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Abstract

Sex steroid exposure constitutes a risk factor for breast cancer, but little is known 
about the effects of sex steroids on factors mediating angiogenesis, the development 
of new blood vessels, in normal and malignant breast tissue. In this thesis we have 
investigated the effects of estradiol, progesterone, and the nonsteroidal anti-estrogen 
tamoxifen on vascular endothelial growth factor (VEGF) and its receptors 
(VEGFR-1 and VEGFR-2) in normal human breast tissue, endothelial cells, and 
breast cancer. We have applied the technique of microdialysis to provide in situ
sampling of estradiol and VEGF in tumors and normal breast tissue of breast cancer 
patients in vivo. Furthermore, we present a novel method of culturing normal human
breast tissue ex vivo.

Our results suggest a pro-angiogenic effect of estradiol and an anti-angiogenic effect 
of tamoxifen in the breast. Estradiol increased extracellular levels of VEGF in 
normal human breast tissue and breast cancer cells in vitro. In addition, estradiol 
decreased sVEGFR-1 in breast cancer cells and indirectly increased VEGFR-2 in 
endothelial cells. Compared to estradiol treatment alone, estradiol + tamoxifen 
increased sVEGFR-1 and decreased VEGF in breast cancer cells in vitro.
Furthermore, estradiol + tamoxifen decreased tumor VEGF levels and tumor 
vasculature in human breast cancer xenografts in vivo. In breast cancer patients, a 
significant correlation was found between in vivo levels of estradiol and VEGF 
sampled by microdialysis in normal human breast tissue, suggesting that estradiol 
may be a potent regulator of VEGF in the breast in vivo. Tumor levels of VEGF 
were significantly higher than in normal breast tissue in vivo, supporting the role of 
VEGF in tumor angiogenesis. For studies of normal human breast, whole breast 
tissue may be cultured in vitro for up to one week with preserved morphology. Using 
this method, estradiol, and not progesterone, appears to be the main sex steroid 
regulator of extracellular VEGF in normal breast tissue. In conclusion, the data 
suggest that sex steroids and tamoxifen exert pro- and anti-angiogenic effects in 
normal breast tissue and breast cancer.
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Abbreviations

AF activation function 
ANOVA analysis of variance 
cDNA complementary deoxyribonucleic acid 
CK cytokeratin 
DNA deoxyribonucleic acid 
ELISA enzyme-linked immunosorbant assay 
ER estrogen receptor 
Flt-1 fms-like tyrosine kinase-1; VEGFR-1 
Flk-1 fetal liver kinase-1; mouse VEGFR-2 
HER2 human epidermal growth factor receptor 2 
HIF-1 hypoxia-inducible factor-1 
HUVEC human umbilical vein endothelial cells 
KDR kinase insert domain-containing receptor; human VEGFR-2 
MVD microvessel density 
NADPH nicotinamide adenine dinucleotide phosphate 
mRNA messenger ribonucleic acid 
PlGF placenta growth factor 
PR progesterone receptor 
RT-PCR reverse transcriptase-polymerase chain reaction 
SDS-PAGE sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
SEM standard error of the mean 
sVEGFR-1 soluble vascular endothelial growth factor receptor-1 
VEGF vascular endothelial growth factor 
VEGFR vascular endothelial growth factor receptor  
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Introduction 

Sex steroids and the breast 
Breast cancer is the most common form of cancer among women in the Western 
world today, and the incidence continues to rise (1). In Sweden, approximately one 
in every ten women will be diagnosed with breast cancer during her lifetime (2). 
Long-term exposure to sex steroids, both endogenous and exogenous, increases the 
risk of breast cancer (3-6), but the mechanisms behind this increased risk are not 
fully known. One hypothesis is that the binding of estrogens to the estrogen 
receptor stimulates cell proliferation which in turn increases the risk of spontaneous 
mutation and neoplastic transformation (7). A second hypothesis is that direct DNA 
damage by genotoxic estrogen metabolites leads to point mutations and thereby 
carcinogenesis (8). Estrogen may act through both of these mechanisms in addition 
to affecting a number of biological processes associated with tumor initiation and 
progression (9;10). 

Differentiation of the mammary gland is the result of a complex orchestration of 
ovarian, pituitary, and placental hormones (11). Major development of the primitive 
ductal system present at birth takes place during adolescence, when lobular 
structures are formed. During pregnancy and lactation, breast development reaches 
full maturity and function, and the epithelial cell content expands dramatically to 
provide for lactation. The terminal differentiation that occurs during late pregnancy 
is believed to reduce susceptibility of the mammary epithelium to malignant 
transformation due to decreased proliferation, decreased carcinogen binding, and 
increased DNA repair capability (12). These permanent structural changes in the 
mammary parenchyma may explain the reduced risk for development of breast 
cancer over the long term by an early full-term pregnancy (4;11).

The majority of breast cancers are initially hormone-dependent (13). The primary 
estrogen in humans, estradiol, is produced mainly in the ovaries in premenopausal 
women but is also formed in peripheral tissues from circulating androgens derived 
from the adrenal gland. After menopause, when the majority of breast cancers 
occur, the circulating levels of estradiol are greatly reduced. However, 
postmenopausal women have been shown to maintain breast tissue estradiol levels 
higher than corresponding plasma levels (14;15). Moreover, levels of estradiol in 
breast tumor tissue have been shown to be higher than in normal breast tissue 
distant from the tumor (14-16). These findings have led to the intracrine concept 
that local estrogens contribute to breast tumor development and progression (17). 
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The two principal pathways implicated in the formation of estradiol in the breast are 
the ‘sulphatase pathway,’ converting estrone sulphates into bioactive estradiol via 
17β-hydroxysteroid dehydrogenase, and the ‘aromatase pathway,’ transforming 
androgens into estrogens (17;18). Sulphatase, 17β-hydroxysteroid dehydrogenase, 
and aromatase have been demonstrated in human breast cancer, and aromatase 
inhibitors are currently used in the treatment of breast cancer (17-19). 

Estrogen and progesterone receptors 
The action of estrogen is mediated by estrogen receptors α and β (ERα and ERβ)
which are encoded by separate genes (20). Both ERα and ERβ are expressed in 
normal and malignant breast tissue, but while ERα has been extensively studied, the 
function of ERβ is not yet well understood (21). ERα, often denoted ER, is 
considered the main mediator of estrogen in the mammary gland and is one of the 
main targets for treatment and prevention of breast cancer (20). Both ERα and ERβ
are nuclear receptors which, in the presence of estrogen, bind to estrogen-
responsive elements (EREs) on DNA or engage in protein interactions, affecting the 
transcription of specific genes (21). In addition to this classical transcriptional 
activity of ER, non-classical activity has been described by which membrane-bound 
ER is able to exert rapid non-genomic cellular effects (22).

The effects of progesterone are mediated by the progesterone receptor (PR), a 
nuclear receptor expressed as two isoforms, PRA and PRB (23) . In normal breast 
tissue PRA and PRB have been shown to be co-expressed at similar levels (24).  
Knock-out experiments suggest that PRB, but not PRA, is necessary for mammary 
ductal morphogenesis (25). Expression of the progesterone receptor is induced by 
estradiol via ERα, and loss of PR expression may be attributed to a non-functional 
ER (23;26).  

In normal breast tissue, approximately 4-10% of epithelial cells are ERα positive, 
and roughly 2% are proliferating during the menstrual cycle (27-29). Double-
labelling experiments have revealed that proliferating breast epithelial cells do not 
express ERα but are often in close proximity to cells that do (27;28). Thus it appears 
that in normal breast tissue, estradiol stimulates proliferation indirectly via paracrine 
or juxtacrine factors secreted by ER-positive cells (30). In contrast, up to 90% of 
epithelial cells in breast cancer may be ER-positive, and studies suggest that the 
separation between steroid receptor expression and proliferation is disrupted in 
carcinogenesis of the breast (27;28).
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Proliferation of normal breast epithelium is at its highest during the luteal phase of 
the menstrual cycle when concentrations of both estrogen and progesterone are high 
(31;32). Estradiol is believed to be the primary mitogen for the breast epithelium in 
pre-menopausal women (33;34), while progesterone appears to have a neutral or 
slight inhibitory effect on estradiol-mediated proliferation (35;36). Synthetic 
analogues of progesterone, called progestins, have shown mixed effects, stimulating 
(37;38) or inhibiting (39;40) proliferation of normal breast epithelial cells and breast 
cancer cells in vitro. Increased mammary gland proliferation has been demonstrated 
in post-menopausal women and surgically postmenopausal macaques after treatment 
with combined estrogen and progestin (41;42). Evidence indicates that the addition 
of synthetic progestins to estrogen in hormone replacement therapy, while 
decreasing the risk for endometrial cancer, increases the risk for breast cancer more 
than estrogen treatment alone (5;6).

Angiogenesis and the microenvironment
Carcinogenesis is a multi-stage process, usually divided into initiation, promotion, 
and progression. During initiation, alterations in DNA bases lead to the formation 
of neoplastic cells. In these cells, the genes controlling proliferation and/or 
programmed cell death may be deregulated, resulting in uncontrolled proliferation. 
For further tumor growth and the establishment of a local solid tumor, the 
formation of new blood vessels from an existing vascular network, or angiogenesis, 
is required (43). The process by which tumors evolve into a vascularized phenotype, 
the so-called angiogenic switch, is characterized by a series of steps initiated by the 
secretion of specific endothelial cell growth factors produced by tumor cells or by 
the surrounding stroma (44). Migration and proliferation of activated endothelial 
cells form new capillary tubes while basement membranes and extracellular matrix 
are degraded by proteolytic enzymes such as metalloproteinases. The vascular lumen 
is formed as endothelial cells differentiate and synthesize a new basement 
membrane. Finally, adhesion molecules facilitate the linkage of new and pre-existing 
vessels, and association of smooth muscle cells and pericytes stabilizes the maturing 
vasculature (45).

The importance of the microenvironment in tumor-induced angiogenesis is 
illustrated by a study in which breast tumors implanted into different tissues showed 
different angiogenic responses (46). Recent data suggests that the stroma may have 
an active, oncogenic role in tumorigenesis (47). This has been illustrated in a co-
culture model of the breast in which reciprocal paracrine interactions between 
endothelial and preneoplastic human breast epithelial cells have been shown to be 



14

essential for the establishment of stable vascular networks as well as ductal-alveolar 
morphogenesis, both of which were stimulated by estrogen (48). Results from one 
study suggest that genetic alterations in stromal cells may precede neoplastic 
transformation of epithelial cells in the breast (49).  

The pro-angiogenic environment necessary for cancer development is the net effect 
of overproduction of angiogenic stimulators and/or reduced levels of angiogenic 
inhibitors (44). Among the pro-angiogenic growth factors commonly produced by 
human tumors are basic fibroblast growth factor (bFGF), epidermal growth factor 
(EGF), and vascular endothelial growth factor (VEGF) (50). The expression of 
these proteins may be triggered by oncogenes and facilitate the switch to an 
angiogenic phenotype (44;50). An individual’s defence consists of endogenous 
angiogenic inhibitors present in tissues and/or the circulation (50). Many are 
cleavage products of matrix components, such as endostatin, a fragment of collagen 
XVIII, and tumstatin, derived from type IV collagen (51;52). Angiostatin is another 
anti-angiogenic fragment, cleaved from the plasma protein plasminogen (53). The 
inhibitory effects of angiostatin have been shown to be mediated by angiomotin, a 
novel protein regulating endothelial cell migration and tube formation (54). High 
levels of angiomotin have been demonstrated in breast cancer tissues and correlated 
with poor prognosis in breast cancer patients (55).  

The activity of many pro- and anti-angiogenic factors is tightly regulated at the post-
translational level in the extracellular space (56). This complex regulation is 
illustrated by the dual nature of proteolytic enzymes such as matrix 
metalloproteinases, which in addition to generating anti-angiogenic fragments such 
as those discussed above also increase the bioavailability of pro-angiogenic factors 
by releasing them from extracellular matrix-bound stores (57-59). Thus 
investigations into the regulation of angiogenic factors in the extracellular space are 
of the utmost importance for our understanding of tumor biology. 

In the female reproductive tract, estrogen has been shown to modulate angiogenesis 
under both physiological and pathological conditions (60;61). However, very little is 
known about how sex steroids regulate angiogenesis locally in normal breast tissue 
and in breast cancer tumors (62).
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VEGF
Among the pro-angiogenic factors known today, vascular endothelial growth factor 
(VEGF) is recognized as one of the most important regulators of physiological and 
pathological angiogenesis (63). VEGF was first identified by Ferrara in the late 
1980s, and today the VEGF family and their corresponding tyrosine kinase 
receptors are known to play a paramount role in regulating the development of 
blood and lymphatic vessels (64;65).

The VEGF family of proteins is made up of VEGF (also known as VEGF-A), 
VEGF-B, VEGF-C, VEGF-D, VEGF-E and placenta growth factor (PlGF), all of 
which are dimeric endothelial cell mitogens (66). VEGF induces proliferation, 
migration, and tube formation in addition to promoting survival in endothelial cells 
(63). Originally described as a permeability factor, VEGF induces the extravasation 
of macromolecules over the endothelial cell barrier and causes vasodilation through 
induction of endothelial cell nitric oxide synthase (67;68). VEGF also stimulates the 
recruitment of inflammatory cells and increases expression of proteases involved in 
the remodelling of extracellular matrix during angiogenesis (69-71). The precise role 
of VEGF-B in vivo is not known, but findings suggest that this member of the 
VEGF family is involved in cardiac development (72). VEGF-C and VEGF-D have 
been shown to promote the growth of lymphatic vessels (73;74). PlGF appears to be 
involved in arteriogenesis, the formation of collateral arteries from pre-existing 
arterioles (75).  

VEGF isoforms  

Several VEGF isoforms are produced from a single gene as a result of alternative 
splicing, and they differ in their abilities to bind heparin-rich components of the 
extracellular matrix (76). The isoforms are denoted by the number of amino acids in 
each monomer, 121, 145, 165, 189 and 206 being the primary isoforms (see Fig. 1).
The human VEGF gene consists of eight exons of which exons 1-5 and 8 are 
generally conserved. Alternative splicing occurs in exons 6 and 7, encoding two 
heparin-binding domains which influence isoform solubility. VEGF145, VEGF 189,
and VEGF 206 contain exon 6 and therefore bind tightly to cell surface heparin-
sulphate proteoglycans in the extracellular matrix. VEGF165 contains only one 
heparin-binding domain encoded by exon 7 and is moderately diffusible while 
VEGF121, which lacks heparin-binding domains completely, is freely diffusible in the 
extracellular space (77). 
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Fig. 1 The main splice variants of human VEGF. Multiple isoforms are produced from 
the human VEGF gene through alternative mRNA splicing. These isoforms differ in their 
relative solubilities as determined by the presence of exons 6 and 7, encoding heparin-
binding domains. Larger VEGF isoforms may be proteolytically cleaved into soluble, 
bioactive isoforms in the extracellular space. 
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VEGFs are bioactive as soluble proteins in the extracellular space where they 
become available to endothelial cells (63). VEGF121, the predominant isoform in 
primary human breast cancer (78-80), is considered by some to be the most pro-
angiogenic and tumorigenic of the VEGF isoforms (81).

Regulation

One of the major molecular regulators of VEGF is hypoxia, mediated by hypoxia-
inducible factor 1 (HIF-1) (82). HIF-1 is a heterodimeric protein which binds to 
hypoxia response elements in the promoter or in regulatory regions of genes 
induced by hypoxia and initiates transcription by recruitment of transcriptional 
activators (83;84). In ischemic tumors, VEGF mRNA is elevated in the proximity of 
necrotic areas (85). Other regulators of VEGF gene expression include cytokines 
and growth factors such as epidermal growth factor (EGF), transforming growth 
factor (TGF), interleukin-1 (IL-1), and insulin-like growth factor-1 (IGF-1) (86-89). 
Mutation of the tumor-suppressor gene p53 has been shown to enhance 
transcription of VEGF (90) similarly to oncogenic mutations of ras , raf , and HER2
(91-93). VEGF is also regulated post-transcriptionally by various mechanisms. 
VEGF isoforms sequestered in the extracellular matrix constitute a reservoir that 
can be slowly released by exposure to heparin, heparin sulphate, and heparinase, or 
more rapidly by plasmin and urokinase-type plasminogen activator (uPA) (77;94). In 
addition, elevated levels of some matrix metalloproteinases have been associated 
with increased VEGF and enhanced angiogenesis in human breast cancer (95-97). 
Thus in tumors where proteolytic activity is generally high (98), longer VEGF 
isoforms may be cleaved into soluble, bioactive forms (63). Another mechanism 
which may contribute to the post-transcriptional regulation of VEGF is controlled 
secretion. In this way, VEGF may be sequestered intracellularly by direct inhibition 
of secretion or by complex binding with other proteins (99).

VEGF and the breast

Increased VEGF mRNA expression has been demonstrated in breast cancer tissue 
as compared to normal breast tissue (100-102), and VEGF assessed by 
immunohistochemistry and immunoassay has been shown to correlate with 
microvessel density (MVD) in primary breast cancer (103-105). Several independent 
investigators have reported that increased levels of VEGF predict poor outcome in 
both node-positive (106;107) and node-negative (108;109) breast cancer patients. 
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Determination of VEGF in peripheral blood has been proposed as a possible 
surrogate marker of angiogenesis in breast cancer (110). Although elevated 
circulating levels of VEGF have been demonstrated in patients with various types of 
cancer (111), interpretation of these studies has been complicated by the fact that 
serum VEGF is largely derived from activated platelets (112). Breast cancer patients 
have been shown to have higher plasma levels of VEGF than healthy controls, but 
the plasma VEGF levels were not correlated with immunohistochemical staining of 
VEGF in the tumors (113). 

Both estrogen and progesterone have been shown to increase VEGF in human 
breast cancer in vitro (114-116), and an estrogen responsive element (ERE) has been 
identified in the promoter region of the gene for VEGF (117). In a rat mammary 
tumor model, estradiol treatment has been shown to induce tumor expression of 
VEGF (118). Likewise, in a murine mammary cancer model, higher tumor levels of 
extracellular VEGF have been demonstrated in vivo in estradiol-treated mice in line 
with the increased tumor microvessel density observed following estradiol treatment 
(119;120).  

In the human breast, significantly higher in situ levels of extracellular VEGF have 
been sampled in normal breast tissue of premenopausal women compared to 
postmenopausal, concordant with expression levels of VEGF in non-neoplastic 
breast specimens from pre- and postmenopausal women (80;121). Furthermore, it 
has been shown that VEGF levels increase in human breast tissue in vivo during the 
luteal phase of the menstrual cycle (122). This result is in agreement with a previous 
study in baboons showing increased VEGF mRNA levels during the luteal phase 
(123). It is unclear, however, whether estradiol alone is responsible for increased 
VEGF or if progesterone also regulates extracellular levels of VEGF in normal 
breast tissue.

VEGF receptors  

VEGF is known to exert its stimulatory effects on angiogenesis via two tyrosine 
kinase receptors, VEGFR-1 (Flt-1) and VEGFR-2 (Flk-1/KDR) (124;125). Both 
receptors have seven immunoglobulin-like domains in the extracellular region, a 
single transmembrane region, and an intracellular tyrosine kinase region (65). 
Whereas VEGFR-1 binds VEGF, VEGF-B, and PlGF, VEGFR-2 binds VEGF, 
VEGF-C, and VEGF-D (65). Upon ligand binding, the receptors dimerize, 
juxtaposing cytoplasmic tyrosine kinase domains that phosphorylate tyrosine 
residues in the partner molecule (Fig. 2).
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Fig. 2 Ligands and domain structures for the major receptors of the VEGF family along 
with their proposed functions. VEGFR-1, VEGFR-2, and VEGFR-3 are tyrosine-kinase 
receptors which form dimers and undergo autophosphorylation upon the binding of a 
VEGF dimer, as shown here for VEGFR-2. VEGFR-1 and VEGFR-2 mediate 
angiogenesis while VEGFR-3 is implicated in lymphangiogenesis. The soluble receptor 
sVEGFR-1 consists of six of the seven immunoglobulin-like domains present in VEGFR-
1 and regulates the bioavailability of VEGF. The neuropilin receptors, which bind 
semaphorins, are involved in neuronal guidance and are thought to modulate VEGF 
signaling by acting as co-receptors.
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Homo- and heterodimerization of VEGFR-1 and 2 as well as their respective 
ligands are thought to provide for the diversification of complex biological 
responses as well as signal amplification (126;127). The signaling cascades following 
receptor activation are not fully elucidated but are known to involve a series of 
protein phosphorylations (65). VEGFR-2 mediated endothelial cell proliferation 
involves activation of phospholipase-C and the PKC-Raf-MEK-MAPK pathway 
while phosphatidyl-inositol 3-kinase-dependent activation of Akt is implicated in cell 
survival mechanisms (65).  

Knockout experiments have demonstrated that both VEGFR-1 and VEGFR-2 are 
crucial for normal development of the embryonic vasculature (128;129). VEGFR-2 
is considered the principal pro-angiogenic receptor, mediating vascular permeability 
and differentiation, migration, and proliferation of endothelial cells, while VEGFR-1 
appears to negatively regulate vascular development during embryogenesis and 
positively regulate angiogenesis in the adult (65). VEGFR-1 expression is 
upregulated by hypoxia while VEGFR-2 expression may be autoregulated by VEGF 
(130-133). Studies have also suggested possible sex steroid effects on the expression 
of VEGF receptors. Estrogen has been shown to upregulate expression of VEGFR-
1 and VEGFR-2 in rat luteal cells and to increase VEGFR-1 in endothelial cells co-
cultured with mouse mammary tumor cells (134;135).

Although VEGFR-1 was initially described as a decoy receptor more recent findings 
suggest that this receptor does indeed transmit intracellular signals (136;137). 
VEGFR-1 has been shown to have both stimulatory and inhibitory effects on 
VEGFR-2 signaling (126;138). In addition, VEGFR-1 is involved in the recruitment 
of monocytes and hematopoietic stem cells to angiogenic sites (139;140).

A second class of receptors, the Neuropilins, are cell surface receptors involved in 
neuronal guidance as well as angiogenesis. Neuropilin-1 (Nrp-1) is believed to 
function as a VEGF co-receptor and may enhance VEGF-VEGFR-2 signaling 
(141). The ligand specificities and proposed function of the VEGF receptors are 
illustrated in Fig. 2.
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Soluble VEGFR-1 

A naturally occurring soluble form of VEGFR-1 called sVEGFR-1 has been 
proposed as a key regulator of VEGF (142). This alternatively spliced variant of 
VEGFR-1 lacks the seventh extracellular immunoglobulin-like domain, 
transmembrane region, and tyrosine kinase region found in VEGFR-1 and instead 
has a unique C-terminal extension of 31 residues (143). sVEGFR-1 has been found 
to bind VEGF with high affinity and to inhibit endothelial cell proliferation induced 
by VEGF (143;144). Although the exact physiological role and mechanism of this 
receptor is yet unknown, it is thought that sVEGFR-1 exerts biological activity in 
the extracellular space, possibly by sequestering VEGF and limiting its bioavailability 
(142). Numerous experimental animal models have demonstrated significant 
suppression of tumor growth using sVEGFR-1 gene therapy (145-147). 

It has been suggested that sVEGFR-1 may be an important negative regulator of 
VEGF in breast cancer (148). Breast cancer patients have been found to have 
significantly higher plasma levels of VEGF and significantly lower plasma levels of 
sVEGFR-1 compared to healthy controls (149). Moreover, sVEGFR-1 expression 
has been demonstrated in breast tumor tissues, and the ratio of sVEGFR-1 to 
VEGF has been shown to be a prognostic indicator of disease-free and overall 
survival in breast cancer patients (148;150).  

Very little is known about possible sex steroid regulation of sVEGFR-1. Studies 
have shown that sVEGFR-1 levels are higher in women who develop preeclampsia 
(151-153), a condition associated with reduced levels of estrogens (154;155). 
Although investigations on the effects of estrogen on sVEGFR-1 in the breast are 
limited, one study showed that estrogen decreased sVEGFR-1 expression in breast 
cancer cells in vitro while significantly increasing angiogenesis in vivo (156).

VEGF autocrine loop 

Besides serving as a potent stimulator of angiogenesis, VEGF may also promote 
tumor growth by autocrine and paracrine mechanisms (157). While it was previously 
believed that expression of  VEGF receptors was limited to endothelial cells, VEGF 
receptors have been demonstrated in human breast cancer tumor cells (141;158-
160). Using rodent breast cancer models it has been shown that the transition from 
preinvasive to invasive carcinoma is accompanied by increased levels of VEGF and 
tumor cell expression of VEGFR-1 and VEGFR-2 (161;162). VEGF may induce 
migratory and mitogenic effects in breast cancer cells (163-165) and has been 
implicated in mediating breast cancer cell survival (166;167). In addition to 
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enhancing estrogen-dependent breast cancer tumor growth in mice, high levels of 
VEGF have rendered estrogen-dependent tumors independent of estrogen, 
suggesting a possible role for VEGF in the acquisition of estrogen-independent 
cancer growth (168).

Tamoxifen and angiogenesis
The nonsteroidal anti-estrogen tamoxifen is a cornerstone in the medical treatment 
of ER-positive tumors today (169). Five years of adjuvant tamoxifen significantly 
reduces recurrence and mortality in patients with ER-positive tumors, irrespective of 
age and menopausal status (170).

Tamoxifen falls into the category of a selective estrogen receptor modulator, or 
SERM, exhibiting inhibitory effects in the breast and stimulatory effects in other 
tissues such as the uterus and bone (22). Increased understanding of the biology of 
the ER has revealed that the mixed agonistic/antagonistic effects of tamoxifen are 
mediated by two activation domains of the ER, activation function 1 and 2 (AF1 
and AF2) (171). While tamoxifen inhibits ligand-dependent AF2 activation, it exerts 
agonistic effects via AF1 (172). Thus the actions of tamoxifen are dependent on the 
cellular context, whether AF1 or AF2 dominant, and the relative distribution of 
ERα and ERβ, since ERβ activity is mediated by AF2 only (20).    

During recent years the anti-angiogenic effects of tamoxifen have gained attention 
(173). Numerous animal models of breast cancer have demonstrated tamoxifen’s 
inhibitory effect on angiogenesis in vivo (174-177). In these models, the anti-
angiogenic effects of tamoxifen were accompanied by decreased tumor growth (174-
176). Tamoxifen has been shown to inhibit angiogenesis in ER-negative animal 
models as well, suggesting that it may exert anti-angiogenic effects independent of 
the estrogen receptor (178). In contrast to the above, it has been demonstrated that 
breast cancer cells exposed to tamoxifen actually increase VEGF mRNA expression 
(114;116;179). However, very little is known about the effects of tamoxifen on 
extracellular bioactive levels of VEGF in breast cancer.
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Aims of  the present study

The main objective of the study was to explore the effects of sex steroids and 
tamoxifen on VEGF and its receptors in normal human breast tissue and in breast 
cancer by: 

− investigating the effects of estradiol, tamoxifen, or a combination of the two 
on VEGF, sVEGFR-1, and VEGFR-2 in hormone receptor-positive breast cancer 
cells and endothelial cells in vitro

− examining in vivo effects of estradiol and estradiol + tamoxifen on 
extracellular VEGF and microvessel area in human breast cancer xenografts in nude 
mice

− applying microdialysis to sample estradiol and VEGF in vivo in breast cancer 
tumors and normal breast tissue of breast cancer patients 

− developing whole-tissue culture for investigations into the biology of the 
normal breast and applying this method to study the effects of estradiol and 
progesterone on secreted VEGF in normal human breast tissue in vitro.
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Comments on Materials and Methods 

Cell culture, animal models, and human studies 
Breast cancer cell lines are often easily cultured and provide an unlimited source of 
homogenous, self-replicating material for in vitro breast cancer studies (180). The 
MCF-7 breast adenocarcinoma cell line used in this study was established in 1973 
from a pleural effusion removed from a woman with metastatic breast cancer (181). 
This cell line was chosen because MCF-7 cells are estrogen and progesterone 
receptor-positive, like the majority of human breast tumors (180). In addition these 
cells retain estrogen responsiveness over a sustained period of continuous cell 
culture (182). The MCF-7 cell line expresses low-moderate base-line levels of VEGF 
mRNA compared to other commercially available breast cancer cell lines, and the 
relative abundance of the VEGF isoforms has been shown to be 121>165>189 at 
the mRNA level, similar to the distribution of these isoforms in breast cancer 
patients (78;79).

In vivo studies of human breast cancer have been facilitated by the development of 
methods by which human cancer may be grown as xenograft lesions in immune-
deficient mice (183). Xenograft models allow for investigations into the effects of 
hormone exposures on angiogenic response, tumor growth and metastasis. In this 
study, MCF-7 breast cancer xenografts were established in female athymic mice in 
order to investigate the effects of estradiol and tamoxifen on in vivo levels of 
extracellular VEGF and tumor vasculature. Female mice were used to avoid the 
interference of male sex steroids. The use of human breast cancer cells circumvents 
important differences between human and mouse tumors. For example, mouse 
tumors express low levels of ER and PR and are generally non-responsive to 
hormones compared to human breast cancers of which 50-70% express steroid 
receptors and are hormone-responsive (184). One disadvantage of this model is that 
although immune-deficient mice are needed for xenograft growth, the alterations in 
their immune system may affect tumor angiogenesis. Compared to normal mice, 
athymic mice lack T cells and appear to have more potent macrophages which are 
thought to contribute to tumor angiogenesis by releasing proteases and pro-
angiogenic factors (185;186).

In angiogenesis research, endothelial cell lines are commonly used as in vitro model 
systems. All blood vessels are lined with endothelial cells, the functions and 
characteristics of which vary depending on the size and location of the vessel from 
which they are derived (187). A primary culture of human umbilical vein endothelial 
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cells (HUVEC) was chosen for use in this study, as these cells are more likely to 
possess traits of normal endothelial cells in vivo as compared to immortalized cell 
lines (187). HUVEC possess ER (188;189), and estradiol has been shown to 
modulate endothelial cell responses such as migration and tube formation in these 
cells (190). In this study HUVEC were isolated from freshly delivered female donor 
umbilical veins by collagenase digestion according to an adapted version of the 
method described by Jaffe et al (191).  Female donors were used since the majority 
of breast cancer patients are women. In that cellular characteristics may differ 
between donors, each experiment was conducted using cells from a single donor. 
HUVEC have a limited life span of approximately 10 serial divisions (191). 
Therefore, all experiments were conducted on cells from passages 2-3.  

For studies on the normal human breast, there is generally a lack of applicable 
models. Although immunohistochemical characterization has been performed on 
surgical specimens from reduction mammoplasties, this material is not suited for 
repeated measurements on the same patient or for investigations testing specific 
exposures such as hormones. For these kinds of studies, normal human breast 
epithelium may be cultured in vitro (192). However, primary cultures of breast 
epithelium have a limited lifespan and often alter their characteristics during 
repeated cell divisions. For example, continued division often leads to the loss of ER 
expression and a selection of the luminal cell type (192;193). In addition, culture of 
epithelial cells alone fails to incorporate the dynamic molecular dialogue which exists 
between the epithelium and stromal components in the mammary gland (194). 
Although a number of co-culture methods have been constructed to mimic three-
dimensional tissue growth (194), these models are also simplified and artificial 
compared to in vivo conditions. Mammary tissue has been kept in culture using a 
gelatin sponge model (195), but the introduction of an artificial matrix may exert 
effects in itself (194). Thus there is a need for the development of a whole-tissue 
model of the normal breast which preserves the structural and functional integrity of 
the tissue without the use of an artificial matrix. In paper IV, we present a method 
of whole-tissue culture which we have applied to investigate the effects of estradiol 
and progesterone on extracellular levels of VEGF in normal human breast tissue.

Hormone treatment 
Because estradiol exhibits a biphasic dose-response curve (182), we have aimed to 
use physiological levels in our experimental models. In addition, we have used the 
naturally occurring 17β-estradiol in all experiments and excluded cell culture media 
containing phenol red, which has been shown to exert estrogenic effects (196). 
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Plasma levels of estradiol range between 100-1500 pM in premenopausal women, 
increasing to 10,000-50,000 pM during pregnancy (13). Therefore, for tissue culture 
studies, a physiological concentration of 1000 pM estradiol was used. Progesterone 
levels in premenopausal women range from 0.5-80 nM (13). A concentration of 10 
nM progesterone was chosen in line with circulating levels during the luteal phase of 
the menstrual cycle. In postmenopausal women, circulating levels of estradiol 
decrease to less than 100 pM (13), yet postmenopausal women have been shown to 
maintain breast tissue estradiol levels higher than corresponding plasma levels with 
accumulation of estradiol in human breast tumors (14-16). Therefore, we chose a 
higher physiologic dose of estradiol, 10,000 pM, for cell culture studies with the 
cancer cell line MCF-7 and HUVEC. The concentration of tamoxifen was 1 μM, 
equivalent to therapeutic serum concentrations in breast cancer patients (197). In 
order to conduct hormonal studies on HUVEC, which require serum for survival, 
fetal bovine serum was charcoal-filtered to remove endogenous steroid hormones. A 
significant reduction in estradiol was confirmed in our laboratory by serum analysis. 

For xenograft studies in nude mice, the mice were ovariectomized and 
supplemented with 17β-estradiol in the form of subcutaneous 3-mm pellets (0.18 
mg/60-day release) to ensure stable estradiol concentrations. While estrogens 
administered orally are rapidly metabolized in the liver in rodents (198), 
subcutaneous pellets provide continuous release of estradiol with serum 
concentrations of 150-250 pM as confirmed in our laboratory by serum analysis 
(119). These levels are physiological for mice as well as humans during the estrous 
cycle (13;199). Tamoxifen was administered by subcutaneous injections 1 mg every 2 
days yielding serum concentrations of tamoxifen comparable to therapeutic levels in 
breast cancer patients (197). Due to the fact that MCF-7 tumors are dependent on 
estradiol for growth in nude mice (200), it was not possible to include an untreated 
control group or a tamoxifen-alone group in the experimental design. The 
continuation of estradiol treatment upon addition of tamoxifen reflects the tumor 
microenvironment in both pre- and postmenopausal patients (14-16).  
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Microdialysis
C. Dabrosin has developed the technique of microdialysis to study the biology of 
the human breast (201;202). This minimally invasive technique provides for in vivo
measurement of molecules in the extracellular space (56;203). Microdialysis has been 
applied in previous studies to measure VEGF in murine mammary cancer models 
(119;204) as well as in the human breast (121;122). In this study, microdialysis was 
used to investigate the effects of tamoxifen on extracellular VEGF in a breast 
xenograft model in nude mice. In addition, microdialysis was performed in breast 
cancer patients to determine in vivo levels of estradiol and VEGF in tumors and 
adjacent normal breast tissue.

The microdialysis technique for in vivo investigations as it is used today was 
introduced by Ungerstedt et al. “Hollow fibers” were implanted in brain tissue and 
perfused at a constant rate, mimicking the function of a blood vessel, in order to 
measure metabolic events during a given period of time (205). Over the years the 
technique of microdialysis has improved and been extended for use in a variety of 
human tissues (206). The microdialysis catheter, consisting of a double-lumen 
cannula attached to a semipermeable membrane, is implanted in the tissue or organ 
and perfused with a physiological solution. As the catheter is perfused, the liquid 
enters through one lumen and exits through the other, and diffusion of extracellular 
molecules takes place across the membrane (Fig. 3). After an equilibrium period, 
the dialysate collected reflects the chemistry of the interstitial space, the sum of 
cellular uptake/secretion and transport by the microcirculation (Fig. 4).

The size of the molecules detectable by microdialysis is determined by the pore size 
of the microdialysis membrane. In this study, a membrane with a 100 kDa cut-off 
was used. In order to avoid ultrafiltration and loss of perfusion fluid to the 
interstitial space (207), a colloid was added to the perfusion fluid which consisted of 
NaCl (154 mM) and dextran-70 (40 g/L). An equilibration period of 30 minutes was 
imposed prior to collection of dialysate for analysis in order to establish steady-state 
conditions and reduce any interference of cellular molecules released in the initial 
lesion (119;208). The perfusion rates were 1 μL/min for animal studies and 0.5 
μL/min for patient studies.
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Fig. 3 Semipermeable membrane at the tip of a double-lumen microdialysis catheter. 
Perfusion fluid enters the catheter through the outer lumen and molecules from the 
interstitial space diffuse through the membrane. The fluid exits through the inner lumen 
and is collected for analysis. Printed with permission from CMA Microdialysis AB 
(http://www.microdialysis.se/www/md_pic_int.htm).

Fig. 4 Equilibrium established between the perfusion fluid in the microdialysis catheter 
and the chemical composition of the interstitial space. The dialysate reflects the content of 
the extracellular fluid determined by cellular uptake/secretion and the microcirculation. 
Printed with permission from CMA Microdialysis AB 
(http://www.microdialysis.se/www/md_pic_int.htm).
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It should be noted that the interstitial fluid is not collected directly by microdialysis. 
Rather the content of the dialysate is a result of the equilibrium between the 
perfusion fluid and the extracellular fluid, termed recovery. The recovery of a given 
substance is dependent on numerous factors, including the surface area of the 
dialysis membrane, the flow rate of the perfusion fluid, and the ability of the 
molecule to cross the membrane (208). In vivo, factors such as temperature, blood 
flow, and interstitial pressure also affect the recovery of a given substance (206). The 
recovery may be estimated in vitro by measuring the amount of substance collected in 
the dialysate when microdialysis is performed on standard solutions. The in vitro
recovery of VEGF has been determined to be approximately 6% when microdialysis 
is performed at room temperature using a 4 mm, 100 kDa cut-off membrane and a 
flow rate of 0.6 μL/min (119). Using the 10 mm, 100 kDa cut-off membrane 
applied in this study and a flow rate of 1 μL/min, the in vitro recovery increases to 
approximately 8-9% (unpublished data from our laboratory). For estradiol, the in
vitro recovery was nearly 70% using plasma, the 10 mm 100 kDa cut-off membrane, 
and a flow rate of 0.5 μL/min (209). It should be emphasized that in this study, 
microdialysis was used comparatively to examine differences in estradiol and VEGF 
between groups, not to quantify absolute levels in tumors and tissues. All 
microdialysis findings were expressed as raw data.

Given that the extracellular space is the bioactive site for VEGF and that VEGF 
may be released and estradiol synthesized locally in the breast, an in situ sampling of 
the extracellular space as provided by microdialysis is highly desirable. 
Unfortunately, due to the limit of the membrane and sVEGFR-1’s large molecular 
size, microdialysis could not be used to sample in vivo levels of sVEGFR-1 in solid 
tumors. For studies in breast cancer patients, only palpable tumors could be 
included in the study. Placement of the tumor catheter was guided by palpation 
during insertion, facilitated by the relatively large tumor size and superficial 
localization in most patients. In the case of the smallest tumor (9mm), intratumoral 
localization of the catheter was confirmed postoperatively by macroscopic 
inspection. In this study, microdialysis was performed in tumors and adjacent 
normal breast tissue in order to provide comparative measurements within the same 
patient. However, although macroscopically normal, possible tumor effects on the 
adjacent breast tissue in breast cancer patients cannot be ruled out. 
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Quantification of VEGF, sVEGFR-1, VEGFR-2 and estradiol
All quantitative measurements of VEGF, sVEGFR-1, and VEGFR-2 were 
performed using commercial kits purchased from R&D Systems. In short, these 
quantitative assays employ a sandwich enzyme immunoassay technique. 96 well 
microplates are pre-coated with a monoclonal antibody specific for the protein of 
interest. Samples and standards of recombinant protein are pipetted into the wells, 
and the protein of interest, if present, binds to the immobilized antibody. Unbound 
substances are washed away, and an enzyme-linked polyclonal antibody also specific 
for the given protein is added. After a second wash to remove unbound enzyme-
antibody reagent, a substrate is added. The reaction between enzyme and substrate 
yields a product proportional to the amount of the protein of interest in each well. 
The substrate for the human sVEGFR-and human VEGFR-2 Quantikine kits is a 
chromogen which changes color when it reacts with the enzyme. The color 
development is stopped and the intensity of the color is measured using a 
microplate spectrophotometer. For the human VEGF QuantiGlo kit, the substrate 
is an enhanced luminal/peroxidase and the enzyme reaction produces light which is 
measured by a microplate luminometer. The amount of each protein is calculated 
using a standard curve according to the manufacturer’s instructions.   

Due to the fact that microdialysis yields a limited volume of dialysate, the 
Fluorokine MAP assay (R&D systems) was chosen for VEGF analysis in paper III. 
This method is more sensitive than QuantiGlo and allows for quantitative 
measurements of multiple proteins simultaneously in the limited sample volume. 
This is accomplished using color-coded microparticles pre-coated with antibodies 
specific for the proteins of interest. For detection of human VEGF, samples and 
standards are pipetted into wells together with microparticles coated with VEGF-
specific antibodies. The antibodies are immobilized and bind any VEGF present in 
the solution. Unbound substances are washed away and a biotinylated antibody 
specific for VEGF is added. After removing unbound antibody, a streptavidin 
conjugate is added which binds to the biotinylated detection antibodies. The 
conjugate is labelled with phycoerythrin, a fluorescent dye. Following the removal of 
unbound conjugate, the microparticles are resuspended and the amount of VEGF 
may be determined using a Luminex 100 analyser. VEGF is “recognized” by the 
microparticle color-coding and quantified according to the phycoerythrin-derived 
fluorescent signal using a standard curve.            
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Measurements of estradiol in plasma and microdialysis dialysate were conducted 
using a commercial quantitative immunoassay kit similar to those for VEGF, 
sVEGFR-1, and VEGFR-2 (estradiol ELISA, DRG Instruments GmbH, Marburg, 
Germany). However, instead of adding an enzyme-linked polyclonal antibody, an 
estradiol horseradish peroxidase conjugate is added, which competes with estradiol 
for binding to the immobilized antibodies specific for estradiol. The amount of 
bound peroxidase conjugate is inversely proportional to the concentration of 
estradiol in the sample. Adding substrate yields a change in color. The reaction is 
stopped and the intensity is measured using a microplate spectrophotometer.

In finding that tamoxifen decreased extracellular levels of VEGF in MCF-7 cell 
culture in paper I, we were interested in testing the seemingly conflicting 
observation that tamoxifen induces VEGF expression in MCF-7 cells (114;179). The 
most common methods for measuring expression levels are Northern blot and 
reverse transcriptase-polymerase chain reaction (RT-PCR). Northern blot is a semi-
quantitative, labor-intensive method while RT-PCR is a quantitative method with 
high sensitivity but also potential pitfalls due to the exponential amplification of 
cDNA. Therefore, a commercial kit quantifying gene-specific mRNA was chosen, 
the human VEGF Quantikine Colorimetric mRNA Quantitation kit (R&D systems). 
The principle of this assay is similar to the immunoassays described above, in that 
the end product is a color which develops in proportion to the amount of VEGF-
specific mRNA in the sample and may be measured spectrophotometrically by a 
microplate reader. Briefly, samples and standards are hybridized with gene-specific 
biotin-labelled oligonucleotide “capture” probes and digoxigenin-labelled “detection 
probes.” The RNA/probe hybrid is captured by biotin binding to a streptavidin-
coated microplate. Unbound material is removed and an anti-digoxigenin alkaline 
phosphatase conjugate is added. After removal of unbound conjugate, a NADPH 
substrate solution is added together with an amplifier solution. The intensity of 
color produced by the enzyme-substrate reaction is measured using a microplate 
reader, and the VEGF mRNA is quantified using a standard curve.     

Western blot 
The human VEGF QuantiGlo kit has been validated for use in cell culture 
supernatants but not in cell lysates. Therefore western blotting was performed in 
paper I in order to confirm the effects of estradiol and tamoxifen on intracellular 
VEGF in MCF-7 and to investigate effects on the relative amounts of the VEGF121

and VEGF165 isoforms. Western blotting, also called protein immunoblotting, is a 
semi-quantitative method which separates proteins according to their molecular 
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weight using a gel electrophoresis method called SDS-PAGE, abbreviated from the 
detergent component, sodium dodecyl sulphate, and the polyacrylamide gel. The 
proteins are transferred to a sheet of “blotting paper”, a nitrocellulose membrane, 
where they retain the same pattern of separation as on the gel. The blot is incubated 
with a blocking solution containing milk proteins which bind any remaining binding 
sites on the membrane. An antibody specific for the protein of interest, called the 
primary antibody, is added. After removal of unbound primary antibody, a 
horseradish peroxidase-conjugated secondary antibody is added which binds to the 
primary antibody. Unbound secondary antibody is removed, and the protein-specific 
bands may be visualized by adding a chemiluminescent substrate. This substrate 
reacts with the peroxidase producing light which can be detected on photographic 
film. The digital image may be analysed by densitometry which quantifies the relative 
amount of protein in terms of optical density.

In paper I, a monoclonal mouse anti-human VEGF antibody (R&D Systems) was 
used as the primary antibody and a goat anti-mouse antibody (DakoCytomatation) 
as the secondary antibody. The primary antibody is specific for VEGF121 and 
VEGF165 isoforms. Recombinant human VEGF121 and VEGF165 (R&D Systems) 
were used as controls.

Immunohistochemistry
In this study we have used immunohistochemistry to confirm the presence of 
sVEGFR-1 in breast cancer xenografts and VEGF in breast cancer xenografts, 
human breast cancer, and normal human breast tissue cultured in vitro.
Immunohistochemistry is a method which uses antibodies to detect specific proteins 
in tissue sections. Briefly, formalin-fixed, paraffin-embedded material is sectioned, 
deparaffinized, and incubated with a primary antibody specific for the protein of 
interest. In order to detect the primary antibody, the DAKO Envision system was 
used. In short, this system consists of secondary antibodies coupled to a peroxidase-
conjugated polymer backbone. The colorless substrate, diaminobenzidine (DAB), is 
added and the enzyme substrate reaction yields a brown end product in the cells 
expressing the protein of interest. In order to visualize the tissue, sections are 
counterstained with Mayer’s hematoxylin, mounted, and examined using a light 
microscope. All scoring was conducted blinded to treatment group. After scanning 
entire sections, VEGF and VEGFR-1 staining was scored as weakly or strongly 
positive in ten high power fields (× 200) examined in sections from three different 
tumors in each group.
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For VEGF-staining, a monoclonal mouse anti-human VEGF antibody (R&D 
Systems) was used to detect VEGF121 and VEGF165. To our knowledge, no antibody 
specific for sVEGFR-1 is commercially available. Therefore, a polyclonal goat anti-
human VEGFR-1 antibody (R&D systems) which binds the extracellular domain of 
recombinant human VEGFR-1 was used for sVEGFR-1/VEGFR-1-staining. While 
monoclonal antibodies are derived from a single B-cell and bind a single epitope on 
the protein of interest, polyclonal antibodies are produced by multiple B-cells and 
recognize different epitopes. For quantitative analyses, Western blotting and 
immunohistochemistry we have strived to use monoclonal antibodies as they reduce 
the chance for cross reactivity and background staining. However, for sVEGFR-1, a 
polyclonal antibody was chosen having been validated for detection of sVEGFR-1 
and for use in paraffin-embedded tissue. For all experiments, negative controls 
incubated without the primary antibody did not stain.  

Immunohistochemistry was also used to describe the whole-tissue method 
presented in paper IV. The ducts of the adult female breast are lined by a double 
layer of epithelial cells, an inner layer of luminal epithelial cells closest to the lumen 
and an outer layer of myoepithelial cells which rest on a basement membrane. These 
cells may be characterized by the expression of cytokeratins (CK), CK 7, 8, 18, and 
19 in luminal cells, and CK 5, 14, and 17 in myoepithelial cells (210;211). It has 
previously been described that a selection of the luminal cell type occurs during cell 
culture (193). Therefore, we chose to perform immunohistochemical staining for the 
luminal epithelial marker cytokeratin 18 on sections of normal human breast tissue 
cultured in vitro. A monoclonal mouse anti-human cytokeratin 18 (DakoCytomation) 
was used for staining. In order to investigate epithelial cell proliferation in culture, 
staining for the proliferative marker Ki-67 was performed using the MIB-1 antibody 
(monoclonal mouse anti-human Ki-67 antigen; DakoCytomation). ER and PR were 
determined by immunohistochemical staining using monoclonal rabbit anti-human 
estrogen receptor alpha antibody (Lab Vision Ltd, Suffolk, UK) and monoclonal 
mouse anti-human progesterone receptor antibody (Novocastra Laboratories Ltd, 
Newcastle, UK). In whole-tissue culture experiments, positive staining for ER and 
PR was used as a viability marker. In human breast cancers, ER and PR were 
expressed as the fraction of positive nuclei.

Assessment of angiogenesis 
A standard method for the evaluation of vascularity in breast cancer today is 
immunohistochemical staining of formalin-fixed paraffin-embedded sections with 
an endothelial cell-specific marker (212). Among the most commonly used 
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antibodies are those specific for von Willebrand’s factor (Factor VIII antigen), 
CD31, and CD34 (213-215). According to the method described by Weidner, the 
areas of highest vessel density, called the “hot spots”, are identified by scanning the 
tumor section at low power (214). Individual microvessels are thereafter counted in 
a given area at a high power (x 200 field).

Over the years, a number of quantitative and qualitative methods have been 
described aiming to improve assessment of tumor vascularity (216). Chalkley count, 
quantifying the number of grid points that coincide with stained microvessels, and 
computerized imaging analysis systems have been introduced in order to minimize 
subjectivity in quantifying microvessel counts (217). Other experimental methods 
have been developed to better describe the structure or function of the vasculature. 
For example computerized deconvolution has been used to demonstrate distinct 
morphological and structural differences between vessels in normal and cancerous 
tissues (218). In vivo methods to assess intratumoral vascularization are also under 
development, including magnetic resonance imaging, positron emission 
tomography, and Doppler sonography (219-221).

In this study, microvessel area quantified by computerized image analysis was 
chosen for assessment of tumor vascularity, aiming to minimize subjectivity in vessel 
quantification. We chose to perform staining with a polyclonal rabbit antibody 
against human von Willebrand’s factor (DakoCytomation), validated in paraffin-
embedded tissue. According to the manufacturer, this antibody stains the equivalent 
protein in mouse endothelial cells which vascularize the human xenograft tumor in 
our model. Using a Nikon microscope equipped with a digital camera, three areas of 
high vascularization (“hot-spots”) were selected for vessel area quantification (222). 
The percentage of area occupied by vessels identified by positive staining was 
assessed in high power fields (x200) using Easy Image Measurement software 
(Bergstrom Instruments), and the mean was calculated for each tumor section. 
Quantification was performed blinded to treatment group on sections from three 
tumors in each group. The same method was applied both in paper I and II. An 
error may be noted in the figure legend of Fig. 4, paper I. Vessel area quantification 
was performed in three selected “hot-spots” and not in ten randomly selected areas 
as stated in the text. In addition, the y-axis label in the bar-chart should be 
microvessel area (%) rather than microvessel density (%) which is generally used to 
refer to a count of microvessels/mm2 (222).   
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The use of vessel quantification in a xenograft model is not directly comparable to 
use in human tumors. In this study, quantification of vessel area was used to 
characterize tamoxifen response in terms of tumor vascularity. This may be 
motivated by the fact that xenograft tumors are more homogeneous than human 
tumors due to the use of only one clone of cancer cell (180). Thus there is less 
variation in vascularity between tumor sections from the same tumor. In human 
tumors, the pattern of vascularity may be heterogeneous, reflected in lack of 
correlation between microvessel counts in core biopsies and in whole tumor 
sections (223;224). In addition, in the xenograft model, tumors were size-matched, 
as tumor size correlated significantly with extracellular VEGF.

In retrospective clinical studies, microvessel density (MVD) has been tested as a 
surrogate marker of tumor angiogenesis to identify patients at high risk of 
recurrence. The results have been mixed, complicated by technical differences in 
methodology and potential interactions with therapy (225). Hayes et al have 
recommended that MVD not be used as a basis for making clinical decisions (226). 
In contrast, a meta-analysis of all 87 published studies linking MVD and survival in 
breast cancer patients concluded that high MVD significantly predicted poor 
relapse-free survival and overall survival in women with invasive breast cancer, 
especially in node-negative patients (212). Although MVD has been proposed as a 
predictor of response to anti-angiogenic treatment, findings suggest that vessel 
quantification methods such as MVD do not assess the angiogenic status of a 
tumor, but rather reflect the metabolic burden of tumor cells (227). Thus, new 
markers of angiogenesis are needed to identify patients likely to benefit from anti-
angiogenic treatment and to monitor treatment response (212).

Statistics
Data were presented as the mean ± SEM. The data was tested for normal 
distribution and compared using Student t-test for paired and non-paired 
observations for groups of two and ANOVA with Fisher’s post hoc test for groups 
of three or more. Fisher’s exact test was used for immunohistochemical scoring. 
Pearson’s correlation coefficient was used to test correlations between groups.
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Results and Discussion 

Pro-angiogenic effects of estradiol and anti-angiogenic effects of 
tamoxifen in the breast 

Estradiol increased extracellular VEGF in breast cancer cell culture, in breast 
cancer xenografts, and in normal human breast tissue (I, II, IV) 

In papers I and II, we demonstrated that estradiol increased extracellular VEGF in 
MCF-7 breast adenocarcinoma cells. We showed a congruent increase in VEGF 
mRNA and intracellular VEGF after estradiol treatment compared to controls and 
confirmed increased intracellular levels of VEGF165 in estradiol-treated MCF-7 cells 
by Western blot (I). In addition, we showed that nude mice with solid breast cancer 
tumors had higher intratumoral levels of extracellular VEGF after treatment with 
estradiol as compared to estradiol + tamoxifen (I). Intracellular cytoplasmic staining 
for VEGF was detected in tumor xenografts from both treatment groups, without 
detectable differences in distribution or intensity of staining (I). Tumor microvessel 
area was higher in estradiol-treated mice than in mice treated with estradiol + 
tamoxifen (I + II). In paper IV we investigated the effects of estradiol and 
progesterone on normal human breast studied by whole-tissue culture. In this study 
we showed that estradiol increased extracellular levels of VEGF. The addition of 
progesterone had neither stimulatory nor inhibitory effect on VEGF secretion 
compared to estradiol alone. Immunohistochemistry performed on breast tissue 
sections revealed no detectable differences in VEGF staining between treatment 
groups.

In both papers I and IV, quantitative differences in extracellular VEGF levels were 
not detectable by immunohistochemical staining. Immunohistochemistry is a semi-
quantitative method and may lack the sensitivity required to detect differences 
between the groups. In addition, results from Zhang et al have demonstrated that 
stably transfected MCF-7 cells expressing VEGF121 did not show immunostaining 
for VEGF although high levels of VEGF were detected in conditioned media from 
these cells (81). Thus, the shorter soluble isoforms of VEGF may not be detected in 
the extracellular space by this method.

Estradiol and VEGF measured in vivo in breast cancer tumors and normal 
breast tissue in breast cancer patients (III) 

Using microdialysis to study VEGF and estradiol in human breast cancer tumors 
and adjacent normal breast tissue, we found that extracellular levels of VEGF in 
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tumors were significantly higher than in normal tissue, in agreement with previous 
ex vivo findings (100-102). All tumor sections showed positive intracellular staining 
for VEGF by immunohistochemistry. A significant positive correlation was found 
between estradiol and VEGF levels in normal breast tissue similar to findings in a 
larger cohort of healthy women (121). No correlation was found between estradiol 
and VEGF levels in breast cancer tumors. This may be explained by the small 
sample size of heterogeneous tumors and/or by the involvement of other tumor 
regulators of VEGF such as hypoxia inducible factor-I (82;84). A positive 
correlation was found between tumor size and VEGF in breast cancer xenografts in 
paper I but not in patient tumors in paper III, which may be explained by the fact 
that xenografts derived from a single cancer cell clone are more homogeneous than 
human tumors (228). In study III, both lobular and ductal carcinomas were 
included, and tumor size varied between 9-60 mm. Levels of ER expression varied 
between patients, and half of the tumors showed no PR expression which may be 
attributed to a non-functional ER (26). 

In vivo estradiol levels were higher in tumor tissue of seven of the ten patients, in 
agreement with previous ex vivo findings and supporting the intracrine concept of 
tumoral biosynthesis and accumulation of local estrogens (14-17). Levels of plasma 
VEGF did not correlate with tumor VEGF, suggesting that determination of VEGF 
in plasma is a poor indicator of tumor VEGF. This is supported by findings in paper 
I where plasma levels of VEGF from nude mice treated with estradiol or estradiol + 
tamoxifen did not reflect differences in extracellular VEGF measured by 
microdialysis. Previous findings have demonstrated that while approximately 93% of 
VEGF measured intratumorally is tumor-derived, less than half of the VEGF in 
circulating plasma originates from the tumor (119).    

Tamoxifen in combination with estradiol decreased extracellular VEGF in 
cell culture and in breast cancer xenografts (I, II) 

In papers I and II, we showed that the addition of tamoxifen to estradiol treatment 
significantly decreased extracellular VEGF in MCF-7 cell culture compared to 
estradiol treatment alone. Likewise in breast cancer xenografts, extracellular levels of 
VEGF were significantly lower following estradiol + tamoxifen as compared to 
estradiol alone (I). However, in MCF-7 cell culture, tamoxifen and estradiol + 
tamoxifen increased VEGF mRNA and intracellular VEGF (I) in agreement with 
previous studies (114;116;179). The incongruence between increased mRNA and 
intracellular protein levels and decreased extracellular protein levels emphasizes the 
need to study VEGF where it is biologically active, in the extracellular space.
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Estradiol decreased secreted sVEGFR-1 while the addition of tamoxifen 
increased sVEGFR-1 in breast cancer cell culture (II) 

In paper II, we showed that estradiol significantly decreased extracellular levels of 
sVEGFR-1 in MCF-7 cell culture. Conversely, the addition of tamoxifen increased 
secreted levels of sVEGFR-1. Toi et al  have suggested that the ratio of sVEGFR-1 
and VEGF may serve as a prognostic indicator of disease-free and overall survival in 
breast cancer patients (148;150). In our study, tamoxifen treatment yielded a 
sVEGFR-1/VEGF ratio nine times greater than that of controls while the ratio in 
estradiol-treated cells was approximately one third that of controls. In tumor 
xenografts from nude mice treated with estradiol or estradiol + tamoxifen, 
immunohistochemistry for sVEGFR-1/VEGFR-1 showed intracellular cytoplasmic 
staining, in agreement with previous findings suggesting that MCF-7 cells express 
sVEGFR-1 exclusively and virtually no cell-membrane bound VEGFR-1 (156). As 
sVEGFR-1 is a soluble factor, its detection in the extracellular space by 
immunohistochemistry is uncertain (142). 

Effects of estradiol and tamoxifen on VEGFR-2 in HUVEC and MCF-7 cells 
(II) 

As VEGF is known to exert its pro-angiogenic effects by acting on endothelial cells 
via VEGFR-2, we investigated the effects of estradiol and tamoxifen on VEGFR-2 
expression in HUVEC in paper II. We detected low levels of VEGFR-2 in HUVEC 
and found no differences in receptor levels after treatment with estradiol, tamoxifen, 
or estradiol + tamoxifen compared to controls. In a second set of experiments, we 
investigated possible effects of products secreted by hormone-treated MCF-7 cells 
on HUVEC VEGFR-2 expression. We found that VEGFR-2 was upregulated in all 
groups exposed to conditioned media from MCF-7 cells compared to HUVEC 
treated directly with hormones and untreated controls. Furthermore, HUVEC 
exposed to conditioned media from estradiol-treated MCF-7 cells exhibited 
significantly higher levels of VEGFR-2 compared to control cells incubated with 
media from non-hormone treated MCF-7 cells. VEGF has been shown to 
upregulate VEGFR-2 in endothelial cells (131-133). Thus it may be that an excess of 
unbound VEGF in supernatants from estradiol-treated MCF-7 cells contributes to 
the increased expression of VEGFR-2 in HUVEC. Preliminary results supporting 
this hypothesis show that the addition of an antibody specific for VEGF abolishes 
the stimulatory effects of conditioned media from estradiol-treated MCF-7 on 
HUVEC VEGFR-2 expression. 
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In order to explore recent findings that breast cancer cells express VEGF receptors 
which promote tumor growth by autocrine and paracrine mechanisms (163;166) we 
examined the effects of estradiol and tamoxifen on VEGFR-2 expression in MCF-7 
cells. In our study VEGFR-2 was not detected in MCF-7 irregardless of treatment 
with or without hormones. Thus VEGF does not appear to function as an autocrine 
factor via VEGFR-2 in MCF-7. 

Tissue culture 
In paper IV, we present a method of whole-tissue culture demonstrating that whole 
breast tissue may be cultured in vitro for up to one week with preserved morphology. 
Tissue sections from all treatment groups showed viability after one week in culture 
as shown by immunohistochemical staining of ER, PR, and the proliferative marker 
Ki-67. The epithelium remained intact in both serum-free and serum-enriched 
conditions for one week, in line with results using a gelatin sponge model (195). At 
two weeks, the normal double layer of basal and luminal epithelium was reduced to 
a single layer in our study. Immunohistochemical staining for the luminal epithelial 
marker CK 18 revealed preferential detachment of the luminal epithelial 
cells/preservation of the basal myoepithelial cells. Sections from tissue biopsies 
cultured for three weeks lacked an intact epithelium and increasing degeneration of 
the stroma was observed. 

This in vitro method makes it possible to study the effects of different exogenous 
substances on tissue from the same donor for up to one week in culture. Special 
attention may be given to secreted factors which may be difficult to detect 
extracellularly by immunohistochemistry. Investigations into the biology of the 
human breast may be conducted with preserved tissue architecture and without the 
use of an artificial extracellular matrix. Difficulties extrapolating results from non-
human species are avoided, and the method is relatively simple and inexpensive to 
use. Drawbacks include inter-individual differences in biological response, making it 
necessary to use tissue from a single donor for all treatment groups and to conduct 
repeated experiments on tissue from different donors. For now, this method is 
limited to studies up to one week in culture although development of the method 
may facilitate longer culture periods.    
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Reflections and future aspects 
Despite progress made during recent years, our understanding of sex steroid effects 
on angiogenesis in the breast remains highly limited. In light of the fact that the 
incidence of breast cancer continues to rise and that women today face difficult 
decisions regarding hormone-based contraceptives and hormone replacement 
therapy, research in this field is of the utmost importance.

The results presented in this thesis suggest that tamoxifen may have anti-angiogenic 
effects in human breast cancer by influencing the balance between VEGF and its 
inhibitor sVEGFR-1. In contrast, estradiol may tip the scale to favor angiogenesis, 
increasing bioactive VEGF, decreasing sVEGFR-1, and stimulating the expression 
of VEGFR-2 in endothelial cells. These effects have been observed in a human 
breast cancer cell line in vitro and in xenografts of the same cell line in vivo, but 
further investigations using other breast cancer cell lines are warranted to verify 
these findings. In addition, studies on possible sex steroid effects on other inducers 
and inhibitors of angiogenesis are needed to better understand the overall balance 
governing angiogenesis in breast tissue and breast cancer.

Breast tissue and tumor tissue are unique microenvironments created by the 
interaction between epithelial cells, adipose tissue, connective tissue, immune cells 
and blood vessels. Our results, demonstrating the stimulatory effect of conditioned 
breast cancer cell medium on endothelial cells, illustrate how secreted tumor factors 
may influence the surrounding stroma. In addition, this thesis introduces whole-
tissue culture applied here for studies of hormone effects on VEGF in the normal 
human breast. This method preserves the structural and functional architecture of 
the breast and thereby vital multi-cellular interactions. In the future this method may 
be used to further explore the biology of normal breast tissue. 

In this thesis, microdialysis was used to study extracellular levels of VEGF in breast 
cancer xenografts and provided novel results illustrating possible mechanisms 
behind the anti-angiogenic effects of tamoxifen in breast cancer. Furthermore, 
microdialysis was applied in breast cancer patients to investigate in vivo levels of 
estradiol and VEGF in tumors and normal breast tissue. Sampling estradiol and 
VEGF in the extracellular space in vivo is likely to better reflect the hormonal and 
angiogenic status of the tumor environment, as estradiol may be synthesized and 
VEGF mobilized locally in tumors. Although there is a limit to the size of protein 
which may be sampled by microdialysis today, technical advances and the 
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development of even larger pore size dialysis membranes may allow for 
measurements of larger molecules such as sVEGFR-1 in the years to come. 

Future investigations are warranted to explore if in situ measurements of tumor 
factors such as VEGF may be of prognostic or predictive value. Speculating freely, 
an in vivo angiogenic profile provided by sampling multiple pro- and anti-angiogenic 
factors using microdialysis may facilitate the selection of patients for anti-angiogenic 
therapy or the monitoring of in vivo response. Several anti-angiogenic strategies have 
been directed against VEGF and include monoclonal VEGF and VEGFR 
antibodies, soluble VEGF receptors, and receptor tyrosine kinase inhibitors 
blocking intracellular signaling pathways (229). A humanized monoclonal antibody 
against VEGF, bevacizumab, has been tested in combination with the 
chemotherapeutic agent capecitabine in a randomized phase III trial in patients with 
metastatic breast cancer previously treated with chemotherapy (230). Although the 
combination of bevacizumab + capecitabine was shown to increase objective 
response rate in reduction of tumor size compared to capecitabine alone, it failed to 
demonstrate effects on progression-free or overall survival (230). Meanwhile, more 
promising results were presented from the recent Eastern Cooperative Oncology 
Group (ECOG) study E2100 at the Scientific Symposium of the American Society 
of Clinical Oncology (ASCO) in may 2005 (231;232). Data from this study suggest 
that the combination of bevacizumab and paclitaxel chemotherapy confers benefits 
in progression-free survival for locally recurrent or metastatic breast cancer as 
compared to paclitaxel alone (232). It is increasingly clear that the future of cancer 
therapy lies in the combination of therapies targeting multiple pathways (229). 
Estrogen and angiogenesis are pivotal factors in the development and progression of 
breast cancer, and the addition of tamoxifen to an angiogenesis inhibitor has been 
shown to further reduce tumor growth in an animal model of breast cancer (233). In 
the years to come, clinical studies may determine whether the combination of anti-
hormonal and anti-angiogenic strategies may have additive or even synergistic 
effects in the treatment of human breast cancer.   
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Conclusions

− Estradiol increased extracellular VEGF and decreased extracellular sVEGFR-1 in 
MCF-7 breast cancer cells in vitro. Conditioned media from estradiol-treated MCF-7 
cells increased VEGFR-2 in cultured endothelial cells.  

− Compared to estradiol treatment alone, the addition of tamoxifen decreased 
extracellular VEGF and increased extracellular sVEGFR-1 in MCF-7 cells in vitro. In 
MCF-7 breast cancer xenografts in vivo, estradiol + tamoxifen reduced tumor levels 
of extracellular VEGF and tumor microvessel area compared to estradiol alone.

− In breast cancer patients, tumor levels of extracellular VEGF were significantly 
higher than in adjacent normal breast tissue in vivo, and a significant correlation was 
found between in vivo levels of estradiol and VEGF in normal breast tissue. 

− For studies of normal human breast, whole breast tissue may be cultured in vitro
for up to one week with preserved morphology. Using this method, estradiol 
increased extracellular VEGF while progesterone had neither stimulatory nor 
inhibitory effect.
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