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SUMMARY 

 

A women’s lifetime risk of developing breast cancer is 1 in 8, making it the 

leading female malignancy in the United States.  Up to 75% of breast cancers express 

estrogen receptor α (ERα) and are therefore candidates to receive endocrine therapies 

aimed to block estrogen signaling, such as selective estrogen modulators (SERMs) or 

aromatase inhibitors (AIs).  The SERM tamoxifen (TAM) is the most widely prescribed 

endocrine therapy for the treatment and prevention of breast cancer.  The development 

of resistance to TAM, either de novo or acquired, limits its clinical effectiveness, leading 

to disease progression.  Currently there is a lack of effective therapeutic options for 

women whose breast cancers no longer respond to conventional endocrine therapy 

approaches.  17β-estradiol (E2) has clinical efficacy in this setting, but due to 

unfavorable side effects it is no longer used for treatment.  Further, there are currently 

no biomarkers to predict a positive response to an estrogenic treatment.  The purpose 

of my study was to identify novel selective estrogen mimics (SEMs) that could achieve 

the positive therapeutic effects of E2 treatment in TAM-resistant breast cancers, while 

minimizing the side effects as well as to further explore the use of PKCα as a potential 

biomarker in predicting a positive therapeutic response to E2. 

The Tonetti lab developed and previously described a preclinical TAM-resistant model 

where PKCα is stably overexpressed in the T47D:A18 breast cancer cell line (1).  When 

T47D:A18/PKCα cells are grown in mice as xenograft tumors, E2 administration inhibits 

tumor growth and induces complete tumor regression in established tumors (2).  In the 

work described herein, I demonstrate that all tested cell lines inhibited by E2, either in  
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SUMMARY (continued) 

 

vitro or in vivo, overexpress PKCα.  Further I demonstrate that decreased cell viability 

by E2 may require PKCα, together suggesting that PKCα expression may predict a 

positive response to therapy with an estrogenic agent.  

The mixed antagonist/agonist activity of TAM is also associated with side effects such 

as increased incidence of endometrial cancers, which led to the development of second 

generation SERMs.  Raloxifene (RAL) is a benzothiophene SERM with a favorable 

antiestrogenic profile in the uterus and has proven safe over 15 years of clinical use in 

postmenopausal osteoporosis and breast cancer chemoprevention.  In collaboration 

with Dr. Gregory Thatcher’s lab we used the benzothiophene core structure of RAL as a 

starting point for rational drug design with the goal of developing novel selective 

estrogen mimics (SEMs), which could achieve the positive therapeutic effects of E2 

treatment in TAM-resistant breast cancers, while minimizing the side effects.  In vitro 

screening identified two SEMs, BTC and TTC-352, which displayed estrogenic activity 

in breast cancer cell lines.  BTC and TTC-352 treatment resulted in significant tumor 

regression in two xenograft models of TAM-resistant, PKCα-overexpressing breast 

cancer.  Interestingly E2 (3) and SEM induced T47D:A18/PKCα tumor regression was 

accompanied by translocation of ERα to extranuclear sites, possibly suggesting a 

direction to study the mechanism through which these SEMs initiate tumor regression.  

SEM treatment, however, did not result in growth of parental, TAM-sensitive xenograft  

tumors.  Endometrial thickening, caused by both E2 and TAM, is directly associated 

with gynecological carcinogenesis and uterine cancer.  Importantly, SEM treatment did  
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not increase uterine weight in mice suggesting negligible hormonal stimulation in 

gynecological tissues.  Both BTC and TTC-352 resulted in regression of two TAM-

resistant breast cancer models, while displaying enhanced safety compared to E2 and 

TAM.   

These studies suggest PKCα may be a potential biomarker for estrogenic 

treatment therapy.  These data also suggest SEMs may be superior to E2 in the 

treatment of endocrine-resistant breast cancer.  Further development of SEMs targeted 

to TAM-resistant, PKCα-overexpressing breast cancer is warranted and may someday 

have an impact on clinical outcomes of breast cancer patients. 
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CHAPTER 1 

 INTRODUCTION 

1.1  Breast Cancer 

Breast cancer is the most common malignancy in women (4) and the 

development of metastatic disease is the most common cause of breast cancer-related 

mortality (5).  In 2011, the American Cancer Society estimates that 230,480 women 

were diagnosed with invasive breast cancer in the U.S.  Approximately 39,520 died from 

the disease in 2011 making it the 2nd leading cause of cancer related death in women.  

Advances in the detection, diagnosis and treatment of breast cancer have led to a 50% 

reduction in mortality rates since 1970 (6, 7). 

 Risk factors for breast cancer include age, early menarche, use of hormone-

replacement therapy, late pregnancy, late menopause and early menarche.  Pregnancy 

before age 30, breastfeeding, late menarche and early menopause are protective 

factors that reduce a women’s chance of contracting breast cancer.  A women’s lifetime 

risk of developing breast cancer increases with the time she is exposed to estrogen (8).  

Only about 15% of breast cancers are thought to be heritable (9).  Mutations in the 

BRCA1 or BRCA2 genes account for genetically driven breast cancers.  These genes 

encode for proteins, which regulate deoxyribose nucleic acid (DNA) repair.  Women with 

mutations in BRCA1 or BRCA2 have an 80% risk of developing breast cancer and a 

55% risk of developing ovarian cancer (10).   

1.2 Breast Cancer Subtypes 

Breast cancer is a heterogeneous disease originating from cells within the breast 

tissue.  This phenomenon has long been recognized clinically as evidenced by the 
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immunohistological classifications that dictate disease treatment (i.e. ERα, PR, HER2).  

More recently technological advances have allowed researchers to carry out expression 

analysis of thousands of genes simultaneously to classify tumors on a molecular level.  

Microarray studies first identified five molecular subtypes which breast tumors could be 

divided into based on gene expression profiles.  These five subtypes have been 

suggested to originate from different precursors cells and include: Luminal A, Luminal B, 

HER2-enriched, basal-like, and normal-like (11-13).  Classifications continue to emerge 

based on microarray studies such as molecular apocrine (14) and claudin-low (15). 

Luminal A subtype represents 50-60% of total breast cancers, making it the most 

common molecular subtype.   This group is primarily characterized by genes activated 

by transcription of the ER and low levels of genes related to proliferation (11, 12).  The 

relapse rate for patients with this subtype is 27.8% which is significantly lower than 

other subtypes (16).  The immunohistochemical profile of the luminal A subtype is 

characterized by expression of ERα, PR, Bcl-2 and cytokeratin CK8/18.  These breast 

cancers also lack expression of HER2, have a low proliferative index and histological 

grade and compared to the other subtypes express the highest levels of GATA3.  

Recurrence primarily occurs within the bone.  This subgroup is mainly treated with third 

generation aromatase inhibitors, SERMs such as tamoxifen (TAM) or SERDs such as 

fulvestrant (17). 

The Luminal B subtype represents between 10-20% of all breast cancers.  These 

breast cancers are more aggressive, have a higher proliferative index and histological 

grade as well as a worse prognosis compared to luminal A.  Although luminal B breast 

cancers still express ERα they express higher levels of proliferative genes such as KI67 
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and Cyclin B1.  The luminal B subtype often also expresses HER2 and EGFR (18). 

Prognosis for Luminal B cancers is worse than Luminal A despite treatment with TAM or 

aromatase inhibitors (19).  Treatment of this subtype is challenging and numerous 

clinical trials are currently underway to improve therapeutic outcome for these patients. 

Currently, ER-positive node-negative breast cancer patients are routinely treated 

with both adjuvant hormone therapy as well as adjuvant chemotherapy in order to 

reduce disease recurrence.   To prevent unnecessary use of chemotherapy in patients 

several diagnostic systems have been developed based on gene-expression profiles of 

breast tumors.  Commercially available systems such as MammaprintTM (20) and 

Oncotype DXTM (21) use different platforms and are superior to conventional histological 

grade classifications in predicting a patient’s response to therapy. 

Fifteen to twenty percent of breast cancers fall into the HER2 positive molecular 

subtype.  These cancers overexpress genes related to proliferation, most notably high 

expression of HER2 and genes associated with the HER2 pathway.  These tumors are 

highly proliferative and the majority are of high histological grade.  Anti-HER2 based 

therapies have significantly improved survival of patients both in the initial and 

metastatic stages of the disease (22, 23).  In neoadjuvant studies the HER2 subtype 

also has higher chemosensitivity compared to the luminal subtypes (24).  Clinical trials 

are currently underway which combine therapies that inhibit the HER2 pathway at 

different locations.  HER2 positive breast cancers are typically treated with trastuzumab, 

lapatinib, pertuzumab or a combination of agents with taxanes, which will be discussed 

further in the following section.     



  4 

The basal-like subtype makes up 10-20% of all breast carcinomas.  P-cadherin, 

caveolin-1, nestin, CD44, EGFR and cytokeratins CK5 and CK17 are commonly 

expressed in this subtype, which are also genes commonly expressed in normal 

myoepithelial cells.  They are often characterized by high histological grade and being 

of large tumor size at diagnosis (25).  Metastatic relapse tends to be aggressive 

predominantly located in the lung, central nervous system and lymph nodes (26).  

Although these tumors respond to chemotherapy, they have a worse prognosis 

compared to luminal cancers (12).  Tumors with BRCA1 mutations also fall into this 

subtype (27).  Most relevant to this tumor type however is the absence of ER, PR and 

HER2.  Clinically the terms basal-like and triple negative are often used interchangeably 

although these terms are not equivalent as there has been up to 30% discordance 

between the groups (28).  Using IHC a core group of 5 markers has been used to 

accurately characterize basal like tumors and include ER, PR, HER2, EGFR and CK5/6 

(29).      

Normal-like breast cancers are rare making up between 5-10% of breast cancers 

diagnosed.  These cancers usually do not respond well to neoadjuvant chemotherapy 

and present with an intermediate prognosis between luminal and basal type breast 

cancers.  They can be classified as triple negative as they do not express ER, PR or 

HER2, but are not classified as basal due to lack of epidermal growth factor receptor 

(EGFR) and CK5 expression (11).  Normal-like breast tumors express genes associated 

with adipose tissue and usually cluster with fibroadenoma and normal breast samples 

(30). 
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The claudin-low subtype was first identified as a new intrinsic subtype in 2007 

(31).  Tight junction and cellular adhesion genes such as claudin -3, -4, -7, occludin and 

E-cadherin are expressed at low levels in these cancers.  This subtype clusters near the 

basal-like subtype suggesting expression similarities between the two groups.  Unlike 

basal-like cancers, claudin-low tumors express a unique set of 40 genes related to 

immune response (15).  Claudin-low tumors express low levels of genes related to 

proliferation yet have poor prognosis.  Genes associated with mesenchymal 

differentiation and epithelial-mesenchymal transition are overexpressed in this 

subgroup, which are also features associated with acquisition of the Cancer Stem Cell 

(CSC) phenotype (32).  These tumors are generally classified as triple negative but 

about 20% express hormone receptors (33).      

Molecular subtype classification of breast cancer has proven to be an important 

tool in understanding the pathways and genes that contribute to the development of the 

disease.  Different molecular subtypes associate with different prognoses and vary in 

their response to therapy.  Breast cancer molecular subtypes do not currently dictate 

therapeutic selection.  However as previously mentioned, gene arrays such as 

MammaprintTM and Oncotype DXTM are used to assess the likelihood of disease 

recurrence in early stage ER-positive breast cancer patients and determine if the 

addition of chemotherapy to the therapeutic regimen will be beneficial to the patient. 

TABLE 1.  ER, PR and HER2 status of molecular breast cancer subtypes. 

 ER PR HER2 
Luminal A + +/- - 
Luminal B + +/- + 
HER2+ - - + 
Basal-like - - - 
Normal-like - - - 
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1.3  Breast Cancer Treatment 

Women diagnosed with breast cancer are treated by a combination of the 

following approaches: surgery, radiation therapy, chemotherapy, biologic therapy, 

and/or endocrine therapy.  Selection of therapy and prognosis are dictated by a number 

of clinical and pathological factors including: the age and menopausal status of the 

patient, stage of the disease, histologic grade of the tumor, expression of ER, PR and 

HER2 and the proliferative index of the tumor.      

Surgery and radiation therapy are considered local therapies, which treat at the 

site of the tumor.  Most women diagnosed with breast cancer will undergo surgery 

(lumpectomy or mastectomy) followed by adjuvant therapy such as radiation, 

chemotherapy, hormone or targeted therapy.  In some cases chemotherapy or hormone 

therapy is used before surgery, termed neoadjuvant therapy.     

Chemotherapy refers to the use of cytotoxic antineoplastic drugs.  

Chemotherapeutics generally target all rapidly dividing cells leading to adverse systemic 

side effects.  For advanced stage breast cancer, chemotherapy reduces the risk of 

recurrence.  Chemotherapeutic regimen depends on tumor size and grade as well as 

lymph node involvement.  For breast cancer common adjuvant regimens may include 

CAF (Cyclophosphamide, doxorubicin, and 5-FU), TAC (Docetaxel, doxorubicin, and 

cyclophosphamide), CMF (cyclophosphamide, methotrexate, and 5-FU) or TCH 

(taxotere, carboplatin, and Herceptin)(34).   

As previously mentioned, approximately 20% of breast cancers are driven by 

HER2 signaling.  Biologic, antibody-based therapies such as trastuzumab can 

effectively inhibit signal transduction by HER2 and are used to treat HER2-positive 
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breast cancers (35).  Trastuzamab was first introduced into the metastatic disease 

setting (36) followed by combined use with chemotherapy in the adjuvant setting (22) 

reducing relapse in 50% of patients and improving survival in approximately 33% of 

cases.  Resistance to trastuzamab eventually occurs in all metastatic breast cancer 

patients.  Clinical trials have determined that dual targeting of the HER2 receptor by the 

combination of trastuzamab and lapatinib with paclitaxel improves pathological 

complete response (37).  Lapatinib is a duel tyrosine kinase inhibitor that disrupts HER2 

and EGFR pathways (38).  Pertuzumab is a monoclonal antibody that blocks 

homodimerization and heterodimerization of the HER2 receptor (39).  It has been 

approved for use in breast cancer patients with metastatic HER2 positive cancer in 

combination with trastuzumab and docetaxel.           

1.3.1  Endocrine Therapies  

ERα expression is an important prognostic marker in breast cancer and provides 

an index of response to endocrine therapies (40).  Up to 75% of breast cancers are 

classified as ERα positive and are therefore candidates to receive various forms of 

endocrine therapy.  The current strategy to treat hormone dependent breast cancers is 

to block estrogen signaling in tumor cells either by preventing estrogen from binding to 

the estrogen receptor using SERMs, preventing estrogen synthesis using aromatase 

inhibitors, or by degrading the ER using a pure antiestrogen such as fulvestrant.  The 

antitumor effects of estrogen ablation were first discovered over 100 years ago with the 

use of oophorectomy to treat premenopausal breast cancer patients (41).  Estrogen 

ablation or inhibition of estrogen function later became the target of pharmacological 

therapies for the treatment of ER positive breast cancer. 
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Estrogen production by the ovaries ceases at menopause.  Circulating 

androgens are the main source of estrogens in postmenpausal women primarily through 

the conversion of androstenedione into estrone (42, 43).  Adrenalectomy and 

hypophysectomy were shown in the 1950s to have antitumor effects in postmenopausal 

women (44), due to the fact that the adrenal gland provides androgens for the 

peripheral aromatization of androgens to estrogens.  The unsuccessful antiepileptic 

aminoglutethimide successfully suppressed estrogen synthesis revealing antitumor 

activity in breast cancer patients (45).  Aminoglutethimide was shown to act as an 

aromatase inhibitor (46) albeit with toxic side effects.  Angela Brodie’s lab identified 4-

hydroxyandrostenedione (later named formestane) (47) through the investigation of 

androstenedione derivatives as substrate-binding blockers of the aromatase enzyme 

(48).  Formastane (Lentaron) is classified as a 2nd –generation steroidal aromatase 

inhibitor which binds irreversibly to the substrate binding site of the aromatase enzyme 

leading to protein-drug degradation, also referred to as suicide inhibitors.  Another drug 

belonging to this class of steroidal aromatase inhibitors is exemestane (Aromasin).  

Non-steroidal aromatase inhibitors, such as anastrozole (Arimidex) and letrozole 

(Femara), bind to the p450 site of the aromatase complex.     

The ATAC (Arimidex, Tamoxifen, Alone or in Combination) trial was a 

randomized controlled clinical trial comparing the efficacy of anastrozole, TAM or both 

for five years, followed by a five-year follow-up (49).  Results from the study suggested 

that the preferred treatment for post-menopausal women is aromatase inhibitors due to 

lower incidence of side effects, a prolonged disease-free survival and reduced rate of 

distant metastases.     
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In contrast to postmenopausal women, whose estrogen is produced in the 

peripheral tissues of the body, estrogen in premenopausal women is produced primarily 

in the ovaries.  Five years TAM therapy is the current standard for pre-menopausal ER-

positive breast cancer patients.  However, it was recently reported that 10 years of TAM 

reduced the risk of late recurrence and increased overall survival compared to 5-years 

of TAM therapy (50).  TAM, the most widely prescribed selective estrogen receptor 

modulator (SERM), has been used clinically for over 30 years.  TAM can be used to 

treat early and advanced stage breast cancer and can also used for chemoprevention in 

high-risk women (51).  It reduces disease recurrence by 47% and overall mortality by 

26% (52).  TAM acts as an ER antagonist in the breast and as a partial agonist in the 

liver, bone, and uterus therefore leading to increased risk of both endometrial cancer 

and thromboembolic events (53).  Efforts have been made to develop novel SERMs 

potentially more effective than TAM.  These include triphenylethylene derivatives such 

as toremifene and idoxifene, and benzothiophene derivatives such as raloxifene (RAL) 

and arzoxifene (54).  However, these SERMs failed to have increased efficacy in the 

treatment of advanced disease.   

TAM was also the first drug approved by the FDA as a chemopreventative agent.  

The Breast Cancer Prevention Trial (BCPT) demonstrated that TAM prevented breast 

cancer in women at high risk of developing the disease.  Women taking TAM had 45% 

fewer invasive breast cancers compared to placebo after a 7 year follow-up (55).  

Results from the MORE (Multiple Outcomes of RAL Evaluation) trial indicated that the 

second-generation SERM RAL reduced the incidence of breast cancer in 

postmenopausal patients with osteoporosis (56).   
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The Study of Tamoxifen and Raloxifene (STAR) trial was conducted to determine 

how the drugs compared in reducing the rate of breast cancer in high-risk 

postmenopausal women.  The major findings of the trial were that women taking RAL 

had 36% fewer uterine cancers and 29% fewer blood clots than women taking TAM and 

that RAL was as effective as TAM in reducing the risk of developing invasive breast 

cancer (53).  RAL “may be offered to reduce the risk of ER-positive invasive breast 

cancer in postmenopausal women” who are at high risk of developing the disease (57). 

Bazedoxifene (BZA) is being developed for the treatment and prevention of 

osteoporosis in postmenopausal women and in combination with conjugated equine 

estrogens for the treatment of postmenopausal symptoms (58-60).  It is currently in the 

late phases of review by the US FDA and was already approved by the European Union 

in 2009.  BZA binds to both ERα and ERβ and has a 10-fold lower affinity to ERα then 

E2 (58).  It was also shown that BZA does not stimulate the endometrium or result in 

breast cancer cell proliferation (60).  Recently, BZA was demonstrated to effectively 

inhibit the growth of both TAM-sensitive and TAM-resistant breast cancer xenografts 

(61), suggesting it may have potential as a therapeutic option for patients with advanced 

disease.            
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    1.3.2  Endocrine Therapy Resistance 

Endocrine therapy is a pivotal treatment for ER positive breast cancer.  Although 

endocrine therapy is an effective treatment against breast cancer, 25% of patients with 

early breast cancer and all patients harboring metastatic tumors will eventually relapse 

(62).  A variety of cellular changes have been implicated in compensatory survival 

mechanisms leading to endocrine resistance.  Many of the pathways deregulated in 

resistance to endocrine therapies have been studied in the preclinical setting with an 

emphasis on TAM resistance.   

 The tumor microenvironment has been implicated to play a role in endocrine 

resistance.  The use of sophisticated in vitro and in vivo experimental models have 

implicated components of the tumor microenvironment such as various stromal cells, 

elements of the extracellular matrix, soluble factors as well as conditions within the 

tumor microenvironment such as hypoxia or pH to play a role in resistance to endocrine 

therapies (63, 64).  Most pathways leading to endocrine resistance stem from genetic or 

epigenetic changes in the tumor cells themselves. 

 The expression of the ER itself and coregulators, which alter the function of the 

ER, may contribute to endocrine resistance.  Although rare, the loss of ER expression 

can lead to an endocrine insensitive phenotype (65, 66).  Expression of ER splice 

variants (ERα36) (67) as well as estrogen-related receptors have also been associated 

with endocrine resistance.   ER corepressors or coactivators can directly alter the 

balance between the agonist or antagonist activity of SERMs and the ligand-

independent activity of the ER.  Overexpression of AIB1, an ER coactivator, is 

associated with TAM resistance in the laboratory and in the clinic (68).  Downregulation 
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of the ER corepressor NCoR was found in experimental tumors refractory to TAM (69). 

TAM resistance has been associated with increased levels and activity of transcription 

factors AP-1 (70-72) and NFκB (73).  Overexpression of positive regulators of the cell 

cycle such as cyclin E1 and D1 can block the antiproliferative effects of endocrine 

therapy (74, 75).  Inactivation of RB (retinoblastoma) tumor suppressor or reduced 

activity, stability or expression of p21 or p27 has been associated with a poor response 

to endocrine therapy (76, 77).    

 Until very recently the number of ERα mutations found in clinical breast cancer 

specimens have been relatively low considering mutations in a drug target is a common 

mechanism of drug resistance (78).  The Y537N ERα mutant was discovered in a 

metastatic breast tumor and may play potential roles in regulating ligand binding and 

transactivation of ERα (79).  The 303 position of ERα has also been shown to be 

mutated from Arginine to Lysine allowing ERα to be more highly phosphorylated by Akt 

signaling (80) and PKA (81).  Overexpression of the K303R ERα mutant conferred 

decreased TAM-sensitivity (82), resistance to anastrozole (80) and hypersensitivity to 

estrogen (83).  The presence of this mutation has been associated with poor clinical 

outcomes (84) although the frequency of K303R mutation is still an area of contention 

(85, 86).  Recently, Robinson and colleagues, as part of a clinical sequencing program, 

identified 6 of 11 advanced breast cancer patients whose tumors harbored mutations in 

the ligand-binding domain (LBD) of ERα (87).  All of these patients had previously 

received endocrine therapy, suggesting that activating mutations in ERα are a possible 

mechanism of acquired endocrine resistance.  Toy and colleagues also recently 

identified LBD mutations in 14 of 80 ER-positive metastatic breast tumors (88).  
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Mutations affecting Tyr537 and Asp538 promoted expression of ER regulated genes in 

the absence of E2.  Mutations in these amino acids also rendered MCF-7 cells resistant 

to hormone deprivation in vivo.  Although these mutations resulted in decreased 

sensitivity to fulvestrant and TAM in vitro, higher doses of the drugs were able to inhibit 

ER signaling suggesting that more potent or specific antagonists may be beneficial to 

patients harboring these ER mutations.   

 Alternative proliferative or survival stimuli can be provided to tumors by growth 

factors and other cellular kinase pathways when the ER pathway is effectively inhibited 

using various forms of endocrine therapy.  Increased signaling from alternative 

pathways can also circumvent the inhibitory effects of endocrine therapy via modulation 

of the ER or crosstalk with the ER.  Pathways such as HER2/neu (89), EGFR (90), IGF-

1R (91), Src (92), VEGF (93), and FGF (94) have been implicated in endocrine 

resistance.  Increased signaling through various cascades including Akt (95), PTEN 

(96), PKCα (1, 97) and MAPK (98) have also been implicated in endocrine resistance.  

Signaling through the androgen receptor (AR) has been shown to bypass ER inhibition 

leading to endocrine resistance (99).  Clinical strategies have recognized EGFR and 

HER2 as contributing to endocrine resistance and have focused on co-targeting these 

pathways along with ER to improve patient outcomes (100, 101).     

 It has also been suggested that breast cancer stem-like cells (CSCs) within 

tumors may also contribute to endocrine resistance.  Accumulating evidence supports 

the concept that epithelial and other solid tumors contain a cellular developmental 

hierarchy containing CSCs and more differentiated progenitor cells.  The frequency of 

CSCs in breast tumors is disputed but may depend largely on the molecular subtype, 
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tumor grade and stage (102, 103).  Al Hajj and colleagues were the first to identify a 

population of cells that could initiate breast tumors when as few as 200 were implanted 

into immune-deficient NOD/SCID mice.  These CD44+/CD24lo/ESA+/lineage− cells 

developed into tumors containing phenotypically diverse non-tumorigenic cells (104).  A 

common feature of CSCs is that they are resistant to both chemotherapy as well as 

radiation therapy (105, 106).  The normal mouse mammary stem cell population 

consists of less then 0.01% ER positive cells (107).  One mechanism of endocrine 

resistance may lie in the possibility that an ER negative, endocrine treatment-resistant 

CSC population exists that is able to produce a more differentiated ER positive 

treatment sensitive cell population.  These ER negative/low progenitor-like cells may be 

able to seed metastases and cause relapse despite endocrine therapy being effective 

on the bulk tumor population.  Weinberg’s group has linked the mesenchymal 

phenotype to the stem cell population in normal tissue and in CSCs (108).  Normal 

breast epithelial stem cells are dependent on EGFR and other growth factor signaling 

pathways, and as previously mentioned these pathways are upregulated in endocrine 

breast cancers.  The upregulation of EGFR and other related pathways may reflect an 

increase in the proportion of breast CSCs.  Therapies that effectively target the breast 

CSC population in combination with endocrine agents may have the potential to 

overcome resistance in the clinical setting.       

1.3.3  Estradiol as a Treatment for Breast Cancer   

In the 1940s, high dose E2 was used to treat metastatic breast cancer and was 

the first chemical therapy to treat any cancer successfully (109).   Before the 

introduction of TAM, breast cancer patients received high-dose E2 or diethystilbesterol 
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(DES) treatment.  Although similar response rates were observed with these two 

treatments (110, 111), TAM treatment became the mainstay due to a lower incidence of 

side effects.  A long-term follow up study, in fact, indicated a survival advantage for 

patients treated with the synthetic estrogen DES compared to patients treated with TAM 

(112).   

Recently, the use of E2 or an E2-like compound has re-emerged as a possible 

treatment strategy for patients exhibiting endocrine therapy resistant breast cancers 

(113-116).  Clinical trials have demonstrated the efficacy of E2 in this setting (117, 118).  

The basis for the clinical use of estrogens is supported by a number of preclinical 

laboratory models (2, 119-126).  In addition, these paradoxical inhibitory effects of E2 

have been observed in prostate cancer cells (127), breast cancer cells transfected with 

ER (128), osteoclasts (129), neuronal cells (130) and thymocytes (131).  The MCF-7:5C 

model was derived from MCF-7 cells treated in estrogen deprived conditions long-term 

to mimic the effects of long–term aromatase inhibitor treatment (132).  Treatment of 

MCF-7:5C cells with physiological concentrations of E2 leads to growth inhibition and 

apoptosis in vitro (125).  Santen and colleagues observed the upregulation of ERα, 

MAPK, PI3K and mTOR (mammalian target of rapamycin) growth factor pathways when 

long-term estrogen deprived (LTED) MCF-7 cells became hypersensitive to E2 (133).  

Although the exact mechanism of E2-induced apoptosis is unknown, evidence suggests 

the involvement of both the extrinsic and intrinsic apoptotic pathways.  

The extrinsic apoptotic pathway delivers an apoptotic signal from the extracellular 

environment to initiate an intacellular signaling cascade which begins when ligands 

interact with surface receptors such as Fas, tumor necrosis factor (TNF) or death 
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receptors 3-6 (DR3-6) (134).  Caspases 8 and 10 are recruited leading to activation of 

effector caspases 3 and 7 resulting in cell death.  Using LTED MCF-7 cells Song and 

colleagues were the first to demonstrate that E2 sensitive LTED cells had increased 

expression of Fas compared to wild-type MCF-7 cells and that when these cells were 

treated with E2, FasL expression increased (124).  Fas expression was also induced 

when Osipo and colleagues treated TAM-resistant tumors with E2 resulting in tumor 

regression (120).  Our lab has also shown that PKCα-overexpressing TAM-resistant 

T47D:A18/PKCα tumors upregulate Fas/FasL proteins 

 when regressing in the presence of E2 (135).      

 The intrinsic apoptotic pathway is dependent on the loss of mitochondrial 

membrane integrity.  Mitochondrial membrane permeablization is controlled by pro-

apoptotic and anti-apoptotic Bcl-2 family members which regulate apoptosis by 

controlling cytochrome c release.  PI3K/Akt, Ras/MAPK and JAK (Janus Kinase)/STAT 

(signal transducer and activator of transcription) pathways regulate phosphorylation of 

Bcl-2 family member regulating mitochondrial homeostasis (136).  In MCF-7:5C cells, 

E2-induced apoptosis is dependent on expression of pro-apoptotic proteins Bax and 

Bim.  In addition, overexpression of anti-apoptotic Bcl-XL blocked E2-induced 

apoptosis.  E2 treatment led to cytochrome c release resulting in activation of caspases 

7 and 9 and cleavage of poly(ADP-ribose)polymerase (PARP) (137).  

 The PI3K/Akt pathway has also been implicated in E2-induced growth inhibition.  

The pathway was found to regulate the phosphorylation/inactivation of pro-apoptotic 

factors controlling cytochrome c release as well as the activation of anti-apoptotic genes 

(138, 139).  Our lab demonstrated that E2 treatment resulted in downregulation of 
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phospho-Akt in T47D:A18/PKCα xenografts (135).  Basal phospho-Akt is increased in 

MCF-7:5C cells and is reduced upon E2 treatment (140) as well.  

Recently, V. Craig Jordan’s group has demonstrated an important role for c-Src 

kinase in E2-induced growth inhibition.  MCF-7:5C cells treated with E2 had increased 

levels of phosphorylated c-Src which activated the unfolded protein response pathway 

(UPR) leading to phosphorylation of eukaryotic translation initiation factor-2α (eIF2α).  

Reactive oxygen species (ROS) production was also increased in response to E2 

treatment.  Inhibition of c-Src decreased ROS production, inhibited eIF2α 

phosphorylation and prevented E2-induced apoptosis (141). 

1.4  Estrogen Receptor 
 

1.4.1  Estrogen Receptor structure 
 

Estrogen receptors, ERα and ERβ, belong to the nuclear steroid receptor 

superfamily and are capable of activating transcription of estrogen-regulated genes.  

Various species of ERα and ERβ have been discovered (142-145). ERα and ERβ are 

located on different chromosomes and are products of individual genes (146, 147).  

Both ER subtypes contain 6 functional domains (142).  The A/B region contains the 

transactivation domain (AF1), which is responsible for ligand independent function and 

also contains a coregulatory domain that binds coactivators and corepressors.  The C-

region contains the DNA-binding domain (DBD), which allows binding to the promoter of 

estrogen responsive genes.  The D region contains several functional regions including 

the nuclear localization signal, the hinge region and part of the ligand-independent 

activating domain.  The E and F carboxy-terminal region contains the ligand-binding 

domain containing ligand-dependent transactivation function (AF2).  This region is also 
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responsible for nuclear localization, receptor dimerization and binding of co-regulatory 

and chaperone proteins (142).  Various isoforms of ERα exist including ER46 and 

ER36.  ERα 46 is devoid of the N-terminus A/B domain, but otherwise is identical to full 

length ERα (148).  ERα36 has no intrinsic transcriptional activity consistent with the fact 

that it lacks both transcriptional activation domains, AF-1 and AF-2, found in full length 

ERα66 (149, 150).  ERα36 is mainly expressed at the plasma membrane and is 

expressed in ERα66-negative breast cancer cell lines (151) and patient specimens 

(152, 153).  Expression of ERα36 is also associated with TAM resistance in ERα 

positive breast cancers (152).  Various spice variants of ERβ have also been described 

due to alternative splicing of the last coding exon.     

ERα and ERβ are able to regulate common and different genes (154).  The same genes 

can also be differentially regulated by the ERs.  The divergence in gene expression can 

be accounted for by the varied affinity for different ligands.  The AF1 

domain is poorly conserved between ERα and ERβ, which is responsible for the 

recruitment of coactivators and corepressors.  Conformational changes induced by 

agonist recruit coactivators to ERα but coactivators and corepressors to ERβ.  TAM 

recruits corepressors on to ERα (155, 156).  Activity of ERs can also be affected by 

heterodimerization and transcriptional response may be dependent on the cellular ratio 
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of ERα and ERβ.  ERα and ERβ have been shown to exert opposite effects on cell 

proliferation and angiogenesis (157).    

1.4.2  Estrogen Signaling 

Estrogen binds to the ER leading to receptor dimerization and binding to 

estrogen response elements (EREs) on the promoter of target genes (158).  Ligand 

binding induces a conformational change in the receptor leading to coactivator 

recruitment (159).  ERs can regulate gene expression through a number of mechanisms 

that deviate from this classical model of gene transcription.  Target genes activated by 

ERα are generally involved in survival of breast cancer cells and include cyclin D1, Bcl-

2, insulin-like growth factor receptor (IGF-1R), ERα itself, progesterone receptor (PR) 

and vascular endothelial growth factor (VEGF) (160-162).   

Not all genes regulated by ERs contain an ERE-like sequence.  About one-third 

of genes regulated by ERs do not require direct binding of ERs to DNA (163).  Gene 

expression can be modulated by protein-protein interactions where ERs tether to other 

classes of transcription factors in the nucleus.  Activator protein-1 (AP-1) is an example 

of a transcription factor that can form a complex with ER leading to ERE-independent 

genomic functions.  Other transcription factors such as Sp-1 and nuclear factor kappa B 

(NF-kB) also have the ability to exert ERE-independent genomic function when in 

complex with ER.  Other members of the nuclear receptor superfamily also use this 

mechanism of transcription and it is referred to as transcriptional cross-talk (164).    

 In the absence of ligand ER activity can be modulated through phosphorylation.  

Extracellular signals such as growth factors and cytokines can activate pathways 

leading to the phosphorylation of the AF-1 domain of ERs in the absence of ligand  
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(165).  The ligand-independent action of ER may also play a role in endocrine 

resistance.   

1.4.3 Extranuclear ER   

It is widely accepted that estrogens are capable of exerting non-genomic or 

extranuclear functions (166).  These extranuclear actions are rapid and cannot be 

accounted for by RNA or protein synthesis.  Steroid hormones in general have been 

known to exert non-genomic actions which frequently activate kinase cascades (166).  

The biological effects of non-genomic signaling are often difficult to study since most 

cellular processes involve both genomic and non-genomic signaling.  Extranuclear ER 

signaling modulates migration, invasion and proliferation by controlling intranuclear ER 

signaling.  Proline-, glutamic acid-, and leucine-rich protein-1 (PELP-1) functions as a 

regulator of both intracellular and extranuclear ER signaling.  PELP-1 can act as a 

scaffold bringing membrane localized ER in physical association with other signaling 

molecules such as Src (167).  PELP-1 also acts as a coactivator for steroid receptors 

(168).        
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Recent work has strongly supported that extranuclear or membrane ERα 

appears to be identical to classical nuclear ERα in several cell lines.  For example, 

nuclear and membrane ERs were identified in CHO cells transfected with ERα and ERβ 

suggesting both nuclear and membrane receptors were derived from the same 

transcript (169).  Using mass spectrometry, Pedram and colleagues found ER in the 

membrane which was capable of binding E2 to be identical to nuclear ER (170).  The 

membrane ER pool is estimated to be only 3-10% of the nuclear receptors (170, 171).  

After analyzing 3200 clinical specimens Welsh and colleagues concluded that 

cytoplasmic ERα was only present in ~1.5% of cases (172).  Pathologists designate ER 

positivity based on nuclear localization of the receptor.  One inherent challenge with 

clinical detection of cytoplasmic ERs may lie in the immunodetection techniques.  

Cytoplasmic pools may be 10 times lower then nuclear pools, making cytoplasmic 

staining seem non-specific (173).  More advanced techniques may be required to 

reliably determine the number of human breast cancers displaying cytoplasmic ERα.  

Non-genomic actions of E2 include mobilization of intracellular calcium (174), 

stimulation of adenylate cyclase activity and cAMP production (175), as well as 

activation of MAPK (176) and PI3K (177) signaling pathways.  The non-genomic actions 

of E2 at the plasma membrane are exerted by the classical ERs, ERα and ERβ (169), 

but other ER isoforms have also been suggested to exert non-genomic effects such as 

ERα46 (148) and ER-X (178).  ER-X was discovered in the mouse neocortex and uterus 

in 2002.  This 63 kDa protein can be detected with ERα antibodies against the E and C 

domains of ERα however the structure of the receptor is not known.  
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The localization of ERα to the plasma membrane requires palmitoylation at a 

highly conserved sequence in the E domain of the receptor (179).  DHHC-7 and DHHC-

21 are the palmitoylacyltransferase (PAT) proteins responsible for the palmitoylation of 

ERα (180), leading to a productive interaction with caveolin-1, an association required 

for membrane localization of ERα (181).  DHHC-7 and DHHC-21 are also responsible 

for palmitoylation of the progesterone and androgen receptor (180).  Hsp27 promotes 

palmitoylation of ERα presumably through alteration in the structure of ERα allowing 

access to the palmitoylation site and is required for ER trafficking to the plasma membrane 

(182).  ERs do not contain a plasma membrane localization sequence and must 

associate with scaffold proteins at the membrane.  ERs at the plasma membrane 

associate with caveolin-1 (183), G-proteins (184), ras (176), Src kinase (185), the p85α 

subunit of PI3K (186), Shc (187) and MNAR (188).  ERα can interact directly with HER2 

(189) and can also activate EGFR leading to downstream activation of MAPK and Akt 

(190).  Activation of kinase cascades by non-genomic E2 signaling can lead to genomic 

signaling through activation of various transcription factors.  E2 treatment can lead to 

the phosphorylation of Elk-1 (191), C/EBPβ and CREB (cAMP response element 

binding protein)(192).     

 The membrane only estrogen receptor (MOER) alpha mouse was developed to 

investigate the potential roles of membrane ERα in the normal development of the 

reproductive tract and mammary gland (193).  The MOER mouse expresses a 

functional E domain of ERα at the plasma membrane, but no nuclear of cytoplasmic 

ERα.  Extracellular signal- regulated kinase (ERK) and PI3K were activated in liver cells 

by E2 from MOER and wild type mice but not in cells from ERα knockout mice.  
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Furthermore the female reproductive organs of MOER mice were extremely atrophic 

and the mammary gland of MOER mice did not develop properly.  The authors 

concluded that nuclear ERα is required for normal development of adult female mice 

and could not be rescued by membrane ERα domain expression alone.  Signaling from 

membrane ERα does not compensate for nuclear ERα expression.   

Another model has recently been developed by Adlanmerinia and colleagues in 

an attempt to differentiate the effects of membrane versus nuclear ERα (194).  This 

group generated a mouse with a point mutation at the palmitoylation site of ERα, 

allowing for the loss of membrane-specific effects of ERα.  Similar to the MOER mouse, 

female mice with this point mutation were infertile.  E2 action in the uterus, however, 

was similar to wild-type mice.  Rapid dilation of vasculature and acceleration of 

endothelial repair by E2 were abrogated in ERα palmitoylation impaired mice.  These 

membrane initiated vascular effects of E2 in vivo were also suggested by a study done 

by John Katzenellenbogen’s group using an estrogen-dendrimer conjugate (EDC), a 

compound which selectively activates non-nuclear ER (195).  MCF-7 xenograft growth 

was not stimulated by EDC.  In addition, unlike the effects of E2, the uteri of mice 

treated with EDC were not enlarged.  Suggesting, that non-nuclear ER does not play a 

role in breast cancer and uterine growth stimulation elicited by E2. 

In 2000, it was reported that the rapid effects of E2 on the activation of ERK was 

dependent on the expression of an orphan G protein-coupled receptor (GPCR), GPR30 

or G protein-coupled estrogen receptor 1 (GPER) (196).  Like other GPCRs, GPER is a 

7-transmembrane spanning protein unrelated to nuclear receptors.  E2 was found to 

bind GPER in breast cancer cells lines as well as in GPER-transfected COS7 and 
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HEK293 cells (197, 198).  Using fluorochromes linked to E2 Revankar and colleagues 

estimated that GPER was primarily localized to the endoplasmic reticulum and the Golgi 

apparatus in breast cancer cells.  The fluorochromes were only able to stain 

permeabilized membrane suggesting that GPER was not located at the plasma 

membrane (198).  Otto et al., confirmed endoplasmic reticulum localization of GPER in 

MDA-MB-231 cells.  GPER is widely expressed throughout murine and rat tissues, 

specifically it was found in the mammary gland, uterus, ovary, testis, pituitary gland, 

heart, lung, brain and renal pelvis (199, 200).  The protein is also more highly expressed 

in neoplastic tissues compared to normal tissue (198, 200), although no relationship 

was found between GPER expression level and histological type, grade, or overall 

survival in ovarian cancer(201).  GPER activation by treatment with the GPER specific 

agonist G1, inhibited MCF-7 hormone-dependent cell growth (202).  In MCF-7 cells 

exposed long-term to TAM, inhibition of GPER reversed the stimulatory effects of TAM 

on cell growth suggesting a role for GPER in the development of TAM resistance (203).  

In breast cancer patients treated with TAM, GPER expression negatively correlated with 

relapse free survival (204).  

1.5  Protein Kinase C  

A major mechanism through which external stimuli are transformed into cellular 

events is through intracellular protein phosphorylation.  Stabilization of certain 

conformational states of proteins can be achieved through phosphorylation leading to 

altered biological activity.  Protein Kinase C (PKC) is a family of serine/threonine protein 

kinases and has been implicated in a variety of cellular processes including 

proliferation, cell cycle, gene expression, differentiation, cell migration and apoptosis  
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(205).  Subcellular localization of both enzyme and substrate are key in the regulation of 

PKC function. 

All members of the PKC family share a common structure: a N-terminal 

regulatory domain and a C-terminal Catalytic domain linked by a flexible hinge region.  

The PKCs are divided into 3 subfamilies based on structural and regulatory 

characteristics.  The classical or conventional PKCs consist of regulatory domains C1 

and C2 which confer binding to diacylglycerol (DAG), phorbol esters, phosphatidylserine 

(PS) and Ca2+.  PKCα, PKC-βI, PKC-βII, and PKC-γ isozymes are classified as 

classical PKCs and require DAG, PS and Ca2+ for activation.  Novel PKCs contain a C1 

domain and a novel C2 domain requiring PS and DAG but not Ca2+ for activation.  

Members of the novel PKCs include PKCδ, PKCε, PKCη, PKC θ and PKC µ.  In 

contrast the atypical PKCs contain a C1 domain that does not bind DAG or Ca2+ but 

only requires PS for activation.  Atypical PKCs include PKCζ and PKCι/λ.  The C3 and 

C4 regions of PKCs contain the ATP and substrate binding domains.  Plasma 

membrane recruitment is a key step in activation of most PKCs, although some 

isoforms have been reported to go to the nucleus.  Substrates are phosphorylated when 

PKCs are in their active, membrane-bound, open form.  The N-terminus of PKCs 

contains a pseudosubstrate sequence, which resembles a substrate phosphorylation 

motif.  The enzyme is autoinhibited and maintained in an inactive state by the 

pseudosubstrate motif sterically blocking the catalytic domain.  Binding of cofactors 

such as DAG and Ca2+ confer a conformational change to the enzyme exposing its 

kinase domain and allowing the enzyme to exert catalytic function.  



  27 

 

Modulation of PKCs localization and expression occur during mammary gland 

differentiation and involution.  Different PKC isoforms are involved in mitogenic and/or 

apoptosis during these processes (206).  MEK/ERK (207) and PI3K/Akt (208) are two 

major downstream pathways activated by PKCs.  Through the phosphorylation of target 

proteins such as BAD the PI3K pathway is capable of inhibiting apoptotic response 

(209).  The deregulation of expression and/or activation of PKCs can contribute to 

enhanced proliferation or survival processes.  The PKC activator 12-O-

tetradecanoylphorbol-13-acetate (TPA) has long been known as a tumor promoter.  

TPA induces activation of PKC by binding to the DAG-binding site (210).  PKC activity is 

also increased in malignant compared to normal breast tissue (211).  ER-negative 
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status in breast cancer is associated with poor clinical outcome and a negative 

correlation between ERα status and PKC has been described (212-215). 

   1.5.1  Protein Kinase C alpha in Breast Cancer 

Upon stimulation PKCα translocates mainly to the plasma membrane but also to 

specialized compartments such as the nucleus or focal adhesions in certain cell types.  

In fibroblasts specific stimuli have been shown to lead to nuclear translocation of PKCα 

although the kinase does not contain a nuclear localization sequence (216).  PKCα 

activation is dependent on threonine 497, threonine 638 and serine 657 phosphorylation 

(217).  Subcellular localization of PKCα is a marker of PKCα activation as well as 

phosphorylation of serine 657 (218).  Dephosphorylation by phosphatases results in 

kinase inhibition of PKCα (219).  PKCα is ubiquitously expressed within tissues.  Cell 

type specific substrates, modulators and anchoring proteins regulate the dynamic cell 

specific effects of PKCα.     

An important role has been suggested for the upregulation of PKCα in breast 

cancer (97, 212, 213, 220-222) and abnormal expression has been found in human 

tumors and transformed cell lines.  In various tumor cell lines its half-life has been 

estimated to between 7-24 hours (223).  PKCα has been mapped to chromosome 

17q22-23.2.  Chromosome 17q is highly susceptible to rearrangements in breast 

cancer.  Other genes such as HER2 and BRCA1, which are associated with breast 

tumorigenesis, are also located on chromosome 17q (224).  There are very few cases in 

which point mutations in PKCs have been linked to a transformed phenotype.  PKCα 

point mutations have been found in human pituitary adenomas, thyroid cancers and 

follicular neoplasms (225, 226).      
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PKCα expression in breast cancer cell lines has been associated with increased 

proliferative potential.  PKCα expressing cell lines MCF-7, MDA-MB-231 and MDA-MB-

468 demonstrated enhanced proliferation compared to non-PKCα expressing T47D 

breast cancer cells (227).  Work from the Tonetti  lab has demonstrated that PKCα 

plays a role in the hormone-independent and TAM-resistant phenotype.  Hormone 

independent breast cancer cell lines T47D:C42 and MCF-7:5C had increased PKCα 

expression compared to their hormone-dependent counterparts, T47D:A18 and MCF-

7:WS8.  The ectopic overexpression of PKCα in T47D breast cancer cells 

(T47D:A18/PKCα) led to hormone-independent and TAM-resistant phenotype.  

Additionally basal AP-1 activity was elevated in all PKCα overexpressing hormone-

independent clones (1).   

“PKCα overexpression may be predictive of TAM treatment failure, since 

expression is high in the primary biopsy and does not increase in the second biopsy 

following TAM exposure” (221).  PKCα has also been demonstrated to regulate the 

multidrug resistance phenotype (228-230).  When MCF-7 cells were transfected with the 

mdr-1 gene, doxorubicin resistance emerged and elevated PKCα levels were detected.  

PKCα knockdown in these cells inhibited P-glycoprotein allowing doxorubicin to be 

retained within the cells (230).     

PKCα positivity is associated with poor patient survival and breast cancer 

aggressiveness (227).  Laboratory research has further confirmed the association 

between PKCα and a more aggressive phenotype.  PKCα overexpression enhanced the 

invasive potential of MCF-7 cells (97) and non-tumorigenic MCF10A cells (231).  

Unpublished work from the Tonetti lab has suggested that overexpression of PKCα in 
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T47D breast cancer cells (T47D:A18/PKCα) leads to loss of E-cadherin, increased in 

vitro invasive and migratory potential.   The selective PKCα inhibitor aV5-3 inhibited 

lung metastasis development without affecting primary tumor growth in a murine breast 

cancer model.  This inhibitor reduced cell migration and inhibited matrix 

metalloproteinase-9 activity, which was accompanied by a reduction in NF-κB activity 

(232).  Although preliminary, these studies suggest that inhibition of PKCα activity may 

potentially reduce lung metastases in patients with breast cancer. 

The PKCα antisense oligonucleotide aprinocarsen (LY900003, ISIS 3521) has 

been the only PKCα inhibitor given therapeutically to breast cancer patients.  Patients 

with metastatic breast cancer who had failed one chemotherapeutic regimen received 

the agent as a continuous infusion (233).  No information was available in PKCα levels 

suggesting that the patient population was chosen indiscriminately and affects may 

have been seen in patients with cancer driven by PKCα.  In addition to PKC inhibitors, 

non-specific PKC activators such as bryostatin-1 have been used in numerous clinical 

trials for melanoma, colon cancer, as well as non-small cell lung cancer but showed little 

to no benefit for trial participants (234-236). 

In an effort to identify signaling networks utilized by CSCs, Tam et al. (237), used 

gene arrays to identify PKCα as a kinase significantly increased following induction of 

EMT, a program known to increase CSC frequency (108).  FRA1, a member of the FOS 

family, transcriptionally drives CSC function downstream of PKCα.  Pharmacological 

inhibition of PKCα was able to selectively inhibit the CSC population (237).  As 

previously mentioned, CSC are resistant to conventional therapeutic regimens (106).  
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This study suggests that inhibition of PKCα may be a viable option to improve 

therapeutic outcomes for certain types of breast cancer.   
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2. HYPOTHESIS 

Overexpression of PKCα in primary breast tumors may predict resistance to 

endocrine therapies (221).  Patients whose tumors overexpress PKCα are in need of 

alternative therapeutic options.  Tonetti and colleagues have previously shown that 

overexpression of PKCα in T47D breast cancer cells conferred both a TAM-resistant as 

well as E2-inhibited phenotype in vivo (1, 2).  

Based on current data, we hypothesize that PKCα may be a potential biomarker 

for the use of an estrogenic treatment for breast cancer.  Furthermore, I hypothesize 

that compounds that selectively have estrogenic action in the breast may be a viable 

option for TAM-resistant breast cancer patients.  In this thesis I aim to further define the 

potential use of PKCα as a biomarker for estrogenic therapy as well as identify 

alternative options for TAM-resistant breast cancer.   
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3. MATERIALS AND METHODS 

3.1 Reagents 

For in vitro experiments DMSO, ethanol, E2, 4-hydroxytamoxifen (4-OHT) and 

RAL were obtained from Sigma-Aldrich (St. Louis, MO USA).  For in vivo experiments 

E2 and TAM were obtained from Sigma.  RAL (Evista®, Eli Lilly and Company, 

Indianapolis, IN USA) was purchased from the University of Illinois at Chicago Hospital 

Pharmacy.  Cell culture reagents were obtained from Life Technologies (Carlsbad, CA 

USA).  Tissue cultureware was purchased from Becton-Dickinson (Franklin Lakes, NJ 

USA).  The following antibodies were used: rabbit monoclonal ERα (for tissue and cells, 

SP1, Lab Vision, Thermo Scientific, Kalamazoo, MI USA), rabbit polyclonal ERα (for 

colonies, HC20, Santa Cruz Biotechnology, Santa Cruz, CA USA), β-actin (mouse 

monoclonal, 1:1000, Sigma-Aldrich) and PKCα (rabbit polyclonal, 1:200, Santa Cruz 

Biotechnology, Santa Cruz, CA).  Secondary antibodies included: anti-rabbit Alexa Fluor 

488 (Life Technologies, Carlsbad, CA USA), anti-mouse Cy3 (Jackson Immunoresearch 

Laboratories, West Grove, PA USA) and HRP-cojungated anti-rabbit and anti-mouse 

(GE Healthcare UK Limited, Buckinghamshire, UK). 

3.2 Cell culture conditions   

Stable transfectant cell lines T47D:A18/neo and T47D:A18/PKCα (1) were 

maintained in RPMI1640 (phenol red) supplemented with 10% fetal bovine serum (FBS) 

containing G418 (500 µg/ml).  MCF-7:5C cells were maintained in phenol red-free RPMI 

1640 supplemented with 10% 3X dextran-coated charcoal treated FBS (E2-depleted 

media) as previously described (125).  LTED MCF-7 cells were maintained in phenol 

red-free Improved Minimal Essential Medium (IMEM) as previously described (124).  
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The T47D:A18-TAM1 cell line was created by maintaining T47D:A18 breast cancer cells 

long-term (6-12 months) in 1uM of 4-hydroxytamoxifen (4-OHT) in E2-depleted RPMI 

1640. Single cell clones were derived using the limiting dilution method.  Prior to 

treatment cell lines were cultured in E2-depleted medium for 3 days.  Cell lines were 

routinely tested for Mycoplasm contamination (MycoAlertTM Mycoplasm Detection Kit, 

Lonza Ltd., Rockland, ME, USA).  

3.3 DNA growth assay   

Cells were plated at a density of 15,000 cells/well in 24-well plates.  Treatment 

media (vehicle, DMSO [0.1%], E2 [10-9M], 4-OHT [10-7M], RAL  [10-7M], BTC [10-9M, 

10-8M, 10-7M], TTC-352 [10-9M, 10-8M, 10-7M] was added the following day (Day 1) 

and changed every three days.  Growth was determined by incubating cells with 

Hoechst 33342 cell permeable dye (Life Technologies, Carlsbad, CA USA) for 1 h at 

37°C and reading fluorescence at excitation 355 nm/emission 460 nm on a Perkin 

Elmer Victor3 V (Waltham, MA USA) plate reader. 

3.4 siRNA mediated knockdown of PKCα 

400,000 cells were seeded onto a 6-well plate 24hrs prior to transfection.  Cells 

were transfected with a final concentration of 50 nM siRNA (silencing ribonucleic acid) 

using DharmaFECT 1 transfection reagent according to the manufacture’s instructions 

(Dharmacon, Lafayette, CO).  Nontargeting siRNA and PKCα targeting siRNA pools 

with the following sequences were used. 
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TABLE 2.  siRNA Sequences 
Gene ON-TARGET plus SMARTpool siRNA 

sequences (Dharmacon) 
Non-targeting control UGGUUUACAUGUCGACUAA  

UGGUUUACAUGUUGUGUGA  
UGGUUUACAUGUUUUCUGA  
UGGUUUACAUGUUUUCCUA 

PRKCA UAAGGAACCACAAGCAGUA  
UUAUAGGGAUCUGAAGUUA  
GAAGGGUUCUCGUAUGUCA  
UCACUGCUCUAUGGACUUA 

Media was changed 24 hrs post transfection and cells were plated for proliferation 

assay at 48hrs post transfection. 

3.5 Trypan blue exclusion viability assay 

Following 5 days of treatment, cells were trypsinized and resuspended in 

medium.  Cell suspension was then mixed 1:1 with 0.4% trypan blue solution.  Cells 

were then counted using a hemocytometer.   The percent of viable cells was calculated 

by dividing the number of viable cells by the total number of cells in each treatment 

group. 

3.6 Synthesis and oral bioavailability of benzothiophene SEMs  

The synthesis of BTC and TTC-352 was preformed as described by Dr. Gregory 

Thatcher’s laboratory (238).   

3.7 Transient transfection and luciferase assays 

Cells were transiently transfected by electroporation with 5 µg ERE-tk-Luc 

plasmid containing the luciferase reporter gene controlled by a triplet vitellogenin 

consensus ERE (239) and 1 µg pCMVβ-galactosidase (β-gal) expressing plasmid.  After 

24 hours the cells were treated and incubated overnight at 37°C.  Cells were lysed and 

luciferase activity and β-gal signals were read by a Monolight 3010 luminometer (Becton 

Dickinson, Franklin Lakes, NJ USA). 
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3.8 Matrigel colony formation assay   

Treatments (ethanol [0.1%], E2 [10-9M], 4-OHT [10-7M] or RAL [10-7M]) were 

added to liquefied phenol-red free Matrigel matrix (BD Biosciences, Franklin Lakes, NJ 

USA) and used to coat 6-well plates and solidified at 37°C for 30 min.  Cells (5000) 

were seeded in E2-depleted media containing treatments on top of pre-gelled Matrigel 

and incubated at 37°C with 5% CO2.  Treatment media were changed every three days 

and colonies were counted on Day 20.  Colonies were stained with 0.25% crystal violet 

(Sigma-Aldrich, St. Louis, MO USA) solution for 30 min and then destained with 0.9% 

saline for 20 min at room temperature.  Colony number was determined by counting five 

1.0 cm2 areas.  

3.9 Tumor growth in vivo 

T47D:A18/neo, T47D:A18/PKCα, T47D:A18-TAM1, T47D:A18-RAL5 and 

T47D:A18-RAL9 tumors were established as previously described (2).  E2 was 

administered via silastic capsules (1.0 cm) implanted subcutaneously between the 

scapulae, producing a mean serum E2 level of 379.5 pg/mL (240).  RAL, BTC and TTC-

352 were administered p.o. at a dose of 1.5 mg/animal daily for 2 weeks as previously 

described for other SERMs (2).  RAL was administered p.o. at a dose 1.5 mg/animal 

daily for 2 weeks.  Tumor cross-sectional area was determined weekly using Vernier 

calipers and calculated using the formula: length / 2 × width / 2 × π.  Mean tumor area 

was plotted against time in weeks to monitor tumor growth.  “The mice were sacrificed 

by CO2 inhalation and cervical dislocation [and] tumors [and uteri] were excised” (135).  

The Animal Care and Use Committee of the University of Illinois at Chicago approved 

all of the procedures involving animals. 
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3.10 Tumor immunofluorescent (IF) confocal microscopy and co-localization 

analysis  

Tumors sections (4 µm) were prepared from paraffin blocks for IF staining by 

deparaffinization and rehydration.  Antigen retrieval was performed by incubating slides 

in Tris-EDTA (pH = 9.0) buffer at 90◦C and allowed to cool at room temperature for 45 

min.  Slides were blocked with antibody diluent (DAKO, Carpinteria, CA USA) for 20 min 

followed by primary antibody at 1:100 in antibody diluent for 1 h at room temperature.  

Slides were incubated with fluorescence-conjugated secondary antibodies at 1:100 in 

antibody diluent for 45 min at room temperature followed by 4', 6-diamidino-2-

phenylindole (DAPI) [1 µg/mL], DAKO, Carpinteria, CA USA) for 15 min and mounted 

with Vectashield mounting media (Vector Laboratories, Burlingame, CA USA).  Confocal 

microscopy was performed with a Zeiss LSM 510 microscope (Carl Zeiss, Incorporated, 

North America, Thornwood, NY USA).   

3.11 Western Blot  

Whole cell extracts of cultured cells were prepared in lysis buffer (200 mM Tris, 

1% Triton X-100, 5mM EDTA) with protease and phosphatase inhibitor cocktails (1:50, 

both from Sigma-Aldrich) after scraping from the culture plates.  Protein concentration 

was measured using the Bradford method (Bio-Rad, Hercules, 26 CA). Proteins were 

separated under denaturing conditions, blotted onto nitrocellulose membrane (Bio-Rad) 

using a wet transfer system (Bio-Rad).  Images of blots were acquired on a Bio-Rad 

ChemiDoc System following incubation with SuperSignal West Dura luminol solution 

(Thermo Fisher Scientific). Protein bands were quantified using densitometry measured 

in Adobe Photoshop CS4 (San Jose, CA) and normalized to β-actin. 
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3.12 Cell IF microscopy 

Cells were seeded in phenol red-containing media onto Lab-Tek II 4-well 

chamber slides (Millipore, Billerica, MA) at a density of 3 × 104 cells/well.  The following 

day cells were placed in E2-depleted media for 3 days then given treatment media 

(DMSO [0.1%], E2 [10-9M], 4-OHT [10-7M] or RAL [10-7M]).  For IF, cells were fixed in 

100% methanol overnight at -20° C and stained as described above for tissue sections.  

Cells were imaged using Zeiss Axiovision Observer D1 microscope (Carl Zeiss, LLC, 

Thornwood, NY USA).  

3.13 Colony IF microscopy   

Colonies were formed by seeding cells in Matrigel as described above and 

treated with DMSO (0.1%), E2 (10-9M), 4-OHT (10-7M) or RAL (10-7M).  Colonies were 

extracted from the Matrigel by adding ice-cold PBS-EDTA to the rinsed and aspirated 

wells.  Gel was lifted from the bottom of the well with a cell scraper and plates were 

shaken gently on ice.  Colonies were then transferred to a conical tube and shaken on 

ice for an additional 30 min until Matrigel was completely dissolved, collected by 

centrifugation at 115g for 2 min and pipetted onto a slide.  Slides were then fixed in ice 

cold methanol and stored at -80° C until staining (as described above).  Confocal 

microscopy was performed with a Zeiss LSM 510 microscope.  

3.14 Statistical analysis 

The specific statistical test applied to the data is described in the figure legends.  

When comparisons were performed between two groups, two-way unpaired Student’s t-

test was used to determine statistical significance between groups.  One-way Analysis 

of Variance (ANOVA) followed by Tukey’s post-hock test was used when comparing 



  39 

between multiple groups.  All of the statistics on the data were performed using 

GraphPad Prism 5.02 Software (La Jolla, CA USA). 
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4. RESULTS 

 

4.1 T47D:A18 breast cancer cells exposed long-term to antiestrogens display 

increased PKCα expression, TAM-resistance and an E2-inhibited phenotype 

Previous studies from our laboratory and others indicate that PKCα 

overexpression correlates with a TAM-resistant phenotype in breast cancer cell lines 

and tumor biopsies from patients (1, 213, 221).  The ectopic overexpression of PKCα in 

T47D:A18 breast cancer cells (T47D:A18/PKCα) led to TAM-resistance and a unique 

phenotype in which these cells are inhibited by E2 only in 3D Matrigel or in vivo 

conditions but not in 2D in vitro culture.  This led us to hypothesize that T47D:A18 

breast cancer cells that acquire resistance to anti-estrogens through long-term exposure 

to 4-hydroxytamoxifen (4-OHT) or raloxifene (RAL) may also gain an E2-inhibited 

phenotype in vivo.    

To address this hypothesis I exposed T47D:A18 breast cancer cells to 1µM 4-

OHT or RAL for 1 year.  Single cell clones were derived using the limiting dilution 

method and analyzed by to the DNA growth assay.  All clones tested demonstrated 

resistance to both 4-OHT (100 nM) and RAL (100 nM) and displayed hormone-

independent growth in vitro (data not shown).  To determine the effects of TAM and E2 

in vivo clone 1 (T47D:A18-TAM1) was chosen for further study.  Similar to the 

previously described T47D:A18/PKCα model, T47D:A18-TAM1 xenografts regressed 

when exposed to E2 in vivo but were unaffected by this ligand in vitro (Figure 5A and 

B).   T47D:A18-TAM1 xenografts grew hormone-independently and were stimulated by 

TAM in vivo (Figure 5B).  Furthermore, T47D:A18-TAM1 colony formation was also 
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inhibited by E2 in 3D Matrigel (data not shown).  Based on in vitro growth clone 5 

(T47D:A18-RAL5) and clone 9 (T47D:A18-RAL9) were also chosen for further 

characterization in vivo.  Although both T47D:A18-RAL5 and T47D:A18-RAL9 cells 

were resistant to RAL in vitro (Figure 5C and E), only T47D:A18-RAL9 xenografts grew 

in the presence of RAL (1.5mg/day) in vivo (Figure 5F).  Both T47D:A18-RAL5 and 

T47D:A18-RAL9 xenografts were TAM-resistant, hormone-independent and regressed 

when treated with E2 in vivo (Figure 5D and F).  These studies suggest that long-term 

treatment with antiestrogens leads to an E2-inhibited phenotype in vivo, accompanied 

by upregulation of PKCα. 

 

4.2 PKCα-overexpression in breast cancer cells correlates with sensitivity to 

E2 

PKCα-overexpression in clinical specimens predicted resistance to TAM (221).  

The ectopic overexpression of PKCα in T47D cells (T47D:A18/PKCα) led to a TAM-

resistant, E2-inhibited phenotype in vivo (2) suggesting that PKCα may also predict a 

positive response to estrogenic therapeutic intervention.   

Following the acquisition of a TAM-resistant, E2-inhibited phenotype in vivo T47D:A18-

TAM1, T47D:A18-RAL5 and T47D:A18-RAL9 cells displayed increased PKCα 

expression compared to the TAM-sensitive parental T47D:A18 cell line (Figure 5G).  

MCF-7:5C cells are TAM- and RAL-resistant and inhibited by E2 both in vitro and in vivo 

(125).  Santen and colleagues developed LTED cells by long-term estrogen deprivation 

and display sensitivity to E2 both in vitro (124).  MCF-7:5C and LTED cells also 

displayed increased expression of PKCα compared to parental MCF-7:WS8 cells 
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(Figure 5G).  E2-inhibited cell lines T47D:A18/PKCα, T47D:A18-TAM1, T47D:A18-

RAL5, T47D:A18-RAL9, MCF-7:5C and LTED display overexpression of PKCα 

compared to parental E2-stimulated T47D:A18/neo, T47D:A18, MCF-7:WS8 cell lines 

respectively (Figure 5G) suggesting that PKCα may play a role in E2-induced growth 

inhibition.  The knockdown of PKCα in T47D:A18/PKCα cells led to a partial reversal of 

the E2-inhibited phenotype (241).  Together this suggests that PKCα may either play a 

role in E2-induced growth inhibition or possibly be a marker for E2-induced growth 

inhibition.  This led us to ask whether PKCα is required for E2-induced growth inhibition 

in cells that endogenously over-express PKCα.  
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4.3 PKCα may modulate cell viability in the presence of E2 

The ectopic overexpression of PKCα in T47D cells (T47D:A18/PKCα) led to a 

TAM-resistant, E2-inhibited phenotype in vivo (2) suggesting that PKCα may also 

predict a positive response to estrogenic therapeutic intervention.  PKCα 

overexpression also correlates with an E2-inhibited phenotype in multiple cell lines 

(Figure 5G).  To determine if PKCα modulates cell viability in the presence of E2, I 

inhibited PKCα using siRNA in LTED and MCF-7:5C cells that endogenously over-

express PKCα.  Five days following E2 (1nM) or vehicle (0.1% DMSO) treatment cell 

viability was assessed by the trypan blue exclusion method.  PKCα knockdown 

significantly reversed the effects of E2 on LTED cell viability (Figure 6A).  Although 

PKCα knockdown altered the effect of E2 on MCF-7:5C cell viability following 5 days of 

treatment, E2 was still capable of reducing cell viability in the presence of PKCα siRNA 

in MCF-7:5C cells (Figure 6B).  I speculate that a stronger knockdown of PKCα in MCF-

7:5C cells may have an enhanced effect on the reversal of cell viability in the presence 

of E2.  Interestingly, both MCF-7:5C and LTED cells were derived using similar cell 

culture conditions, but were derived from different parental MCF-7 cell stocks in 

independent laboratories, likely accounting for the variability in reliance on PKCα 

expression in producing decreased cell viability in the presence of E2.    
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4.4 T47D:A18/PKCα cells are resistant to RAL in vitro and are partially inhibited 

by RAL in vivo 

Many SERMs have been developed in an effort to overcome the uterotrophic 

side effects associated with TAM treatment as well as to combat TAM-resistance.  

Cross-resistance often develops to drugs within the same class or when drugs have a 

similar mechanism of action.  RAL is a second-generation benzothiophene SERM 

developed to overcome the mixed antagonist/agonist activity of TAM, which is 

associated with side effects such as increased incidence of endometrial cancers.  RAL 

has a favorable antiestrogenic profile in the uterus (242) and has proven safe over 15 

years of clinical use in postmenopausal osteoporosis.  Although cross-resistance occurs 

with drugs in the same class, TAM and RAL differ structurally.  In addition, 

T47D:A18/PKCα cells display a unique phenotype in which E2 has no effect on 2D 

growth in vitro but inhibits growth in 3D Matrigel or in vivo.  However, E2 is also 

associated with significant side effects prompting us to seek potential clinical 

alternatives.  I therefor sought to further characterize the effect of RAL on 

T47D:A18/PKCα cells both in vitro and in vivo. 

To determine the effects of RAL on T47D:A18/PKCα cell growth in vitro, I treated 

cells with 100nM RAL and I measured DNA content as an index of proliferation at 

various time points.  RAL had no effect on the proliferation of T47D:A18/PKCα cells in 

vitro (Figure 7A) as compared to vehicle treated controls. 

As previously mentioned, E2 is unable to effect the growth of T47D:A18/PKCα 

cells in 2D in vitro conditions but is capable of inhibiting colony formation in 3D Matrigel.  

I therefore wanted to determine if like E2 RAL was capable of inhibiting colony formation 
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in 3D Matrigel.   I found that even at the highest concentration tested (1uM) RAL was 

unable to significantly inhibit T47D:A18/PKCα colony formation in Matrigel (Figure 

7B)(3).   

Although RAL had no effect on T47D:A18/PKCα 3D Matrigel colony formation, 

due to the variability of T47D:A18/PKCα response to E2 in vitro vs. in vivo and the 

clinical applicability of RAL, it was important to determine if RAL had an effect on 

T47D:A18/PKCα xenograft regression in vivo.  T47D:A18/PKCα cells were bilaterally 

injected into the mammary fat pads of 15 athymic nude mice.  Following tumor 

establishment I randomized mice into 3 treatment groups: control, E2 (1cm capsule) or 

RAL (1.5mg/day).  Mice receiving RAL exhibited tumor regression following 4 weeks of 

treatment, however the effect of RAL was modest compared to that of E2.  Overall 

these results indicate that (1) RAL is capable of partially inhibiting the growth of 

T47D:A18/PKCα TAM-resistant tumors and (2) RAL exerts contradictory in vitro and in 

vivo growth effects on T47D:A18/PKCα cells in a manner similar to E2.  The distinction 

between E2 and RAL activity is that E2 but not RAL inhibits colony formation in 3D 

culture (3). 
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4.5 Benzothiophene selective estrogen mimics display an estrogenic profile 

and are capable of inhibiting PKCα-overexpressing, TAM-resistant breast cancer 

cell lines in vitro 

Unlike TAM, RAL does not stimulate uterine tissue.  The specific conformations 

of the ER-ligand complexes determine gene transcription and ultimately influence the 

tissue-selective outcomes of these ligands.  Since RAL displays an enhanced safety 

profile due to decreased uterotrophic effects compared to both TAM and E2 and was 

partially able to inhibit T47D:A18/PKCα growth in vivo,  Dr. Gregory Thatcher’s group 

used the benzothiophene core (BTC) structure of RAL to rationally design a series of 

selective estrogen receptor mimics (SEMs).  Ideally SEMs would combine the efficacy 

of an estrogenic compound for treating TAM-resistant breast cancer with the enhanced 

safety of RAL.        

To determine whether SEMs act as estrogen agonists in hormone-dependent, 

TAM-sensitive T47D:A18/neo cells, stimulating proliferation in 2D culture, cells were 

treated and DNA content was measured as an index of proliferation.  T47D:A18/neo 

cells proliferated in the presence of BTC and TTC-352 (Figure 8 A-D).  Based on 

chemical structure and estrogenic action in T47D:A18/neo cells, BTC and TTC-352 

were selected for further characterization in TAM-resistant, PKCα-overexpressing 

T47D:A18/PKCα, T47D:A18-TAM1 and MCF-7:5C cell lines.   

T47D:A18/PKCα cells proliferated in the presence of BTC and TTC-352 at all 

concentrations tested (1 nM, 10 nM, 100 nM) and maximal efficacy was similar to that of 

E2 (1 nM) observed in vitro (Figure 8E and F).  Interestingly, only the higher 

concentrations of BTC (100 nM) and TTC-352 (100 nM) showed effects on the 
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proliferation of T47D:A18/neo cells comparable to E2 (1 nM) treatment (Figure 8 C and 

D).  Analogous to the effect on T47D:A18/PKCα cells, BTC and TTC-352 showed 

similar efficacy to E2 on T47D:A18-TAM1 cell growth in vitro (Figure 8 G and H).  
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TAM-resistant MCF-7:5C cells display a unique phenotype in which these cells 

are inhibited by E2 not only in vivo but also in vitro (125).  We therefore sought to 

determine if BTC and TTC-352 have the ability to inhibit growth of MCF-7:5C cells in 

vitro.  Cells were treated on day 1, media was changed every 2-3 days and cells were 

counted on day 9.  Both BTC and TTC-352 significantly inhibited growth of MCF-7:5C 

cells compared to vehicle treated cells (Figure 9A).  As expected based on the effects of 

BTC and TTC-352 in T47D:A18/neo cells, hormone-dependent MCF-7:WS8 cells 

proliferated in the presence of both BTC and TTC-352 (Figure 9B).   

E2 inhibits T47D:A18/PKCα colony formation in Matrigel (135), in part 

recapitulating the E2 inhibitory effect on tumor establishment (2).  To determine if BTC 

and TTC-352 similar to E2, can inhibit the growth of T47D:A18/PKCα and T47D:A18-

Tam1 colonies in 3D culture, colony formation in Matrigel was examined.  As expected 

based on the proliferative effects in 2D culture, BTC and TTC-352 treatment resulted in 

increased T47D:A18/neo colony formation (Figure 10A) and significantly inhibited 

T47D:A18/PKCα and T47D:A18-TAM1 colony formation in 3D Matrigel (Figure 10B and 

C, respectively).  These results suggest that BTC and TTC-352 are estrogenic in vitro 

and will likely inhibit growth of T47D:A18/PKCα and T47D:A18-TAM1 xenografts. 
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4.6 Induction of ERα transcriptional activity by BTC and TTC-352 in breast 

cancer cells 

To confirm that the in vitro effects of BTC and TTC-352 were due to estrogenic 

activity of the compounds, transcriptional activation of ERα was examined using an 

estrogen response element (ERE)-luciferase reporter construct (239).  Cells were 

treated with vehicle control (0.1% DMSO), E2 (1 nM), BTC (1 nM, 10 nM, 100 nM), or 

TTC-352 (1 nM, 10 nM, 100 nM) 24 hours prior to determining ERE-luciferase and β-gal 

activity.  In T47D:A18/neo cells, BTC and TTC-352 treatment resulted in an increase in 

ERα transcriptional activity at the highest concentration of 100 nM (Figure 11A).  

T47D:A18/PKCα cells were more sensitive than T47D:A18/neo cells to BTC ERE-

luciferase induction at 100 nM and 10 nM (Figure 11B).  Figure 11D demonstrates 

baseline T47D:A18/PKCα ERE-luciferase activity in increased compared to 

T47D:A18/neo as previously described (214).  E2 (1 nM) and BTC (100 nM) also 

significantly induced ERE-luciferase activity in T47D:A18-TAM1 cells following 24 hrs of 

treatment (Figure 11C).  As expected based on 2D and 3D in vitro assays, these data 

suggest that BTC and TTC-352 act as ER agonists in T47D:A18/neo, T47D:A18/PKCα 

and T47D:A18-Tam1 cell lines in vitro.  Based on in vitro data these SEMs are likely to 

inhibit the growth of T47D:A18/PKCα and T47D:A18-TAM1 cells in xenografts. 
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4.7 Inhibitory effect of BTC and TTC-352 treatment on hormone-independent, 

TAM-resistant T47D:A18/PKCα and T47D:A18-TAM1 xenografts 

We have recently reported that RAL treatment results in significant regression of 

TAM-resistant T47D:A18/PKCα tumors (3).  However, RAL did not produce an effect as 

robust as E2 on tumor regression and was unable to inhibit Matrigel colony formation 

(3).  In contrast to RAL, BTC and TTC-352 are estrogenic in 2D culture and like E2 have 

the ability to inhibit T47D:A18/PKCα and T47D:A18-TAM1 colony formation in Matrigel 

(Figures 10B and C).  To determine if these compounds could initiate T47D:A18/PKCα 

tumor regression, T47D:A18/PKCα cells were injected into 40 athymic mice and were 

left untreated for seven weeks (mean tumor size was ~0.5 cm2 , 100%).  At seven 

weeks, the mice were randomized to either continue on the untreated control arm (9 

mice), received implants of an E2 capsule (9 mice), oral RAL 1.5 mg/day (9 mice), oral 

BTC 1.5 mg/day (9 mice), or oral TTC-352 1.5 mg/day (4 mice).  Following two weeks, 

all treatments significantly reduced tumor volume compared to non-treated controls (P< 

0.05).  BTC treated T47D:A18/PKCα tumors regressed by ~88% to a size of ~0.07 cm2 

(Figure 12A) at two weeks.  Mice treated with TTC-352 also exhibited a decrease in 

tumor volume at two weeks regressing by ~70% with a mean tumor volume of ~0.18 

cm2  (Figure 12A).  The effect of BTC and TTC-352 was only surpassed by E2 treatment 

which resulted in ~98% regression at 2 weeks.  Both BTC and TTC-352 resulted in a 

decrease in T47D:A18/PKCα tumor volume that surpassed regression exhibited by RAL 

(~50%).  Furthermore, unlike RAL, regression induced by BTC and TTC-352 was 

sustained for at least four weeks post-treatment (Figure 12A). 
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Since TAM-resistant T47D:A18-TAM1 cells were growth inhibited by E2, BTC or 

TTC-352 in 3D Matrigel (Figure 10C), we hypothesized that similar to T47D:A18/PKCα 

cells, T47D:A18-TAM1 cells may be growth inhibited in vivo by these agents.  To test 

this hypothesis T47D:A18-TAM1 xenograft tumors were established in 11 athymic nude 

mice.  Following tumor establishment, mice were randomized into four treatment 

groups: untreated control arm (2 mice), E2 capsule (3 mice), oral BTC 1.5 mg/day (3 

mice), or oral TTC-352 1.5 mg/day (3 mice).  Following 2 weeks of daily treatment BTC 

and TTC-352 resulted in significant regression of T47D:A18-TAM1 tumors (Figure 12B).   
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4.8 BTC and TTC-352 have no significant effect on hormone-dependent 

T47D:A18/neo xenografts 

The ER positive hormone-dependent T47D:A18/neo control breast cancer cell 

line requires E2 for growth in vitro and in vivo (1, 2).  Since BTC and TTC-352 treatment 

result in growth of T47D:A18/neo cells in 2D culture (Figure 8C and D) and in 3D 

Matrigel (Figure 10A), we next sought to determine if BTC and TTC-352 could sustain 

the growth of T47D:A18/neo tumors in vivo.  T47D:A18/neo cells were bilaterally 

injected into the mammary fat pads of 20 athymic mice and divided into six treatment 

groups (3 non-treated control, 3 E2 capsule, 3 oral TAM 1.5 mg/day, 3 oral RAL 1.5 

mg/day, 4 oral BTC 1.5 mg/day, or 4 oral TTC-352 1.5 mg/day).  Following seven weeks 

of treatment, mice treated with E2, as expected, harbored T47D:A18/neo tumors that 

reached an average size of ~0.35 cm2  (100%), tumors treated with BTC and TTC-352, 

grew to an average size of ~0.04 cm2 and ~0.1 cm2 , respectively (Figure 12A).  

Although at higher concentrations, BTC and TTC-352 (Figure 8C and D) stimulated the 

growth of T47D:A18/neo cells in vitro, neither compound was able to significantly 

stimulate the growth of T47D:A18/neo xenograft tumors in vivo.  Interestingly, the dose 

capable of causing robust regression of T47D:A18/PKCα and T47D:A18-TAM1 tumors 

had no effect on the growth of T47D:A18/neo tumors in vivo.  Additionally, no significant 

weight loss was observed over the seven-week treatment period (Figure 13B). 
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4.9 BTC and TTC-352 have no effect on uterine weights of athymic mice 

E2 has a proliferative effect on the endometrium resulting in an increase in 

uterine weight.  TAM has an estrogenic effect on endometrial growth, which leads to an 

increased risk of developing endometrial cancer (243).  In ovariectomized rats at a 

minimally effective dose, RAL did not increase uterine weight in contrast to E2 and 

TAM, and at doses up to 10 mg/kg/day did not increase luminal epithelial cell thickness 

(244-247).  Mindful of the estrogen agonist actions of BTC and TTC-352 in Ishikawa 

cells, we sought to compare the effects of BTC and TTC-352 on uterine weight with 

those of RAL, TAM and E2.  Following 7 weeks of treatment the uteri from 

ovariectomized mice in Figure 13A were excised and weights determined.  Interestingly, 

there was no significant increase in the uterine weights of mice treated with BTC or 

TTC-352 (Figure 13C).  The significant proliferative actions associated with both TAM 

and E2 were absent from BTC and TTC-352, suggesting that these SEMs would deliver 

an improved safety profile compared to TAM and E2.   

 

4.10 Extranuclear ER translocation correlates with E2- and SEM-induced 

T47D:A18/PKCα tumor regression 

The Tonetti lab has previously reported that ERα and the extracellular matrix 

(ECM) are required for T47D:A18/PKCα tumor regression and that plasma membrane-

associated ERα is likely to mediate the inhibitory effects of E2 (135). To test our 

hypothesis that extranuclear ERα participates in E2-induced T47D:A18/PKCα tumor 

regression, we asked whether ERα localization differs in E2, RAL, BTC and TTC-352-
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induced T47D:A18/PKCα regressing tumors compared with TAM-stimulated 

T47D:A18/PKCα tumors or E2-stimulated T47D:A18/neo tumors.  

IF confocal microscopy of T47D:A18/neo E2-stimulated tumors and 

T47D:A18/neo TAM- and RAL-regressing tumors illustrates that ERα is mainly localized 

in the nucleus (Figure 14) (3). The T47D:A18/neo no treatment (NT) group is not 

available for comparison since T47D:A18/neo cells required E2 for tumor growth.  

Similarly, ERα is located within the nucleus in T47D:A18/PKCα NT and TAM treatment 

groups.  However, ERα is almost completely localized to extranuclear sites in E2, RAL, 

BTC and TTC-352 induced regressing T47D:A18/PKCα tumors.  Interestingly, following 

withdrawal of RAL (RAL W/D) tumors resume growth and ERα re-localizes to the 

nucleus.  TAM and RAL which oppositely regulate T47D:A18/PKCα tumor growth, 

induces differential ERα subcellular localization (3).  Furthermore, T47D:A18/PKCα 

tumor regression induced by either E2, RAL, BTC or TTC-352 is associated with 

extranuclear ERα.   
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4.11 E2 induces ERα translocation to extranuclear sites in T47D:A18/PKCα 

colonies grown in 3D Matrigel 

I next wanted to determine whether extranuclear ERα correlates with inhibition of 

colony formation in 3D Matrigel.  Inhibition of colony formation by E2 in 3D culture is 

analogous to the in vivo phenotype whereby E2 prevents tumor establishment (2). 

However, unlike the in vivo phenotype, E2 is incapable of initiating regression of an 

established T47D:A18/PKCα colony in Matrigel.  To determine whether extranuclear 

ERα is a response to E2 and RAL treatment in 3D culture or whether ERα translocation 

occurs only during regression in tumors, we compared ERα subcellular localization in 

T47D:A18/neo and T47D:A18/PKCα cells grown in 3D culture.  To address this, 

T47D:A18/neo and T47D:A18/PKCα cells were plated in Matrigel.  Colonies were 

allowed to establish for 10 days when treatments were initiated and continued for either 

24h or 10 days with E2, 4-OHT or RAL.  In contrast to E2-induced tumor regression 

seen in vivo, treating established colonies did not cause a decrease in colony number or 

size.  Following 24 h treatment of established T47D:A18/neo colonies, there was no 

ERα expression in the vehicle and E2 treatment groups and sparse staining in the 4-

OHT and RAL groups.  Examination of T47D:A18/PKCα colonies under the same 

conditions, shows strong ERα nuclear staining in the vehicle, 4-OHT and RAL treated 

groups.  However, in the 24 h E2 treatment group, some colonies showed nuclear 

staining while other colonies showed membrane and/or cytoplasmic staining (data not 

shown).  To determine if treating established colonies for a longer period would lead to 

the complete translocation of ERα from the nucleus to the cytoplasm, we extended 

treatment for 10 days with media changes every three days before IF staining.  Under 
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these conditions, ERα is localized to the nucleus in all groups of T47D:A18/neo colonies 

as well as T47D:A18/PKCα vehicle control, 4-OHT and RAL groups (Figure 15)(3).  

However, under conditions that mimic tumor regression, T47D:A18/PKCα colonies 

exhibit complete ERα translocation out of the nucleus in response to E2 after 10 days 

and this effect is seen as early as 24 h.  While E2 administration to established colonies 

in Matrigel induces ERα translocation to extranuclear sites, ERα translocation alone is 

not sufficient to induce regression likely due to the requirement of additional factors 

found in the tumor microenvironment, but not in Matrigel (3).  
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4.12 Pharmacologic inhibition of PKCα does not reverse E2-induced 

extranuclear ERα translocation in T47D:A18/PKCα colonies 

The finding that ERα is localized to the nucleus during RAL and TAM-induced 

T47D:A18/neo tumor regression suggests that it is not simply regression that triggers 

ERα to exit from the nucleus, but localization may be influenced by PKCα 

overexpression.  To determine if PKCα activity is required for E2-induced ERα 

extranuclear translocation in T47D:A18/PKCα colonies, colonies were grown for 10 

days followed by 10 days of treatment (Vehicle, 1 nM E2, 1µM Gö6976, or 1nM E2 + 

1µM Gö6976).  Gö6976 is a PKCα and PKCβ1 selective inhibitor.  As expected E2 

treatment resulted in extranuclear translocation of ERα in Matrigel colonies, but the 

addition of Gö6976 did not effect translocation of ERα by E2 (Figure 16).  These results 

suggest that PKCα activity may not be necessary for E2 induced translocation of ERα, 

but PKCα expression itself may still potentially play a role in ERα translocation.   
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4.13 ERα extranuclear translocation is not observed in all models of E2-induced 

tumor regression 

I next sought to determine if the translocation of ERα to extranuclear sites is a 

universal phenomenon observed in other models of E2-induced tumor regression, 

specifically T47D:A18-TAM1 and MCF-7:5C models.  Both T47D:A18-TAM1 and MCF-

7:5C overexpress PKCα and regress when treated with E2 in vivo.  Following 2 weeks 

of treatment with E2, BTC or TTC-352 T47D:A18-TAM1 xenografts significantly 

regressed (Figure 12B) and tumor tissue collected.  At this time point IF microscopy 

revealed nuclear ERα localization in all groups including the non-treated control (Figure 

17).  Although probable, it is not clear if tumors would continue to regress as the study 

was ended at this time point due to limited animal numbers.  It is also unclear if 

extranuclear translocation of ERα is observed at earlier time points during tumor 

regression.  A larger study is currently underway to determine if ERα translocation to 

extranuclear sites occurs at an earlier time point in regressing T47D:A18-TAM1 

xenografts.   

 Next, MCF-7:5C xenografts were established in 20 athymic nude mice.  

Following tumor establishment mice were randomized to either receive E2 capsule 

implantation (10 mice) or continue to be left untreated (10 mice) (Figure 18B).  

Following 50% regression by E2 mice were sacrificed and tumors were again subjected 

to IF microscopy to identify ERα subcellular localization.  ERα was observed in the 

nucleus of all non-treated control tumors.  The majority of E2 treated tumors (4/5) 

displayed nuclear ERα localization, however 1 of 5 tumors display extranuclear ERα 

localization (Figure 18C).  I observed no apparent difference in the size at tumor 
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excision or in the morphology of the cells within the tumor possibly suggesting 

heterogeneity between xenografts established from the same cell line.  MCF-7:5C cells 

are also inhibited by E2 in vitro allowing for interrogation of ERα localization following 

E2 treatment in vitro.  At 24 and 48 hrs following E2 treatment MCF-7:5C displayed 

nuclear ERα localization (Figure 18D).  Although the tumor microenvironment differs 

greatly from in vitro conditions, at the very least these data suggest that ERα 

translocation to extranuclear sites is not a requirement for E2-induced growth inhibition 

in MCF-7:5C cells. 
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5. Discussion 

Seventy-five percent of breast cancers express the estrogen receptor.  Endocrine 

therapy refers to treatments that target estrogen receptor signaling, either by 

antagonizing ER function with SERMs such as TAM or by estrogen deprivation with 

aromatase inhibitors.  De novo or acquired resistance to endocrine therapies is a major 

obstacle encountered in the clinical setting.  Although recent efforts have been made to 

combat resistance, there is currently a lack of effective therapeutic options for women 

who no longer respond to conventional endocrine therapy approaches. 

Recent clinical trials have demonstrated the efficacy of E2 as a potential 

treatment option following exhaustive use of TAM or aromatase inhibitors.  Before the 

advent of TAM in the 1970s, E2 was successfully used as a treatment for breast cancer.  

TAM and E2 were compared head to head in a clinical trial published in 1981 by Ingle 

and colleagues which concluded that both treatments were comparable after a 4-year 

follow up but TAM was significantly better tolerated by patients (111).  Since then 

agents which block estrogen signaling have been the treatment of choice for patients 

with ER positive breast cancer.  A long-term follow-up study conducted 20-years later 

by Peethambaram and colleagues observed that 16% of patients from the TAM treated 

group and 35% of patients from the DES treated group were alive at 5 years (112).  

Another interesting finding from this study was that 30% of patients who were switched 

from the TAM arm responded to DES therapy.  These findings suggest that 

mechanistically E2 therapy may differ from TAM therapy and revisiting the use of E2 

may be a viable therapeutic option. 
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Optimal management of breast cancer requires a way to predict response or 

resistance to endocrine therapy, whether estrogenic or antiestrogenic, prior to 

treatment.  In the previous chapter, I further explored the use of PKCα as a potential 

biomarker to predict a positive therapeutic response to E2 treatment.  The exogenous 

overexpression of PKCα in hormone-dependent T47D breast cancer cells led to a TAM-

resistant, E2-inhibited phenotype in vivo suggesting a crucial role for this protein in the 

shift from an E2-stimulated to an E2-inhibited phenotype.  Here I demonstrate that 

following long-term exposure to antiestrogens, T47D breast cancer cells acquire an E2-

inhibited phenotype in vivo (Figure 5).  PKCα expression was detected in a panel of E2-

inhibited cell lines compared to their E2-stimulated counterparts (Figure 5G).  All E2-

inhibited cell lines displayed increased PKCα expression compared to E2-stimulated 

breast cancer cell lines.    

To further explore the role of PKCα in the E2-inhibited phenotype and determine 

if PKCα is required for E2-induced growth inhibition, PKCα was knocked down in the 

two models which are inhibited by E2 in vitro, MCF-7:5C and LTED MCF-7 cells.  

Interestingly these cell lines displayed opposing effects to E2 following PKCα 

knockdown.  PKCα knockdown in MCF-7:5C cells had little effect on the decrease in cell 

viability elicited by E2 (Figure 6B).  However, PKCα was required for E2 to result in 

decreased viability of LTED MCF-7 cells (Figure 6A).  It would be interesting to 

determine if enhanced or stable knockdown of PKCα in MCF-7:5C cells would alter the 

viability of the cells in the presence of E2.  Both MCF-7:5C and LTED cell lines were 

derived from MCF-7 cells cultured long-term in estrogen free conditions ie: phenol-red 

free medium containing dextran-coated charcoal stripped FBS.  The discrepancies 
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observed between these two cell lines highlights the variability between MCF-7 

sublines.  Clonal variants of MCF-7 cells are abundant in the literature and cells vary 

from lab to lab possibly due to selective pressures from various culture conditions or 

from the intrinsic capacity of stem-like cells within the population to generate 

heterogeneity.  Inhibition of PKCα in T47D:A18-TAM1 cells which endogenously 

overexpress PKCα would be a useful alternative to determine if PKCα is required for 

E2-induced inhibition.  However, this would require a stable TET-inducible knockdown 

of PKCα due to the requirement of the in vivo microenvironment for E2 to elicit growth 

inhibition.  Very few models of E2-induced growth inhibition currently exist.  T47D:A18-

TAM1 cells are an additional model of breast cancer pathobiology to explore the role of 

PKCα in E2-induced growth inhibition. 

The major drawback in determining whether PKCα can predict a positive 

response to an estrogenic therapy is the lack of tumor tissue from patients who have 

been treated with E2 or DES.  Multigene tests are currently used to determine whether 

early stage breast cancer patients will benefit from the addition of chemotherapy to their 

hormonal therapy regimen.  Although PKCα expression itself may possibly predict a 

positive response to an estrogenic therapy, it is likely that a multigene set would make a 

more accurate prediction.  Biopsies from patients who respond to E2 (responders) can 

be compared to biopsies from patients who do not respond to E2 treatment (non-

responders) to determine if there are differences in PKCα expression between the two 

groups.  Biopsies could also be subjected to gene arrays to determine which genes are 

differentially regulated in responders versus non-responders in order to identify a gene 
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microarray pattern or set of genes associated with response to estrogenic therapeutic 

intervention.   

In collaboration with Drs. Lucy Chen and Elizabeth Wiley, Dr. Tonetti currently 

has plans to conduct a small phase II clinical trial to determine if PKCα can predict a 

positive response to E2 in metastatic breast cancer patients.  Biopsies of patients will be 

taken before treatment is initiated and PKCα levels detected using 

immunohistochemistry techniques.  Although not required by MCF-7:5C cells, PKCα 

was required for E2 to elicit a decrease in cell viability in LTED cells.  PKCα was also 

required for E2-induced tumor regression in the T47D:A18/PKCα model (241).  PKCα 

was therefore necessary for E2 to elicit its effects in 2 of the 3 models probed.  

Furthermore, all known models of E2 inhibited breast cancer overexpress PKCα.  Based 

on current data, one would hypothesize that the clinical trial will reveal that patients 

whose breast cancer overexpresses PKCα will positively respond to E2 treatment.   

PKCα has recently been established as a central signaling node for breast CSCs 

(237).  An increase in the CSC population has been suggested as a possible 

mechanism of endocrine resistance.  PKCα is overexpressed in endocrine-resistant 

breast cancer (1, 213) and may be responsible for the increase in CSCs within this 

population.  The effect of E2 on the CSC population in endocrine-resistant breast 

cancer has not been studied.  In particular the effect of E2 on endocrine-resistant, E2-

inhibited breast cancer cells is not known.  Normal mammary stem cells do not express 

ERα and in order to respond to systemic hormonal signaling, must rely on paracrine 

signaling from neighboring cells (248). There have been conflicting reports in the 

literature on the effects of E2 on the CSC population in breast cancer cell lines, with 
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evidence suggesting that E2 both increases and decreases the CSC population (249, 

250).  Our lab as demonstrated that E2 treated T47D:A18/PKCα xenografts regress 

when treated with E2 and no resumption of tumor growth is seen upon discontinuation 

of E2 treatment for up to 31 weeks (3).  Since the E2 capsules maintain constant serum 

E2 levels for only 8–10 weeks, we are confident that the E2 capsule is depleted by 

week 20 and have confirmed no detectable serum E2 by mass spectrometry at 31 

weeks.  The fact that these xenografts never resume growth suggests the possible 

inhibition of the CSC population by E2.  It would be interesting to further define the 

effects of E2 on the CSC population in E2-inhibited breast cancer cell lines.     

As previously mentioned the side effects associated with E2 treatment led to the 

discontinuation of its clinical use.  An important aspect of E2 and DES’s limited clinical 

use may stem from public misconceptions of the drugs; the most pertinent being the 

Women’s Health Initiative (WHI).  The WHI was a set of clinical trials conducted in 

healthy post-menopausal women designed to test the effects of post-menopausal 

hormone-therapy, diet modification and vitamin D and calcium supplementation on 

breast and colorectal cancer, heart disease and bone fractures.  Women receiving 

estrogen plus progestin had an increased risk of thromboembolic complications, stroke, 

coronary heart disease and breast cancer resulting in early termination of the study 

(251).  Thromboembolic complications were also increased in the estrogen only group.  

By the mid-1990s 40% of women in the United States were prescribed hormone therapy 

(252).  From 2 years prior to the initial publication to 5 months after the publication 

hormone therapy prescriptions decreased by 46% in the United States (253).  Recently 

the results of a 13-year follow-up, which ended in 2010, were published and offer a 
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more complete picture of the effects of hormone replacement therapy.  If women started 

hormone therapy within 10 years of their last menstrual cycle there was less risk 

associated with the use of hormone replacement therapy.  Women treated with 

estrogen only showed less adverse health outcomes than women taking estrogen plus 

progestin.  Most importantly, a reduction in breast cancer risk was reported for 

hysterectomized women treated with estrogen only (254).  Additionally, women 

diagnosed with breast cancer who took estrogen alone had a 63% reduction in deaths 

from the disease compared to the placebo group (255).  These results differ drastically 

from the initial results published 10 years prior and suggest that there may be a benefit 

to estrogen treatment therapy for the management of postmenopausal symptoms with 

less side effects then initially suggested.    

Public misconceptions regarding the use DES therapy may also be related to its 

use in pregnant women from 1938 to 1971.  At the time it was believed that 

miscarriages and premature deliveries were due to low levels of estrogen in the 

women’s body (256).  It was later found that infants exposed to DES in utero were more 

likely to have complications with their reproductive systems including cervical dysplasia, 

infertility and problems during pregnancy (257).  Women who took DES while pregnant 

may also be at an increased risk of developing breast cancer (258).  Although extreme 

side effects associated with the use of DES in this context are noted, these side effects 

are not pertinent to the use of DES as a treatment for advanced breast cancer. 

In the previous chapter, I described the identification of two novel 

benzothiophene compounds that display estrogenic activity in breast cancer cell lines 

(Figure 8).  The benzothiophene SERM RAL was used as a starting point for rationale 
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drug design due to the fact that (1) RAL treatment caused regression of 

T47D:A18/PKCα xenografts and (2) because RAL, unlike TAM or E2, does not cause 

proliferation of the endometrium and does not increase a patient’s risk of developing 

endometrial cancer.  Table 3 summarizes the estrogenic activity of E2, TAM, RAL and 

SEMs in the breast and uterine tissue.  The intention was to identify compounds that 

display estrogenic effects in breast tissue but not in the uterus.  The clinical community 

may be more willing to revisit the use of an estrogenic therapy for the treatment of 

breast cancer if the estrogenic effects were more selective.  

TABLE 3.  Estrogenic activity of compounds in breast and uterine tissue. 

 E2 TAM RAL SEMs 
Breast Estrogenic Anti-estrogenic Anti-estrogenic Estrogenic 

Uterus Estrogenic Estrogenic Anti-estrogenic Anti-estrogenic 

 

By screening a small library of benzothiophene analogs synthesized by Dr. Greg 

Thatcher’s lab I identified two compounds, BTC and TTC-352, which demonstrated 

estrogenic activity in vitro.  Both BTC and TTC-352 inhibited TAM-resistant 

T47D:A18/PKCα and T47D:A18-TAM1 colony formation in 3D Matrigel (Figure 10B and 

10C) as well as inhibited growth of TAM-resistant MCF-7:5C cells in vitro (Figure 9A).  

T47D:A18/PKCα and T47D:A18-TAM1 xenograft tumors significantly regressed when 

treated with BTC or TTC-352 in vivo (Figure 12A and 12B, respectively).  Although E2 

induced growth of hormone-dependent, TAM-sensitive, parental T47D:A18/neo tumors 

in vivo, neither BTC nor TTC-352 were able to support T47D:A18/neo tumor growth 

(Figure 13A).  Furthermore, in contrast to E2, neither BTC nor TTC-352 treatment 
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resulted in an increase in the uterine weight of mice (Figure 13C) indicating that BTC 

and TTC-352, unlike E2 and TAM, may have enhanced tissue specificity. 

Interestingly structurally related compounds, variously showing classical ERα 

antagonist activity (RAL), or classical agonist activity (BTC, TTC-352) elicit the same 

tumor regressing actions in T47D:A18/PKCα xenografts, although the failure of RAL-

induced regression to persist after drug withdrawal is noted.  That the estrogen 

agonists, BTC and TTC-352, did not stimulate growth of estrogen-sensitive 

T47D:A18/neo xenografts or uterine tissues is most simply rationalized by the relatively 

low potency of these agonists, possibly indicating involvement of a pathway that is not 

simply classical ERα mediated in T47D:A18/PKCα and T47D:A18-TAM1 xenografts and 

may include involvement of ERβ, GPER, ERX or another yet undiscovered estrogen 

binding molecule.  Alternatively, it is possible that the oral dose of 1.5 mg/day achieved 

a plasma concentration within a therapeutic window capable of causing regression of 

T47D:A18/PKCα and T47D:A18-TAM1 xenografts but unable to stimulate uterine 

growth in mice or hormone-dependent T47D:A18/neo xenograft growth.  Nonetheless, if 

the therapeutic window is large enough, the off target effects of SEMs would be 

negligible.  Studies are currently underway to determine if lower doses can effectively 

cause regression of TAM-resistant xenografts.  

Different SERMs, such as TAM and RAL, exhibit various ER agonist and 

antagonist activity on different genes depending on the cell type that these agents are 

acting on.  This can most simply be explained by different ligand induced conformational 

changes in ER (259), followed by distinct interactions with coregulators based on 

specific conformational changes, leading to differential transcription of ER regulated 
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genes (260).  Here I demonstrate that SEMs are estrogenic in breast cancer cells both 

in vitro (Figure 11) and in vivo (Figure 12), but do not display estrogenic action in the 

uterus of mice in vivo (Figure 13C).  Differential coregulator expression in breast vs 

uterine cells may explain the selectivity observed with SEMs in vivo (261).  Although the 

mechanism of the estrogenic selectivity of SEMs is not completely understood, further 

understanding of what mediates tissue selectivity of these compounds may improve 

SEM design to meet clinical needs.  

Mutations in the LBD of the ER have recently been shown to play a role in 

resistance to endocrine therapies (87, 88).  The presence of the ER mutation was 

shown to favor the agonist conformation of the receptor in both studies.  However, 

Robinson and colleagues show that anti-estrogen sensitivity is not effected by LBD 

mutations in the ER (87) while Toy and colleagues show reduced efficacy of ER 

antagonists (88).  Toy et al. conclude that more potent ER antagonists may overcome 

clinical resistance to hormonal therapy and as for SEMs the same may be true.  More 

potent ER agonists such as BTC may be favored compared to weaker ER agonists 

such as TTC-352 when LBD mutations are present in the ER.  It would be of interest to 

determine the effects of ER LBD mutations on the efficacy of SEMs as these mutations 

are present in the target population of endocrine resistant breast cancer patients.             

In the previous chapter I have shown by immunofluorescent confocal microscopy 

that ERα translocates from the nucleus to the extranuclear space upon E2, RAL (3), 

BTC and TTC-352-induced tumor regression in our T47D:A18/PKCα preclinical TAM-

resistant model (Figure 14).  Extranuclear ERα was previously reported to play a role in 

endocrine-resistant breast cancers specifically by interacting with growth factor 
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receptors to activate proliferative and pro-survival signals (262, 263). However I 

demonstrate here that ERα translocation is associated with tumor regression in 

T47D:A18/PKCα tumors (3).  To our knowledge this is the first study to report an 

association of extranuclear ERα with tumor regression, as opposed to the activation of 

growth factor receptor signaling.  These studies underline the unique role of 

extranuclear ERα in E2 and SEM induced tumor regression. 

ERα translocation to extranuclear sites does occur in Matrigel in response to E2 

(Figure 15) (3).  Matrigel results reveal that the translocation of ERα may be an early 

event as ERα was seen in the membrane and cytoplasm in some colonies at 24 h 

further illustrating a rapid response to E2 treatment.  Colony regression is not initiated 

by E2 perhaps because a component in the tumor microenvironment is also required to 

initiate the regression, but ERα still translocates to extranuclear sites.  Proliferating 

Matrigel colonies exhibit extranuclear ERα suggesting that ERα translocation to 

extranuclear sites may not be the mechanism of T47D:A18/PKCα tumor regression, but 

an event that occurs concurrently with tumor regression (3).      

Extranuclear ERα translocation was observed in T47D:A18/PKCα colonies and 

xenografts in response to E2 treatment but not in T47D:A18/neo colonies or xenografts 

suggesting a potential role for PKCα in extranuclear translocation of ERα.  

Pharmacological inhibition of PKCα did not reverse the effects of E2 on ERα 

translocation in T47D:A18/PKCα colonies indicating that PKCα activity may not be 

necessary for ERα translocation (Figure 16).  Current work in our lab is focused on 

developing PKCα kinase-dead mutants to further address whether the kinase activity of 

PKCα is necessary for ERα translocation as PKCα inhibitors may have off target effects.  



  84 

I am not, however, out ruling the potential physical association of PKCα with various 

signaling molecules in the cytoplasm that may account for ERα translocation.  

Addressing this would require genetic knockdown of PKCα in the T47D:A18/PKCα cell 

line.  Longo et al. has shown that a PKCα-src kinase-ERα interaction is critical in the 

modulation of estrogen responsiveness and the differentiation process in 

osteoblasts (264).  However, we were unable to detect a physical interaction between 

PKCα and ERα, Her2 or src in our tumor model (3). 

We have observed that translocation of ERα from the nucleus to cytoplasm is a 

common feature of treatments that cause regression of T47D:A18/PKCα tumors, but not 

those that are ineffective, i.e. TAM (3).  The similarity with the diarylthiohydantoin 

antiandrogens (e.g. Enzalutamide, ARN509, RD162) that cause a similar translocation 

of the androgen receptor (AR) in prostate cancer cells is of interest, in particular 

because this feature is seen as a clinical advantage over older antiandrogens (265, 

266).  Enzalutamide is currently approved for treatment of castration-resistant prostate 

cancer.  The mechanism by which these antiandrogens cause translocation have not 

been defined, and as for benzothiophene SEMs could include stabilization of 

cytoplasmic or destabilization of nuclear receptor complexes.  

The breast tumor microenvironment clearly plays a role in tumor regression 

elicited by E2.  The Tonetti lab has previously demonstrated the requirement of the 

ECM in E2-induced inhibition of T47D:A18/PKCα cells (135).  The ECM is also required 

for E2-induced inhibition of T47D:A18-TAM1 as these cells are inhibited in 3D matrigel 

(Figure 10C) and in vivo by E2 (Figure 5B), but not inhibited by E2 in 2D in vitro 

conditions (Figure 5A).  Different immune and stromal cells types make up the breast 
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tumor microenvironment such as fibroblasts and adipocytes (267).  Matrigel itself does 

not consist of immune or stromal cells of any type.  The Matrigel matrix consists 

primarily of collagen, laminin and growth factors that resemble the complex extracellular 

microenvironment.  T47D:A18/PKCα and T47D:A18-TAM1 colony formation is inhibited 

by E2 in the presence of Matrigel suggesting that interactions with stromal cells such as 

fibroblasts or immune cells are likely not required for E2-induced growth inhibition.  

Growth factor reduced Matrigel also did not affect the ability of E2 in inhibit 

T47D:A18/PKCα colony formation (135).  Taken together, this suggests that the 

physical interaction of tumor cells with ECM proteins is the main driver of E2-induced 

inhibition, although I would not rule out the potential influence of stromal and immune 

cells on tumor regression.   

With respect to the tumor microenvironment, PKCα expression may also 

influence E2-induced inhibition through enhanced integrin signaling.  PKCα has been 

shown to directly interact with β1 integrin (268).  In the presence of E2, enhanced 

PKCα/integrin signaling may lead to a down stream pro-apoptotic response.   

PKCα may regulate E2-induced apoptosis through modulation of the Akt 

pathway.  The Tonetti lab has previously demonstrated that T47D:A18/PKCα E2-

induced regression is accompanied by down-regulation of the Akt pathway (135).  It has 

also been demonstrated that E2 can directly bind and activate PKCα (269).  It is 

possible that E2 directly activates PKCα, leading to downregulation/inhibition of the Akt 

prosurvival pathway resulting in apoptosis (Figure 19).  In fact, selective activation of 

PKCα in prostate cancer cells led to apoptosis due to inactivation of the Akt pathway 

(270).    
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PKCα may also play a role in E2-induced growth inhibition by modulating ERα 

extranuclear translocation.  I have demonstrated here that ERα translocation is 

associated with tumor regression only in PKCα overexpressing tumors in response to 

E2, RAL (3), BTC and TTC-352 (Figure 14).  ERα localization to the plasma membrane 

requires palmitoylation at a highly conserved sequence in the E domain of the receptor 

(179).  DHHC-7 and DHHC-21 are the palmitoylacyltransferase (PAT) proteins 

responsible for the palmitoylation of ERα (180), leading to a productive interaction with 

caveolin-1, an association required for membrane localization of ERα (181).  It is 

interesting to note that ERα/caveolin-1 complex formation correlates with durable tumor 

regression produced with E2, but not with transient tumor regression as observed with 

RAL, nor with proliferating T47D:A18/PKCα tumors (3).  The PAT DHHC-7 contains 

several potential PKC phosphorylation sites.  Taken together these results suggest that 

perhaps PKCα is capable of modifying the interaction of ERα and caveolin-1 in the 

presence of E2, potentially through increased PAT activity at the membrane to then 

effect tumor regression (Figure 19).  It is also important to note that although ERα 

translocation to extranuclear sites does occur in Matrigel in response to E2 (Figure 15), 

colony regression is not initiated perhaps because a component in the tumor 

microenvironment is also required to initiate the regression signal (3).  Experiments are 

currently underway in the Tonetti lab to further define the mechanism through which 

PKCα modulates ERα translocation and subsequent tumor regression.   
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In order to determine if extranuclear translocation of ERα is a phenomenon 

observed in other models of E2-induced tumor regression T47D:A18-TAM1 and MCF-

7:5C xenografts were analyzed for ERα localization.  T47D:A18-TAM1 regressing 

xenografts displayed nuclear ERα localization (Figure 17).  These tumors were excised 

following 75% regression and it is possible that kinetics may play a factor in 

extranuclear ERα translocation.  Current studies are underway to determine ERα 

localization at various time points during tumor regression.  Interestingly only 1 of 5 

MCF-7:5C E2 treated xenografts displayed extranuclear ERα (Figure 18), while the 

majority displayed nuclear ERα localization.  MCF-7:5C cells treated with E2 in vitro 

also displayed nuclear ERα localization suggesting that extranuclear ERα translocation 

may not be a requirement for E2-induced inhibition, at least in the MCF-7:5C model. 

Extranuclear ERα is not currently measured clinically.  The inability to identify 

extranuclear ER pools may lie in the fact that extranuclear steroid receptors may be 10-

fold lower then nuclear ER.  In addition, although pathologists may observe extranuclear 

ER staining, it is not reported because breast cancers are designated as ER positive or 

ER negative based on nuclear staining.  Welsh and colleagues sought to detect non-

nuclear ERα in nearly 3200 clinical breast cancer specimens and found the average 

incidence to be only 1.5% (172).  More sensitive techniques may be required to detect 

the very small ERα pools located outside of the nucleus.  In addition the tissue used in 

the Welsh study was obtained from a variety of institutions and the methods of tissue 

handling in many cases was not known.  The upcoming clinical trial conducted by 

Tonetti and colleagues will allow for rigorous detection of ERα localization in patient 

samples.  It will also allow the investigators to determine ERα localization in human 
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breast specimens following E2 treatment, which was certainly not the case for the tissue 

used in the Welsh study.  

The results of the present study support the use of a second-line SEM with 

selective estrogenic effects on the breast for use in patients that no longer respond to 

conventional endocrine therapy and whose tumors overexpress PKCα. I have described 

two novel benzothiophene SEMs that cause tumor regression in the TAM-resistant 

T47D:A18/PKCα xenografts, T47D:A18-TAM1 xenografts and MCF-7:5C cell in vitro, 

while having minimal effect on growth of parental hormone-dependent T47D:A18/neo 

tumors.  Importantly treatment with BTC and TTC-352 had minimal effects on 

proliferation within the uteri of mice in vivo suggesting that the estrogenic effects of 

these agents are specific to the breast.  Both BTC and TTC-352 are potential 

alternatives to E2 treatment and represent chemical probes and lead compounds for 

further optimization towards new treatment options in the management of endocrine 

resistant breast cancer. 
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206 Administrative Office Building 
1737 West Polk Street 
Chicago, Illinois 60612 
 
 

Phone (312) 996-1972 •      Fax (312) 996-9088 
 

 
 
 
 
 
10/19/2012 
 
Debra A. Tonetti 
Biopharmaceutical Sciences 
M/C 865 
 
Dear Dr. Tonetti: 
 
The protocol indicated below was reviewed in accordance with the Animal Care Policies and Procedures of the 
University of Illinois at Chicago and renewed on 10/19/2012. 
 
Title of Application:  Hormonal and Targeted Therapies for Breast Cancer 
ACC NO:   10-172 
Original Protocol Approval:  11/1/2010 (3 year approval with annual continuation required). 
Current Approval Period:  10/19/2012 to 10/19/2013 
 
Funding: Portions of this protocol are supported by the funding sources indicated in the table below. 
Number of funding sources: 1 
Funding Agency Grant Title Portion of Grant Matched 
NIH PKCalpha as a Marker of Logical Therapeutic 

Approaches to Breast Cancer 
Matched 

Grant Number Current Status UIC PAF NO. Performance Site Grant PI 
RO1 CA122914  
(yrs 1-5) A1 version 

Funded 2006-07410 UIC Debra Tonetti 

 
This institution has Animal Welfare Assurance Number A3460.01 on file with the Office of Laboratory Animal 
Welfare, NIH.  This letter may only be provided as proof of IACUC approval for those specific funding 
sources listed above in which all portions of the grant are matched to this ACC protocol. 
 
Thank you for complying with the Animal Care Policies and Procedures of the UIC. 
 
Sincerely, 

 
Bradley Merrill, PhD 
Chair, Animal Care Committee 
 
BM/kg 
cc: BRL, ACC File    
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Thank you for complying with the Animal Care Policies and Procedures of the UIC. 
 
Sincerely, 
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