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Breast cancer is the leading cause of cancer and the second leading cause of 

cancer deaths in women in the United States. Approximately 30% of estrogen receptor 

positive breast cancers are inherently resistant to anti-estrogen therapy and the recurrence 

of breast cancer in women initially responsive ~o anti-estrogen treatment frequently 

occurs. Thus, new approaches to increase the efficacy of hormonal. therapy are needed. 

· Because epidemiological studies associate high IGF-I levels with a poor prognosis .for 

breast cancer patients, we inves.tigated the underlying mechanism(s) of IGF~l-mediated 

· protection. 4-Hydroxytamoxifen-and mifepristone-induced cell death is significantly 

attenuated by IGF-I. IGF-I induction of cell survival pathways was analyzed focusing on 

signaling pathways and it has been demonstrated that IGF-I-mediated protection ofMCF-

7 cells resulted_from activation of the MAPK/MEK and JAK/STAT signaling pathways. 

· Cell lifting and P ARP cleavage was · detected in tamoxifen-and m~fepristone-treated 

MCF-7 cells growing in the presence of IGF-I and PD98059, a MEK inhibitor and also in 

the presence of IGF-I and AG490, a JAK2 inhibitor. The amount of cleaved P ARP i:°

MCF-7 cells transfected with MEKl siRNA is higher in cells treated with estradiq\ 3/-~ne 

than with hormonal therapy. The MEKlsiRNA may cause growth arrest, interfering with 

the actions of the hormonal therapy. The degree of death caused by hormonal therapy in 

the absence and presence of IGF-I is similar indicating that MEKl has a role in the 

protection of MCF-7 cells from hormonal therapy-induced cell death Transfection of 



MCF-7 cells with dominant-negative JAK2 resulted in increased cell death. The 

JAK/STAT pathway appears to ·be an important pathway for the survival of breast cancer 

cells because even in the absence of hormonal therapy, as was evident by the death of the 

MCF-7 cells with the dominant-negative JAK2 constructs. Higher levels ?f PARP 

cleavage are present in MCF-7 cells transfected with JAK2siRNA. These pre-clinical in 

vitro studies provide a mechanistic rationale to why high circulating levels ·()~IGF~I may 

seriously impact the progression of breast cancer and its response to hormonal tlierap~1 • 

and why the efficacy of hormonal therapy of breast cancer can be significantly improved · 

by simultaneously targeting these signaling pathway. 
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Introduction 

The purpose of this study was to determine if the efficacy of hormonal therapy in 

· MCF-7 breast cancer cells grown in the presence of IGF-1 can be improved by targeting 

and blocking the MAPK/MEK and JAK/STAT signaling pathways (Fig. 1). 

Breast Cancer 

Breast cancer is the leading cause of cancer among women in the United States 

and the second leading cause of cancer deaths in women. One third of women who 

develop breast cancer will eventually die due to the cancer _(Kumar et al., 1997). The 

incidence of breast cancer is higher in women in North American and N orthem Europe 

than in Africa and Asia (Kumar et al., 1997). 

Breast cancers typically arise froin breast epithelial cells. Ninety percent of breast 

cancers develop from the ductal epithelium of the breast, while the remaining usually 

develop from lobular epithelium. Favored metastatic locations include the lungs, bones, 

liver, adrenals, brain, spleen, and pituitary gland (Kumar et al., 1997). Initially in 

development, most breast cancers are dependent on estrogen for their . growth and 

development, but through a mechanism, not fully understood, some of these cancers lose 

their dependence on estrogen. Low-grade invasive breast carcinomas are consistently 

estrogen receptor (ER) and progesterone (PR) positive (Simpson et al., 2005). Breast 
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cytoplasm 

Figure 1. Targeting the Cell Survival Pathways. 
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cancer progression 1s no longer distinguished as a single pathway such as the 

Vogelstein' s model for colon carcinogenesis. It is seen as a series of theoretical genetic 

events that lead to distinct and divergent pathways towards invasive breast carcinoma 

(Simpson et al., 2005). 

Estrogen Receptor 

At birth, the mammary gland is not completely formed. At puberty, the mammary 

gland undergoes development when the primitive ductal structures enlarge and branch. 

When ovulatory cycles begin, the branching of -the dtictal _systems becomes more 

complex and lobular structures form at the ends of the tubular ducts (And~rson, 2002). In 

the absence of ovarian function, the ·mammary gland fails to undergo development. If, 

however, estrogen is supplemented, then mammary gland development does occur. The 

rescue of mamm~ gland develo_pment by the addition of estradiol indicates estrogen's 

important role in the development of the mammary gland (Anderson, 2002). 

Estrogen receptors (ER) are in a family of receptors called the nuclear hormone 

receptor superfamily and two ER subtypes are found in humans. Two different genes 

encode ERa and ERP. Both subtypes of the receptor are found in breast tissue and both 

receptors play a role in proliferation and differentiation. As transcription factors, ERa and 

ERP have different effects on different sets of genes. The ER has four functional domains 

that include the activation function 1 (AF-1), _DNA binding domain (DBD), the D 

domain, and the ligand binding domain (LBD). The hinge D domain contributes 

flexibility to DNA binding via the LBD and can influence DNA binding properties. The 

LBD contains sites for cofactors to bind for transactivation (AF-2). ERa and ERP are 
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homologous in their DBD and LBD, but. the ERP gene is shorter so it encodes a shorter 

protein. Once ER binds its ligand, it forms a dimer with another ligand-bound ER. Then 

the dimer binds to an estrogen response element (ERE) found on the DNA promoter 

regions of target genes and con~rols the transcription of estrogen dependent genes. 

Increased ERa expression has been found to be one of the earliest changes in 

tumorigenesis. Breast tissue from women a~ high risk for breast cancer has been found to 

have higher ERa expression than woman with a low risk of breast cancer (Lawson et al., 

1999). ERa expression increases after menopause. Ki-67 is a proliferation-associated 

nuclear antigen that declines after menopause. A dual expression of ERa and Ki-67 could 

be the manifestation of early changes in malignant breast tissue (Shoker et al., 1999). 

Progesterone Receptor 

The progesterone receptor· (PR) is up-regulated in breast tissue by estrogen and 

the estrogen receptor. Ninety-five percent of ER-positive breast cancers are also PR

positive. The PR, like the ER, is also in the nuclear hormone receptor superfamily. 

Humans have two isoforms of the PR (PR-A and PR-B), which are encoded by the same 

gene, but like ERa and ERP can have different effects on the transcription of the same 

genes such that PR-A can activate certain genes while PR-B can prevent the transcription 

of the same genes (Anderson, 2002). The PR contains a DBD, AF-1, the hinge region 

with nuclear localization signals, and LBD containing AF-2. PR-B also contains a third 

transactivation function site (AF-3) in the N-terminal region for coactivators to bind to. 

Once PR has bound to progesterone, the receptors form homodimers or heterodimers and 

bind to glucocorticoid response elements on DNA. 
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Progesterone is required for the growth of mammary ductal system during puberty 

and the development of the lobuloalveolar system during pregnancy. Mice deficient in 

the PR do not develop the typical pregnancy-associated lobuloalveolar system. The ductal 

system has decreased branching and an absence of interductal lobuloalveolar bodies 

(Humphryes et al., 1997). Mitotic activity in the breast peaks at the same time serum 

progesterone levels are the highest in the menstrual cycle (Ross et al., 2000). Women 

who· receive a combination hormonal therapy of an estrogen and a progestin are at a 

higher risk of developing · breast cancer than women who receive hormonal therapy of 

estrogen alone suggesting progesterone is important in breast tissue proliferation 

·-(Schairer et al., 2000). Ruan et al. concludes that progesterone enhances the effect of 

IGF-I in ductual morphogenesis in the absence of estrogen. Mifepristone, an anti

progestin, inhibits progesterone and IGF-I-induced ductual morphogenesis. Alone, 

progesterone has little effect on mammary development (Ruan et al., 2005). 

Hormonal Therapy 

The presence_ of ER and PR indicat~s that a patient is a good candidate for 

hormonal therapy. The idea of targeting hormones in the treatment of breast cancer was 

introduced in 1896 by Beatson, who discovered when a premenopausal breast cancer 

patient's ovaries were removed, the breast tumors regressed. Breast tumors that express 

ER and proliferate in response to estrogen may respond to anti-estrogen therapy. Such 

therapies include estrogen withdrawal, aromatase inhibitors which breakdown estrogen in 

a patient's body and anti-estrogens, which bind to the ER. Progesterone can also 

5 



stimulate the mammary cells to proliferate, so the use of an anti-progestin can counteract 

its mitotic action. 

Tamoxifen: A Selective Estrogen Receptor Modulator 

Over the past three decades, the anti-estrogen tamoxifen has been an effective 

agent in adjuvant therapy and preoperative treatment for ER-positive breast cancers. 

Tamoxifen is a Selective Estrogen Receptor Modulator (SERM). A SERM is a drug that _ 

can bind to the ER and depending on the tissue can act as an agonist or an antagonist. A 

SERM does not destroy the ER, instead it binds to the ER and prevents estrogen from 
I • 

binding. It is well established that the treatment of ER-positive breast cancer cells with 

tamoxifen results in a decrease in cell proliferation and an increase in programmed cell 

death, or apoptosis. However, while 70% of breast cancers express ER, only two-thirds 

of all ER-positive breast tumors are initially responsive to anti-estrogen therapy. 

4-Hydroxytamoxifen, an active metabolite of tamoxifen, binds to· the ligand

binding site of the ER. It is a competitive inhibitor of estradiol (E2), binding ·to the ER. 

Once bound to the receptor, the complex is partially active. Tamoxifen has the ability to 

arrest MCF-7 cells in the cell cycle and also is able to induce active cell death. 

Tamoxifen is also able to induce rapid death in MCF-7 cells by directly causing a rapid 

release of cytochrome c from the mitochondria independent of thy ER (Kallio et al., 

2005). 
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Mifepristone 

The anti-progestin mifepristone has been used extensively to antagonize the 

activities of progesterone receptor~, and mifepristone treatment can inhibit cell growth 

and proliferation in breast cancer cells (Klijn et al., 2000). Mifepristone is a progesterone 

antagonist that also has anti-estr<;>gen, estrogen-like, anti-glucocorticoid, and anti

androgen properties. Mifepristone is able to promote apoptosis by up-regulating bax and 

down-regulating bcl2 (Spitz, 2003). In mice, when the Brea] and p53 genes are 

inactivated in the mammary glands, the mice develop tumors similar to the human 

BRCAJ-associated tumors. Mutations in the BRCAJ gene are associated with an increased 

risk of breast and ovarian cancers. When these mice are treated with mifepristone pellets, 

the mice did not develop palpable tumors as compared to the untreated mice. Poole et al. 

concluded that the function of the PR is critical. for Brea] -mediated mammary . 

carcinogenesis and proposed that mifepristone may play a role in the prevention of breast 

cancer (Poole et al., 2006). Mice with BRCAl mutations were also treated with 

tamoxifen. These mice developed adenocarcinomas earlier than mice not treated with 

tamoxifen. Tamoxifen induced increased ductal growth in_ the mammary tissue of the 

mice (Jones et al., 2005). 

After breast cancer has already developed, combination therapy ·of an anti

estrogen and an anti-progestin may alleviate some of the problems of tamoxifen therapy, 

particularly tamoxifen resistance. Previous studies in our laboratory have shown that 

combination therapy utilizing the anti-estrogenic effects of tamoxifen with the anti

progestinic effects of mifepristone results in a greater inhibition of growth and induction 

of apoptosis of breast can~er cells, than either monotherapy alone. 
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Hormonal Therapy Resistance 

The devel_opment of tamoxifen resistance that occurs in breast cancer patients is 

of increasing concern. Approximately 50% of advanced breast cancer patients initially 

respond to tamoxifen therapy, but over time resistance can develop (Dowsett et al., 

2005). The amount of patients that do not initially respond and the amount of patients that 

develop resistance are obstacles to successful tamoxifen therapy underscore the 

importance of investigating new ther.apies for the treatment of breast cancer. Possible 
. . 

mechanisms of tamoxifen resistance in breast cancer cells include loss of ERs, variant or 

mutant ERs, development of SERMs-c;lependent tumors, and "cross-talk" among ERs and 

other growth-factor signal_ transduction _pathways._ While ~cquired resistance can 

sometimes be attributed to decreased ER positivity, niost tamoxifen resistance occurs in 

cells that remain ER positive (Dowsett et al., 2005). A SERM-dependent tumor is a 

tumor in which when the ER birids the SERM, the ER binds to -the ERE on the promoter 

regions of estrogen dependent genes involved in proliferation.. Increased amounts of 

activated forms of MAPK and AKT have been found in tamoxifen-resistant sublines of 

MCF-7 cells (Nicholson et al., 2005). Activated AKT and MEK can phosphorylate 

regulatory sites within the AF-1 domain on the ER protein, which can result in receptor 

activation. MEK can phosphorylate Serl 18 in the AF-1 domain of ERa and AKT can 

phosphorylate Ser 167. The phosphorylation of serine residues can enhance the interaction 

· between ERa and AIB 1 (Amplified in Breast Cancer-1 ). AIB 1 is a gene overexpressed in 

breast cancer and is a co-activator of the ER. Enhancing this interaction leads to 
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tamoxifen resistance. Inhibition of MAPK and AKT in MCF-7 tamoxifen-resistant cells 

has been shown to enhance sensitivity to tamoxifen by 70-80% (Glaros et al., 2006). 

Depriving breast cancer tumors of estrogen for extended periods of time can 

increase the sensitivity of the tumors to estrogen. Mechanisms that can account for this 

increase in sensitivity are the upregulation of ERa. and the upregulation of the MAPK, 

PB-kinase, and mammalian target of rapamycin (mTOR) signaling pathways. Santen et 

al. proposes that estradiol causes the binding of She to ERa.. She also binds to IGF-IR 

bringing ERa. to the plasma membrane and providing an explanation how ER could 

localize in the plasma membrane causing the breast cancer cells to become more sensitive 

to estrogen (Santen et al., 2005). 

Insulin-Like Growth Factor-I 

Insulin-like growth factor-I (IGF-I) is produced mainly by the liver, kidney, 

muscle, gastrointestinal tract, and chondrocytes. The production of IGF-I can be 

stimulated by growth hormone and its circulating levels in the serum are influenced by 

insulin and through IGF-binding proteins (IGFBPs). It is important for both prenatal and 

postnatal growth. IGF-1 increases protein synthesis in chondrocytes, muscle, and· most 

organs. The involvement IGF-I in cell growth and development has also secured a role 

for this family of growth factors in the development and progression of cancer (Werner 

and LeRoith, 1996; Yu and Rohan, 2000; Argiles and Lopez, 2001; Ferstemberger and 

Senn, 2002). Obesity and non-insulin-dependent dependent diabetes mellitus are both 

associated with increased levels of free circulating IGF-I in the serum due to higher 

insulin levels (Kaaks and Lukanova, 2002). Increased circulating levels of IGF-I have 
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been linked with a lower survival probability and. with a greater chance of cancer 

recurrence after treatment (V adgama et al., 1999). 

The Risk of Breast Cancer and IGF-1 

High circulating levels _of IGF-I have been associated with numerous forms of 

cancer, including breast cancer (Yu and Rohan, 2000). IGFs have been shown to protect 

breast cancer cells from apoptosis and promote cell survival (Rubin and Baserga, 1995). 

Studies have shown a positive correlation between high circulating levels of unbound 

IGF-I and an increased risk of breast cancer (Kaaks and Lukanova, 2002). A case control 

study in Shanghai included 300 incident breast cancer patients and 300 age and 

menopause match controls to study the correlation between serum IGF-1 levels and the 

risk of breast cancer. Yu et al. found that overall, in Chinese women, high plasma levels 

ofIGF-I are positively associated with a higher risk of breast cancer. For Chinese women 

the high circulating levels of IGF-1 was a risk factor for both postmenopausal and 

premenopausal women. When the premenopausal women had higher body mass indexes, 

their risk was even more evident (Yu et al, 2002). IGF-I expression has been found to be 

higher in ER-positive breast cancers. ER stimulation appears to be necessary for the 

expression ofIGF-I and IGF-IR (Cho~g et al., 2006). 

Insulin-Like Growth Factor-I Receptor 

Most biopsies from tumors of breast cancer patients reveal that the tumor 

expresses IGF-IR (Stoll, 1998). The role of IGF-IR in cancer is underscored by the 

finding that the receptor is overexpressed in a number of cancers, including breast, lung, 
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gastric, and colon (LeRoith et al., 1995). Overexpression of IGF-IR in cell culture has 

revealed a ligand-dependent increase in cell proliferation and tumor formation (Kaleko et 

al., 1990), and IGF-IR-overexpressing cells have been shown to be resistant to apoptosis 

induced by UV and gamma radiation (Kulik et al., 1997; Nakamura et al., 1997; Turner et 

al., 1997). Furthermore, the use of antisense molecules and kinase deficient mutants has 

correlated a loss of functional IGF-IR with an increase in sensitivity to apoptotic stimuli 

(Turner et al., 1997; Pietrzkowski et al., 1993; Prager et al., 1994; Resnicoff et al., 1994; 

Neuenschwander et al., 1995; Jiang et al., 1999). 

IGF-1 activates the insulin-like growth factor-I receptor (IGF-IR), which is a 

tyrosine kinase receptor. The IGF-IR is a tetramer,- that when bound to its ligand, 

autophosphorylates, which is then able to phosphorylate insulin receptor substrate-I 

(IRS-1 ). Once IRS-1 is phosphorylated, it can become a docking site for many proteins. 

Cesarone et al. demonstrated in MCF-7 cells that the down regulation ofIRS-1 with RNA 

interference can increase the cytotoxicity of tamoxifen, indicating an importance· of IGF

IR in the cells response to tamoxifen (Cesarone et al., 2006). Now signaling through the 

IGF-IR plays an important role in normal cell growth and development (Rother and 

Accili, 2000). That is, signaling through IGF-IR results in the activation of intracellular 

protein complexes, which in turn activate signaling cascades that result in pro-survival 

and anti-apoptotic signals (Blakesley et al., 1996; LeRoith, 2000; Withers and White, 

2000). For example, the IGF-IR can cause activation of the PI-3 kinase pathway which 

leads to activation of AKT/Protein Kinase B (PKB), which then promotes cellular 

survival by inhibiting apoptosis-promoting factors including forkhead transcription 

factors, GSK-3, Bad, and caspase-9 (Datta et al., 1999). Stimulation of IGF-IR can also 
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lead to activation of the Ras/MAPK pathway and often leads to cell growth and/or 

differentiation (Santen et al., 2002). 

MAPK Signaling Pathway 

IGF-IR is able to activate the mitogen-activated protein kinase (MAPK) signaling 

pathway by phosphorylating IRS-1. The MAPK signaling pathway regulates cell growth, 

cell survival, and differentiation. Once phosphorylated, IRS-1, then becomes a docking 

site for SHC. When SHC is phosphorylated, it activates Ras. Ras is then able to bind to 

the N-terminal end of Raf, activating it. Raf, a serine/threonine kinase, phosphorylates 

MEK (mitogen/extracellular-signal-regulated kinase kinase), and then MEK is able to 

activate MAP kinase or ERK (extracellular signal-regulated kinases) which is able to 

translocate to the nucleus and controls the tran·scription of many genes such· as cyclin D 1, 

p27kipl, and p21 cipl and protects the cell from apotosis (Kerkhoff and Rapp, 1998). 

P 1-3 Kinase Signaling Pathway 

Phosphorylated IRS-I is also a docking site for phophatidylinositol-3 kinase (PI-3 

kinase). Once activated, PI-3 kinase phosphorylates phosphatidylinositol 4,5-

bisphosphate (PIP2) to form phosphatidylinositol 3,4,5 trisphosphate (PIP3). AKT has a 

pleckstin homology domain that binds to phosphoinositide-dependent protein kinase 

(PDK) and once bound, PDK is able to phosphorylate AKT, a serine/threonine kinase. 

AKT is able to phosphorylate and thus control a number of proteins involved in cell 

survival including Bad and caspase 9. AKT is also able to phosphorylate transcription 

factors involved in transcribing gene products important for cell survival. Frogne et al. 
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found that in two anti-estrogen resistant MCF-7 sublines there was a decrease in IGF-IR. 

IGF-IR is an estrogen-inducible protein. The sublines were also found to have increased 

levels of phosphorylated AK.T .. Frogne concluded that the tamoxifen-~esistance in these 

sublines was due to the increased levels of activated AK.T and not the decreased levels of 

IGF-IR. The cause. of the increased· levels of phosphorylated AK.T could not be 

determined (Frogne et al., 2005). 

JAK/STAT Signaling Pathway 

Activation of the JAK/STAT pathway affects transcription.factor localization and 

function. STAT (signal transducers and activators of transcription) have SH2 domains, 

which bind to cytoplasmic domains of receptor polypeptides that contain phosphotyrosine 

sequences. Once associated, members of the Janus kinase (JAK.) family of tyrosine 

kinases phosphorylate the STAT proteins. The STAT proteins dimerize and then 

translocate to the nucleus to activate transcription of target genes. The STAT proteins 

regulate the transcription of genes controlling cell growth, differentiation, ·and immune 

responsiveness. JAK2 activates STATS, which has been shown to be a survival factor 

during involution of the mammary gland. Mice with constitutively active STATS are 

· predisposed to the formation of mammary tumors (Iavnilovitch et al., 2002; Iavnilovitch 

et al., 2004). JAK2 also activates STAT3 which up-regulates the cyclin D's and down

regulates p21 and p27 (Calo et al., 2003). 
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Hypothesis and Specific Aims 

The purpose of this study was to determine if the efficacy of hormonal therapy in 

MCF-7 breast cancer cells grown in the presence of IGF-I can be improved by targeting 

and blocking the MAPK/MEK and JAK/STAT signaling.pathway~ (Fig. 1). Hormonal 

therapy is less efficacious when the MCF-7 cells are treated in a physiological relevant 

amount of IGF-I. With the knowledge that IGF-1 activated the MAPK/MEK and the 

JAK/STAT pathways in MCF-7 cells and that these pathways have been shown to be 

important in breast cancer progression, these pathways were looked at as targets. The 

I 

hypothesis IGF-I protects MCF-7 breast cancer cells from hormonal therapy by activating 

survival pathways, thus by identifying and blocking these survival pathways, the efficacy 

of hormonal therapy can be improved. The specific aims for the project are: 

1. To determine ifIGF-I-induced activation of the MAPK survival pathway blocks the 4-

hydroxytamoxifen and mifepristone-induced cell growth and apoptosis. 

2. To determine ifIGF-1-induced activation of the JAK/STAT survival pathway blocks 

the 4-hydroxytamoxifen and mifepristone-induced cell growth and apoptosis. 
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Materials and Methods 

Cell Culture 

For these studies the cell line MCF-7 breast adenocarcinoma purchased from the 

American Type Culture Collection was used. The cells were maintained in Dulbecco 's 

Modified Eagle's Medium (DMEM; Life Technologies Inc.) that was supplemented with 
. ' 

10% Fetal Bovine Serum (FBS; Hyclone ), 2% antibiotic/antimycotic (Gibco), 1 % L

glutamate (Gibco), and lOµg/ml insulin (Sigma). Before treating the MCF-7 cells, the 

cells were removed from the influence of hormones present in the serum, first by 

culturing the MCF-7 cells in phenol-red free DMEM/Fli media supplemented with 10% 

dextran-coated charcoal stripped Fetal Bovine Seruin (FBS-DCC, Atlanta Biologicals), 

2% antibiotic/antimycotic, 1 % 1 00mM Sodium Pyruvate (Gibco ), and 1 0µg/ml insulin. 

After 3 days, the cells were then cultured in DMEM/F12 supplemented with 5% FBS

DCC, 2% antibiotic/antimycotic, 1 % 1 00mM Sodium Pyruvate and 1 0µg/ml insuli1:1 for a 

minimum of 2 days before treatment. 

Treatments of Cells With Hormones and Growth Fqctors 

The MCF-7 cells were treated_ in DMEM/F12 supplemented with 5% FBS-DCC, 

2% antibiotic/antimycotic, 1 % 1 00mM Sodium Pyruvate, and 1 0nM 17~-estradiol (E2; 

Sigma). Cells were treated with the hormonal therapies of 1.0µM 4-hydroxytamoxifen, an 

active metabolite of tamoxifen, and 10.0µM mifepristone (Sigma). Cells were also 
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treated with 20ng/ml IGF-1 resistant to IGF binding proteins (Upstate). Cells were treated 

with the small molecule inhibitors 50µM PD 98059 (2'-Amino-3'-methoxyflavone) and 

lOµM AG 490 (a-Cyano-(3,4-dihydroxy)-N-benzylcinnamide) from Calbiochem. 

Cell Counts 

For cell counts, the_ cells were evenly seeded (2 x 105 cells per ml per 100 mm cell 

culture dish and 1 x 105 cells per ml per 60 mm cell culture dish) and grown in the 

presence of the indicated drugs, hormones, and growth factors. At the desired time, the 

cells floating in the culture medium were transferred to conical tubes and collected by 

centrifugation (1500 x g, 10 min, 4°C), resuspended in 1 ml Hanks' Balanced Salt 

S?lution (HBSS; Gibco ), and transferred to 1.5ml Eppendorf tubes. The cells were spun 

down by centrifugation (1500 x g, 10 mjn, 4 °C) and resuspended in a final volume of 50 

to 200 µl HBSS. The floating cells were then counted using a hemacytometer. 

The·· cells attached to the plate were collected by adding 1ml 0.25% Trypsin

EDTA (Gibco) in HBSS to each plate and incubating the plate in a 37°C incubator for 

five minutes. The cells were resuspended in the 1 ml of trypsin and 9 ml HBSS. To 

separate the cells fqr· accurate counting, the cells were syringed twice through a 25-gauge 

needle. Using a dilution of 1: 100 in Isoton II (Beckman Coulter Inc), the cells were 

counted using a Beckman Z 1 Coulter Counter. 
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Trypan Blue Staining for SXJ 3 Cells 

Trypan blue dye staining is ba~ed on the principle that certain dyes, in this case 

trypan blue, will not stain live, viable cells because the cell membrane is intact and the 

dye is prevented from entering the cell. The staining technique is also based on the 

principle that the dead, nonviable cells are permeable and susceptible to staining. Thus 

the dead cells are distinguished in the population due to their ability to take up the stain. 

The cells were evenly seeded (2 x 105 cells per ml per 100 mm. cell culture dish and 1 x 

105 cells per ml per 60 mm cell culture dish) and grown in the presence of the indicated 

drugs, hormones, and growth factor~. At the desired time, the cells floating in the culture 

medium were transferred to conical tubes. The cells attached to the plate were collected 

by adding 1ml 0.25% Trypsin-EDTA (Gibco) in HBSS to each plate and incubating the 

plate in a 3 7°C incubator for five minutes. The cells were· resuspended in the 1 ml· of 

trypsin and 9 ml HBSS. The cells floating in the media were combined with the cells 

adherent to the plate and collected by centrifugation (1500 x g, 10 min, 4 °C), 

resuspended in 1 ml Hank's Balanced Salt Solution (HBSS; Gibco). The cells were then 

spun down again by centrifugation (1500 x g, 10 min, 4°C) and resuspended in a final 

volume of 50 to 200 µ1 HBSS and mixed with an equal volume of 0.4% trypan blue dye 

solution (Sigma) for 15 minutes. Stained (dead) and unstained (live) cells were counted 

using a hemocytometer, and the percentage of dead cells to total cells was determined. 

Apoptosense M30 ELISA/or the Detection a/Cleaved Cytokeratin 18 

Evenly seeded cells (2.5 x 105 cells per ml per 60 mm cell culture dish) were 

grown in the presence of the indicated drugs and hormones. At 72 hours, the cells 
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floating in the cell culture media were collected by centrifugation (1500 x g, 10 min, 4 °C) 

and combined with the cells. aC:fherent to the cell culture dish. The cells were lysed in ice

cold lysis buffe~ [lOmM Tris-HCI, pH 7.4/ lOmM MgC12/ 150mM NaCl/ 0.5% NP-40]. 

'fhe M30 re~ctivity was measured in the cell extracts using the Peviva M30-Apoptosense 

ELI~A according to DiaPhcµ-ma' s protocol. The absorbance at 450nm·· was measured 

using a TECAN microplate spectrophotometer and WinSelect software. 

JAK2siRNA 

Evenly seeded cells (2.5 x 105 cells per ml per well of a 6-well dish) were grown 

in DMEM/F12 supplemented with 5% FBS-DCC, 1 % sodium pyruvate, and 1 0µg/ml 

insulin. Twenty-four after seeding when the cells were· at 50% confluency, the 

transfection with JAK2 siRNA (Upstate) and Oligofectamine (Invitrogen) was set up 

following the manufacture's protocols. The transfection procedure occurred in 

DMEM/F12 media supplemented with 1% sodium pyruvate and lOµg/ml insulin, but 

contained no serum or antibiotics. An oligonucleotide solution was made by adding 5 µl 

20µM siRNA stock solution to 180µ1 serum free media. An Oligofectamine solution was 

made by adding 4µ1 Oligofectamine to 11 µ1 serum-free media. After a five-minute 

incubation of the Oligofectamine solution at room temperature, the oligonucleotide 

solution and Oligofectamine solution were combined and incubated at room temperature 

for twenty minutes. The solution was then mixed with 800µ1 serum-free media for a final 

dilution of 20nM siRNA. The media in the wells was removed and the cells were washed 

with 2ml of PBS. The oligonucleotide-Oligofectamine complexes were added to the well. 

The cells are incubated at 3 7°C for six hours. After six hours, 500µ1 media containing 
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insulin and 3X serum of PBS-DCC for a final concentration of 5% is added. After an 

overnight incubation, the cells were trypsinized and seeded protein harvest to look at 

cleaved P ARP and Rb in DMEM/F12 media containing 0.2% PBS-DCC and antibiotics. 

MEKJ siRNA 

The MCF-7 cells were transfected with MEKl siRNA (Dharmacon) with a 

protocol similar to the transfections with JAK2 siRNA. Evenly seeded cells (3 x 105 cells 

per ml per well of a 6-well dish) were grown in DMEM/F12 supplemented with 5% FBS

DCC, 1 % sodium pyruvate, and 1 0µg/ml insulin. Twenty-four after seeding when the 

cells were at 50% confluency, the transfection with MEKl siRNA and Oligofectamine 

(Invitrogen) was set up following the manufacture's protocols. After an overnight 

incubation following the transfection, the cells were trypsinized and protein was 

harvested to look at cleaved PARP and Rb in DMEM/F12 media containing 5% PBS

DCC and antibiotics. 

Transfection of Cells with JAK2 Adenoviruses 

MCF-7 cells were infected at a multiplicity of infection (MOI) of 10-100 viral 

particles per cell. The cells were transfected with the adenovirus ( constitutively active 

JAK2 (TEL-JAK2), dominant negative JAK2 (DN) or control adenovirus (GFP) when 

they cells were 70% confluent. The TEL-JAK2 construct was obtained from the 

laboratory of Dwanye Barber [Nguyen et al. 2001]. The TEL-JAK2 construct and the 

dominant negative construct was put into a adenoviral vector by the laboratory of Dr. 

David Fulton. For the transfection with each adenovirus, dishes of MCF-7 cells were 
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seeded with 1.8 x 105 cells per dish for a total of 5.8 x 106 cells total twenty-four hours 

prior to the transfection. Twenty-four hours following transfection, the cells were 

analyzed for the effectiveness of adenoviral uptake using GFP expression with a 

fluorescent microscope. The media was then changed to a 0.2% serum medium and the 

cells were treated with 4-hydroxytamoxifen and/or mifepristone in . the presence or 

absence of IGF-I. After sixteen hours, the cells were harvested for protein. Cleaved 

P ARP was used as an indicator of apoptosis .. 

Protein Extraction and Western Blot Analysis 

Evenly seeded cells were grown in the presence of the indicated drugs and 

hormones. At the desired time, the floating cells were transferred to a conical tube·and 

collected by centrifugation (1500 x g, 10 minutes, 4 °C) and combined with the cells 

adherent cell cµlture dish. The cells were lysed with hot 2 x SDS-PAGE buffer [0.125 M 

Tris-HCl, pH 6.8/ 4% (w:v)/SDS/ 20% (v:v) glycerol/ 5% ~-mercaptoethanol in H20], 

syringed with a 20-gauge needle, and boiled for 5 minutes prior to loading on a SDS

p AGE gel. The proteins were resolved in denaturing, reducing conditions in Tris-glycine 

SDS-PAGE gels and then transferred to Hybond-P PVDF or Nitrocellulose Transfer 

Membrane. 

The blots were blocked with 5% w/v dry nonfat milk and 0.1% Tween 20 in Tris 

Buffered Saline (TBS), and then probed with antibodies specific for the 89kDa fragment 

of cleaved PARP, p44/42 MAP Kinase, phospho-p44/42 MAPK (Thr202/Tyr204) El 0, 

AKT, phospho-AKT (Ser473), Rb, JAK 2, JAK 2 pYpY 1007/1008, ~-actin, and a

tubulin. The blots were then washed with TBS and then probed with either anti-mouse 
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IgG or anti-rabbit IgG peroxidase conjugated secondary antibodies. The proteins were, 

then detected using chemiluminescence detection and autoradiography film. 

Statistical analysis 

To determine if the hormonal therapy affected the cells, treated cells were 

compared to estradiol-treated control cells with the student's t-test using using SigmaStat 

software (SPSS Science, Chicago, IL). Significance was assumed at P < 0.05. 
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Results 

4-Hydroxytamoxifen and Mifepristone .Jnduce Growth Arrest and Active Cell Death of 

MCF-7 Cells. 

MCF-7 cells express ER and PR and thus serve as a model system for estrogen 

responsive breast cancer. These 'MCF-1 cells demonstrate E2-dependent growth in vivo 

and are also growth stimulated by E2 in vitro (El Etreby and Liang, 1998; El Etreby et al., 

1998). In the absence of insulin and IGF-1, 4-hydroxytamoxifen and mifepristone induce 

apoptosis in approximately 30% of a monolayer MCF-7 cell population within 72 hours 

of treatment (El Etreby et al., 1998). These results were repeated at 96 hours and 

combination therapy of 4-hydroxytamoxifen and mifepristone results in greater inhibition 

of growth and induction of apoptosis than either monotherapy alone. The growth arrest of 

MCF-7 cells caused by the combination therapy was statistically different than either 

monotherapy alone (Fig. 2A). Active cell death in the presence pf the combination 

therapy was also statistically different that either monotherapy (Fig. 2B). To determine 

that the floating cells were undergoing active cell death_, high molecular weight (HMW) 

DNA fragmentation was demonstrated by agarose gel electrophoresis (Fig. 3). The 

floating cells contain genomic DNA that is fragmented into ~50- and 300-kb high 

molecular weight DNA fragments. The 4-hydroxytamoxifen- and mifepristone-induced 

floating (fl) cells were undergoing active cell death because they showed a significantly 
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Figure 2. Hormonally-Induced Growth Arrest and Active Cell Death of MCF-7 
Cells at 96 hours. Evenly seeded MCF-7 cells were grown in the presence of l0nM 
estradiol (E2) and in the presence or absence of 1.0 µM 4-hydroxytamoxifen (4-OHT) 
and 10 µM mifepristone (MIE). A. At 96 hours, adherent cells were washed with lX 
HBSS, trypsinized, and counted using a Coulter counter. B. Cells :floating in the culture 
medium were collected by centrifugation and counted using a hemacytometer. Error 
bars represent the S.E.M. of three independent experiments. Statistically significant 
differences in the induction of cell proliferation and apoptosis (number of detached cells) 
for each hormonal therapy compared to E2 (indicated by *) or combination therapy ( 4-
O HT + MIF) compared to both monotherapies were determined at P < 0.05 (indicated by 
#). 
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Figure 3. 4-Hydroxytamoxifen and Mifepristone Induce High Molecular 
Weight DNA Fragmentation and PARP Cleavage. 4-Hydroxytamoxifen- and 
rnifepristone-induced HMW DNA fragmentation and PARP cleavage is 
preferentially localized to floating (fl ) cells that have detached from the monolayer 
(att). MCF-7 cells were grown in the presence of 1 OnM estradiol (E2) and in the 
presence or absence of 1.0 µM 4-hydroxytamoxifen ( 4-0HT) and 10 µM 
mifepristone (MIF). At the indicated times of 48 and 96 hours, total genomic DNA 
was isolated from cells and separated according to size on a 1 % agarose gel using 
pulsed field gel electrophoresis. Also, cell extracts were prepared from MCF-7 
cells, subjected to SOS-PAGE, and transferred to PVDF membranes for analysis 
using antibodies specific for the 89 kD fragment of cleaved PARP. Genomic DNA 
and cleaved P ARP was analyzed in eel Is treated for 48 h (lanes 1-4) or 96 h at 
which time either floating (fl) (lanes 5-8) or attached (att) (lanes 9-12) cells were 
collected and analyzed. 
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higher level of HMW DNA fragments than the attached (att) cells 96 hours after 

treatment. The HMW DNA fragments result from the early cleavage of genomic DNA 

prior to intemucleosomal DNA fragmentation during apoptosis (Oberhammer et al., 

1, 1993). Intemucleosomal DNA fragmentation was not detected because MCF-7 cells lack 

caspase-3, which is required for the degradation of HMW DNA fragments into 

intemucleosomal DNA fragments (Gaddy et al., 2004; Janicke et al., 1998). Another 

indicator of apoptosis, P ARP proteolysis, was preferentially detected in the 96 hour 

' detached .c~ll population as compared to the attached cells (Fig. 3, compare lanes 9~ 12 to 

lanes 5-8). P ARP is a substrate for cysteine proteases or caspases, · which are widely 

responsible for the disassembly of cellular proteins during apoptosis (Herceg and Wang, 

2001). By 48 hours, both HMW DNA fragmentation and PARP cleavage (Fig. 3, lanes 

1-4) could be detected in cells treated with mifepristone (MIF) and combination therapy 

( 4-OHT plus MIF), which is consistent with the first detectable signs of cell lifting. 

MCF-7 cells treated in the presence of l.25µM insulin are provided some 

protect~pn from 4-hydroxytamoxifen and mifepristone-induced cell death therapies. The 

levels of P ARP cleavage, were not as high in 4-hydroxytamoxifen and mifepristone 

treated cells growing in the presence of insulin than 4-hydroxytamoxifen and 

mifepristone treated cells growing in the absence of insulin (Fig. 4 ). The concentration of 

insulin is 10 µg/ml or 1.25 µM, which is the recommended concentration of insulin for 

growing MCF-7 cells by the American Type Culture Collection guidelines (Rockville, 

MD). Insulin can activate IR at a concentration as low as 0.0lnM with a maximal effect 

at 1 0.0nM (Mur et al., 2003). At higher concentrations of 1 00nM-50µM, insulin activates 

IGF-IR (Lamothe et al., 1998), so it was deduced that this concentration of insulin was 
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Figure 4. Insulin Inhibits 4-Hydroxytamoxifen-and Mifepristone-Induced Active 
Cell Death in MCF-7 cells. MCF-7 cells were grown in the presence of IO nM estradiol 
and in the presence or absence of insulin (10 µg/ml) as indicated. The cells were treated 
with 1.0 µM 4-hydroxytamoxifen (4-OHT), 10 µM mifepristone (MIF), or 1.0 µM 4-
hydroxytamoxifen and 10 µM mifepristone ( 4-OHT + MIF). At the indicated times of 48 
and 96 hours, cell extracts were prepared from MCF-7 cells, subjected to SDS-PAGE, 
and transferred to PVDF membranes for analysis using antibodies specific for the 89 kD 
fragment of cleaved PARP and 13-actin (loading control). 
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activating IGF-IR. IGF-1 also reduces the efficacy of hormonal therapy in MCF-7 cells. 

To test the role of IGF-IR in the cytotoxic response of MCF-7 cells to hormonal therapy, 

dose response assays were performed with varying concentrations ofIGF-1. The cells 

MCF-7 cells were evenly seeded in DMEM/F12 supplemented with 5% FBS-DCC, 2% 

antibiotic/antimycotic, 1 % 1 00mM Sodium Pyruvate. After 24 h(?urS, the cells were 

treated with lOnM estradiol and in the presence or absence of 1.0 µM 4-

hydroxytamoxifen ( 4-OHT), 10 µIvl: mifepristone (MIF), and corresponding dose of 

IGFBP-resistant IGF-I as indicated. In these studies, E2-induced cell proliferation was 

enhanced proportionally to the concentrations of IGF-I (Fig. 5A). In addition, IGF-I 

reduced cell lifting in a dose-dependent manner with physiologically relevant doses of 

IGF-I, i.e. 10 - 20 ng/ml (Lee and Yee, 1995), showing significant anti_-cytoxic effects 

(Fig. 5B). IGF-I, like insulin, significantly inhibited 4-OHT- and MIF-induced PARP 

cleavage (Fig. 6). Apoptosis was measured by the M30 Apoptosense ELISA assay (Fig. 

7). The M30 Apoptosense ELISA assay measures the cytokeratin 18 cleavage that occurs 

during the apoptotic response of tumor cells derived from epithelial cells. Caspases 

cleave cytokeratin 18 during apoptosis, exposing the M30 neo-epitope (Leers et al., 1999; 

Hagg, et al., 2002). The ELISA utilized in Figure 7 measures the presence of the M30 

\ 

epitope, which is indicative of apoptosis. Treatment of -MCF-7 cells with 4-

hydroxytamoxifen, mifepristone, and combination therapy for 72 hours increased 

cytokeratin 18 cleavage with the highest levels of cleavage detected in cells treated with 

4-hydroxytamoxifert plus mifepristone (Fig. 7). However, the levels of cytokeratin 18 

cleavage were significantly reduced when cells were treated in the presence of IGF-1. 

. IGF-I even reduced the level of cytokeratin 18 cleavage in the E2 treated cells which is 
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Figure 5. IGF-1 Inhibits 4-Hydroxytamoxifen-and Mifepristone-Induced Apoptosis 
in a Dose-Dependent Manner. Evenly seeded MCF-7 cells were grown in the presence 
of l0nM estradiol and in the presenc~ or absence of 1.0 µM 4-hydroxytamoxifen (4-
OHT),10 µM mifepristone (MIF), and corresponding dose ofIGFBP-resistant IGF-1. (A) 
At 72 hours, adherent cells were washed with lX HBSS, trypsinized, and counted using a 
Coulter counter. (B) Cells floating in the culture medium were collected by centrifugation 
and counted using a hemacytometer. Error bars represent the S.E.M. of three 
independent experiments. Statistically significant differences in the induction of cell 
proliferation and apoptosis (number of detached cells) for each hormonal therapy 
compared to E2 control(indicated by *) or combination therapy ( 4-OHT + MIF) 
compared to both monotherapies were.determined'at P < 0.05 (indicated by#). 
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Figure 6. IGF-1 Diminishes the Apoptotic Effects of 4-Hydroxytamoxifen and 
Mifepristooe in MCF-7 Cells. MCF-7 cells were evenly seeded and treated in the 
presence of I 0nM estradiol (£2) and in the presence or absence of 20 ng/ml IGFBP
resistant IGF-1, 1.0 µM 4-hydroxytamoxifen (4-OHT), and 10 µM mifepristone 
(MIF) as indicated After 48 hours or 72 hours, cell extracts were collected, resolved 
by SOS-PAGE, and transferred to PVDF membranes. Western blot analyses were 
performed with antibodies specific for the 89 kD fragment of cleaved PARP (upper 
panels). Actin levels were used as a loading control (lower panels). 
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Figure 7. IGF-1 Inhibits Hormonally-Induced Apoptosis in MCF-7 Cells at 72 
hours. MCF-7 cells were evenly seeded and treated in the presence of 1 0nM estradiol 
E2 and in the presence or absence of 20 ng/ml IGFBP-resistant IGF-1, 1.0 µM 4-
hydroxytamoxifen ( 4-OHT), and 10 µM mifepristone (MIF) as indicated. After 72 
hours, the M30 reactivity was measured using a Peviva M30-Apoptosense ELISA. 
M30 activity indicates the apoptotic activity. Statistically significant differences in 
the induction of apoptosis (M30 Activity) for each hormonal therapy compared to E2 
(indicated by *) or combination therapy ( 4-OHT + MIF) compared to both 
monotherapies were determined at P < 0.05 (indicated by#). · 
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consistent with the fact that MCF-7 cells growing in steroid depleted medium 

(DMEM/F12 with charcoal stripped 5% serum) also are growth compromised and IGF-1 

( or supra-physiological levels of insulin) and E2 are required for optimal growth of MCF-

7 cells. Thus, physiological doses of IGF-I, like pharmacological doses of insulin, block 

the pro-apoptotic effects of anti-estrogen and anti-progestin therapy. 

IGF-1 Jnduces Phosphorylation of MAPK in MCF-7 Cells 

As mentioned previously, a downstream effector of IGF-IR signaling is MAPK. 

Ligand binding to IGF-IR induces phosphorylation and activation of ERK, which in turn 

directs the transcription of genes involved in cell proliferation and cell survival. 

MEK/MAPK signaling has been shown to increase · ~reast cancer cell proliferation 

(Lobenhofer, et al., 2000) and/or induce resistance to antiestrogens (Lobenhofer, et al., 

2000; Donovan, et al., 2000) in vitro. Also, phosphorylation of the MAPKs, also referred 

to as extracellular signal-regulated-kinases ERKl (p44) and ERK.2 (p42), has been 

associated with a poor response to hormonal therapy and decreased patient survival in 

clinical breast cancer (Gee, et al., 2001)~ Initially, we determined that IGF-1 and estradiol 

-~duced MAPK phosphorylation in a time-dependent manner, with maximal MAPK 

phosphorylation induced by ~2 plus IGF-1 _between 6 to12 hours (Fig. 8A), after which 

MAPK phosphorylation decreased relative to total MAPK levels (Fig. 8B). The levels of 

pMAPK induced by E2 treatment were significantly less than those induced by estradiol 

plus IGF-1 (Fig. 8A & B). Once a time-course of MAPK phosphorylation was , 

established, experiments were performed to determine how 4-hydroxytamoxifen and 
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Figure 8. Maximal MAPK Phosphorylation Induced by Estradiol Plus IGF-1 
Occurs Between 6 and 12 Hours. Evenly seeded MCF-7 cells were grown in the 
presence of 1 OnM estradiol, (E2) and in· the presence or absence of 20ng/ml IGFBP
resistant IGF-1. At the indicated times, cell extracts were collected, resolved by SDS
PAGE, and transferred to PVDF membranes. Levels of phosphorylated· MAPK (P
MAPK) relative to total MAPK were determined by Western bl<;>t analysis with 
antib~dies specific for P-MAPK and MAPK. · 
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mifepristone treatments affected estradiol and IGF-1-induced MAPK phosphorylation. 

These studies showed that 4-hydroxytamoxifen, mifepristone, and combination therapy 

consistently blocked the phosphorylation ofMAPK (ERIG and ERK2), and that IGF-I 

reversed this effect (Fig. 9). A 12 hour treatment of 4-hydroxytamoxifen, mifepristone, 

and 4-hydroxytamoxifen plus mifepristone showed a reduction of pMAPKs by 40.0% ± 

1.9%, 40.4% ± 1.9%, and 45.6% ± 1.9%, respectively, as compared to estradiol-treated 

cells. However, in the presence ofIGF-I, pMAPK levels were only reduced by 10.8% ± 

0.1%, 22.8% ± 2.2%, and 16.2% ± 0.5% in MCF-7 cells treated with 4-

hydroxytamoxifen, mifepristone, or combination therapy, respectively (Fig. 9). These 

studies demonstrated that 4-hydroxytamoxifen and/or mifepristone treatment were unable 

to effectively reduce MAPK phosphorylation (activation) to levels present in MCF-7 

populations undergoing 4-hydroxytamoxifen- and/or mifepristone- induced cell death. 

PD 98059 Treatment Blocks the Proliferative Effects of JGF-1 in MCF-7 cells. 

To determine if IGF-I-induced MAPK phosphorylation is required to block 4-

hydroxytamoxifen- and mifepristone-induced cell death, the small molecule inhibitor PD 

98059 was used to block MEK, the upstream effector kinase of the MAPKs (Keshamouni 

et al., 2002), during a regimen of hormonal therapy. In MCF-7 cells, PD 98059 blocks 

phosphorylation of ERK when used at a concentration of 50 µM (Fig. 10). PD 98059 is a 

selective and cell-permeable inhibitor of MEK, so therefore MEK is un~ble to 

phosphorylate and activate members of the ERK family (Dudley et al., 1995). In 

comparison to other relatively non-specific inhibitors ofkinases, PD 98059 has been 
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Figure.9. IGF-1 blocks 4-Hydroxytamoxifen-and Mifpristone-induced MAPK 
dephosphoylat~on. Evenly seeded MCF-7 cells were grown in the presence of l0nM 
estradiol, (E2) and in the presence or absence of 20ng/ml IGFBP-resistant IGF-1, 1.0 µM 
4-hydroxytamoxifen (4-OHT) and 10 µM mifepristone (MIF). At 12 hours, cell extracts 
were collected, resolved by SDS-PAGE, and transferred to PVDF membranes. Levels of 
phosphorylated MAPK (P-MAPK) relative to total MAPK were· determined by Western 
blot analysis with antibodies specific for P-MAPK and MAPK. 
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Figure lO. PD 98059 Blocks the Phosphorylation of MAPK, but not the 
Phosphorylation of AKT.in MCF-7 Cells at 6 hours. Evenly seeded MCF-7 cells were 
grown in the presence of 1 0nM estradiol (E2), in the presence or absence of 20ng/ml 
IGFBP resistant IGF-I, 1.0 µM 4-hydroxytamoxifen (4-OHT), 10 µM mifepristone (MIF) 
and 50 µM PD 98059. Western blot analyses were performed with antibodies specific for 
MAPK, MAPK when dually phosphorylated at Thr202 and Tyr204, AK.T, and AK.T 

. when phosphorylated at serine 402. 
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reported to be a specific inhibitor of MEK (Davies et al., 2000) and the concentrations of 

25µM and 50µM have been used successfully to block MEK in MCF-7 cells (Knowlden 

et al., 2003). Initially, cells were analyzed at 6 hours following hormonal therapy to 

confirm that PD 98059 blocked IGF-1-induced MAPK phosphorylation, but did not block 

IGF-I-induced AK.T phosphorylation that can increase cell survival in MCF-7 cells 

(Ahmad et al., 1999; Martin et al., 2000). With the concentration of 50µM PD 98059, the 

phosphorylation of the MAPKs, but not AK.Twas effectively blocked in MCF-7 cells 

(Fig. 10, lanes 9-12 compared to lanes 5-8). Next, MCF-7 cells were treated with 

estradiol plus 4-hydroxytamoxifen and/or mifepristone, in the presence and absence of 

IGF-I and/or 50µM PD 98059. These experiments clearly demonstrated that blocking 

IGF-I-induced MEK/MAPK signaling restored the cytotoxic actions of 4-

hydroxytamoxifen and mifepristone therapy. As seen in Figure 1 lB, 4-hydroxytamoxifen, 
, ' 

mifepristone, and 4-hydroxytamoxifen plus mifepristone treatments for 96 hour induced 

cell death. Cell death was also confirmed by the presence of P ARP cleavage (Fig. 12 

lanes 1-4). IGF-I blocked this cytotoxic action (Fig. 12, lanes 5-8), and PD 98059 

effectively reversed the protective effects of IGF-I (Fig. 12, lanes 9-12) .. This response 

was specific for the antiestrogen and antiprogestin actions of 4-hydroxytamoxifen and 

mifepristone because cells treated with estradiol and 50µM PD 98059 did not show 

increased cell detachment and P ARP cleavage (Fig. 1 lB and 12, lane 9 compared to lane 

1 ). Thus, a small molecule inhibitor of MEK/MAPK signaling significantly reversed the 

anti-apoptotic effects of IGF-I and rest~red cell death in response to 4-hydroxytamoxifen 

and/or mifepristone. 
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Figure 11. PD 98059 Treatment Blocks the Proliferative Effects of IGF-1 and 
Restores the Hormonal Therapy-Induced Lifting of MCF-7 Cells in the Presence of 
IGF-1 at 96 Hours. Evenly seeded MCF-7 cells were grown in the presence of lOnM 
estradiol (E2) and in the presence or absence of 1.0 µM 4-hydroxytamoxifen (4-OHT), 10 
µM mifepristone (MIF), 20ng/ml IGFBP resistant IGF-I, and 50µM PD 98059. A. At 96 
hours, adherent cells were washed with lX HBSS, trypsinized, and counted using a 
Coulter counter. B. Cells floating in the culture medium were collected by centrifugation 
and counted using-a hemacytometer. Error bats represent the S.E.M. of three 
independent experiments. Statistically significant difference·s in'the induction of cell 
proliferation and apoptosis (number of detached cells) for each hormonal therapy 
compared to E2 (indicated by*) or combination therapy (4-OHT + MIF) compared to 
both monotherapies were determined at P < 0.05 (indicated by#). 
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Figure 12. PD 98059 Blocks the Anti-apoptotic Activity of IGF-1 and Restores the 
Ability of 4-Hydroxytamoxifen and Mifepristone to Induce Apoptosis in MCF-7 
Cells. Evenly seeded MCF.;.7 cells were grown in the presence of l0nM estradiol (E2) 
and· in the presence or absence of 1.0 µM 4-hydroxytamoxifen (4-OHT), 10 µM 
mifepristone (MIF), 20ng/ml IGFBP resistant IGF-1, and 50µM PD 98059. After 72 
hours, cell extracts were collected, resolved by SDS-PAGE, and transferred to PVDF 
membranes. W estem blot analyses were performed with antibodies specific for the 89 
kD fragment of cleaved PARP (upper panels). Actin levels were used as a loading 
control. 
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MAPK Signaling Protects MCF-7 Cells With Reduced IGF-IR From Hormonally

Induced Cytostasis and Cell Death. 

As mentioned previously, MCF-7 ha~ functional PR and ER. This cell line also 

has a functional TGF-~1 signaling pathway. Based on previous studies in Dr. 

Schoenlein's laboratory, the TGF-~1 signaling pathway appears to be important in 4-

hydroxytamoxifen and mifepristone-induced death. T-47D, ZR-75-1, MDA-MB-468, and 

BT-474 (Table 1) do not have a functional TGF-~1 signaling pathway, thus would not be 

appropriate cell lines for studying approaches to improve the efficacy of hormonal 

therapy in breast cancer. SX13 is a subline of MCF-7 from Derek LeRoith's laboratory 

~hat has been transfected stably with antisense IGF-IR to express a 50% reduction in IGF

IR compared to MCF-7 (Dupont et al., 2000) (Fig. 13)._IGF-I does not stimulate cell 

growth in these SX13 cells (Fig 14). While IGF-I does not stimulate cell growth in SX13 

cells, IGF-1 does protect SX13 cells from hormonally-induced active cell death (Fig 15). 

The Neo cells, which behaved exactly like MCF-7 cells, are listed in Table 1 and 

represent the control cells for the SX13 cells. 

MCF-7 cells express high levels of the IGF-IR that are typically associated with 

increased breast cancer cell growth in vitro and in vivo (Neuenschwander et al., 1995; 

Lee and Yee, 1995). However, lower levels of IGF-IR in breast cancer cells have also 

been associated with a less favorable clinical prognosis (Moudgil et al., 2001). Although 

these relationships appear paradoxical, ·recent in vitro studies of MCF-7 cells 

demonstrated that reduced IGF-IR expression can result in a more metastatic phenotype 

(Pennisi et al., 2002). Thus, to determine how MEK/MAPK signaling affected the 

efficacy of hormonal therapy of ER-positive breast cancer cells with reduced levels of 
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Figure 13. SX13 Cells Have Decreased Expression ofIGF-IR. SX13 and Neo cells 
were evenly seeded and treated in the presence of 1 0nM estradiol and in the presence or 
absence of 1.0 µM 4-hydroxytamoxifen (4-OHT) and 10 µM mifepristone (MIF) as 
indicated. After 72 hours, cell extracts were collected, resolved by SDS-PAGE, and 
transferred to PVDF membranes. Western blot analyses were performed with 
antibodies specific for IGF-IR, ERa, and the 89 kD fragment of cleaved PARP (upper 
panels). MAPK levels were used as a loading control (lower panels). 

41 



'g. 60 
T-

>< 50 
s.. 

.! 40 
E 
::::, 30 
C: --CD 
0 

ca ,..., 
0 
I-

20 

10 

0 

tmt4 E2 ablation 
E2 

•X Xi E2 + IGF-1 

FBS 1% 

SX13 
5% 

* 

1% 5% 

NEO 
Figure 14. IGF-1 Does Not Stimulate SX13 Cell Growth. Evenly seeded SX13 
and NEO cells were treated as indicated in either 1 % or 5% FBS-DCC serum and 
grown in the presence and absence of 1 OnM estradiol (E2) and 20ng/ml IGFBP
resistant IGF-I. Total cells were counted 168 h after treatment using a Coulter 
counter. Statistically significant differences in cell proliferation (P < 0.05) are 
indicated by* when the treatment group (E2 ablation or E2 plus IGF-I) are 
compared to the control cells (E2 plus). 
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Figure 15. IGF-I Inhibits Hormonally-Induced Apoptosis in SX13 Cells at 72 
hours. Evenly seeded MCF-7 cells were grown in the presence of 1 0nM estradiol and 
in the presence or absence of 1.0 µM 4-hydroxytamoxifen (4-OHT), 10 µM 
mifepristone (MIF), 20ng/ml IGFBP-resistant IGF-I, and 50µM PD 98059. At 144 
hours, the cells floating in the culture medium were transferred to_ conical tubes. The 
cells attached to the plate were collected by adding 1ml 0.25% Trypsin-EDTA (Gibco) 
in HBSS to each plate and incubating the plate in a 37°C incubator for five minutes. 
The cells were resuspended in the 1 ml of trypsin and 9 ml HBSS. The cells floating in 
the media were combined with the cells adherent to the plate and collected by 
centrifugation (1500 x g, 10 min, 4°C), resuspended in 1 ml Hank's Balanced Salt 
Solution (HBSS; Gibco). The cells were then spun down again by centrifugation (1500 
x g, 10 min, 4°C) and resuspended in a final volume of 50 to 200 µl HBSS and mixed 
with an equal volume of0.4% Trypan blue dye solution for 15 minutes. Stained (dead) 
and unstained (live) cells were counted using a hemocytometer, and the percentage of 
dead cells to total cells was determined. . Three independent experiments were 
performed in triplicate for each treatment group. Error bars represent the S.E.M. 
Statistically significant differences (P< 0.05) were determined in cell proliferation for 
each treatment set of hormonal therapies compared to E2 (indicated by *) and for the 
combination therapy (4-OHT + MIF) compared to the 4-OHT and MIF monotherapies 
(indicated by#). 
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IGF-IR, MCF-7 breast cancer cells that express a reduced number ofIGF-IRs (designated 

SX13) due to expression of an IGF-IR antisense introduced by transfection 

(Neuenschwander et al., 1995) were used. The decrease in IGF-IR expression was 

confirmed with western blotting using an antibody specific for IGF-IR (Fig. 13). This 

reduction appears to bring the number of IGF-IRs below a threshold required for IGF-I

induced proliferative effects (Dupont and LeRoith, 2001 ). 

Under our experimental conditions and as previously described (Dupont and 

LeRoith, 2001), IGF-I did not stimulate SX13 cell growth above the levels of E2-

mediated stimulation (Fig. 14). In contrast, IGF-1 significantly stimulated growth of the 

parent Neo cell line that was transfected with vector only (Fig. 14) and previously. 

characterized along with SX13 cells (Dupont and LeRoith, 2001). The reduced level of 

IGF-IR ·expression in SX13 cells as compared to that in the Neo ·cells is readily seen in 

Figure 13. The level ofIGF-IR in the Neo cells is similar to that expressed by the MCF-7 

cells used for all other experiments.· SX13 and Neo cells express ER in a similar 

manner to the MCF-7 cells where 4-hydroxytamoxifen treatment typically results in 

increased levels of ERa as compared to E2-treated cells due to the inability of 4-

hydroxytamoxifen-bound ERa to be intracellularly degraded (Fig. 13). Also, 4-

hydroxytamoxifen and mifepristone treated cells showed an increase in the levels of 

cleaved PARP as compared to control (E2 treated) cells (Fig. 14), demonstrating that 

some cells were undergoing 4-hydroxytamoxifen- and mifepristone-induced active cell 

death. Total MAPK levels were used as the loading control in this experiment. To 

quantitate the cytotoxic and cytostatic (induction of.growth arrest) effects of hormonal 

therapy of SX13 and Neo cells, the method chosen to determine the percentage of cell 
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death in the total cell population was trypan blue staining because SX13 cells only 

loosely attach to the culture dish and tend to _ lift from the monolayer due to their 

increased invasive potential (Seglen and Gordon, 1982). Trypan blue is only taken up by 

dead cells, due to a compromised cell membrane. Hormonal therapies included 

treatments with 4-hydroxytamoxifen and/or mifepristone, in the presence and absence of 

IGF-I or IGF-I and PD 98059. Results from these experiments are shown in Figure 15. 

PD 98059 effectively reduced SX13 cell growth (Fig. 16) and increased the percent of 

trypan blue (dead) cells (Fig. 15). In medium supplemented with IGF-I, SX13 cells were 

significantly more resistant ~o the inhibitory effects of 4-hydroxytamoxifen but PD 98059 

blocked the protective effects of IGF-1 (Figs. 15 and 16). The addition of 50 µM PD 

98059 to the treatment medium significantly induced cell death, for all the treatment 

groups including the E2 treated (Control) cells (Fig. 15). In contrast, IGF-I treatment did 

not significantly protect SXl 3 cells from the inhibitory effects 'of mifepristone (Fig. 16). 

Thus, mifepristone treatment is particularly effective in these cells and provides effective 

inhibitory action even in the presence of IGF-I. Overall, these.studies are consistent with 

studies in MCF-7 cells and demonstrate that MEK/MAPK signaling is critical to the 

survival of ER-positive breast cancer cells even when IGF-IR is present at low levels. 

MCF-7 cells transfectedwith MEKJ siRNA are resistant to the protective effects of IGF-1 

Since pharmacological inhibitors sometimes are not very· specific for blocking a specific 

signaling pathway, a molecular biological approach was also taken. MEK siRNA was 

also used to block the activation of MEK. MCF-7 cells were grown in 6 well plates and 

grown to a 50% confluency as previously described in the methods. The MCF-7 cells 
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Figure 16. Blocking MEK/MAPK Signaling Using PD 98059 Restores the 
Cytostatic and Cytotoxic Effects of 4-Hydroxytamoxifen Treatment. Evenly 
seeded SX13 cells were grown m the presence of lOnM estradiol and in the 
presence or absence of 1.0 µM 4-hydroxytamoxifen ( 4-OHT), 10 µM 
mifepristone (MIF), 20ng/ml IGFBP-resistant IGF-I, and 50µM PD 98059. At 
144 hours, the cells floating in the culture medium were transferred to conical 
tubes. The cells attached to the plate were collected by adding 1ml 0.25% 
Trypsin-EDTA (Gibco) in HBSS to each plate and incubating the plate in a 
3 7°C incubator for five minutes. The cells were resuspended in the 1 ml of 
trypsin and 9 ml HBSS. The cells floating in the media were combined with the 
cells adherent to the plate and collected by centrifugation (1500 x g, 10 min, 
4°C), resuspended in 1 ml Hank's Balanced Salt Solution (HBSS; Gibco). The 
cells were then spun down again by centrifugation (1500 x g, 10 min, 4°C) and 
resuspended in a final volume of 50 to 200 µl HBSS and mixed with an equal 
volume of 0.4% Trypan. blue dye solution. for 15 mi;nutes. Stained (dead) and 
unstained (live) cells were counted using ·a hemocytometer . for a total cell 
number. Three independent experiments were performed in triplicate for each 
treatment group. Error bars represent the S.E.M. Statistically significant 
differences (P< 0.05) were determined in cell proliferation for each treatment 
set of hormonal therapies compared· to E2 (indicated by *) and , for the 

· ''combination therapy (4-OHT + MIF) compared to the 4-OHT and MIF 
monotherapies (indicated by #). 
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were then transfected with lOnM MEKl siRNA or non-specific siRNA duplexes, which 

served as controls. If the MAPK pathway is the pathway responsible for protecting MCF-

7 cell from hormonal therapy, then cells transfected with a MEK siRNA would die when 

treated with hormonal therapy in the presence of IGF-I. The first step of the transfection 

ofMCF-7 cells with the MEKl siRNA was to see ifMEK expression was blocked in the 

presence of MEKl siRNA. The decreased expression of MEK was seen at 72 hours (Fig. 

17). To examine the effects on apoptosis, a western blot analysis looking at cleaved 

P ARP expression was performed at 96 hours after being treated with hormonal therapy 

after being treated with MEKl siRNA for 72 hours (Fig. 18). The transfection of MCF-7 

Cells with the MEKl siRNA increased the cleavage of P ARP. This data so indicated that 

the transfection of MCF-7 cells with MEKl siRNA increased the cleavage of PARP 

when the cells are grown in the presence and absence of IGF-1. The amount of cleaved 

PARP in MCF-7 cells transfected with MEKl siRNA is higher in cells treated with 

estradiol alone than with hormonal therapy (Fig. 19). This observation may be due to the 

fact that hormonal therapy-induced active cell death is dependent on cell proliferation. 

The MEKl siRNA may cause growth arrest interfering with the actions of the hormonal 

therapy. The degree of death caused by hormonal therapy in the absence and presence of 

IGF-1 is similar indicating that MEKl probably has a role in the protection of MCF-7 

cells from hormonal therapy-induced cell death (Fig. 19). 

AG 490 Treatment Blocks the Proliferative Effects of JGF-1 

To determine if IGF-1-induced activation of the JAK/STAT survival pathway 

blocks the 4-hydroxytamoxifen- and mifepristone-induced active cell death, the 
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Figure 17. MEKl siRNA Blocks MEK1 Expression at 72 Hours. MCF-7 cells were 
transfected with MEKI siRNA and cell extracts were collected at the time indicated, 
resolved by SDS-PAGE, and transferred to PVDF membranes. Western blot analyses 
were performed with antibodies specific for MEKI and P-actin. 
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Figure 18. Transfection ofMCF-7 Cells With MEKl siRNA Increases Cleavage of 
PARP. MCF-7 cells were transfected with MEKl siRNA or control non-specific 
siRNA duplexes and evenly evenly seeded and treated in the presence of 1 OnM 
estradiol (E2) and in the presence or absence of 20ng/ml IGFBP-resistant IGF-I at 72 
hours as indicated. Cell extracts were collected at 72 hours, resolved by SDS-P AGE, 
and transferred to PVDF membranes. Western blot analyses were performed with 
antibodies specific for the 89 kD fragment of cleaved P ARP. Actin levels were used as 
a loading control. 
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Figure 19. Transfection of MCF ~ 7 Cells With MEKl siRNA Blocks IGF-1's 
protection ofMCF-7 Cells From Hormonal Therapy. MCF-7 cells were transfected 
with MEKl siRNA and evenly evenly seeded and treated in the presence of 1 0nM 
estradiol (E2) and in the presence or absence of 1.0 µM 4-hydroxytamoxifen ( 4-OHT), 
10 µM mifepristone (MIF), and 20ng/ml IGFBP~resistantIGF-I at 72 hours ~s 
indicated. Cell extracts were collected at 72 hours, resolved by SDS-PAGE, and 
transferred to PVDF membranes. Western blot analyses were performed with 
antibodies specific for the 89 kD fragment of cleaved P ARP. Actin levels were used as 
a loading control. 
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pharmacological inhibitor AG 490 was used. AG 490, a small molecule inhibitor, blocks 

the phosphorylation and activation of JAK2 and thus the JAK/STAT signaling pathway 

(Meydan et al., 1996). In MCF-7 cells, AG 490 partially blocks phosphorylation of JAK.2 

at a concentration of 1 0µM (Fig. 20). A concentration of 1 0µM was chosen because 

higher concentrations of AG 490 would be less specific and might inhibit other pathways 

in the cell. When the phosphorylation of JAK2 is inhibited by 1 0µM AG 490, ERK 

activation by IGF-1 is also inhibited, however the activation of AKI is not affected (Fig. 

21). 

To determine if blocking the JAK/STAT pathway had an effect on restoring the 

efficacy of hormonal therapy in MCF-7 cells treated in the presence of IGF-1, cell counts 

and western blots for cleaved P ARP and Rb were performed. When cell counts were 

performed, the number of floating cells was compared to the number of total cells in 

the presence of IGF-1 and AG 490. The addition of the inhibitor, AG 490, to the MCF-7 

cells treated with hormonal therapy in the presence of IGF-1 had more dying cells 

compared to cells treated with hormonal therapy in the presence of IGF-1 without the 

addition of the inhibitor, AG 490 (Fig. 22). Cell death was also confirmed by the 

presence of PARP cleavage (Fig. 20 lanes 1-4). IGF-1 blocked this cytotoxic action (Fig . 

.23, lanes 5-8), and AG 490 effectively reversed the protective effects of IGF-1 (Fig. 23, 

lanes 9-12). This response was specific for the anti-estrogen and anti-p~ogestin actions of 

· 4-hydroxytamoxifen and mifepristone because cells treated with estradiol and l0µM AG 

490 d~d not show increased cell detachment and PARP cleavage (Figs. 22 and 23, lane 9 

compared to lane 1). Thus, a small molecule inhibitor of JAK/STAT signaling 

significantly reversed the anti-apoptotic effects ofIGF-1 and restored cell death in 
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Figure 20. AG 490 Partially Blocks the Phosphorylation of JAK2. Evenly seeded 
MCF-7 cells were grown in the presence of 1 OnM estradiol (E2), in the presence or 
absence of20ng/ml IGFBP resistant IGF-1, 1.0 µM 4-hydroxytamoxifen (4-OHT), 10 µM 
mifepristone (MIF) and 10 µM AG 490. At 60 minutes cell extracts were collected and 
resolved by SOS-page. Western blot analyses were performed with antibodies specific for 
JAK2 and JAK.2 when dually phosphorylated on tyrosines 1007 /l 008. 
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Figure 21. AG 490 Blocks the Phosphorylation of MAPK, but not the 
Phosphorylation of AKT in MCF-7 Cells. Evenly seeded MCF-7 cells were grown in 
the presence of 1 0nM estradiol (E2), in the presence or absence of 20ng/ml lGFBP 
resistant IGF-I, 1.0 µM 4-hydroxytamoxifen (4-OHT), 10 µM mifepristone (MIF) and 10 
µM AG 490. Western blot analyses were performed with antibodies specific for MAPK, 
MAPK when dually phosphorylated at Thr202 and Tyr204, AKT, and AKT when 
phosphorylated at serine 402. 
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Figure 22. AG 490 Treatment Blocks the Proliferative Effects of-IGF-1 and Restores 
the Hormonal Therapy-Induced Lifting of MCF-7 Cells in the Presence of IGF-1 at 
96 Hours. Evenly seeded MCF-7 cells were grown in the presence of 1 0nM estradiol 
(E2) and in the presence or absence of 1.0 µM 4-hydroxytamoxifen (4-OHT), 10 µM 
mifepristone (MIF), 20ng/ml IGFBP resistant IGF-I, and lOµM AG 490. (A) At 96 hours, 
adherent cells were washed with lX HBSS, trypsinized, and counted using a Coulter 
counter. (B) Cells floating in the culture medium were collected by centrifugation and 
counted using a hemacytometer. Error bars represent the S.E.M. of three independent 
experiments. Statistically significant differences in the induction of cell proliferation and 
apoptosis (number of detached cells) for each hormonal therapy compared to E2 
(indicated by*) determined at P < 0.05. 
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Figure 23. AG 490 Blocks the Anti-apoptotic Activity of IGF-1 and Restores the 
Ability of 4-Hydroxytamoxifen and Mifepristone to Induce Apoptosis in MCF-7 
Cells. MCF-7 cells were evenly seeded and treated in the presence of 1 0nM estradiol 
(E2) and in the presence or absence of 20 ng/ml IGFBP-resistant IGF-I, 1.0 µM 4-
hydroxytamoxifen ( 4-OHT), 10 µM mifepristone (MIF), and 1 0µM AG 490 as indicated 
After 72 hours, cell extracts were collected, resolved by SDS-PAGE, and transferred to 
PVDF membranes. Western blot analyses were performed with antibodies specific for 
Rb(upper panel) and-the .89 kD fragment of cleaved -pARP (middle panel). Actin levels 
were used as a loading control (lower panels). 
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response to 4-hydroxytamoxifen and/or mifepristone. The addition of AG 490 also 

inhibited the proliferative effects of IGF-I as demonstrated by comparing the number of 

adherent MCF-7 cells · grown in IGF-I to the number of adherent MCF-7 cells grown in 

IGF-I and AG 490 (Fig. 22). IGF-I overcomes the cytostati~ action (induction of growth 

arrest) of 4-hydroxytamoxifen and mifepristone. This cytostatic action of 4-

hydroxytamoxifen and/or mifepristone is also reflected in the activation ( decreased 

phosphorylation) of Rb (Fig. 23 compare lanes 2-4 with lane 1). Activation of Rb is 

critical to the cytostatic action of anti estrogen treatment of ER+ breast cancer cells and 

mediates its effect by binding to and blocking the E2F family of transcription factors 

required for the transcription of genes needed for cell cycle progression (Gaddy et al., 

2004; Watts et al., 1995; Moudgil et al., 2001). In the presence of IGF-I, an increase in 

hyperphosphorylated Rb ( designated pRb) was evident in the 4-hydroxytamoxifen- and 

mifepristone-treated cells with the highest levels of the hypophosphorylated form 

( designated Rb) relative to pRb, being present in the combination treatment group ( 4-

hydroxytamoxifen plus mifepristone) (Fig. 23, lane 4 ). In the 4-hydroxytamoxifen and 

mifepristone treatment groups supplemented with AG 490 and IGF-I, there was a robust 

decrease in the level of pRb compared to control cells ( estradiol-treated) after 72 hours of 

treatment (Fig. 23, compare lanes 10-12 with lane 9). 

Transfection of MCF-7 cells with dominant-negative JAK2 resulted in increased cell 

death. 

MCF-7 cells were also transfected with a dominant-negative JAK.2 construct. If 

the JAK/STAT pathway is the pathway responsible for protecting MCF-7 cell from 
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hormonal therapy, then cells transfected with a dominant-negative JAK.2 construct would 

die when treated with hormonal therapy in the presence of IGF-1. If this protection was 

also due to the phosphorylation of ERK, then one would also expect ERK not to be 

phosphorylated in the cells transfected with the dominant negative JAK2 construct. 

Inhibition of JAK2 pathway by dominant-negative JAK.2 does not correlate with 

decreased MAPK phosphorylation in these MCF-7 cells (Fig. 24). The inhibition of the 

JAK2 pathway does not appear to inhibit the phosphorylation of AKT in the MCF-7 cells 

growing in the presence of IGF-1 (Fig. 24). The JAK.2 dominant negative transfected 

MCF-7 cells would be expected to be _resistant to the survival-induced effects of IGF-1 

. . 

due to the fact that the JAK/STAT signaling pathway and the MAPK signaling pathway 

could not be activated. To determine cell death western blot analysis of cleaved PARP 

was performed. Transfection of MCF-7 cells with dominant-negative JAK2 resulted in 

increased cell death, which was evident by the increase in the amount of cleaved P ARP 

detected by Western blotting at 16 hours in the MCF-7 cells transfected with dominant 

negative JAK.2 in the presence and absence ofIGF-1 (Fig. 25). Cells were seen floating in 

the treatment media shortly after being transfected with dominan~ negative JAK.2 

suggesting that JAK2 is important to the survival of MCF-7 cells, however cleaved P ARP 

was used as a marker for cell death because JAK.2 has been reported to be important for 

adherence. MCF-7 cell detachment and spreading is dependent on JAK.2 kinase activity, 

thus MCF-7 metastatic potential is dependant on JAK.2 phosphorylation. In a study by 

Kaulsay et al. which blocked JAK2 kinase activity, MCF-7 cells were prevented from 

spreading via detachment (Kaulsey et al., 2000). 
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Figure 24. Inhibition of JAK2 Pathway by Dominant-Negative JAK2 Does Not 
Correlate With Decreased MAPK Phosphorylation. Dominant-Negative JAK2 MCF-7 
cells were evenly seeded and treated in the presence of I OnM estradiol (£2) and in the 
presence or absence of 20ng/ml IGFBP-resistant IGF-I, 1.0 µM 4-hydroxytamoxifen (4-
0HT), and 10 µM mifepristone (MIF) as indicated. After 30 minutes, cell extracts were 
collected, resolved by SOS-PAGE, and transferred to nitrocellulose membranes. Western 
blot analyses were performed with antibodies specific for MAPK, MAPK when dually 
phosphorylated at Thr202 and Tyr204, AKT, and AKT when phosphorylated at serine 
402. 
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Figure 25. Transfection ofMCF-7 Cells With Dominant-Negative JAK2 Resulted 
in Increased Cell Death. Dominant-Negative JAK2 MCF-7 cells and Control cells 
were evenly seeded and treated in the presence of 1 0nM estradiol (E2) and in the 
presence or absence of20 ng/ml IGFBP-resistant IGF-1, 1.0 µM 4-hydroxytamoxifen 
( 4-OHT), and 10 µM mifepristone (MIF) as indicated. After 16 hours, cell extr~cts 
were collected, resolved by SDS-PAGE, and transferred to nitrocellulose membranes. 
Westem blot analyses were performed with antibodies specific for the 89 kD fragment 
of cleaved P ARP. Actin levels were used as a loading control. 

59 



Higher Levels of Cell Death are Present in MCF-7 Cells Transfected With JAK2 siRNA. 

Due to inhibitors being nonspecific at higher concentrations, JAK.2 siRNA was 

also used to block the activation of JAK.2. MCF-7 cells were grown in 6 well plates and 

grown to a 50% confluency as described in the methods. The MCF-7 cells were then 

transfected with 20nM JAK.2 siRNA or non-specific siRNA duplexes, which served as 

controls. If the phosphorylation of JAK2 is important in IGF-I's protection ofMCF-7 

cells from hormonal therapy, then one would expect that blocking the expression of 

JAK.2 with the siRNA would cause the cells not to respond to IGF-I. The first step of 

transfection of MCF-7 cells with JAK.2 siRNA was to see if JAK2 expression was 

blocked in the presence of JAK2 siRNA. The decreased expression of JAK.2 is seen at 24 

hours and continues until at least 72 hours after transfection as compared to the control 

(Fig. 26). To examine the effects on apoptosis, western blot analysis looking at cleaved 

P ARP expression was performed at 96 hours after being treated with hormonal therapy . 

(Fig. 27). As- noted before, relative levels of cleaved PARP decrease in MCF-7 cells 

treated with hormonal therapy in the presence of IGF-I as compared to MCF-7 cells 

treated with hormonal therapy in the absence ofIGF-I (Fig. 27). These MCF-7 cells were 

transfected with control siRNA, which did not alter the usual response to hormonal 

th~rapy seen in the presence and absence of IGF-I. Compared to the JAK2 siRNA 

transfected MCF-7 cells treated with hormonal therapy in the absence of IGF-1, MCF-7 

cells transfected with JAK2 siRNA are able to escape the protective effects of IGF-1 on 

mifepristone and combination therapy (Fig. 28). This data suggests that JAK2 activation 

could play a role in the protection ofMCF-7 cells from apoptosis caused by mifepristone. 

If the effect of the AG 490 is due to its conce~tration nonspecifically inhibiting the 
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Figure 26. Transfection ofMCF-7 Cells With JAK2 siRNA Blocks the Expression of 
JAK2 at 24, 48, and 72 Hours. MCF-7 cells were transfected with JAK2 siRNA and cell 
extracts were collected at the time indicated, resolved by SOS-PAGE, and transferred to 
nitrocellulose membranes. Western blot analyses were performed with antibodies 
specific for JAK2 and JAK2 when dually phosphorylated on tyrosines 1007/ 1008. 
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Figure 27. MCF-7 Cells Transfected With JAK2 siRNA are Able to Escape the 
Protective Effects of IGF-1 on Mifepristone and Combination Therapy. MCF-7 
cells were transfected with JAK2 siRNA or control non-specific siRNA duplexes and 
evenly evenly seeded and treated in the presence of l 0nM estradiol (E2) and in the 
presence or absence of 20ng/ml TGFBP-resistant IGF-1, 1.0 µM 4-hydroxytamoxifen 
( 4-0HT), and 10 µM mifepristone (MIF) as indicated. Cell extracts were collected at 
96 hours, resolved by SOS-PAGE, and transferred to nitrocellulose membranes. 
Western blot analyses were performed with antibodies specific for the 89 kD fragment 
of cleaved PARP. Actin levels were used as a loading control. 
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Figure 28. MCF-7 Cells Transfected With JAK2 siRNA are Able to Escape the 
Protective Effects of IGF-1 on Mifepristone and Combination Therapy. MCF-7 cells 
were transfected with JAK2 siRNA or control non.:.sp_ecific siRNA duplexes and evenly 
evenly seeded and treated in the presence of 1 0nM ~stradiol (E2) and in the presence or 
absence of 20 ng/ml IGFBP-resistant IGF-I, 1.0 µM 4-hydroxytamoxifen ( 4-OHT), and 
10 µM mifepristone (MIF) as indicated. Cell extracts were collected at 96 hours, resolved 
by SDS-PAGE, and transferred-to nitrocellulose membranes. Western blot analyses were 
performed with antibodies specific for the 89 kD fragment of cleaved P ARP. Actin 
levels were used as a loading control. Densitometry was calculated using Scion Image 
and shown graphically. Three independent experiments were performed.· Error bars 
represent the S.E.M. Statistically significant differences (P< 0.05) were determined in 
cell° proliferation for each treatment set of hormonal therapies compared to E2 (indicated 
by*) and for the combination therapy (4-OHT + MIF) compared to the 4-OHT and MIF 
monotherapies (indicated by#). 
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phosphorylation of ERK through a non-JAK.2 related pathway, then blocking JAK2 

expression with JAK2 siRNA should have no effect as far as decreasing IGF-I's 

protective effects on MCF-7 cells from hormonal therapy. JAK.2 siRNA was shown by 

the presence of cleaved PARP to restore some cell death in the presence of IGF-I in 

Figure 27, so it is still possible that JAK.2 is protecting MCF-7 cells through the 

activation ofMEK. If the JAK/STAT pathway is activating MEK, then one would expect 

to see levels of MAPK phosphorylation decreased in these MCF-7 cells transfected with 

JAK2 siRNA and then treated with IGF-I. MAPK phosphorylation was assessed by using 

a probe for phosphorylated MAPK (pMAPK) after the cells had been exposed to 

treatment media with or without 20ng/ml IGF-I for 30 minutes. As seen in Figure 29, 

lanes 1 and 3 contained MCF-7 cells not treated with IGF-I and do not have activated 

MAPK. JAK.2 siRNA (Fig. 29, lane 3) did not automatically activate MAPK as noted by 

the lack of phosphorylation. IGF-I did phosphorylate MAPK (Fig. 29, lanes 2 and 4) even 

in the presence of JAK.2 siRNA. This data suggests that the protection of MCF-7 cells by 

the JAK/STAT pathway is not through the MEK pathway, but could possibly be 

independent of the MEK pathway. 
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Figure 29. JAK2 siRNA Did Not Block IGF-1 Induction of MAPK. MCF-7 cells were 
transfected with JAK2 siRNA or control non-specific siRNA duplexes and evenly evenly 
seeded and treated in the presence of 1 0nM estradiol and in the presence or absence of 20 
ng/ml IGFBP-resistant IGF-1 as indicated. Cell extracts were collected at 30 minutes, 
resolved by SOS-PAGE, and transferred to nitrocellulose membranes. Western blot 
analyses were performed with antibodies specific for MAPK and MAPK when dually 
phosphorylated at Thr202 and Tyr204. 
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Discussion 

Since the recurrence of breast cancer in women receiving selective estrogen 

receptor modulators is a major clinical challenge and a large number of ER-positive 

breast cancers _are initially resistant to anti-estrogen therapy, new_ approaches need to be 

developed to improve the efficacy of hormonal therapy. The treatment approach used in 

this project involves using a combined hormonal treatment regimen of the anti-progestin 

mifepristone and the anti-estrogen 4-hydroxytamoxifen. This combination therapy more 

effectively induces growth arrest and cell_ death in ER-positive, 4-hydroxytamoxifen

sensitive (El Etreby and Liang, 1998; Bardon et al., 1987; Thomas and Monet 1992; Klijn 

et al., 2000) and ER-positive, 4-hydroxytamoxifen-resistant cells (Gaddy et al., 2004) 

than either_ monotherapy alone. The efficacy of this combined hormonal therapy likely 

requires both ER and PR expression because 1.0 µM 4-hydroxytamoxifen and 10.0 µM 

mifepristone are essentially ineffective in ER-negative, PR-negative MDA23 l breast 

cancer cells (Liang et al., 2003). These past pre-clinical studies may have clinical 

relevance because most ER-positive breast cancers are also PR-positive. Also, recent 

studies by Fuqua and colleagues demonstrate that a high ratio of the two progesterone 

receptor levels (PR-A/PR-B) may be predictive of breast cancer patients that have a poor 

disease-free survival rate (Hopp et al., 2004). Thus, alternate treatment strategies for this 

subgroup of ER-positive patients are needed. 
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This project demonstrates that physiological levels of IGF-I blocked the ability of 

anti-estrogen and anti-progestin therapy to induce cell death in ER-positive· MCF-7 breast 

cancer cells and identified the MEKIMAPK signaling pathway to play a key role in this 

protective effect. : In addition, in ER-positive MCF-7 cells with reduced IGF-IR levels 

(SX13 cells), IGF-1 effectively blocks the growth inhibitory action of anti-estrogen 

therapy. Importantly, the small molecule inhibitor, PD 98059, that has been 

characterized as a relatively specific inhibitor of MEKl (Davies et al., 2000), blocks the 

phosphorylation of the MAPKs ERK 1 and ERK'2 and reduces the proliferative and anti

apoptotic effects of IGF-1 in ER-positive breast cancer cells (Fig. 30). We have also 

demonstrated that PD 98059 blocks the protective ~ffects of insulin, as well as those of 

IGF-1. In the presence of IGF-I, combined hormonal therapy (4-hydroxytamoxifon + 

mifepristone) induced a superior anti-proliforative (cytostatic) effect on MCF-7 breast 

cancer cells than either monotherapy alone .. The anti-prolifer~tive effect correlated to Rb 

activation, which· is . known_ to be important for · 4-hydroxytamoxifen-induced anti

proliferative effects on breast· cancer cells (Gaddy et al., 2004; Watts et al., 1995). 

However, because hormonally-induced cytostasis is not a terminal state, breast cancer 

cells treated in the presence of IGF-I .would potentially retain the ability .to escape 

hormonal therapy and then proliferate. Thus, the use of anti-estrogen with an anti

progestin would not completely alleviate problems of resistance to hormonal therapy in 

patients with high circulating levels of IGF-1. Overall, these studies demonstrate that 

_targeting the MEKIMAPK signaling pathway in addition to either anti-estrogen 

monotherapy alone or combination therapy of an anti-estrogen with an anti-progestin 
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Figure 30. MAPK pathway's protection of MCF-7 Cells. 
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appe~s to be a very promising approach to breast cancer therapy because it restores the 

cytotoxic action of 4-hydroxytamoxifen and mifepristone (Fig. 30). 

In this project, the cytotoxic action of 4-hydroxytamoxifen was defined as an 

apoptotic outcome because an increase in genomic DNA degradation and cleavage of 

P ARP and cytokeratin 18 were both demonstrated, each of which are considered to be 

markers of apoptosis. However, Bursch et al., have identified anti-estrogen-induced cell 

death in MCF-7 cells as autophagocytic cell death, also referred to as active cell death 

type II (ACD II) (Bursch et al., 1996). ACD II is characterized by the 3:ccumulation of 

autophagosomes in the cytosolic compartment of cells that fuse with lysosomes and 

ultimately mediate the death of cells (Bursch et al., 2000). Dr Schoenlein's laboratory 

has unpublished studies that demonstrate 4-hydroxytamoxifen induces significant levels 

of autophagosomes in MCF-7 cells prior to cell death, whereas mifepristone treatment 

does not In either type of cell death, it is clear that MEK/MAPK signaling plays a 

significant role in restoring the cytotoxic action of 4-hydroxytamoxifen. The results 

which show that IGF-I basically results in 4-hydroxytamoxifen resistance in MCF-7 cells 

with reduced IGF-IR levels but predominantly blocks cytotoxicity e:tnd not cytostasis in 

MCF-7 cells with high IGF-IR levels are consistent with several published studies. 

Donovan et al. (Donovan et al., 2001) showed constitutive MEK/MAPK activation can 

result in anti-estrogen resistance consistent with the results obtained with SX13 cells. 

Tue results with wild type MCF-7 cells also are in agreement with the reported role of 

MAP kinase/ER cross-talk being able fo enhance. estrogen-mediated signaling and tumor 

growth, but did not confer absolute tamoxifen resistance (Atanaskova et al., 2002). 

However, other published studies of MCF-7 cells do not concur with a role for 
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MEK/MAPK signaling .in _anti-estrogen efficac):'. For example, Dufourny et al. 

(Dufourny, 1997) reported that mitogenic signaling induced by IGF-I in MCF-7 human 

breast cancer cells was independent of MAPK and that PD 98059 was unable·to restore 

anti-estrogen efficacy. In their study, the stimulation of quiescent breast tumor-derived 

MCF-7 cells by IGF-I caused stimulation of cyclin Dl synthesis, hyperphosphorylation 

of Rb, DNA synthesis, and cell division and these effects were only dependent on PI3-K

induced signaling. Yu et al._, published that the ras oncogene, through the MAPK 

pathway, can induce cyclin D 1 by acting on the cyclin D 1. Cyclin D 1-deficient mice are 

resistant to the development of Ras-induced breast tumors (Yu et al, 2001). In MCF-7 
) 

cells, IGF-I enhances electroneutral K-Cl co-transport (KCC) activity. When KCC3 was 

blocked, then IGF-I was unable to stimulate cell proliferation. Inhibition of Erkl/2 also 

inhibited IGF-I stimulation of KCC3 and KCC4 by 90 and 65% (Hsu et al., 2006). KCC 

is important for regulation of cell volume, epithelial ion transport, and osmotic 

homeostasis (Adragna et al., 2004 ). It now appears to be important for the proliferation of 

breast cancer cells (Hsu et al., 2006) (Fig. 30). An explanation for inconsistencies with 

MCF-7 cells and the role of MAPK versus that of AKT is cell line variation. Dr 

Schoenlein' s laboratory has recently demonstrated that individual MCF-7 ce~ls, selected 

as clonal isolates from a highly passaged MCF-7 cell population, show various genetic 

backgrounds that result in a range of antiestrogen sensitivity, including antiestrogen 

resistance (Gaddy et al., 2004). For this current project, however, early passage MCF-7 

(ATCC) cells that still maintain inducible MEK/MAPK signaling were analyzed and do 

not show constitutive PI3K/AKT signaling. 
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In summary, the data presented in this project demonstrate that: (1) MEKIMAPK 

signaling in response to physiologic levels of IGF-1 can protect ER-positive breast cancer 

cells from hormonally-induced cell death and from hormonally-induced cytostasis; and 

(2) incorporating a small molecule inhibitor of MEKIMAPK signaling can block the anti

apoptotic and proliferative effects of IGF-1-induced signaling in ER-positive breast 

cancer cells (Fig. 30). This preclinical data further emphasizes the role of the IGF-IR as 

an effector of estradiol {Thome and Lee, 2003) ·and tamoxifen action (Guvakova and 

Surmacz, 1997) and are consistent with the proposed prognostic value of determining the 

levels of pMAPK in breast cancer samples (Mueller et al., 2000) and support the use of 

small molecule inhibitors of MEKIMAPK signaling, such as CI 1040, an analogue of PD 

98059 and its second generation derivatives (Sebolt-Leopold, 2000), to be used in 

conjunction with hormonal therapy to combat the protective effects of IGF-1 that have 

been associated with a poor prognosis for breast cancers (Papa et al., 1993; Gee et al., 

2001) and a number of other cancers (Pollak et al., 2004 ). 

, The JAK/STAT signaling pathway may also play a part in IGF-I's protective 

effects on MCF-7 cells from hormonal therapy (Fig. 31). IGF-1 can activate JAK2 

through the activation of IGF-IR. Using AG 490, the small molecular inhibitor of the 

JAK2 pathway, the proliferative effects of IGF-1 were blocked in MCF-7 cells. The 

inhibitor also blocked IGF-1-induced inhibition of hormonally-induced apoptosis in 

MCF-7 cells. However, the inhibition of the phosphorylation of JAK2 by AG 490 was 

also accompanied by the inhibition of the phosphorylation of MAPK. If the 

phoshorylation of MAPK was dependent on the pl?-osphorylation of JAK2, then one 

would have expected the phosphorylation ofMAPK to be blocked in the MCF-7 cel_ls 
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Figure 31. JAK2 pathway's protection of MCF-7 Cells 
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transfected with the JAK.2 siRNA and in the MCF-7 cells with the dominant-negative 

JAK.2 constructs. IGF-1 induced the phosphorylation of MAPK in these cells. One 

explanation for the inhibition of the phosphorylation of MAPK is that AG 490 may 

· inhibit MAPK through another mechanism other than its inhibition of JAK2. AG 490 has 

been reported to inhibit the activation of the JAK3/STAT5/MAPK pathway (Kirken et 

al., 2001) and the activation ofMAPK by IL-6 (DeVos et al., 2000). 

The JAK/STAT pathway appears to be an important pathway for the survival of 

breast cancer cells even in the absence of hormonal therapy, as was evident by the death 

of the MCF-7 cells with the dominant-negative JAK.2 constructs. In MCF-7 cells, JAK.2 

activation leads to the tyrosine phosphorylation and subsequent activation of STAT5a 

and STAJ5b. Hypoxia induces STATS to bind to cyclin Dl promoter in MCF-7 cells. 

STATSb may mediate the transcriptional activation of cyclin D1 after hypoxic 

stimulation (Joung, et al., 2005). STAT5a and STAT5b proteins are 95% identical. 

STAT5a is necessary for prolactin-induced differentiation (Yamashita et al., 2001). 

STAT5b is involved in signal transduction of many growth factors including growth 

hormone (Udy et al, 1997). Hypoxia activates the cyclin D1 promoter via JAK2/STAT5b 

pathway in breast cancer cells (Joung, et al., 2005). Cyclin D 1 is critical for 

lobuloalveolar proliferation • in the mammary gland· during pregnancy. Without the 

expression of cyclin D 1, mice do not undergo full lobuloalveolar development in 

pregnancy (Yu et al., 2001). Overexpression of cyclin D1 protein is seen in over 50% of 

all human mammary tumors (Yu et al, 2001). D-cyclins control cell cycle progression by 

activation of CDK4 and CDK6. The activation of CDK4 and CDK6 leads to the 

phosphorylation of Rb, which allows the cell to progress through the cell cy~le. 
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STATS: is also a survival factor at involution of the m~ary gland, which occurs 

after the lactation phase of the mammary gland.: Involution ·is characterized by apoptosis. 

STATS apparently protects the mammary gland from the apoptotic signals (Fig. 31). 

Mice with constitutively active STATS experience a delay in the onset of involution 

(Iavnilovitch, et al., 2002). Mice with constitutively active STATS also have a 

predisposition to the formation of tumors in the mammary gland (Iavnilovitch, et al., 

2002; lavnilovitch, et al., 2004). A transactivation domain on the carboxy terminal of 

STATS is important for the STATS's protection of the cell from apoptosis. In mice with a 

carboxy terminally truncated STATS variant, the number of apoptotic cells increased by a 

factor of three during involution (Iavnilovitch, et al., 2006). The antiapoptotic gene, bcl-X 

has a binding site in its promoter for STATS. STATS induces the expression of the 

antiapoptotic protein bcl-xL (Socolovsky, et al., 1999). In erythropoiesis, STATS's effect 

on bcl-xL is important for early erythroblast survival (Debierre-Grockiego, 4004). 

In mammary tumors of mice expressing constitutively active STATS, lower levels 

of activated STAT3 as compared to mice expressing wild type or dominant negative 

STATS (Iavnilovitch, et al., 2004). At the onset of involution STAT3 is activated (Li et 

al., 1997). STAT3 appears td target IGF-binding protein-S. IGF-binding protein-S 

induces apoptosis by sequestering IGF-1 to casein micellea. When the IGF-1 is 

sequestered, it does not protect the. cell from apoptosis (Chapman et al, 1999). However 

STAT3 is important for breast cancer. Inhibition of STAT3 activity has been found to 

block the proliferation and survival of breast cancer cells. Ligand-dependant tyrosine 

phosphorylation of STAT3 signaling is a frequent event in breast cancer cell lines (Garcia 

et al., 1997). STAT3 upregulates the cyclins D's and downregulates p21 and p27 (Calo et 

74 , · 



al., 2003) (Fig. 31). In 293T cells cotransfected· with IGF-IR and STAT expression 

vectors, STAT3 is activated by IGF-1. Jaks were essential for the activation of STAT3 

(Zong et al., 2000). STAT3 is activated in 5 out of 9 breast cancer cell lines (Garcia et al., 

1997). 

The data presented in this project supports a role for the JAK/STAT pathway in 

the survival of breast cancer cells. Currently no inhibitors of the JAK/STAT pathway are 

available for use in human. Given the prominence of STAT3 activation in breast cancer 

cells, targeting the activation.of STAT3 may improve the ~fficacy of hormonal therapy. 
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Abbreviations 

4-0HT- 4-Hydroxytamoxifen 
AF- Activation Function 
AKT- Protein Kinase B 
ATCC- American Type Cell Culture 
att- attached 
DBD- DNA Binding Domain 
DMEM- Dulbecco's Modified Eagle's .Medium 
DN- Dominant Negative · 
DNA- Deoxyribonucleic Acid 
E2- Estradiol 
EDT A- Ethylenediaminetetraacetic acid 
ELISA- Enzyme-Linked ImmunoSorbant Assay 
ER- Estrogen Receptor 
FBS- Fetal Bovine Serum 
PBS-DCC- Fetal Bovine Serum- Dextran-Coated Charcoal Stripped 
fl- floating 
GFP- Green Fluorescent Protein 
HBSS- Hanks' Balanced Salt Solution 
IGFBP- Insulin-Like Growth Factor Binding Proteins 
IGF-I- Insulin-Like Growth Factor-I 
IGF-IR- Insulin-Like Growth Factor-I Receptor 
IRS-1- Insulin Receptor Substrate 1 
JAK.2- Janus Kinase 2 
Kb- kilobases 
LBD- Ligand Binding Domain 
MAPK- Mitogen-Activated Protein Kinase 
MEK- MEK/ERK Kinase 
MIF- Mifepristone 
MOI- Multiplicity of Infection 
mTOR- Mammalian Target of Rapamycin 
P ARP- Poly (ADP-ribose) Polymerase 
PB-K- Phosphatidylinositol-3-kinase 
PR- Progesterone Receptor 
PVDF- Polyvinylidene fluoride 
Rb- Retinoblastoma protein 
SDS-PAGE- Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis 
Ser- Serine 
SERM- Selective Estrogen Receptor Modulator 
siRNA- Small Interfering Ribonucleic Acid 
STAT- Signal Transducer and Activator of Transcription 
Thr- Threonine 
Tyr- Tyrosine 
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