. Molecular mechanism for cooperation between Sp1 
and steroidogenic factor-1 (SF-1) to regulate bovine CYP11A gene 
expression. Mol Cell Endocrinol 1999; 153(1-2): 183-96. 

278. Sugawara T, Saito M, Fujimoto S. Sp1 and SF-1 interact and cooperate in 
the regulation of human steroidogenic acute regulatory protein gene 
expression. Endocrinology 2000; 141(8): 2895-903. 

279. Sassa Y, Hata Y, Aiello LP, Taniguchi Y, Kohno K, Ishibashi T. 
Bifunctional properties of peroxisome proliferator-activated receptor 
gamma1 in KDR gene regulation mediated via interaction with both Sp1 
and Sp3. Diabetes 2004; 53(5): 1222-9. 

280. Meissner M, Stein M, Urbich C, Reisinger K, Suske G, et al. PPARalpha 
activators inhibit vascular endothelial growth factor receptor-2 expression 
by repressing Sp1-dependent DNA binding and transactivation. Circ Res 
2004; 94(3): 324-32. 

 
281. Jackson TA, Taylor HE, Sharma D, Desiderio S, Danoff SK. Vascular 

endothelial growth factor receptor-2: counter-regulation by the 
transcription factors, TFII-I and TFII-IRD1. J Biol Chem 2005; 280(33): 
29856-63. 

282. Higgins KJ, Liu S, Abdelrahim M, Yoon K, Vanderlaag K, et al. Vascular 
endothelial growth factor receptor-2 expression is induced by 17b- 
estradiol in ZR-75 breast cancer cells by estrogen receptor a/Sp proteins. 
Submitted. 

 



 220 

283. Katzenellenbogen JA, O'Malley BW, Katzenellenbogen BS. Tripartite 
steroid hormone receptor pharmacology: interaction with multiple effector 
sites as a basis for the cell- and promoter-specific action of these 
hormones. Mol Endocrinol 1996; 10(2): 119-31. 

284. Smith CL, O'Malley BW. Coregulator function: a key to understanding 
tissue specificity of selective receptor modulators. Endocr Rev 2004; 
25(1): 45-71. 

285. Hall JM, Couse JF, Korach KS. The multifaceted mechanisms of estradiol 
and estrogen receptor signaling. J Biol Chem 2001; 276(40): 36869-72. 

286. Nilsson S, Gustafsson JA. Biological role of estrogen and estrogen 
receptors. Crit Rev Biochem Mol Biol 2002; 37(1): 1-28. 

287. O'Malley BW. A life-long search for the molecular pathways of steroid 
hormone action. Mol Endocrinol 2005; 19(6): 1402-11. 

288. Paech K, Webb P, Kuiper GG, Nilsson S, Gustafsson J, et al. Differential 
ligand activation of estrogen receptors ERalpha and ERbeta at AP1 sites. 
Science 1997; 277(5331): 1508-10. 

 
289. Webb P, Nguyen P, Valentine C, Lopez GN, Kwok GR, et al. The 

estrogen receptor enhances AP-1 activity by two distinct mechanisms 
with different requirements for receptor transactivation functions. Mol 
Endocrinol 1999; 13(10): 1672-85. 

 
290. Frasor J, Danes JM, Komm B, Chang KC, Lyttle CR, Katzenellenbogen 

BS. Profiling of estrogen up- and down-regulated gene expression in 
human breast cancer cells: insights into gene networks and pathways 
underlying estrogenic control of proliferation and cell phenotype. 
Endocrinology 2003; 144(10): 4562-74. 

291. Frasor J, Stossi F, Danes JM, Komm B, Lyttle CR, Katzenellenbogen BS. 
Selective estrogen receptor modulators: discrimination of agonistic versus 
antagonistic activities by gene expression profiling in breast cancer cells. 
Cancer Res 2004; 64(4): 1522-33. 

292. Inoue A, Yoshida N, Omoto Y, Oguchi S, Yamori T, et al. Development of 
cDNA microarray for expression profiling of estrogen-responsive genes. J 
Mol Endocrinol 2002; 29(2): 175-92. 

 
293. Lobenhofer EK, Bennett L, Cable PL, Li L, Bushel PR, Afshari CA. 

Regulation of DNA replication fork genes by 17beta-estradiol. Mol 
Endocrinol 2002; 16(6): 1215-29. 



 221 

294. Levenson AS, Svoboda KM, Pease KM, Kaiser SA, Chen B, et al. Gene 
expression profiles with activation of the estrogen receptor {alpha}-
selective estrogen receptor modulator complex in breast cancer cells 
expressing wild-type estrogen receptor. Cancer Res 2002; 62(15): 4419-
26. 

 
295. Kalaitzidis D, Gilmore TD. Transcription factor cross-talk: the estrogen 

receptor and NF-kappaB. Trends Endocrinol Metab 2005; 16(2): 46-52. 

296. Ghisletti S, Meda C, Maggi A, Vegeto E. 17{beta}-estradiol inhibits 
inflammatory gene expression by controlling NF-{kappa}B intracellular 
localization. Mol Cell Biol 2005; 25(8): 2957-68. 

297. Chadwick CC, Chippari S, Matelan E, Borges-Marcucci L, Eckert AM, et 
al. Identification of pathway-selective estrogen receptor ligands that inhibit 
NF-{kappa}B transcriptional activity. Proc Natl Acad Sci USA 2005; 
102(7): 2543-8. 

 
298. Pelzer T, Neumann M, de Jager T, Jazbutyte V, Neyses L. Estrogen 

effects in the myocardium: inhibition of NF-kappaB DNA binding by 
estrogen receptor-alpha and -beta. Biochem Biophys Res Commun 2001; 
286(5): 1153-7. 

299. Inadera H, Sekiya T, Yoshimura T, Matsushima K. Molecular analysis of 
the inhibition of monocyte chemoattractant protein-1 gene expression by 
estrogens and xenoestrogens in MCF-7 cells. Endocrinology 2000; 
141(1): 50-9. 

300. Pratt MAC, Bishop TE, White D, Yasvinski G, Menard M, et al. Estrogen 
withdrawal-induced NF-{kappa}B activity and Bcl-3 expression in breast 
cancer cells: roles in growth and hormone independence. Mol Cell Biol 
2003; 23(19): 6887-900. 

 
301. Speir E, Yu Z-X, Takeda K, Ferrans VJ, Cannon RO, III. Antioxidant effect 

of estrogen on cytomegalovirus-induced gene expression in coronary 
artery smooth muscle cells. Circulation 2000; 102(24): 2990-6. 

302. Harnish DC, Scicchitano MS, Adelman SJ, Lyttle CR, Karathanasis SK. 
The role of CBP in estrogen receptor cross-talk with nuclear factor-
{kappa}B in HepG2 cells. Endocrinology 2000; 141(9): 3403-11. 

303. Jepsen K, Hermanson O, Onami TM, Gleiberman AS, Lunyak V, et al. 
Combinatorial roles of the nuclear receptor corepressor in transcription 
and development. Cell 2000; 102(6): 753-63. 

 



 222 

304. Li X, Kimbrel EA, Kenan DJ, McDonnell DP. Direct interactions between 
corepressors and coactivators permit the integration of nuclear receptor-
mediated repression and activation. Mol Endocrinol 2002; 16(7): 1482-91. 

305. Perissi V, Aggarwal A, Glass CK, Rose DW, Rosenfeld MG. A 
corepressor/coactivator exchange complex required for transcriptional 
activation by nuclear receptors and other regulated transcription factors. 
Cell 2004; 116(4): 511-26. 

306. Shang Y, Hu X, DiRenzo J, Lazar MA, Brown M. Cofactor dynamics and 
sufficiency in estrogen receptor-regulated transcription. Cell 2000; 103(6): 
843-52. 

307. Shang Y, Brown M. Molecular determinants for the tissue specificity of 
SERMs. Science 2002; 295(5564): 2465-8. 

308. Keeton EK, Brown M. Cell cycle progression stimulated by tamoxifen-
bound estrogen receptor-{alpha} and promoter-specific effects in breast 
cancer cells deficient in N-CoR and SMRT. Mol Endocrinol 2005; 19(6): 
1543-54. 

309. Morrison AJ, Herrera RE, Heinsohn EC, Schiff R, Osborne CK. Dominant-
negative nuclear receptor corepressor relieves transcriptional inhibition of 
retinoic acid receptor but does not alter the agonist/antagonist activities of 
the tamoxifen-bound estrogen receptor. Mol Endocrinol 2003; 17(8): 
1543-54. 

310. Sohn Y-C, Kim S-W, Lee S, Kong YY, Na DS, et al. Dynamic inhibition of 
nuclear receptor activation by corepressor binding. Mol Endocrinol 2003; 
17(3): 366-72. 

 
311. Li J, Huang S, Armstrong EA, Fowler JF, Harari PM. Angiogenesis and 

radiation response modulation after vascular endothelial growth factor 
receptor-2 (VEGFR2) blockade. Int J Radiat Oncol Biol Phys 2005; 62(5): 
1477-85. 

312. Ryden L, Jirstrom K, Bendahl PO, Ferno M, Nordenskjold B, et al. Tumor-
specific expression of vascular endothelial growth factor receptor 2 but 
not vascular endothelial growth factor or human epidermal growth factor 
receptor 2 is associated with impaired response to adjuvant tamoxifen in 
premenopausal breast cancer. J Clin Oncol 2005; 23(21): 4695-704. 

 



 223 

313. Wada S, Tsunoda T, Baba T, Primus FJ, Kuwano H, et al. Rationale for 
antiangiogenic cancer therapy with vaccination using epitope peptides 
derived from human vascular endothelial growth factor receptor 2. Cancer 
Res 2005; 65(11): 4939-46. 

 
 



 224 

VITA 

 
Personal 
Name: Kelly Jean Higgins 
Birth: 24 June, 1974 - Albuquerque, New Mexico, USA 
Address: c/o Connie Higgins (mother) 
  521 Lagunitas Rd. SW 
  Albuquerque, NM 87105 
 
Education 
1997-2006 Ph.D. in Biochemistry, Texas A&M University, College Station, TX, 

May 2006 
1992-1996 B.S., Biochemistry, B.A., Chemistry, New Mexico State University, 

Las Cruces, NM 
 
Research Experience 
2000-2006 Graduate Research Assistant, under Dr. Stephen H. Safe, 

Department of Veterinary Physiology and Pharmacology, 
Interdisciplinary Faculty of Toxicology, Texas A&M University. 

1998-2000 Graduate Research Assistant, under Dr. Donald Pettigrew, 
Department of Biochemistry, Texas A&M University. 

 
Honors and Awards 
2005  The Chancellor’s List 
2005  Student Travel Award, Dept. of Biochemistry and Biophysics 
2003  Student Travel Award, Dept. of Biochemistry and Biophysics 
2002-2006 NIEHS Training Grant  
2002  Student Travel Award, Dept. of Biochemistry and Biophysics 
2001  Student Travel Award, Dept. of Biochemistry and Biophysics 
 
 
 
 
 
 
 


