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Genistein, daidzein, and resveratrol are polyphenolic plant compounds called 

phytoestrogens (PEs) because they are capable of binding and activating estrogen 

receptor (ER) isoforms due to structural similarity to estrogen (E2).  The central 

hypothesis governing these investigations is that PEs can bind to plasmamembrane ERs, 

cross-talk with epidermal growth factor receptor (EGFR), and signal downstream to an 

array of molecular pathways including those involved in cell motility.  This is relevant to 

breast cancer metastasis as PEs have been shown to have both preventative and 

promotional effects on breast cancer cells.  The data herein investigates the role of E2, 

genistein, daidzein, and resveratrol in cell migration, actin cytoskeleton organization, 

focal adhesion assembly, as well as EGFR, focal adhesion kinase (FAK), and Rho family 

GTPase activation in ER (+/-) human breast cancer cells.  We report that E2 and EGF 

increase cell migration, induce Rac-dependent lamellipodia formation, increase focal 

adhesion assembly, and increase EGFR, FAK, and Rac activity in ERβ (+) cells.  We 

report that genistein and daidzein also increase cell migration, Rac-dependent 



 vii

lamellipodia formation, focal adhesion assembly, and FAK activity in ERβ (+) cells.  

Resveratrol demonstrates a biphasic concentration-dependent effect on the same 

signaling pathways.  Resveratrol at 5 µM increases cell migration, lamellipodia 

formation, and increases FAK and Rac activity in ERβ (+) cells similar to E2.  

Conversely, resveratrol at 50 µM inhibits cell migration/invasion, blocks E2/EGF-

induced migration, induces sustained and unpolarized filopodia, decreases focal adhesion 

assembly, increases EGFR activity, and decreases FAK, Cdc42, and Rac activity in ERβ 

(+) cells.  The induction of filopodia by 50 µM resveratrol is partially Rho GTPase-

independent and can be observed in serum and on extracellular matrices. The induction 

by 50 µM resveratrol of a global, sustained extension of filopodia in conjunction with 

inhibition of focal adhesion assembly, as well as FAK, Cdc42, and Rac activity is 

hypothesized to negatively affect breast cancer cell motility.  Ultimately, the elucidation 

of these cell structures and signaling mechanisms in response to PEs will help to 

determine a preventive or promotional role for plant compound-based therapies in breast 

cancer metastasis. 
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Overview 

GOALS AND OBJECTIVES 

This dissertation is an integrative investigation in the fields of plant chemistry and 

cancer cell biology. It describes the effects of three chemically related plant compounds 

on an array of breast cancer cell lines and discusses the mechanisms by which these 

compounds may signal to protein cascades relevant to breast cancer progression. 

Phytoestrogens (PEs) are plant-derived compounds that are defined by their ability to 

bind to estrogen receptors (ERs) to exert either estrogenic or antiestrogenic effects.  PEs 

are polyphenolic compounds with a chemical structure similar enough to the hormone 17 

β-estradiol (estrogen, E2) to bind ERα and ERβ.  PEs are secondary plant compounds 

and have numerous functional roles in the plants that produce them.  In some cases PEs 

function as antifungal agents, UV protection, or in the developmental interactions 

between roots and nodule-associated microbes. 

A substantial amount of research has been conducted on the cancer preventative 

capabilities of numerous PEs.  The majority of these investigations have concentrated on 

the effects of PEs on the initiation and promotion phases of certain cancers.  Only 

recently have researchers begun to explore the effect of these E2-like plant compounds 

on progressive/metastatic cancers. 

This dissertation focuses on three specific, commonly consumed PEs: genistein, 

daidzein, and resveratrol.  Genistein and daidzein are found in many leguminous plants 

and are generally consumed from diets high in soybean (Glycine max).   Resveratrol 

found in grape (Vitis vinifera) skin is most commonly consumed by drinking red wine. 

These compounds were chosen from the multitude of PEs due to their extensive use as 

dietary components, their low toxicity to normal (non-cancerous) cells, and their potential 
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as cancer preventives.  The purpose of this dissertation is to investigate the effects of 

genistein, daidzein, and resveratrol on cell structures and signaling cascades that are 

involved in cell motility, a hallmark of cancer cell invasion and progression.   

The primary goal of this investigation is to determine if each compound affects 

cancer cell motility.  If a compound affects the process of motility, it may alter actin 

cytoskeletal structures relevant to motility (such as filopodia and lamellipodia) or focal 

adhesions (complexes that attach the cell to the extracellular matrix (ECM)).  The second 

goal then is to determine what effects each compound has on the morphology of the cell 

cytoskeleton and whether focal adhesion assembly is affected.  If the actin cytoskeleton is 

affected, this would lead one to hypothesize that downstream effectors that regulate cell 

structures would be affected.  Therefore, another goal is to investigate the effects of these 

PEs on small Rho GTPases Rac1 and Cdc42, which are involved in differentially 

regulating actin structures.  If focal adhesion assembly is affected by PEs, then focal 

adhesion kinase (FAK), an integral member of the focal adhesion multi-molecular 

complex may be affected. Therefore, another goal is to determine the activity of FAK in 

relation to PE treatment. It is hypothesized that the non-genomic signaling cascades 

involved in cell motility in our cell models will originate at the plasmamembrane (PM) 

with PEs binding to ER and subsequently signaling to epidermal growth factor receptor 

(EGFR).  Therefore, a final goal is to investigate the importance of these two PM 

receptors in PE signaling to the actin cytoskeleton.  

SIGNIFICANCE AND RELEVANCE 

Breast cancer affects one in every ten women in Western Europe and the US and 

is the leading cause of death in women age 40-55 years (Jemal et al., 2005).  Breast 

cancer is curable if detected in early stages but is much harder to eradicate once the 

cancer has become metastatic. Breast cancer patients do not generally die of the primary 
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breast cancer.  Mortality is due to the spread of metastatic cancer cells to more vital body 

sites (Felding-Habermann et al., 2001).  Therefore, it is imperative to identify new ways 

to prevent the malignant progression of breast cancer.  The transition period for a tumor 

to evolve from an actively dividing mass to the capability for invasion and metastasis is 

an important window of opportunity for effective drug therapy.  For breast cancer, the 

transition from a primary tumor to invasive cancer is estimated to average six years 

(Schlimok and Riethmuller, 1990). This extensive period of time provides an advantage 

for therapeutic intervention.  Understanding the basic mechanisms triggering cancer cell 

motility and invasion is crucial for identifying potential therapeutic agents and targets.   

Loss of ERα expression is a common marker of malignant breast cancer, often 

making traditional therapy with selective ER modifiers (SERMs) (such as tamoxifen) 

ineffective (Oh et al., 2001).  This has prompted a search for better and more effective 

SERMs, including SERMs that specifically target ERβ.  Also, since the termination of 

the Women’s Health Initiative (WHI) (Anderson et al., 2004; Rossouw et al., 2002) due 

to increased incidence of breast cancer and cardiovascular disease when using 

combination E2/progestin hormone replacement therapy (HRT), many women and health 

care professionals have sought alternatives to E2-based HRT.  

 PEs are gaining popularity as natural alternatives to cancer prevention/therapy 

and E2-based HRT, but their usefulness and safety are relatively unknown, especially in 

the context of breast cancer progression.   Little scientific information is available about 

the effectiveness of natural products in women who are breast cancer patients or 

survivors. Since the benefits of plant-based dietary constituents remain controversial and 

mechanisms are not well understood, the research in this dissertation adds to the 

knowledge concerning the efficacy of these compounds as potential cancer preventatives 

and/or therapeutics.  The research described in this dissertation uses a breast cancer cell 
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model to investigate the possibility of inhibiting, arresting, or reversing malignant breast 

cancer through the use of common dietary and herbal supplements. These investigations 

are significant for the fields of plant chemistry and cancer cell biology because they 

outline novel signaling pathways that identify plant compounds and therapeutic targets 

for the prevention and promotion of motility in breast cancer cells.  
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Chapter 1: Introduction 

 

GENOMIC E2 SIGNALING AND NUCLEAR ERS 

The steroid hormone E2 plays critical roles in normal development of mammalian 

sexual characteristics. E2 has also been implicated in breast cancer formation and 

progression (Fuqua, 2001; Cavalieri and Rogan, 2002).   E2 is produced from cholesterol 

via the conversion of testosterone or estrone by the enzyme aromatase.  Aromatase is 

expressed in numerous organs and tissues including ovary, testes, and adipose tissue.  

Aromatase can also produce E2 in circulation and at E2-target tissues such as the breast 

(Bulun et al., 2005).  E2 released into the circulatory system is carried to target tissues by 

plasma carrier proteins such as human sex steroid binding protein, sex hormone-binding 

globulin, and α-fetoprotein (AFP) (Pugeat et al., 1988; Selby, 1990; Vakharia and 

Mizejewski, 2000). 

E2 affects cell growth and development by regulating gene transcription via two 

major nuclear ERs, ERα and ERβ  (Hyder et al., 1999; McDonnell and Norris, 2002). The 

two receptor isoforms are expressed from different genes located on different 

chromosomes (Enmark et al., 1997).  The general scheme of E2 action (see Fig.1.1) 

involves its diffusion into the cytosol, its binding to nuclear ERs to form activated homo- 

or heterodimers, and activation of gene expression via association with E2 response 

elements (EREs) or (activation protein) AP-1 transcription factors (Jun/Fos dimers) to 

affect transcription of responsive genes (Hyder et al., 1999; Paech et al., 1997; 

Katzenellenbogen et al., 2000; Safe, 2002).  Alternatively, growth factor receptor 

signaling can activate protein kinases such as mitogen activated protein kinases (MAPKs) 



 

 6

that phosphorylate and dimerize ER to initiate gene transcription in a ligand-independent 

manner.  

Some of the genes that ER is known to transcribe are oncogenes such as myc, 

myb, cyclin D, cathepsin, as well as progesterone receptor (PR) (Carroll and Brown, 

2006), some of which are involved in cell proliferation/cell cycle control.  E2 was shown 

in one study to induce the expression of at least 307 different genes, many of which 

encode proteins relevant to cancer signaling. Twenty-three of the genes that E2 regulated 

were involved specifically in the modulation of cytoskeletal reorganization, cell motility, 

and invasion (Gadal et al., 2005; Stossi et al., 2004). 

Gene regulation by activated ERs is determined to a large degree by adaptor co-

regulatory proteins, co-activators (which enhance transcription of target genes) or co-

repressors (which suppress transcription).  Co-regulators interact with the ligand-binding 

domain of ERs when bound to EREs (Diel, 2002).  It has been demonstrated that 

alterations in ER conformation due to variations in ERE sequences regulate the 

recruitment of different co-regulators, and therefore affect transcriptional activities 

differently (Klinge et al., 2004).  

The hormone E2 can regulate the gene expression of its own receptor ERα via 

transcriptional activation (Pinzone et al., 2004).  E2 has also been shown to increase ERβ 

mRNA expression in ERαβ (+) breast cancer cells. In this study, the SERMs tamoxifen 

and ICI 182, 780, as well as the transcription blocker actinomycin D, all abrogated the 

induction of ERβ (Vladusic et al., 2000).  E2 can further regulate receptor status by 

inducing the proteosome-dependent degradation of ER.  This hormone-dependent 

regulation has been demonstrated in vascular, brain, liver, and both cancer and non-

cancer mammary epithelial cells (Pinzone et al., 2004).     
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ER is a zinc-finger family transcription factor.  As shown in Figure 1.2, ERα and 

ERβ are highly homologous in the DNA-binding domain (86% amino acid homology) 

(Kuiper et al., 1996; Mosselman et al., 1996).  Therefore, both isoforms are thought to 

bind to EREs with similar affinity and specificity, though it has been shown that there are 

E2-regulated genes that are only transcribed by ERα or ERβ specifically.  Using 

osteosarcoma cells as a model, it was reported that ERα and ERβ shared 52 E2-regulated 

genes, while 24 or 9 genes were induced only by ERα or ERβ, respectively.  The 

functions of many of the E2/ERβ-regulated genes were unknown (Stossi et al., 2004).  It 

is hypothesized that the differences in gene regulation between ERα and ERβ may be due 

to the dissimilarity in the N-terminal AP-1 transcription factor-binding region (Fuqua et 

al., 2003).  Like the DNA-binding domain, the ligand-binding domain (which contains 

the activating function (AF-2) domain) of both ER isoforms is also highly homologous 

(58% amino acid homology), binding E2 with comparable affinities.  Both receptors bind 

to E2 with high affinity, with ERα binding at Kd = 0.05-0.1 nM and ERβ binding the 

ligand at 0.09-0.4 nM (Kuiper et al., 1996; Kuiper et al., 1998).    

E2 has a 4-ring skeleton structure common to all sex steroid hormones and 

corticosteroids (see Fig.1.3).  It has a phenolic ring (A) with one hydroxyl group in the 3-

carbon position.  This ring is condensed to an unsaturated 6-carbon ring (B) which is 

condensed to another unsaturated 6-carbon ring (C) which in turn is condensed to a 5-

carbon ring (D) with a hydroxyl group at its 17-carbon position (Brzozowski et al., 1997). 

E2 binding to ER elicits a change in the structure of the ligand-binding domain of the 

receptor resulting in the opening of a specific binding site for nuclear co-activators.  ER 

antagonists, on the other hand, elicit a conformation that impedes certain co-activator 

binding (Pike et al., 1999). 
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Genomic function of ERα versus ERβ in breast cancer 

Aside from its role in the establishment and maintenance of normal female 

reproductive function, ERα has been implicated in initiation, promotion, and progression 

stages of gynecological cancers (Fuqua, 2001; Cavalieri and Rogan, 2002).  E2 up-

regulates myc and cyclin D, and subsequent gene transcription to increase cell 

proliferation (Prall et al., 1998). For a woman with already differentiated mammary 

tissue, this may lead to proliferation of ductal or lobular epithelia to form a tumor. 

Tissue-specific expression of ERα appears to be maintained by differences in the 

promoter regions of the ERα gene.  ERα has been found to be expressed in uterus, ovary, 

mammary epithelia, pituitary, heart, liver, kidney, testis, epididymis, and prostate tissues 

in rats and humans (Brandenberger et al., 1997; Kuiper et al., 1997).  ERα has been 

shown to be expressed in human luminal epithelial cells and fibrous stroma of rat 

mammary gland (Saji et al., 2005; Shyamala et al., 2002).  However, conflicting reports 

cite that differentiated normal mammary epithelial tissue expresses little to no ERα (Zeps 

et al., 1998; Russo et al., 1999).  ERα levels have been shown to increase in proliferative 

benign breast tumors and low-grade ductal carcinoma in situ (DCIS) and be associated 

with 50-80% of breast tumors. It has been observed that 2/3 of breast tumors contain 

higher concentrations of either ER isoform compared to normal breast tissue (Ikeda and 

Inoue, 2004).  The presence of elevated ERα in benign breast epithelium indicates 

increased breast cancer risk.  However, expression of ERα in mammary tumors is 

considered by clinicians as a favorable prognostic marker in breast cancer because of the 

potential for treatment with antiestrogens (Ali and Coombes, 2000; Platet et al., 2004).  

ERα is often lost in progressive breast cancers.  This loss of ERα may be due to DNA 

methylation of the gene (Pinzone et al., 2004) or the over expression of EGFR family 
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receptors and the associated increased activation of MAPK which has been shown to 

down-regulate ERα expression (Oh et al., 2001). 

Due to its involvement in the initiation and promotion of breast cancer, inhibition 

of ERα with SERMs like tamoxifen and raloxifen has become a major strategy for 

treatment of breast cancer and prevention of cancer recurrence (Salih and Fentiman, 

2001; Park and Jordan, 2002).  However, since loss of ERα expression is common in 

malignant progression of breast cancer leading to the metastatic state (Nass et al., 2000), 

it is important to investigate the effects of potential metastasis preventatives/therapeutics 

on ERα (-) breast cancer cells. 

Reports of ERβ expression in normal and malignant breast tissue vary to a great 

extent.  ERβ is wider in tissue distribution than ERα, and has been detected in tissue such 

as ovaries, uterus, testis, adrenal gland, spleen, thymus, pituitary gland, skin, lung, 

kidney, brain, epididymis, prostate, bladder, lung, as well as in normal breast tissue, 

breast cancer cell lines, and tumors (Brandenberger et al., 1997; Kuiper et al., 1997; 

Skliris et al., 2003; Speirs et al., 2004).  However, studies using knockout mice have 

demonstrated that ERα, but not ERβ, is critical for ductal growth during breast 

development (Mueller and Korach, 2001). ERβ has been shown to be coexpressed with 

ERα in some studies, but independent of ERα expression in others (Speirs et al., 1999; 

Fuqua et al., 2003). This is exemplified by the large number of malignant human breast 

cancer cell lines that have lost ERα expression but continue to express ERβ (Tong et al., 

2002a).   

ERβ expression has been associated with ERα (-) tumors and with poor 

prognostic features such as high EGFR1 and HER2 (EGFR2) expression (Knowlden et 

al., 2000; Vladusic et al., 2000; Oh et al., 2001).  However, ERβ expression has been 

shown to decrease from the progression of proliferative ductal hyperplasia to invasive 
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breast cancers, and become absent in high-grade DCIS.  Therefore, ERβ has also been 

regarded to be an indicator of low breast cancer aggression (Skliris et al., 2003; Platet et 

al., 2004). 

ERα and ERβ have been shown to play different roles in gene regulation in breast 

cancer, and ERβ is thought to act as a dominant regulator of ERα (Pettersson et al., 2000; 

Palmieri et al., 2002).  In ERα (+) breast cancer cells, transfection with ERβ resulted in 

decreased proliferation stimulated by E2. Also, ERα function as a transcription factor is 

inhibited when it heterodimerizes with ERβ.  Based on this information, it has been 

hypothesized that ERβ may regulate cell proliferation and apoptosis differently (maybe 

disparately) than ERα and may be a positive prognostic factor in breast cancer. In this 

case, a SERM that antagonizes ERα but is an agonist for ERβ may be beneficial in the 

prevention of breast cancer (Saji et al., 2005; Koehler et al., 2005). Though many breast 

cancer tissues and cell lines express only ERβ isoforms, the role of ERβ  in breast cancers 

that have lost ERα is not well understood (Tong et al., 2002a). 

E2/ER function in cancer cell motility, invasion, and metastasis 

Studies on the effect of E2 and ERs on cancer cell invasion and migration are 

scarce and conflicting.  ERαβ (+) breast and ovarian cancer cell lines have been shown to 

be less invasive than ERα (-) and ERαβ (-) cell lines. When ERα was transfected into 

ERα (-) cells, their invasive potential was reduced significantly both in the presence or 

absence of E2 (Rochefort et al., 1998; Platet et al., 2000).  This has lead to the hypothesis 

that ERα may be protective against cell invasion which may help to explain the greater 

metastatic potential of many ERα (-) breast cancer cells.   

This also leads to the idea that ERβ may promote metastasis. Studies showing the 

metastatic potential of ERα (-) ERβ (+) breast cancer cells indicates that ERβ may take 

over ERα functions in the absence of ERα, and that ERβ expression may only be a 
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positive prognostic factor in the presence of ERα.  A study where ERβ was stably 

transfected into the ERαβ (-) metastatic MDA-MB-435 breast cancer cell line 

demonstrated increased proliferation and invasion, as well as down-regulation of the cell 

cycle regulator p21 and up-regulation of the invasion-associated protein matrix 

metalloproteinase (MMP)-9, both in vitro and in vivo (Hou et al., 2004).  Therefore, it 

could be argued that ERβ may promote breast cancer progression.  

On the other hand, in some cases, the expression of either ER isoform seems to be 

protective against the progression of breast cancer.  In a study where ERα and ERβ were 

stably transfected into ERα (-) β (+) MDA-MB-231 cells, the expression of either ER 

isoform decreased the migration and invasion potential of these highly invasive cells 

(Lazennec et al., 2001).  This data again fits into the hypothesis that loss of ER may lead 

to malignancy.    

Investigations have demonstrated a stimulatory role in cell invasion for E2 by 

showing that E2 increased invasion and migration of ERα (+) and ERα (-) β (+) breast 

cancer cell lines, potentially via up-regulation of cathepsin D (an ECM degrading 

protease), down-regulation of E-cadherin and catenins (proteins that maintain cell-cell 

contacts), and BRCA1 expression (Meng et al., 2000).  However, another report 

describes E2 as inhibiting migration/invasion in ERαβ (+) MCF7 breast cancer cells 

(Rochefort et al., 1998; Platet et al., 2000).  E2 can also stimulate breast cancer cell 

migration via the induction of human trefoil factor (TFF1) protein secretion, a 

chemoattractant expressed in ER (+) breast tumors (Prest et al., 2002).  A recent study 

demonstrated a connection between transforming growth factor (TGF-β) and ER 

signaling pathways where antiestrogens inhibited TGF-β-mediated migration in ER (+) 

breast cancer cells (Tong et al., 2002b).  Inhibition of cell migration by truncated forms 

of fibroblast growth factor (FGF) MCF-7 breast cancer cells was also recently shown to 
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be dependent on ER signaling (Piotrowicz et al., 2001).   It should be noted though, that 

all of these studies were conducted at least 24 hours following addition of E2 and 

constitute analyses of the genomic effects of E2 on cell migration and invasion.   

 

NON-GENOMIC E2 SIGNALING AND PM  ERS   

The mode of action of E2 in regulating normal cell proliferation, as well as 

tumorigenesis, via gene transcription is well established.  However, recent data have 

shown that E2 signaling is more complicated than previously thought. A complex web of 

cross-talk between many signaling pathways, both genomic and non-genomic, ER-

dependent and independent, is responsible for the myriad of prolonged and/or rapid 

downstream effects. Non-genomic effects of E2 signaling have been reported from a 

variety of cell types including bone, neuronal, mammary, ovarian, and cardiovascular 

cells (Belcher and Zsarnovszky, 2001; Gray et al., 2001; Coleman and Smith, 2001). 

Recent studies, including data in this dissertation, demonstrate that E2 and E2-like 

compounds can activate rapid, non-genomic signaling pathways in ERα (+) and (-) 

malignant breast cancer cells. These rapid signaling cascades may affect processes 

involving cell motility, proliferation, and survival (Levin, 2003; Manavathi and Kumar, 

2005; Coleman and Smith, 2001; Brownson et al., 2002).   

A small pool of ERα and ERβ have recently been shown to localize at the cell 

PM and mitochondrial membrane (Govind and Thampan, 2003; Evinger and Levin, 

2005).  These novel extranuclear ERs are believed to be genetically identical to the 

nuclear receptors, but ER does not have a transmembrane localization domain like 

integral membrane receptors such as growth factor receptors. Instead, in the presence of 

E2, ERα is shuttled to the membrane by the non-receptor tyrosine kinases Src or Shc 

(Src-homology and collagen homology), adaptor proteins that are recruited to the 
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membrane by activated growth factor receptors (Song et al., 2004).  In the absence of E2, 

PM localization of ERα is dependent on transport by the scaffolding protein caveolin-1 

and the functionality of serine residue 522 of ERα.  Caveolin-1 makes up PM structures 

called caveolae, which associate with sphingolipids.  At these complexes there is a 

concentration of PM signaling receptors which facilitate non-genomic cross-talk (Evinger 

and Levin, 2005; Razandi et al., 2003a).  It has also been shown that palmitoylation of 

ER (at cys 447) is absolutely necessary for the receptor to associate at the PM with 

caveolin-1 and to confer non-genomic downstream signaling.  The presence of E2 

reduces palmitoylation, but it is hypothesized that Shc can relocate ER back to the PM to 

complex with growth factor receptors after it has been depalmitoylated (Acconcia et al., 

2005a; Pietras et al., 2005). 

PM ER cross-talk with other PM-associated receptors 

PM ERs dimerize in response to E2 and modulate rapid signaling via tyrosine 

kinase type growth factor receptors to regulate a number of cell functions that promote 

cancer progression (see Fig.1.4) (Levin, 2003; Razandi et al., 2004; Klinge et al., 2005).  

PM ERs have been shown to cross-activate a variety of signaling cascades including 

those mediated by G protein coupled receptors (GPCR) and tyrosine kinase-type growth 

factor receptors such as EGFR (Levin, 2002; Nicholson et al., 2001b; Filardo, 2002).  

One school of thought is that PM ERα acts as an atypical GPCR in that the ligand-bound 

receptor activates G proteins, but does not have the classic GPCR intramembrane 

structure (Evinger and Levin, 2005).  Another group has identified an orphan GPCR 

(GPR30) as an E2-mediated receptor at the PM and endoplasmic reticulum (Thomas et 

al., 2005; Revankar et al., 2005; Rae and Johnson, 2005).  Regardless of which receptor 

is activated though, rapid cellular responses to E2 in normal and cancer cells activate 

both Gs and Gq type G proteins leading to stimulation of adenylate cyclase and 
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phospholipase C, thus inducing protein kinase A (PKA), protein kinase C (PKC), and 

intracellular Ca2+ fluxes as well as EGFR signaling (Kelly and Levin, 2001; Levin, 2001; 

Coleman and Smith, 2001). Therefore, many downstream signaling cascades have the 

potential to be activated via these non-classical ERs.  

E2 bound ERα has been shown to associate directly with the regulatory subunit of 

phosphatidylinositol 3-kinase (PI3-K) and activate the survival factor Akt (Castoria et al., 

2001; Tsai et al., 2001), as well as stimulate growth factor receptor activity (Martin et al., 

2000).  These effects of E2 signaling have been shown to stimulate cell proliferation by 

activation of MAPK cascades (Kelly and Levin, 2001; Coleman and Smith, 2001). 

E2-ER signaling may also activate MAPK activation via direct association with 

the non-receptor tyrosine kinases Src and Shc (Kousteni et al., 2001; Castoria et al., 

2001).  Recently, a G-protein coupled pathway initiated at GPR30 was also implicated in 

the ability of E2 and PEs to regulate gene expression via Src, even in the absence of ER 

(Maggiolini et al., 2004). Moreover, we have shown that E2 affects tyrosine 

phosphorylation of FAK in both ERαβ (+) and ERα (-) β (+) breast cancer cell lines 

(Brownson et al., 2002; Azios and Dharmawardhane, 2005a).  FAK is a key signaling 

intermediate regulated by Src activity (Frame et al., 2002).  These tyrosine kinases are 

activated by phosphorylation to act as important signal transducers during cell adhesion 

to ECM, cell invasion, migration, and survival (Schaller, 2001).  Recently, the 

Dharmawardhane lab and the Santen lab concomitantly observed that E2 can modify the 

actin cytoskeleton of ERα (+) and (-) breast cancer cells to form leading edge 

lamellipodia. These structures are indicators of cell motility and further implicate the 

hormone in the regulation of cell migration and cancer metastasis (Song et al., 2004; 

Azios and Dharmawardhane, 2005b).  Furthermore, similar to our results demonstrating 

an E2-induced migratory response in ERα (-) β (+) breast cancer cells, new data shows 
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that E2 regulates lamellipodia formation and migration in ERα (+) endometrial cancer 

cells via FAK and Src signaling (Acconcia et al., 2005b). 

EGFR signaling   

EGFRs are tyrosine kinase-type cell surface receptors that regulate a variety of 

signaling cascades important for mammary gland development, as well as breast cancer 

initiation and progression.  Tyrosine kinase growth factor receptor activation regulates 

cell proliferation, chemotaxis, migration, invasion, apoptosis, and survival (Wells et al., 

2002; van der Geer et al., 1994; Grant et al., 2002).  EGFR family members, especially 

EGFR1 (erbB-1) and EGFR2 (erbB-2, HER2/neu) isoforms, are overexpressed in many 

cancer cells and contribute to a poor prognosis for tumor malignancy.  Therefore, EGFR 

expression is an important prognostic factor, and EGFR antagonists are often used in 

therapeutic intervention of advanced breast cancer (Kurokawa and Arteaga, 2001; 

Nicholson et al., 2001a; Arteaga et al., 2002). In ER (+) breast cancers, concomitant 

EGFR family overexpression is shown to lead to tamoxifen resistance.  This may be due 

to signaling cross-talk between ERs and EGFRs which leads to tamoxifen acting more as 

a E2 agonist (Johnston and Dowsett, 2003). 

There is an increasing body of evidence demonstrating that growth factor 

networks are highly interactive with ER signaling (Nicholson et al., 2001b).   

Localization of PM ER in caveolae facilitates cross-activation of EGFR (Levin, 2002).  

Tyrosine kinase-type receptors such as EGFR are activated by tyrosine phosphorylation 

in numerous residues which then signal to downstream Src homology-2 (SH2) domain 

proteins. Such growth factor receptor activation leads to signal transduction to initiate 

MAPK, Rho family GTPases, and Akt/protein kinase B to mediate cell proliferation, 

migration/invasion, and survival (Grant et al., 2002; Leabu et al., 2005). Activation of 

PI3-K is one of the first events after ligand stimulation of EGFRs. PI3-K catalyzes the 
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formation of phosphatidylinositol 3,4,5-triphosphate (PIP3), which mediates cell motility 

and invasion by activating Rho GTPases and cell survival by activating Akt/protein 

kinase B (Castoria et al., 2001; Tsai et al., 2001; Cantley, 2002). 

EGFR signaling is also known to regulate the MAPKs extracellular regulated 

kinase (ERK), c-jun NH(2)-terminal kinases (JNK), and p38MAPK via Ras, Rac, Cdc42, 

and Rho signaling (Jaffe and Hall, 2005).  ERKs regulate cell proliferation via activation 

of transcription factors that regulate genes responsible for cell cycle progression, while 

stress activated signals are well known to activate pro-apoptotic genes via Rac, Cdc42, 

and Rho signaling to JNKs and p38MAPKs (Dent et al., 2003).  Recent studies have 

shown that MAPK signaling not only affects gene transcription leading to tumorigenesis 

but may also promote cancer cell invasion (Santen et al., 2002; Schaller, 2001). 

EGFR signaling is central to rapid, non-genomic action of E2.  As stated before, 

rapid cellular responses to E2 activate PM ERs or GPR30 that cross talk with G proteins 

and mediate Src to affect numerous downstream signaling pathways (Filardo, 2002; 

Levin, 2002). In this model, Src activation facilitates the release of heparin-bound EGF 

via MMP-2 and MMP-9 secretion to transactivate EGFRs (Evinger and Levin, 2005) 

(Fig.1.4). The recent data implicating E2 in signaling directly to GPR30 in ER (-) human 

breast cancer cells may help explain ER-independent effects of estrogenic compounds on 

EGFR action (Filardo et al., 2000; Filardo, 2002). 

Loss of ER α in breast cancer is common and is associated with overexpression of 

EGFRs that contribute to tumor malignancy (Chrysogelos and Dickson, 1994).   

Therefore, there is a pressing need to investigate the relatively new and interesting non-

genomic aspects of E2 signaling and how it relates to ER α (-), EGFR (+) metastatic 

breast cancer. 
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RELEVANCE OF E2 AND PES IN POSTMENOPAUSAL HRT 

Before the results of the WHI were published in 2001, postmenopausal women, 

both with and without histories of breast cancer, were commonly being treated with 

E2/progestin HRT to alleviate adverse symptoms of menopause, prevent bone 

loss/osteoporosis, and prevent atherosclerosis (Brandi, 1997; Clarkson et al., 2001).  

After analysis of the WHI results, which observed the treatment of over 16,000 

postmenopausal women for 5 years, there was an increased risk in breast cancer, heart 

disease, and stroke when using combination E2/progestin therapy, but not with E2 alone 

(Anderson et al., 2004; Rossouw et al., 2002).  However, other reports have shown 

contradictory results.  In one study, E2-based HRT (with or without progesterone) was 

shown to increase risk of breast cancer (Beral et al., 2002), and a comprehensive review 

of epidemiological HRT studies also reported that E2-alone HRT does, in many 

instances, increase risk of breast cancer in postmenopausal women (Collins et al., 2005).  

Since the discontinuation of the WHI due to concerns about E2-based HRT, 

popular use of PEs as natural alternatives for menopause relief has sky-rocketed. 

Research into the safety and efficacy of these products and compounds has also grown 

tremendously.  Genistein and daidzein consumption via soy-based dietary supplements 

has been shown to positively affect many aspects of postmenopausal health.  In a review 

of 17 human intervention studies, soy products or isoflavone supplements were shown to 

increase mineral bone density, reduce total and LDL cholesterol levels, increase HDL 

cholesterol levels, and decrease menopausal symptoms (i.e. hot flashes, dizziness) 

(Williamson and Manach, 2005).  Though PEs may be beneficial as alternatives to HRT 

in some respects, there is a lot of controversial data regarding the effects of these 

compounds in breast cancer.  This warrants the continued preclinical and increase of 

clinical investigations into the role of these compounds in cancer prevention/promotion. 
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PHYTOESTROGENS 

PEs are a group of naturally occurring plants compounds (or that arise from 

intestinal bacterial metabolism of plant precursor compounds) that bind ERs and act as 

E2 agonists or antagonists in ER expressing cells (Williams et al., 2004; Aherne and 

O'Brien, 2002; Kuiper et al., 1998).  All PEs are small, hydrophobic, polyphenolic 

compounds synthesized via both the shikimic acid and malonic acid pathways.  They 

share the precursor components coumaroyl CoenzymeA and malonyl Coenzyme A, but 

differ according to the downstream precursor compounds and the specific enzymes that 

convert them to their final product (Mann, 1987).  

Structure of genistein and daidzein  

The isoflavones genistein (4′,5,7-trihydroxyisoflavone) and daidzein (4′,7-

dihydroxyisoflavone) (Fig.1.3) are present in high quantities in soybean (Glycine max), 

red clover (Trifolium pratense), and alfalfa (Medicago sativa), which are common dietary 

supplements for humans and/or animals.  Consumption of soy foods can provide 30-100 

mg/day of isoflavones (Kurzer, 2003).  The isoflavones belong to a larger family of 

compounds, the flavonoids, which have three aromatic rings (A, B, and C).  The core ring 

C is a pyrane with a carbonyl group at the 4-carbon position and a double bond between 

carbons 2 and 3.  The benzene ring A is condensed to ring C, and ring B is a phenyl 

benzene ring off the 2-carbon position of ring C.  Genistein has one hydroxyl group in the 

B ring and two hydroxyl groups in the A ring, whereas daidzein has only one hydroxyl 

group in the A ring and another in the B ring (Sarkar and Li, 2003).  Genistein and 

daidzein are both synthesized from a chalcone backbone, which is converted to 

naringinen, and then into genistein or daidzein via isoflavone synthase (Mann, 1987).   

Genistein and daidzein are never found in plants as aglycones, but rather in their 
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glycosylated forms.  The hydroxyl at the 7-carbon position on the A ring is the most 

common site of glycosylation for both isoflavones.  Glycosylation increases the polarity 

of the compound, which is important for vacuole storage (Aherne and O'Brien, 2002).    

Function of genistein and daidzein in plants 

Genistein and daidzein, like all PEs, are secondary metabolites and therefore have 

no direct function on plant development, but they do perform important functions related 

to plant protection and signaling with microbes.  One function of E2 mimetics like 

genistein and daidzein is to act as an herbivore deterrent since it has been shown that 

female sheep that overeat clover can become sterile (Baker, 1992).   It has also been 

observed that these compounds are induced by UV exposure to the plants, which 

implicates their importance as protectants from environmental damages as they are 

believed to function as antioxidants in the plants (Aherne and O'Brien, 2002; Sakihama et 

al., 2002). 

Although isoflavonoids are considered broad-spectrum antimicrobials (Dixon and 

Ferreira, 2002), a particular function of genistein and daidzein is to signal to the 

bacterium Bradyrhizobium japonicum to induce nodulation in soybean roots (G. max).  A 

specific nodulation gene (nod) in nitrogen-fixing bacteria codes for a DNA-binding 

flavonoid receptor, NodD.  The plant releases the isoflavone into the soil, where it binds 

to and activates the receptor in the bacterium to regulate nod gene transcription which 

leads to nodulation signaling that the bacterium sends back to the plant.  Specific bacteria 

interact with specific isoflavonoids differently, for example genistein induces nod gene 

transcription in B. japonicum, but inhibits it in Rhizobium leguminasarum. Slight 

structural differences in the compounds such as number of hydroxyls are shown to effect 

host selectivity and effect potency (Baker, 1992).  
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Structure of resveratrol 

Resveratrol (trans-3,4’,5-trihydroxystilbene) (Fig.1.3) is a stilbene, defined by 

two benzene rings connected by a 2-carbon bridge.  In resveratrol’s case, the carbon 

bridge is double-bonded.  The A ring of resveratrol has one hydroxyl group and the B 

ring has two hydroxyl groups.  Resveratrol is synthesized directly from coumaroyl 

CoenzymeA via the shikimate pathway and malonyl CoenzymeA via the malonic acid 

pathway and catalyzed by the enzyme stilbene synthase (el-Mowafy et al., 2002).  As 

with the isoflavones mentioned above, resveratrol is found in plants in glycosylated 

forms.   Resveratrol is naturally found as a trans isomer, its bioactive isoform, though 

light exposure can cause isomerization to the cis isoform (Waterhouse, 2002). 

Function of resveratrol in plants 

Though resveratrol production has been shown to be induced by exposure to UV, 

heavy metals, and ozone, resveratrol is generally known to function as a phytoalexin, its 

synthesis induced for pathogen defense in response to fungi such as Botrytis cinera and 

downy mildew (Plasmopara viticola) (Jeandet et al., 2002; Waterhouse, 2002).  

Resveratrol itself is only considered a mild antifungal, whereas its oligomers called 

viniferins are strong fungicides.  By transforming numerous plants such as tobacco, 

tomato, rice, and barley with the stilbene synthase gene, resistance to a broad range of 

pathogenic fungi has been observed.  The mode of action of stilbenes in fungi is not yet 

established but there is evidence that they may affect morphogenesis.  Studies have 

shown resveratrol to exert cytological abnormalities in the developing germ tube, 

disruption of the plasmamembrane, and altered microtubule formation (Jeandet et al., 

2002).   

Resveratrol was first isolated from the rhizome of Japanese knotweed (Polygonum 

cuspidatum), traditionally used in Chinese medicine for many ailments including breast 
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cancer (Pervaiz, 2003).  Resveratrol is found in numerous edible plants including peanuts 

(Arachis hypogea), mulberry (Morus rubra), and grapes (Vitis Vinifera) (Waterhouse, 

2002).  In grapes, resveratrol is synthesized mainly in the skin where the Botrytis fungus 

attacks.  Due to the use of grape skin in the production of red wine (as opposed to white 

wine), and the natural alcohol extraction of resveratrol during the fermentation process, 

red wine is resveratrol’s most concentrated and commonly consumed dietary product.  A 

gram of grape skin contains 50 to 100 µg of resveratrol, and the normal concentration in 

red wine is in the range of 1.5 to 3 mg/L (Jang et al., 1997), though reports have shown 

variable concentrations from as low as 0.1 mg/L to as much as 10 mg/L (Aggarwal et al., 

2004; Bowers et al., 2000).  The newly discovered potential for resveratrol as a 

prophylactic for cardiovascular health and certain cancers has brought this compound to 

popular attention and has been utilized as an advertising tactic for the wine industry. For 

example, Benton Lane Winery (Monroe, Oregon) boasts that its 2001 Pinot Noir contains 

the highest resveratrol content of any wine analyzed to date (http://www.benton-

lane.com). 

PEs and breast cancer 

Cumulative exposure to the female hormone E2 and related environmental E2-

like compounds (xenoestrogens and PEs) are known to impact breast cancer.  Some E2-

like compounds have been implicated as potential preventatives, while others appear to 

increase breast cancer risk.  It is hypothesized that increased lifetime exposure to E2 may 

be correlated with risk of breast cancer.  “Western” societies have been observed to have 

a younger onset of menarche, longer menstrual cycle lengths, and older onset of 

menopause compared to “Asian” societies, which equates to an increase of lifetime E2 

exposure. Those eating high soy diets have also been shown to have 20-30% less 

circulating plasma E2 concentrations (Setchell and Cassidy, 1999).  Studies have shown 
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that compared to classic “Western diet”, a soy-based “Asian diet” can be correlated with 

a 6-fold risk reduction of developing breast cancer (Bhat et al., 2001a). Components of a 

“Mediterranean diet,” including red wine, have also been shown to have certain health 

benefits including the reduced risk of heart disease (believed to be due to suppression of 

lipid peroxidation, inhibition of platelet aggregation, antioxidant activity, anti-

inflammatory action, and vasorelaxant activities) (Bhat and Pezzuto, 2002) as well as a 

reduced risk of numerous cancer types (Simopoulos, 2004).   

An effective dietary chemopreventive is one that has limited toxicity in normal 

cells, can affect cancer cells at multiple sites and stages, can be taken orally, has a known 

mechanism of action, is available and affordable, and has gained popular acceptance 

(Aziz et al., 2003).  PEs are known to act as agonists or antagonists of E2 and may have 

protective action against some cancers, cardiovascular disease, osteoporosis, as well as 

prevent the undesirable symptoms of menopause (Breithofer et al., 1998; Herrington, 

2000; Wiseman, 2000).  Therefore PEs, especially soy isoflavones, have gained 

increasingly widespread popularity as “natural” alternatives to E2-based HRT.  However, 

the benefits of PEs as preventatives for breast cancer or a substitute for HRT remain 

controversial (Glazier and Bowman, 2001; Messina and Loprinzi, 2001; Kurzer, 2003), 

and this will be discussed in length. The mode of action of estrogenic compounds in 

regulating cell proliferation and tumorigenesis via gene transcription is becoming 

established.  The less understood non-genomic effects of E2 and estrogenic compounds 

may also significantly influence breast carcinogenesis and progression, as well as 

additional women’s health issues, such as menopause, heart disease, and 

neurodegenerative disorders. 

Numerous in vitro studies using PEs in breast cancer cell lines demonstrate that 

their estrogenic or antiestrogenic effects depend on concentration, type of compound, 
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ERα and ERβ status, presence of other estrogenic compounds, as well as growth factors 

and cytokines (Benassayag et al., 2002).  Due to the combination of all these factors, 

assessing the safety and efficacy of these compounds for use as alternatives to HRT or as 

cancer preventives is a complex and daunting task.  To date, few clinical trials have been 

done using genistein, daidzein, or resveratrol, and even fewer are directly relevant to 

breast cancer.  These studies will be discussed later.  Continued cell- and animal-based 

investigations are needed to prompt clinical trials for the more promising compounds. 

Metabolism and Bioavailability of PEs 

When determining the usefulness of dietary constituents in disease prevention, 

one must consider the bioavailability of the compound after metabolism.  In most cases, 

in vitro and many in vivo investigations with PEs use the aglycone form of the 

compound, which is never found in the living plant, but can be found in dietary products 

such as processed soy products (i.e. tofu) and red wine (Williamson and Manach, 2005; 

Manach et al., 2005).   But in vivo studies of urine and plasma post-treatment have 

demonstrated that PEs are altered into numerous conjugates and metabolites that may 

have different biological activity than the pure compound.  For example, the average 

“Asian diet” consists of 35 g of soybean per day, which contains roughly 185 µM 

genistein, mostly in conjugated forms such as sulfates or glucuronides.  The actual 

plasma levels of the aglycone genistein are 1-5 µM after metabolism and excretion 

(Sarkar and Li, 2003).  Though studies have reported physiological concentrations of 

genistein up to 20 µM (Shen et al., 2000). 

An interesting consideration with PE metabolites is exemplified with daidzein.  

The major metabolite of daidzein is equol, which is a significantly more potent E2 

agonist than its parent compound (Sathyamoorthy and Wang, 1997).  Also, equol has the 

ability to specifically bind and inhibit the action of 5 alpha-dihydro-testosterone (a male 
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sex hormone active in the prostate), while daidzein does not (Lephart et al., 2004).  

Therefore, in vitro and in vivo effects can be vastly different and direct comparisons are 

difficult. 

A common argument when debating bioavailability of PEs is that since plasma or 

urine concentrations are rarely higher than 10 µM of the aglycone, investigations using 

higher concentrations in vitro are not useful when considering in vivo effects (Manach et 

al., 2005).  A counter argument to this is that since low µM concentrations of PEs have 

been shown to have biological activity in vitro, and since these concentrations are similar 

to in vivo levels of the compound, one could argue that because in vivo PEs are taken 

often and their levels may build up, these low concentrations over long durations in vivo 

should be compared to high concentrations for short periods in vitro (Li et al., 1999c).   

This is an interesting point to consider since it is still unknown what the actual 

concentrations of these compounds are at their sites of action in tissues that express ERs 

(i.e. breast, uterus, bone, brain tissue, etc.).  As is well known, some cell types are more 

receptive to an E2-like compound than others. For example, a greater uptake of 

resveratrol has been shown in liver cancer cells than in colorectal cancer cells (Latruffe et 

al., 2002). Another justification for administering high doses of a compound to evaluate 

its therapeutic potential is that chemical carcinogens are generally used in high 

concentrations in the laboratory to induce tumors in animal models (Bhat et al., 2001a).   

Ultimately, in vitro and even in vivo animal experiments are limited by design, and only 

well developed clinical trials can give a definitive answer to the metabolism issue. 

PEs as Antioxidants   

Antioxidants protect cells from the damaging effects that reactive oxygen species 

(ROS) can have on DNA, proteins, and lipids by scavenging free radicals.  All PEs are 

antioxidants to some degree because of their shared chemical structure (though not all 
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antioxidants are PEs).  PEs are “chain-breaking” antioxidants which attack preformed 

ROS rather than inhibiting the initial reaction that produces a ROS.  There are two 

mechanisms by which PEs act as antioxidants: H-atom transfer and/or single-electron 

transfer.  The polyphenolic structure of PEs allows for the donation of a H-atom or 

transfer of an electron to quench a reactive free radical (such as a peroxyl radical). By 

donating an H-atom or transferring an electron from a hydroxyl group, the polyphenolic 

compound is then itself turned into a free radical, albeit with very low reactivity.  This 

low reactivity is due to the continual resonance of the radical throughout the polyphenolic 

structure so that it stays within the compound and does not react with and damage other 

compounds.  The antioxidant must have enough reducing power to react with the ROS, 

yet be too weak to initiate reductive reactions of its own.  Eventually the resonating free 

radical species will react safely with another phenolic compound, ending in a quenching 

reaction (Wright et al., 2001; Buettner, 1993). 

Some of the disease preventative effects of soy PEs like genistein and daidzein 

and red wine PEs like resveratrol have been attributed to their antioxidant properties.  

Among these are the protective effects against oxidation of low density lipoproteins, 

modulation of nitric oxide synthase activity, and inhibition of platelet aggregation (Bhat 

et al., 2001b; Perez et al., 2002; Lichtenstein, 1998). 

However, at least theoretically, all antioxidants have the potential to act as pro-

oxidants. For example, in a study of the antioxidant effects of daidzein in hepatoma cells, 

the compound actually demonstrated low oxidative stress on the cells (Rohrdanz et al., 

2002), introducing another factor to the promotion/prevention conundrum for PEs in their 

safety and efficacy as cancer therapeutics. 
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GENISTEIN/DAIDZEIN AND BREAST CANCER   

Interest in soy PEs have been fueled by observational studies that demonstrate a 

lower incidence of menopausal symptoms, osteoporosis, cardiovascular disease, and 

breast and endometrial cancers in Asian women who have a diet rich in soy products 

(Murkies et al., 2000).  Isoflavones, like genistein and daidzein, are present in high 

quantities in common dietary and herbal supplements such as soybean and red clover 

(Liu et al., 2001; Adlercreutz, 2002a).  Genistein and daidzein bind to and activate both 

ERα and ERβ, though both PEs have been shown to bind preferentially to ERβ (Mueller 

et al., 2004; Kuiper et al., 1998; Barkhem et al., 1998; Lamartiniere et al., 2002).  

Genistein binds to both ERs with a higher affinity than daidzein.  Compared to E2, 

genistein binds ERα at 4% and ERβ at 87%, while daidzein binds ERα at 0.1% and ERβ 

at 0.5%.  Otherwise stated, genistein competes with E2 at an IC50 of 0.3 ± 0.2 µM for 

ERα and 15 ± 7.0 nM for ERβ  (Kuiper et al., 1998; Mueller et al., 2004).  Though 

genistein is roughly 1000-times less potent than E2 at binding ERα, the plasma 

concentrations of moderate soy consumers is roughly 1000-fold higher than peak 

endogenous levels of the hormone E2.  Therefore, these compounds can be consumed in 

high enough amounts to compete with E2 (Bhat et al., 2001a).  

All PEs have a similar enough chemical structure to E2 to be able to bind ER, 

though with lower binding affinities.  It is believed that genistein and daidzein are 

capable of binding ER due to the similar molecular distances (11.5 Angstroms) between 

the 4’ and 7 hydroxyl groups of genistein and 3’ and 17 hydroxyl groups of E2 at the far 

ends of their structures (see Fig.1.3) (Park and Surh, 2004).  Interestingly, computer 

model studies of genistein binding to ER show a differential favored binding position for 

each ER isoform.  When binding to ERα, the A-ring of genistein (the phenolic ring with 

2 hydroxyls that is condensed to the C ring) favors the orientation of the A-ring of E2 
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(also condensed to a 6C ring).  With ERβ, on the other hand, genistein favors the 

opposite positioning with its phenolic ring (B) orienting with the ring A of E2.  These 

orientation differences and the effects they have on the conformation of the ligand-

binding domain of ER may help explain the agonist/antagonist conundrum with genistein, 

where genistein acts as a full agonist with ERα but a partial agonist/antagonist with ERβ 

(van Lipzig et al., 2004; Pike et al., 1999). 

Soy PEs may affect cancer cells due to their effects on growth and differentiation, 

cell cycle progression, and apoptosis, as well as having antioxidant and anti-angiogenic 

properties (Sarkar and Li, 2003).  Genistein can also affect cellular function via inhibition 

of aromatase (converts androgens to E2) which lowers overall E2 levels and negatively 

affects proliferation of breast cancer cells (Brooks and Thompson, 2005).  While E2 can 

increase expression of ERα, genistein and daidzein have been observed to down-regulate 

ERα mRNA and receptor levels (Maggiolini et al., 2001; Wang et al., 1996; 

Sathyamoorthy and Wang, 1997).  Genistein is also a known tyrosine kinase inhibitor at 

high concentrations (above 50 µM), which allows it the potential to negatively affect 

many signaling pathways including growth factor signaling (Dixon and Ferreira, 2002). 

Genistein can bind ATP sites of kinases to inactivate them, and this lack of selectivity 

makes it a good general tyrosine kinase inhibitor (Williams et al., 2004; Polkowski and 

Mazurek, 2000).  In contrast, treatment with E2 in mice increased tyrosine 

phosphorylated EGFR in mammary tissue (Nilsson et al., 2001).  Genistein also 

modulates the activity of topoisomerase II (an enzyme responsible for causing double-

stranded DNA breaks), TGF-β signaling cascades, as well as EGF and EGFR levels (Kim 

et al., 1998; Barnes et al., 2000; Polkowski and Mazurek, 2000).  
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Genistein/Daidzein effects on cell proliferation/cell cycle progression 

The ability of genistein to affect cancer cell growth has been tested in numerous 

types of cancer in vitro.  Breast, prostate, lung, and head and neck cancer cells have all 

been shown to be growth inhibited by 5-50 µM genistein regardless of ER, androgen 

receptor (AR), or p53 status (a cell cycle regulatory gene and tumor suppressor that is 

often missing in malignant cancers) (Sarkar and Li, 2003). In the ERα (-) β (+) human 

breast cancer cell line MDA-MB-468, genistein exerted a concentration dependent 

inhibition on cell growth from 24-72 hours, where 50% inhibition was observed at 10 µM 

and 90% at 100 µM (Balabhadrapathruni et al., 2000).  

In addition to inhibiting cell growth by blocking ER, genistein has also been 

shown to block growth factor- and cytokine-stimulated proliferation of cells.  It is argued 

that the effects of high concentrations of genistein on breast cancer cells may be due to its 

action as a tyrosine kinase inhibitor (Barnes et al., 2000; Polkowski and Mazurek, 2000; 

Sudbeck et al., 2002; Shao et al., 2000).  However, daidzein, which does not act as a 

tyrosine kinase inhibitor, has likewise been shown to inhibit cancer cell growth (Totta et 

al., 2005).  Also, the anti-proliferative effect of genistein has been shown to be uncoupled 

from its effect as a tyrosine kinase inhibitor and suggested to be via modulation of TGF-β 

signaling (Peterson, 1995; Kim et al., 1998).   

Like some other PEs, genistein and daidzein have both been shown to exert a 

biphasic effect on breast cancer cells and tumors, where growth was stimulated at low 

concentrations (0.1-10 µM) and inhibited at high concentrations (20-100 µM) (Wang and 

Kurzer, 1997; Miodini et al., 1999; Ju et al., 2001; Sathyamoorthy and Wang, 1997).  

Similarly, genistein at low concentrations was shown to block the antiestrogenic effects 

of the breast cancer therapeutic tamoxifen, but enhance it at high concentrations (de 

Lemos, 2001; Liu et al., 2005).  While this biphasic effect seems to be the case with 
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many ER (+) breast cancer cells, ER (-) cells are often shown to be inhibited by both high 

and low concentrations (Balabhadrapathruni et al., 2000), though this may not necessarily 

be an ER-independent mechanism since many ERα (-) β (+) cells are reported to as “ER 

(-)”.  

The cell cycle is often dysregulated during cancer progression to promote cell 

proliferation via changes in the expression and/or activity of cell cycle regulators (e.g. 

cyclins, cyclin dependent kinases (cdks), and cdk inhibitors (cdkIs)) at the G1/S 

(gap1/synthesis) and  G2/M (gap2/mitosis) phase transitions (Pozo-Guisado et al., 2002). 

Therefore, a mechanism by which PEs negatively affect cancer cell proliferation is 

through modulation of cell cycle regulators to result in cell cycle arrest.  Genistein has 

been demonstrated to induce G2/M arrest in ERαβ (-) MDA-MB 435 and ERα (−) ER β 

(+) MDA-MB-231 and  MDA-MB-468 breast cancer cell lines by specifically 

downregulating expression of cyclin B (a promoter of G2/M transition) and increasing 

expression of cdkI p21, a negative regulator of cyclin B/cdk activity (Li et al., 1999b; Li 

et al., 1999c; Balabhadrapathruni et al., 2000; Xu and Loo, 2001). G2/M phase arrest and 

increased expression of p21 have also been attributed to genistein’s anti-proliferative 

effects in other cancer cells such as prostate (Shen et al., 2000) and leukemia (Spinozzi et 

al., 1994). It should be noted that G2/M arrest was also shown for the normal breast 

epithelial cell line MCF10A after treatment with genistein, though the cancer cells were 

more greatly affected (Upadhyay et al., 2001). 

Genistein/Daidzein effects on apoptosis  

The transcription factor p53 and p21 are tumor suppressors involved in cell cycle 

regulation and apoptosis. p53 can up-regulate the expression of the pro-apoptotic protein 

Bax which down-regulates the levels of the survival factor Bcl-2.  When Bax activity is 

induced, it causes the release of cytochrome C from the mitochondrial membrane, while 
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Bcl-2 activity suppresses this apoptotic signaling event. The Bax and Bcl-2 proteins are 

highly homologous and Bax can form heterodimers with Bcl-2, thus disabling its anti-

apoptotic behavior.  p53 can also induce p21 expression to inhibit cdk’s and cause cell 

cycle arrest.  Cells that are arrested prior to mitosis are marked for apoptosis. Therefore 

affects on these genes are very important to the cell cycle progression and apoptosis 

processes, both of which ultimately affect cancer cell proliferation (Sarkar and Li, 2003). 

Genistein is known to cause apoptosis in both ERαβ (+), ERα (-) β (+), as well as 

ERαβ (-) breast cancer cells (Li et al., 1999b).  In ER (+) MCF7 cells, genistein at 50 µM 

caused apoptosis after 48 hours exposure.  This apoptosis was associated with poly ADP-

ribose polymerase (PARP) cleavage and an increase in p53 and p21 expression without 

affecting Bax and Bcl-2 levels (Xu and Loo, 2001). However, other reports have shown 

the Bax:Bcl-2 ratio to be affected by genistein in this cell line (Sarkar and Li, 2003).  

Genistein also induced apoptosis in the low metastatic ERα (-) β (+) MDA-MB-231 cell 

line.   PARP cleavage and increased p21 expression were also shown to occur, similar to 

the ER (+) MCF7 cells, but in a p53-independent manner since MDA-MB-231s have a 

non-functional mutant p53 gene (Xu and Loo, 2001).  Also different than the MCF7s, 

genistein-treated MDA-MB-231s showed a down-regulation of Bcl-2 and an up-

regulation of Bax (Li et al., 1999c).  As with the other breast cancer cells described, the 

ERβ (+) cell line MDA-MB-468 showed a concentration-dependent (µM) induction of 

apoptosis at 24 hours after genistein treatment (Balabhadrapathruni et al., 2000). 

The general concern with pro-apoptotic agents, when assessing their safety or 

usefulness in disease prevention, is whether they also cause apoptosis in normal cells. 

Genistein at mid to high concentrations has been shown to induce apoptosis in vitro in 

primary cortical neurons (Linford et al., 2001).  In the same study, daidzein did not exert 

a similar pro-apoptotic effect on these cells. While genistein has been reported to be 
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genotoxic at concentrations between 25-100 µM, causing DNA strand breaks and 

chromosomal aberrations in both normal and cancer calls, daidzein has shown no 

genotoxic effects or only weak effects at higher concentrations (Lehmann et al., 2005).  

Similarly, above-physiological concentrations of daidzein were not shown to be toxic nor 

affect fertility in female rats (though it was also shown not to inhibit chemical-induced 

breast cancer) (Lamartiniere et al., 2002). To add to the controversy, genistein was also 

not shown to be toxic or affect the reproductive health of rats (Flynn et al., 2000).  

Potential negative effects such as those of genistein on normal cells raise concerns about 

the use of the compound in chemoprevention or therapy.     

Genistein/Daidzein effects on cell invasion/metastasis  

Most studies on PE action in breast cancer have focused on their relevance to 

prevention of the onset of breast cancer, though some studies show that PEs also have 

effects on cancer progression. Genistein was shown to inhibit invasion of breast cancer 

cells in vitro including EGF-dependent invasion in ERα (-) β (+) human breast carcinoma 

lines MDA-MB-231 and MDA-MB-468 (Shao et al., 1998).  The inhibition of these 

actions for both genistein and daidzein were shown to be mediated by the inhibition of 

the transcription factors nuclear factor-kappa B (NFκB) and AP1 (Valachovicova et al., 

2004). Genistein at low to mid µM concentrations (IC50 of 1 µM) exhibited an inhibitory 

effect on invasion through Matrigel in a high metastatic mouse breast cancer cell line.  At 

the same concentrations, daidzein showed little effect and only inhibited invasion at 370 

µM, though this effect (at an extremely high concentration) seemed to be due to reduced 

cell growth (Scholar and Toews, 1994).  It should be considered that most of these 

studies monitored long-term exposure of genistein and daidzein (more than 24 hours) and 

thus reflects their effects on down-regulation of genes involved in invasion (Li and 

Sarkar, 2002).   
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Genistein may inhibit invasion by regulating EGFR-mediated activity of MMPs 

(Cao et al., 2002).  Overexpression of EGFR family proteins have been correlated with 

increased MMP activity, which is important in tumor cell invasion and metastasis (Tan et 

al., 1997).  The degradation of specific ECM components by specific MMPs allows 

invading cells to maneuver through the ECM to distant sites.  Genistein-treated 

pancreatic cancer cells have been shown to respond by down-regulated expression of 

MMP-9 (Mohammad et al., 2005).  Similarly, in metastatic MDA-MB-231 breast cancer 

cells, inhibition of EGF-stimulated invasion by genistein and daidzein has been correlated 

with decreased MMP-9 expression (Magee et al., 2004; Shao et al., 1998). 

In vitro studies, like those described, imply that in vivo actions of soy PEs may 

extend beyond the actions involved in cancer initiation and promotion.  Genistein may act 

in vivo by affecting late stages of breast cancer progression such as invasion and 

metastasis.  Recent data indicate that genistein inhibits invasive and metastatic properties 

in vivo in Lewis lung carcinoma cells (Wietrzyk et al., 2000). Another lung cancer model 

showed that, while genistein decreased metastatic markers and increased life expectancy 

of tumor-bearing mice, daidzein had no effect (Menon et al., 1998).  A study using a soy 

isoflavone supplement that contained genistein, daidzein, and their glucosides also 

reported a decrease in lung metastasis at concentrations as low as 0.3-2.4 µM (per 

mouse/day) (Li et al., 1999a). Conversely, other studies demonstrate increased tumor 

growth and lung metastasis upon administration of soybean extracts (Charland et al., 

1998).  

Though there are quite a bit of epidemiological data regarding soy PEs in human 

health, there are few clinical trials to date relevant to breast cancer using soy PEs.  One 

trial, which supplemented soy to premenopausal women for 14 days, showed an increase 

in genistein and daidzein in serum in conjunction with increased proliferation of normal 
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breast lobular epithelial cells (Michael-Phillips et al., 1998).  Interestingly, the same 

group in a similar study later found no effect on normal breast cell proliferation 

(Hargreaves et al., 1999). While HRT has been shown to increase mammographic breast 

density (an indication of increased risk of breast cancer) a year-long isoflavone 

supplement study showed no increase in breast density. The study also showed though 

that there was no effect on endogenous E2 levels or menopausal symptoms (Atkinson et 

al., 2004).  However, a 12-week study of premenopausal women showed isoflavone 

intake to decrease E2 levels and increase menstrual cycle length, indicating a potential 

preventative role for these compounds in breast cancer (Atkinson et al., 2004). 

Due to lack of relevant information, the increased use of PEs in human diet does 

not consider non-genomic modes of phytoestrogenic action at the cellular and molecular 

level and thus, more studies need to be conducted prior to random clinical trials of soy PE 

therapy.  Our published data using both ERα (+) and (-) human breast cancer cells 

demonstrate a role for genistein and daidzein in rapid alteration of the actin cytoskeleton 

and activation of FAK and Akt, signaling proteins implicated in cell survival and directed 

cell migration, and thus in cancer metastasis (Brownson et al., 2002; Azios and 

Dharmawardhane, 2005a).   

 

RESVERATROL AND BREAST CANCER   

Resveratrol, a PE present in peanuts, mulberry, grapes, and red wine, has been 

extensively studied for its beneficial health effects and has been shown to affect an array 

of cancer types. Resveratrol is becoming widely recognized as an anti-cancer agent and is 

considered to be therapeutic due to its antioxidant, anti-proliferative, pro-apoptotic, 

anti-invasive, and anti-angiogenic properties (Dorai and Aggarwal, 2004; Signorelli and 

Ghidoni, 2005). Resveratrol is also known to inhibit cyclooxygenase (COX) expression 
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and activity, which catalyzes the conversion of arachidonic acid to pro-inflammatory 

substances that can stimulate tumor growth and modulate immune response (Martin et al., 

2004; Szewczuk et al., 2004; Banerjee et al., 2002).  Resveratrol has been shown to affect 

all three stages of cancer by inhibiting initiation, growth promotion, and progression in 

cell and animal models, making this compound a particularly appealing candidate for 

breast cancer therapy (Jang et al., 1997; Le Corre et al., 2005).  

The stilbene resveratrol is structurally similar to the synthetic E2 super-agonist 

diethylstilbestrol (DES).  Resveratrol binds to and activates ERα and ERβ to exert both 

estrogenic and antiestrogenic effects (Bhat et al., 2001b; Soleas et al., 2002; Basly et al., 

2000; Mueller et al., 2004). Using an array of breast cancer cells that express ERα, it was 

demonstrated that resveratrol could act as a mixed ER agonist/antagonist depending on 

concentration and whether the cells were treated in combination with E2.  In general, 

resveratrol acted as a pure antagonist in vitro when combined with E2, as well as in vivo 

by inhibiting chemical-induced mammary tumorigenesis in rats (Bhat et al., 2001a).   It 

has been observed though, that resveratrol acts as an agonist in ERα expressing cells and 

tissues, but as an antagonist in ERβ expressing cells (Bowers et al., 2000).  This may be 

correlated with the observation in endometrial cancer cells that resveratrol down-

regulated ERα but not ERβ (Bhat and Pezzuto, 2001). While the hormone E2 has been 

shown to induce ER expression, resveratrol has been shown to inhibit ER expression, yet 

another way in which the resveratrol may act as an antiestrogen (Freyberger et al., 2001). 

While the isoflavonoid genistein binds ERβ preferentially (Kuiper et al., 1998; 

Barkhem et al., 1998), resveratrol binds both ERα and ERβ with similar binding 

affinities, and thus exhibits a slightly different ER activity profile than isoflavones 

(Benassayag et al., 2002).  In binding competition studies, resveratrol has been shown to 

compete with E2 for ER at an IC50 of 8-60 µM for ERα and 30-130 µM for ERβ 
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(Mueller et al., 2004; Bowers et al., 2000).  This is roughly a 7000-fold lower affinity for 

ER than E2 has for the receptor. It has been estimated that a moderate red wine drinker 

could consume up to 2.5 µM trans-resveratrol daily.  After ingestion, metabolism, and 

conjugation of this amount, serum levels of resveratrol have still been shown to be within 

bioactive levels (Bowers et al., 2000).  Therefore, it is feasible that red wine as a dietary 

constituent could affect cellular activity. 

Using the ER super-agonist DES for structural comparison, a computer model 

study of resveratrol binding to ERα shows only one favorable position for effective 

ligand interaction and recognition (there are four possible orientations with regard to 

phenol ring placement and rotation of the stilbenic bond).  In this preferred position, the 

A-ring containing one hydroxyl group at the 4-carbon position of resveratrol matches the 

same hydroxyl group and stilbenic bond position of DES.  But surprisingly, resveratrol 

engages in 6 hydrogen-bonding networks with ER pocket amino acid residues compared 

to only 3 for DES.  This bonding pattern for DES is comparable to that of E2-ER binding 

patterns.  These differential binding patterns between resveratrol, DES, and E2 may 

explain resveratrol’s mixed agonist/antagonist activity with ER (el-Mowafy et al., 2002).   

To date, a similar study has not been conducted for resveratrol and ERβ, but due to the 

high homology of the ligand-binding domains of the two receptor isoforms and the 

similar binding affinities of resveratrol to both isoforms, one could hypothesize a similar 

binding pattern to that observed with ERα.   

There are other hypotheses as to why resveratrol exerts mixed agonist/antagonist 

effects on a variety of cells.  One relates to ERβ’s ability to dominantly regulate ERα in 

an active heterodimer.  Since numerous cancer cells may express ERβ more than ERα, 

resveratrol may be binding to ERβ, and causing the ERβ/ERα heterodimer to affect the 

activity of the AP1 transcription factor differently than the ERα homodimer (Bhat et al., 
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2001a).  Alternatively, resveratrol has been shown to have a differential impact on gene 

activity depending on different ERE sequences on the gene in combination with ER 

isoform status (Bowers et al., 2000).    

Ultimately, resveratrol’s role as a safe/effective SERM remains controversial.  For 

example, while resveratrol has been shown to act as a super-agonist for ER in the MCF7 

breast cancer cell line, other reports have demonstrated antagonist activity in the same 

line.  Likewise, the binding affinity of resveratrol for ER varies widely between studies 

and can often be inconsistent in the same cell lines or tissues (Bhat et al., 2001a).   

Resveratrol effects on cell proliferation/cell cycle progression  

Resveratrol has been shown to inhibit growth and proliferation of cancers of 

different origins including prostrate, leukemia, melanoma, colon, hepatoblastoma, and 

breast (Larrosa et al., 2003; Bernhard et al., 2000; Latruffe et al., 2002; Hsieh and Wu, 

1999; Damianaki et al., 2000). The anti-proliferative activity of resveratrol is thought to 

be mediated through signaling by MAPK pathways (i.e. ERKs, JNKs, and p38 MAPK) 

(She et al., 2001; She et al., 2002; Shih et al., 2002).  In prostate cancer cells, resveratrol 

was recently shown to inhibit EGFR- or phorbol myristic acid (PMA)-induced MAPK 

activity (Stewart and O'Brian, 2004).  Moreover, resveratrol inhibits chemical- or UV-

induced activity of the AP-1 transcription factor by inhibition of Src and MAPK 

pathways (Kong et al., 2001). These effects may be concentration dependent though 

because another study demonstrated that lower concentrations of resveratrol increased 

while higher concentrations (100 µM) decreased ERK activity in prostate cancer cell 

lines (Gao et al., 2004).  As with genistein, daidzein, and other PEs, resveratrol is known 

to exert biphasic effects such as these.   

Resveratrol has also been shown to affect cancer cell proliferation via other 

signaling pathways.  In ERαβ (+) MCF7 breast cancer cells, resveratrol treatment as low 
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as 0.1 µM reduced the expression of mRNA of autocrine growth factor stimulators TGF-

α and insulin-like growth factor I (IGF-I), and increased the expression of mRNA of 

growth inhibitor TGF-β (Serrero and Lu, 2001). 

Though resveratrol has been shown to inhibit growth and proliferation in ER (+) 

and (-) breast cancer cells, the effects are still controversial.  Recent reports have 

demonstrated an anti-proliferative effect of resveratrol in ERαβ (+) MCF-7 but not in 

ERα (-) β (+) MDA-MB-231 human breast cancer cells (Pozo-Guisado et al., 2002).  

However, other reports reveal that resveratrol can inhibit cell growth and proliferation in 

both ERα (+) and (-) breast cancer cells suggesting that resveratrol may exert anti-

proliferative effects via ERβ as well as ERα, or in an ER-independent manner 

(Damianaki et al., 2000; Lu and Serrero, 1999; Hsieh et al., 1999).  Yet, some reports do 

show opposing results to these anti-proliferative effects.  In one study, resveratrol 

increased proliferation in both MCF7 and T47D ERαβ (+) human breast cancer cells 

(Monthakantirat et al., 2005), and in another resveratrol stimulated growth of T47D cells 

and this stimulation was blocked by ICI 182,780, an ER inhibitor (Gehm et al., 1997).   

Resveratrol was also found to have a biphasic effect on cell proliferation, stimulating 

growth at low concentrations (4-20 µM) in ER (+) breast cancer cells, and inhibiting 

growth of ER (+) and (-) cells at higher concentrations (above 40 µM) (Nakagawa et al., 

2001). 

Moreover, whether or not the in vitro effects of resveratrol extend to in vivo 

effects is in contention. While resveratrol was demonstrated in vitro to inhibit 

proliferation completely at 30 µM after 3 days in mouse breast cancer cells, resveratrol 

had no effect on tumor growth induced by the same cell line in vivo (Bove et al., 2002).   

However, there are numerous reports where resveratrol does inhibit tumor growth in 

animal models.  In one of the quintessential reports on resveratrol, Jang et al (1997) 
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showed that resveratrol reduced skin tumor number in a dose-dependent manner (up to 

98% reduction at 25 µM resveratrol) using 7,12-dimethylbenz[a]anthracene (DMBA) as a 

tumor initiator and tumor promoting agent (TPA) as a tumor promoter.  Similarly, in a 

breast cancer model, DMBA-induced mammary tumors were reduced by resveratrol and 

a concomitant down-regulation of NFκB was observed, a transcription factor whose 

constitutive expression has been shown to be essential for proliferation in some cells 

(Banerjee et al., 2002; Bhat et al., 2001a).  The anti-proliferation ability of resveratrol is 

problematic though since the compound has been shown on occasion to also negatively 

regulate the growth of normal mammary epithelial cells as well as breast cancer cells 

(Mgbonyebi et al., 1998). 

Resveratrol has been demonstrated to affect the cell cycle of normal cells. In 

vascular smooth muscle cells, resveratrol decreased p21 and p27 levels but increased p53 

phosphorylation, and thus p53 activity, to result in growth arrest in a mechanism 

predicted to reduce the risk of heart disease (Haider et al., 2003).  Resveratrol has also 

been shown to affect cell cycle in numerous cancer cell models, though the cell cycle 

phase and regulators affected by resveratrol appear to be concentration dependent and 

cell specific.  Resveratrol has been shown to halt cell cycle progression at the transition 

from S/G2 in liver and colon cancer cells, thus preventing mitosis (Granados-Soto, 2003; 

Latruffe et al., 2002).  In rat hepatoma tumors, the decrease in tumor growth by 

resveratrol was associated with G2/M phase arrest (Aziz et al., 2003), again disallowing 

the cells to go through mitosis.  In a human lung carcinoma model, resveratrol treatment 

resulted in a concentration-dependent S phase arrest in conjunction with the 

transcriptional up-regulation of the cdkI p21 (Kim et al., 2003a).  With human prostate 

cancer cells, a receptor-dependent cell cycle arrest was observed where AR (-) cell lines 
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were interrupted in G1/S but no effect was had on an AR (+) cell line (Hsieh and Wu, 

1999). 

In a mouse skin cancer model using UVB exposure to elicit molecular responses 

involved in cell cycle regulation, topical application of 10 µM resveratrol was shown to 

down-regulate the expression level of UVB-induced proteins.  Resveratrol inhibited the 

up-regulation of cdks 2, 4, and 6, cyclin D1 and D2, and increased the expression of cdkI 

p21.  Resveratrol also reversed the increased expression of MAPK family proteins by 

UVB, revealing another example of its affect on MAPK signaling in cancer cell 

proliferation (Aziz et al., 2003).  A study on prostate cancer cells revealed similar cell 

cycle targets as resveratrol down-regulated cyclin D and cdk 4, inhibited cyclin E and cdk 

2 activity, and induced p21 (Kim et al., 2003b). 

Studies on resveratrol-induced breast cancer cell cycle arrest have also been 

inconsistent, though tend to side with G1/S phase arrest. In a study investigating an array 

of cancer cells including neuroblastoma, melanoma, pancreatic carcinoma, prostate 

carcinoma, and in MCF7 breast carcinoma, all cell lines underwent G1/S arrest in 

response to resveratrol (Fulda and Debatin, 2004).   A study by Pozo-Guisado (2002) 

exemplifies the cell-type specificity of cell cycle regulation by resveratrol in breast 

cancer.  Though resveratrol treatment at 50 and 150 µM reduced cell viability in both 

MCF7s (ERαβ (+)) and MDA-MB-231s (ERα (-) β (+)) via inhibition of cell 

proliferation, the effects on cell cycle regulation and regulatory proteins were very 

different. While 50 µM resveratrol induced S phase arrest of MCF7 cells, resveratrol did 

not greatly affect cell cycle distribution in MDA-MB-231s, even at 150 µM.  Resveratrol 

increased the expression of positive G1/S cell cycle regulators cyclin D1, cdk 4, and 

cyclin E in MCF7 cells.  In MDA-MB-231s, on the other hand, these same proteins were 

inhibited.  Resveratrol had a biphasic effect on the expression of positive G2/M cell cycle 
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regulators Cdc 2 and cyclin B1 in MCF7 cells. Resveratrol treatment of MCF7 breast 

cancer cells led to increased expression of cdkIs p21 and p27 and the tumor suppressor 

p53, but not in MDA-MB-231s.  It is clear that resveratrol effects on cell cycle regulation 

are complex and must be evaluated for each cell type. 

Resveratrol effects on apoptosis  

Resveratrol-mediated p53 phosphorylation has been shown to activate caspases 

and promote apoptosis in a number of cancer cell lines including liver, prostate, colon, 

and breast (Lin et al., 2002; Kuo et al., 2002; Delmas et al., 2003; Kim et al., 2003b). The 

induction of p38, ERK1/2, and JNK by resveratrol via MAPK-mediated p53 activation 

has been implicated in inhibition of cell cycle progression and initiation of apoptotic 

pathways as well (She et al., 2001; She et al., 2002; Shih et al., 2002).  Mitochondrial-

mediated apoptosis induced by resveratrol has been exhibited in many in vitro cancer 

models such as leukemia, breast, colon, lung, and endometrial where Bcl-2 expression is 

decreased and/or with Bax levels being increased (Aggarwal et al., 2004). Recently, the 

apoptosis-inducing activity of resveratrol was also implicated in a novel mitochondrial 

pathway controlled by Bcl-2, where caspases 9, 2, 3 and 6 are activated, but cytochrome 

c is not released into the cytosol (Tinhofer et al., 2001).  

In breast cancer, a role for p53 in resveratrol-mediated apoptosis has been elusive.  

In ERαβ (+) MCF-7 and T47D human breast cancer cell lines, resveratrol induced 

apoptosis via elevated p53 and p21 expression (Pozo-Guisado et al., 2002).  However, in 

MCF7 cells, E2 exposure was shown to block the p53-dependent induction of apoptosis 

by resveratrol (Zhang et al., 2004a). In a contradictory report, others have shown that 0.1-

100 µM resveratrol had no effect on p53 expression in the same ERαβ (+) cell lines, nor 

in ERα (-) β (+) breast cancer cells (Soleas et al., 2001).  Similarly, Pozo-Guisado et al 

(2002) reported the result that resveratrol did not induce apoptosis nor affect p53 or p21 
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levels in the ERα (-) β (+) MDA-MB-231 cells, even at concentrations as high as 200 

µM, though conflicting studies have reported the opposite (Garvin et al., 2006; Scarlatti 

et al., 2003).   

Resveratrol can also control cellular death responses via alternative signaling 

pathways. Resveratrol was recently shown to affect apoptosis by inducing the 

accumulation of the lipid ceramide via de novo synthesis, causing the breakdown of 

sphingolipids, as well as by redistribution of the pro-apoptotic Fas receptor on the PM 

(Delmas et al., 2003; Scarlatti et al., 2003).  Fas is a caspase-8-dependent death receptor 

that mediates apoptosis signaling separate from a caspase-9-dependent mitochondrial 

mechanism (Aggarwal et al., 2004).  Resveratrol was shown to mediate apoptosis via the 

increased expression of Fas in T47D breast cancer cells, while normal cells were not 

affected (Clement et al., 1998).  Recent data have also demonstrated that resveratrol can 

inhibit PMA-induced PKC and JNK activation, thus implicating resveratrol in membrane 

phosphoinositide signaling (Woo et al., 2004).  This signaling pathway includes the non-

genomic activation of the anti-apoptotic protein Akt which the Dharmawardhane lab and 

others have shown to be affected by µM concentrations of resveratrol (Brownson et al., 

2002; Pozo-Guisado et al., 2004).   

Interestingly, recent literature has implicated resveratrol in anti-aging signaling as 

well. SIRT1, a human deacetylase that promotes cell survival by negatively regulating the 

p53 tumor suppressor has been shown to be activated by resveratrol (Wood et al., 2004).  

However, this pathway has only been investigated in Saccharomyces cerevisiae, 

Caenorhabditis elegans, and Drosophila melanogaster and may not be relevant for 

cancer cells where resveratrol has a well-established role as a pro-apoptotic anti-cancer 

agent.  
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Resveratrol effects on invasion/metastasis 

Resveratrol has been demonstrated to reduce metastasis in mice with hepatoma 

(Miura et al., 2003) and Lewis lung carcinoma tumors (Kimura and Okuda, 2001).  This 

report also demonstrated resveratrol’s ability to inhibit neovascularization in vivo and 

inhibit capillary-like networks of human umbilical vein endothelial cells (HUVEC) in 

vitro.  These anti-angiogenic properties of resveratrol have been predicted to contribute to 

prevention of cancer metastasis as well (Cao et al., 2002).  Resveratrol has also been 

shown to exert a greater inhibitory effect on growth and cell cycle transition on the highly 

invasive MDA-MB-435 breast carcinoma cells than on less invasive MCF7s, suggesting 

an additional role for resveratrol in suppression of breast cancer cell malignancy (Lu and 

Serrero, 1999; Hsieh et al., 1999).  

There are limited reports on the direct effects of resveratrol in breast cancer 

invasion and metastasis.  As reported by us and described in this dissertation, resveratrol 

at 50 µM inhibits migration and invasion of MDA-MB-231 metastatic breast cancer cells 

(see Chapters 3 and 4) (Azios and Dharmawardhane, 2005b).  In one report using the 

same ERα (-) β (+) MDA-MB-231 cell line, resveratrol did not affect invasion of the 

cancer cells on its own, but did inhibit the carcinogen (benzo(a)pyrene)-induced invasion 

of the these cells at 1 µM (Miller et al., 2005).  However, in ERαβ (+) MCF7 breast 

cancer cells resveratrol dose-dependently (40 µM half-maximal, 100 µM maximal) 

inhibited E2-induced invasion using fibronectin/collagen I for the ECM (Rodrigue et al., 

2005).   Another report using the ERαβ (+) mouse breast cancer line 4T1 showed that, 

while resveratrol inhibited growth in vitro, it did not affect growth or metastasis to the 

lung in vivo (Bove et al., 2002).  However, in another in vivo experiment, DMBA-

induced mammary tumors in rats were shown to be reduced by resveratrol and correlated 

with the down-regulation of NFκB, COX-2, and MMP-9, all known factors involved in 
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the metastatic process (Banerjee et al., 2002).  Similarly, in vitro experiments with 

cervical cancer cells showed resveratrol-mediated inhibition of PMA-induced MMP-9 via 

NFκB (Woo et al., 2004).  In liver myofibroblasts, resveratrol inhibited the expression of 

the ECM component collagen I and reduced secretion of MMP-2 (Godichaud et al., 

2000). MMPs are particularly important factors in invasion as they are key enzymes for 

degrading ECM components as the cell moves through the extracellular environment. In 

contrast to these anti-invasion and metastasis properties, one report showed resveratrol to 

up-regulate the expression of cathepsin D, an E2-regulated protease implicated in 

promoting invasion (Hsieh et al., 1999). 

Though the role of resveratrol in inhibition of cancer initiation is becoming more 

established, the mechanism(s) by which resveratrol may act to prevent cancer metastasis 

remain(s) to be investigated.  Data presented in this dissertation using both ERα (+) and 

(-) human breast cancer cells demonstrate a role for resveratrol in rapid modulation of the 

actin cytoskeleton and related signaling proteins Rac and Cdc42 (see Chapter 4).  We 

have also shown resveratrol to affect FAK and Akt, signaling proteins implicated in cell 

proliferation, survival, and motility, and therefore in cancer metastasis (see Chapter 3) 

(Brownson et al., 2002; Azios and Dharmawardhane, 2005b).  

Though controversial, the dearth of reports showing the potential of resveratrol as 

a cancer preventative indicates a role for resveratrol as an alternative to E2-based HRT 

(Bagchi et al., 2002).  It should also be noted that resveratrol (in combination with E2) 

was demonstrated to act as an ERα antagonist in a tamoxifen-resistant breast cancer cell 

line (Bhat et al., 2001a).  This heightens the potential for resveratrol as a metastasis 

preventive since many progressive breast cancers often become resistant to the ERα 

antagonist tamoxifen (Johnston and Dowsett, 2003). 
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In regard to human health, very few epidemiological studies exist that take into 

account resveratrol consumption.  A 10-year case controlled study in Switzerland did 

show that resveratrol from grapes was associated with a significant decreased risk of 

breast cancer (Levi et al., 2005).  To date, no clinical trials exist which directly 

investigate resveratrol’s role in breast cancer prevention or therapy. 

Determining the role of PEs in breast cancer metastasis is in its beginning stages.  

Though some research shows the potential for resveratrol, genistein, or daidzein to inhibit 

certain aspects of progressive cancers, the mechanisms by which these PEs affect cell 

motility are unknown. This dissertation focuses on the elucidation of these mechanisms 

in cell motility during the initial stage in cancer metastasis. 

 

METASTASIS 

Directed cell migration is a normal and essential cellular process as demonstrated 

by embryonic cells during development, white blood cells during immune responses, and 

epithelial cells and fibroblast cells during wound healing.  In normal cells, migration is a 

highly regulated process.  When induced to migrate, cells cease proliferation and travel to 

distant sites through the ECM and circulatory system (Boudreau and Bissell, 1998).  This 

process can also become dysregulated, such as when a primary tumor progresses to a 

malignant state and acquires migratory, invasive, and metastatic properties. By the time a 

cancer cell becomes malignant, substantial genetic mutations have accumulated and 

altered regulatory mechanisms are likely to exist. These factors make metastasis one of 

the most problematic, least understood components of cancer (Vasiliev, 2004).  

Considering breast tissue is not a vital organ, it is most often the metastasis of the 

primary tumor to more vital sites such as the brain, bones, liver, or lungs that makes 

breast cancer a mortal disease (Felding-Habermann et al., 2001; Hoffman, 1998). 
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Cancer metastasis is a complex multi-step process. Malignant cells, after 

proliferating sufficiently, will leave a primary tumor by breaking cell-cell adhesions, 

invade surrounding tissue and migrate through the ECM by secreting proteases like 

MMPs, break into the circulatory or lymphatic system (intravasation), disseminate via the 

circulatory or lymphatic system, break back out of the transport system (extravasation), 

survive the new microenvironment, and establish secondary tumors at distant sites by 

proliferating again (Woodhouse et al., 1997; Crowe and Shuler, 1999; Price, 1994; Fidler, 

2001).  Each step of metastasis is itself multifaceted and involves specific regulation of 

different molecular components.  Invading cancer cells utilize similar motile mechanisms 

as normal cells and migrate by extending lamellipodia from the front of the cell, and 

forming new focal adhesion contacts with the ECM (Condeelis et al., 2001; Turner, 

2000).  

Transmembrane receptors called integrins are activated during interaction with 

the ECM and form heterodimers that initiate signal transduction cascades.  Activated 

integrin receptors (IRs) assemble multi-molecular complexes called focal adhesions 

which are associated with the actin cytoskeleton and attach the cell to the ECM (Kumar, 

1998; Sastry and Burridge, 2000).   The regulation of cancer cell invasion and metastasis 

are mediated in part by intracellular signaling by activated integrins and actin 

polymerization. Following activation by the ECM, integrins are also known to modulate 

mitogen signaling (such as MAPK), FAK signaling and focal adhesion assembly, signal 

downstream to actin cytoskeletal-related Rho GTPases, and contribute to metastasis 

(Kumar, 1998; Keely et al., 1998; Schwartz and Ginsberg, 2002).   
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FOCAL ADHESIONS AND FAK  

Focal adhesions are multi-molecular complexes linking the actin cytoskeleton to 

the ECM through integrins.  Focal adhesions can contain different combinations of 

scaffolding, adaptor, and signaling proteins (including FAK, Src, paxillin, talin, vinculin, 

etc) allowing an array of protein complexes to form to affect diverse cell processes such 

as cell cycle progression, apoptosis, cell membrane protrusion, adhesion, and migration 

(Wozniak et al., 2004).  For a polarized cell to migrate, a dynamic coordinated event of 

focal adhesion assembly and disassembly has to take place.  An increase of small focal 

adhesion assembly at the front-most leading edge of the cell concurrent with the 

disassembly of focal adhesions at the rear trailing edge of the cell generates the force 

necessary for forward movement along the ECM (Beningo et al., 2001; Galbraith et al., 

2002; Webb et al., 2002). 

FAK is a non-receptor tyrosine kinase and one of the fundamental proteins 

recruited to and activated by IR clustering to form focal adhesions. Certain cell types, 

such as fibroblasts, have been shown to require functional FAK for cell migration, and 

there is a positive correlation between FAK expression and invasiveness in human 

adenocarcinoma (Hauck et al., 2001).  FAK is also recruited to the cell membrane in 

response to tyrosine kinase-type growth factor receptor (like EGFR) activation. This 

leads to “inside-out” signaling where EGFR-activated FAK can activate IRs and induce 

focal adhesion assembly (Hsia et al., 2003).   

The C-terminal end of FAK contains the focal adhesion targeting (FAT) 

sequence, which anchors FAK to IRs and focal adhesions. The C-terminal end of FAK is 

recruited to activated IRs when they contact the ECM.  As one of the first proteins 

recruited to activated IRs, FAK becomes auto-phosphorylated, which activates its kinase 

activity. Subsequently, activated FAK activates other focal adhesion-associated proteins 
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(such as Src, paxillin, talin, vinculin, α-actinin, etc) by tyrosine phosphorylation. Src is a 

particularly important adaptor protein for FAK signaling in focal adhesions since it has 

been shown that Src recruits other kinases that activate FAK, and Src is necessary for 

FAK-mediated disassembly of focal adhesions.  The N-terminal end of FAK is activated 

by auto-phosphorylation by its association with growth factor receptors (such as EGFR).  

This activity can also be mediated via the second messenger protein Src (Hsia et al., 

2003; Brunton et al., 2005; Schaller, 1996).   Therefore, Src can be activated by FAK and 

in turn Src can phosphorylate and activate FAK. 

Activation of two major tyrosine residues (Y925 and Y397) on opposite terminal 

ends of FAK (C-terminal and N-terminal, respectively) determines differential 

downstream signaling pathways.  Signaling via the C-terminus of FAK (the IR-associated 

end) is thought to be more related to promoting cell motility (via signaling through Rho), 

while signaling initiated at the N-terminus (the tyrosine kinase receptor-associated end) 

has been associated directly with cancer cell invasion (by way of Rac signaling) (Hsia et 

al., 2003).  Activation of FAK by phosphorylation in tyrosine 397 triggers kinase 

signaling cascades including activity by Src and Shc non-receptor tyrosine kinases, 

MAPKs, and MMPs, all integral components of the EGFR-mediated signaling pathway 

that induces cell proliferation, migration, and invasion (Hauck et al., 2002; Schaller, 

2001; Parsons et al., 2000).  FAK activation also leads to PI3-K activation and 

subsequent PIP3 formation, which activates exchange factors for the Rho GTPases Rac 

and Cdc42 (Sachdev et al., 2002). This is another signaling cascade that involves FAK in 

cell migration and invasion. 
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RHO GTPASES IN CELL MIGRATION AND INVASION 

Cells alter their shape to a migratory morphology in response to external signals 

such as growth factors.  For example, it has recently been observed that tumor cells 

associate themselves with microphages in metastatic mammary tumors because the 

microphages secrete EGF, which the tumor cells chemotax towards (Condeelis et al., 

2005).  Such movements in all cell types (e.g. extending axons, migrating neutrophils and 

vascular cells, and invading tumor cells) are mediated by remodeling of the actin 

cytoskeleton.  Ras proto-oncogenes and the related Rho family of small GTPases (Rho, 

Rac, and Cdc42) are key regulatory molecules that link cell surface receptors, such as 

tyrosine kinase growth factor receptors (like EGFR) and integrins, to the organization of 

the actin cytoskeleton (Symons and Settleman, 2000; Nobes and Hall, 1999; Schmitz et 

al., 2000; Etienne-Manneville and Hall, 2002). During metastasis, invading cancer cells 

demonstrate remodeling of the actin cytoskeleton using molecular mechanisms common 

to all migrating cells. Rho family of GTPases modulate the actin cytoskeleton and 

activate a multitude of signaling pathways that induce cell motility, invasion, survival, 

and proliferation (Symons and Settleman, 2000; Evers et al., 2000; Van Aelst and 

D'Souza-Schorey, 1997; Takai et al., 2001). Of the Rho family GTPases, Rac and Cdc42 

have been shown to regulate extension of polymerized actin structures and directed 

motility in fibroblasts, macrophages, and mammary epithelial cells (Keely et al., 1997; 

Allen et al., 1998; Ridley et al., 1995).   

In normal cells, Rho proteins cycle between inactive guanosine diphosphate 

(GDP)-bound forms and active guanosine triphosphate (GTP)-bound forms.  The ratio 

between the two forms is dependent upon the activity of a number of accessory proteins.  

Rho proteins are regulated by the opposing effects of guanine nucleotide exchange 

factors (GEFs), which exchange the bound GDP for GTP, and guanine nucleotide 
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activating proteins (GAPs), which increase the intrinsic rate of hydrolysis of bound GTP 

(Schmidt and Hall, 2002; Aspenstrom, 1999; Takai et al., 2001).  Rho proteins and their 

accessory proteins are ideal targets for dysregulation during oncogenesis and cancer 

progression to the metastatic state.  The positive regulators, GEFs, can be up-regulated, 

and the negative regulators of Rho GTPases such as GAPs and guanine nucleotide 

dissociation inhibitors (GDIs) may be down-modulated during breast cancer progression 

(Lin and van Golen, 2004).   

Each member of Rho GTPase family is known to induce the formation of 

characteristic actin-based structures. Microinjection of dominant active forms of Rho 

family proteins into cultured fibroblasts demonstrates the formation of morphologically 

distinct actin structures (Nobes and Hall, 1995; Dharmawardhane and Bokoch, 1997) (see 

Fig.1.5).  Rho regulates the assembly of actin stress fibers and large focal adhesion that 

are associated with an adhesive/stationary phenotype.  Rac and Cdc42 regulate the 

polymerization and organization of actin at the cell periphery into specific cell surface 

structures and enable assembly of small focal adhesions at the leading edge of migrating 

cells.  Cdc42 regulates actin polymerization into the extension of filopodia and cell 

polarity to result in a leading edge in migrating cells (Moreau and Way, 1998).  Rac 

mediates the formation of lamellipodia and membrane ruffles at the leading edge of a 

motile cell. The process of cell motility involves extension of leading-edge lamellipodia 

and dynamic turnover of focal adhesion with the ECM (Nobes and Hall, 1999; Beningo 

et al., 2001).  While all cells stationary or migratory must contain focal adhesions to 

adhere to the ECM, the migratory-associated focal adhesions activated by Rac and Cdc42 

are smaller, located at the cell periphery, and more dynamic than the Rho-associated 

focal adhesions of stationary cells (Nobes and Hall, 1995).  
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Lamellipodia are flat cell surface protrusions composed of cross-linked actin.  

Filopodia are thin cell surface extensions that consist of membrane-bound parallel 

bundles of unbranched actin filaments.  Extension of filopodia and lamellipodia at the 

leading edge of polarized cells is considered to be the driving force for directed cell 

motility and thus, the initial intravasation step of cancer metastasis (Condeelis et al., 

2001). In general, while both structures are relevant for cell movement, lamellipodia are 

necessary for forward motility and filopodia often function as environmental sensors, 

which can be converted into leading edge lamellipodia (Ridley et al., 2003; Faix and 

Rottner, 2006; Mejillano et al., 2004). 

Cdc42 and Rac have been shown to regulate cell spreading, cell-cell and cell-

ECM adhesion, cadherin and integrin-mediated signaling, and cell motility (Price et al., 

1998; Nobes and Hall, 1999; Michiels and Collard, 1999; Schmitz et al., 2000; Jaffe and 

Hall, 2005).  The balance between Rac, Cdc42, and Rho, together with their temporal and 

spatial distribution, is considered to be coordinately regulated during directed cell 

motility (Hall and Nobes, 2000; Schmitz et al., 2000; Etienne-Manneville and Hall, 

2002).  Therefore no one Rho GTPase can be considered entirely independent from 

another.  Both Cdc42 and Rac share the downstream effector actin related protein 

(Arp2/3), a protein complex that directs actin nucleation. Arp2/3 complex has been 

shown to be required for both filopodia extension induced by Cdc42 and lamellipodia 

extension by Rac, including lamellipodia in mammary carcinomas after EGF stimulation 

(Segall et al., 1996; Takenawa and Miki, 2001; Bailly et al., 2001). Until very recently, 

there was little information regarding what determined the formation of a filopod versus a 

lamellipod once Arp2/3 was activated.  It is now recognized that capping protein (CP), an 

actin filament terminator, negatively regulates filopodia formation, and may be involved 

in controlling the conversion of filopodia into lamellipodia (Mejillano et al., 2004). 
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In addition to the effects on the cytoskeleton, Rho GTPases regulate gene 

transcription, cell cycle progression, and membrane trafficking (Hall, 1998; Nobes and 

Hall, 1999; Blanchard, 2000).  Major processes of metastasis, such as proteolysis, cell 

motility, and adhesion are known to be regulated by Rho GTPases, and activated Rho 

proteins and their effectors have also been shown to promote tumor cell invasion. Thus, 

collectively, Rho GTPases are thought to play a central role in tumor metastasis (Ridley 

et al., 1999; Genda et al., 1999; Itoh et al., 1999; Zhuge and Xu, 2001).  Moreover, Rac1 

has been shown to be overexpressed in human breast tumors (Schnelzer et al., 2000).  A 

recent study using dominant negative forms of Rho GTPases in a rat mammary 

carcinoma model demonstrated that Rho GTPases regulated both mammary tumor 

growth and metastasis in vivo (Bouzahzah et al., 2001).  However, studies from the 

Dharmawardhane laboratory have shown that expression of Rac1 and Rac3, but not 

Cdc42, are important for breast cancer cell invasion and metastasis (Baugher et al., 

2005). 

Rho GTPases have been shown to affect breast cancer invasion and metastasis via 

a variety of membrane receptors, cytokines, kinases, and exchange factors for Rac and 

Cdc42 (O'Connor and Mercurio, 2001; van Golen et al., 2003; Bourguignon et al., 2000; 

Keely et al., 1997). Activated Rac1 and Cdc42 have been shown to be required for the 

EGFR-mediated migration and invasion of breast carcinoma cells (O'Connor and 

Mercurio, 2001; Sturge et al., 2002).  However, evidence shows that the contribution of 

the Rac1 and Cdc42 proteins to tumor cell invasion in breast cancer is not due to genetic 

mutation.  Changes in the transient activity levels of these proteins (rather than 

expression levels) due to up-regulation of upstream activators have been shown to be 

responsible for the promotion of tumor cell invasiveness (Price and Collard, 2001; Fritz 

et al., 2002; Baugher et al., 2005).  
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Recent literature has implicated Rho GTPases in ER genomic function. Rho GDI 

has been shown to be a positive regulator of ER-mediated gene transcription via 

regulation of ER co-activators.  Interestingly, the Rho GTPases (Rho, Rac, and Cdc42) 

that are negatively regulated by Rho GDI decreased ER transactivation (Su et al., 2001; 

Su et al., 2002).  Therefore, dysregulation of ER-Rho interactions may contribute to 

breast cancer. However, the role of Rho GTPases in non-genomic signaling via 

estrogenic compounds remains to be evaluated. 

 

OUTLINE OF NOVEL RESEARCH IN DISSERTATION 

This dissertation is concerned with the complex cellular interactions between 

plant-based PEs, PM receptors ER and EGFR, and the downstream signaling cascades 

that effect cytoskeletal organization and motility including FAK, Rac, and Cdc42.  

Ultimately, the elucidation of these signaling mechanisms will help to determine a 

preventive or promotional role for plant compound-based therapies in breast cancer 

metastasis.  The central hypothesis governing these investigations is that PEs can bind to 

PM ERs, which can cross-talk with EGFR to signal downstream to an array of non-

genomic pathways including those involved in cell motility.  The following chapters 

describe in detail the research design used and novel results acquired while testing this 

hypothesis.  

Chapter 2 specifically investigates the role of soy isoflavonoids genistein and 

daidzein in breast cancer cell motility, focal adhesion assembly, and FAK activation. 

Two breast cancer cell lines are used: ERαβ (+) T47D and ERα (-) β (+) MDA-MB-231. 

It describes the promotional effects that genistein and daidzein have on cell motility, 

concomitant with increased assembly of small focal adhesions and lamellipodia and 

increased FAK activity.  FAK activity for two distinct tyrosine residues is explored 
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because each residue is involved in an independent downstream signaling pathway.  

Genistein and daidzein demonstrate similar effects as E2 indicating that in the specific 

conditions, the soy PEs act in an estrogenic manner. This chapter was published in the 

book Hormonal Carcinogenesis (Azios and Dharmawardhane, 2005a).  The role of 

resveratrol was also included in this exploratory investigation on dietary PEs in 

regulation of breast cancer cell functions relevant to metastasis.  Since resveratrol was the 

only PE that showed promise as a metastasis preventive, the remaining chapters focus on 

the role resveratrol in signaling to the actin cytoskeleton. 

Chapter 3 examines the role of the grape stilbene resveratrol in breast cancer cell 

motility, actin cytoskeleton reorganization, focal adhesion assembly, and FAK activity.  

The involvement of ER and EGFR are also investigated by examining an array of ER and 

EGFR expressing breast cancer cell lines: ERαβ (+) T47D, ERα (-) β (+) MDA-MB-231, 

and ERαβ (-) SKBR3. The paper describes the inhibitory effect of resveratrol on cell 

motility, focal adhesion assembly, and FAK activity. E2 is shown to have a stimulatory 

effect.  It also focuses on the induction by resveratrol of a global, sustained extension of 

filopodia that are hypothesized to negatively affect cell motility. E2 induces lamellipodia 

hypothesized to promote migration.  An EGFR1 inhibitor is used to show that EGFR is 

part of the signaling involved in cytoskeletal and focal adhesion effects induced by 

resveratrol, E2, and EGF.  These results indicate that resveratrol at 50 µM functions as an 

antiestrogen in ERβ (+) breast cancer cells.  This chapter was published in the journal 

Neoplasia (Azios and Dharmawardhane, 2005b). 

Chapter 4 examines the concentration-dependent effect of resveratrol on the actin 

cytoskeleton and cell migration, specifically investigating the role of Cdc42 and Rac in 

resveratrol signaling. Resveratrol is found to have a biphasic effect on the actin 

cytoskeleton and cell migration where low concentration (5 µM resveratrol) causes E2-
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like effects (increased lamellipodia and migration), in opposition to 50 µM resveratrol 

(increased filopodia and inhibition of migration).  Likewise, low concentration of 

resveratrol induces Rac activity like E2, but high concentration resveratrol inhibits both 

Cdc42 and Rac activity.  The filopodia effect of 50 µM resveratrol on ECM substrates is 

also demonstrated to suggest that these morphological effects may be relevant to invasion 

as well as migration.  Stable dominant negative MDA-MB-231 cell lines were made for 

both Cdc42 (T17N) and Rac (T17N). While the lamellipodia induction by EGF, E2, and 

resveratrol at 5 µM are shown to be Rac-dependent, the filopodia effect induced by 

resveratrol at 50 µM is only partially affected by inhibiting Cdc42 and not affected at all 

by inhibiting Rac.  Collectively, these data suggest that the resveratrol-induced sustained, 

global array of filopodia hypothesized to inhibit cell migration may be regulated by direct 

activation of a downstream effector of Cdc42/Rac or by a more obscure filopodia-

associated Rho GTPase.  This chapter is in preparation for submission in Journal of Cell 

Biology.  
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Figure 1.1: Genomic action of E2.  E2 signaling activates nuclear transcription by the 
following pathways:  1) Classical (ligand-dependent): E2 binds nuclear receptors (R) and 
the activated dimerized E2-ER complexes bind to EREs in target promoters leading to an 
up- or down-regulation of gene transcription.  2) ligand-independent: Activation of cell 
surface growth factor receptors by growth factors (GF) activate intracellular kinases (e.g. 
MAPK) that phosphorylate (p) ERs, resulting in their dimerization and binding to ERE-
containing promoters.  3) ERE-independent: Activated E2-ER complexes can up-regulate 
transcription of genes containing alternative response elements such as AP-1 through 
association with other transcription factors (Fos/Jun). Adapted from (Hall et al., 2001). 
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Figure 1.2: Schematic representation of human ERα  and ERβ.  ERα and ERβ share 
relatively high amino acid homology in several domains. The N-terminus contains a 
transcription-activating function (AF-1) domain that is constitutively active. There is 
86% homology in the DNA-binding domain. The AF-2 domain in the C-terminus is 
activated by E2 binding to the ligand-binding domain which shares 58% amino acid 
homology between α and β receptors.  Adapted from (Ikeda and Inoue, 2004).  
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Figure 1.3: Comparison of molecular structures of E2 and PEs. A) Structural 
representations of sex steroid hormone E2, isoflavonoids genistein and daidzein from 
soy, and stilbene resveratrol from grape.  B) Overlay of E2 and resveratrol structures to 
compare similar locations of hydroxyl groups. The similarity in distance between 
terminal hydroxyl groups of E2 and resveratrol (~11.5 Angstroms) enables resveratrol to 
bind to ER at the ligand-binding domain.  
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Figure 1.4: Schematic of non-genomic signaling from E2. E2 binds to PM ERs or an 
orphan GPCR to activate Src via a G protein-coupled pathway.  Activated Src facilitates 
secretion of MMPs to release heparin-bound (HB)-EGF and stimulate EGFR. EGFR 
signaling to FAK, PI3-K/Akt, and Ras/MAPK pathways will activate cell motility, 
survival, and proliferation. Adapted from (Klinge et al., 2005). 
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Figure 1.5: Effect of expressing dominant active Cdc42 or dominant active Rac on 
the actin cytoskeleton.  Swiss 3T3 fibroblasts expressing Cdc42(Q61L) or Rac(Q61L) 
stained for F-actin with rhodamine phalloidin.  Expression of Cdc42(Q61L) induces cell 
surface filopodia. Expression of Rac(Q61L) induces leading-edge lamellipodia. Adapted 
from (Adams and Schwartz, 2000; Hall, 1998). 
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Chapter 2: Role of soy phytoestrogens genistein and daidzein in cell 
migration, focal adhesion assembly, and focal adhesion kinase activity 

in ERα (+) and (-) breast cancer cells  

(Azios and Dharmawardhane, 2005a) 

 

SUMMARY 

Recently, our laboratory and others have shown that ERα (-) breast cancer cells 

respond to estrogenic compounds via rapid signaling mechanisms. To determine a role 

for soy PEs in breast cancer cell metastasis in vitro, we analyzed the effect of E2, 

genistein, and daidzein on cell migration, focal complex formation, and FAK activity, as 

detected by phospho-specific anti-FAK antibodies to tyrosine residues Y397 or Y925.  

Migration/chemotaxis assay after 8 hours demonstrated that genistein and daidzein, like 

E2, induce cell migration in ERα (-) β (+) MDA-MB-231.  Treatment of ERαβ (+) T47D 

and ERα (-) β (+) MDA-MB-231 breast cancer cell lines for 10 minutes with E2, 

daidzein, or genistein also increased the number of focal adhesions and FAK activity. 

These data implicate E2 and soy PEs in the regulation of cellular interactions with the 

ECM via novel signaling mechanisms to induce cancer cell migration.  These effects may 

be ERα-independent.
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INTRODUCTION 

The steroid hormone E2 mediates establishment and maintenance of female 

reproductive physiology, as well as the initiation and progression of breast cancers via 

transcriptional activation of both α and β isoforms of the ER. Loss of ERα expression is 

common in malignant progression of breast cancer leading to the metastatic state (Fuqua, 

2001). In addition to the well-characterized genomic mode of action, recent data have 

shown that E2 can exert rapid effects on cell function, possibly via PM ERs.  Such rapid 

signaling events have been implicated in mechanisms of cross-talk with other signaling 

pathways such as GPCRs and tyrosine kinase-type growth factor receptors (Levin, 2003). 

These novel mechanisms may help explain ERα-independent effects of estrogenic 

compounds on cell functions relevant to breast cancer progression, such as invasion and 

survival.   

Recent data, including a report from our laboratory, using both ERα (+) and (-) 

breast cancer cell lines, have demonstrated that E2 and related PEs modulate the activity 

of signaling proteins that regulate cell survival and invasion (Brownson et al., 2002; 

Stoica et al., 2003b).  Soybean PEs genistein and daidzein, used in the present study, bind 

to and transactivate both ERα and ERβ to exert estrogenic and antiestrogenic effects. The 

soy PEs bind ERβ with higher affinity than ERα, which may explain activation of 

signaling in malignant breast cancers that have lost ERα expression (Kuiper et al., 1998).  

During metastatic progression, breast cancer cells invade the ECM both by 

degradation of matrix components and by modulation of focal adhesions with the ECM. 

Focal adhesions are multi-molecular complexes of structural and signaling proteins that 

are formed as a result of clustering IRs by ECM proteins (Sastry and Burridge, 2000).  

Intracellular signaling by activated integrins and actin polymerization regulates cell 

motility and cancer cell invasion, including breast cancer metastasis (Felding-Habermann 
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et al., 2001).  Actively migrating cells contain smaller, more dynamic focal complexes at 

their leading edge that are thought to generate forces necessary for forward movement.  

Thus, cell migration is an integrated process that requires coordinated assembly and 

disassembly of contacts with the ECM (Webb et al., 2002).  

FAK is a key signaling intermediate that is recruited to the membrane in response 

to integrin as well as tyrosine-kinase type receptor activation.  Recent data have shown 

that effects on cell migration via phosphorylation of residue 925 of FAK can be 

uncoupled from activation of cell invasion via phosphorylation of residue 397 to 

modulate Rho GTPase activity (Hsia et al., 2003).  FAK also activates MMP secretion, 

which facilitates ECM degradation. Thus, FAK-mediated increases in cell proliferation, 

motility, and invasion have been correlated with tumor malignancy (Schaller, 2001). 

It has recently been demonstrated that ER can bind FAK directly or in complexes 

with Src (a FAK substrate) (Planas-Silva et al., 2006).   E2 and PEs have been shown to 

effect tyrosine phosphorylation of FAK and c-Src in both ERα (+) and (-) breast cancer 

cell lines (Bartholomew et al., 1998; Brownson et al., 2002; Planas-Silva et al., 2006).  

Genistein has been shown to promote cell spreading and adhesion concomitant with 

accumulation of FAK in focal adhesions, and increased transient FAK activation in a 

prostate cell line (Liu et al., 2000).   These effects of genistein on FAK activity and 

modulation of cell adhesion to the ECM are thought to be correlated with the preventive 

effects of genistein in prostate cancer metastasis.  To begin to understand the relevance of 

estrogenic compounds regarding breast cancer cell invasion, we investigated the role of 

E2, genistein, and daidzein in cell migration, focal complex formation, and FAK activity. 

 



 

 63

MATERIALS AND METHODS 

Cell stimulation 

T47D and MDA-MB-231 human breast cancer cells were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS).  Cells were 

starved for 48 hours in phenol red-free and serum-free media prior to experiments.  

Quiescent cells were stimulated for 10 minutes with vehicle (DMSO), 50 ng/ml EGF 

(UBI, NY), 0.01 or 0.1 µM E2 (Sigma, MO); 10, 25, 50, or 100 µM genistein or daidzein 

(LKT Labs, MN).  

Migration assay 

Migration assays were conducted according to (Leng et al., 1999). MDA-MB-231 

cells were serum-starved in phenol red-free DMEM for 24 hours. Cells were then 

trypsinized (phenol red-free trypsin), recovered with trypsin inhibitor (0.5 mg/ml), and 

seeded at 1x105 cells/chamber in the upper well of Costar wells (VWR, Suwanee, GA) 

containing membranes with 8 µ diameter pores. DMSO (control), E2 (0.1 µM), EGF (50 

ng/ml), genistein (50 or 100 µM) or daidzein (50 or 100 µM) was added as a 

chemoattractant to the bottom wells for 8 hours. Cells on the upper surface of the 

membrane were removed, and cells that had migrated through to the other side of the 

membrane were stained with propidium iodide and quantified. The total number of cells 

that migrated were counted in 10 microscopic fields per well.   

Western Blot Analysis   

Cells were disrupted in lysis buffer (20 mM Tris HCl (pH 7.5), 150 mM NaCl, 1 

mM EGTA, 1 mM EDTA, 2.5 mM sodium pyrophosphate, 50 mM sodium fluoride, 10% 

glycerol, 1% NP-40, 1 mM DTT, 0.5% deoxycholate, and protease inhibitors) at 4°C.  

Lysates were centrifuged at 14,000 rpm, the proteins in the supernatant eluted with 
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Laemmli sample buffer, equally loaded, and separated on 10% SDS-PAGE gels.  Proteins 

were transferred to PVDF membranes, blocked with 5% bovine serum albumin (BSA), 

and probed with specific primary antibodies. Anti-FAK (against the N-terminus), anti-

phospho-FAK (Tyr-397), and anti-phospho-FAK (Tyr-925) antibodies were purchased 

from Upstate Biotechnology Inc., NY.  Positive bands were detected using an alkaline 

phosphatase-conjugated secondary antibody and developed with NBT/BCIP reagent 

(Pierce, IL). The density of positive bands was quantified using NIH Image software.  

The relative FAK activity was calculated as the density of phospho-FAK in stimulated 

cell lysate/density of FAK in stimulated cell lysate divided by density of phospho-FAK in 

unstimulated cell lysate/density of FAK in unstimulated cell lysates. Results are 

representative of three separate experiments. 

Immunocytochemistry   

Cells were seeded on glass coverslips and serum-starved in phenol red-free media 

for 48 hours.  Cells were treated for 10 minutes with DMSO (control); 0.01 µM E2; 50 

ng/ml EGF; 10, 50, 100 µM genistein or daidzein.  Cells were fixed immediately in 3.7% 

formaldehyde, permeablized with 0.2% Triton X100, and blocked with 5% BSA.  Fixed 

cells were stained with rhodamine phalloidin to visualize the actin cytoskeleton and a 

mouse monoclonal anti-phosphotyrosine antibody (Santa Cruz Biotechnol., CA), 

followed by fluorescein-conjugated goat anti-mouse secondary antibody (Cappel, PA), to 

visualize focal complexes. Ten microscopic fields per treatment were counted in two 

separate experiments for 25-40 cells/treatment ± SEM.  

Statistical analysis 

Individual treatments were compared to controls using Student’s unpaired t-tests 

and considered significant at p-values less than or equal to 0.05.  
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RESULTS 

E2, genistein, and daidzein increase cell migration 

To investigate the effects of E2, genistein, and daidzein in directed cell migration, 

we placed quiescent MDA-MB-231 cells in serum-free and phenol red-free media on the 

top chamber of Costar wells.  The cells were allowed to migrate through a membrane 

containing 8µ diameter pores for 8 hours into minimal media containing E2, EGF, 

daidzein, or genistein at the indicated concentrations.  Results shown are the average 

number of cells/microscopic field following 8 hours incubation (Fig.2.1).  Interestingly, 

our preliminary data demonstrate that genistein and daidzein at 50 and 100 µM both act 

like E2 and EGF by stimulating cell migration.  Genistein at the high concentration (100 

µM) increased chemotaxis above all other compounds.   This indicates that genistein and 

daidzein at mid to high concentrations in this cell line may act in an estrogenic manner, 

and more like a chemoattractant than a tyrosine kinase inhibitor. 

E2, genistein, and daidzein induce focal adhesion assembly 

Focal adhesion assembly/disassembly and cytoskeletal organization are 

fundamental processes in cell migration.  To determine the effect of estrogenic 

compounds on focal complex assembly and the actin cytoskeleton, we monitored the 

changes in focal adhesions and polymerized actin (F-actin) in response to E2, EGF, or the 

soy PEs genistein and daidzein.  The concentrations of E2, genistein, and daidzein used 

were in agreement with those that induce gene transcription via both ERα and β (Tsai et 

al., 2001; An et al., 2001).  Genistein is commonly used as a tyrosine kinase inhibitor at 

concentrations above 50 µM (Kim et al., 2003c).  Therefore, low (10 µM), medium (50 

µM), and high (100 µM) concentrations of PEs were used to differentiate their effects as 

estrogenic, antiestrogenic, or tyrosine inhibitory compounds.  
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As has been shown previously, EGF stimulation resulted in lamellipodia 

extension with the assembly of a large number of smaller focal contacts along the leading 

edge of polarized cells (Bailly et al., 1998).   For ERα (+) T47D and ERα (-) MDA-MB-

231 cell lines, E2 and soy PEs increased the total number of focal adhesions compared to 

controls (Fig.2.2.A,B).  Daidzein treatment at 10, 50 and 100 µM concentrations 

demonstrated a statistically significant increase in focal adhesions compared to vehicle 

control in MDA-MB-231 cells (all p<0.01), as did E2 (p<0.01) (Fig. 2.2.B).  Genistein 

also significantly increased focal adhesions at 50 µM compared to control (p<0.01) 

(Fig.2.2.B).  These results are similar to a previous report that documented genistein-

induced cell spreading, adhesion, and FAK activity in a prostate cancer cell line (Liu et 

al., 2000).  

E2, genistein, and daidzein activate FAK 

FAK is a key signaling intermediate that is recruited to focal adhesions and 

activated by phosphorylation in response to integrin clustering and tyrosine kinase 

receptor activation (Hsia et al., 2003).  Therefore, FAK activation in response to E2, 

EGF, genistein, and daidzein was determined by western blot analysis of stimulated cell 

lysates and probing with phospho-FAK antibodies.  Data presented demonstrate that 

phospho-FAK is altered in response to genistein and daidzein in both ERα (+) and ERα   

(-) breast cancer cell lines.  In ERαβ (+) T47D cells, phospho-FAK levels increased at 10 

minutes in a concentration-dependent manner in response to both genistein and daidzein.  

FAK activity was increased with both compounds from 1-100 µM, peaking at 50 µM 

(Fig.2.3).  Our previously published results were quantified using a C-terminal total anti-

FAK antibody, which detected only the 125-kD form of full length FAK (Brownson et 

al., 2002).  Herein, this assay has been improved by the use of a total anti-FAK antibody 

that specifically detects the N-terminus of FAK.  This improved method allowed the 
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quantification of an often detected N-terminal fragment (90-kD) of FAK, which contains 

the phosphorylated tyrosine residue 397 (Carragher et al., 1999).  

FAK phosphorylation as a response to E2 and soy PEs was also determined in 

ERα (-) β (+) MDA-MB-231 breast cancer cells.  Similar to ERα (+) cells, daidzein 

increased FAK activity at 10 minutes in a concentration-dependent fashion in MDA-MB-

231 ERα (-) cells, with peak activities at 10 µM, decreasing slightly at 50 and more at 100 

µM (Fig.2.4.A,B).  E2 (0.1 µM) also increased FAK activity at 10 minutes (Fig.2.4.C), 

which we have previously reported (Brownson et al., 2002), and which has very recently 

been shown in ERα (+) endometrial cancer cells (Acconcia et al., 2005b). 

The ERα (-) β (+) MDA-MB-231 cells also responded to genistein by enhanced 

FAK phosphorylation at low and medium concentrations (Fig.2.5).  The effect of 

genistein on the phosphorylation of both FAK tyrosine residues 397 and 925 was tested.  

Phosphorylation of each tyrosine residue demonstrated differential concentration 

dependence.  Phosphorylation of tyrosine residue 397 was significantly increased at 10 

and 50 µM compared to vehicle control (both p<0.01) (Fig.2.5.A,B).  These 

concentrations were not significantly different from one another. Genistein also 

significantly enhanced FAK phosphorylation in tyrosine residue 925 at 50 µM compared 

to 10 µM genistein and vehicle control (p<0.05), again acting as a stimulator of FAK 

activity rather than as a tyrosine kinase inhibitor.  Thus, our results demonstrate novel 

effects of soy PEs on FAK signaling in ERα (+) and (-) breast cancer cells. 

 

CONCLUSIONS 

Soy PEs affect apoptosis, cell growth, differentiation, and have antioxidant and 

anti-angiogenic properties (Adlercreutz, 2002b).  The present data demonstrate an 

additional function for soy PEs by modulating cell motility processes.  E2 and soy PEs 
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genistein and daidzein increased cell migration, focal adhesion assembly, and FAK 

activity in ERα (-) β (+) metastatic human breast cancer cell lines. Increases in focal 

adhesion assembly and FAK activity were also observed in ERαβ (+) non-metastatic 

T47D breast cancer cells.  Interestingly, these effects of estrogenic compounds were 

similar to those known to be exerted by EGF signaling. According to recent reports, E2 

acts via G proteins to activate EGFR-mediated signaling (Levin, 2003). Our novel data 

may represent another relevant pathway that is activated by stimulation of EGFR by 

estrogenic compounds. 

To date, the Dharmawardhane lab is the only group to report on genistein and 

FAK activity in breast cancer cells.  Our novel data on the role of genistein in enhancing 

phosphorylation of both 397 and 925 tyrosine residues of FAK reflect a role for soy PEs 

in activation of multiple FAK-regulated signaling pathways relevant to breast cancer 

progression to the metastatic state.  It has been demonstrated that FAK phosphorylation at 

tyrosine 925 can be independent from phosphorylation of tyrosine 397 (the auto-

phosphorylated tyrosine residue) and lead to a distinct motility-associated signaling 

pathway.  Activation of phospho-FAK (tyr397) can lead to a MAPK-regulated 

proliferation and invasion pathway (Hsia et al., 2003).  Since the effects of soy PEs were 

similar to those of E2, we hypothesize that genistein and daidzein act as estrogenic 

compounds via similar signaling pathways as E2 to activate FAK and regulate focal 

adhesion assembly.  

There has been some controversy over genistein and daidzein in the 

prevention/promotion of breast cancer due to the mixed ER agonist/antagonist nature of 

the compounds.  Regarding cancer initiation and promotion, genistein has been shown to 

prevent or promote certain aspects of the disease dependent on cell line and concentration 

(de Lemos, 2001).  Concerning cancer cell invasion, reports on genistein tend to side 
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towards inhibition, though in vivo studies have demonstrated increased tumor growth and 

lung metastasis upon administration of soybean extracts (Charland et al., 1998).  In 

general though, genistein has been shown to inhibit invasion of breast cancer cells in 

vitro in a number of breast cancer cell lines (including MDA-MB-231) (Scholar and 

Toews, 1994; Shao et al., 1998; Magee et al., 2004).  Though these results seem 

contradictory to our own, they all describe invasion assays using treatments of genistein 

at 24-48 hours.   This is fundamentally different from our migration experiments done at 

8 hours. Firstly, it is likely that 24-48 hours will include genomic events, while we used 8 

hours to minimize these activities. Secondly, invasion is a more complex process than 

migration/chemotaxis, involving the regulation of MMPs and other proteins involved in 

cell-ECM interactions such as cathepsin D. 

The results presented herein describe genistein and daidzein to act similar to E2. 

Since genistein has such a strong affinity for ERβ (Kuiper et al., 1998), it is not 

surprising to observe these E2-like effects in the ERβ (+) cell lines used in this study.  E2 

has recently been shown to increase FAK activity and migration in endometrial cancer 

cells (Acconcia et al., 2005b).  Similarly, E2 had the same stimulatory effect on FAK 

activity and migration in bovine aorta cells. Interestingly, when ERα was transfected into 

those cells, the E2-induced FAK activity and migration were blocked (Tan et al., 1999).  

The MDA-MB-231 cells used in the present study do not express ERα, which may help 

explain our stimulatory results for E2, genistein, and daidzein in the ERα (-) β (+) cell 

line.  Two reports using ERαβ (+) breast cancer cells both show E2 to decrease FAK 

activity (Bartholomew et al., 1998; Planas-Silva et al., 2006), further indicating a 

protective role for ERα and a promotional role for ERβ.  Furthermore, genistein has been 

shown to up-regulate EGFR expression, an event associated with increased cancer 

progression and correlated with loss of ERα expression (Lamartiniere, 2000).  As a 
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whole, this exploratory study indicates potential metastasis promoting effects of genistein 

and daidzein and cautions against using these compounds in ER (+) cancer risk, recovery, 

or survival situations. 
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Figure 2.1: Migration/chemotaxis assay in response to E2, EGF, genistein, and 
daidzein on ERα (-) β (+) MDA-MB-231 metastatic human breast cancer cells.  
MDA-MB-231 cells were serum starved in phenol red-free media for 48 hours and 
migration assays using modified Boyden chambers were conducted using DMSO (Veh), 
EGF (50 ng/ml), E2 (0.1 µM), or genistein (Gen) (50, 100 µM), or daidzein (Daid) (50, 
100 µM) as chemoattractants for 8 hours.  Total number of cells migrated through 
chamber was quantified for 10 microscopic fields per treatment. Data are representative 
of one experiment.
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Figure 2.2.A: Immunofluorescence microscopy of breast cancer cell lines in response 
to E2 and soy PEs.  ERαβ (+) T47D non-metastatic human breast cancer cells (top 
panel) or ERα (-) β (+) MDA-MB-231 metastatic human breast cancer cells (bottom 
panel) were serum-starved in phenol red-free culture media for 48 hours and stimulated 
for 10 minutes with DMSO (Un), 50 ng/ml EGF, 0.01 µM E2, 10, 50, or 100 µM 
daidzein or genistein.  Cells were fixed immediately and stained for F-actin with 
rhodamine phalloidin, and for focal adhesions with an anti-phosphotyrosine antibody 
followed by a FITC-tagged secondary antibody. 
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Figure 2.2.B: Mean focal adhesions/cell assembled in response to E2 and PEs in 
MDA-MB-231 cells.  Following immunofluorescence microscopy, 10 random 
microscopic fields per coverslip were photographed, using a SPOTII digital camera, and 
the number of focal adhesions/cell quantified.  Results shown are from two separate 
experiments for 25-40 cells/treatment, and represent the mean ± SEM.  Asterisk (*) 
indicates significance at p<0.05 compared to control. 
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Figure 2.3:  FAK activity in response to genistein and daidzein in T47D cells.  
Serum-starved cells were stimulated with 0, 1, 10, 25, 50, or 100 µM genistein or 
daidzein for 10 minutes and immediately lysed.  Cell lysates were analyzed for total FAK 
(using an anti-FAK N-terminus antibody) or anti-phospho-FAK (tyr-397) antibody by 
western blot. The relative FAK activity was calculated and graphed relative to 
unstimulated controls, (i.e., the difference between “P-FAK/FAK ratio” with stimulation 
and the “P-FAK/FAK ratio” without stimulation, divided by the “P-FAK/FAK ratio” 
without stimulation), for each compound tested.  Results are representative of one 
experiment from three separate experiments with similar results. 
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Figure 2.4:  FAK activity in response to daidzein or E2 in MDA-MB-231 cells.  
Serum-starved cells were stimulated with DMSO (Un), EGF (50 ng/ml) or 10, 50, or 100 
µM daidzein (D) for 10 minutes and immediately lysed.  A) Cell lysates were western 
blotted for total FAK (using an anti-FAK N-terminus antibody), or phospho-FAK (using 
an anti-phospho-FAK tyr-397 antibody).  B) Relative FAK activity was calculated as the 
density of phospho-FAK in stimulated cell lysate/density of FAK in stimulated cell lysate 
divided by density of phospho-FAK in unstimulated cell lysate/density of FAK in 
unstimulated cell lysates.  Results are representative of three separate experiments.  C) 
MDA-MB-231 cells were starved 24 hours in phenol red and serum-free media and 
treated with DMSO vehicle (UN) or E2 at 0.1 µM for 10 minutes.  Equal amounts of 
protein were run on SDS-PAGE and western blotted for total FAK (using an anti-FAK N-
terminus antibody), or phospho-FAK (using an anti-phospho-FAK tyr-397 antibody). 

 



 

 76

 

 

 
 
 
Figure 2.5:  FAK activity in response to genistein in MDA-MB-231 cells.  Serum-
starved cells were stimulated with DMSO (Un), 10 µM, or 50 µM genistein (Gen or G) 
for 10 minutes and immediately lysed.  Cell lysates were western blotted for total FAK 
(using an anti-FAK N-terminus antibody) and (A, B) phospho-FAK with an anti-
phospho-FAK (tyr-397) antibody or (C, D) anti-phospho-FAK (Tyr-925) antibody. 
Relative FAK activity is calculated as the density of phospho-FAK in stimulated cell 
lysate/density of FAK in stimulated cell lysate divided by density of phospho-FAK in 
unstimulated cell lysate/density of FAK in unstimulated cell lysates.  N = 4; Error bars 
represent mean ± S.D. 
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Chapter 3: Resveratrol and estradiol exert disparate effects on cell 
migration, cell surface actin structures, and focal adhesion assembly in 

MDA-MB-231 human breast cancer cell line  

 

SUMMARY 

Resveratrol, a polyphenol from grapes, is thought to be a cancer preventive, yet its 

effects on metastatic breast cancer are relatively unknown. Since cancer cell invasion is 

dependent on cell migration, the chemotactic response of MDA-MB-231 metastatic 

human breast cancer cells to resveratrol, E2, or EGF was investigated.  Resveratrol 

decreased, while E2 and EGF increased directed cell migration.  Resveratrol may inhibit 

cell migration by altering the actin cytoskeleton and focal adhesion assembly. Resveratrol 

induced a rapid global array of filopodia and decreased focal adhesions and FAK activity.  

E2 or EGF treatment did not affect filopodia extension but increased lamellipodia and 

associated focal adhesions that are integral for cell migration. Combined resveratrol and 

E2 treatment resulted in a filopodia and focal adhesion response similar to resveratrol 

alone. Combined resveratrol and EGF resulted in a lamellipodia and focal adhesion 

response similar to EGF alone. Resveratrol increased EGFR activity even in the presence 

of an EGFR1 inhibitor.  Focal adhesions assembly and EGFR activity in response to E2 

were blocked by EGFR1 inhibitor indicating that E2 may increase cell migration via 

crosstalk with EGFR signaling.  These data suggest a role for E2 in promotion, and an 

antiestrogenic role for resveratrol in prevention of breast cancer cell migration. 



 

 78

 

INTRODUCTION 

E2 acts by regulating gene transcription via two major intracellular ERs, ERα and 

ERβ, to play a critical role in the establishment and maintenance of female reproductive 

function as well as initiation and progression of breast and gynecological cancers 

(Cavalieri and Rogan, 2002; McDonnell and Norris, 2002). Consequently, inhibition of 

ERα has become a major strategy for prevention and treatment of breast cancer (Salih 

and Fentiman, 2001). However, this approach is limited in the treatment of metastatic 

breast cancer because ERα expression is often lost during breast cancer progression to the 

metastatic state (Shen and Brown, 2003).  These ERα (-) cancers may still retain the more 

recently identified ERβ as well as membrane-bound forms of ER, and more studies are 

necessary to understand the role of these ER isoforms in breast cancer malignancy.   In 

addition to the well established long-term (genomic) effects of E2 on gene transcription 

(Katzenellenbogen et al., 2000), E2 also induces short-term (non-genomic) effects. Such 

non-classical effects of E2 have been reported from a variety of cell types including 

breast cancer cells and are thought to be modulated by PM ERs that can cross-activate a 

variety of signaling cascades (Levin, 2002).  

Recent reports on the rapid, non-genomic action of E2 from a variety of cell types 

and tissues have demonstrated novel roles for E2 in regulation of a variety of cell 

functions relevant to cancer progression (Belcher and Zsarnovszky, 2001; Gray et al., 

2001; Coleman and Smith, 2001; Levin, 2003).  E2 cross-activates heterotrimeric G 

proteins to stimulate adenylate cyclase and phospholipase C, thus inducing PKA, PKC, 

and intracellular Ca2+ fluxes (Winter et al., 2000; Driggers and Segars, 2002).  Moreover, 

E2-bound ERα has been shown to associate with Src tyrosine kinase as well as the 

regulatory subunit of PI3-K to regulate signaling pathways implicated in cell 
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proliferation, survival, and migration (Castoria et al., 2001; Razandi et al., 2003b). 

Activation of membrane ERs by E2 has been shown to transactivate EGFR potentially 

via a G protein coupled pathway (Pietras, 2003; Levin, 2003).  EGFRs are tyrosine 

kinase-type integral membrane receptors that regulate signaling relevant to both genomic 

effects on cell proliferation and survival as well as non-genomic signaling to affect 

migration and invasion (Laskin and Sandler, 2004; Wells et al., 2002).  Interestingly, loss 

of ERα in breast cancer is associated with overexpression of EGFRs that contribute to 

tumor malignancy and poor prognosis (Mendelsohn and Baselga, 2000).  Therefore, there 

is a pressing need to investigate the non-genomic aspects of E2 signaling and how it 

relates to metastatic breast cancer. 

PEs are naturally occurring E2-like plant compounds that act as agonists or 

antagonists of E2 and may have protective action against some cancers as well as prevent 

the undesirable symptoms of menopause (Herrington, 2000). Resveratrol, a PE present in 

grape skin and red wine, is known to have cancer- and cardio-protective properties (Jang 

et al., 1997; Burns et al., 2002).  Resveratrol binds and activates both ER isoforms and 

can induce both estrogenic and antiestrogenic effects (Bhat et al., 2001a; Gehm et al., 

1997). Resveratrol acts as a cancer preventive agent due to its antioxidant, pro-apoptotic, 

and anti-growth properties (Bhat and Pezzuto, 2002; Burns et al., 2002; Aziz et al., 2003). 

Resveratrol may also be important for breast cancer prevention because it inhibits breast 

cancer cell growth in ERα (+) and ERα (-) cells (Lu and Serrero, 1999; Hsieh et al., 1999; 

Bhat et al., 2001a).  We have previously demonstrated that in ERαβ (+) breast cancer 

cells, resveratrol reduces activity of Akt, a regulator of cell survival, and increases Akt 

activity in ERα (-) ERβ (+) breast cancer cells (Brownson et al., 2002).  A recent report 

demonstrated that resveratrol could directly inhibit Akt activity of ER (+) breast cancer 

cells via an ERα-associated PI3K pathway (Pozo-Guisado et al., 2004).   
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Resveratrol has also been shown to prevent angiogenesis and wound healing of 

endothelial cells, and such anti-angiogenic properties of resveratrol make it a good 

candidate for the prevention of cancer progression (Kozuki et al., 2001; Cao et al., 2002; 

Brakenhielm et al., 2001; Igura et al., 2001).  Resveratrol has been demonstrated to 

reduce hepatoma cell invasion in response to hepatocyte growth factor in vitro and 

hepatoma and Lewis lung carcinoma invasion in mice (Kozuki et al., 2001; De et al., 

2001).  Resveratrol was recently shown to inhibit phorbol myristate acetate-induced 

cervical cancer cell invasion (Woo et al., 2004). Though the role of resveratrol in 

inhibition of cancer cell growth is well established, the role and the mechanisms by 

which resveratrol may act to prevent cancer metastasis remains to be investigated.   

Directed cell migration is an integral component of cancer cell invasion during 

metastasis. Metastatic cancer cells break cell-cell adhesions and initiate movement out of 

the primary tumor into surrounding tissue and blood vessels (Condeelis and Segall, 

2003).  Cancer cell invasion is regulated by growth factors that can rapidly activate cell 

surface receptors to induce actin polymerization and reorganization into actin-based 

extensions such as filopodia (thin needle shaped structures with parallel actin bundles) 

and lamellipodia (flat cell surface protrusions with cross-linked actin).  Extension of 

lamellipodia and dynamic turnover of focal adhesions at the leading edge is thought to 

drive forward migration (Condeelis et al., 2001; Ridley et al., 2003; Hood and Cheresh, 

2002).  Filopodia, on the other hand, are not essential for cell migration and are 

considered to function as environmental sensors and precursor structures to lamellipodia 

(Ridley et al., 2003; Mejillano et al., 2004). 

Focal adhesions are multi-molecular complexes formed by the interaction of IRs 

with the ECM.  Focal adhesions contain both structural and signaling components with 

numerous tyrosine-phosphorylated proteins such as FAK and Src as well as actin binding 
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proteins that anchor focal adhesions to the actin cytoskeleton.  FAK is recruited to the 

membrane in response to integrin as well as growth factor receptor activation.  FAK has 

also recently been shown to bind directly to ER and E2 can modulate FAK activity 

(Planas-Silva et al., 2006).  FAK is activated by phosphorylation at multiple tyrosine 

residues that in turn interact with adapter and structural proteins facilitating the 

modulation of cell proliferation, survival, migration, and cancer cell invasion (Schlaepfer 

and Mitra, 2004).    

Though ERα is commonly lost in metastatic breast cancer (Shen and Brown, 

2003), these cells can still retain ERβ isoform, which has been shown to interact with 

resveratrol (Kuiper et al., 1998).  Therefore, as a first step towards investigating a role for 

resveratrol in breast cancer metastasis, we monitored directed cell migration and 

accompanying changes in the cytoskeleton in response to resveratrol or E2 in the ERα (-) 

ERβ (+) MDA-MB-231 (Tong et al., 2002a) human metastatic breast cancer cell line. For 

the first time, the present data demonstrate that resveratrol may inhibit breast cancer cell 

migration by modulating the actin cytoskeleton to form a global array of filopodia and by 

decreasing focal adhesion assembly, and FAK activity.  Conversely, E2 increases cell 

migration and accompanying lamellipodia extension and focal adhesion assembly.  

Signaling through EGFR may be involved in the modulation of these structures. Thus, 

these data indicate that resveratrol may prevent, while E2 may advance metastasis in ERα 

(-) β (+) breast cancer cells. 

 

MATERIALS AND METHODS 

Reagents 

All culture media components were from Life Technologies/Gibco (Rockville, 

MD).  EGF was obtained from Upstate Biotechnology Inc. (Charlottesville, VA).  E2 was 
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obtained from Sigma (St. Louis, MO).  trans-Resveratrol was from LKT Laboratories (St. 

Paul, MN). All chemoattractants were dissolved in DMSO.  Rhodamine phalloidin was 

purchased from Molecular Probes (Eugene, OR).  Anti-phosphotyrosine and anti-ERα 

antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-ERβ, anti-

EGFR, and anti-phospho-EGFR antibodies were from Upstate Biotechnology Inc. 

(Charlottesville, VA). FITC-conjugated goat anti-mouse antibody was from Cappel 

(West Chester, PA). Tyrphostin AG1478 was purchased from Calbiochem (San Diego, 

CA).   

Cell Culture 

Human breast cancer cell lines MDA-MB-231, T47D, and SKBR3 were cultured 

in DMEM supplemented with 10% fetal bovine serum (FBS) at 37◦C in 5% CO2.  When 

starved, cells were treated with DMEM lacking serum and phenol red for the times 

indicated. 

Migration assay 

Migration assays were conducted according to (Leng et al., 1999). MDA-MB-231 

cells were serum-starved in phenol red-free DMEM for 24 hours. Cells were then 

trypsinized (phenol red-free trypsin), recovered with trypsin inhibitor (0.5 mg/ml), and 

seeded at 1x105 cells/chamber in the upper well of Costar wells (VWR, Suwanee, GA) 

containing membranes with 8 µ diameter pores. DMSO (control), E2 (0.1 µM), EGF (50 

ng/ml), or resveratrol (50 µM) was added as a chemoattractant to the bottom wells for 8 

hours.  For experiments where the effect of resveratrol was analyzed in combination with 

E2 or EGF, resveratrol was added to the bottom well for 10 minutes followed by E2 or 

EGF for the duration of the experiment.  Cells on the upper surface of the membrane 

were removed, and cells that had moved through to the other side of the membrane were 

stained with propidium iodide and quantified.  For statistical purposes, the total number 
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of cells migrated in 10 microscopic fields per well were counted in duplicate treatments 

for at least 3 separate experiments.   

Immunofluorescence microscopy 

Cells were seeded at 1.5x105 cells/cover slip and grown overnight in DMEM in 6 

well plates.  Cells were serum-starved in phenol red-free DMEM for 24 hours.  Cells 

were then treated for 10 minutes with DMSO (control), E2 (0.1 µM), EGF (50 ng/ml), or 

resveratrol (10, 50, or 100 µM).  For experiments where the effect of resveratrol was 

analyzed in combination with E2 or EGF, cells were pre-incubated in resveratrol for 10 

minutes and incubated with E2 or EGF for a further 10 minutes.  For experiments using 

tyrphostin AG1478 to inhibit EGFR activity, cells were pre-incubated in 50 µM 

tyrphostin AG1478 for 15 minutes as described in (Razandi et al., 2003b).  Cells were 

fixed immediately with 3.7% formaldehyde in PBS for 15 minutes, permeablized with 

0.2% Triton X-100 for 20 minutes, and blocked with 5% BSA.  Cells were then probed 

with rhodamine phalloidin to visualize F-actin and anti-phosphotyrosine followed by 

FITC-conjugated secondary antibody to visualize focal adhesions, as described in 

(Dharmawardhane et al., 2000).  Micrographs at 600x magnification were digitally 

captured using a SpotII digital camera and software (Diagnostic Instruments Inc., MI).  

Cells in 10 microscopic fields per treatment were counted for 3 separate experiments.   

Analysis of ER expression and FAK and EGFR activity 

Cells were disrupted in lysis buffer (20 mM Tris HCl (pH 7.5), 150 mM NaCl, 1 

mM EGTA, 1 mM EDTA, 2.5 mM sodium pyrophosphate, 50 mM sodium fluoride, 10% 

glycerol, 1% NP-40, 1 mM DTT, 0.5% deoxycholate, and protease inhibitors) on ice. 

Lysates were centrifuged at 14,000 rpm, and the supernatant mixed with Laemmli sample 

buffer, equally loaded, and separated on 10% SDS-PAGE gels. Proteins were transferred 

to PVDF membranes, blocked with 5% BSA, and probed with specific primary 
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antibodies. Positive bands were detected using a horseradish peroxidase (HRP)-

conjugated secondary antibody and developed with Super Signal West Fempto Substrate 

(Pierce, IL). For analysis of ER isoform expression or EGFR expression and activity, cell 

lysates containing equal amounts of protein, as determined by total protein assays (Bio 

Rad; Hercules, CA), were loaded and proteins were detected using monoclonal antibodies 

to ERα, ERβ, EGFR, or phospho-EGFR.  

For analysis of FAK activity, anti-FAK (against the N-terminus), and anti-

phospho-FAK (Tyr-397) antibodies were used as probes. The densities of positive bands 

were quantified using Scion Image software. The relative FAK activity was calculated as 

the ratio of the density of phospho-FAK in stimulated cell lysate to the density of FAK in 

stimulated cell lysate divided by the ratio of the density of phospho-FAK in unstimulated 

cell lysate to the density of FAK in unstimulated cell lysates, as described in (Brownson 

et al., 2002). In our previously published results, FAK activity was quantified using a C-

terminal anti-FAK antibody to detect total FAK levels.  Herein, this assay has been 

improved by the use of a total anti-FAK antibody that detects the N-terminus of FAK, 

thus including all of the protein detected by an anti-phospho-FAK (tyr-397) antibody. 

The results are representative of three separate experiments. 

For the analysis of EGFR activity, cells were pretreated with or without tyrphostin 

AG1478 (50 µM) for 15 minutes as described in (Razandi et al., 2003b).  Cells were then 

treated with 50 ng/ml EGF or vehicle for 10 minutes, lysed, and western blotted as 

described above using an antibody against phospho-EGFR (Y1173).  

Statistical analysis 

Data are expressed as means ± SEM.  P-values were calculated from Student’s 

unpaired t-tests using Microsoft Excel and considered significant at values less than 0.05. 
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RESULTS  

To determine the effect of resveratrol on cell functions relevant to cancer cell 

invasion, we investigated the changes in cell migration, cell surface actin structures, focal 

adhesion assembly, and FAK and EGFR activity induced by 10 minutes exposure to 

resveratrol (50 µM) compared to DMSO (control), E2 (0.1 µM), or EGF (50 ng/ml).  The 

concentration of resveratrol used is comparable to the range of concentrations used to 

demonstrate interaction with ER (Gehm et al., 1997), and signal transduction via 

modulation of gene expression (Woo et al., 2004). The concentration for resveratrol used 

is well within the published range for resveratrol action, where different cell types, 

including breast cancer cells, were incubated in concentrations of resveratrol ranging 

from 1-100 µM for over 24 hours (Igura et al., 2001; Pozo-Guisado et al., 2002; 

Kaneuchi et al., 2003; Niles et al., 2003; Pozo-Guisado et al., 2004). E2 concentration is 

in the range used for demonstration of non-genomic effects in breast cancer cells (Tsai et 

al., 2001; Razandi et al., 2003b).   The concentration of EGF is in the range used to 

activate EGFR and elicit effects on the actin cytoskeleton and invasion of breast cancer 

cells (Chan et al., 1998; Lotz et al., 2003).   

Resveratrol decreases migration while E2 increases migration of MDA-MB-231 cells   

As shown in figure 3.1, the role of E2 and resveratrol as chemoattractants in 

directed cell migration was analyzed in ERα (-) β (+) MDA-MB-231 metastatic human 

breast cancer cells.  E2 and EGF treatments both significantly increased cell migration by 

50% and 30%, respectively, compared to control.  Resveratrol treatment resulted in 

significantly decreased cell migration by 26% compared to control. To investigate the 

ability of resveratrol to inhibit E2 or EGF action, cells were treated with resveratrol prior 

to E2 (Res/E2) or EGF (Res/EGF).  Combined treatment of Res/E2 or Res/EGF were both 

significantly decreased from unstimulated control by 33% and 41%, respectively, but 



 

 86

were not significantly different from resveratrol-treated cells alone.  In Res/E2 

treatments, the number of cells that migrated was significantly reduced by 55% when 

compared to E2 alone. In Res/EGF treatments, the number of cells that migrated was also 

significantly reduced by 55% when compared to EGF alone.  Thus, resveratrol effectively 

inhibited cell migration even in the presence of E2 or EGF, both stimulators of directed 

cell migration. 

Resveratrol induces filopodia while E2 induces lamellipodia extension in ER (+) 
breast cancer cells 

To investigate a structural mechanism for the migratory response of ERα (-) β (+) 

MDA-MB-231 to resveratrol and E2, we monitored the effect of these compounds on the 

actin cytoskeleton of ERα β (+) T47D, ERα (-) β (+) MDA-MB-231, and ERα (-) β (-) 

SKBR3 human breast cancer cell lines.  The ER α and β protein expression status of all 

three cell lines was confirmed by western blotting with monospecific antibodies (Fig. 

3.2.B). As shown in figure 3.2.A, addition of resveratrol or E2 to quiescent T47D and 

MDA-MB-231 human breast cancer cell lines resulted in rapid reorganization of the actin 

cytoskeleton.  However, the actin cytoskeletal response to resveratrol compared to E2 

was structurally very different.  Treatment with resveratrol resulted in a dynamic global 

extension of filopodia which contain parallel bundles of actin filaments. Treatment with 

E2, on the other hand, resulted in extension of lamellipodia, which contain cross-linked 

networks of actin filaments.  In the ERα (-) β (+) MDA-MB-231 cells, we have observed 

significant increases in filopodia extension from 5-30 minutes following resveratrol 

treatment at concentrations ranging from 10-100 µM with saturation at 50 µM resveratrol 

(data not shown).  Resveratrol-induced increases in filopodia were also observed for the 

ERαβ (+) T47D cells (Fig.3.2.A).  However, neither E2 nor resveratrol affected the actin 

cytoskeleton of the ERαβ (-) metastatic breast cancer cell line SKBR3 (Fig.3.2.A).   As 

confirmed in figure 3.2.B, SKBR3 cell line is known to be deficient in ER mRNA 
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expression (Skliris, Munot et al. 2003). Therefore, these effects of E2 and resveratrol on 

the actin cytoskeleton may be ER-dependent but not specific to ERα.   

Since we investigated a role for E2 and resveratrol in crosstalk with EGFR 

signaling, expression of EGFR was also confirmed in these breast cancer cell lines (Fig. 

3.2.B).  Though the EGFR antibody was not sensitive enough to detect the low 

expression of EGFR in T47D cells, western blotting of lysates from cells grown in serum 

with a phospho-specific EGFR antibody detected activated EGFR in T47D cells as well 

as in MDA-MB-231 and SKBR3 cells.  Therefore, the observed lack of an actin 

cytoskeletal response following E2 or resveratrol in SKBR3 cells is not because they lack 

EGFR function but probably due to their ER negative status. 

Stimulation of ERα (-) β (+) MDA-MB-231 cells with EGF resulted in 

lamellipodia formation, as has been reported in other breast cancer cell lines (Condeelis 

et al., 2001).  Interestingly, E2 exerted a similar, but less pronounced induction of 

lamellipodia.  This has recently been shown in ERαβ (+) MCF-7 breast cancer cells 

(Song et al., 2004).  The number of filopodia extended in cells treated with E2 or EGF 

did not differ significantly from controls (Figs.3.2-3.4).  These parallel cytoskeletal 

responses to E2 or EGF suggest that E2 may exert effects on the actin cytoskeleton via 

EGFR.  

As shown in figure 3.3, the number of filopodia extended in response to 50 µM 

resveratrol was significantly increased by ~4.5-fold compared to control, E2, or EGF.  To 

evaluate the role of resveratrol as an inhibitor of E2 or EGF action on the cytoskeleton, 

the number of filopodia were quantified in cells pre-incubated with resveratrol and 

subsequently stimulated with E2 (Res/E2) or EGF (Res/EGF).  In Res/E2 treatments, the 

number of filopodia was significantly greater than unstimulated control or E2 alone by 

~3-fold. However, the number of filopodia extended in this Res/E2 combined treatment 
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was still significantly less (31%) than the resveratrol alone treatment. These results 

demonstrate that resveratrol may counteract the effect of E2 on the actin cytoskeleton by 

directly competing with E2 for ER. Resveratrol pre-treatment followed by EGF 

(Res/EGF) did not significantly increase filopodia number when compared to EGF alone. 

In the presence of EGF, resveratrol did not affect direct EGF signaling to the actin 

cytoskeleton, indicating that resveratrol may not directly compete with EGF to alter 

EGFR signaling.   

Resveratrol and E2 effects on the actin cytoskeleton of MDA-MB-231 cells are 
modulated by EGFR inhibitor 

PM ERs have been implicated in cross-activation of tyrosine kinase-type growth 

factor receptors such as EGFR (Levin, 2002).  To further evaluate the role of EGFR on 

resveratrol-mediated effects on the actin cytoskeleton, we investigated the effect of 

tyrphostin AG1478, an EGFR1-specific inhibitor.  As shown in figure 3.4.A, treatment of 

unstimulated cells with AG1478 (Un+) resulted in a significant increase in the number of 

filopodia when compared to unstimulated control (Un-).  This increase may be due to a 

non-specific effect of AG1478 treatment or inhibition of intrinsic EGFR activity.   

When E2-treated or EGF-treated cells were pre-treated with AG1478 (E2+ or 

EGF+, respectively), the filopodia number increased significantly compared to 

unstimulated plus AG1478 (Un+) treatment.  There was a significant 2-fold increase of 

filopodia in cells treated with E2 in the presence of AG1478 (E2+) compared to those 

treated with E2 in the absence of AG1478 (E2-). The same effect was seen in cells treated 

with EGF in the presence of AG1478 (EGF+) compared to those treated with EGF in the 

absence of AG1478 (EGF-).  These increases may also be a direct result of inhibition of 

EGFR activity or a non-specific effect of AG1478. 

Conversely, AG1478 treatment partially but significantly reduced the number of 

filopodia extended in response to resveratrol (Res+) by 36% when compared to 
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resveratrol alone (Res-). The number of filopodia in resveratrol-treated cells in the 

presence of AG1478 (Res+) was still significantly higher than the number of filopodia in 

unstimulated cells in the presence of AG1478 (Un+) (2-fold). The number of filopodia in 

resveratrol-treated cells in the presence of AG1478 (Res+) was also significantly higher 

than E2-stimulated cells in the presence of AG1478 (E2+) (27%), and nearly significant 

for EGF-stimulated cells in the presence of AG1478 (EGF+) (24%; P=0.06).  Thus, 

EGFR signaling appears to play a partial role in resveratrol signaling to the actin 

cytoskeleton.  

To determine the effect of E2 or resveratrol on EGFR activation, EGFR activity 

was detected by a monospecific antibody to the phosphotyrosine residue 1173 of EGFR 

which is auto-phosphorylated upon receptor occupation. Our results are limited by the 

sensitivity of the phospho-EGFR (Y1173) antibody and by the fact that EGFR is 

phosphorylated on several other phosphotyrosine residues upon activation (Fan et al., 

2005; Mendelsohn and Baselga, 2000). As shown in figure 3.4.B, there was a very low 

intrinsic EGFR activity in quiescent, MDA-MB-231 cells.  As expected, EGF stimulation 

resulted in a marked increase in phospho-EGFR levels, which was abolished by AG1478 

treatment.  Similarly, E2 induced EGFR activity, but to a lesser degree than EGF, and 

was inhibited by AG1478.  Interestingly, resveratrol also increased EGFR activity but to 

a lesser degree than E2. This activity did not appear to be attenuated by AG1478. These 

results reveal a potential AG1478-insensitive fraction of EGFR signaling induced by 

resveratrol.  

Resveratrol decreases while E2 increases focal adhesion number in MDA-MB-231 
cells 

Since focal adhesions are commonly associated with cell surface actin structures 

such as filopodia and lamellipodia (Condeelis et al., 2001), cells stimulated with E2, 

EGF, or resveratrol were examined for focal adhesions.  As shown in figure 3.5 (A and 
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B), EGF increased the number of focal adhesions/cell compared to unstimulated controls 

in a statistically significant manner by 2.1-fold. Increased focal adhesion assembly in 

response to E2 was more moderate at 20% but still statistically significant when 

compared to controls, again demonstrating a similar but not as pronounced effect on the 

cytoskeleton as EGF.  Moreover, the focal adhesions extended in response to E2 or EGF 

were observed to be smaller and distributed at the leading edge of lamellipodia, and thus 

characteristic of motile cells.   

Resveratrol treatment resulted in significantly reduced focal adhesion assembly 

by 36% compared to control (Fig.3.5.A,B).  Resveratrol-induced filopodia did not appear 

to be associated with focal adhesions.  To investigate the ability of resveratrol to inhibit 

E2 or EGF action, focal adhesion number was quantified in E2-treated or EGF-treated 

cells after resveratrol treatment.  When cells were treated with resveratrol prior to E2 

(Res/E2), focal adhesions/cell were significantly reduced by 29% when compared to E2 

alone.  There was also a 29% reduction in focal adhesion number observed for cells 

treated with resveratrol prior to EGF (Res/EGF) when compared to EGF alone (P=0.07).  

However, focal adhesions in Res/E2 and Res/EGF treatments were still significantly 

higher than resveratrol alone by 1.6-fold and 2.8-fold, respectively.  These results 

indicate at least a partial role for ER in resveratrol-mediated inhibition of focal complex 

assembly. 

As shown in figure 3.6, AG1478 treatment did not significantly alter the amount 

of focal adhesions in unstimulated cells. Compared to E2 alone (E2-), treatment with 

AG1478 (E2+) reduced the number of focal adhesions significantly by 41%.  The number 

of focal adhesions/cell in response to EGF (EGF-) also decreased significantly in the 

presence of tyrphostin AG1478 (EGF+) by 56%.  The decrease in focal adhesion number 

in the presence of AG1478 in E2-treated (E2+) or EGF-treated (EGF+) cells was 
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significantly lower than that of unstimulated cells in the presence of AG1478 (Un+) by 

13% and 9%, respectively.  We did not observe a significant reduction in focal adhesion 

number in the presence of tyrphostin AG1478 (Res+) in resveratrol-treated cells (Res-).  

This result demonstrates that the increased focal adhesions in both E2- and EGF-treated 

cells are likely due to EGFR activity. 

Resveratrol decreases FAK activity in MDA-MB-231 cells 

Since FAK is a signaling intermediate that is recruited to focal adhesions 

immediately following integrin activation and is also regulated by growth factor receptor 

stimulation, we determined FAK activity in response to resveratrol.  FAK activity in 

response to resveratrol was determined by analysis of auto-phosphorylation of FAK 

(Y397) following a range of resveratrol concentrations as described in (Brownson et al., 

2002).  In MDA-MB-231 cells, resveratrol at 10 minutes increased FAK activity at 1 and 

10 µM by ~10% compared to untreated control. Endogenous FAK activity decreased 

when treated with 25 µM resveratrol by 34%, at 50 µM by 52%, and at 100 µM by 84% 

compared to control (Fig.3.7).  Thus, the decreased FAK activity in response to 

resveratrol corresponds to the decreased focal adhesion assembly by resveratrol at 50 µM. 

 

DISCUSSION 

Overall, the data presented demonstrate that while E2 and EGF increase directed 

cell migration, lamellipodia extension, and focal adhesion assembly, resveratrol exerts an 

opposite effect by inhibiting cell migration, increasing filopodia formation, and 

decreasing the number of focal adhesions, and FAK activity.  Thus, rapid resveratrol 

signaling to the cytoskeleton of ERα (-) ER β (+) MDA-MB-231 breast cancer cells 

appears to function in an antiestrogenic manner.   
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Cell migration is crucial for cancer cell invasion and metastasis.  Herein, we 

report that resveratrol inhibits cell migration, while E2 acts similar to EGF, a known 

promoter of cell migration.  This resveratrol-induced inhibitory effect on cell migration 

was still evident when cells were pre-treated with resveratrol followed by EGF or E2.  

The demonstrated inhibitory effect of resveratrol on directed cell migration is also 

substantiated by previous studies which reported that resveratrol blocked the wound 

healing response of epithelial cells (Brakenhielm et al., 2001; Igura et al., 2001) and 

invasion of cervical cancer cells (Woo et al., 2004). This inhibitory effect of resveratrol 

on directed cell migration could be accounted for by its reported anti-proliferative and 

pro-apoptotic properties.  However, the short exposure times of our experiments, 10 

minutes for detection of filopodia and focal adhesion assembly and 8 hours for migration, 

makes this possibility highly unlikely.  We have examined the cells (by propidium iodide 

staining of nuclei) at the end of our experiments and they appear to be viable.  Previous 

reports on the role of resveratrol in apoptosis, where the authors incubated cells for over 

24 hours in µM concentrations of resveratrol, support our inference that we are 

monitoring rapid signaling effects and not effects of resveratrol on cell growth (Kozuki et 

al., 2001; Shih et al., 2002; Hsieh and Wu, 1999; Bove et al., 2002; Damianaki et al., 

2000).   

In fibroblast-like cells such as MDA-MB-231 breast cancer cells, directed 

motility in response to a chemoattractant is driven by cell polarization, polymerization of 

actin, and incorporation of cross-linked actin filaments into leading edge lamellipodia and 

filopodia which are stabilized by making focal adhesions with the ECM (Small et al., 

2002; Ridley et al., 2003). Lamellipodia are considered to be essential for directed cell 

migration, while filopodia are not essential for cell migration but considered to serve as 

environmental sensors (Mejillano et al., 2004). Filopodia are often reorganized to form 
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leading edge lamellipodia during cell migration (Ridley et al., 2003). Thus, the observed 

cytoskeletal response to resveratrol, where cells appear relatively unpolarized and extend 

large numbers of unorganized peripheral filopodia that are not associated with focal 

adhesions and do not get converted to lamellipodia is hypothesized to be directly 

responsible for the inhibition of cell migration by resveratrol.   

FAK is one the first signaling intermediates recruited to nascent focal adhesions. 

FAK-mediated increases in cell proliferation, motility, and invasion have been correlated 

with tumor malignancy (Schaller, 2001; Schlaepfer and Mitra, 2004).  Therefore, the 

observed reduced FAK activity in response to resveratrol at concentrations of 25 µM and 

above may also contribute to the inhibitory effect of resveratrol on cell migration.  This 

result coincides with our reported decrease of focal adhesion number with resveratrol at 

50 µM.  Reduction in focal contacts with the ECM is known to activate apoptosis 

(Schaller, 2001). Thus, the resveratrol-mediated decreased FAK activity and focal 

adhesion number may represent another pathway by which resveratrol can induce 

apoptosis.  FAK has also recently been shown to bind ER (Planas-Silva et al., 2006), 

presenting a direct mode by which resveratrol could signal to FAK. 

Rapid E2 effects have been shown to be mediated via EGFR signaling (Levin, 

2003). EGFR activity is known to regulate pathways leading to actin reorganization by 

non-genomic mechanisms (Levin, 2003; Chan et al., 1998). EGFR signaling activates the 

Rho family GTPases Rac and Cdc42 that regulate extension of cell surface actin 

structures such as filopodia and lamellipodia (Condeelis et al., 2001; Burridge and 

Wennerberg, 2004).  Our results show that E2 acts similar to EGF and activates EGFR, 

increases directed cell migration, lamellipodia extension, and focal adhesion assembly.  

Thus, E2 and EGF may promote directed cell migration by similar mechanisms that 

involve extension of lamellipodia with multiple dynamic focal adhesions that support 
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protrusion and traction at the cell front during motility.  Recent data have demonstrated 

that EGF-induced filopodia are always associated with basal focal adhesions and the 

filopodia that contain shaft adhesions (focal adhesions inside the filopodia) are useful for 

directed motility by conversion into lamellipodia (Steketee and Tosney, 2002).  

Interestingly, the filopodia extended in response to resveratrol were not associated with 

basal or shaft adhesions.  Thus, the filopodia and focal adhesions assembled in 

resveratrol-treated cells may be structurally and functionally different from those 

assembled in response to E2 or EGF.   

The effects of E2 and resveratrol on the cytoskeleton were only evident in cells 

that expressed a functional ER isoform and not in the ERαβ (-) SKBR3 cell line.  When 

ERβ (+) MDA-MB-231 breast cancer cells were pre-incubated in resveratrol and 

subsequently treated with E2 the cytoskeletal response of increased filopodia and 

decreased focal adhesions was similar to that of resveratrol alone, indicating that 

resveratrol probably exerts its effects on the actin cytoskeleton via ER. The slightly 

reduced cytoskeletal response of resveratrol combined with E2 when compared to 

resveratrol alone may be due to the lower binding affinity of resveratrol for ERβ 

compared to E2 (Bhat and Pezzuto, 2001).  However, resveratrol has been shown to exert 

potentially ER-independent effects on modulation of enzymes such as COX 1 and 2 and 

PKC isoforms (Bhat and Pezzuto, 2002; Aziz et al., 2003).  Thus, some of the effects of 

resveratrol on the actin cytoskeleton may indicate an ER-independent alternate pathway 

that blocks or overpasses ER action.   

To investigate the potential role of EGFR signaling on resveratrol and E2 effects 

on the cytoskeleton, we evaluated the effect of inhibiting the kinase activity of EGFR1 

with tyrphostin AG1478. As expected, we observed an AG1478-sensitive EGFR 

phosphorylation response to both E2 and EGF. We also observed a reduction in 
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lamellipodia (data not shown) and the number of focal adhesions assembled in response 

to EGF or E2 in the presence of AG1478.  According to recent reports, E2 acts via G 

proteins to activate EGFR-mediated signaling to MAPK and Akt activity, pathways that 

regulate cell proliferation and survival (Razandi et al., 2003b; Stoica et al., 2003a; Levin, 

2003).  The present study has elucidated a novel role for E2 in rapid signaling to the actin 

cytoskeleton to promote directed migration that may represent another relevant 

E2/EGFR-mediated signaling pathway.  

When cells were treated with resveratrol prior to EGF, resveratrol did not directly 

interfere with EGF for signaling to EGFR to exert effects on the cytoskeleton. However, 

addition of AG1478 inhibited a portion of the filopodia extended in response to 

resveratrol.  Thus, at least some of the resveratrol-mediated effects on the actin 

cytoskeleton are regulated by EGFR signaling.  It is also possible that the filopodia 

extended by resveratrol in the presence of AG1478 may still be under EGFR regulation 

because resveratrol induced auto-phosphorylation of EGFR could not be inhibited by the 

AG1478.  This interesting result may be due to a resveratrol-mediated AG1478-

insensitive EGFR activation.  This possibility is substantiated by a recent report that 

demonstrates AG1478-independnt activation of EGFR phosphorylation via Src activity 

(Sato et al., 2003).  

Interestingly, treatment of unstimulated cells with AG1478 (Un+) resulted in a 

significant increase in the number of filopodia when compared to unstimulated control 

(Un-). This implies that EGFR activity is necessary to prevent filopodia formation in 

unstimulated cells (Un-).  Moreover, when E2-treated or EGF-treated cells were 

pretreated with AG1478, there was also a significant increase in filopodia formation 

compared to E2 or EGF alone. These perplexing results may be explained if EGFR 

activity is important for the conversion of filopodia into lamellipodia as previously 
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reported (Steketee and Tosney, 2002).  In our microscopy studies, we have observed that 

when MDA-MB-231 cells were stimulated with EGF, they responded initially (at 5 min) 

by filopodia extension. These filopodia then merged into lamellipodia, which were 

completely formed by 10 minutes.  Based on this observation, it is possible that the 

AG1478-sensitive EGFR signaling is important for the conversion of filopodia to 

lamellipodia, which may be regulated by EGF or E2 via EGFR1 signaling. Therefore, in 

the presence of AG1478, the fraction of filopodia induced by AG1478-insensitive EGFR 

signaling may remain as filopodia instead of reorganizing into lamellipodia. 

The present study makes a significant contribution to the field of non-genomic 

signaling of E2 and related compounds by investigation of a novel role for E2 and 

resveratrol in cancer cell migration via rapid reorganization of the actin cytoskeleton. For 

the first time, we demonstrate that resveratrol inhibits cell migration in response to E2 or 

EGF.  This inhibitory effect of resveratrol on cell migration may be due to rapid filopodia 

formation without accompanying conversion to lamellipodia, cell polarization, or 

attachment to the ECM. Taken together, these findings indicate that resveratrol may have 

the potential to play a preventive role in the progression of ERα (-) ERβ (+) metastatic 

breast cancers that express EGFR. A growing body of literature suggests that moderate 

red wine consumption may have several health benefits including lowering the risk of 

breast cancer.  The data presented implicate an additional beneficial role for resveratrol in 

prevention of breast cancer cell invasion and metastasis.   
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Figure 3.1: Effects of E2, EGF, and resveratrol on directed cell migration of MDA-
MB-231 cells.  Cells were serum-starved in phenol red-free media for 24 hours and 
migration assays were conducted using the following as chemoattractants for 8 hours: 
DMSO as control (Un), 0.1 µM E2, 50 ng/ml EGF, 50 µM resveratrol (Res), pre-treated 
with Res for 10 minutes followed by E2 for 10 minutes (Res/E2), or pre-treated with Res 
for 10 minutes followed by EGF for 10 minutes (Res/EGF).  Number of cells that 
migrated through the upper chamber of Costar wells was quantified and made relative to 
DMSO control.  Data are expressed as mean cells migrated ± SEM of at least three 
independent experiments with duplicate treatments.  Treatments denoted by the same 
letter indicate no significant difference between those treatments. Treatments denoted by 
different letters indicate a significant difference between those treatments at P<0.05. 
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Figure 3.2:  Effect of E2 and resveratrol on the actin cytoskeleton of ER (+) and (-) 
cells.  A) Micrographs of T47D, MDA-MB-231, and SKBR3 cells at 600X 
magnification. Cells were serum-starved in phenol red-free media for 24 hours and 
stimulated for 10 minutes with DMSO as control (Un), E2 (0.1 µM), or 50 µM 
resveratrol (Res).  Cells were stained with rhodamine phalloidin to visualize F-actin.  
Arrowheads (<) indicate filopodia.  B)  Western blot of whole cell lysates of T47D, 
MDA-MB-231, and SKBR3.  Equal amounts of proteins from cell lysates were loaded on 
SDS-PAGE and western blotted using anti-ERα (65kD band) or anti-ERβ (53kD band).  
Equal amounts of cell lysates were also probed with anti-EGFR1 (185 kD) or anti-
phospho-EGFR (Y1173) (185kD). 
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Figure 3.3.A: Effect of E2, EGF, or resveratrol on the actin cytoskeleton of MDA-
MB-231 cells.  Cells were serum-starved in phenol red free media for 24 hours and 
stimulated for 10 minutes with DMSO as control (Un), 0.1 µM E2, 50 ng/ml EGF, 50 µM 
resveratrol (Res), pre-treated with Res for 10 minutes followed by E2 for 10 minutes 
(Res/E2), or pre-treated with Res for 10 minutes followed by EGF for 10 minutes 
(Res/EGF).  Cells were stained with rhodamine phalloidin to visualize F-actin. 
Micrographs at 600x magnification. Arrowheads (<) indicate  filopodia, Arrows ( ) 
indicate lamellipodia.  
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Figure 3.3.B:  Effect of E2, EGF, or resveratrol on the actin cytoskeleton of MDA-
MB-231 cells.  Filopodia number was quantified for at least 10 microscopic fields per 
treatment per experiment and made relative to DMSO control (Un).  Data expressed as 
mean filopodia ± SEM of three independent experiments. Treatments denoted by the 
same letter indicate no significant difference between those treatments. Treatments 
denoted by different letters indicate a significant difference between those treatments at 
P<0.05. 
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Figure 3.4.A:  Effect of tyrphostin AG1478 on filopodia formation in MDA-MB-231 
cells.  Cells were serum-starved in phenol red free media for 24 hours and pretreated with 
vehicle (-AG1478) or tyrphostin AG1478 (+AG1478) for 15 minutes then treated with 
DMSO as control (Un), 0.1 µM E2, 50 ng/ml EGF, or 50 µM resveratrol (Res) for 10 
minutes.  Cells were stained with rhodamine phalloidin to visualize F-actin.  Filopodia 
number was quantified for at least 10 microscopic fields per treatment per experiment 
and made relative to DMSO control (Un).  Data expressed as mean filopodia ± SEM of 
three independent experiments. Treatments denoted by the same letter indicate no 
significant difference between those treatments. Treatments denoted by different letters 
indicate a significant difference between those treatments at P<0.05.    
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Figure 3.4.B:  Effect of tyrphostin AG1478 on EGFR activation in MDA-MB-231 
cells.  Quiescent cells were pre-treated with DMSO (-AG1478) or tyrphostin AG1478 
(+AG1478) for 15 minutes then treated with DMSO as control (Un), 0.1 µM E2, 50 
ng/ml EGF, or 50 µM resveratrol (Res) for 10 minutes.  Cells were immediately lysed 
and equal amounts of protein separated on SDS-PAGE and western blotted for activated 
EGFR using an anti-phospho-EGFR (Y1173) antibody or total EGFR.  Result is 
representative of three separate experiments. 
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Figure 3.5.A:  Effect of E2, EGF, or resveratrol on focal adhesion assembly in MDA-
MB-231 cells.  Cells were serum-starved in phenol red-free media for 24 hours and 
stimulated for 10 minutes with DMSO as control (Un), 0.1 µM E2, 50 ng/ml EGF, 50 µM 
resveratrol (Res), pre-treated with Res for 10 minutes followed by E2 for 10 minutes 
(Res/E2), or pre-treated with Res for 10 minutes followed by EGF for 10 minutes 
(Res/EGF).  Cells were probed with anti-phosphotyrosine primary antibody and FITC-
conjugated secondary antibody to visualize focal adhesions. Micrographs at 600x 
magnification.  
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Figure 3.5.B: Effect of E2, EGF, or resveratrol on focal adhesion assembly in MDA-
MB-231 cells.  Focal adhesion number per cell was quantified for at least 10 microscopic 
fields per treatment per experiment and made relative to DMSO control (Un).  Data 
expressed as mean focal adhesions ± SEM of three independent experiments. Treatments 
denoted by the same letter indicate no significant difference between those treatments. 
Treatments denoted by different letters indicate a significant difference between those 
treatments at P<0.05. 
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Figure 3.6:  Effect of tyrphostin AG1478 on focal adhesion assembly in MDA-MB-
231 cells. Cells were serum-starved in phenol red-free media for 24 hours and pretreated 
with vehicle (-AG1478) or tyrphostin AG1478 (+AG1478) for 15 minutes then treated 
with DMSO as control (Un), 0.1 µM E2, 50 ng/ml EGF, or 50 µM trans-resveratrol (Res) 
for 10 minutes.  Cells were probed with an anti-phosphotyrosine antibody followed by 
FITC-secondary antibody to visualize focal adhesions.  Focal adhesion number was 
quantified for at least 10 microscopic fields per treatment per experiment and made 
relative to DMSO control (Un).  Data expressed as mean focal adhesions ± SEM of three 
independent experiments. Treatments denoted by the same letter indicate no significant 
difference between those treatments. Treatments denoted by different letters indicate a 
significant difference between those treatments at P<0.05. 
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Figure 3.7:  Effect of resveratrol on FAK activity in MDA-MB-231 cells.  Cells were 
starved 24 hours in phenol red and serum-free media and treated with DMSO as vehicle 
(0) or resveratrol (1, 10, 25, 50, or 100 µM) for 10 minutes.  A) Equal amounts of protein 
were run on SDS-PAGE and western blotted using FAK (N-terminus) or phospho-FAK 
(tyr-397) antibodies.  B) The integrated density of phospho-FAK and FAK bands from 
western blots was quantified.  Relative activity is the difference between the ratio of 
phospho-FAK to total FAK with stimulation and the ratio of phospho-FAK to FAK 
without stimulation. Result is representative of three separate experiments. 
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Chapter 4: Role of Rho GTPases in resveratrol-mediated actin 
cytoskeletal modulation of MDA-MB-231 metastatic breast cancer cells 

SUMMARY 

E2 and structurally related ER modulators such as PEs are highly relevant to 

breast cancer promotion, as well as prevention and therapy. Resveratrol, an E2-like 

polyphenol found in high quantities in grape skins and red wine, has been shown to act as 

a mixed agonist/antagonist to ER and is therefore relevant to breast cancer. Our previous 

data have demonstrated that resveratrol (50 µM) acts in an antiestrogenic manner in 

human breast cancer cell lines to reduce cell migration, focal adhesion assembly, FAK 

activity, and induce a global and sustained extension of cell surface structures called 

filopodia. Herein, we report that induction of filopodia by resveratrol is time- and 

concentration-dependent, peaking at 10 minutes and 50 µM resveratrol.  The filopodia 

extension by 50 µM resveratrol is also shown to occur under physiological conditions, as 

this response was observed in the absence and presence of serum as well as on ECM 

components.  Moreover, the filopodia response is sustained even at 8 hours following 

treatment with 50 µM resveratrol. Interestingly, resveratrol at a lower concentration (5 

µM) acts similar to E2 and EGF by increasing lamellipodia formation, and breast cancer 

cell migration. The small Rho GTPase family proteins Cdc42 and Rac have been 

implicated in filopodia and lamellipodia formation, respectively, in response to tyrosine 

kinase-type receptor activation. To elucidate the molecular mechanisms of cytoskeletal 

reorganization by resveratrol, we investigated potential resveratrol-mediated signaling to 

the actin cytoskeleton via Cdc42 and Rac. We report a concentration-dependent biphasic 

effect of resveratrol on cell migration, cytoskeletal reorganization, and Rac and Cdc42 



 

 108

activity using ERα (-) ERβ (+) MDA-MB-231 metastatic human breast cancer cells. Our 

results demonstrate that 50 µM resveratrol decreases Rac and Cdc42 activity while 5 µM 

resveratrol increases Rac activity.  Yet cells treated with a Rho GTPase inhibitor or cells 

expressing dominant negative Cdc42 or dominant negative Rac retain the filopodia 

morphology induced by 50 µM resveratrol.  The lamellipodia induced by E2 and EGF 

can be attenuated in cells expressing dominant negative Rac. These results indicate that 

resveratrol-induced signaling to the actin cytoskeleton is complex, concentration-

dependent, and may be differentially regulated by Rac and Cdc42.
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INTRODUCTION  

Resveratrol, a PE present in grape skin and red wine, has been shown to have 

antioxidant, pro-apoptotic, anti-growth, anti-angiogenic, and anti-invasive properties and 

can therefore act as a cancer preventive agent (Roemer and Mahyar-Roemer, 2002; Bhat 

et al., 2001b; Nigdikar et al., 1998). Resveratrol is an attractive cancer chemopreventive 

because it has little or no toxic effects on healthy cells, demonstrates high efficacy 

against different cancer types, can be consumed orally, and is easily available in 

acceptable dietary components (Jang et al., 1997).  

In addition to being able to prevent the initiation and promotion of cancers, 

resveratrol may have potential as a metastasis-preventive. In vitro studies have shown 

resveratrol at 50 µM significantly inhibits invasion of endometrial and breast cancer cells 

(Woo et al., 2004; Pozo-Guisado et al., 2005). Inhibition of Jun kinase-induced and PKC-

induced MMP expression has also been implicated as a potential mode for resveratrol to 

regulate cancer cell invasion (Woo et al., 2004).  Resveratrol has been demonstrated to 

reduce hepatoma cell invasion in vitro via hepatocyte growth factor signaling, as well as 

reduce in vivo hepatoma and Lewis lung carcinoma invasion in mice (Miura et al., 2004; 

De et al., 2001). Moreover, oral administration of resveratrol decreased metastatic 

invasion in a mouse model of melanoma (Asensi et al., 2002). Resveratrol has been 

shown to suppress angiogenesis and wound healing of endothelial cells, and therefore is 

predicted to contribute to prevention of cancer metastasis as well (Cao et al., 2002).  

Another recent study indicated that resveratrol may act as a chemopreventive of 

spontaneous mammary tumor formation and reduce metastasis in a HER2 transgenic 

mouse mode (Provinciali et al., 2005).  
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Resveratrol can bind to and activate ERα and ERβ and has mixed 

agonist/antagonist effects (Bhat et al., 2001a; Gehm et al., 1997).  In addition to 

modulation of ER-responsive gene transcription, resveratrol has also been shown to 

rapidly modulate non-genomic signaling cascades including mitogen-activated protein 

kinase (MAPK), FAK, and PI3-K/Akt activity through ER-dependent and independent 

pathways (Klinge et al., 2005; Azios and Dharmawardhane, 2005b; Shih et al., 2004; 

Brownson et al., 2002; Poolman et al., 2005; Pozo-Guisado et al., 2004).  These signaling 

cascades are all relevant to the proliferation, motility, and survival processes that take 

place during cancer metastasis. 

E2 signaling to membrane ERs is now implicated in the regulation of cytoskeletal 

dynamics and modulation of cell migration and invasion (Song et al., 2004; Zhang et al., 

2004b; Azios and Dharmawardhane, 2005b; Acconcia et al., 2005b).  Numerous studies 

have demonstrated that PM ERs are activated by E2 to cross-activate tyrosine kinase-type 

cell surface receptors such as EGFR as well as GPCRs, receptors known to regulate 

cytoskeletal dynamics during directed cell migration/invasion (Levin, 2003).   Recently, 

resveratrol was also shown to affect actin cytoskeletal organization and inhibit invasion 

of ERαβ (+) primary human breast cancer cell line MCF-7 (Rodrigue et al., 2005).   

Concurrently, we reported that resveratrol inhibits cell migration in ER α (-) β (+) MDA-

MB-231 breast cancer cells.  We hypothesized that this inhibition is due to resveratrol’s 

rapid modulation of the actin cytoskeleton resulting in a global and sustained array of 

filopodia, decreased focal adhesions, and inhibition of FAK activity (Azios and 

Dharmawardhane, 2005b).   

We have extended these results in the present study to analyze the role of key 

signaling intermediates of the Rho family of GTPases, Rac and Cdc42, in resveratrol 

signaling to the actin cytoskeleton. During metastasis, the actin cytoskeleton of invading 
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cells is remodeled by molecular mechanisms common to all migrating cells.  Rho family 

GTPase signaling to the actin cytoskeleton has been specifically linked to regulation of 

breast cancer metastasis and are potential targets for metastasis therapy (Ridley, 2004; 

Condeelis et al., 2001). Activated Cdc42 induces the formation of filopodia (thin needle-

shaped structures with parallel actin bundles), while activated Rac induces lamellipodia 

(flat cell surface protrusions with cross-linked actin) (Nobes and Hall, 1999).  The 

signaling proteins, actin binding proteins, and structural proteins involved in cross-

linking of actin filaments into parallel bundles that form filopodia differ markedly from 

those that cross-link actin filaments to organize the orthogonal networks that form 

lamellipodia (Aspenstrom et al., 2004).   

Extension of lamellipodia and dynamic turnover of small focal adhesions at the 

leading edge of a cell is thought to drive forward migration, and recent data has 

implicated Rac-induced lamellipodia formation in migration and invasion of metastatic 

breast cancer cells (Baugher et al., 2005; Chan et al., 2005). Filopodia, on the other hand, 

are not essential for cell migration and are considered to function as environmental 

sensors (Mejillano et al., 2004).  Filopodia can contribute to cell migration by being 

converted to lamellipodia during growth factor receptor signaling (Ridley et al., 2003; 

Faix and Rottner, 2006; Mejillano et al., 2004).    

We investigated the potential mechanisms by which resveratrol affects 

modulation of the actin cytoskeleton by an analysis of the role of Rac and Cdc42.  We 

report that resveratrol exerts a concentration-dependent biphasic effect on the actin 

cytoskeleton, whereby resveratrol at 5 µM acts in a similar manner to E2, while 

resveratrol at 50 µM acts in an opposite manner.  This report delineates resveratrol-

induced signaling cascades that exhibit a concentration-dependent effect on Rac and 

Cdc42 activity and actin cytoskeletal dynamics.  This contributes to the in vitro data 
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suggesting that resveratrol has potential as a breast cancer metastasis preventive, but 

should be used with caution regarding concentration. 

 

MATERIALS AND METHODS 

Reagents 

All culture media components were purchased from Life Technologies/Gibco 

(Rockville, MD).  EGF was purchased from Upstate (Charlottesville, VA). E2 was 

purchased from Sigma (St. Louis, MO). Resveratrol, genistein, and daidzein were 

purchased from LKT Laboratories (St. Paul, MN) and dissolved in DMSO (Alltech; 

Deerfield, IL).  Rhodamine phalloidin was purchased from Molecular Probes (Eugene, 

OR).  Anti-Cdc42 antibody (rabbit polyclonal; P1) was from Santa Cruz Biotechnology 

(Santa Cruz, CA). Anti-Rac1 antibody (mouse monoclonal; clone 23A8) and Anti-Myc 

antibody (mouse monoclonal; clone 9E10) were from Upstate (Charlottesville, VA). Goat 

anti-mouse and goat anti-rabbit secondary antibodies for AP and HRP were from Pierce 

(Rockford, IL). Goat anti-mouse antibodies conjugated to FITC were from Molecular 

Probes (Eugene, OR). Clostridium difficile toxin B was purchased from Calbiochem (La 

Jolla, CA).  Matrigel was purchased from BD Biosciences (San Jose, CA) and collagen 

IV and laminin from Sigma.  p21 activated kinase (PAK)-GST protein beads and WASP-

GST protein beads were from Cytoskeleton (Denver, CO). 

Cell Culture 

ERα (-) β (+) human breast cancer MDA-MB-231 cells were cultured in DMEM 

supplemented with 10% FBS at 37◦C in 5% CO2.  Cells were made quiescent by starving 

in serum-free, phenol red-free DMEM for 24 or 48 hours.  For immunofluorescence 

experiments, cells were cultured on glass coverslips or coverslips coated with Matrigel, 
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collagen IV, or laminin.  For toxin B experiments, cells were pretreated for 16 hrs in 0.2 

ng/ml toxin B. 

Migration assay 

Migration assays were conducted according to (Leng et al., 1999). MDA-MB-231 

cells were serum-starved in phenol red free DMEM for 24 hours. Cells were then 

trypsinized (phenol red-free trypsin), recovered with trypsin inhibitor (0.5 mg/ml), and 

seeded at 1x105 cells/chamber in the upper well of Costar wells (VWR, Suwanee, GA) 

containing membranes with 8 µ diameter pores. DMSO (control), E2 (0.01 µM), EGF (50 

ng/ml), or resveratrol (5 or 50 µM) was added as a chemoattractant to the bottom wells 

for 8 hours.  Cells on the upper surface of the membrane were removed, and cells that 

had migrated through to the underside of the membrane were stained with propidium 

iodide and quantified.  For statistical purposes, the total number of cells migrated in 25 

microscopic fields per treatment was counted for three replicates/experiment.  

Invasion assay 

Cells were handled in the same manner as a migration assay except that quiescent 

cells were placed in Costar wells where the top of the membrane was coated with 

Matrigel.  The bottom well contained DMSO (vehicle) or 50 µM resveratrol (Res).  

Number of cells that migrated through the Matrigel matrix after 8 hours incubation were 

stained and quantified relative to control.  Data are quantified from analysis of 10 

microscopic fields/treatment from a single experiment. 

Fluorescence microscopy 

Cells were seeded at 1.5x105 cells/coverslip and grown overnight in DMEM (10% 

FBS) in 6 well plates.  Cells were serum-starved in phenol red-free DMEM for 24 hours 

and treated for 10 minutes with 0.5% DMSO (control), E2 (0.1 µM), EGF (50 ng/mL), or 
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resveratrol (5, 10, 50, or 100 µM).  Cells were fixed immediately with 3.7% 

formaldehyde in PBS (pH 7.4) for 20 minutes and permeablized with 0.2% Triton X-100 

for 10 minutes.  Cells were then stained with rhodamine phalloidin to visualize F-actin.  

Coverslips were washed with saponin (0.02% saponin and 0.1% BSA in PBS (pH 7.4)) 5 

times, diH2O once, then mounted with Prolong Antifade (Molecular Probes; Eugene, 

OR).  Micrographs at 600x magnification were digitally captured using a SpotII digital 

camera and software (Diagnostic Instruments Inc.; Sterling Heights, MI) or Photometrics 

CoolSnap HQ camera and software (Tucson, AZ).  For statistical purposes, the cells in 

10-15 microscopic fields per treatment were counted for at least 3 separate experiments.  

Data are expressed as means ± SEM. 

Rac and Cdc42 activity assay 

 The activity status of Rac or Cdc42 was determined by in vitro activity assays as 

described in (Sander et al., 1998).  Rac activity was determined using PAK-GST beads.  

This assay functions due to the Cdc42/Rac interacting binding (CRIB) domain of Rac and 

Cdc42 downstream effector PAK which binds only to the GTP-bound active form of Rac 

and Cdc42 (Burbelo et al., 1995). Cdc42 activity was determined using WASP-GST 

beads because of the in vivo preference of the WASP CRIB domain to the GTP-bound 

active form of Cdc42 (Owen et al., 2000). 

After stimulation with EGF, E2, or resveratrol, cells were lysed in a ice-cold 

Igepal-based lysis buffer (50 mM Tris (pH 7.4), 1% Igepal, 200 mM NaCL, 5% glycerol, 

10 mM MgCl2, 1 mM AEBSF, 10 µM aprotinin, 1 µM leupeptin, 1 µM pepstatin, 1 µM 

chymostatin, 1 mM DTT), and the lysates incubated with GST-PAK-CRIB or GST-

WASP-CRIB fusion protein coupled to glutathione-sepharose beads at 4oC for 1 hour 

(rotating).  Proteins were pelleted at 1500 rpm and washed once with Igepal (+) wash 

buffer (25 mM Tris (pH 7.4), 1% Igepal, 1 mM DTT, 30 mM MgCl2, 40 mM NaCl, 1 µM 
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aprotinin, 1 µM leupeptin, 1 µM pepstatin, 1 µM chymostatin, 1 mM AEBSF) and 2 

times with Igepal (-) buffer (same as above, without Igepal). Proteins were eluted in 

Laemmli sample buffer, boiled 8 minutes, vortexed, and western blotted for Rac or 

Cdc42 with specific antibodies on 12% SDS-PAGE gels.  The bands were imaged and 

quantified using a VersaDoc system and Quantity One software (BioRad; Hercules, CA).  

Rac or Cdc42 activity was determined as the amount bound to the PAK-CRIB domain or 

WASP-CRIB domain as a function of the total Rac or Cdc42 in the lysate. 

To determine functionality of the assay, control cell lysates were incubated for 10 

minutes at 30 °C in 15 mM EDTA and 100 µM GTPγS (positive control) to facilitate 

nucleotide exchange (Knaus et al., 1992).  The loading reaction was stopped by addition 

of 60 mM MgCl2. 

Vector construction 

Rac1 (T17N) or Cdc42 (T17N) myc-tagged constructs were subcloned into a 

bicistronic mammalian expression vector carrying a neomycin resistance cassette and a 

second internal ribosomal docking site (IRES.neo) (Clontech; Mountain View, CA).   

cDNA for Rac1 (T17N) and Cdc42 (T17N) were cloned into the multiple cloning site of 

the vector by standard cloning procedures (constructs were kind gift from Dr. Gary 

Bokoch, Scripps Research Institute, La Jolla, CA).  

Transfection  

Expression vectors containing mutant Rac1 (T17N), Cdc42 (T17N), or the vector 

alone control were transfected into MDA-MB-231 cells by standard methods.   

Lipofectamine (Invitrogen; Carlsbad, CA) was used as the lipophilic transfection agent 

according to manufacture's instructions.  Stable transfectants were isolated by selection in 

1 mg/ml G418 (Cellgro; Herndon, VA) and maintained in 0.1-0.5 mg/ml G418.  Positive 
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clones were determined according to myc-expression by western blot using anti-Myc 

antibody (mouse monoclonal; clone 9E10) from Upstate (Charlottesville, VA), and 

verified by anti-Myc immunofluorescence in microscopy studies. 

Statistical Analyses 

Data are expressed as means ± SD or SEM, as indicated.  P-values were 

calculated from unpaired t-tests (Welch’s corrected) using Microsoft Excel or from one-

way ANOVA with Tukey-Kramer Multiple Comparisons Test using InStat3 and 

considered significant at values less than 0.05. 

 

RESULTS 

Resveratrol at 50 µM inhibits, while E2 and resveratrol at 5 µM increase directed 
cell migration  

Since directed cell migration is a pre-requisite for metastasis, we assessed the 

effect of E2 or resveratrol on cell migration using a Transwell migration assay.  

Previously, we reported that compared to control, E2 and EGF treatments both 

significantly increased cell migration while resveratrol (50 µM) significantly decreased 

cell migration (Azios and Dharmawardhane, 2005b).  Herein, we have extended 

published reports to demonstrate a concentration-dependent biphasic effect of resveratrol 

on directed cell migration.  Quiescent MDA-MB-231 metastatic breast cancer cells were 

placed on the top well of a Transwell chamber and allowed to migrate through a 

membrane with 8µ diameter pores for 8 hours with the bottom well containing serum-free 

media with DMSO vehicle (Veh), 0.01 µM E2, 5 µM or 50 µM resveratrol (Res).  As in 

our earlier report (Azios and Dharmawardhane, 2005b), 50 µM resveratrol inhibited cell 

migration by ~30% compared to vehicle control.  E2 exerted an opposite effect to 50 µM 

resveratrol (significant at p<0.04) by increasing cell migration 1.8-fold compared to 
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vehicle control.  Interestingly, 5 µM resveratrol acted in a similar manner to E2 by 

increasing cell migration 2-fold (Fig.4.1.A).  

Recent reports have demonstrated a 50 µM resveratrol-induced 40-60% inhibition 

of cervical cancer cell invasion through Matrigel, and MCF-7 breast cancer cells through 

fibronectin or collagen matrices (Woo et al., 2004; Rodrigue et al., 2005; Pozo-Guisado 

et al., 2005).  We have preliminarily confirmed these results, observing a 40% decrease in 

MDA-MB-231 cell invasion across a Matrigel matrix using 50 µM resveratrol 

(Fig.4.1.B). 

Resveratrol at 50 µM induces filopodia, while E2 and resveratrol at 5 µM induce 
lamellipodia 

To investigate a structural mechanism for the biphasic effect of resveratrol on 

directed migration, we monitored the effect of 5 µM or 50 µM resveratrol on the actin 

cytoskeleton.  Our published data show that resveratrol (50 µM) treatment resulted in a 

dynamic and sustained global extension of filopodia (Azios and Dharmawardhane, 

2005b).  Therein, we hypothesized that the unpolarized filopodia response to 50 µM 

resveratrol was responsible for the resveratrol-induced inhibition of cell migration.  

To demonstrate that 50 µM resveratrol can induce filopodia in a serum and ECM 

environment, MDA-MB-231 cells were grown on coverslips in 10% charcoal-stripped 

serum, or in serum-free media plated on glass or coverslips coated in Matrigel (a natural 

basement membrane complex), laminin, or collagen IV.  Cells treated with serum or on 

ECM-coated coverslips exhibited the expected lamellipodia response.  Cells treated with 

resveratrol for 10 minutes or 8 hours induced filopodia in MDA-MB-231 cells regardless 

of whether they were serum-starved, in serum, or on ECM-coated coverslips (Fig.4.2).  

Resveratrol-induced filopodia were sustained up to 8 hours indicating that this 

response may be involved in the resveratrol-induced inhibition of migration. We have 
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also analyzed the actin cytoskeleton of cells that were left behind on the Transwell 

membrane after an 8 hour migration assay and Matrigel invasion assay and observed that 

those cells had the expected morphology of numerous unpolarized filopodia (data not 

shown).   

To determine the concentration dependence of resveratrol effects on the actin 

cytoskeleton, we stimulated quiescent MDA-MB-231 cells with a range of resveratrol 

concentrations and found that unpolarized filopodia response peaked at 50 µM 

resveratrol. Resveratrol at 5 µM and 10 µM did not induce filopodia significantly 

different from vehicle.  Resveratrol at 50 and 100 µM significantly induced filopodia 

compared to vehicle and 5 µM resveratrol treatment (all p<0.01) (Fig.4.3).  In contrast, 5 

µM resveratrol acted similar to E2 and EGF and induced cell polarization and formation 

of leading-edge lamellipodia (Fig.4.4), structures that have been implicated with directed 

cell migration in response to EGF (Yamaguchi et al., 2005). 

Next, we monitored resveratrol effects on the actin cytoskeleton as a function of 

time.  As expected with a rapid signaling response, 50 µM resveratrol induced filopodia 

at 2 min with a peak response at 10 minutes. This response was sustained until 60 

minutes following treatment (Fig.4.5.A).  Resveratrol at 5 µM or vehicle did not induce a 

substantial filopodia response.  However, 5 µM resveratrol did increase lamellipodia at 5 

minutes following treatment, and this response was linear from 10-60 minutes following 

treatment.  Conversely, 50 µM resveratrol or vehicle did not induce a substantial 

lamellipodia response at any time point (Fig.4.5.B).   

Resveratrol at 50 µM reduces Cdc42 activity 

Our data demonstrate that ERβ (+) breast cancer cells extend filopodia in 

response to 50 µM resveratrol (Figs.4.2-4.5) (Azios and Dharmawardhane, 2005b).  The 

Rho family GTPase Cdc42 is known to specifically regulate filopodia formation and cell 
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polarization towards chemoattractants like EGF during directed cell migration (Jaffe and 

Hall, 2005).  Therefore, we monitored Cdc42 activity of breast cancer cells in response to 

E2 or resveratrol by western blot analysis of a pull-down assay using a GST fusion 

protein to Cdc42.GTP binding domain of WASP, a downstream effector of Cdc42, as 

described in (Baugher et al., 2005).   

As expected, bradykinin, a cytokine known to specifically induce filopodia via 

Cdc42 (Swart-Mataraza et al., 2002), activated Cdc42 at 5 and 10 minutes (Fig. 4.6A).  

E2 treatment for 10 minutes did not affect Cdc42 activity (Fig.4.6.B). Quantification of 

these data using densitometry demonstrates that E2 reduces Cdc42 activity, though it is 

not significantly different from vehicle control or any time point for resveratrol at 5 µM 

or 50 µM (Fig.4.7.B).  Cdc42 activity in response to 5 µM resveratrol was not 

significantly different from vehicle alone controls either.  Conversely, 50 µM resveratrol 

at 10 minutes significantly inhibits Cdc42 activity by 70% compared to control 

(p<0.004).   Resveratrol at 50 µM inhibited Cdc42 activity starting as early as 2 minutes 

following treatment and continued to inhibit until 30 minutes (Fig.4.7).  This result 

indicates that Cdc42 may be primarily responsible for the polarization of MDA-MB-231 

cells, and resveratrol-mediated inhibition of Cdc42 may contribute to the global and 

sustained filopodia response to 50 µM resveratrol by inhibiting the subsequent Rac 

activation that would lead to conversion of filopodia into leading-edge lamellipodia.   

Resveratrol-induced filopodia extension are independent of Rho GTPases 

The Rho family GTPase Cdc42 is known to specifically regulate filopodia 

formation (Moreau and Way, 1998), however, we found that 50 µM resveratrol inhibited 

Cdc42 activity.  To investigate a role for Rho GTPases in 50 µM resveratrol effects on 

the actin cytoskeleton, a pan Rho GTPase inhibitor (Clostridium difficile toxin B) was 

used as described in (Rodrigue et al., 2005).  Surprisingly, inhibition of Rho GTPases by 
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incubation in 0.2 ng/ml toxin B for 16 h did not block the effect of resveratrol on 

filopodia extension, while toxin B treatment demonstrated the expected attenuation of 

Rac-induced lamellipodia in response to EGF (Fig.4.8). Thus, the effect of 50 µM 

resveratrol on filopodia extension in breast cancer cells may not involve activation of 

Rho GTPase signaling. 

Since these results were obtained using a general inhibitor for all Rho GTPases, a 

direct role for Rac or Cdc42 in resveratrol-mediated signaling to the actin cytoskeleton 

was investigated in MDA-MB-231 cells stably expressing dominant negative forms of 

Rac or Cdc42. MDA-MB-231 cells were transfected with a bicistronic vector containing 

myc-tagged dominant negative Cdc42(T17N) cDNA and stable clones selected according 

to neomycin resistance and myc-Cdc42 expression (4.9A).   

As shown in figure 4.9.B and 4.9.C, when cells expressing vector control were 

treated with bradykinin or resveratrol, they induced a 2-fold (p<0.001) and 2.6-fold 

(p<0.0001) significant increase in filopodia, respectively.  Vehicle-treated cells 

expressing Cdc42(T17N) produced 44% less filopodia than vehicle-treated cells 

expressing vector alone (p<0.001). These Cdc42(T17N) cells were completely 

unresponsive to bradykinin, a positive control for filopodia (Swart-Mataraza et al., 2002).  

There was a significant difference between the resveratrol-induced production of 

filopodia between vector control and Cdc42(T17N) (p<0.0001), however Cdc42(T17N) 

expressing cells still demonstrated a significant 2-fold increase in filopodia in response to 

50 µM resveratrol when compared to Cdc42(T17N) cells treated with vehicle (p<0.0001) 

(Fig.4.9.C).  Comparing this 2-fold response in the resveratrol-treated Cdc42(T17N) cells 

to the 2.6-fold response in the resveratrol-treated vector control cells indicates that 

resveratrol may not be signaling via Cdc42 alone to induce filopodia. Thus, our exciting 

results indicate that resveratrol modulation of the actin cytoskeleton is only partially 
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mediated by Cdc42 and may involve novel Cdc42-independent mechanisms that 

implicate other Rho GTPases or direct activation of downstream effectors of Cdc42.   

Resveratrol at 50 µM inhibits Rac activity, while E2 and resveratrol at 5 µM 
increase Rac activity 

The Rho GTPase Rac regulates the organization of polymerized actin into leading 

edge lamellipodia during directed cell migration (Jaffe and Hall, 2005).  Our data 

demonstrate that E2 and 5 µM resveratrol induce lamellipodia, while 50 µM resveratrol 

induces filopodia in MDA-MB-231 breast cancer cells (Figs.4.2-4.5). Therefore, to 

investigate a role for Rac in E2- and resveratrol-mediated actin cytoskeletal 

rearrangement, we analyzed endogenous Rac activity in response to EGF (positive 

control), E2, or resveratrol at 5 or 50 µM.  

We show that as expected, EGF activates Rac at 5 minutes following stimulation 

(Fig.4.10A). Interestingly, E2 activates Rac at 0.1 µΜ at 10 minutes following treatment 

at the same conditions that induce a lamellipodia response (Fig.4.10B).  Both EGF and 

E2 significantly increase Rac activity by ~2-fold compared to control (p<0.01 and 0.007, 

respectively) (Fig.4.11.A,B).  Similarly, 5 µM resveratrol significantly increases Rac 

activity 3.1-fold compared to vehicle (p<0.05) at 10 minutes, and is not significantly 

different from EGF or E2.  This increase in Rac activity can be seen at 5 minutes 

following resveratrol treatment and continues until 60 minutes.  Resveratrol at 50 µM, on 

the other hand, significantly inhibits Rac activity compared to control at 10 minutes 

(p<0.007).   This inhibitory effect can be observed from 5-60 minutes (Fig.4.11).  These 

data indicate that resveratrol modulates Rac activity in a biphasic concentration-

dependent manner where at a low concentration resveratrol acts similar to E2 and EGF (a 

known chemotactic ligand) by activating Rac, while a higher concentration of resveratrol 

is inhibitory. 
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E2 and 5 µΜ resveratrol induce Rac-dependent lamellipodia, while 50 
µΜ resveratrol-induced filopodia are Rac-independent 

To further investigate a role for Rac in E2 and resveratrol signaling to the actin 

cytoskeleton, we created MDA-MB-231 cells stably expressing a myc-tagged dominant 

negative Rac1 (Rac1(T17N)).  Stable clones were selected by neomycin resistance and 

expression of myc-Rac (Fig.4.12A). Our laboratory has previously demonstrated that 

expression of Rac(T17N) inhibits lamellipodia extension, invasion, and metastasis in 

metastatic breast cancer cells (Baugher et al., 2005).  As shown in figure 4.12B, quiescent 

cells expressing vector control or Rac1(T17N) were stimulated with vehicle, EGF, E2, 5 

µM resveratrol, or 50 µM resveratrol.  As expected, EGF treatment resulted in a 19.2-fold 

increase in lamellipodia compared to vehicle in control cells (p<0.0001), and this effect 

was completely blocked in Rac1(T17N)-expressing cells.  Similarly, E2 induced a 14.4-

fold increase in lamellipodia in control cells (p<0.0001), which was also completely 

blocked by expression of a dominant negative Rac1.  Resveratrol at 5 µM also induced a 

6-fold icrease in lamellipodia in control MDA-MB-231 cells, which significantly 

inhibited by expression of Rac1(T17N) (p<0.001) (Fig.4.12C).    

Our novel data, where E2 and resveratrol at 5 µM act similar to EGF by 

increasing Rac activity at 10 minutes with a concomitant increase in lamellipodia that can 

be blocked by expression of a dominant negative Rac, indicates that E2 and  low 

concentration resveratrol regulate the actin cytoskeleton via Rac signaling.  Likewise, 

treatment with two PEs, genistein and daidzein, which we have previously shown to 

promote cell migration, lamellipodia formation, focal adhesions and FAK activity at 50 

µM (see Chapter 2) (Azios and Dharmawardhane, 2005a), demonstrated that expression 

of Rac(T17N) blocked the genistein- and daidzein-induced lamellipodia response. 
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Treatment with 50 µM resveratrol did not affect lamellipodia extension in control or 

Rac1(T17N)-expressing cells (Fig.4.12.C).   

Cells expressing Rac1(T17N) responded to resveratrol by filopodia extension 

similar to vector control (Fig.4.12.B,D), and these responses were significant from 

vehicle controls for both cell lines (both p<0.001).   E2 or EGF treatment of vector 

control cells did not cause extension of filopodia and expressing a dominant negative 

Rac1 did not change this. Because Rac is known to regulate lamellipodia formation, it is 

not surprising that we did not observe a change in filopodia extension in the Rac1(T17N) 

expressing cells. Since 50 µM resveratrol inhibits Rac activity, this may contribute to the 

global and sustained induction of filopodia without a subsequent conversion to 

lamellipodia. 

 

DISCUSSION 

This investigation extends our studies on the disparate roles of E2 and 50 µM 

resveratrol in cell migration and actin cytoskeletal rearrangement of metastatic breast 

cancer cells.  A fundamental aspect of the process of metastasis is the ability of the 

cancer cell to migrate from the primary tumor into the surrounding tissue.  Such directed 

cell migration involves extension of polarized actin structures by Rho GTPases. 

Activated Cdc42 induces the formation of filopodia, which are thin needle-shaped 

structures with parallel actin bundles. Activated Rac induces lamellipodia, which are flat 

cell surface protrusions with cross-linked actin.  Extension of lamellipodia and dynamic 

turnover of focal adhesions at the leading edge of a migratory cell is thought to drive 

forward migration (Nobes and Hall, 1999; Beningo et al., 2001).  While filopodia are not 

essential for cell migration and are considered to function as environmental sensors 

(Dalby et al., 2004; Mejillano et al., 2004), Cdc42 activation by growth factor receptor 
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signaling often leads to Rac activation and thus, the reorganization of filopodia into 

lamellipodia (Chou et al., 2003; Condeelis et al., 2001; Ridley et al., 2003).  Rac 

signaling to extend lamellipodia at the leading edge and subsequent cell migration away 

from the primary tumor has been specifically linked to regulation of breast cancer 

metastasis (Condeelis et al., 2001; Burbelo et al., 2004; Lin and van Golen, 2004).   

As has been reported for other cell types (Pichard et al., 2001), we have shown 

that treatment of MDA-MB-231 cells with EGF resulted in a motile phenotype of 

increased lamellipodia and associated focal adhesions at the leading edge.  We then 

demonstrated that E2 exerted a similar but not as pronounced effect as EGF by inducing 

polarized lamellipodia and focal adhesions (Azios and Dharmawardhane, 2005b).  This 

E2-induced effect on lamellipodia formation has also been observed by Acconcia et al 

(2005) in endometrial cancer cells.  Such E2-induced membrane ruffles in ERαβ (+) 

MCF-7 breast cancer cells have recently been shown to co-localize with membrane ERα 

(Song et al., 2004).   

We have shown that 50 µM resveratrol rapidly induced unpolarized filopodia 

(Azios and Dharmawardhane, 2005b). Others have also described cytoskeletal 

rearrangement by resveratrol in normal and cancer cells.  In bovine pulmonary cells, 

resveratrol at 25-100 µM caused an elongated morphology in conjunction with increased 

activation of the MAPK, ERK1/2.  (Bruder et al., 2003).  These effects were compared to 

those associated with shear stress and presented as potential reasons for the 

cardiovascular protection of resveratrol.  In liver myofibroblasts, resveratrol at high 

concentration (100 µM) was shown to cause an elongated and bipolar phenotype, an 

inhibition of migration using a wound healing assay, as well as down-regulation of 

collagen I expression and MMP-2 activity (Godichaud et al., 2000).  In ERαβ (+) MCF7 

breast cancer cells, 100 µM resveratrol caused a morphology of increased cell spreading, 
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induction of actin stress fibers, and greatly induced the expression of tensin (a cell 

adhesion protein associated with focal adhesions and IRs).  The pan Rho GTPase 

inhibitor (toxin B) blocked stress fiber arrangement and tensin localization in the PM.   

These effects of resveratrol on the cytoskeleton are thought to be involved in the 

associated concentration-dependent inhibition of invasion by resveratrol, where 

resveratrol blocked E2-induced invasion at an IC50 of 40 µM (Rodrigue et al., 2005). 

These results are strikingly similar to our data on the inhibition of E2-induced migration 

by resveratrol, where resveratrol at 50 µM blocks E2-induced migration (Azios and 

Dharmawardhane, 2005b).  Resveratrol has also recently been shown to inhibit IGF-I-

induced invasion in MCF7 breast cancer cells (Pozo-Guisado et al., 2005) as well as 

PMA-induced invasion in Caski endometrial cancer cells (Woo et al., 2004).   

Herein, we report a biphasic effect on cell migration in ERα (-) β (+) MDA-MB-

231 cells by the PE resveratrol.  At a low concentration, 5 µM resveratrol increases cell 

migration in 8 hours by almost 2-fold, whereas at 50 µM resveratrol, cell migration and 

invasion are inhibited by 27% and 40%, respectively (Fig.4.1.A,B).  This kind of 

concentration-dependent biphasic effect of resveratrol has been shown in numerous 

models and may be attributed to the mixed ER agonist/antagonist properties of this 

structurally-similar PE.  It is often the case that lower concentrations (0.01-10 µM) of 

resveratrol act in an estrogenic manner to activate pathways such as MAPK or PI3-

K/Akt, while higher concentrations (50-100 µM) inhibit them (Gao et al., 2004; 

Nakagawa et al., 2001; Shih et al., 2002; Miloso et al., 1999; Klinge et al., 2005; Pozo-

Guisado et al., 2004).   

Though numerous reports demonstrate resveratrol to act as an anitestrogen by 

inhibiting cell invasion, none of them use concentrations as low as 5 µM.   However, in 

the same breast cancer cell line used in our study (MDA-MB-231), another group reports 



 

 126

no affect on invasion by 1 µM resveratrol on its own, but an inhibition of the carcinogen 

benzo-[a]-pyrenen-induced invasion of the these cells (Miller et al., 2005).  Though these 

results seem contradictory to our own, resveratrol is probably functioning as a COX-2 

inhibitor in the Miller report, which may be independent of ER signaling and may not fit 

the agonist/antagonist paradigm.  

We also show resveratrol has opposing concentration-dependent effects on actin 

cytoskeletal morphology which we hypothesize may contribute to the differential effects 

on migration.  Resveratrol at 5 µM induces rapid, sustained leading edge lamellipodia in 

the same manner as E2 and EGF (Fig.4.4, Fig.4.5.B, Fig.4.12.B,C).  Lamellipodia are 

actin structures known to contribute to cell migration, invasion, and metastasis 

(Yamaguchi et al., 2005).   

Conversely, resveratrol at 50 µM induces a rapid, unpolarized, and sustained 

filopodia response (Azios and Dharmawardhane, 2005b) (Figs.4.2-4.5.A).  Our data 

demonstrate that 50 µM resveratrol retains the filopodial phenotype on various ECM 

substrates at 10 minutes and 8 hours (Fig.4.2). This indicates that the effect may extend to 

cell invasion, and preliminary invasion assays on Matrigel in our laboratory support this 

conclusion (Fig.4.1.B). Since cancer metastasis relies on cell motility and invasion of the 

ECM (Yoon et al., 2003), 50 µM resveratrol may exert inhibitory effects in the tumor 

microenvironment.  It is also of interest that cells in serum formed lamellipodia that did 

not change following addition of resveratrol. Therefore, resveratrol signaling probably 

does not disassemble existing lamellipodia, and may only inhibit conversion of filopodia 

to lamellipodia. Since cells respond to resveratrol by forming filopodia while in serum 

this could explain the observed resveratrol-induced inhibition of cell migration even in 

the presence of EGF (Azios and Dharmawardhane, 2005b).  Collectively, these data 

indicate that the maintenance of a non-migratory phenotype by 50 µM resveratrol may be 
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directly correlated with 50 µM resveratrol-induced filopodia that do not get converted to 

lamellipodia  that are useful for cell migration. 

Since Rho GTPases Cdc42 and Rac are known to regulate filopodia and 

lamellipodia formation, we investigated the role of E2 and resveratrol in modulation of 

Cdc42 and Rac activity.  Very little work has been done on the role of resveratrol 

regarding Rho GTPase activity.  In one study using endothelial cells, resveratrol at 100 

µM blocked the Rac-mediated expression of intercellular adhesion molecule (ICAM-1), 

activity of STAT3, and ROS levels, all relevant to pro-inflammatory processes in 

cardiovascular disease (Wung et al., 2005).  Another study using leukemia cells showed 

that 20 µM resveratrol activated Cdc42 at 30 and 60 minutes to induce apoptosis through 

a Jun N-terminal/FasL signaling pathway (Su et al., 2005).  These reports and the 

increasing studies on resveratrol effects on cell migration and invasion warrant further 

investigation into the role of Rac and Cdc42.   

Our novel data reveal that resveratrol affects Rac and Cdc42 activity in MDA-

MB-231 metastatic breast cancer cells differently, depending on concentration.  

Resveratrol at 5 µM increases Rac activity at 10 minutes, as do E2 and EGF (Figs.4.10, 

4.11).  This could explain the induction of lamellipodia (Fig.4.4, Fig.4.5.B), which were 

shown to be Rac-dependent for EGF, E2, and resveratrol at 5 µM (Fig.4.12.B,C), which 

may account for the increase in cell migration over control (Fig.4.1.A). 

Data presented herein demonstrate that peak filopodia response to 50 µM 

resveratrol at 10 minutes (Figs.4.2-4.5.A) can be correlated with 50 µM resveratrol-

induced inhibition of Rac and Cdc42 activity (Fig.4.7, Fig.4.11).  Filopodia formation is 

classically thought to be under the control of Cdc42.  Cdc42 activation generally leads to 

a transient polarized filopodia extension, followed by Rac activation, and the subsequent 

conversion of filopodia into motile lamellipodia (Jaffe and Hall, 2005). Since resveratrol 
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at 50 µM inhibits the activity of both Rho GTPases, it may be inhibiting the conversion 

of sensory actin structures to motile ones.  However, when MDA-MB-231s stably 

expressing dominant negative Cdc42 are treated with 50 µM resveratrol, there is only a 

partial reduction of filopodia.  This would lead us to believe that induction of filopodia by 

resveratrol is largely independent of Cdc42 and may be under the regulation of an 

alternative filopodia-associated Rho GTPase like Rif or Wrch-1 (Ellis and Mellor, 2000; 

Passey et al., 2004; Aspenstrom et al., 2004). It is also possible that the 50 µM 

resveratrol-mediated signaling pathway bypasses Cdc42 and directly signals to a 

downstream effector such as WASP (Takenawa and Miki, 2001). 

This report discusses the potential importance of the dietary constituent 

resveratrol in actin cytoskeletal rearrangement and Rho GTPase activity in breast cancer 

cell migration, which directly impacts metastatic efficiency.  An important finding is that 

resveratrol at low concentrations elicit signaling that may promote cell 

migration/invasion while resveratrol at high concentrations may prevent these signaling 

pathways.  Elucidating the molecular mechanisms that regulate cell migration is 

fundamental to understanding the processes of metastasis.  Such concentration-dependent 

determination of the mechanism of action of common dietary constituents that inhibit or 

promote metastatic efficiency can be applied to targeted, safe, and effective breast cancer 

prevention and therapy.  
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Figure 4.1: Effects of E2 or resveratrol on cell migration and invasion of MDA-MB-
231 cells.  A) Migration: Quiescent cells were placed on the top well of Transwell 
chambers in serum free media using the following as chemoattractants in the bottom well 
for 8 hours: DMSO control (Veh), 0.01 µM E2, 5 µM resveratrol (Res 5), or 50 µM 
resveratrol (Res 50).  Number of cells that migrated through the top well was quantified 
relative to control.  Data expressed as mean relative cells migrated ± S.D.  B) Invasion: 
Quiescent cells were placed on the top well of Transwell chambers where the membrane 
was coated with Matrigel.  The bottom well contained DMSO (vehicle) or 50 µM 
resveratrol (Res).  Number of cells that migrated through the Matrigel matrix after 8 
hours incubation was quantified and made relative to control.  Data are quantified from 
analysis of 10 microscopic fields/treatment from a single experiment. 
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Figure 4.2: Actin cytoskeleton of resveratrol-treated MDA-MB-231 cells on glass (+ 
or – serum) or ECM components.  Cells were treated with DMSO vehicle or 50 µM 
resveratrol for the following conditions. A) Cells grown on glass coverslips are shown in 
10% charcoal-stripped serum treated for 10 minutes (first column), serum-starved for 24 
hours and treated for 10 minutes (second column) or 8 hours (third column).   B and C) 
Quiescent cells were placed on coverslips coated with Matrigel (first column), collagen 
IV (second column), or laminin (third column), and allowed to adhere overnight then 
treated for 10 minutes (B) or 8 hours (C). Cells were fixed immediately and stained for F-
actin with rhodamine phalloidin.  Arrowheads (<) indicate filopodia, arrows (<−) indicate 
lamellipodia.  Representative cells of at least 50 cells per treatment are shown at 600x. 
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Figure 4.3: Filopodia response to resveratrol at different concentrations. Quiescent 
MDA-MB-231 cells were treated with DMSO vehicle (Veh) or 5, 10, 50, or 100 µM 
resveratrol for 10 minutes, fixed immediately, and stained for F-actin.  Mean filopodia 
number/cell was quantified from at least 50 cells per treatment. Treatments denoted by 
the same letter indicate no significant difference between those treatments. Treatments 
denoted by different letters indicate a significant difference between those treatments at 
P<0.05. 
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Figure 4.4: Actin structures of MDA-MB-231 cells in response to chemoattractants.  
Quiescent cells were treated with vehicle (DMSO), EGF (50 ng/ml) E2 (0.1 µM) (top 
panel), resveratrol at 5, 50, or 100 µM (bottom panel) for 10 minutes, fixed immediately, 
and stained for F-actin.  Results shown are representative cells of at least 100 cells per 
treatment at 600X magnification.  Arrowheads (<) indicate filopodia, arrows (<−) 
indicate lamellipodia. 
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Figure 4.5: Cytoskeletal structures in response to resveratrol at 5 or 50 µM as a 
function of time. Quiescent MDA-MB-231 cells were treated with DMSO vehicle (Veh) 
or 5 or 50 µM resveratrol, fixed immediately, and stained for F-actin at various times 
following treatment.  A)  Number of filopodia/cell.  B)  Number of lamellipodia/cell. 
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Figure 4.6: Positive controls for Cdc42 activity of MDA-MB-231 cells. A) Quiescent 
MDA-MB-231 cells were loaded with GTPγS for 10 minutes, treated for 10 minutes with 
DMSO (0), or 2, 5, or 10 minutes with 400 ng/ml bradykinin.  B) Quiescent MDA-MB-
231 cells treated with DMSO vehicle (Veh) or E2 (0.1 µM) for 10 minutes. Cells were 
lysed immediately and WASP-PBD-GST beads were used to pull-down active GTP-
bound Cdc42. Active and total Cdc42 levels detected by western blotting with an anti-
Cdc42 antibody (Santa Cruz Biotech). 
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Figure 4.7: Cdc42 activity of MDA-MB-231 cells in response to 5 or 50 µM 
resveratrol.  Cells were treated with DMSO (Veh), or resveratrol at 5 or 50 µM 
resveratrol for 2, 5, 10, or 30 min. Cells were lysed immediately and WASP-PBD-GST 
beads were used to pull-down active GTP-bound Cdc42. Active and total Cdc42 levels 
detected by western blotting with an anti-Cdc42 antibody (Santa Cruz Biotech). A)  
Representative western blots from three separate experiments. B) Cdc42 activity (active 
Cdc42/total Cdc42) relative to vehicle alone controls as quantified from densitometric 
scans of western blots.  Asterisk (*) denotes statistical significance from control at p<0.05. 
Error bars are ± SEMs from at least 3 experiments. 

A.  
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Figure 4.8: Effect of Clostridium difficile toxin B on resveratrol-mediated filopodia 
extension.  MDA-MB-231 cells on coverslips were pre-incubated for 16 hours in 0.2 
ng/ml toxin B prior to cell stimulation with DMSO vehicle (Veh), EGF (50 ng/ml), or 50 
µM resveratrol for 10 minutes.  Cells were fixed immediately and stained for F-actin with 
rhodamine phalloidin.  Representative cells/treatment of at least 100 cells is shown. 
Arrowheads (<) indicate filopodia and arrows (<−) indicate lamellipodia.
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Figure 4.9.A, B: Effect of stable expression of a dominant negative Cdc42 on 
resveratrol-mediated filopodia extension. A) Representative western blot of MDA-
MB-231 cells stably expressing vector (cont) or myc-tagged Cdc42(T17N).  B) Filopodia 
extension in response to resveratrol in cells expressing Cdc42(T17N). MDA-MB-231 
cells expressing a control vector (cont) or myc-tagged Cdc42(T17N) were serum-starved 
in phenol red-free media for 24 hours and treated with vehicle (UN), 400 ng/ml 
bradykinin (Brady) or 50 µM resveratrol, fixed immediately, and stained for F-actin with 
rhodamine phalloidin.  Representative cells of at least 100 cells per treatment are shown.  
Arrowheads (<) indicate filopodia. 
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Figure 4.9.C: Quantification of the effect of stable expression of a dominant negative 
Cdc42 on resveratrol-mediated filopodia extension.  MDA-MB-231 cells expressing a 
control vector (control, dark grey columns) or Cdc42(T17N) (light grey columns) were 
serum-starved in phenol red-free media for 24 hours and treated with vehicle, 400 ng/ml 
bradykinin, or 50 µM resveratrol, fixed immediately, and stained for F-actin with 
rhodamine phalloidin.  Mean number of filopodia/cell (±SEM) quantified from 
micrographs, for at least 100 cells/treatment.  Treatments denoted by the same letter 
indicate no significant difference between those treatments. Treatments denoted by 
different letters indicate a significant difference between those treatments at P<0.05. 
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Figure 4.10:  Rac activity of MDA-MB-231 in response to EGF or E2.  Quiescent 
MDA-MB-231 cells were treated with GTPγS (positive control) for 10 minutes, DMSO 
(Veh) for 10 minutes or EGF or E2.  PAK-PBD-GST beads were used to pull-down 
active GTP-bound Rac from the cell lysates. Active and total Rac levels detected by 
western blotting with an anti-Rac antibody (UBI).  A) Rac activity as a function of time 
in EGF. Cells were treated with 50 ng/ml EGF for 5, 10, or 30 minutes and lysed 
immediately.  B) Rac activity in response to E2. Cells were treated with E2 at 0.01 or 0.1 
µM for 10 minutes and lysed immediately.  Results shown are representative of at least 
three experiments. 
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Figure 4.11: Rac activity of MDA-MB-231 cells in response to 5 or 50 µM 
resveratrol. Quiescent MDA-MB-231 cells were treated for 10 minutes with DMSO 
(Veh), 50 ng/ml EGF, 0.1 µM E2 for 10 minutes, or 5 or 50 µM resveratrol (Res) for the 
indicated times.  PAK-PBD-GST beads were used to pull-down active GTP-bound Rac 
from the cell lysates. Active and total Rac levels detected by western blotting with an 
anti-Rac antibody (UBI).  A) Representative western blots from at least three separate 
experiments. B) Rac activity (active Rac/total Rac) relative to vehicle alone controls as 
quantified from densitometric scans of western blots.  Asterisk (*) denotes statistical 
significance from control. Error bars are ± SEMs from at least 3 experiments.  
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Figure 4.12.A, B: Effect of stable expression of a dominant negative Rac on 
resveratrol-mediated lamellipodia extension.  A) Representative western blot of MDA-
MB-231 cells stably expressing vector (cont) or myc-tagged Rac(T17N).  B) Filopodia 
extension in response to resveratrol in cells expressing Rac1(T117N).  MDA-MB-231 
cells expressing a control vector (cont) or myc-tagged Rac1(T17N) were serum-starved 
in phenol red-free media for 24 hours, treated with vehicle (un), 50 ng/ml EGF, 0.1 µM 
E2, 5 µM resveratrol, or 50 µM resveratrol, were fixed immediately, and stained for F-
actin with rhodamine phalloidin.  Representative cells of at least 100 cells per treatment 
are shown.  Arrows (<−) indicate lamellipodia, arrowheads (<) indicate filopodia. 
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Figure 4.12.C, D: Effect of stable expression of a dominant negative Rac on actin 
dynamics.  MDA-MB-231 cells expressing a control vector (control, dark grey columns) 
or Rac1(T17N) (light grey columns) were serum-starved in phenol red-free media for 24 
hours and treated with vehicle, 50 ng/ml EGF, 0.1 µM E2, or 50 µM genistein, 50 µM 
daidzein, or 5 or 50 µM resveratrol, fixed immediately, and stained for F-actin with 
rhodamine phalloidin. C) Relative mean number of lamellipodia/cell (±SEM) quantified 
from micrographs, for at least 100 cells/treatment. D) Mean number of filopodia/cell 
(±SEM) quantified from micrographs, for at least 100 cells/treatment.  Treatments 
denoted by the same letter indicate no significant difference between those treatments. 
Treatments denoted by different letters indicate a significant difference between those 
treatments at P<0.05. 
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Chapter 5:  Conclusions and future directions 

 

SUMMARY OF RESULTS 

The investigations described within this dissertation are concerned with the ability 

of common dietary plant compounds to affect cell functions relevant to breast cancer 

progression.  This project was founded on the idea that plant compounds structurally 

similar to the sex steroid hormone E2 can bind to its receptors to exert genomic and non-

genomic actions.  This fact could be particularly relevant to gynecological cancers such 

as breast cancer where E2 and ERs play numerous functional roles in the disease.  The 

research on the effects of PEs like genistein, daidzein, and resveratrol in breast cancer is 

becoming extensive, yet there is still relatively little data concerning the effects these 

compounds may have on metastasis.  Though the majority of available reports on 

genistein and resveratrol demonstrate cancer preventive roles for these compounds, there 

are many instances where the compounds act in an estrogenic manner, which could 

promote cancer cell growth, survival, and possibly metastasis.  This ability of a PE to act 

as a mixed ER agonist/antagonist complicates its therapeutic usefulness.   

The novel research described herein focuses on the process of cancer cell 

migration including cytoskeletal reorganization and proteins involved in cell motility.  In 

the investigation regarding genistein and daidzein described in Chapter 2, the soy PEs are 

shown to act similar to E2 by increasing cell migration, lamellipodia formation, focal 

adhesion assembly in lamellipodia, and FAK activity.  The lamellipodia response to 

genistein and daidzein in MDA-MB-231 cells are shown in Chapter 4 to be Rac-

dependent. The increases in lamellipodia, focal adhesions, and FAK activity are observed 

in an ERαβ (+) and an ERα (-) β (+) breast cancer cell line. This indicates that genistein 
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and daidzein at 50-100 µM may promote the process of metastasis in ERβ (+) cancer 

cells by increasing migration via modulation of the actin cytoskeleton and related Rho 

GTPases.  In the initial exploratory investigation of the role of E2 and PEs in breast 

cancer metastasis, resveratrol was found to act disparately to E2, genistein, and daidzein 

in regulating cytoskeletal dynamics.  Therefore, to further explore the potential anti-

cancer properties of resveratrol, we focused on investigation of the molecular mechanism 

of resveratrol signaling to the actin cytoskeleton of metastatic breast cancer cells.    

In the investigation regarding resveratrol described in Chapter 3, the grape/red 

wine PE is shown at 50 µM to act in an antiestrogenic manner by inhibiting cell 

migration, inducing unpolarized filopodia, and reducing focal adhesions and FAK 

activity in ERα (-) β (+) MDA-MB-231 cells.  Resveratrol is shown to block the 

migratory effect of E2 and EGF.  However, resveratrol only partially competes with E2 

and does not compete with EGF regarding cytoskeletal and focal adhesion assembly. 

Resveratrol and E2 are both shown to activate EGFR, but differentially since activation 

of EGFR by resveratrol cannot be blocked by an EGFR inhibitor. The filopodia effect 

induced by resveratrol is partially blocked by blocking EGFR, however inhibiting EGFR 

activity did not affect the reduced focal adhesion assembly in response to resveratrol but 

did block the E2- or EGF-induced increase in focal adhesions.  The filopodia effect is 

only observed in breast cancer cells expressing ER isoforms indicating a receptor-

dependent role for resveratrol in cytoskeletal reorganization. These results indicate that 

resveratrol at 50 µM may prevent the process of metastasis in ERβ (+) cancer cells by 

decreasing migration via rapid effects on the cytoskeleton that may be regulated by novel 

membrane ER/EGFR cross-talk. 

The role of resveratrol in cell motility is further examined in Chapter 4, which 

describes a novel concentration-dependent biphasic effect of resveratrol on cell motility, 
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cytoskeleton reorganization, and Rac and Cdc42 activation in MDA-MB-231 breast 

cancer cells. Low concentration of resveratrol (5 µM) acts similar to E2 while a high 

concentration (50 µM) acts in an opposite manner.  The filopodia effect caused by 50 µM 

resveratrol can be observed even on ECM substrates indicating a possible inhibitory 

effect on invasion, which was confirmed by an invasion assay on ECM substrate. It is 

shown that the filopodia effect caused by 50 µM resveratrol is independent of Rac and 

only partially regulated by Cdc42, though 50 µM resveratrol does inhibit both Rac and 

Cdc42 activity.  Conversely, E2 and 5 µM resveratrol both activate Rac activity, and the 

induction of lamellipodia by EGF, E2, and 5 µM resveratrol is regulated by Rac.  These 

results indicate resveratrol may affect the process of metastasis in a concentration-

dependent manner by opposing effects on cell migration via novel differential Rho 

GTPase-dependent and-independent signaling pathways to modulate the actin 

cytoskeleton. 

 

CONCLUSIONS 

Taken as a whole we may begin to put these results together to create a model by 

which PEs can rapidly affect the actin cytoskeleton and related proteins to modulate cell 

motility (see Fig.5.1).  Though it has been shown that PEs can affect rapid cell signaling 

independently of ERs, the results described herein indicate an ERβ dependence for the 

cytoskeletal effects of resveratrol (Fig.3.2).  Thus, our model starts with ER at the PM.   

A theme throughout this dissertation is the mixed ER agonist/antagonist 

conundrum that exists with E2 mimetics.  In genomic signaling, conformation differences 

in ligand-bound ER cause differential binding to EREs that regulate the transcription of 

different genes (van Lipzig et al., 2004; Pike et al., 1999; el-Mowafy et al., 2002; An et 

al., 2001; Klinge et al., 2004).  This model may help to explain the interesting (but not 
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unprecedented) opposing effects of genistein and daidzein to resveratrol, and the 

concentration-dependent biphasic effects of resveratrol.  The binding of PEs to ER 

isoforms have been shown to cause similar and different conformation changes compared 

to E2 (van Lipzig et al., 2004; Pike et al., 1999; el-Mowafy et al., 2002). At the PM, these 

altered conformations could lead to different or parallel signaling cascades in cross-talk 

from ER to other PM receptors (like EGFR) or second messengers like Src or G-proteins.   

The result from Chapter 3, where both E2 and resveratrol at 50 µM activate 

EGFR (Fig.3.4.B), supports a central role for EGFR in both E2 and resveratrol signaling.  

E2 activation of EGFR is blocked in an AG1478-dependent manner. Resveratrol 

activation of EGFR is not blocked by this EGFR1-specific inhibitor, which blocks the 

intrinsic kinase activity of EGFR.  These perplexing data may be explained by a potential 

direct activation of EGFR via Src, a signaling intermediate that has been shown to be 

directly activated by E2/ER signaling. AG1478-insensitive EGFR activation pathway has 

been demonstrated where Src directly activates EGFR (Sato et al., 2003).  Src is known 

to have different phosphorylation sites that activate it (Y-416) by recruitment and 

activation of a number of signaling proteins such as FAK and Shc or become inactivated 

by phosphorylation at Y527 of the C-terminal regulatory region (Leu et al., 2003).  

Therefore, 50 µM resveratrol and E2 may differentially regulate Src activity. Moreover, 

resveratrol and E2 could cause different conformation changes to ER that would cause 

different associations with G-proteins and/or Src to disparately effect EGFR signaling.  

EGFR has numerous phosphorylation sites and interacts with many downstream 

effectors.  Theoretically, differential activation of EGFR could lead to differential 

downstream signaling.  

Downstream of EGFR, numerous pathways to restructuring the cytoskeleton and 

focal adhesion assembly are possible.  FAK is a signaling protein involved in both of 
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these processes.  EGFR can signal to FAK directly or via Src to assemble new focal 

adhesions (Hsia et al., 2003), and FAK can signal to Rho GTPases via PI3-K/Akt or 

MAPK pathways to activate Rac and Cdc42 (Fruman and Cantly, 2000).  Recently, FAK 

has also been shown to bind directly to ER, representing a direct signaling pathway by 

which estrogenic compounds can modulate FAK activity (Planas-Silva et al., 2006). 

Reviewing our results from Brownson et al. (2002) and Chapter 3 and 4 of this 

dissertation, where E2 and low concentrations of resveratrol activate FAK (Fig.3.7), 

induce lamellipodia formation (Fig.3.3.A, Fig.4.4, Fig.4.5.B), and activate lamellipodia-

associated Rac (Fig.4.11), it could be surmised that FAK is involved in the upstream 

signaling in these events.  This fits with the data where 50 µM resveratrol reduces focal 

adhesions and FAK activity (Fig.3.5.A, Fig.3.7) as well as Rac activity (Fig.4.11).   

Here we have developed a potential model where genistein, daidzein, resveratrol 

(5 µM), and E2 may bind to PM ERβ, activate EGFR, FAK, and Rac to form 

lamellipodia, cytoskeletal structures involved in cancer cell migration and invasion.  Our 

model (Fig.5.1) is substantiated by the data from Chapter 4 demonstrating that similar to 

E2 and EGF, resveratrol at 5 µM induces Rac-dependent lamellipodia (Fig.4.4, Fig.4.5.B, 

Fig.4.12.B,C) with parallel increases in Rac activity (Fig.4.10, Fig.4.11).   

With resveratrol at 50 µM, we have a somewhat parallel model where in an 

ERβ−dependent manner, resveratrol activates EGFR, but inhibits FAK, Rac, and Cdc42 

activity, and forms unpolarized filopodia (Chapters 3 and 4). Taking the resveratrol (50 

µM)-induced filopodia data from Chapter 4 (Fig.4.4, Fig.4.5.A) and correlating it with 

the resveratrol-mediated decrease in Cdc42 and Rac activity (Fig.4.7, Fig.4.11), we see 

that Rho GTPase activity is inhibited from as early as 2 min following resveratrol (50 

µM) addition, and filopodia formation peaks early at 10 minutes and remains elevated up 

to 8 hours. We hypothesize that this morphology of global and sustained filopodia, which 
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do not convert to lamellipodia, could be a factor in inhibiting cell migration and invasion.  

This hypothesis is substantiated by data that demonstrate that stimulation of fibroblast-

like cells with chemoattractants leads to rapid filopodia extension that are subsequently 

transformed into lamellipodia during cell migration (Ridley et al., 2003). This result has 

been confirmed by us using MDA-MB-231cells where both E2 and EGF induced 

filopodia by 2 minutes following stimulation that were rapidly converted to lamellipodia 

in 5-10 minutes (see representative cell in Fig.5.1).  It is presumed that this conversion is 

dependent on the initial activation of Cdc42 and its subsequent activation of Rac 

(Kurokawa et al., 2004).  In our model (Fig.5.1), resveratrol inhibits both Cdc42 and Rac 

thus presumably inhibiting conversion of filopodia to lamellipodia that are useful for 

directed migration. 

These exciting data beg the question as to what signaling molecule(s) regulate(s) 

the filopodia response to resveratrol (50 µM) since it is shown in Chapter 4 that neither 

dominant negative Cdc42 nor Rac fully attenuate the filopodia effect (Fig.4.9, Fig.4.12).  

This leaves us to speculate on other potential signaling proteins and alternative pathways.   

To date, 22 small Rho GTPase family proteins have been described (Aspenstrom et al., 

2004).  Among these, few are involved in the process of making filopodia. Two 

appropriate candidates that stand out for the activation of filopodia similar to those we 

observe in our model are the lesser known Rho GTPases Rif and Wrch-1.   

Rif has been shown to induce filopodia independently of Cdc42 or Rac, and has a 

distinct ‘hairy’ phenotype (dubbed “hedgehog”) (Passey et al., 2004), which we have 

observed in our resveratrol-induced filopodia.  Also, while Cdc42-dependent filopodia 

tend to contain focal adhesions at tips, Rif-associated filopodia have been shown to lack 

focal adhesions (Ellis and Mellor, 2000), another observation we have made in our 

studies with resveratrol.  Based on domain homology, Wrch-1 is more closely related to 
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Cdc42 than Rif is (Shutes et al., 2004). Wrch-1 induces long, thin filopodia similar to 

those we have observed in our MDA-MB-231 breast cancer cells. Interestingly, this Rho 

GTPase has been shown to be overexpressed in breast tumors and E2 has been shown to 

down-regulate its expression (Sorokina and Chernoff, 2005).  While Rif activation of 

filopodia is not associated with the downstream effectors of Cdc42 (PAK, WASP, 

Arp2/3) (Pellegrin and Mellor, 2005), Wrch-1 does bind to and activate PAK (Sorokina 

and Chernoff, 2005).  Our preliminary data shows that dominant negative PAK does not 

attenuate 50 µM resveratrol-induced filopodia (Fig.5.2), but follow-up studies are 

necessary to determine the role of PAK in E2 and different resveratrol concentrations on 

the actin cytoskeleton. 

Finally, there is the possibility that filopodia can be formed via direct activation of 

downstream effectors of Cdc42.  Cdc42 forms filopodia by activation of its downstream 

effector WASP, which binds to Arp2/3, an actin complex that recruits globular-actin to 

build filamentous-actin filaments.  Though WASP has the CRIB domain that allows 

Cdc42 binding, it also has other binding domains that allow it to be activated by other 

signaling proteins such as Src, independently of Cdc42 activation (Takenawa and Miki, 

2001; Benesch et al., 2002).  Preliminary studies have investigated the potential co-

localization of WASP and actin in resveratrol-induced filopodia of Cdc42(T17N) cells 

(Fig.5.3), and future studies using dominant negative WASPs are underway. 

 

FUTURE DIRECTIONS 

The research described in this dissertation has only begun to unfold the rapid 

signaling pathways involved in cytoskeletal organization and cancer cell motility affected 

by genistein, daidzein, and resveratrol.  Many questions are left unanswered, holes 

unfilled, and so the direction of this project is open-ended and fraught with potential for 
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future investigations.  Immediately, studies are underway to complete the details of 

Chapter 4 to submit for publication.  These experiments include more repeats of the same 

invasion and migration assays to facilitate better statistical power, as well as microscopy 

studies to determine the morphological effects of 5 µM resveratrol on Rac(T17N)- or 

Cdc42(T17N)-expressing MDA-MB-231 cells.   

Our current and future investigations include further elucidation of the cross-talk 

between ER and EGFR in an ERαβ (-) cell line into which ER isoforms will be stably 

transfected.  This investigation will cover ER and EGFR inhibitor studies with better and 

more specific inhibitors, and it will also examine the second messenger Src in ER/EGFR 

signaling. Also, a preclinical mouse model study is currently being evaluated to 

investigate the effects of genistein, daidzein, and resveratrol on metastatic breast cancer 

in vivo.  An investigation into the downstream effectors of Cdc42 and Rac including 

WASP and WAVE, as well as alternative Rho GTPases like Rif in cytoskeletal signaling 

is also a future focus. 

Finally, Dr. Dharmawardhane and I will be doing research this summer at the 

Optical Imaging facility at the Albert Einstein College of Medicine (NY) under the 

supervision of Dr. John Condeelis on quantitative live real-time image analyses of the 

response of metastatic breast cancer cells to E2 and PEs. With our current protocol of 

fixing cells after treatment, the correlation between the cytoskeletal effects we observe 

and the effects on cell migration are only speculative.  This real-time technique will allow 

us to better associate cause and effect for migration and conversion of filopodia to 

lamellipodia. In the same vein, further studies should concentrate on cytoskeletal 

phenotypes and Rho GTPase activity in ECM invasion in 2-D and especially 3-D ECM 

matrix to more closely replicate the metastatic microenvironment. 
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Though metastasis can only truly be measured in vivo, there are in vitro 

experiments that can give implications about the processes that make up metastasis.  The 

data described herein show that E2, soy PEs and 5 µM resveratrol may promote and 50 

µM resveratrol may prevent breast cancer metastasis.  However, this hypothesis needs to 

be tested in animal and clinical studies.  Nevertheless, the results of these biochemical 

and cellular analyses have far-reaching consequences on women’s health and add to the 

knowledge of the roles of PEs as preventives and/or promoters of gynecological cancers. 
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Figure 5.1: Model of working hypothesis of E2 and PE action on the actin 
cytoskeleton.  Resveratrol at 50 µM activates EGFR in ERβ (+) cells, and blocks FAK, 
Cdc42, and Rac activity, thereby inhibiting focal adhesion assembly, and possibly the 
conversion of filopodia to lamellipodia.  The induction of filopodia may be Cdc42/Rac-
independent, and may be regulated by other Rho GTPases or by direct activation of 
downstream effector.  This cytoskeletal response may lead to inhibition of cell migration.  
E2, genistein, daidzein, and resveratrol at 5 µM may activate EGFR, FAK, and Rac in 
ERβ (+) cells, thereby inducing focal adhesion assembly and lamellipodia. This 
cytoskeletal response may lead to increase of cell migration. 
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Figure 5.2:  Effect of 50 µM resveratrol on MDA-MB-231 cells expressing a kinase 
negative PAK.  MDA-MB-231 cells were transiently transfected with a kinase dead 
PAK construct (PAK(K299R)) and serum-starved cells were treated with DMSO 
(Unstimulated) or with 50 µM resveratrol for 10 minutes, fixed immediately, and stained 
for F-actin.  Representative cells of 50 cells/treatment are shown at 600X magnification.
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Figure 5.3: Subcellular distribution of F-actin and active WASP in resveratrol-
induced filopodia.  Quiescent MDA-MB-231 cells expressing Cdc42(T17N) were 
treated with 50 µM resveratrol for 10 minutes, fixed immediately, and stained for F-actin 
with rhodamine phalloidin (left) and active WASP (right) using an anti-N-WASP CRIB 
domain antibody followed by FITC-secondary antibody.  The edge of a representative 
cell (of about 50 cells) at 1000X magnification is shown. Arrowheads (<) indicate 
filopodia. 
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