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Abstract 

Estrogen receptors play a key role in breast cancer, and understanding the 

mechanisms of action is important in clinical management of the disease. Here we 

attempted to comprehend the role of the second estrogen receptor (ERβ) in two 

fundamental cellular mechanisms vital in the development and progression of breast 

cancer, unfolded protein response (UPR) and epithelial-to-mesenchymal transition 

(EMT). 

UPR confers therapeutic resistance and cellular survival in breast cancer in 

response to endoplasmic reticulum (EnR) stress that is induced by poorly vascularized 

tumor microenvironment. ERα regulates UPR-driven cell survival; however the role of 

ERβ is unknown. Here wild-type ERβ (ERβ1) decreased the survival of triple-negative 

and ERα-positive breast cancer cells in response to pharmacological stress inducers 

thapsigargin and bortezomib. ERβ1 enhanced cellular apoptosis by down regulating the 

UPR transducer inositol-requiring enzyme 1 (IRE1) and the splicing of X box-binding 

protein-1 (XBP-1). Further, expression of ERβ1 in EnR-stressed tamoxifen-resistant cells 

decreased survival by down regulating the IRE1/XBP-1s pathway. Interestingly, up 

regulation of ERβ1 increased the sensitivity of tamoxifen-resistant cells to tamoxifen, 

indicating the role of ERβ1 in regulating resistance of breast cancer to a variety of 

stressors including anti-estrogens through regulating the UPR. 

In addition, ERβ1 suppressed the activation of (PKR)-like endoplasmic reticulum 

kinase (PERK) pathway of UPR in breast cancer cells. Given the association of the 

PERK pathway with the inhibition of protein synthesis and the activation of pro-survival 
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autophagy, ERβ1 may affect the survival of breast cancer cells by regulating the 

translational machinery and autophagy. 

In addition to the down regulation of UPR, ERβ1 was found to imbed EMT and 

decrease the invasiveness of breast cancer cells. ERβ1 inhibited EMT by up-regulating 

members of the microRNA-200 family and repressing transcriptional repressors (ZEB1, 

SIP1) leading to increased expression of epithelial marker E-cadherin. Furthermore, 

clinical breast cancer specimens showed a positive correlation between ERβ1 and E-

cadherin, further supporting that ERβ1 regulates EMT and invasion in breast cancer. 

The repression of UPR and EMT by ERβ1 strongly supports its tumor suppressive 

role in breast cancer and suggests its potential utility as a prognostic marker and 

therapeutic target for the clinical management of the disease.  
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Chapter 1 

Introduction 

1.1 The origin of cancer 

Breast cancer has been known since the ancient times of human civilization. 

Earliest Egyptian delineations on incurable bulging breast tumors can be found in both 

Edwin Smith and George Eber’s papyri in 1600 BC, and ever since that time breast 

cancer has been well recorded in human history due to simply perceived peripheral 

disease manifestations.  The father of western medicine, Hippocrates, postulated that all 

cancers, including those in the breast are humoral diseases originating from an excess of 

black bile, and were known as “karkinos”, which later evolved into “carcinoma”. 

Numerous theories and treatment options have emerged and evolved in the empirical and 

pessimistic eras, and the optimistic period, cancer was perceived more as a systemic 

disease (Rayter 2008). With the expansion of the horizons in life sciences in the 

twentieth-century realistic era, cancer was identified as a more complex disease caused 

by alterations in genomic sequence or mutations leading to an uncontrolled proliferation 

and invasion of the cells (King 2000).  
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1.2 Breast cancer 

1.2.1 Epidemiology of breast cancer 

In the modern world, breast cancer imposes a significant public health burden, 

causing one in four of all cancers in women. Breast cancer is the most frequently 

diagnosed invasive cancer with 1.7 million new cases in 2012, and is the most common 

cause of cancer death among women worldwide (GLOBOCAN 2012). Breast cancer is a 

modern-day epidemic in the United States affecting one in every eight women, and 

further accounting for approximately 29% of all incident female cancers (Siegel et al. 

2014). 

The global rise of breast cancer has risen drastically over the last four decades. 

However, there is a marked geographical variation with high incidence rates in North 

America and Northern Europe, intermediate rates in Southern Europe and South 

America, and lowest in Asia. The annual age-standardized incidence rates per 100,000 

women vary from 18 in East Asia to 90 in North America. Furthermore, incidence rates 

increase with age, becoming substantial before 50 years of age. In addition, there are 

discrepancies in the incidence and survival rates among different racial and ethnic groups 

(GLOBOCAN 2012, Siegel et al. 2014).  

Breast cancer survival rates vary worldwide, ranging from 80% or more in North 

America, to around 60% in middle-income countries, and below 40% in low-income 

countries. The low survival rates in less developed countries are due to late detection and 

poor disease management strategies. Despite the increased incidence rates and life-time 
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risk of breast cancer in the United States, the mortality rates have declined as compared 

to the past, and survival rates have increased. Yet, approximately 40,000 breast cancer-

associated deaths are predicted to occur in the United States for the year 2014, indicating 

the challenges in disease management owing to heterogeneity of the disease with respect 

to molecular alterations and treatment sensitivity, and the scarcity of well-validated 

prognostic markers and therapeutic targets (Coleman et al. 2008, Siegel et al. 2014).  

 

1.2.2 Classification of breast cancer  

Breast cancer is not a single disease, but rather is clinically and genetically a 

highly heterogeneous disease entity. Clinical characterization is based on conventional 

parameters such as treatment options, outcome, tumor size, grade, morphology, 

expression of hormone receptors (estrogen and progesterone receptors), and human 

epidermal growth factor receptor 2 (HER2). One major drawback of clinical 

characterization is that some cancers fall into more than one clinical subgroup 

(Wesolowski and Ramaswamy 2011).  

Due to the limited prognostic and predictive value of the existing classification, 

attempts have been made to identify breast cancer on molecular grounds. Hierarchical 

clustering and gene expression profiling have identified five intrinsic subtypes (Luminal 

A, Luminal B, HER2 (over-expressing HER2), basal-like, and normal-like), and each 

subtype was found to have distinct clinical outcomes. Initial categorization was based on 

the presence of estrogen receptor α (ERα). ERα-positive cancers are luminal type, 
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resemble luminal epithelial gene signatures and express ERα-responsive genes. Based on 

ERα, HER2, and some proliferative genes, the luminal type was subgrouped into luminal 

A (ERα-high, HER2-low, low proliferation, and better prognosis) and luminal B (ERα-

low, HER2-low, high proliferation, and aggressive). Luminal A and B account for 

approximately 40% and 20% of breast cancers, respectively. ERα-negative cancers show 

poor prognosis compared with the luminal phenotype, and are comprised of HER2, basal-

like, and normal-like subgroups. The HER2 subtype comprises 10-15% of cancers, is 

often high in HER2 expression, and offers a poor prognosis. Basal-like cancers account 

for 15-20% of all cancers, lack ERα, HER2, progesterone receptor (PR), and carry 

basal/myoepithelial gene expression signature. They are highly aggressive with poor 

prognosis. Normal-like tumors show high adipose tissue gene expression signature. A 

recent addition was the claudin-low tumors which are triple-negative (absence of ERα, 

PR, and HER2 amplification), invasive ductal carcinomas with poor prognosis. Claudin-

low tumors are enriched with mammary stem cell signatures, and represent 12-14% of all 

cancers (Malhotra et al. 2010, Perou et al. 2000, Prat and Perou 2011, Sorlie et al. 2001, 

Sorlie et al. 2003). Molecular characterization of breast cancer is a remarkable milestone 

in knowledge and has translated into better patient care as indicated by earlier detection, 

better prognosis, and new targeted therapies. The field continues to evolve, and a recent 

functional classification based on mammary and cancer stem cells has linked mammary 

epithelial hierarchy to molecular subtypes, which will likely be the focus on next 

generation targeted therapies (Lim et al. 2009). The current research aims at designing 

targeted and subtype-specific treatments; therefore proper insights into genetic, 
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phenotypic, and risk factors of the disease network are required (Lim et al. 2009, 

Malhotra et al. 2010). 

1.2.3 Risk factors of breast cancer 

The exact etiology of breast cancer is still poorly understood, despite the 

identification of numerous risk factors associated with the development of the disease. 

Risk factors include genetic predisposition, age, geographic factors, socioeconomic 

status, reproductive events, exogenous hormones, lifestyle risk factors (alcohol, diet, 

obesity, and physical activity), mammographic density, history of benign breast disease, 

ionizing radiation, bone density, and chemo-preventive agents (Dumitrescu and Cotarla 

2005).  

High-penetrance genes such as BRCA1, BRCA2, p53, ATM, or PTEN confer 

hereditary risk of breast cancer. Among these, BRCA is the most common mutation. 

However, hereditary cancers with germline mutations of high-penetrance genes account 

for only 5-10% of all cancers, whereas the majority of the cancers are of non-hereditary. 

Polymorphisms in low-penetrance genes, acting together with exogenous (diet and 

chemicals) and endogenous (hormones) risk factors, have a greater contribution to breast 

tumorigenesis (Dumitrescu and Cotarla 2005). 

Exogenous risk factors such as chemicals, lifestyle, diet, and physical activity are 

important in all types of cancers, but in mammary tumorigenesis, endogenous factors 

such as hormones take the lead. Hormone-regulated reproductive events such as late 

menopause, early menarche, nulliparity, or older age at first birth are confirmed, high-

magnitude risk factors. Hormone-replacement therapy and oral contraceptives can also 



6 

factors to be taken into account. These events regulate mammary tissue dynamics under 

the influence of hormones. Estrogen and progesterone hormones, together with their 

signaling pathways, play an important role in healthy as well as malignant breast tissue 

(Bai and Gust 2009, Dumitrescu and Cotarla 2005, Eliassen et al. 2006, Martin and 

Weber 2000).  

 

1.3 Nuclear receptors 

1.3.1 Overview of nuclear receptors 

Hormones like estrogen and progesterone exert their effects through signaling pathways 

mediated by transcriptional regulators. They are highly conserved, ligand-activated 

nuclear receptors (NRs) of diverse biological functions such as homeostasis, metabolism, 

development, and reproduction. There are approximately 48 nuclear receptors in humans. 

Lipophilic substances including steroids, thyroid hormones, and retinoids bind with NRs. 

Thus, NRs can be divided into three categories based on the ligand-binding. Class I is the 

steroid receptor family including steroid-binding estrogen, progesterone, and 

glucocorticoid receptors. Class II binds to non-steroids (thyroid hormones, retinoids, and 

prostaglandins) and is the thyroid/retinoid family. The class III includes the orphan 

receptors with no known ligands and newly discovered receptors. 

NRs share common structural organization with N-terminal region (A/B domain) 

bearing the activation functional domain (AF-1), which is important in recruiting co-

factors and ligand-independent activation. The most-conserved domain is the DNA-

binding domain (DBD), which binds a specific DNA sequence, and is important for the 
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dimerization and stabilization of NRs. Next region is the less-conserved, flexible hinge 

region containing the nuclear localization signal (NLS). The largest domain is moderately 

conserved ligand-binding domain (LBD), containing the ligand-binding pocket, another 

NLS, and a ligand-dependent AF-2 for cofactor recruitment. NRs may or may not carry a 

final domain (F domain) in the C-terminus, whose sequence is variable and the function 

is not clear. Upon ligand binding, NRs undergo conformational change, translocate to the 

nucleus, and bind with a cognate DNA sequence to regulate gene transcription (Huang et 

al. 2010, Robinson-Rechavi et al. 2003). 

 

 

 

Figure 1.1 General structural organization of nuclear receptors 
NRs contain five domains: N-terminus A/B domain carrying AF-1, C domain containing 
DBD for binding with cognate DNA sequence, D is the hinge region, followed by much 
larger E domain carrying LBD with ligand binding pocket and AF-2. C-terminus F-
domain may or may not be present.  
 

1.3.2 Estrogen receptors 

Estrogen-signaling through a high affinity receptor came into light half a century ago, and 

the cloning of the first estrogen receptor (ERα) in 1985 marked a landmark in the field of 

NRs (Walter et al. 1985). The next milestone was the discovery of a second estrogen 

receptor (ERβ) in 1996 (Kuiper et al. 1996). ERs are products of individual genes, and 

are located in different chromosomes. They mediate a broad range of biological 

AF-1 DBD Hinge LBD  
AF-2 

A/B C D E  F 

N - terminus C - terminus 

F 
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functions, such as growth, differentiation, morphogenesis, and physiology of the 

reproductive system.   

As members of the NR super family, ERs contain six functional domains and share 

considerable homology. DBDs of ERs share 96% homology, but LBDs show only 53% 

homology. This indicates that both ERs bind to similar estrogen response elements 

(ERE), but show different ligand specificities. AF-1 and AF-2 regions of ERs show the 

least homology suggesting different recruitment of transcriptional complexes. Human 

full-length ERα and ERβ are 595 and 530 amino acids (aa) respectively. However, 

alternate splicing generates different splice forms of each receptor. About 20 isoforms 

have been recorded for ERα in cell lines; however, their expression in tissues and the 

function is not fully known. In the case of ERβ, five isoforms have been recorded in both 

cell lines and tissues, and they have shown distinct biological roles (Figure 1.2). Both 

ERs are present in the cardiovascular system, brain, and bones. In most of the tissues ERs 

show distinct expression. In the normal breast, for instance, ERβ predominates. Even in 

the same tissue, cell type-specific expression of each receptor subtype has been noted. 

ERα and ERβ regulate separate sets of genes and can oppose each other’s actions on 

some genes, when both the receptors are co-expressed. Hence, the ultimate estrogenic 

effect depends on receptor phenotype (type or isoform) and the relative distribution 

pattern of each receptor (Dahlman-Wright et al. 2006, Heldring et al. 2007, Sotoca et al. 

2012, Thomas and Gustafsson 2011, Weihua et al. 2003). 
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Figure 1.2: Schematic representation of structural and functional domains of 
estrogen receptors 
Structural domains of ERs are labeled from A-F with the number of amino acids (aa) 
indicated below. The total length of each receptor subtype is indicated with the number of 
aa on the right. The percentage aa homology between ERα and ERβ is also shown. Some 
splice variants of ERα and isoforms of ERβ (ERβ1- ERβ5) are indicated. [Reprinted by 
the permission from Nature Publisher Group: Thomas C, Gustafsson J-A, Nature 
Reviews Cancer. 11 597-608 (2011)].   
 

1.3.3 Mechanism of action of estrogen receptors 

Cholesterol-derived steroid hormone estrogen is the main ligand of ER activation. 

Estrogen is primarily considered as a feminine hormone; however its importance in males 

has also been noted. Natural compounds such as 17β-estradiol, estrone, estradiol, 

phytoestrogens, and synthetic compounds such as selective ER modulators and ICI are 

among ER-targeting ligands. Upon binding, the ligands alter the conformation of helix 12 

of the ERs to affect subsequent binding with co-activators/co-repressors to exert agonist 
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or antagonist effects. Ligand-mediated receptor signaling is propagated through direct or 

indirect activation of the receptor. In the direct activation, ERs dimerize and attach to the 

ERE of the promoters. In the indirect or tethered activation, ligand-ER complex binds 

with other transcriptional factors to the promoter of non-ERE containing genes. In the 

non-genomic pathway, the ligand-ER complex activates second messengers to elicit 

biological functions. In the absence of ligands, growth factor-mediated ER 

phosphorylation promotes dimerization and ERE binding (Marino et al. 2006, Heldring et 

al. 2007, Sotoca et al. 2012).  

 

 
Figure 1.3: Mechanisms of estrogen receptor action 
Estrogen receptors (ERs) exert their action via many pathways. (A) Direct activation: 
Upon ligand binding, ERs dimerize and bind to estrogen response element (ERE). (B) In-
direct/tethered activation: Ligand-bound ERs tether with other transcription factors that 
bind to their cognate response elements (AP-1, SP-1). (C) Non-genomic activation: 
Ligand-activated membrane bound ERs bind to secondary messengers for signal 
transduction. (D) Growth factor signaling: Ligand-independent but growth factor-
dependent phosphorylation of ERs bind with ERE. The image is adopted from Heldring 
et al. 2007. 
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1.3.4 Estrogen receptor β 

The cloning of the second ER, ERβ from rat prostate was a remarkable discovery 

in the fields of estrogen-signaling and nuclear receptors. The human ERβ gene is located 

on chromosome 14q23.2 and encodes a 530 aa wild type protein with a molecular weight 

of 59.2 KDa. ERβ has five different isoforms (ERβ1- ERβ5) generated by alternate 

splicing of the last exon (Figure 1.2). Isoforms exhibit distinct tissue-specificities and 

differ structurally and functionally from each other. Further, they differentially mediate 

estrogen signaling and gene expression. For instance, ERβ2 (ERβcx) contains 26 unique 

aa residues replacing the COOH-terminal part of the LBD, and shows different 

transcriptional activity in reporter assays. 

In general, ERβ opposes the function of ERα as explained by differences in 

structural homology, expression pattern, and by activating different transcriptional 

programs. ERβ is expressed in many tissues. The targeted disruption of ERβ in mice has 

suggested the importance of ERβ in tissues and organs, including the ovary, uterus, 

mammary gland, brain, immune system, and ventral prostate. Other than maintaining the 

normal physiology, ERs are also important in diseases and malignancies of hormone-

dependent tissues. In general, for tissues in which both receptor subtypes are expressed, 

wild type ERβ (ERβ1) opposes ERα-mediated cellular processes such as cell survival, 

proliferation, and migration that can differentially regulate normal physiology and 

various diseases. For instance, ERβ1 downregulates cell proliferation as opposed to ERα 

in malignant breast. Furthermore in prostate cancer, ERβ1 is known to decrease 

epithelial-to-mesenchymal transition (EMT) and induce apoptosis. ERβ isoforms exert 
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different roles; including ERβ2 and ERβ5 which are associated with increased metastasis 

and aggressive phenotype in prostate cancer and ERβ2 favors EMT and lymph node 

metastasis in ovarian and colon cancers. Thus different ERβ isoforms demonstrate 

distinct prognosis, and further selective ERβ activation is suggested as a potential 

therapeutic approach in many diseases (Kuiper et al. 1996, Palmieri et al. 2002, 

Pettersson and Gustafsson 2001, Thomas and Gustafsson 2011, Zhao et al. 2003).    

 

 1.4 Estrogen receptor β in breast cancer   

ERβ is expressed in the majority of breast cancers but the level of expression is 

lower in than the normal breast. ERβ expression declines when tumors progress from 

normal to invasive carcinoma or with the acquisition of resistance, which can be partially 

explained by the increased promoter methylation. These observations suggest a possible 

involvement of the receptor in a mechanism that regulates the disease (Hartman 2009, 

Thomas and Gustafsson 2011, Zhao et al. 2003).  

Given the downregulation of ERβ1, induction of the receptor in ERα-positive 

T47D, triple-negative Hs578T cells, or ligand-dependent activation of ERβ in both 

human and mouse mammary breast cancer cell lines have elicited an anti-proliferative 

effects through multiple cell cycle regulatory events. Additionally, ERβ1 has been shown 

to decrease cell survival in genotoxic drug-treated triple-negative and phytoestrogen-

treated ERα-positive cells. Gene expression analyses of ERβ1-expressing MCF-7 and 

T47D cells have shown ERβ-mediated suppression of ERα-responsive genes that regulate 

proliferation and metabolism. ERβ-mediated repression of ERα-responsive genes in 
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androgen-treated ERα-positive breast cancer cells has been shown to upregulate cellular 

apoptosis. Furthermore, ERβ1 has been shown to sensitize breast cancer cells to the anti-

estrogen tamoxifen by increased ERβ1 receptor stabilization and heterodimer formation. 

Moreover, transplantation of ERβ1-expressing breast cancer cells in the mammary pad of 

immunodeficient mice has been shown to impede tumor growth and angiogenesis. 

Accumulating evidence based on preclinical models suggest a protective and suppressive 

role of ERβ in breast carcinogenesis. Given the favorable role of ERβ, selective 

restoration of ERβ through promoter demethylation or ligand-dependent induction of the 

receptor has been suggested as a viable clinical approach. (Chang et al. 2006, Cheng et al. 

2012, Haldosen et al. 2014, Hartman et al. 2009, Rizza et al. 2014, Strom et al. 2004, 

Thomas et al. 2011, Williams et al. 2008, Wu et al. 2011).  

Even though preclinical models support the predictive value of ERβ, there is no 

consensus on the prognostic or predictive value of ERβ, due to discrepancies of clinical 

studies. This is basically due to the presence of different ERβ isoforms, inadequacy of 

sample sizes, and validity of antibodies. However, the majority of retrospective studies 

with few exceptions have associated ERβ1 with better overall survival in HER2, triple-

negative, and basal-like cancers and with better response to tamoxifen treatment. This is 

consistent with increased tamoxifen sensitivity in ERα-positive cancer with the induction 

of ERβ1. Nuclear ERβ2 associates with increased local control, while cytoplasmic ERβ2 

is related to poor prognosis in invasive carcinomas. ERβ5 has been shown to be 

associated with better overall survival. However, additional studies are required to 

establish the relation between ERβ1 and clinicopathological features (Marotti et al. 2010, 

Shaaban et al. 2008, Thomas and Gustafsson 2011).  
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Taken together, wild-type ERβ can be claimed as a potential tumor suppressor 

with its anti-proliferative and pro-apoptotic properties both in vivo and in vitro. However, 

discrepancies in some observations and many more undiscovered aspects such as cellular 

apoptosis, migration, invasion, and the role of ERβ isoforms are some of the current 

challenges. Therefore, explorations of new pathways that potentially interact with ERβ 

and intersect with estrogen-signaling are of acute need to enhance knowledge, to 

overcome discrepancies, and to validate the role of ERβ in breast cancer. 

 

1.5 Unfolded protein response 

1.5.1 Historical perspective into unfolded protein response 

Initial findings on the unfolded protein response (UPR) emerged in the late 1970’s 

with the identification of a set of genes induced in response to glucose deprivation in 

Rous sarcoma virus-transformed fibroblasts and in stems of glucose-deficient rice plants 

(Lee et al. 1983, Shiu et al. 1977). Thus the cohort of genes was termed glucose-regulated 

proteins (GRP78/94). Later an endoplasmic reticulum (EnR)-resident protein, important  

in the proper assembly and obstructing the premature exit of immunoglobulins from the 

EnR of B cells, was ascertained as immunoglobulin-binding protein (Bip) and 

characterized to be same with GRP78 (Haas and Wabl 1983).  Observation of GRP-

mediated aggregation of heat damaged proteins, and unfolded influenza hemagglutinin-

mediated induction of GRPs lead to the designation of a UPR pathway (Munro and 

Pelham 1987, Kozutsumi et al. 1988). Marking a landmark, UPR element (UPRE) 
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required for transcriptional induction of UPR genes, and UPR transducer, inositol 

requiring enzyme 1(IRE1) were identified in Saccharomyces cerevisiae (Cox et al. 1993, 

Mori et al. 1993). Subsequently, unconventional splicing machinery of yeast Hac1 

mRNA and over 350 downstream UPR target genes were delineated (Kawahara et al. 

1998, Sidrauski et al. 1996). More insights into mammalian systems unearthed the 

metazoan orthologs of UPR, X-box-binding protein-1 (XBP-1), IRE1, and two additional 

branches, namely ATF6 and PERK (Harding et al. 2000, Haze et al. 1999, Kaufman 

2002). Discovery of “EnR conformation/storage diseases” underlined the importance of 

UPR in the pathophysiology of numerous diseases (Kim and Arvan 1998). Ever since, 

UPR continues to evolve as a key pathway and therapeutic modality in human health and 

diseases.  

 

1.5.2 Endoplasmic reticulum and protein folding machinery 

The endoplasmic reticulum (EnR) is a large, membrane-bound organelle 

comprised of structurally and functionally distinct domains, with numerous membrane 

contacts with nucleus and sub-cellular organelles. EnR allows the segregation of 

numerous biochemical reactions into confined microenvironments in the eukaryotic cell. 

The EnR is the primary site for the folding and maturation of transmembrane and 

secretory proteins, further serves as the site for sterols and lipid biosynthesis (Borgese et 

al. 2006, English et al. 2009).  

Protein folding takes place in both the cytosol and EnR. However, more complex 

folding and post-translational modifications take place only in the EnR. The EnR has 
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specialized pathways and quality control systems to ensure proper folding of proteins, 

and to avert premature exit of unfolded proteins or folding intermediates. Nascent 

polypeptides enter the EnR through a peptide translocon and undergo a series of 

conformational changes (Matlack et al. 1998). Protein folding starts co-translationally, 

and is followed by the post-translational folding of the released polypeptides. Finally, 

oligomeric assembly takes place when proteins reach their most energetically favorable 

“native conformation” (Ellgaard & Helenius 2003). Three types of proteins regulate the 

folding machinery, namely foldases, chaperones, and lectins. Foldases catalyze the 

folding process, chaperones shield unfolded proteins from the surroundings and prevent 

non-specific aggregations, and lectins identify the nascent polypeptides. Briefly, 

incoming polypeptides receive an aspargine-linked carbohydrate “glycan code” as a 

quality-control and maturation tag (Hebert et al. 2005). These oligosaccharide groups are 

modified by glucosidases, recognized by EnR lectins calnexin/calreticulin (CNX/CRT) to 

facilitate the folding. Once released from CNX/CRT cycle, proteins acquire their native 

conformation, and the folding landscape varies from milliseconds to hours based on the 

structural complexity of proteins. Partially folded proteins are identified by chaperones 

and reprocessed by the CNX/CRT cycle (Kleizen and Braakman 2004). Misfolded 

proteins are identified by aggregations, exposed hydrophobic and cysteine residues, and 

subjected to EnR associated degradation (ERAD), through interaction with EnR 

degradation enhancing proteins (EDEM) and mannosidase I.  Unfolded proteins are retro-

translocated to the cytosol for degradation by the ubiquitin proteasome system (Ellgaard 

& Helenius 2003). Protein folding machinery is a highly fragile, thermodynamic and 

kinetic system that relies on the fine-tuning of the EnR biochemical environment. 
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Perturbed EnR microenvironment activates adaptive cell survival pathways to reinstate 

EnR homeostasis (Schroder and Kaufman 2005). 

 

1.5.3 Mammalian unfolded protein response 

Massive influx of nascent polypeptides or microenvironment changes such as 

glucose deprivation, hypoxia, aberrant Ca2+ regulation, disturbances to the redox balance, 

or physiological conditions like aging and diseases can disturb the protein-folding 

machinery leading to an accumulation of misfolded proteins in the EnR lumen. Under 

these conditions an integrated cellular homeostasis mechanism termed unfolded-protein 

response (UPR) or EnR stress response activates to bring the folding capacity in line with 

the folding demand of the cell. UPR is a highly evolutionary conserved pathway and 

mammals have more evolved comprehensive pathways, additional sensors, and integrated 

approach for both translational and transcriptional control (Chakrabarthi et al. 2012, 

Schroder and Kaufman 2005, Shen et al. 2004). 

The accumulation of unfolded proteins is sensed by the master regulator of UPR, 

GRP78. Under physiological conditions, GRP78 binds with EnR-transmembrane 

receptors, inositol-requiring enzyme-1 (IRE1), double-stranded RNA-activated protein 

kinase (PKR)-like endoplasmic reticulum kinase (PERK), and activating transcription 

factor 6 (ATF6). Upon the accumulation of unfolded proteins, GRP78 releases to activate 

the IRE1, PERK, and ATF6 pathways. Therefore, the folding demand of EnR is 

downregulated, while the folding capacity is upregulated. To decrease the folding 
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demand, cellular transcription and translation are transiently decreased. The clearance of 

unfolded and misfolded proteins is increased. Additionally, the folding capacity is 

enhanced through increased synthesis of molecular chaperones and foldases, and the EnR 

increases in size to dilute the unfolded protein load. However, cells experiencing 

sustained and irreversible EnR stress are eliminated through programmed cell death 

(Chakrabarthi et al. 2012, Schroder and Kaufman 2005, Zhang and Kaufman 2006).  

 

1.5.3.1 Transcriptional control  

A) Inositol-requiring enzyme-1 (IRE1) pathway 

The IRE1 pathway is activated through the activation of IRE1α or IRE1β proteins, 

and of these, IRE1α is ubiquitously expressed while IRE1β shows gut-restricted 

expression. Dissociation of GRP78 from IRE1 leads to the oligomerization and 

phosphorylation of the cytoplasmic domain, activating kinase and endoribonuclease 

activity of IRE1 (Schroder and Kaufman 2005).  Endoribonuclease activity cleaves a 26-

nucleotide intron from the X-box-binding protein-1(XBP-1) mRNA creating a 

translational frame shift to generate a strong transcriptional factor, spliced XBP-1(XBP-

1s) (Yoshida et al. 2001). Briefly IRE1 cleaves both 5’- and 3’- exon-intron junctions of 

XBP-1 mRNA, and tRNA ligase joins the exons introducing an alternative C terminus 

with a strong transcriptional activation potential. XBP-1s translocates to the nucleus and 

binds to ERSE (CCAAT(N9)CCACG) present in the promoters of chaperones and ERAD 

genes to upregulate the folding capacity of the cells (Shen et al. 2004).  
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The second axis triggered by IRE1 is a late-phase, pro-apoptotic pathway. IRE1 

interacts with tumor necrosis factor receptor-associated factor 2 (TRAF2) to drive signal-

regulating kinase (ASK1) activation and subsequent c JUN NH2-terminal kinase (JNK) 

and p38MAPK activation. This pathway regulates terminal cellular apoptosis by acting 

on BCL-2 on the EnR (Lei and Davis 2003, Urano et al. 2000). IRE1 has been shown to 

modulate the extracellular signal-regulated kinases (ERKs) and nuclear factor κB (NF-

κB) pathways as well. However, the exact role of this activation in the UPR has not been 

fully elucidated (Chakrabarti et al. 2012). 

IRE1 assembles more than forty proteins to create an UPRosome, where different 

modulator and adaptor proteins regulate the kinetics and amplitude of UPR effector 

responses. Some of the components in the assembly include members of the BCL-2 

family and heat shock proteins (Woehlbier and Hetz 2011). 

 

B) Activating transcription factor 6 (ATF6) pathway 

ATF6 is a type-II transmembrane protein with two homologues, ATF6α and 

ATF6β. It contains luminal EnR stress sensor and N-terminal cytoplasmic regions with a 

bZIP and DNA transcription activation domain. Upon the dissociation of GRP78, ATF6 

translocates to the golgi, undergoes regulated intramembrane proteolysis by serine site-1 

protease (S1P) and site-2 protease (S2P). ATF6 is processed to generate a bZIP-

containing transcriptional factor to regulate the expression of genes with ERSE and 

ATF/cAMP response elements (Wang et al. 2000, Yoshida et al. 1998). ATF6 primarily 
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executes a pro-survival gene expression program through enhanced transcription of 

chaperones and degradation proteins (Yoshida et al. 2001). 

Even though both ATF6 and IRE1 aim on transcriptional regulation, there is a 

time-dependent transition of two phases as the signal progresses. Activation of ATF6 is 

more rapid as it triggers with a pre-existing protein than that of XBP-1 in the IRE1 

pathway. The difference in timing well resembles the purpose where ATF6 primarily 

focuses on enhanced refolding, whereas IRE1 focuses on both refolding and degradation 

processes (Yoshida et al. 2003).  

 

1.5.3.2 Translational control  

A) Double-stranded RNA-activated protein kinase (PKR)-like endoplasmic reticulum 

kinase (PERK) 

Activation of EnR-type I transmembrane protein, PERK transduces both pro-

survival as well as pro-apoptotic signals. However, the major consequence is translational 

regulation. Activation of PERK triggers the phosphorylation of eukaryotic initiation 

factor 2α (eIF2α) to attenuate the global protein translation, offering the cell adequate 

time to clear the unfolded proteins (Harding et al. 2000). Further, phosphorylation of 

eIF2α preferentially translates mRNAs with short upstream open reading frames (uORFs) 

such as activating transcription factor 4 (ATF4). ATF4 induces pro-survival genes that 

regulate amino acid metabolism, antioxidant response, and redox state. Another 

important ATF4-driven pro-survival pathway is the activation of autophagy to remove 

the unfolded protein intermediates. However if the cell cannot relieve the EnR stress, 
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ATF4 in turn activates its pro-apoptotic arm through activation of CHOP (C/EBP 

homologous protein-10/ GADD153) (Harding et al. 2000). CHOP downregulates BCL-2 

expression to sensitize cells towards apoptosis, and induces the expression of GADD34 

to reverse the eIF2α-mediated translational repression by a negative feedback loop 

(McCullough et al. 2001, Novoa et al. 2001). IRE1 pathway component, P58IPK has also 

shown to inhibit PERK. These late phase negative regulations indicate the end of the 

transient cell recovery phase, and mark the initiation of cellular apoptosis cascade 

(Chakrabarthi et al. 2011, Schroder and Kaufman 2005). 

The second axis of the PERK activation is the Nrf2 pathway (Nuclear factor 

(erythroid-derived 2)-like 2). Under oxidative stress, Nrf2 binds to the anti-oxidant 

response element and upregulates the cytoprotective genes (Cullinan et al. 2003).   
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Figure 1.4: Mammalian unfolded protein response 
Accumulation of unfolded proteins in the EnR leads to GRP78 release from PERK, ATF6 
and IRE1. Activation of PERK pathway induces a translational block and ATF4-
mediated gene transcription.  Upon the activation, ATF6 is cleaved and translocates to 
the nucleus to upregulate UPR target genes. Upon activation, IRE1 splices XBP-1 
mRNA, resulting in XBP-1s protein binding to ERSE to upregulate EnR stress response 
genes. The image is adopted from Szegezdi et al. 2006. 
 

 

1.5.4 Endoplasmic reticulum stress-induced apoptosis 

UPR is an adaptive cell survival mechanism and initially it aims at compensating 

the cellular damage. However, with prolonged EnR stress, cellular apoptosis is triggered 

as an elimination mechanism. The switch from pro-survival to pro-death is not very well 

understood. However, it is suggested that PERK pathway inhibition by GADD34 and 

P58IPK, and the IRE1 interactions with JIK (JNK-inhibitory protein) and JAB1 (Jun-

activation domain-binding protein 1) determine the response, and CHOP is a key 
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regulator. PERK pathway-mediated CHOP upregulation and JNK-mediated BCL-2 

phosphorylation modulate cellular apoptosis. Cells utilize both intrinsic and extrinsic 

pathways to commit the cell fate decision (Szegezdi et al. 2006, Tabas and Ron 2011, Xu 

et al. 2005).  

EnR-resident BCL-2 family members are the key mediators of EnR stress-induced 

apoptosis, where overexpression of anti-apoptotic BCL-2 or deficiency of pro-apoptotic 

Bax or Bak have shown to resist lethal EnR stress. In unstressed cells, sequestration of 

Bak/Bax with BCL-2 in the EnR membrane prevents the apoptosis. Under chronic stress, 

CHOP upregulation decreases BCL-2 on EnR, and simultaneous IRE/JNK-mediated 

phosphorylation of BCL-2 members mark the commitment phase through the dissociation 

of BCL-2-Bax/Bak heterodimer in EnR. Subsequent oligomerization and insertion of Bak 

and Bax into the EnR membrane cause efflux of Ca2+ to the cytoplasm. Execution phase 

is initiated by rapid uptake of Ca2+ by mitochondria membrane collapsing the 

mitochondrial inner membrane potential. Subsequently cytochrome c releases from 

mitochondria, apoptosome is formed, and caspase-3 is activated.  

In parallel, a mitochondria-independent pathway has been shown to be activated. 

Augmentation of cytosolic Ca2+ pool activates proteolytic enzyme calpain and pro-

caspase-12 in murine models. Activated caspase-12 orchestrates caspase-9 to trigger 

executioner caspase-3. In humans, the deficiency of functional caspase-12 has raised the 

validity of the pathway; however, EnR-resident caspase-4 has been suggested to 

compensate the silenced human ortholog (Shen et al. 2004, Shiraishi et al. 2006, Szegezdi 

et al. 2006).   
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Figure 1.5: Endoplasmic reticulum stress-induced apoptosis 
Under stress free conditions BCL-2 heterodimerizes with Bax/Bak and preserves EnR 
membrane permeability. Under stress PERK/CHOP-mediated downregulation of BCL-2 
and IRE1/JNK-mediated phosphorylation of BCL-2 promotes Bak-Bax complex 
formation and subsequent Ca2+ release. It disturbs mitochondrial membrane stability 
leading to the induction of caspase-dependent apoptosis. Image is adopted from Szegezdi 
et al. 2006. 
 

 

1.5.5 Physiological importance of mammalian unfolded protein response 

Over the process of evolution, single-armed UPR has expanded into a three-

pronged system with greater functionality and flexibility to better serve complex body 

organizations. UPR is a vital physiological process in embryogenesis, growth, and 

differentiation of secretory cells. Upregulation of the UPR occurs in plasma B cells, 
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hepatocytes, neurons, osteoblasts, endocrine cells, and mammary tissue to cope with the 

cellular secretory demand (Rutkowski and Hegde 2011, Wu and Kaufman 2006).  

UPR induction based on nutrient flux and metabolic cues has been noted, while 

circadian cycle-dependent diurnal induction of UPR has been observed in rodents 

(Cretenet et al. 2010). Cell cycle–dependent, stress-independent UPR has been reported 

in cytokinesis (Bicknell et al. 2007). Hormonal activation of UPR has been observed in 

GNRH (Gonadotrophine-releasing hormone)-treated gonadotrophs and TSH (thyroid-

stimulating hormone)-stimulated thyrocytes (Christis et al. 2010, Do et al. 2009). UPR is 

a house keeping mechanism, and silencing of UPR components have been shown to 

cause embryonic lethality and adverse physiological consequences in later life 

(Rutkowski and Hegde 2011).  

 

1.5.6 Unfolded protein response in human health and diseases 

UPR is quiescent in most of the cells under physiological conditions. However, 

many pathological conditions associated with UPR give rise to “EnR 

conformation/storage diseases” (Kim and Arvan 1998, Schroder and Kaufman 2005). In 

most of the diseases the primary cause or the proximal effect might not be the UPR, but 

the crosstalk between the EnR and cellular pathway triggers in the UPR-driven disease 

course. EnR stress-induced pathophysiology is seen in metabolic diseases, inflammation, 

neurodegeneration, autoimmunity, and cancer (Schroder and Kaufman 2005, Wang and 

Kaufman 2012). Defective UPR has been observed in numerous human viral, bacterial, 

and parasitic infections. The importance of UPR in human health and diseases is 
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immense, and expanding with extensive focus on targeting UPR on therapeutic grounds 

(Goldshmidt et al. 2010, He 2006, Lim et al. 2010).  

 

1.5.7 Unfolded protein response in cancer 

Hypoxic, hypoglycemic, and acidotic tumor microenvironment activates hypoxia 

inducible factor (HIF)-independent adaptive cell survival pathways such as UPR (Ma and 

Hendershot 2004). UPR is a key to maintain tumor malignancy, cell survival, decreased 

local control, increased metastasis, and therapeutic resistance (Chemo-, endocrine-, and 

radioresistance) (Feldman et al. 2005, Ma and Hendershot 2004, Nagelkerke et al. 2013). 

Preclinical models of breast cancer, hepatocellular carcinoma, gastric tumor, and other 

types of cancer have shown upregulation of all three arms of UPR (Li et al. 2011). 

Furthermore, upregulation of the UPR sensor GRP78 is considered as an indication of 

resistance or tumor transformation, and correlates with higher pathologic grade, 

recurrence rate, and poor survival in patients with breast, liver, prostate, colon, and 

gastric cancers (Li and Lee 2006). Animal studies have supported UPR-mediated 

tumorigenesis and angiogenesis whereas, XBP-1 knockout cells, GRP78 anti-sense 

constructs, and PERK deficiency regress the tumor formation and survival (Feldman et 

al. 2005, Li et al. 2011, Romero-Ramirez et al. 2004).  

UPR is latent in normal cells but active in a majority of cancers, offering a 

therapeutic target. Currently there are two basic approaches, either by aggravating the 

EnR stress or by suppressing the UPR activation. Proteasome inhibitor, bortezomib (Bz) 

obstructs the degradation of unfolded proteins, aggravates the stress and thereby reduces 
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cell survival. Bz is the first FDA-approved UPR drug, and is used in treating 

hematological malignancies. Bz has been shown to increase the efficacy of combinational 

therapies in breast, gastric, prostate, and non-small cell lung cancers in clinical trials. In 

addition, many potential UPR targeting compounds have been developed and are on the 

pipeline (Roccaro et al. 2006). 

 

1.5.8 Mammary morphogenesis, breast cancer, and unfolded protein response 

Mammary morphogenesis is a dynamic, well-orchestrated biological process with 

a series of changes taking place during embryogenesis, puberty, and pregnancy. 

Mammary tissue exhibits a great competence to remodel, differentiate, relapse, and 

regenerate during each phase under stringent endocrinological regulation. In each 

pregnancy, mammary tissue undergoes proliferation of luminal epithelium, differentiation 

into secretory alveoli, and post-lactational regression by a massive programmed cell 

death. These sequential processes require a fine integration of numerous cell signaling 

pathways and hormones like estrogen (Gjorevski and Nelson 2011). During the 

differentiation and lactation processes, the stress imposed by the extensive synthesis of 

milk proteins is well regulated by the activation of UPR pathways. Further, during the 

involution process, cell fate decisions are regulated by the UPR as well. Therefore, UPR 

resembles a key node in mammary homeostasis, and aberrant regulation of this signaling 

cascade can have major consequences (Clarke et al. 2012).   

Neoplastic breast has gained the opportunistic advantage of the housekeeping 

mechanisms, UPR and estrogen signaling, to thrive in a poorly vascularized cellular 
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microenvironment (Scriven et al. 2009). Major UPR component, XBP-1 is known for its 

estrogen-dependence, moreover estrogen-stimulated PERK, IRE1, and ATF6 induction is 

reported in the malignant breast (Andruska et al. 2014, Sengupta et al. 2010). XBP-1 

facilitates tumorigenicity and cancer progression in triple-negative breast cancer by 

driving hypoxia-driven gene signatures (Chen et al. 2014).  Further, in triple-negative 

breast cancer cells, XBP-1-induced Snail expression has been shown to promote 

epithelial-to-mesenchymal transition (Li et al. 2014). In mammary tumor models, XBP-1 

or GRP78 deficiency led to a dramatic reduction in tumor angiogenesis and metastatic 

growth. Accumulating evidence suggests UPR as a key to metastasis and cytoprotection 

in the malignant breast (Clarke et al. 2012). Many components of UPR have been 

targeted, and the drugs under clinical trials are Bz, Heat shock protein inhibitors and 

IRE1 inhibitors (Li et al. 2011). 

 

1.5.9 Unfolded protein response in therapeutic resistance  

Systemic treatment of breast cancer includes cytotoxic, hormonal, and 

immunotherapeutic agents. These therapies are used in the adjuvant, neoadjuvant, and 

metastatic settings. Master regulator of UPR, GRP78 is over-expressed in the majority of 

breast cancers, and correlates with higher pathologic grade, recurrence rate, and poor 

survival in patients with breast cancer. Additionally, GRP78 has been linked with shorter 

recurrence-free survival in patients undergoing adjuvant doxorubicin-based 

chemotherapy (Lee et al. 2006, Lee et al. 2011, Scriven et al., 2009). On the other hand, 

GRP78 expression correlates with better recurrence-free survival in taxane-based therapy 
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potentiating the role of an independent predictor of adjuvant cancer chemotherapy (Lee et 

al. 2011). GRP78 and XBP-1 are the main culprits governing the acquired endocrine and 

chemoresistance, and in vitro targeting of GRP78 and XBP-1 has been shown to restore 

the sensitivity (Chen et al. 2014, Cook et al. 2012, Davies et al. 2008). 

Estrogen is known to stimulate XBP-1 and GRP78 (Luvsandagva et al. 2012, 

Sengupta et al. 2010). XBP-1 is in the luminal gene expression signature and is often 

highly co-expressed with ERα (The cancer genome atlas network, 2012). Mounting 

evidence supports that XBP-1s and ERα interaction confer endocrine resistance and 

estrogen independence in breast cancer (Ding et al. 2003, Gomez et al. 2007). However, 

the role of the second estrogen receptor in this context has not been experimentally 

tested.   

 

1.6 Epithelial-to-mesenchymal transition 

Epithelial-to-mesenchymal transition (EMT) is a vital process utilized in 

embryogenesis, organogenesis, and tissue regeneration, and also in tissue fibrosis and 

cancer metastasis. During EMT, epithelial cells undergo a series of biochemical changes 

leading to the loss of cellular polarity, cohesiveness, and the acquisition of mesenchymal, 

fibroblast-like properties. Mesenchymal phenotype is often associated with enhanced 

migration, invasiveness, and resilience. EMT is categorized into three types, where type 1 

is associated with the implantation and embryogenesis processes, and type 2 occurs in the 

context of inflammation and tissue fibrosis. Type 3 occurs in neoplastic cells that have 

previously undergone genetic and epigenetic alterations. EMT in cancer generates serious 
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consequences through enhanced metastasis, invasion, and resistance (Kalluri and 

Weinberg 2009). 

The exact trigger and regulatory network of type 3 EMT is not well known. 

However, it is suggested that genetic and epigenetic alterations acquired during 

tumorigenesis make primary cancer cells extra sensitive to growth factor signaling in the 

tumor stroma. Growth factor signaling (TGF, EGF) activates intra-cellular signaling 

pathways such as PI3K, Akt, ERK, and Smads. Intra-cellular signaling activates EMT-

inducing transcriptional factors or “EMT master genes” such as Snail, slug, zinc finger E-

box activating factor 1/2 (ZEB), and twist. Micro-RNA family 200 and 205 regulates 

EMT by mediating the crosstalk between EMT master genes and intracellular signaling 

pathways. Upon induction, EMT master genes regulate transcriptional repression of 

genes involved in cell adhesion and polarity. As a consequence, epithelial adhesion 

molecule E-cadherin is suppressed and mesenchymal marker N-cadherin is increased. 

This fine-tuned change in the cadherin family is a hallmark of EMT, and is termed as the 

“E-cadherin switch”. Expression level of E-cadherin is considered a marker of EMT, and 

in cancer E-cadherin inversely correlates with patient survival. Furthermore, mice lacking 

E-cadherin shows increased metastasis, and mutations in E-cadherins in humans, increase 

cancer cell metastasis (Comijn et al. 2001, Gregory et al. 2008, Hirohashi et al. 1998, 

Kalluri and Weinberg 2009, Muta et al. 1996, Park et al. 2008). 

EMT has been shown to enhance the metastatic potential of many types of cancer 

including lung, cancers of the gastro-intestinal tract, ovary, prostate, and breast. 

Decreased local control and enhanced metastasis makes breast cancer a challenging 

disease entity. Basal-like breast cancers are often aggressive and metastasize into hardly 
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manageable sites like brain and lungs making the prognosis very poor. Breast cancer is 

highly heterogeneous, and therefore it can be suggested that particular phenotypic 

plasticity makes basal-like cancers more prone to EMT. Since breast tissue predominately 

depends on hormones for each phase of differentiation, estrogen signaling also plays a 

part in the complex network signaling in basal-like breast. Estrogen and estrogen 

regulated transcription factors have shown to regulate EMT in ovary and prostate 

cancers. Few studies have looked into the role of estrogen signaling in the network 

topology of EMT in breast cancer, and have demonstrated estrogen receptor involvement 

in the EMT paradigm. (Craene and Berx 2013, Heldring et al. 2007, Muta et al. 1996, 

Saleh et al. 2011, Sarrio et al. 2008, Scherbakov et al. 2012, Steinestel et al. 2014). 

  

1.7 Aims of the dissertation 

 The overall aim of the dissertation was to gain more insights into the role of wild-

type ERβ (ERβ1) in breast cancer. The specific aims of the study were:  

1. To investigate the role of ERβ1 in the unfolded protein response in breast cancer. The 

specific objectives were to study:  

a. The role of ERβ1 in the inositol-requiring enzyme-1 (IRE1) pathway of breast 

cancer using triple-negative and ERα-positive breast cancer cells 

b. The role of ERβ1 in modulating the therapeutic resistance through the IRE1 

pathway of tamoxifen-resistant breast cancer cells 
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c. The role of ERβ1 in the double-stranded RNA-activated protein kinase (PKR)-

like endoplasmic reticulum kinase (PERK) pathway of the breast cancer in 

triple-negative and ERα-positive breast cancer cells 

2. To investigate the role of ERβ1 in the epithelial-to-mesenchymal transition in basal-

like breast cancer cells.  
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Chapter 2 

Materials and methods 

2.1 Cell culture, reagents, and treatments  

The breast cancer cell lines (MDA-MB-231, MCF-7, and Hs578T) and lung 

cancer cell line (H1299) were obtained from American Tissue Culture Collection 

(Manassas, VA). MDA-MB-231 cells were cultured in phenol-red RPMI-1640 

(Invitrogen, Carlsbad, CA), and MCF-7 cells were cultured in low-glucose DMEM 

(Invitrogen, Carlsbad, CA) media, supplemented with 10% fetal bovine serum (FBS) and 

1% kanamycin (Gibco, Invitrogen, Carlsbad, CA). The cells were maintained in 5% CO2 

humidified atmosphere at 37°C. Tamoxifen-resistant MCF-7-RR cells were provided by 

Dr. Robert Clarke (Lombardi Comprehensive Cancer Center, Georgetown University, 

Washington, D.C.) and were routinely grown in phenol red-free IMEM media 

(Invitrogen, Carlsbad, CA), supplemented with 5% charcoal-stripped fetal calf serum 

(FCS), 1% kanamycin (Gibco, Invitrogen, Carlsbad, CA), and 1µM of 4-OH-tamoxifen 

(Sigma-Aldrich, St. Louis, MO). In experiments with the endoplasmic reticulum (EnR)-

stress inducers (Thapsigargin and Bortezomib; Sigma-Aldrich, St. Louis, MO), estrogen 

receptor-specific ligands; 17β-Estradiol (E2),  2,3-bis (4-hydroxy-phenyl)-propionitrile 

(DPN), Propyl pyrazoel triol (PPT), ICI 182780 (Tocris Bioscience, Bristol, UK), and 

genotoxic agent (cisplatin; Sigma-Aldrich, St. Louis, MO), the cells were maintained in 

phenol red-free media containing 5% dextran-coated charcoal treated (DCC)-FCS for 48 

h. The cells were either treated with vehicle, or 10 nM of E2, DPN, PPT, and ICI. 

Actinomycin D, MG-132, and cycloheximide (Sigma-Aldrich, St. Louis, MO) treatments 
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were performed in phenol red-free media containing 5% DCC-FCS. All the experiments 

were carried out using the cells with the passage number lower than thirty. 

 

2.2 Generation of stable cell lines and transfections 

MDA-MB-231, MCF-7, MCF-7-RR, and Hs578T cells were infected with 

lentiviruses containing the pLenti6/V5 empty vector or the recombinant pLenti6/V5-D-

FLAG-ERβ1 plasmids. The details are described elsewhere (Thomas et al. 2012). The 

infected cells were selected with blasticidine S hydrochloride (Sigma-Aldrich, St. Louis, 

MO). Furthermore, MDA-MB-231 cells were infected with pLenti6/V5-D-FLAG-ERβ2 

and pLenti6/V5-D-FLAG-ERα plamids. The infected cells were selected with 

blasticidine S hydrochloride. To test the effect of variable ERβ1 expression levels, MDA-

MB-231-ERβ1 and MCF-7-RR-ERβ1 cells were re-infected with recombinant 

pLenti6/V5-D-FLAG-ERβ1 construct.   

MDA-MB-231-ERβ1 cells were stably transfected with recombinant pIRESpuro-

BCL-2cb5 expression vector and pIRESpuro control vector for the experiments with 

BCL-2cb5.  EnR-targeted BCL-2 expression plasmid (pIRESpuro-BCL-2cb5) contains 

the full-length human BCL-2 cDNA with a deletion at the C-terminal 658-720 base pairs 

(corresponding to amino acids 210-239), ligated with the EnR-targeting signal sequence 

of human cytochrome b5. The cells with stable BCL-2cb5 expression were selected with 

puromycin. The cells were transiently transfected with ds-RED carrying EnR retention 

sequence, for the immunofluorescence experiments. (Thomas and Spyrou 2009).  
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MCF-7 cells were transfected twice with ERβ-specific siRNAs (target sequence 1: 

5’-TTAGCGACGTCTGTCGCGTCTTCAC-3’, 2: 5’-TTACGACATTAAGTAGTGTC-

GTCCC-3’ (Invitrogen, Carlsbad, CA), and control luciferease-siRNA (Cat. No.12935-

146, Invitrogen, Carlsbad, CA). Proteins and RNA were collected 72 h post-transfection. 

MDA-MB-231 cells were transfected with microRNA inhibitors at a final 

concentration of 300 nM (100 nM of each of miR-200a, miR-200b, and miR-429: 2’-O-

Methylmodified oligonucleotides (Dharmacon, Waltham, MA), or 300nM of the negative 

control inhibitor.  

MDA-MB-231 cells were incubated in DCC-FCS media for 48 h, and transfected 

with 800 ng of DNA/well (3-ERE-TATA-LUC reporter plasmid and β-galactosidase 

plasmid) for ERE-luciferase reporter assays. 

All the transfections were performed with standard protocol for Lipofectamine 2000 in 

Opti-Mem media (Invitrogen, Carlsbad, CA). 

 

2.3 Cell survival assays 

Control and ERβ1-expressing MDA-MB-231, MCF-7, and MCF-7-RR cells were 

seeded at a density of 7.5×105 cells/well/6-well plate. Cells were treated with vehicle or 

EnR stress inducers (200 nM of thapsigargin and 100 nM of bortezomib) in 5% DCC 

media. The cells were imaged after 30 h, using 20X objective of OLYMPUS IX51 

microscope equipped with an OLYMPUS XM10 camera (OLYMPUS, Center Valley, 

PA). Cells were trypsinized and stained with tryphan blue (Sigma-Aldrich, St. Louis, 
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MO). The viable cells were counted using the Hausser Levy hemocytometer (Fisher 

Scientific, Waltham, MA).  

Control and ERβ1-expressing MCF-7-RR cells were seeded at a density of 

1.5×104 cells/well/12-well plate. The cells were treated with 4-OH-tamoxifen in 5% DCC 

media for five consecutive days. Cell survival was assessed by measuring the DNA 

content using FluoReporter® Blue fluorometric ds-DNA quantitation kit (Life 

Technologies, Grand Island, NY).  The plates were stored at -80°C for one day. 

Subsequently, the frozen cells were thawed with 350 µl of water. Finally, 350 µl of 

FluoReporter dye, diluted at a consistency of 25 µl dye in 10 ml TNE buffer, was 

introduced to each well.  

The fluorescence intensity was measured (excitation: 360 nm and emission: 460 

nm) with a fluorescence microplate reader (PerkinElmer-2030 Victor X4, Waltham, 

MA). The background intensity was measured using the blank wells, and subtracted from 

the sample intensities. The fluorescence intensity of each sample was normalized to 

vehicle-treated control.  

 

2.4 Quantification of apoptosis by flow cytometry 

Cells were seeded at a density of 3×105/6-well plate and were maintained in 5% 

DCC media for 48 h. The cells were treated with vehicle, EnR stress inducers (200 nM of 

thapsigargin and 100 nM of bortezomib), or 1 µM of genotoxic agent (cisplatin) for 24 h. 

Cells were trypsinized, collected, and washed with ice-cold PBS. Subsequently, the cells 

were fixed with 70% ethanol overnight at 4°C, and incubated with 50 µg/ml of propidium 
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iodide (PI) for 30 minutes in 37°C. The cells were analyzed for the cell cycle stages with 

BD FACSAria™ II (BD Biosciences, San Jose, CA). Histogram resolutions were 

analyzed using FlowJo.10 cell cycle analysis software (Tree Star, Ashland, OR).  

 

2.5 Protein extraction  

The cell lysates were prepared in RIPA lysis buffer (50 mM Tris–HCl (pH 7.5), 

150 mM NaCl, 0.1% SDS, 0.5% deoxycholate, and 1% NP-40), containing protease (1 

mM EDTA, Roche protease inhibitor mixture, 2 mM PMSF), and phosphatase inhibitors 

(1 mM NaF, 1mM Na3VO4, Sigma phosphatase inhibitor mixture). 

For separation of nuclear and cytoplasmic fractions, cells were suspended in cold 

buffer containing 10mM Hepes (pH 7.0), 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, and 

0.5 mM PMSF. After 15 minutes of incubation on ice, the homogenate was mixed with 

10% NP-40 and centrifuged for 30 seconds. The nuclear pellet was resuspended in cold 

buffer containing 10 mM Hepes-KOH (pH 7.9), 400 mM NaCl, 0.1 mM EDTA, 5% 

glycerol, 1 mM DTT, and 0.5 mM PMSF. The nuclear extract was isolated by 

centrifugation. Protein concentrations were measured with Bradford assay (Bio-Rad, 

Hercules, CA). 

 

2.6 Immunoblotting, immunoprecipitation, and phos-tag gels 

Cell lysates (15µg-45µg) were loaded on a SDS-PAGE and transferred to a 

nitrocellulose membrane (Amersham Biosciences, Pittsburg, PA). The membrane was 
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blocked with 5% blotting-grade blocker (Bio-Rad, Hercules, CA) in TBST (0.05% 

Tween-20) for 3 h at room temperature. The membranes were incubated with primary 

antibodies overnight at 4°C, and secondary antibodies for 2 h at room temperature.  

Primary antibodies used in immunoblotting were, XBP-1, BCL-2, Bim, PERK, ATF-4, 

HSP90, E-cadherin, N-cadherin, Cadherin-11, vimentin, SIP-1, ZEB-1, Lamin A/C, and 

tubulin (Santa Cruz Biotechnology, Santa Cruz, CA), XBP-1 and Bip/GRP78 (Biolegend, 

San Diego, CA), IRE1α, ERα, cleaved caspase-3, PARP, eIF2α, and phospho-eIF2α (Cell 

Signaling, Danvers, MA), Actin-β (Sigma-Aldrich, St. Louis, MO), P84 and ERβ1/14C8 

(GeneTex, Irvine, CA), and Snail (Abcam, Cambridge, MA). ERβ1/14C8 detects the N-

terminal epitope, and recognizes ERβ isoforms derived from alternative splicing of the 

last exon. Recombinant ERβ1 (Invitrogen, Carlsbad, CA) was used as a positive control. 

For co-immunoprecipitation experiments, cell lysates were prepared in a buffer 

containing 50 mM Hepes (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% NP-

40, 1% glycerol, protease, and phosphatase inhibitors (Roche, Branchburg, NJ). Lysates 

were incubated on ice for 30 minutes, and supernatants were cleared by centrifugation. 

Supernatants were either incubated with antibodies for overnight at 4°C, or incubated 

with A/G agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA) for 2 h at 4°C. The 

immunocomplexes were washed and boiled in 2X sample buffer, and immunoblotted 

with antibodies as required.  

Phosphate affinity SDS-PAGE was carried with 25 µM of phos-tag acrylamide 

(Wako Pure Chemical Industries Ltd, Japan) and 25 µM of MnCl2 (Sigma-Aldrich, St. 

Louis, MO). The immunoblots were used in the detection of phosphorylated IRE1α 
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proteins as described elsewhere (Sha et al. 2009). The gels were electrophoresed for 3 h 

in 100V, and soaked in 1mM EDTA for 10 minutes prior to the transfer.  

The band densities were quantified by a densitometry method using ImageJ 

software (National Institute of Health). Band densities were calculated as the fold 

changes, based on a vehicle treated control value of 1. 

 

2.7 RNA extraction, real-time PCR, and semi quantitative RT-PCR 

Total RNA was isolated using the AurumTM total RNA mini kit (Bio-Rad, Hercules, CA) 

and reverse-transcribed to cDNA using iScriptTM cDNA synthesis kit (Bio-Rad, Hercules, 

CA). Real-Time PCR was performed using the iTaqTM universal SYBr green supermix 

(Bio-Rad, Hercules, CA). All quantitative data were normalized to 36B4 and GAPDH. 

For microRNAs, real-time PCR was performed using TaqMan microRNA assays 

(Applied Biosystems, Foster city, CA). All the microRNA data were expressed relative to 

a U6 small nuclear (sn) RNA TaqMan PCR. RT-PCR for XBP-1 splicing was performed 

with specific primers to amplify a 600-bp cDNA product. The products were 

electrophoresed in a 3% agarose gel, and β-actin was used as the loading control. 

 

2.8 Immunofluorescence and microscopy 

The cells were seeded at a density of 1×105 onto 18mm2 glass cover slips and 

were transfected after 24 h. The cells were washed with PBS, fixed in 3% 

paraformaldehyde and 2% sucrose for 15 minutes at room temperature. The cells were 
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permeabilized in 20 mM Tris-HCl (pH 7.5), 75 mM NaCl, 300 mM sucrose, 3 mM 

MgCl2, and 0.5% Triton X-100 for 15 minutes at room temperature. The cells were 

blocked with 5% goat serum for 1 h in a humidified chamber. The slides were stained 

with primary antibodies diluted in 5% goat serum in PBS for overnight at 4°C. 

Subsequently, the slides were incubated with secondary antibodies at 37°C for 1 h. 

Finally, the cover slips were stained with nuclear stain (DAPI) for 30 minutes, and 

mounted on a slide with fluorescence mounting media (Dako, Carpinteria, CA). Images 

for BCL-2 staining were collected on an Olympus FV1000 Inverted confocal 1X81 

microscope. Images of XBP-1s, E-cadherin, and Snail were obtained with an OLYMPUS 

BX51 microscope equipped with an OLYMPUS XM10 camera (OLYMPUS, Center 

Valley, PA). 

For XBP1-s immunofluorescence, the cells were incubated in 5% DCC media for 

48 h and treated with thapsigargin for 8 h. For BCL-2 experiments, the cells were fixed 

for 48 h after the transfection with DsRed protein.  

 

2.9 Migration and invasion assays 

In the wound-healing assay, the cells were allowed to form monolayers in 24-well 

plates. The monolayer was scratched with a pipette tip to form the wound. Twelve hours 

(12 h) later, images of the wound were captured using the 10X objective in an 

OLYMPUS IX51 microscope equipped with an OLYMPUS camera (OLYMPUS, Center 

Valley, PA). The cells in the wound area were counted in five independent fields. In the 

invasion assay, the cells were seeded in matrigel-coated 6.5 mm transwell chambers (8 
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μm pore size: BD Biosciences, San Jose, CA). Six hours later, the cells that had been 

translocated to lower compartments of the wells, and attached to the lower surface of the 

filter, were fixed in methanol and stained with crystal violet. The stained cells were then 

counted in five independent fields in each transwell. 

 

2.10 Patient information 

A tissue microarray consisting of 240 breast cancer samples was constructed by 

the Tayside Tissue Bank. Access to the tumor samples was granted by the Tayside 

Regional Ethics Committee with a written informed consent from the contributing 

patients. Clinical history and tumor characteristics were available for 238 cases. The 

majority of the patients received adjuvant endocrine therapy or combined endocrine 

therapy and chemotherapy, with or without radiotherapy. Among these patients, 74.7% 

were ERα-positive, 53.7% were PR-positive, and 14.5% were HER2-positive. 

Histologically, 192 invasive ductal carcinomas (80.6%), 14 invasive lobular carcinomas 

(5.8%), 5 tubular carcinomas (2.1%), 5 mucinous carcinomas (2.1%), and 22 other 

histological or mixed types (9.2%) were included. 

 

2.11 Antibody validation and immunohistochemistry 

Anti-ERβ1 antibody (clone PPG5/10, Dako, Carpinteria, CA), which is specific 

for the C-terminal amino acid sequences of ERβ1 was used and validated by 

immunohistochemistry (IHC). Briefly, H1299 human lung cancer cells were stably 
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transfected with the pIRES empty vector (Clontech, Mountain view, CA) or the 

recombinant pIRES-ERβ1 or pIRES-ERβ2 plasmids. Control, ERβ1, and ERβ2-

expressing cells were fixed with 10% formalin. The cell suspension was centrifuged, and 

the cell pellet was folded in sharkskin filter paper using four overlapping edges, and 

placed in the base of a tissue cassette. The cassette was placed in a specimen bucket with 

10% formalin. The formalin-fixed cell material was embedded in paraffin, cut into 5 μm 

intervals, and used for hemotoxylin-eosin staining and IHC.  

For ERβ1 IHC, formalin-fixed, paraffin-embedded tissue sections were de-

paraffinized with xylene and rehydrated through a graded alcohol series. For antigen 

retrieval, the slides were immersed in 10 mM sodium citrate buffer (pH 6.0) and kept at a 

sub-boiling temperature for 30 minutes. The endogenous peroxidase activity was blocked 

by incubating in 1% hydrogen peroxide solution for 30 minutes. The slides were first 

incubated with 3% bovine serum albumin (BSA) to block non-specific staining. Sections 

were then incubated with primary antibody for overnight at 4°C, anti-mouse secondary 

antibody (Invitrogen, Carlsbad, CA), and Vectastain ABC reagent (Burlingame, CA) at 

room temperature in a humid chamber. The sections were then processed according to the 

Dako DAB detection kit, and counterstained with Mayer’s hemotoxylin reagent (Sigma-

Aldrich, St. Louis, MO).  

The results of the immunohistochemistry were assessed by a pathologist in a 

blinded fashion. Each specimen was assigned a score according to the intensity of the 

nuclear staining (for ERβ1) and cytoplasmic and membrane staining (for E-cadherin) (no 

staining = 0, weak staining = 1, moderate staining = 2, strong staining = 3), and the extent 

of stained cells (0% = 0, 1 to 24% = 1, 25 to 49% = 2, 50 to 74% = 3, 75 to 100% = 4). 
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The final immunoreactive score was determined by multiplying the intensity score with 

the extent of the score of stained cells. The scores ranged from 0 (the minimum score) to 

12 (the maximum score). The ERβ1 expression was defined as low (score 0 to 4), 

medium (score 5 to 8), and high (score 9 to 12). For E-cadherin, 0 score was defined as 

negative, and 1 to 12 scores were considered as positive. 

 

2.12 Cloning, mutagenesis, and luciferase reporter assay 

The complementary sequences for miR-200a, miR-200b, and miR-429 were 

cloned in the 3’ end of the PGL3-promoter vector (Promega, San Luis Obispo, CA). A 

total of 2×105 cells were seeded at 24-well plate and transfected with 800 ng DNA/well 

(PGL3 and β-galactosidase) and  microRNA inhibitors. Twenty four hours after the 

transfection, the cells were lysed, and analyzed using a luciferase assay (Promega, San 

Luis Obispo, CA). Luciferase units were normalized to β-galactosidase units. For ERE-

luciferase reporter assays, the cells were incubated in DCC-FCS media for 48 h, and 

transfected with 800 ng DNA/well (3-ERE-TATA-LUC reporter plasmid, β-galactosidase 

plasmid) using LipofectamineTM 2000 (Invitrogen, Carlsbad, CA). Cells were mock-

treated (EtOH) or treated with E2 for 24 h. Reporter gene activity was normalized to β-

galactosidase. 

Genomic DNA was extracted from MDA-MB-231 cells (Qiagen, Gaithersburg, 

MD), and PCR cloning was performed by PCR amplification of genomic loci carrying 

consensus ERE binding sites on IRE1α promoter (Clonetech, Mountain View, CA). 

Potential regulatory elements were ligated to PGL3 luciferase reporter vector (Promega, 
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Madison, WI). Mutant reporter constructs were prepared using QuickChange® site-

directed mutagenesis system (Strategene, Santa Clara, CA). All clones were confirmed by 

DNA sequencing. Control and ERβ1-overexpressing MDA-MB-231 and MCF-7 cells 

were seeded at a density of 2×105 in 24-well plate. The cells were transfected with 800 ng 

DNA/well (PGL3 control vector or ERE-LUC reporter plasmid, β-galactosidase plasmid) 

with LipofectamineTM 2000 (Invitrogen, Carlsbad, CA). The cells were treated with ER 

specific ligands (E2, DPN, and 3-β-Adiol) or EtOH after 24 h. The cells were then lysed 

and analyzed using a luciferase assay (Promega, Madison, WI). To standardize the 

transfection efficiency of samples, luciferase units were normalized to β-galactosidase 

units. 

 

 2.13 Statistics 

Comparisons between two groups were performed using unpaired two-tailed 

student's t-test, with p-values less than 0.05. The results of cell survival experiments are 

presented as mean±SEM. The correlation between the expressions of ERβ1 and E-

cadherin was determined using Pearson’s correlation test. The statistical analyzes were 

performed using SPSS 20.0 software (SPSS, IBM, Armonk, NY). 
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Chapter 3 

ERβ1 regulates the unfolded protein response of breast cancer and sensitizes cell 

towards endoplasmic reticulum (EnR) stress-induced apoptosis 

Abstract† 

Unfolded protein response (UPR) is an integrated cell signaling pathway that 

allows cancer cells to survive under endoplasmic reticulum (EnR) stress, caused by the 

perturbed protein folding machinery in an unfavorable tumor microenvironment. 

Activation of UPR pathways promotes therapeutic resistance and breast cancer cell 

survival. Although network prediction models have associated wild-type ERβ (ERβ1) 

with the EnR stress response, their association has not been experimentally tested. Here, 

ERβ1 was either overexpressed or downregulated in triple-negative MDA-MB-231, 

estrogen receptor α (ERα)-positive MCF-7, and tamoxifen-resistant MCF-7-RR cells. 

The cells were analyzed for cellular apoptosis and activation of UPR pathways under 

pharmacological stress inducers. Upregulation of ERβ1 or treatment with ERβ agonists 

enhanced apoptosis in EnR-stressed breast cancer cells. Targeting BCL-2 to the EnR of 

ERβ1-expressing cells prevented apoptosis induced by EnR stress, but not by non-EnR 

stress apoptotic stimuli. Taken together, ERβ1 has shown to sensitize breast cancer cells 

towards EnR stress-induced apoptosis.  

                                                           
The work described in this chapter has been published: Rajapaksa G, Nikolos F, Bado I, 
Clarke R, Gustafsson J-Å, Thomas C (2014) ERβ decreases breast cancer cell survival by 
regulating the IRE1/XBP-1 pathway. Oncogene, doi: 10.1038/onc.2014.343. [Epub ahead 
of print] 
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Inositol-requiring enzyme-1 (IRE1) pathway activation, and its master regulator 

X-box-binding protein-1 (XBP-1), regulate endocrine resistance and cell survival in ERα-

positive and triple-negative breast cancers. Although ERα has been shown to regulate 

XBP-1, the role of ERβ1 in regulating the IRE1/XBP-1 pathway is not known. 

Downregulation of IRE1α and decreased splicing of XBP-1 were associated with the 

decreased survival of EnR-stressed ERβ1-expressing cells. ERβ1 was found to repress 

the IRE1 pathway of the UPR by inducing degradation of IRE1α.  

GRP78 and XBP-1 have shown to confer endocrine-resistance and estrogen-

independence in ERα-positive breast cancer. Although ERα regulates this crosstalk, the 

exact role of ERβ1 in modulating the cellular sensitivity of endocrine-resistant cells to 

EnR stressors including tamoxifen is not known. Induction of ERβ1 in tamoxifen-

resistant breast cancer cells enhanced cellular sensitivity to EnR stressors and tamoxifen 

by suppressing the GRP78 expression and IRE1 pathway of UPR. 

Poorly-vascularized tumor microenvironment activates double-stranded RNA-

activated protein kinase (PKR)-like endoplasmic reticulum kinase (PERK) axis of UPR. 

PERK pathway assists in cell survival through translational attenuation by 

phosphorylation of eukaryotic activation factor 2α (eIF2α), and by activation 

transcription factor 4 (ATF4)-induced pro-survival autophagy. Induction of ERβ1 in 

breast cancer cells diminished the activation of PERK pathway, and suppressed 

translational attenuation and autophagy.   

ERβ1-mediated suppression of pro-survival arms of UPR (IRE1, PERK) and 

altered cellular sensitivity to EnR stressors support the pro-apoptotic function of the wild 

type receptor. The results suggest that the ability of ERβ1 to target the UPR may be of 
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potential prognostic value and it further offers alternative treatment strategies for breast 

cancer.  

 

 

3.1 ERβ1 decreases breast cancer cell survival by regulating the inositol requiring 

enzyme 1(IRE1) pathway  

3.1.1 Introduction 

Breast cancer is the most common cancer and the leading cause of cancer related 

deaths among women worldwide (GLOBOCAN 2012, Siegel et al. 2014). Advancements 

in therapeutic strategies and early screening programs have increased long-term survival 

of breast cancer patients. However, the heterogeneity of the disease and the prevalence of 

few well-validated prognostic and predictive factors continue to challenge the success of 

treatments (Hutchinson 2010, Sledge 2014). Therapeutic resistance remains a persistent 

dilemma that is under constant scrutiny in order to identify better prognostic markers and 

molecular mechanisms underlying the resistance.   

Tumor microenvironment-induced adaptive survival mechanisms provide tumor 

cells with strong survival advantage. This leads to an aggressive disease course by 

diminishing the effectiveness of therapies. Hypoxia and nutrient deprivation due to 

inadequate vascular perfusion deregulates the protein folding machinery in the 

endoplasmic reticulum (EnR). Perturbed EnR sets off an integrated stress signaling 
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cascade termed as UPR. However, failure to restore the EnR homeostasis can trigger the 

cellular apoptosis cascade (Shroder and Kaufman 2005). 

Mammalian UPR is three-pronged. The most evolutionary conserved UPR 

pathway is mediated by EnR-localized, transmembrane protein inositol-requiring 

enzyme-1 (IRE1). The conserved effect of IRE1α activation is the unconventional 

splicing of X-box-binding protein-1 (XBP-1) mRNA. Spliced XBP-1 mRNA encodes for 

a strong bZIP transcription factor, XBP-1s (Yoshida et al. 2001). XBP-1s binds to EnR 

stress response element to increase chaperons and foldases. Furthermore XBP-1s 

increases the retro-translocation of folding-impaired proteins for degradation. If EnR 

stress is persistent, pro-survival UPR signaling switches into the pro-apoptotic pathways 

by regulating BCL-2 members and caspases (McCullough et al. 2001, Szegezdi et al. 

2006).  

UPR activation in the malignant breast was shown in association with tumor 

transformation, therapeutic resistance, and recurrence. The master regulator of UPR, 

glucose regulated protein 78 (GRP78) predicts the response to taxane-based adjuvant 

chemotherapy. On the other hand, GRP78 has been shown to confer resistance to 

endocrine and topoisomerase-based chemotherapy (Lee et al. 2006, Lee et al. 2011). In 

addition, IRE1/XBP-1s axis has been shown to confer anti-estrogen resistance and 

chemo-resistance. IRE1/XBP-1s branch also promotes disease progression in the 

malignant breast (Chen et al. 2014, Clarke et al. 2012, Ding et al. 2003, Wang and 

Kaufaman 2012).  
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ERα and ERβ are key regulators in the estrogen signaling pathways. ERs are also 

associated with breast cancer development, progression, and therapeutic response 

(Thomas and Gustafsson 2011). XBP-1 expression is shown to correlate with ERα status 

in breast cancer. Additionally, XBP-1 is overexpressed in tamoxifen-resistant breast. 

Furthermore, XBP-1 is part of the luminal breast cancer gene expression signature (The 

cancer genome atlas network 2012, Clarke et al. 2011). XBP-1s-mediated transcriptional 

activation of ERα, and ERα-mediated activation of XBP-1 have shown to confer anti-

estrogen resistance. In addition, XBP-1 is associated with chemotherapy response and 

tumor progression in triple-negative breast cancers (Chen et al. 2014, Davies et al. 2008, 

Ding et al. 2003, Gomez et al. 2007, Sengupta et al. 2010).  

However the role of second estrogen receptor (ERβ) in regulating the UPR is 

largely unknown. Wild-type ERβ (ERβ1) has been shown to oppose the function of ERα, 

by repressing proliferation and metastasis of cancer cells, and by enhancing the cellular 

apoptosis in breast cancer. Furthermore, wild-type ERβ has been shown in association 

with better survival, and even with improved response to anti-estrogens (Honma et al. 

2008, Thomas and Gustafsson 2011, Thomas et al. 2012). Hence, elucidating the role of 

ERβ1 in regulating the UPR in general and in IRE1/XBP-1 axis in particular is crucial in 

identifying potential clinical predictors in breast cancer. In this the study we investigated 

whether, by regulating the UPR, ERβ1 alters the resistance of breast cancer cells to EnR 

stress. ERβ1 was found to sensitize breast cancer cells to EnR stress-regulated apoptosis 

by repressing the IRE1 pathway of the UPR.  
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3.1.2 Results 

3.1.2.1 The expression of ERβ1 in breast cancer cell lines 

Therapeutic resistance of breast cancer was shown to be regulated by cell 

homeostasis pathways such as UPR (Clarke et al. 2011, Shroder and Kaufman 2005).  

ERα was shown to enhance breast cancer cell survival and therapeutic resistance by 

upregulating the UPR (Clarke et al. 2012). Network modeling approaches predict a 

potential relationship of ERβ with XBP-1. However, the role of ERβ in UPR has not been 

experimentally tested (Zhang et al. 2009). We hypothesized that the wild-type form of the 

receptor (ERβ1) regulates the UPR in breast cancer cells. To test this hypothesis, we 

stably expressed ERβ1 in triple-negative MDA-MB-231 and ERα-positive MCF-7 breast 

cancer cell lines.  

ERβ1 expression reduced with the progression of breast cancer and culture-

adapted cell lines posses low levels of endogenous ERβ1 (Bardin et al. 2004, Hartman et 

al. 2009, Thomas Gustafson 2011). MCF-7 cells express high level of ERα but 

comparably low level of endogenous ERβ1. However, endogenous ERβ1 expression is 

higher in MCF-7 cells than in MDA-MB-231cells (Figure 3.1.1 A, D). To understand 

how ERβ1 regulates the UPR, flag-tagged ERβ1 was stably expressed in MDA-MB-231 

and MCF-7 cells (Figure 3.1.1 B).  To validate the role of ERβ1 in UPR, endogenous 

ERβ1 was knockeddown with ERβ-specific siRNA in MCF-7 cells. Secondly, MDA-

MB-231 cells were re-infected with flag-tagged ERβ1 to study the effect of serial ERβ1 

induction (Figure 3.1.1 C). To further corroborate the role of ERβ1, a control cell line 

was designed with stable expression of ERβ2, a splice variant of ERβ that differs from 



51 

ERβ1 in 26 C-terminal amino acids. Triple-negative MDA-MB-231 cells stably 

expressing flag tagged-ERα served as a control cell line (Figure 3.1.1 D). 
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Figure 3.1.1: Expression of ERβ and ERα in MDA-MB-231 and MCF-7 cell lines 
(A) Endogenous ERβ1 protein (left) and mRNA (right) expression in MCF-7 and MDA-
MB-231 breast cancer cell lines. In MDA-MB-231, ERβ1 expression is barely detected in 
proteins but can be detected in mRNA. (B) Flag-tagged ERβ1 protein expression in 
MDA-MB-231 (left) and MCF-7 (right) cells, transduced with lentivirus carrying pLenti 
vector or pLenti-flag-ERβ1 construct. Endogenous and stably transduced flag-ERβ1 with 
slightly retarded electrophoretic mobility is shown. (C) ERβ1 levels in MCF-7 cells 
transiently transfected with control or siRNAs #1 and #2 (Left). Recombinant full-length 
ERβ1 protein (rERβ1) was loaded as a positive control. Differential ERβ1 levels in 
MDA-MB-231 cells with single or double transfection of pLenti-flag-ERβ1 construct to 
acquire serial increase in the expression. The band intensities were analyzed by 
densitometry and normalized to that of actin-β. The numbers under the immunoblot show 
the fold change compared to the untreated control cells that were given a value of 1 
(Left).  (D) Stable expression of ERβ1 and ERβ2 in MDA-MB-231 cells infected with 
full length ERβ1 and the spliced variant ERβ2 constructs (Right). ERα protein expression 
in MDA-MB-231 cells stably transduced with control or flag-ERα construct. MCF-7 
wild-type cells with endogenous ERα proteins were used as a positive control.  
 

 

3.1.2.2 ERβ1 diminishes breast cancer cell survival under EnR stress 

ERα is the principal biomarker for endocrine therapies. ERα also regulates the 

key node of UPR, XBP-1 to enhance breast cancer cell survival. In contrast, the second 

estrogen receptor ERβ1 is known for its pro-apoptotic and anti-proliferative function in 

many cancers (Sengupta et al. 2010, Thomas and Gustafsson 2011). However, the exact 

role of ERβ in the context of UPR-regulated cell survival has not been experimentally 

tested. We hypothesized that the wild-type form of ERβ (ERβ1) regulates the UPR, and 

high ERβ1 expression sensitizes cells to EnR stress-induced apoptosis.   

To test this hypothesis, ERβ1-expressing MCF-7 and MDA-MB-231 cells were 

treated with two EnR stress inducers, thapsigargin (Tg) and bortezomib (Bz). Tg is a non-

competitive inhibitor of sarco/endoplasimc reticulum Ca2+-ATPase, and has been 

incorporated in to chemotherapeutic pro-drug formulations (Christensen et al. 2009). Bz 
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is the first therapeutic proteasome inhibitor approved by US Food and drug 

administration (FDA), to be treated in multiple myeloma and mantle cell leukemia 

(Roccaro et al. 2006). Treatment with Tg and Bz for 30 h decreased the number of cells 

in both control and ERβ1-expressing breast cancer cells. The reduction in cell growth was 

more evident in ERβ1-expressing MDA-MB-231 and MCF-7 cells, suggesting the 

involvement of ERβ1 in the mechanisms that regulate cell survival in response to EnR 

stress. Furthermore, the effect of ERβ1 under EnR stress was more potent in triple-

negative breast cancer cells compared to ERα-positive MCF-7 cells (Figure 3.1.2 A).  

 

Figure 3.1.2: ERβ1 decreases the cell survival under persistent EnR stress 
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(A) MDA-MB-231 (Left) and MCF-7 (Right) cells stably infected with lentivirus 
carrying an empty vector (Lenti) or ERβ1 plasmid were either mock-treated (EtOH) or 
treated with Tg (250 nM) or Bz (100 nM) in 5% DCC-containing media for 30 h. The 
images are representative of three independent experiments (scale bar 100 μM). (B) 
MDA-MB-231 (Left) and MCF-7 (Right) cells treated with vehicle, Tg, or Bz and were 
incubated with trypan blue. The live cells were counted using a microscope. Graph shows 
the mean ±SEM of three independent experiments normalized to the untreated control 
cells. P-value (*) ≤ 0.05. 
 

3.1.2.3 ERβ1 sensitizes breast cancer cells to EnR stress-induced apoptosis 

To elucidate the mechanism through which ERβ1 reduces breast cancer cell 

survival in response to EnR stress, the cells were treated with Tg and Bz for 24 h, and cell 

apoptosis was analyzed by flow cytometry.  Induction of ERβ1 significantly enhanced the 

apoptosis in response to EnR stress as indicated by the sub-G1 phase, which was 

indicative of apoptotic cell death (Figure 3.1.3 A). Furthermore, there was a dose-

dependent augmentation in the pro-apoptotic function of ERβ1, when MDA-MB-231 

cells with variable ERβ1 expression levels were treated with Tg (Figure 3.1.3.B). To 

further substantiate the pro-apoptotic effect of ERβ1, MCF-7 cells were transiently 

transfected with scramble and ERβ siRNA, and the sub-G1 cell fraction was analyzed 

with Tg treatment. The pro-apoptotic role of ERβ1 was confirmed by a marked reduction 

in sub-G1 phase, when endogenous ERβ was knocked down in MCF-7 cells (Figure 

3.1.3C). To assess the role of ERβ2, we analyzed the apoptosis in control and ERβ2-

expressing MDA-MB-231 cells. In contrast to ERβ1, upregulation of ERβ2 failed to 

induce apoptosis in response to EnR stress (Figure 3.1.3.D). To test whether ERβ1 

sensitizes breast cancer cells to other cell death inducers, we analyzed control and ERβ1-

expressing MDA-MB-231 cells for apoptosis following treatment with staurosporine 
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(STA), a kinase inhibitor that induces apoptosis (Gadbois et al. 1992). Under STA 

treatment, the sub-G1 fraction of ERβ1-expressing cells was significantly higher than that 

of control cells, suggesting that ERβ1 increases the cytotoxic effect of SAT in breast 

cancer cells (Figure 3.1.3 E). This pro-apoptotic effect of ERβ1 is consistent with our 

previous findings that showed increased sensitivity of ERβ1-expressing breast cancer 

cells to DNA damaging agents (Thomas et al. 2011). 
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Figure 3.1.3: ERβ1 sensitizes breast cancer cells to EnR stress-induced apoptosis 
(A) Control and ERβ1-expressing MDA-MB-231 cells were mock-treated (UT) or treated 
with 100 nM Bz (left) or 250 nM Tg (right) for 24 h. Cells were stained with propidium 
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iodide, and the DNA content was analyzed by flow cytometry for the apoptotic fraction 
indicated by sub-G1. Results represent three independent experiments. (B) FACS 
analysis of MDA-MB-231 cells with serial induction of flag-ERβ1 and control cells 
treated with Tg for 24 h and analyzed for sub-G1 fraction by flow cytometry. (C) MCF-7 
cells that were transiently transfected with control or ERβ siRNA (#2) and left untreated 
or treated with 250 nM Tg for 24 h. (D) Cell cycle analysis of control (Lenti) and ERβ2-
expressing MDA-MB-231 cells subsequent to EnR stressor, Tg for 24h (E) Sub-G1 
fraction of MDA-MB-231 control and ERβ1-expressing cells treated with 0.5 µM of 
mitochondrial-poison, staurosporine (STA) and vehicle for 24 h. 
 

 

3.1.2.4 Induction of ERβ1 sensitizes breast cancer cells to EnR stress-induced 

apoptosis as indicated by enhanced activation of apoptotic indicators 

Cell death response can further be characterized by the activation of pro-apoptotic 

markers such as caspases and poly ADP ribose polymerases (PARP). Caspase-dependent 

and -independent apoptosis can be observed upon the activation of UPR-mediated 

mitochondrial apoptotic pathway (Shroder and Kaufman 2005). To investigate whether 

ERβ1 activates mitochondria-dependent pro-apoptotic pathways, MDA-MB-231 and 

MCF-7 cells were either mock-treated or Tg-treated, and immunoblotted for cleaved 

forms of caspase-3 and PARP. Apoptotic marker, PARP is activated by apoptotic 

inducible factor (AIF) from mitochondria, and PARP cleavage was assessed in MCF-7 

cells since they do not express functional caspase-3 (Janiku et al. 1998).    

In line with FACS analysis, immunoblotting experiments also showed elevated 

levels of cleaved caspase-3 and PARP proteins in ERβ1-expressing MDA-MB-231 and 

MCF-7 cells, in response to EnR stress. Furthermore, unresolved EnR stress-mediated 

cleavage of caspase-3 and PARP was observed at early onset in ERβ1-expressing cells, 
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when compared with control cells. Both cleaved capase-3 and PARP proteins were 

distinctly elevated after 18 h of Tg treatment in ERβ1-cells, as opposed to control cells 

(Figure 3.1.4 A). Early onset of apoptotic cascade in EnR-stressed ERβ1-expressing 

breast cancer cells, strengthen our initial hypothesis that ERβ1 sensitizes breast cancer 

cells to EnR stress-induced apoptosis. 

Estrogen receptors as estrogen regulated transcription factors, show ligand 

dependent-activation. ER subtypes (ERα and ERβ) were shown to exert different 

biological effects upon selective activation. Activation of endogenous ERβ was shown to 

induce the full range of estrogenic activity (Thomas and Gustafsson 2011). Therefore to 

ascertain the functional consequence of endogenous ERβ activation, we treated wild-type 

MCF-7 cells with ER subtype-specific ligands. MCF-7 wild-type cells were treated with 

ER-agonist (E2), ERβ-selective agonist (DPN), ERα-selective agonist (PPT), and ER-

antagonist (ICI), together with Tg for 24 h. Cell death response was analyzed by 

immunoblotting for the cleaved PARP proteins. Selective activation of ER subtypes 

regulated PARP cleavage in a ligand-dependent manner (Figure 4 B-D). Since E2 

activates both ERα and ERβ, it is intricate to distinguish which receptor subtype is 

involved in the observed slight increase of PARP.  However, selective ERβ-agonist 

(DPN) substantially enhanced the EnR stress-mediated apoptosis in comparison with E2, 

PPT, and ICI. Since ICI 182780 antagonizes one or both ERs, it is difficult to 

comprehend on a putative receptor mediating the cytoprotection (Figure 3.1.4 B). To 

ascertain the effect of ERβ induction, MCF-7 cells overexpressing ERβ1 were treated 

with ER-agonists (E2, DPN, PPT) and ER-antagonist (ICI). PARP expression in ERβ1-
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over expressing cells closely resembled the trend shown by endogenous ERβ, with a 

profound increase in PARP kinetics only with DPN. Induction of ERβ1 repressed 

selective ERα ligand (PPT)-mediated PARP cleavage, as opposed to endogenous ERβ1-

mediated action (Figure 3.1.4 C). Consistent with these results, downregulation of ERβ1 

reversed the PARP cleavage significantly with DPN, but not with E2 or PPT (Figure 

3.1.4 D). These data clearly indicate an estrogen-mediated regulation of the EnR stress 

response in breast cancer cells, and suggest a specific pro-apoptotic role of ERβ1 in EnR-

stressed cells.  

 

Figure 3.1.4: Induction of ERβ1 upregulates EnR stress-induced apoptosis.  
(A) MDA-MB-231 cells stably expressing ERβ1 and control vector (Lenti) were left 
untreated or treated with 250 nM Tg for the indicated times and analyzed for expression 
of caspase-3 (Left). ERβ1-expressing and control MCF-7 cells were analyzed for cleaved 
PARP, after treatment with 250 nM Tg for the indicated times (Right). (B) Following 
incubation in 5% DCC-FCS media for 48 h, wild type MCF-7 cells were treated with 10 



60 

nM of E2, DPN, PPT, and ICI for 24 h in the presence of 250 nM of Tg, and cleaved 
PARP expression was assessed by immunoblotting. (C) ERβ1-overexpressing MCF-7 
cells were treated with ligands and Tg as indicated in B, and cleaved PARP levels were 
assessed by immunoblotting. (D) Wild type MCF-7 cells were transiently transfected 
with scramble and ERβ-siRNA, were treated, and analyzed by immunoblotting as in (B) 
and Results are representative of three independent experiments. The band intensities of 
cleaved caspase-3 and PARP were analyzed as described in Figure 1. 

 

3.1.2.5 EnR-targeted BCL-2 rescues EnR stress-induced apoptosis 

BCL-2 family members are key determinants of cell survival in response to both 

anti-estrogens and taxanes (Crawford et al. 2010, Shajahan et al. 2012). Persistent EnR 

stress can alter conformation of EnR-resident BCL-2 members, thus triggering the 

cellular apoptosis cascade. BCL-2 exclusively targeting EnR was shown to diminish EnR 

stress-induced apoptosis (Thomas and Spyrou 2009). To ascertain that Tg-induced 

apoptosis in ERβ1 cells is mediated through EnR stress-signaling pathways, we 

selectively targeted BCL-2 to EnR in ERβ1 overexpressing cells. MDA-MB-231-ERβ1 

cells were stably transfected with BCL-2 containing EnR-targeting sequence of 

cytochrome b5 (BCL-2cb5) (Figure 3.1.5 A). BCL-2cb5 showed EnR-localization as 

similar with Ds-Red carrying the EnR-targeted sequence calrecticulin and EnR-retention 

sequence KDEL (Figure 3.1.5 B). BCL-2 overexpressing and control cells carrying 

empty pIRESpuro vector were treated with EnR stressor (Tg) and non-EnR genotoxic 

stressor (cisplatin), and apoptosis was analyzed by FACS and cleaved caspase-3.  Tg 

augmented cell apoptosis in control cells, as opposed to BCL-2 overexpressing cells, 

indicating a significantly low sub-G1 fraction.  However cisplatin-mediated Sub-G1 

fraction was similar in both BCL-2 overexpressing and control cells, implying that EnR 

resident-BCL-2 only rescues cells from EnR stress-induced apoptosis (Figure 3.1.5 C). 
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Furthermore, Tg-induced caspase-3 cleavage was significantly low in BCL-2cb5 cells but 

not under cisplatin treatment, confirming that BCL-2 to EnR diminishes only EnR stress-

induced apoptosis (Figure 3.1.5 D). Taken together, our results substantiate that ERβ1 

selectively sensitizes cells towards EnR stress-induced apoptosis, and suggest a 

mechanism through which the receptor may regulate the UPR in breast cancer cells. 
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Figure 3.1.5: EnR-targeted BCL-2 rescues EnR stress-induced apoptosis 
(A) ERβ1-expressing MDA-MB-231 cells stably transfected with pIRES control vector 
or recombinant pIRES-BCL-2 construct with EnR-targeted BCL-2cb5 were analyzed for 
BCL-2 expression in immunoblotting. (B) DsRed fluorescent protein was transiently 
transfected in control and BCL-2 cells, and used as an EnR marker. BCL-2, DsRed, and 
nuclear DAPI stainings were imaged with electron microscopy. Arrows indicate co-
localization in the perinuclear EnR (scale bar, 20 μM). (C) ERβ1-expressing MDA-MB-
231 cells stably transfected with a pIRES vector or pIRES-BCL-2cb5 plasmid were 
treated with 250 nM Tg or 1 μM cisplatin for 24 h, and the cells were analyzed for sub-
G1 fraction by flow cytometry. The percentage of cells in sub-G1 fraction is shown as 
mean of three experiments. (D) Tg- and cisplatin-treated control and BCL-2 expressing 
cells were analyzed for apoptosis by immunoblotting for cleaved caspase-3. 
 



63 

3.1.2.6 ERβ1 downregulates EnR stress-induced XBP-1 splicing in breast cancer 

cells  

One of the important UPR pathways activated in breast cancer is inositol-

requiring enzyme-1 (IRE1).  Activation of IRE1 pathway removes a 26-base intron from 

XBP-1 mRNA and encodes for XBP-1s, a potent transcriptional factor to trigger EnR 

stress-response genes (Yoshida et al. 2001). XBP-1 has been implicated as a key node of 

broad gene expression network in breast cancer (Clarke et al. 2012, The cancer cancer 

genome atlas network 2012). Interestingly, XBP-1 has been identified as an estrogen-

induced gene, and the interaction of ERα and XBP-1s has been shown to confer 

endocrine resistance and cell survival (Davies et al. 2008, Ding et al. 2003, Gomez et al. 

2007, Sengupta et al. 2010). Based on our observations, we examined whether by 

regulating the XBP-1 pathway, ERβ1is involved in reduced cell survival and enhanced 

cellular apoptosis. Therefore, we analyzed mRNA and protein expression of the XBP-1s 

in breast cancer cells. Both immunoblot and qPCR analysis revealed that protein and 

mRNA levels of XBP-1s were substantially reduced in Tg-treated, ERβ1-expressing 

MDA-MB-231 cells when compared with control cells in a time-course experiment 

(Figure 3.1.6.I A). In agreement, time-dependent increase of XBP-1s mRNA and proteins 

were retarded in the presence ERβ1 in MCF-7 cells following treatment with EnR-stress 

inducers (Figure 3.1.6.I B). To further explore the regulatory role of ERβ1 in XBP-1 

mRNA splicing, MDA-MB-231 and MCF-7 cells were treated with Tg, and XBP-1 

mRNA splicing was measured with Reverse Transcription Polymerase Chain Reaction 

(RT-PCR). As compared with the corresponding control cells, ERβ1-expressing cells 
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presented a reduction in Tg-induced XBP-1s in a time-course experiment (Figure 3.1.6.I 

C, D). To further ascertain that the suppression of XBP-1 splicing is in fact mediated by 

ERβ1, the cells were treated with a second EnR stressor (Bz). Similar results were 

obtained in both protein and mRNA levels suggesting that, ERβ1 is likely to act as a 

negative regulator of XBP-1 splicing in breast cancer cells (Figure 3.1.6.I E,F).  

To substantiate our findings we carried out experiments with ERβ1 knockdown, 

ERβ2-expression, and an ERβ1-variable expression model. To strengthen the association 

of upregulated ERβ1 with the retarded XBP-1 splicing, we analyzed XBP-1s in an ERβ1-

variable expression model. An inverse relationship was evident between ERβ1 expression 

level and degree of XBP-1 splicing (Figure 3.1.6.II A). Further corroborating the 

involvement of only full length ERβ in XBP-1s suppression, the splice variant ERβ2 

failed to overturn the splice machinery (Figure 3.1.6.II B). Finally, the ERβ knockdown 

demonstrated a noteworthy reversal of XBP-1 splicing in MCF-7 cells. Real-time PCR 

analysis showed that, Tg-induced XBP-1 mRNA splicing was upregulated by five folds 

in ERβ siRNA-treated cells than that of scramble siRNA-treated MCF-7 cells (Figure 

3.1.6.II C).  These observations support the role of full length ERβ in suppressing XBP-1 

pathway, and offer a possible explanation for reduced cell survival under stress 

conditions. 
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Figure 3.1.6.I: ERβ1 downregulates XBP-1 splicing in breast cancer cells  
(A) Control, ERα-, and ERβ1-expressing MDA-MB-231 cells were mock-treated or 
treated with 250 nM Tg for the indicated times. The expression of spliced form of XBP-1 
proteins was analyzed by immunoblotting (top), and mRNA profiling was carried out by 
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real rime PCR (Bottom). (B) Protein (top) and mRNA (bottom) profiles of Tg- and 
vehicle-treated MCF-7 cells for 4 h and 6 h. (C) MDA-MB-231 cells were treated with 
Tg or EtOH as appropriate and mRNA levels of spliced (S) and unspliced (U) forms of 
XBP-1 were assessed by RT-PCR. (D) XBP-1u and XBP-1s levels in Tg-treated, MCF-7 
cells in RT-PCR. Data represents three independent experiments. The band intensities of 
XBP-1s were quantified and normalized to actin-β. Control and ERβ1-expressing MDA-
MB-231 cells (E) as well as control and ERβ1-overexpressing MCF-7 cells (F) were 
analyzed for the expression of XBP-1s by immunoblotting, after treatment with 100 nM 
Bz for 4 h (top) and real time PCR following treatment with Bz for the indicated times 
(bottom). PCR values were normalized to those of the untreated control cells and shown 
as mean±SD of three experiments. P-value (*) ≤ 0.05.  
 
 
 
 

 

Figure 3.1.6.II: Full length ERβ regulates XBP-1 splicing under EnR stress 
(A) Control, ERβ1-low, and ERβ1-high MDA-MB-231 cells were treated with 250nM Tg 
for 4 h and spliced XBP-1 was analyzed using protein immunoblotting (Top). The 
relative expression of ERβ1 mRNA was analyzed by real time PCR (Bottom). (B) MDA-
MB-231 cells stably expressing control pLenti, ERβ1, and ERβ2 constructs were 
analyzed for XBP-1s protein levels after 250nM for 4 h. Further the extracts were 
immunoblotted for ERβ1 and ERβ2 proteins. The relative band density appears below the 
blot. (C) Real time PCR analysis of ERβ1 (Left) and XBP1-s (Right) in MCF-7 cells 
treated with control and ERβ siRNA. PCR values were normalized to house-keeping 
36B4 and shown as mean±SD of three experiments. P-value (*) ≤ 0.05. 
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3.1.2.7 Ligand-dependent activation of ERβ attenuates the XBP-1 splicing in EnR-

stressed breast cancer cells 

To explore the impact of endogenous ERβ1 activation on splicing of XBP-1, we 

treated wild type and ERβ1-overexpressing MCF-7 cells with ER subtype-selective 

ligands for 24 h. The same cells were treated with Tg for 4 h and assessed the levels of 

XBP-1s by immunoblotting and real-time PCR. Further strengthening the regulatory role 

of ERβ1, selective ERβ-agonist (DPN) treatment diminished XBP-1s proteins and mRNA 

in MCF-7 cells (Figure 3.1.7 A top and bottom panels). In contrast, ER agonist (E2) and 

ERα agonist (PPT) significantly increased XBP-1s proteins and mRNA in MCF-7 cells. 

In contrast DPN treatment remarkably suppressed XBP-1s proteins and mRNA in ERβ1-

overexpressing cells (Figure 3.1.7 B top and bottom panels). In light of the profound 

regulatory effect induced by DPN, we then ascertained whether altered ERβ expression 

affects the DPN-mediated effect. Thus, endogenous ERβ was knocked down and the 

effect of DPN on XBP-1s was analyzed. In scramble siRNA treated MCF-7 cells, DPN 

lead to a profound decrease in XBP-1s under EnR stress. However given that endogenous 

ERβ is knocked down, DPN failed to diminish XBP-1 splicing, showing that action of 

DPN is integrally linked with endogenous ERβ in MCF-7 cells (Figure 3.1.7 C). To 

examine whether the ICI alters the DPN-mediated downregulation of XBP-1s, we 

measured the expression of XBP-1s in EnR stressed MCF-7 cells after treatment with 

DPN and ICI. As shown in Figure 3.1.7 D, ICI did not reverse the effect of DPN on XBP-

1s expression, suggesting that ICI may act through a mechanism that involves inhibition 

of ERα and/or activation of ERβ1. Taken together, these results suggest that ERβ1 is 
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likely to attenuate XBP-1 splicing, nuclear localization, and UPR gene activation under 

EnR stress.  

 

 

Figure 3.1.7: Ligand-dependent activation of ERβ attenuates the XBP-1 splicing in 
EnR-stressed breast cancer cells 
(A) MCF-7 wild type cells treated with 10 nM of E2, DPN, PPT, and ICI for 24 h. During 
the last 3-4 h of the ligand treatment, 250nM of Tg was added and the expression of 
XBP-1s was analyzed by immunoblotting (top) and real time PCR (bottom). (B) MCF-
7/ERβ1 cells were treated and assayed as of (A). the results represent three independent 
biological experiments. (C) MCF-7 cells transiently transfected with control or ERβ 
siRNA and treated with 10 nM DPN for 24 h. Cells were treated with Tg (250 nM) 
together with DPN for 4 h, and the expression of XBP-1s was analyzed by 
immunoblotting (left) and real time PCR (right). The band intensities of XBP-1s were 
quantified and normalized to actin-β or p84. (C) XBP-1s levels in MCF-7 cells treated 
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with DPN or DPN together with ICI (10 nM) for 24 h. During the last 4 h of the ligand 
treatment cells were treated with Tg (250 nM). The graph showing real time PCR 
analysis of mRNA represent the mean of three experiments with SD and P value (*) ≤ 
0.05 indicated. 
 

 

3.1.2.8 XBP-1s nuclear translocation is less in ERβ1-expressing breast cancer cells 

XBP-1s translocates to the nucleus to upregulate chaperons and foldases. 

Therefore, we decided to assess the magnitude of nuclear localization of XBP-1s in breast 

cancer cells. Immunofluoresence experiments revealed that nuclear localization of XBP-

1s is reduced in ERβ1-expressing MDA-MB-231 cells, subsequent to 6 h of Tg treatment 

when compared to control cells (Figure 3.1.8). Reduced nuclear translocation of XBP-1s 

may implicate a potential suppression in downstream target gene activation in ERβ1-

expressing cells. 
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Figure 3.1.8: XBP-1s nuclear translocation is less in ERβ1-expressing breast cancer 
cells 
MDA-MB-231 ERβ1-expressing (top) and control (bottom) cells were treated with 
250nm Tg for 6 h. The cells were stained for XBP-1s and nuclear marker DAPI, and 
imaged using fluorescence microscopy. Nuclear localization of XBP-1s is shown with 
arrows in the overlay. 
 

 

3.1.2.9 Activation of XBP-1s target genes is reduced in ERβ1-expressing breast 

cancer cells 

Gene profiling and microarray results have defined a subset of UPR target genes 

by their dependence on XBP-1s. These genes are DnaJ/Hsp-40 like genes, p58IPK, 

ERdj4, HEDJ, EDEM, RAMP4, and protein disulfide isomerase (Lee et al. 2003). Given 

the repression of XBP-1s, we examined its effect on UPR target gene activation in ERβ1-

expressing cells.  Induction of ERβ1 in MDA-MB-231 cells downregulated ERdj4 (left) 

and p58IPK (right) mRNA levels, which was consistent with abrogation of XBP-1s 

(Figure 3.1.9 A). As shown in Figure 3.1.9 B, XBP-1s target ERdj4 (left) and p58IPK 
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(right) were also downregulated in MCF-7/ ERβ1 breast cancer cells in a time-course 

experiment. Downregulation of EnR resident chaperon proteins may account for the 

ERβ1-selective effect in sensitizing breast cancer cells towards apoptosis, by aggravating 

the EnR stress. Taken together, these results suggest a mechanism through which ERβ1 

may regulate XBP-1 pathway in breast cancer cells. 

 

 

Figure 3.1.9: Activation of XBP-1s target genes is reduced in ERβ1-expressing 
breast cancer cells 
(A) Control and ERβ1-expressing MDA-MB-231 cells were left untreated or treated with 
250 nM Tg, for 8 h. The expression of XBP-1 target genes ERdj4 (left) and P58IPK 
(right) was analyzed by real time PCR. (B) ERdj4 and P58IPK mRNA levels in control 
and ERβ1-overexpressing MCF-7 cells following treatment with 250 nM Tg, for 8 h. The 
graph showing real time PCR analyzes of mRNA represent the mean of three 
experiments with SD and P value (*) ≤ 0.05 indicated. 

 



72 

3.1.2.10 ERβ1 does not change the unspliced XBP-1 levels 

Based on the downregulation of XBP-1 splicing, we analyzed whether ERβ1 

regulates XBP-1 at the level of transcription. XBP-1 is an estrogen-regulated gene, and 

ERα increases XBP-1 transcriptional activity through promoter binding (Sengupta et al. 

2010). Therefore, we decided to analyze whether estrogen treatment of ERβ1-XBP-1 

physical interaction determines the reduction of XBP-1s proteins in our model. In our 

breast cancer model XBP-1 was upregulated under estrogen treatment (Figure 3.1.10 A). 

However, co-immunoprecipitation studies failed to illustrate any physical interaction 

between XBP-1 and ERβ1. Furthermore, unspliced XBP-1 mRNA indicated no apparent 

change between control and ERβ1 breast cancer cells (Figure 3.1.10 B). Therefore, it was 

evident that ERβ1 does not regulate the XBP-1 mRNA transcription, but does regulate 

the splicing machinery in the cells. 

 

 

Figure 3.1.10: ERβ1 does not change the unspliced XBP-1 levels  
(A) Unspliced XBP-1 mRNA levels in MCF-7 wild type cells with (B) Control and 
ERβ1-expressing MDA-MB-231 cells (left), as well as control and ERβ1-overexpressing 
MCF-7 cells (right) were analyzed for the expression of unspliced form of XBP-1 in the 
absence of EnR stress. PCR values were normalized to those of the control cells and 
shown as mean±SD of three experiments. 
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3.1.2.11 ERβ1 suppresses the activation of IRE1 branch of the UPR 

Given the unchanged XBP-1 mRNA expression, we hypothesized that ERβ1 

abolishes the EnR stress-induced XBP-1 splicing, possibly by downregulating the IRE1 

pathway activation. Since the phosphorylation of IRE1α is essential for activation of the 

pathway, we investigated whether ERβ1 induces any post-translational modification of 

IRE1α. However, ERβ1 didn’t show any effect on the phosphorylation capacity of 

IRE1α. IRE1α signals by assembling a dynamic protein platform referred as the 

UPRosome, where different modulator and adaptor proteins assemble to regulate the 

kinetics and amplitude of UPR effector responses (Rodriguez et al. 2012). BCL-2 family 

members (BCL-2, Bim, and PUMA) have shown to interact with IRE1α to regulate the 

functionality of IRE1α. Interestingly, pro-apoptotic Bim is upregulated in ERβ1-

expressing cells, while BCL-2 is downregulated (Nikolos et al. 2014, Ruddy et al. 2014). 

In our study model, ERβ1 increased the expression of Bim, and downregulated BCL-2. 

Hence, we explored whether BCL-2/Bim-IRE1α protein interactions determine the 

downstream XBP-1 splicing. However, co-immuneprecipitation experiments did not 

show any apparent difference in the degree of interaction between control and ERβ1-

cells, suggesting that BCL-2 or Bim does not enlighten the discrepancy in XBP-1s levels. 

Immunoblotting revealed a strong decrease in IRE1α protein levels in ERβ1-

expressing MDA-MB-231 cells, both in the absence and presence of Tg (Figure 3.1.11 A, 

right panel). Also, unstressed ERβ1-expressing MCF-7 cells expressed low level of 

IRE1α proteins (Figure 3.1.11 B). In contrast to IRE1α proteins, ERβ1 significantly 

http://www.sciencedirect.com/science/article/pii/S0167488910002971
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reduced the IRE1α mRNA levels under EnR stress conditions (Figure 3.1.11 A, left 

panel).  

To further elucidate the functional consequences of ER subtype activation on the 

IRE1α expression, we treated MCF-7 wild type cells with E2, DPN, PPT, and ICI (Figure 

3.1.11 C). In line with XBP-1 splicing, IRE1α expression also showed ligand-mediated 

regulation. E2 and PPT increased IRE1α expression, while DPN and ICI downregulated 

the IRE1α protein expression. 

Since there was a downregulation of IRE1α mRNA in EnR-stressed cells, we 

assessed for any ERβ1-mediated transcriptional or post transcriptional regulation of 

IRE1α mRNA. RNase activity of wild type IRE1α cleaves and downregulates IRE1α 

mRNA in mammalian cells. Further, the same nature of cleavage is dependent on 

estrogen activity has been shown in Xenopus laevis albumin mRNA degradation 

(Tirasophon et al. 2000). Therefore, we decided to analyze the stability of IRE1α mRNA 

for a possible degradation. However, treatment with actinomycin-D did not reveal any 

difference between the stability of mRNA in control and ERβ1-expressing cells. 

Secondly, transcriptional regulation was analyzed with estrogen response element (ERE)-

luciferase-based promoter assay for two consensus ERE binding sites, upstream to 

transcriptional start site of IRE1α. The luciferase activity was analyzed with- and without 

Tg, and with- and without ligands in both MDA-MB-231 and MCF-7 cells. However, no 

apparent difference in ERE-luciferase activity was observed between control and ERβ1-

cells. Taken together, our results suggest that ERβ1 diminishes the IRE1/XBP-1 pathway, 

mostly by the repression of IRE1α proteins. 
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Figure 3.1.11: ERβ1 suppresses the activation of IRE1 branch of UPR 
(A) IRE1α protein (left) and mRNA (right) levels in control and ERβ1-expressing MDA-
MB-231 cells following treatment with 250 nM Tg, for the indicated times. The mRNA 
values in the graph were adjusted to those of the untreated control cells, and the mean 
value of three experiments is shown with ±SD and P value (*) ≤ 0.05 indicated. (B) 
IRE1α protein levels in control and ERβ1-overexpressing unstressed MCF-7 cells. (C) 
MCF-7 wild type cells were treated with 10nM each of E2, DPN, PPT, and ICI for 24 h. 
250nM of Tg was added in last 4 h, and proteins were immunoblotted for IRE1α. All the 
immunoblots represent three independent experiments. The band intensities of IRE1α 
were quantified and normalized to actin-β. 
 
 

 

3.1.2.12 ERβ1 enhances the degradation of the IRE1α proteins 

Since downregulation of IRE1α in unstressed ERβ1-expressing cells was 

observed only at the protein level, we explored for ERβ1-mediated post-transcriptional 

regulation of IRE1α.  We carried out a chase experiment to see whether ERβ1 regulates 

degradation of the IRE1α protein. It was shown that ERβ1 reduced the half-life of IRE1α, 

as implied by the enhanced protein turnover by ERβ1 (Figure 3.1.12 A). For the same 
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purpose, we treated MDA-MB-231 breast cancer cells overexpressing ERβ with 

proteasome inhibitor, MG-132. Treatment with MG-132 restrained the ERβ-mediated 

decrease of IRE1α proteins, substantiating that ERβ1 imposes a post-transcriptional 

regulation (Figure 3.1.12 B). IRE1α protein ubiquitination was observed in the 

rheumatoid arthritis synovium. E3 ubiquitin ligase, synoviolin1 (SYVN1) was shown to 

catalyse the ubiquitination and the consequent promotion of IRE1 degradation (Gao et al. 

2008). Importantly, SYVN1 was shown to be estrogen-regulated in mouse uterus (Davis 

et al. 2008). Therefore, we decided to investigate the potential involvement of SYVN1 in 

the IRE1α degradation process. Real-time PCR analysis showed increased SYVN1 

mRNA levels in ERβ1-expressing MDA-MB-231 cells (Figure 113.1.12 C).  The 

molecular chaperon, heat shock protein-90 (HSP90) was shown to interact, and stabilize 

IRE1α. The dissociation of HSP90 protein was shown to increase the IRE1α protein 

turnover (Marcu et al. 2002). Co-immuneprecipitation studies indicated a decreased 

HSP90-IRE1α interaction in the presence of ERβ1 (Figure 3.1.12 D). Increased SYVN1 

expression and decreased HSP90-IRE1 interaction collectively explain the possible 

regulatory mechanism of ERβ1, in attenuating the IRE1 pathway of UPR in the 

malignant breast (Figure 3.1.13). 
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Figure 3.1.12: ERβ1 enhances the degradation of the IRE1α proteins 
(A) Top: Control and ERβ1-expressing MDA-MB-231 cells were treated with 100 μM 
cycloheximide for the indicated times, and lysates were immunoblotted for IRE1α. 
Bottom: The graph represents the quantification of IRE1α protein abundance which was 
assigned 100% at chase time “0”. Graph represents three independent experiments with 
SD indicated. (B) Top: Control and ERβ1-expressing MDA-MB-231 cells were 
incubated in absence or presence of 1 μM MG-132 for 6h, and analyzed for IRE1α 
expression by immunoblotting. Bottom: The bar graph represents the quantification of 
IRE1α protein levels with SD and P value (*) ≤ 0.05 indicated. (C) Real time PCR 
analysis of Synoviolin1 mRNA in control and ERβ1-expressing MDA-MB-231 cells. 
Graph represent three different experiments (D) Lysates from control (Lenti) and ERβ1-
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expressing MDA-MB-231 cells were immunoprecipitated with anti-HSP90 antibody, 
followed by immunoblotting with the indicated antibodies. The bottom panel is the input 
control of cell lysates. 
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Figure 3.1.13: Proposed mechanism illustrating the regulation of the IRE1 pathway 
of UPR by ERβ1 in breast cancer cells.  
Induction of EnR stress leads to the activation of IRE1α and promotes splicing of XBP-1 
mRNA. These result in the generation of the pro-survival transcription factor, XBP-1s. It 
triggers the expression of UPR genes that promote cell survival and inhibit apoptosis. 
ERβ1 induces degradation of IRE1α, by increasing the expression of Synoviolin1, and by 
decreasing the HSP90-IRE1α interaction. Decreased IRE1α/XBP-1 enhances EnR stress-
induced apoptosis in ERβ1-expressing breast cancer cells. 
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3.1.3 Discussion 

Understanding the molecular mechanisms and better prognostic markers of breast 

carcinoma, offers more opportunities in therapeutic intervention of breast cancers. The 

knowledge on fundamental molecular circuitry driving breast cell survival, and the 

predictive tools in the resistant phenotype are largely insufficient (Gonzalez-Angulo et al. 

2007, Hutchinson 2010, Lu et al. 2009).  

One molecular pathway that confers breast cancer cells with resistance is the 

coordinated induction of pro-survival UPR, and the suppression of pro-apoptotic 

pathways in response to tumor microenvironment stress (Clarke et al. 2012, Nagelkerke 

et al. 2013, Rouschop et al. 2010). A major UPR component, XBP-1s was shown to drive 

hypoxia gene signature, to confer therapeutic resistance and tumor progression, in triple-

negative breast cancer (Chen et al. 2014). Estrogen dependency of XBP-1, and the cross 

talk between XBP-1s and ERα, has shown in strong association with endocrine 

resistance, cell survival, and aggressive disease course in ERα-positive breast cancer 

(Clarke et al. 2012). However, the role of the second ER, ERβ in association with XBP-1-

mediated cellular resistance remains unknown. Induction of ERβ1 in breast, prostate, 

lymphomas, and colon cancers was shown to exert anti-proliferative and pro-apoptotic 

effects in cell lines and mouse xenografts (Dey et al. 2013, Thomas and Gustafsson 

2011). Furthermore, studies have sorted ERβ1 positivity in association with improved 

disease-free and overall survival in breast cancer patients, and even in patients under 

adjuvant tamoxifen therapy (Thomas and Gustafsson 2011). Therefore, we hypothesized 

http://www.ncbi.nlm.nih.gov/pubmed?term=Gonzalez-Angulo%20AM%5BAuthor%5D&cauthor=true&cauthor_uid=17993229
javascript:void(0);
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that the wild-type form of ERβ regulates UPR thus, high ERβ1 expression sensitizes cells 

to EnR stress induced apoptosis. 

Assessment of cell viability under EnR stress led to the conclusion that ERβ1 

decreases cell survival through enhanced cellular apoptosis. In contrast to ERβ1, up-

regulation of ERβ2 did not induce EnR stress-induced apoptosis. ERβ isoforms perform 

different roles in apoptosis and survival in breast cancer cells, and therefore may reinstate 

their different prognostic value in breast cancer patients (Shaaban et al. 2008, Thomas 

and Gustafsson 2011). Expression of ERβ1 in cancer cells that express very low levels of 

endogenous ERβ1 has been reported to elicit tumor repressive actions in a ligand-

independent manner. This observation is consistent in our model of MDA-MB-231, in 

which the induction of ERβ1 itself enhanced the EnR stress-induced apoptosis. This 

ligand-independent transcriptional activity of ERβ1 is due to the receptor phosphorylation 

at Ser-87 (Hartman et al. 2009, Thomas et al. 2012).  On the other hand, MCF-7 cells 

with endogenous ERβ1 show ligand-dependent activation. MCF-7 cells express both ERβ 

and ERα, and selective activation of ERβ by DPN enhanced the cellular apoptosis. The 

expression levels of the receptor, ERα, and co-regulatory proteins in transfected cells, and 

in cells with endogenous ERβ may be important factors in determining the type of effect 

(ligand-independent or ligand-dependent) that ERβ1 elicits in cancer cells. Furthermore, 

expression of ERβ1 in ERα-positive MCF-7 cells made a potent increase in EnR stress-

induced apoptosis, possibly due to dominant negative inhibition action on ERα-induced 

gene expression by ERβ1. This effect was been observed in reporter-based transcriptional 

assays and gene network models (Chang et al. 2006, Hall and McDonnell 1999, Williams 

et al. 2008).  Given the opposing role of ERβ1 and ERα in cancer, selective targeting of 

http://www.ncbi.nlm.nih.gov/pubmed?term=McDonnell%20DP%5BAuthor%5D&cauthor=true&cauthor_uid=10579320
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ERβ holds a therapeutic promise in breast cancer (Thomas and Gustafsson 2011). Our 

observation on ligand-dependent ERβ1-mediated up-regulation of apoptosis, suggests the 

use of specific ERβ agonists together with EnR stress inducers as a potential treatment 

modality for the clinical management of the therapeutic resistance. The EnR stress 

inducer bortezomib (Bz) is used in the hematological malignancies, and is in phase II 

clinical trials for the metastatic breast cancer (Yang et al. 2006). Interestingly, Bz 

inhibited bone tumor growth of the metastatic, triple-negative MDA-MB-231 cells in a 

mouse xenograft model (Jones et al. 2010). Bz substantially increased the apoptotic 

response in our model and this provides the molecular basis for a novel strategy, based on 

combined use of ERβ agonists and Bz to treat patients with metastatic breast cancer. Bz 

monotherapy has limited scope in unselected breast tumors, and as effective means 

combination regimes and suitable prognostic stratification of patients are suggested. So, 

we present ERβ1 as a plausible candidate to enhance the efficacy of Bz, when the cancers 

are positive for ERβ1 or upon selective activation of receptor subtype.   

Up-regulation of ERβ1 or selective ERβ-agonist DPN treatment decreased XBP-

1s and its target genes, and trigger cellular apoptosis. In line with previous reports, our 

ERα-positive MCF-7 cells showed up-regulated XBP-1s, subsequent to ERα agonists 

(PPT and E2) (Sengupta et al. 2010). Down-regulation of XBP-1s was observed when the 

cells were treated with ICI 182780, which is known to act as an antagonist for ERα and to 

induce the ERβ1-mediated tumor repressive actions (Leung et al. 2006, Nakajima et al. 

2011). A dual role of this ligand as an antagonist for ERα and agonist of ERβ1 may 

account for the effect on UPR, in breast cancer cells that express both receptors. These 

findings strengthen the estrogen-dependency of XBP-1. Here, ERβ1 repressed XBP-1s 
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both in ERα-positive and triple-negative breast cancer cells, suggesting that ERβ1 

regulates the EnR stress response through a mechanism independent of ERα activity. 

Interestingly, increased expression of XBP-1s positively associates with tumorigenicity 

and recurrence in triple-negative breast cancer (Chen et al. 2014). Further, XBP-1 has 

shown to induce SNAIL expression to promote epithelial-to-mesenchymal transition 

(EMT) in in vitro and in vivo breast cancer models (Li et al. 2014). Depletion of XBP-1 

was shown to decrease cancer cell invasiveness, and has increased chemosensitivity in  

triple-negative breast cancer xenograft models (Chen et al. 2014). We have previously 

shown that ERβ1 expression decreases the invasiveness and EMT of triple-negative 

breast cancer cells. Further expression of ERβ1 increases the sensitivity of breast cancer 

cells to treatment with chemotherapeutic drugs (Thomas et al. 2011, Thomas et al. 2012).  

Our finding that ERβ1 downregulates XBP-1s in triple-negative breast cancer cells may 

account for the phenotypes observed in ERβ1-expressing, triple-negative breast cancer 

cells (Thomas et al. 2012). Favorable treatment response has been noted in ERβ1-

expressing, triple-negative breast cancer patients. Our observations provide a rational for 

the use of ERβ-specific agonists as therapeutic agents to treat patients with the aggressive 

forms of breast cancer, and further validate the role of ERβ1 as a predictive clinical tool.  

It was evident that decreased XBP-1s is directly linked to reduced IRE1α protein 

expression in ERβ1-expressing cells both in the absence and the presence of EnR stress. 

Further analysis of IRE1α mRNA expression revealed a down-regulation of IRE1α 

mRNA in ERβ1-expressing cells, only in the presence of EnR stress. This indicates a 

transcriptional regulation of IRE1α by ERβ1, under cellular stress conditions. This may 
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account for the context-dependent transcriptional regulation, and further studies are 

encouraged in this aspect. However, the decreased protein levels of IRE1α in the same 

cells in the absence of EnR stress supports a model that involves post-transcriptional 

regulation of IRE1α by ERβ1. IRE1α expression is regulated at post-transcriptional level 

through increased ubiquitylation and degradation (Gao et al. 2008, Marcu et al. 2002).  

Up-regulation of SYVN1 mRNA, and retarded IRE1α-HSP90 association in the presence 

of ERβ1, explain the enhanced IRE1α degradation in our study model. Enhanced protein 

turnover of IRE1α explain the attenuation of XBP-1 splicing and the pro-apoptotic 

phenotype. Taken together, it was evident that ERβ1 is a critical regulator of cell fate in 

EnR-stressed breast cancer cells. Furthermore ERβ1 sensitizes breast cancer cells towards 

EnR stress-induced apoptosis, by down-regulating the IRE1 arm of UPR.  

 

3.1.4 Conclusion 

To our knowledge, this study is the first study to demonstrate that ERβ1 decreases 

the survival of EnR-stressed breast cancer cells, by down-regulating the UPR in general 

or IRE1 arm in particular. These results may shed more light into the mechanisms that 

regulate therapeutic resistance in breast cancer, and explain the association between the 

expression of ERβ1 and sensitivity to endocrine therapy observed in vitro and in vivo. 

ERβ1-mediated down-regulation of IRE1α, suppression of the UPR, and the decrease in 

cell survival claim that ERβ1 is an important regulator of the stress response in breast 

cancer, and potentiates the applications in clinical management of the disease.  
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3.2 ERβ1 sensitizes tamoxifen-resistant breast cancer cells to EnR stress and 

tamoxifen by downregulating the IRE1/XBP-1 pathway of UPR. 

3.2.1 Introduction 

Implementations of screening programs and novel treatment approaches have lead 

to a decrease in breast cancer mortality. Nonetheless, around 40,000 breast cancer-

associated deaths are predicted to occur in United States in 2014 (Siegel et al. 2014). 

Despite the knowledge on molecular complexity and heterogeneity, there are only a few 

well-validated prognostic markers and therapeutic targets for the clinical management of 

the disease. Therefore, understanding the molecular mechanisms underlying the resistant 

phenotype, and identification of novel prognostic markers are of acute interest (Cook et 

al. 2012).  

Estrogen and estrogen receptors (ERs) are key regulators in breast cancer 

development, progression, and therapeutic response (Thomas and Gustafsson 2011). At 

the time of the diagnosis, nearly 70% of breast cancers are ERα-positive. Thus, a 

selective estrogen receptor modulator, tamoxifen, remains the most potent endocrine 

treatment in ERα-positive breast cancers. Tamoxifen binds to estrogen receptor alpha 

(ERα), and alters the conformation of helix 12 relative to that seen with 17β-estradiol.  

Although most patients benefit from this mainstay endocrine therapy in the adjuvant, 

metastatic, and even in neoadjuvant setting, resistance is the utmost clinical challenge. 

Intrinsic tamoxifen resistance is seen 50% of advanced ERα-positive breast cancers, as 

many as 40% of patients receiving the adjuvant tamoxifen acquire resistance over the 
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course, and relapse. Nevertheless, at least two thirds of the resistant tumors continue to 

express ERα (Cook et al. 2012, Jordan 2003).  

Tumor microenvironment-induced mechanisms are among the cellular 

mechanisms conferring tamoxifen resistance in malignant breast (Osborne and Schiff 

2011, Thomas and Gustafsson 2011). Tumor microenvironment stress-dependent or –

independent upregulation of XBP-1, and overexpressed XBP-1 in tamoxifen-resistant 

breast cancers highlight the importance of XBP-1 in the resistant phenotype (Andruska et 

al. 2014, Clarke et al. 2012, Davies et al. 2008). Several studies have demonstrated XBP-

1s in strong association with ERα status of breast cancers, and both proteins are highly 

co-expressed in luminal breast cancer gene signature. Further, XBP-1s was shown to be 

more potent than estrogen in the transcriptional activation of ERα. XBP-1s-mediated 

transcriptional activation of ERα makes cells E2-independent and unresponsive to E2-

withdrawal (The cancer genome atlas network 2012, Ding et al. 2003, Gomez et al. 

2007). Additionally, XBP-1s mediated large-scale chromatin unfolding in ERα has been 

shown to perturb classical estrogen signaling pathways, and promotes anti-estrogen 

resistance in vitro (Fang et al. 2004). However, the role of second estrogen receptor, ERβ 

in regulating the UPR-mediated endocrine resistance is largely unknown. Wild-type ERβ 

(ERβ1) opposes the role of ERα by repressing cancer cell proliferation and metastasis, 

and thereby enhances the cellular apoptosis in breast cancer cells.  Additionally, ERβ1 

has been shown in association with better prognosis and overall survival in breast cancer. 

Even, ERβ1 is suggested as a better predictor of endocrine therapy in ERα-positive 

primary breast carcinomas. Most importantly, ERβ1 has been shown to improve 
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tamoxifen response in triple-negative and ERα-negative cancers (Esslimani-Sahla et al. 

2004, Hartman et al. 2009, Thomas and Gustafsson 2011, Yan et al. 2013). Hence, 

elucidating the role of ERβ1 in UPR/XBP-1-driven endocrine resistance is crucial to 

enhance the efficacy of endocrine therapy, and for potential therapeutic interventions in 

hormone-dependent breast cancer. We have observed that ERβ1 downregulates the 

IRE1/XBP-1 pathway, and sensitizes breast cancer cells to EnR stressors. These suggest a 

potential role of ERβ1 in regulating the resistance of breast cancer to variety of stressors 

including anti-estrogens. Therefore we hypothesized that, ERβ1 regulates the IRE1/XBP-

1 arm of UPR to modify therapeutic resistance in endocrine-resistant phenotype. ERβ1 

was found to repress the IRE1 pathway, and further sensitizes endocrine-resistant breast 

cancer cells to EnR stressors and tamoxifen.  

 

3.2.2 Results 

3.2.2.1 ERβ1 expression in tamoxifen-sensitive and –resistant breast cancer cells 

Resistance to endocrine therapies in ERα-positive breast cancer remains a major 

clinical challenge, partly due to the limitations in current understanding of the resistant 

phenotype. Endocrine resistance is conferred by many mechanisms, and UPR is one of 

them. The cross talk of XBP-1 with estrogen and ERα, makes IRE1 pathway the most 

plausible UPR candidate in driving the endocrine resistance. Upregulation of XBP-1 

confers anti-estrogen resistance and estrogen independence. Tamoxifen-resistant breast 

cancer cells overexpress both XBP-1 and GRP78 (HSPA5/Bip). Downregulation of 

GRP78 or XBP-1 has been shown to restore endocrine sensitivity (Cook et al. 2012). 
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Given the downregulation of IRE1/XBP-1 branch in ERβ1-expressing, tamoxifen-

sensitive breast cancer cells, we hypothesized that ERβ1 can decrease the survival of the 

antiestrogen-resistant cells under EnR stress. 

  Tamoxifen-resistant and estrogen-independent MCF-7-RR cells were used in the 

experiments. These cells were derived from MCF-7 cells, following selection in low 

serum and tamoxifen (Butler and Fontana 1992). Induction of endogenous ERβ or the 

overexpression of ERβ1 in our tamoxifen-sensitive breast cancer cells (MCF-7 and 

MDA-MB-231) have shown to downregulate the IRE1 pathway, and UPR-mediated cell 

survival. Therefore, to comprehend the role of ERβ1 in the resistance, we analyzed ERβ1 

expression profile in tamoxifen-resistant breast cancer cells. It was revealed that 

significantly lower levels of ERβ1 receptor are present in tamoxifen-resistant cells, when 

compared with tamoxifen-sensitive cells. This suggests the involvement of ERβ1 in a 

mechanism, that regulate therapeutic sensitivity in breast cancer cells (Figure 3.2.1 A). In 

order to elucidate the effect of ERβ1 expression, we used lentiviral system to stably 

generate ERβ1-expressing and control MCF-7-RR cells (Figure 3.2.1 B) 
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Figure 3.2.1: ERβ1 expression in tamoxifen-sensitive and –resistant breast cancer 
cells 
(A) Immunoblot analysis of ERβ1 in lysates from tamoxifen-resistant (MCF-7-RR) and 
wild type MCF-7 cells.  Lysates from H1299 lung cancer cells stably expressing 
untagged ERβ1, in the presence or absence of ICI were loaded as positive control. ICI is 
an estrogen receptor ligand that downregulates the receptor. (B) Flag-tagged ERβ1 
protein expression in MCF-7-RR cells, transduced with lentivirus carrying pLenti vector 
or pLenti-flag-ERβ1 construct.  Recombinant ERβ1 was loaded as a positive control. 
Endogenous and stably transduced flag-ERβ1 with slightly retarded electrophoretic 
mobility is shown.   

 

3.2.2.2 ERβ1 downregulates GRP78 expression in tamoxifen-resistant breast cancer 

cells 

Upon accumulation of unfolded proteins, GRP78 is titrated away from proximal 

EnR stress transducers to trigger the UPR. GRP78 upregulation is observed in both ERα-

positive and endocrine-resistant breast cancers. Downregulation of GRP78 has been 

shown to increase therapeutic sensitivity (Andrushaka et al. 2014, Avila et al. 2013, Cook 

et al. 2012, Luvsandagva et al. 2012, Scriven et al. 2009). ERβ1 downregulates GRP78 

expression in our tamoxifen-sensitive breast cancer cells. Therefore we decided to 

investigate, whether induction of ERβ1 has any effect on GRP78 expression in the 

resistant phenotype. Interestingly, it was revealed that the introduction of ERβ1 

significantly reduced the GRP78 expression in MCF-7-RR cells, in response to EnR 

stress (Figure 3.3.2). This observation indicates a plausible pathway through which ERβ1 
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may regulate UPR-mediated cell survival in EnR-stressed, tamoxifen-resistant cells. 

Since GRP78 confers endocrine resistance, we analyzed the functional consequences of 

ERβ1-mediated GRP78 downregulation in the resistant phenotype. 

 

 

Figure 3.2.2: ERβ1 decreases GRP78 expression in tamoxifen-resistant breast 
cancer cells  
Control (Lenti) and ERβ1-expressing MCF-7-RR cells were treated with 250nM Tg for 
indicated time points, and GRP-78 expression was analyzed by (A) real-time PCR and 
(B) by immunoblotting.  Graph shows the mean ±SEM of three independent experiments, 
normalized to the untreated control cells. P-value (*) ≤ 0.05.  

 

3.2.2.3 ERβ1 decreases the cell survival in EnR-stressed, tamoxifen-resistant cells 

Tamoxifen resistant cells have intrinsically upregulated UPR to overcome the 

therapeutic insult, and to ensure cell survival and proliferation. This was evident by EnR 

stress-independent upregulation of UPR gene signature, including GRP78 and XBP-1 

(Andruska et al. 2014, Cook et al. 2012). Given the downregulation of GRP78 in ERβ1-

expressing resistant cells, and ERβ1-mediated decreased cell survival in EnR-stressed 

tamoxifen-sensitive cells, we presumed that ERβ1 may affect the survival of tamoxifen-
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resistant cells under EnR stress. Treatment with pharmacological stress inducers (Tg or 

Bz) resulted in significantly decreased cell survival in ERβ1-expressing MCF-7-RR cells, 

corroborating the pro-apoptotic function of ERβ1 (Figure 3.2.2 3). Proteasome inhibitor, 

Bz had a profound effect in decreasing the cell survival, implying the putative role of Bz 

as a therapeutic modality in resistant setting. Anticipatory activation of GRP78 and 

GRP94 prepares breast cancer cells to cope with subsequent cellular stressors (Andruska 

et al. 2014). MCF-7-RR cells showed a slightly higher cell survival under Tg treatment 

when compared with the vehicle-treatment. This observation may possibly explain the 

role of proactive UPR in preparing breast cancer cells to sustain and thrive in unfavorable 

conditions. Taken together, these observations suggest the involvement of ERβ1 in the 

mechanisms, that regulate the EnR stress-induced cell survival.   

 

Figure 3.2.3: ERβ1 decreases the cell survival under EnR stress 
MCF-7-RR cells stably infected with lentivirus carrying an empty vector (Lenti) or ERβ1 
plasmid were either mock treated (EtOH) or treated with the EnR stress inducers, Tg (250 
nM) or Bz (100 nM) in 5% DCC-containing media for 30 h. Cells were analyzed by 
clonogenic survival assay. Graphs show the mean ±SEM of three independent 
experiments normalized to the untreated control cells. P-value (*) ≤ 0.05.  
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3.2.2.4 ERβ1 sensitizes anti estrogen-resistant breast cancer cells towards EnR 

stress-induced apoptosis by downregulating the IRE1 pathway  

Defective UPR triggers cellular apoptosis through the activation of mitochondrial 

apoptotic pathways. To elucidate the mechanism through which ERβ1 decreased MCF-7-

RR cell survival in response to EnR stress, the same cells were treated with Tg, and 

analyzed for the activation of apoptotic markers. Since MCF-7 cells are defective of 

functional caspase-3, activation of PARP was assessed. PARP cleavage is higher in 

ERβ1-expressing cells than that of control cells, indicating that ERβ1 induces apoptosis 

in response to EnR stress (Figure 3.2.4 A). 

UPR component, XBP-1 is an estrogen-induced gene, and its action with ERα 

confers endocrine resistance and breast cancer cell survival (Cook et al.  2012). Given the 

ERβ1-mediated enhanced apoptosis and decreased cell survival, we examined whether 

ERβ1 alters the EnR stress response by regulating XBP-1 pathway. We treated control 

and ERβ1-expressing MCF-7-RR cells with Tg, and assessed for IRE1α and XBP-1s by 

immunoblotting and real-time PCR. As shown in figure 3.2.4 B,C mRNA and protein 

levels of IRE1α and XBP-1s were markedly reduced in ERβ1-expressing MCF-7-RR 

cells, compared with control cells. Taken together, these results substantiate that ERβ1 

represses the UPR by reducing the splicing of XBP-1. 
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Figure 3.2.4: ERβ1 sensitizes anti estrogen-resistant breast cancer cells towards 
EnR stress-induced apoptosis by downregulating the IRE1 pathway  
(A) Cleaved PARP levels in control and ERβ1-expressing MCF-7-RR cells after 
treatment with 250 nM Tg, for the indicated times. The band intensities of cleaved PARP 
were analyzed by densitometry, and normalized to that of actin-β. The numbers under the 
immunoblot show the fold change compared to the untreated control cells that was given 
a value of 1. (B) Control and ERβ1-expressing MCF-7-RR cells were treated with 250 
nM Tg for the indicated times. The expression of IRE1α and XBP-1s was analyzed by 
immunoblotting. (C) Real-time PCR analysis of IRE1α (Left) and XBP-1s (Right) in 
control and ERβ1-expressing MCF-7-RR cells subsequent to Tg treatment. Graph shows 
the mean±SEM of three independent experiments normalized to the untreated control 
cells. P-value (*) ≤ 0.05. 

 

3.2.2.5 ERβ1 sensitizes anti estrogen-resistant breast cancer cells to tamoxifen 

Upregulated UPR has an established role in endocrine-resistant breast cancer. 

Anticipatory UPR activation has been shown to confer additional survival advantage in 

malignant breast. Additionally, tamoxifen treatment exerts cellular stress conditions, and 

thereby upregulates GRP78 and GRP94 (Andruska et al. 2014, Scriven et al. 2009, Yeh et 
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al. 2014). Tamoxifen-resistant breast cancer cells overexpress both XBP-1 and GRP78. 

Downregulation of GRP78 or XBP-1 restores antiestrogen sensitivity in the same cells 

(Cook et al. 2012). ERβ1-mediated downregulation of XBP-1 and GRP78, and decreased 

cell survival in tamoxifen resistant cells suggest that, ERβ1 may regulate the sensitivity 

of cells to anti-estrogens. ERβ1 in general, has been shown to increase the sensitivity of 

breast tumors to adjuvant tamoxifen therapy, and thereby suggested as a favorable marker 

of better prognosis (Gruvberger-Saal et al. 2007, Honma et al. 2008). Based on our 

observations, we decided to look into the putative role of ERβ1 in tamoxifen resistance. 

Therefore, we treated control and ERβ1-expressing MCF-7-RR cells with an active 

metabolite of tamoxifen, 4-hydroxy-tamoxifen (4-OH-tam) for 5 consecutive days. Cells 

survival was analyzed with fluorometric clonogenic assay, and it was shown that 

induction of ERβ1 decreased viability of MCF-7-RR cells, in the presence of 4-OH-tam 

(Figure 3.2.5).  
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Figure 3.2.5: ERβ1 increases the sensitivity of tamoxifen-resistant breast cancer 
cells to tamoxifen treatment 
 
Control (Lenti) and ERβ1-expressing MCF-7-RR cells were treated with the indicated 
concentrations of 4-hydroxy-tamoxifen (4-OH-tam) for 5 consecutive days, and analyzed 
for cell viability by a fluorometric assay. Graph shows the mean ±SEM of three 
independent experiments, normalized to the untreated control cells. P-value (*) ≤ 0.05. 
 

 

3.2.3 Discussion 

Endocrine therapy evolves, since the advent of tamoxifen to new generation 

aromatase inhibitors, and remains the gold standard therapy in hormone-dependent breast 

cancers for decades. In the malignant breast, tamoxifen acts as an antagonist of ERα by 

binding and interfering with estrogen-signaling. ERα-positivity accounts for at least 75% 

of the breast cancers, so the presence of ERα is assessed as a biomarker for endocrine 

response.  Despite the presence of ERα, there are cancers that do not respond, while some 

cancers acquire resistance over the course of time. Thus, there is an urgent need to 

understand better prognostic and clinical predictors, and the signaling network of the 

resistant phenotype (Jordan 2003). 
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Host-derived and tumor microenvironment-derived factors interfere with the 

tamoxifen response. Stress-dependent and stress–independent activation of UPR also 

have shown to regulate the endocrine response (Osborne and Schiff 2011, Thomas and 

Gustafsson 2011). Therefore, targeting the UPR has been shown to be a viable approach. 

UPR drug bortezomib (Bz) has been shown to enhance the efficacy of anti-estrogen, 

fulvestrant in cancer cells. Further, phase II study of combined Bz and tamoxifen therapy 

was shown to have 22% clinical benefit rate in endocrine-resistant and progressive 

metastatic breast cancer (Ishii et al. 2011, Trinh et al. 2012).  Estrogen stimulation of 

XBP-1, and XBP-1-induced ERα transcriptional activation, have been shown in strong 

association with endocrine resistance. Additionally, pro-active and tamoxifen-induced 

UPR have been shown to exacerbate the disease course (Anduska et al. 2014, Clarke et 

al. 2012, Scriven et al. 2009). Even so, the exact role of ERβ1 in this context is unknown. 

Based on the pro-apoptotic role of ERβ1, and our findings on repressed XBP-1 activation 

in ERβ1-expressing cells, we hypothesized that ERβ1 regulates the sensitivity of 

endocrine-resistant breast cancer cells, to EnR stressors including tamoxifen.    

Estrogen-independent and anti-estrogen-dependent MCF-7-RR cells have 

upregulated GRP78, and knockingdown of GRP78 has been shown to restore the cellular 

sensitivity (Cook et al. 2012). Induction of ERβ1 significantly reduced the GRP78 

expression, suggesting an enhanced cellular sensitivity through diminished UPR 

activation. In line, ERβ1-expressing cells showed reduced cell survival and increased 

apoptosis under EnR stress, credibly through the repressed IRE/XBP-1 arm in our study 

model.  Given that ERβ1 suppresses the XBP-1 pathway, we analyzed if ERβ1 regulates 

the sensitivity of MCF-7-RR cells to tamoxifen. It was evident that the induction of ERβ1 
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increases cellular sensitivity to tamoxifen metabolite, 4-OH-tamoxifen in vitro. Our 

observation in fact, expands the pro-apoptotic role of ERβ1 to a new platform of UPR 

and tamoxifen therapy.   

Based on our preliminary observations, we suggest in-depth analysis of more in 

vitro and in vivo models, the effect of ligands, and ERα expression pattern. Taken 

together, our findings support the claim that the outcome of hormonal treatment depends 

on the ratio of ERα/ERβ, as the induction of ERβ1 reversed the resistant phenotype of our 

ERα-positive model (Madeira et al. 2013). These findings may provide a rationale 

towards the improved tamoxifen response in ERβ1-positive triple-negative breast cancers 

(Honma et al. 2008). Previous findings have suggested ERβ1 as an independent marker 

for favorable tamoxifen response in ERα-negative breast cancer (Gruvberger-Saal et al. 

2007, Madeira et al. 2013). Further, it has been suggested that low ERβ levels as an 

independent marker in predicting tamoxifen resistance (Esslimani-Sahla et al. 2004). 

Based on our findings we support the previous claims, and here we present ERβ1 as a 

plausible clinical predictor of tamoxifen therapy. 

 

3.2.4 Conclusion 

This is the first study to reveal the tumor repressive role of ERβ1, by regulating 

the UPR-mediated cellular resistance in endocrine-resistant breast cancer cells. Further, 

this observation may help in explaining the enhanced efficacy of anti-estrogen therapy in 

ERβ1-positive breast cancer patients. The study supports the integration of ERβ1 into the 

molecular circuitry of endocrine-resistant breast as an important regulator of stress 
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response. We further suggest integrating ERβ1 into clinical settings as an additional 

predictor of therapy, and in novel therapeutic interventions of the resistant breast. 
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3.3 ERβ1 downregulates the PERK pathway in breast cancer cells under 

Endoplasmic reticulum stress  

3.3.1 Introduction 

UPR is an adaptive response that is activated in tumor cells, due to the limited 

availability of nutrients and oxygen in the microenvironment. The foremost UPR 

pathway activated in response to EnR stress is the double-stranded RNA-activated 

protein kinase (PKR)-like endoplasmic reticulum kinase (PERK). Under EnR stress 

conditions, GRP78 dissociates from PERK luminal domain to initiate the dimerization 

and autophosphorylation of the kinase. Activated PERK phosphorylates the eukaryotic 

initiation factor 2α (eIF2α), which transiently blocks eIF2α-dependent protein translation. 

Further, eIF2α preferentially activates activation transcription factor 4 (ATF4) to promote 

cell survival. Furthermore, PERK-eIF2α-ATF4 pathway directs an autophagy gene 

transcriptional program to remove soluble unfolded protein intermediates, as an 

important survival and quality control step. If the cell cannot reinstate the homeostasis by 

translation attenuation and pro-survival autophagy, ATF4-dependent CHOP upregulation 

makes the cell fate decision, and triggers the apoptotic switch (B’chir et al. 2013, Harding 

et al. 2000).  

Autophagy is a cellular recycling process, whereby cells cannibalize their proteins 

and organelles to recover nutrients and restore homeostasis. This process involves the 

formation of a double-membrane vesicle to segregate the sub-cellular organelles, fusion 

with the lysosome, and release of nutrients from the autophagosome. Autophagy is 

regulated by many pathways, and autophagy gene (ATG)-related proteins coordinate 
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autophagy induction and sequestration. It has been found that under EnR stress, ATF4 

directs the transcriptional program of ATG to induce the autophagy (B’chir et al. 2013, 

Ogata et al. 2006, Szegezdi et al. 2009).  

Defective autophagy has been shown to synergize with defective apoptosis to 

support mammary tumorigenesis both in vitro and in vivo. Autophagy is induced in 

response to antiestrogens, cytotoxic drugs, and histone-deacetylase inhibitors. 

Accordingly, the inhibition of autophagy has restored chemo- and endocrine-sensitivity 

in pre-clinical models. Given the importance, some ongoing clinical trials concurrently 

use autophagy inhibitors and standard therapies for better objective response in breast 

cancer. One of the studies is the preventing invasive breast neoplasia study with 

combined chloroquinine and tamoxifen treatment in ductal carcinoma in situ. Cellular 

autophagy is a complex regulatory network mediated by numerous pathways. Under EnR 

stress conditions, both IRE1 and PERK pathways have shown to regulate autophagy. It is 

suggested that upregulated GRP78 integrates the autophagy and apoptosis paradigm. 

Knocking down of GRP78 has been shown to diminish autophagy by preventing the 

translocation of ATGs, through diminished PERK pathway. Furthermore, GRP78-

mediated IRE1/JNK pathway activation regulates autophagy by activating beclin-1 

protein, to initiate membrane nucleation and elongation around target cargo (Clarke et al. 

2012, Cook et al. 2011, Cook et al. 2013, Cook et al. 2014, Szegezdi et al. 2009, 

Zarzynska et al. 2014). 

Estrogen-regulated transcriptional factors play a key role in breast cancer 

progression and response to therapy (Thomas and Gustafsson 2011). Autophagy was 
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shown to intersect with estrogen signaling pathways to drive ERα-positive cells towards 

endocrine resistance. Additionally, endocrine-resistant cells have shown higher level of 

basal autophagy, and tamoxifen induces autophagy in a dose-dependent manner (Cook et 

al. 2013, Schoenlein et al. 2009). Estrogen/ERα-driven PERK pathway has observed in 

breast cancer cell lines and mouse xenografts. In addition, GRP78 has been shown to be 

estrogen-dependent (Luvsandagva et al. 2012, Andruska et al. 2014). Even though 

autophagy seems to intersect with estrogen signaling pathways, the regulatory role of 

ERβ in the autophagic response of EnR-stressed breast cancer is unknown. Given the 

upregulation of EnR stress-induced apoptosis and decreased IRE1 axis in breast 

carcinoma, we investigated whether ERβ1 controls the pro-survival autophagy by 

regulating the PERK pathway. ERβ1 was found to downregulate PERK pathway in 

triple- negative and ERα-positive breast cancer cells, leading to translational attenuation 

and repressed autophagy. Attenuation of PERK pathway was indicated by suppressed 

phospho-eIF2α levels and reduced conversion of microtubule-associated protein 1 light 

chain 3 (LC3). 

 

3.3.2 Results 

3.3.2.1 Induction of ERβ1 decreases autophagy indicator LC3II in breast cancer 

cells under EnR stress 

Under mild EnR stress, autophagy removes terminally unfolded protein 

intermediates by encapsulating within autophagosomes, and degraded by lysosomal 
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hydrolases. The network topology of autophagy is quite comprehensive, yet there are 

many established nodes to evaluate the autophagy process.  Frequently used autophagy 

markers are the presence of cytoplasmic vacuoles and autophagosomes, the absence of 

marginated nuclear chromatin, an increase in cleavage of LC3, and a reduction in 

p62/sequestosome-1 (p62/SQSTM1) protein levels. During autophagy, autophagosomes 

engulf cytoplasmic components, and the cytosolic form of LC3 (LC3I) is conjugated to 

phosphatidylethanolamine to form LC3-phosphatidylethanolamine conjugate (LC3II), 

which is recruited to autophagosomal membranes. Autophagosomes fuse with lysosomes 

to form autolysosomes, and intra-autophagosomal components are degraded by 

lysosomal hydrolases. Since LC3II is presented on the cargo undergoing active 

degradation, LC3II expression is considered as a reliable marker of autophagy (Klionsky 

et al. 2012). Interestingly, PERK/eIF2α activation has been shown to mediate LC3 

conversion (Kouroku et al. 2007). Increased basal autophagy as indicated by LC3II 

expression has observed in resistant breast cancer cells. On the other hand, PERK has 

been shown to be regulated by estrogen in ERα-positive cells (Andruska et al. 2014).  

However, the role of ERβ in the EnR stress-induced autophagy has not been 

experimentally tested. We hypothesized that wild-type form of the receptor (ERβ1) 

regulates the EnR stress-induced autophagy, through PERK arm of UPR. To test this 

hypothesis, we stably expressed ERβ1 in two breast cancer cell lines; the ERα-positive 

MCF-7 cells and the triple-negative MDA-MB-231 cells. Cells were analyzed for LC3 

conversion following exposure to pharmacological EnR stress inducer, thapsigargin (Tg). 

As shown in Figure 3.3.1, LC3II expression is reduced with the induction of ERβ1 in 
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triple-negative and ERα-positive breast cancer cells, suggesting the involvement of ERβ1 

in pro-survival autophagy. 

 

Figure 3.3.1: ERβ1 decreases LCIIB expression in breast cancer cells under EnR-
stress 
(A) MDA-MB-231 and (B) MCF-7 control and ERβ1-expressing cells were treated with 
250nM of Tg for indicated time points. The conversion of LC3 was assayed by the 
appearance of LC3II, which is indicative of autophagy induction. LC3I and LC3II both 
appear in the same protein immunoblot, in which LC3II shows higher electrophoretic 
mobility as indicated by the lower band.      
 

3.3.2.2 ERβ1 decreases the expression of master UPR regulator, GRP78 in breast 

cancer cell lines 

Primary function of the UPR component GRP78 (Bip/HSPA5) is the sensing and 

the regulation of the EnR stress, therefore it aids in cell fate decisions by integrating cell 

death and survival pathways (Shroder and Kaufman 2005). GRP78 is an estrogen-

regulated gene, and its upregulation is generally correlated with the ERα-positivity in 

mammary carcinoma. Upregulated GRP78 has been shown in association with EnR 

stress-induced pro-survival autophagy, and resistance in breast cancer cells.  GRP78 

knockdown leads to a reduction in cell survival, and increased cellular sensitivity in 

breast cancer (Cook et al. 2013, Luvsandagva et al. 2012, Scriven et al. 2009). Given the 

downregulation of LC3II, we studied the involvement of GRP78 in the mechanisms 



103 

regulating cellular autophagy. ERβ1-expressing MCF-7 and MDA-MB-231 cells were 

treated with Tg in a time-course experiment, and GRP78 profile was analyzed. It was 

evident that, the induction of ERβ1 decreases both protein and mRNA levels of GRP78. 

Downregulation of GRP78 expression may explain the involvement of UPR pathways in 

regulating autophagy.    

                   

Figure 3.3.2: ERβ1 decreases the expression of GRP78 in breast cancer cell lines         
Control and ERβ1-expressing (A) MDA-MB-231 and (B) MCF-7 cell lines were treated 
with 250nM Tg as indicated, and analyzed for GRP78 protein expression (Top). The 
same cells were treated with Tg as indicated, and mRNA expression was analyzed in real 
time PCR. The graph shows the mean of three experiments with SD and P value (*) ≤ 
0.05 indicated (Bottom). 

 

3.3.2.3 Induction of ERβ1 expression downregulates the PERK pathway of UPR in 

breast cancer cells  

PERK/eIF2α activation has been shown to regulate translational attenuation and 

LC3 conversion. PERK/ATF4 has been shown to drive ATG gene transcriptional 

program to regulate autophagy (B’chir et al. 2013). The downregulation of autophagy 
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marker, LC3II in our model suggests the possible involvement of UPR in suppressing 

autophagy. Induction of ERβ1 significantly decreased IRE1α proteins, indicating a 

possible downregulation of IRE1/JNK arm-driven autophagy. However, the role of most 

plausible autophagy inducer, PERK pathway is not known in this context. To study the 

functional consequences of GRP78 suppression, we analyzed the PERK pathway 

activation under EnR stress. MDA-MB-231 and MCF-7 breast cancer cells were treated 

with pharmacological stress inducer (Tg), and the activation of PERK pathway was 

analyzed by protein immunoblottings of PERK, eIF2α, and ATF4. Upon EnR stress, 

GRP78 dissociates from PERK to activate the pathway by phosphorylation of PERK. 

Therefore, we analyzed the total and phospho-PERK proteins. The expression of total 

PERK proteins remained unchanged, while phosphorylation of PERK was significantly 

reduced in ERβ1-expressing cells (Figure 3.3.3.A). Consistent with the phosphorylation 

of PERK, activation of eIF2α was also decreased in the presence of ERβ1, suggesting a 

poor translational attenuation (Figure 3.3.3.B). In the same cells, ATF4 expression was 

reduced indicating an overall suppression of the PERK arm of UPR (Figure 3.3.3.C). 

Taken together, these observations suggest a possible downregulation of ATF4-driven 

ATG transcriptional program, and eIF2α-driven LC3 conversion in ERβ1-expressing 

cells. Altogether, these results suggest that ERβ1 may repress the stress-mediated pro-

survival mechanisms namely, autophagy and translational repression by suppressing the 

PERK branch of UPR. 
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Figure 3.3.3: ERβ1 downregulates the PERK pathway of UPR in breast cancer cells        
Control and ERβ1-expressing (A) MDA-MB-231 (Left) and MCF-7 (Right) cells were 
treated with 250nM of Tg, and lysates were immunoblotted for total and phospho-PERK 
proteins. (B) Total and phosphorylated forms of eIF2α were analyzed by immunoblotting 
in the Tg-treated cell lysates of MDA-MB-231 (Left) and MCF-7 (Right) cells. (C) 
Nuclear extracts of MDA-MB-231 (Left) and MCF-7 (Right) cells were immunoblotted 
for ATF4 expression subsequent to Tg treatment. Nuclear protein lamin A and C served 
as the loading control. Blots represent three experiments. 

 

3.3.3 Discussion 

PERK pathway activates immediately in response to EnR stress, and the 

PERK/eIF2α/ATF4 pathway has been shown in association with translational attenuation 

and autophagy. The phosphorylation of eIF2α decreases the translation of nascent 

proteins, thus giving EnR the ability to cope with the existing unfolded intermediates in a 

timely manner. Autophagy is an evolutionary conserved cellular process to regulate 

metabolic demands and to integrate cell fate decisions. Under EnR stress conditions it 
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facilitates the degradation of soluble unfolded proteins (B’chir et al. 2013, Schroder and 

Kaufman 2005).  

The overexpression of ERβ1 decreased EnR stress-induced translational 

attenuation and autophagy in ERα-positive and triple-negative breast cancer cells. These 

findings support the pro-apoptotic function of ERβ1 in the malignant breast tissue. This 

ligand-independent activation of ERβ1 was previously reported in ERβ1-expressing 

MDA-MB-231 breast cancer cells (Thomas et al. 2012). Increased basal autophagy in 

endocrine-resistant cells is possibly due to the anticipatory activation of estrogen/ERα-

driven UPR (Cook et al. 2011, Andruska et al. 2014). However, in our sensitive cells the 

basal level of autophagy was not altered, suggesting a stress-driven transcriptional 

program intersecting with ERβ1 signaling pathways. In ERα-positive breast, 

downregulation of GRP78 expression has been shown to reverse autophagy-mediated 

cellular resistance. In our model, induction of ERβ1 demonstrated the same effect but 

independent of ERα expression level.  

These preliminary findings suggest the need for further studies to elucidate the 

exact molecular mechanisms, by which ERβ1 regulates GRP78 expression and 

phosphorylation of PERK. Our findings suggest that ERβ1 is most likely to regulate the 

phosphorylation of PERK, but not the expression of total protein. To further strengthen 

the observation of ERβ1-mediated suppressed autophagy, we suggest the use of 

alternative markers such as autophagic flux, p62, and autophagosome formation. In our 

model, we assessed the involvement of the receptor in cell lines overexpressing ERβ1. 

We will also analyze the effects of ligand-dependent ER activation and selective 
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knockdown of ERβ, in EnR stress-induced autophagy. ERβ splice variants have shown 

different biological roles, and ERβ2 didn’t show any involvement in regulating the IRE1 

pathway of UPR. To elucidate the involvement of ERβ, it is suggested to study the roles 

of individual ERβ isoforms. To gain more insights into the process, and to assess the 

clinical relevance of the receptor in autophagy, incorporation of endocrine-sensitive and –

resistant cells is highly recommended.  

 

3.3.4 Conclusion 

This model study shows a novel pathway, by which ERβ1 decreases the cellular 

resistance in EnR-stressed breast cancer cells. PERK-mediated autophagy suppression 

and translational repression, and claims for the first time that ERβ1 is a critical regulator 

of PERK pathway-mediated cell fate decisions. 
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Chapter 4 

ERβ1 impedes basal-like breast cancer epithelial-to-mesenchymal transition by the 

upregulation of E-cadherin expression 

4.1 Abstract‡ 

Basal-like cancer is associated with an aggressive disease course, and 

demonstrates a specific pattern of distant metastasis specifically to sites known to be 

associated with a poor prognosis. The metastasis is due to epithelial-to-mesenchymal 

transition (EMT). EMT is among the characteristic features of the basal-like phenotype of 

malignant breast. Sixty percent of basal-like cancers express wild type estrogen receptor 

beta (ERβ1). However, the role of ERβ1 in regulating EMT, invasion, and metastasis in 

breast cancer has not fully been elucidated. In this study, we examined whether ERβ1, 

through regulating EMT, can influence invasion and metastasis in basal-like cancers 

using in vitro cell models and in clinical specimens. ERβ1 was either stably 

overexpressed or transiently downregulated in basal-like breast cancer cells. In vitro 

models of MDA-MB-231 and Hs578T cells were analyzed for their ability to migrate and 

invade in a wound-healing assay and matrigel-coated transwell assays. The effect ERβ1 

on the EMT markers was sorted with protein immunoblotting and real-time PCR. The 

involvement of microRNA-200 and -205 families in regulating EMT markers were 

                                                           

The work described in this chapter has been published: Thomas C, Rajapaksa G, Nikolos 
F, Hao R, Katchy A, McCollum CW et al. (2012) ER β 1 represses basal-like breast 
cancer epithelial to mesenchymal transition by destabilizing EGFR. Breast Cancer 
Research 14, R148. 
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analyzed with real-time PCR. Further, 208 clinical samples were analyzed 

immunohistochemically for the expression pattern of ERβ1 and the EMT marker, E-

cadherin. The EMT potential of basal-like breast cancer cells was inversely associated 

with the ERβ1-positivity, as shown by the increased E-cadherin expression. ERβ1-

mediated upregulation of microRNA (miR)-200a-b-429 leads to the repression of ZEB1 

and SIP1, which result in increased expression of E-cadherin. The positive correlation of 

ERβ1 and E-cadherin expression was additionally observed in breast tumor samples. 

Taken together, the results of our study strengthen the association of ERβ1 with the 

regulation of EMT and propose the receptor as a potential predictive marker in breast 

cancer metastasis. 
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4.2 Introduction 

Breast cancer is a complex and heterogeneous disease entity with respect to 

prognosis and therapeutic sensitivity. Variations in the transcriptional programs account 

for most of the diversity, therefore genome-wide analysis offers more reliable platform 

for disease characterization. Genome-wide analyzes have identified five breast cancer 

intrinsic subtypes; namely luminal A, luminal B, HER2, basal-like, and claudin-low 

(Perou et al. 2000). More integrated genomic and trascriptomic analyzes continue to 

enrich the molecular profiling. Recent analyzes of copy number and gene expression in a 

large cohort of primary tumors with long follow-up have identified clinically relevant 

novel subgroups. These studies have split the intrinsic subtypes into novel subgroups 

with distinct clinical outcome, including high-risk ERα-positive subgroup, and a subset of 

ERα-positive and ERα-negative cases with favorable outcome. Further, it was noted that 

the majority of basal-like tumors formed a stable, high-genomic instability cohort with 

relatively good long-term outcomes (Curtis et al. 2012). Basal-like tumors are often 

associated with aggressive disease with poor prognosis. Basal-like tumors are 

characterized by the expression signature of basal/myoepithelium cells, such as epidermal 

growth factor receptors (EGFR), p63, and basal cytokeratins (CK 5/6, 14, 17) (Rakha et 

al. 2008). They show partial overlap with triple-negative breast cancers, another 

aggressive type of tumors characterized by the absence of hormone (estrogen and 

progesterone) receptors and human epidermal growth factor receptor 2 (HER2) 

amplification. Approximately 75% of triple-negative breast cancers are classified as 

basal-like tumors on the basis of their overall gene-expression profile. The basal-like 
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phenotype represents a more homogeneous group of cancers than the group of cancers 

defined by the triple-negativity. Basal-like tumors comprise of approximately 15% of 

invasive breast cancers, and often show unfavorable prognosis and limited therapeutic 

sensitivity. They are associated with larger tumor size and high histological grade with 

distance metastasis to hardly manageable sites such as lung and brain (Rakha et al. 2009). 

Recent studies have suggested a correlation between basal phenotype and epithelial-to-

mesenchymal transition (EMT) explaining the aggressive disease course (Sarrio et al. 

2008).  

EMT is defined by the loss of epithelial characteristics and the acquisition of 

mesenchymal phenotype. EMT is associated with increased aggressiveness, invasiveness, 

decreased local control, and metastasis (Sarrio et al. 2008). EMT is characterized by loss 

of cellular adhesion, which is mediated by cadherin switching through the 

downregulation of E-cadherin and upregulation of N-cadherin (Maeda et al. 2005). The 

expression of adhesion molecule, E-cadherin is regulated by a number of transcriptional 

repressors including SNAIL, SLUG, SIP-1 (ZEB-2), δEF1 (ZEB-1), and TWIST (Bolos 

et al. 2003, Comijn et al. 2007, Eger et al. 2005). The family of micro-RNAs 200 (miR-

200a, miR-200b, miR-200c, miR-141, and miR-429) and miR-205A have shown to 

cooperatively regulate the expression of the transcriptional repressors of E-cadherin, 

ZEB-1 and ZEB-2/SIP-1. Enforced expression of miR-200 family has shown to reverse 

EMT via upregulated E-cadherin expression. A decrease in the expression of these 

microRNAs has been observed in cells that have undergone EMT, and in mesenchymal 

regions of metaplastic breast cancer lacking E-cadherin expression (Gregory et al. 2008).  
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Estrogen-regulated transcriptional factors are key mediators of mammary 

morphogenesis as well as breast cancer disease course. The role of estrogen receptors 

(ERs) in regulating the EMT has recently been investigated (Thomas and Gustafsson 

2011). Although a decline of ERα levels is detected in invasive breast cancers, a few 

studies have shown ERα-mediated cell migration and invasion (Wang et al. 2007, Ye et 

al. 2010). Recent studies on prostate cancer have associated wild-type ERβ (ERβ1) with 

reduced EMT and better prognosis. Downregulation of ERβ1 has shown to reverse the 

epithelial phenotype, leading to a high gleason grade invasive prostate carcinoma. In 

contrast, ERβ isoforms (ERβ2 and ERβ5) are associated with poor prognosis through 

enhanced cell migration and invasion (Mark et al. 2010, Leung et al. 2010). In malignant 

breast, ERα and ERβ have been reported to elicit opposite effects. The presence of ERβ1 

or higher ERβ/ERα ratio has been associated with better endocrine response. 

Interestingly, patients with triple-negative breast cancer that were treated with adjuvant 

tamoxifen have shown significantly better survival, when the tumors were positive for 

ERβ1 (Honma et al. 2008, Madeira et al. 2013) 

Given the downregulation of ERβ1 in invasive breast cancers, we hypothesized 

that ERβ1 functions to maintain an epithelial phenotype in breast cancer. We examined 

whether ERβ1 reduces the invasiveness of basal-like cancer cells by repressing EMT. 

Our findings indicate that ERβ1 inhibits EMT, and reduces the invasiveness of basal-like 

breast cancer cells by upregulating the epithelial marker, E-cadherin. 
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4.3 Results 

4.3.1 ERβ1 is required for the epithelial breast cancer phenotype 

ERs play a crucial role in the endocrinological regulation of the mammary tissue. 

Therefore, elucidating the role of ERs in the tumorigenesis and tumor progression is 

important. Distinct expression patterns of ERβ and ERα in mammary tissue suggest 

distinct biological roles of the two receptors (Skliris et al. 2003).  Even though there is no 

proper consensus, a few studies have shown ERα-mediated tumor invasion and migration 

(Wang et al. 2007, Ye et al. 2010). In contrast, ERβ1 expression has shown to decrease 

when ductal carcinoma in situ (DCIS) progresses into invasive carcinoma. It has been 

shown that ERβ1 status is associated with the repression of mesenchymal characteristics 

of the invasive prostate cancer (Mak et al. 2010, Skliris et al. 2003). Basal-like cancers 

are often invasive, high tumor grade, and ERα-negative. These cancers express EMT 

markers, and show cadherin switching as a result of tumor de-differentiation (Rakha et al. 

2008). Given the role of ERβ1 in EMT, we hypothesized that ERβ1 regulates EMT, and 

the low ERβ1 expression in a proportion of basal-like tumors is associated with EMT and 

poor clinical outcome. 

To test this hypothesis, we stably expressed ERβ1 in invasive triple-negative 

breast cancer, MDA-MB-231 and Hs578T cells, and compared ERβ1 expression levels 

with the endogenous expression of ERs in MCF-7 cells (Figure 4.1). Even though these 

breast cancer cell lines resemble claudin-low subtype, their low expression of luminal, 

HER2, and ERβ genes closely resemble the basal-like expression signature. EMT is 

characterized by the loss of epithelial-like morphology. Importantly, induction of ERβ1 
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in our model promoted the loss of “fibroblastoid-like” morphology to acquire “epithelial-

like” compact phenotype (Figure 4.2 A, B upper panel). As in Figure 4.2B lower panel, 

selective knockdown of endogenous ERβ in Hs578T cells leads to a spindle-shape 

phenotype. In MDA-MB-231 cells, the induction of ERβ1 itself was sufficient for the 

morphological switch, independent of 17β-estradiol (E2) ligand activation (Figure 4.2A). 

Invasion and migration of cells are hallmarks of EMT, therefore we analyzed the degree 

of migration and invasion of the cells in the presence of ERα and ERβ1. It was evident 

that induction of ERβ1 repressed the invasion and migration of cells as opposed to ERα-

expressing cells (Figure 4.2 C, D). In line with acquired epithelial morphology and 

reduced invasiveness, epithelial adhesion marker E-cadherin was upregulated and 

mesenchymal markers (cadherin-11 in MDA-MB-231 and N-cadherin in Hs578T) were 

downregulated in the presence of ERβ1 (Figures 4.2 E and 4.3 A, B). In confirmation of 

ERβ1-mediated effect, the knockdown of ERβ1 lead to a decrease in E-cadherin protein 

and mRNA levels in MDA-MB-231 cells (Figure 4.2 F). To further substantiate the 

results, the cellular localization of E-cadherin was analyzed and immunofluorescence 

showed higher E-cadherin expression in the surface of ERβ1-expressing cells than that of 

control cells (Figure 4.2 G). As another indicator of EMT induction, we analyzed the 

expression of mesenchymal marker, vimentin. However, no remarkable alteration in 

vimentin was noted. It suggests that ERβ1 enhances cell adhesion basically by regulating 

cadherins (Figure 4.4). 

Taken together, it is suggested that ERβ1 is involved in a mechanism of 

upregulating the adhesion marker, E-cadherin, in order to facilitate the adhesion in breast 

cancer cells. 
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Figure 4.1: Expression levels of ERα and ERβ1 in breast cancer cell model  
ERα and ERβ1 proteins were immunoblotted from lysates of parental MCF-7, ERα-, and 
ERβ1-expressing MDA-MB-231 cells. MCF-7 cells express relatively high levels of ERα 
and relatively low levels of ERβ1. The immunoblots indicate lower expression of ERα in 
ERα-expressing MDA-MB-231 cells compared to the endogenous ERα in MCF-7 cells 
(Left) and higher expression of ERβ1 in ERβ1-expressing MDA-MB-231 cells compared 
to endogenous ERβ1 in MCF-7 cells (Right). Flag-tagged ERα and ERβ1 show slower 
electrophoretic mobility as indicated in the gel. Recombinant ERβ1 serves as the control. 
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Figure 4.2: ERβ1 inhibits invasion and migration in breast cancer cells by 
regulating EMT  
(A) Control (Lenti), ERα-, and ERβ1-expressing MDA-MB-231 cells following 
incubation with EtOH or 17β-estradiol (E2) for 24 h (scale bars, 50 μm). (B) Control 
(Lenti) and ERβ1-expressing Hs578T cells (upper panel) and Hs578T cells that were 
transiently transfected with siRNA targeting luciferase (Control) or a specific ERβ 
siRNA (siRNA 3#) (lower panel) were photographed (scale bars, 100 μM). (C) Control 
(Lenti), ERα- and ERβ1-expressing MDA-MB-231 cells were incubated with EtOH or 
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E2 and assessed for invasion by using matrigel-coated transwell chambers. The cells that 
were translocated to the lower surface of the filter were shown (left panel) (scale bars, 
500 μm). The graph shows the mean (cell number per field) of three separate experiments 
with the standard error of the mean (SEM) and P-value (*) ≤0.05% indicated. (D) Control 
(Lenti) and ERβ1-expressing MDA-MB-231 cells were incubated with E2 for 24 h and 
assessed for migration using wound-healing assay. The bar graph shows the mean (cells 
migrated into the wound) of three separate experiments with SEM and P-value (*) 
≤0.05% indicated. (E) E-cadherin protein levels in control (Lenti), ERα, or ERβ1-
expressing MDA-MB-231 cells. (F) E-cadherin expression was analyzed by 
immunoblotting in MDA-MB-231 cells transfected with control or ERβ siRNA (3#) 
(upper panel) and qPCR in MDA-MB-231 cells transfected with control or three specific 
ERβ siRNAs (lower panel). The graph indicates the mean of three separate experiments 
with SEM and P-value (*) ≤0.05%. (G) E-cadherin was visualized by 
immunofluorescence in control (Lenti) and ERβ1-expressing cells (scale bars, 20 μm). 
 

 

 
 
Figure 4.3: ERβ1 induces the expression of E-cadherin in breast cancer cell lines 
(A) E-cadherin mRNA levels in control (Lenti), ERα-, and ERβ1-expressing MDA-MB-
231 cells, following incubation with or without E2 for 24 h. The graph shows the mean of 
three separate experiments with SEM and P-value (*) ≤0.05% indicated. (B) Left panel: 
protein levels of EMT markers in control (Lenti), ERα-, and ERβ1-expressing MDA-MB-
231 cells following incubation with or without E2 for 24 h. Right panel: E- and N-
cadherin protein levels in control (Lenti) and ERβ1-expressing Hs578T cells.                                
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Figure 4.4: Regulation of EMT markers by ERβ1 in breast cancer cells 
(A) Control (Lenti) and ERβ1-expressing (ERβ1) Hs578T cells were analyzed for E-
cadherin expression by qPCR. (B) Control and ERβ1-expressing MDA-MB-231 cells 
were analyzed for vimentin expression by qPCR. The graph shows the mean of three 
separate experiments with SEM and P-value (*) ≤0.05% indicated. 

 

4.3.2 ZEB1, ZEB-2/SIP-1, and miR-200 are involved in ERβ1-mediated regulation 

of E-cadherin 

EMT is a natural biological process during embryogenesis, adult tissue repair, and 

maintenance. However, tumor cells have acquired the strategic advantage of this vital 

process in the metastasis and dissemination. EMT-activating transcriptional factors 

(ATF) play a key role in the molecular reprogramming of normal cells. Mounting 

evidence has suggested the involvement EMT-ATFs in oncogenic transformations. EMT-

ATFs identify the E-box DNA sequence in the promoter region of E-cadherin, recruit 

cofactors, and repress E-cadherin expression. EMT-ATFs include ZEB-1, ZEB-2/SIP-1, 

SNAIL, SLUG, and TWIST (Garg et al. 2013).  

Therefore, we examined whether ZEB-1 and ZEB-2/SIP-1 inhibition is involved 

in the ERβ1-mediated induction of E-cadherin expression in breast cancer cells. Induction 

of ERβ1 in MDA-MB-231 and Hs578T cells repressed the expression of SIP-1 and ZEB-

1 (Figure 4.5 A). Based on the downregulation of ZEB-1 and SIP-1, we decided to 
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elucidate the mechanisms through which the suppression of EMT-ATFs occurs. 

microRNAs have reported in regulating EMT by acting as powerful regulators of 

differentiation and cancer progression. A comprehensive study has identified miR-200 

family and miR-205 as markers for E-cadherin.  miR-200 was found to target the E-

cadherin transcriptional repressors, ZEB1 and SIP-1. Ectopic expression of miR-200 

caused an upregulation of E-cadherin levels. Inhibition of miR-200 family reduced E-

cadherin expression, increased expression of vimentin, and induced EMT (Gregory et al. 

2008, Park et al. 2008). Given the downregulation of ZEB-1/SIP-1, we analyzed the 

potential involvement of microRNAs in ERβ1-mediated E-cadherin expression. Using 

quantitative real-time PCR, we found that the cluster of miR-200b-200a-429 was 

upregulated in the ERβ1-expressing MDA-MB-231 and Hs578T cells (Figure 4.5 B). In 

addition, the reduction of endogenous ERβ1 expression in MDA-MB-231 and Hs578T 

cells, significant decreased the expression of miR-200a, miR-200b, and miR-429 (Figure 

4.5 C). We also examined how important is the upregulation of miR-200a-b-429 for the 

ERβ1-mediated repression of EMT. We transfected ERβ1-expressing MDA-MB-231 

cells with inhibitors of miR-200a, miR-200b, and miR-429 and assessed the level of 

functional knockdown of miR200a-b-429 by a reporter assay, in which the 

complementary sequence of miR200a-b-429 was introduced in the 3’ UTR of a luciferase 

reporter gene. Transfection of the cells with miR200a-b-429 inhibitors resulted in a more 

than two-fold increase in luciferase activity compared with the negative control inhibitor, 

suggesting that a greater than 50% inhibition of the miR200a-b-429 function had been 

achieved by the miR200a-b-429 inhibitors (Figure 4.5 D right). Inhibition of miR200a-b-

429 partially reversed the ERβ1-mediated epithelial phenotype, and caused a 50% 
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reduction in the expression of E-cadherin (Figure 4.5 D left).  In contrast to the cluster of 

miR-200b-200a-429, which is upregulated by more than 7-folds in ERβ1-expressing 

MDA-MB-231 cells and Hs578T cells (Figure 4.5 B), the cluster miR-200c-141 and the 

miR-205 were unchanged in ERβ1-expressing MDA-MB-231 cells (Figure 4.6).  

Another mechanism through which ERβ1 is reported to regulate E-cadherin is 

through SNAIL expression. In malignant prostate, nuclear translocation of SNAIL has 

shown to repress E-cadherin expression in ERβ1 knockdown cells (Mak et al. 2010). 

Given that, we examined whether SNAIL is involved in the ERβ1-mediated induction of 

E-cadherin expression. Surprisingly, induction of ERβ1 expression in MDA-MB-231 

cells didn’t affect the expression or localization of SNAIL (Figure 4.7). 

These data strengthen the role of ERβ1 in regulating EMT, and suggest a potential 

mechanism involving miR-200b-200a-429 and ZEB1/2 through which the receptor may 

regulate E-cadherin expression. 
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Figure 4.5: ERβ1 upregulates microRNA 200 family to repress the expression of 
ZEB-1 and ZEB-2/SIP-1 
(A) ZEB-1 and SIP-1 protein levels in control (Lenti), ERα-, and ERβ1-expressing 
MDA-MB-231 cells (upper panel), and in control and ERβ1-expressing Hs578T cells 
(lower panel).  (B) Control, ERα-, and ERβ1-expressing MDA-MB-231 cells were 
analyzed for miR-200a, miR-200b, and miR-429 expression by qPCR. The graphs show 
data as fold change compared with the untreated Lenti cells (mean of three separate 
experiments with SEM and P-value (*) ≤0.05% indicated). (C) MDA-MB-231 cells were 
transiently transfected with control or ERβ siRNA (3#) and analyzed for miR-200a, miR-
200b, and miR-429 expression by qPCR. The graphs show the mean of three separate 
experiments with SEM and P-value (*) ≤0.05% indicated. (D) ERβ1-expressing MDA-
MB-231 cells were transfected with inhibitors of miR-200a, miR-200b, and miR-429 or a 
negative control inhibitor. Cells were photographed and analyzed for E-cadherin 
expression by qPCR (scale bars, 50 μm). The level of functional knockdown of miR-
200a-b-429 was examined by a miR-200a-b-429-regulated reporter assay. The graphs 
show the mean of three separate experiments with SEM and P-value (*) ≤0.05% 
indicated. 
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Figure 4.6: ERβ1 does not regulate miR-200c-141 and miR-205 clusters 
Control, ERα-, and ERβ1-expressing MDA-MB-231 cells were analyzed for miR-200c-
141 and miR-205 expression by qPCR. The graphs show data as fold change compared 
with the untreated lenti cells (mean of three separate experiments with SEM and P-value 
(*) ≤0.05% indicated).  
 
 
 

 

Figure 4.7: ERβ1 does not alter the intracellular localization of SNAIL 
(A) Cytoplasmic (c) and nuclear (n) extracts were prepared from EtOH and E2 treated 
control (Lenti), ERα-, and ERβ1-expressing MDA-MB-231 cells and analyzed for 
SNAIL expression by immunoblotting. (B) SNAIL was visualized by 
immunofluorescence in control (Lenti) and ERβ1-expressing (ERβ1) MDA-MB-231 
cells. In the pictures, the merge images were obtained from SNAIL staining (green: 
FITC) and nuclear staining (blue: DAPI). Scale bars represent 20µm.  
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4.3.3 ERβ1 and E-cadherin levels are positively correlated in breast cancers 

Since ERβ1 induces the expression of E-cadherin in breast cancer cells, we next 

examined the correlation of ERβ1 and E-cadherin protein levels in breast tumor samples. 

We utilized a tissue microarray of 240 primary untreated and unselected breast cancers. 

Clinical history and tumor characteristics (tumor type, age, size, grade, lymph node 

status, ERα, PR, and HER2 status) that were available for 238 cases are summarized in 

table A-2. ERβ1 and E-cadherin protein levels were determined by IHC using an ERβ1 

specific antibody (PPG5/10; DAKO). The specificity of the ERβ1 antibody was 

confirmed by immunocytochemistry, using H1299 lung cancer cell line stably expressing 

either ERβ1 or ERβ2 (Figure 4.8). A total of 32 samples were excluded from the analysis 

due to the absence of tumor or presence of benign tumor in the core. We carried out 

Pearson’s correlation analysis with the information of ERβ1 and E-cadherin expression 

from the 208 cancers. Pearson’s correlation analysis showed a strong positive correlation 

between ERβ1 and E-cadherin expressions (P = 3.41e-4) (Figure 4.9 A). To better 

understand the correlation between ERβ1 and E-cadherin, we divided the breast cancer 

samples into three groups based on ERβ1 levels defined by their expression scores and 

studied the difference of E-cadherin expression among the three groups. The expression 

of E-cadherin in each group was represented by its median score (Figure 4.9 C) or 

positive percentage (Figure 4.9 D). As shown in Figure 4.9 C, the median scores of E-

cadherin in tumors expressing low levels of ERβ1 were significantly smaller than in those 

with higher ERβ1 levels. Similarly, the positive percentage analysis for E-cadherin 



124 

showed a positive correlation with ERβ1 levels (Figure 4.9 D). These results are 

consistent with our findings that ERβ1 upregulates E-cadherin in breast cancer cell lines. 

 

 

Figure 4.8: Validation of anti-ERβ1 antibody by immunohistochemistry 
(A) Formalin-fixed control (pIRES), ERβ1- and ERβ2-expressing H1299 lung cancer 
cells were embedded in paraffin, the cell blocks were cut at 5μm intervals and used for 
IHC staining with the same anti-ERβ1 antibody (PPG5/10, Dako) used in IHC of the 
clinical breast cancer samples. The left panel represents control cells that are ERβ1-
negative, the middle panel shows the ERβ1-expressing cells and the right panel indicates 
the ERβ2-expressing cells that are ERβ1-negative (B) Immunoblot analysis of ERβ from 
lysates of ERβ1- and ERβ2-expressing H1299 cells using 14C8 antibody (Genetex) 
which detects both isoforms. 
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Figure 4.9: ERβ1 levels positively correlate with E-cadherin in breast cancers 
(A) Pearson’s correlation of ERβ1 expression with expression of E-cadherin. N equals 
the number of patients for whom data were available. (B) Representative images of ERβ1 
and E-cadherin expression in two serial sections of the same tumor from two cases. Scale 
bars represent 200 μM. (C) ERβ1 and E-cadherin were box-plotted in the 208 breast 
cancer patients. The patients were divided into three groups based on ERβ1 expression 
scores in the tumors, representing low, medium, and high expression of ERβ1. Any 
outliers were marked with a circle and extreme cases with an asterisk. Data were 
analyzed using one-way ANOVA test with Games-Howell’s correction. (D) The 
percentage of E-cadherin-positive tumors was analyzed in the three groups of patients as 
described in C. Data were analyzed using Pearson’s χ2 test.  
 
 

 

 

 



126 

4.4 Discussion 

Basal-like breast cancers are highly invasive, heterogeneous, and are of poor 

prognosis (Rakha 2008, Sarrio et al. 2008). Triple-negative breast cancer is an aggressive 

form of breast cancer with no proper therapeutic targets, and shares some overlap with 

basal-like phenotype (Rakha and Ellis 2009). There is only a limited number of studies 

investigating the morphological features, and there is no proper consensus on reliable 

clinical predictors for either basal-like or triple-negative breast cancers (Rakha 2008, 

Sarrio et al. 2008). Interestingly, ERβ1 has shown to sensitize triple-negative breast 

cancer cells to tamoxifen, and clinical studies have demonstrated an improved objective 

response in tamoxifen-treated triple-negative breast cancer patients, when the tumors are 

positive for ERβ1 (Honma et al. 2008, Wu et al. 2011).   

Basal-like and triple-negative breast cancers are highly invasive, metastatic, and 

incurable disease entities. One process that has been attributed to the metastasis is EMT 

(Rakha and Ellis 2009). Several processes regulate EMT, and ERβ1 has been shown to 

diminish EMT in prostate cancer. Given the ERβ1-mediated better therapeutic repsonse 

and ERβ1-mediated diminished EMT, here we examined whether ERβ1 through 

regulating EMT can influence invasion and metastasis in basal-like cancers. Phenotype 

switch of the cells is a characteristic feature of EMT. The induction of ERβ1 repressed 

the mesenchymal spindle-shaped morphology of MDA-MB-231 and Hs578T cells, and 

enhanced the cell-cell contact. ERβ1 altered the morphology of these cells in the absence 

of ligands. This is in agreement with our previous data showing an increased 

transcriptional activity following the expression of ERβ1 in MDA-MB-231 cells in the 
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absence of ERβ agonists. The increased transcriptional activity in the absence of ligands 

was correlated with the phosphorylation of ERβ1 at ser-87(Thomas et al. 2011). This 

morphological switch indicates a possible reversal of metastatic phenotype. In consensus 

with the changes in the morphology, ERβ1 inhibited migration and reduced the 

invasiveness of MDA-MB-231 cells. EMT markers and cadherin switching is tightly 

linked with the basal-like phenotype in in vitro model systems, and in specimens from 

patients (Sarrio et al. 2008). Therefore, we examined whether ERβ1 inhibits invasion and 

migration by regulating EMT in cells with basal characteristics. ERβ1 was found to 

reverse the cadherin switch as indicated by upregulated epithelial E-cadherin and 

downregulated mesenchymal cadherins (Cadherin-11, N-cadherin).   

The expression of E-cadherin is inhibited by EMT-ATFs, such as ZEB1, ZEB-

2/SIP-1, TWIST, SNAIL, and SLUG by binding to the promoter of E-cadherin (Garg et 

al. 2013). Hence, we analyzed the potential involvement of these transcriptional 

repressors, and it was found that ZEB1 and ZEB-2/SIP-1 decreased in the presence of 

ERβ1. Aberrant expressions of ZEB-1 and SIP-1 have been recorded in many 

malignancies, and miR-200 family has shown to regulate the expression of ZEB1/2. 

Furthermore, miR-200 family acts as a marker for cells that express E-cadherin (Park et 

al. 2008). Therefore, we analyzed the miR-200 family expression profile in ERβ1-

expressing cells. Upregulation of miR-200a, miR-200b, and miR-429, which correlate 

with the epithelial breast cancer phenotype, was observed. Further studies in to the same 

aspect revealed that ERβ1 destabilizes epidermal growth factor receptor (EGFR), and 

thereby inhibits extra cellular signal regulated kinases (ERK1/2). ERK1/2-midiated 
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upregulation of miR-200 family lead to a downregulation in ZEB1/2 expression in ERβ1-

expressing cells (Thomas et al. 2012). 

Based on the the positive correlation between ERβ1 and E-cadherin in vitro, we 

were interested in tumor sample analysis to validate the observation. By examining 208 

clinical breast cancer specimens, we found that the expression of ERβ1 was significantly 

associated with the expression of E-cadherin. This correlation has not previously been 

reported. However, since the discovery of ERβ, it has been shown that the association of 

ERβ to other clinicopathological indicators is likely to be divergent in different breast 

cancer cohorts analyzed by IHC using different ERβ antibodies. The tumor cohort 

examined in our study included a different number of HER2-positive (14.5%) and 

probably triple-negative breast cancers, compared with the cohorts utilized in some of the 

recent studies that examined large number of samples with well-validated antibodies 

(HER2-positive, Honma et al. 2008: 5.25% and Novelli et al. 2008: 31.9%) (Honma et al. 

2008, Marotti et al. 2010, Novelli et al. 2008, Shaaban et al. 2008). Such differences in 

the characteristics of the clinical cancer samples, as well as differences in the specificity 

of the ERβ antibodies used in these studies, may explain why the correlation between 

ERβ1 and E-cadherin expression has not been previously observed. This positive ERβ1-

E-cadherin association is consistent with the ERβ1-mediated upregulation of E-cadherin 

observed in vitro. It is possible that there are some limitations to the relevance of these 

results. The level of ERβ1-expression achieved in our cells may not reflect the levels of 

expression seen in clinical samples. Despite these limitations, taken together, our results 

propose a role for ERβ1 in upregulating E-cadherin in breast cancer cells. This suggests 

that the low ERβ1 levels may be the primary cause of low E-cadherin expression, and 
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induction of EMT in some breast cancers. EMT correlates with a group of basal-like 

breast cancers that often develop metastases in distant sites. Therefore, ERβ1 may play a 

crucial role in repressing invasive behavior and inhibiting metastasis in this subset of 

breast cancers. Our data show that ERβ1 impedes EMT, and influences invasion by 

downregulating ZEB1/2 in basal-like cancers. These results strengthen the possibility that 

ERβ1 can help to identify patients with basal-like cancer with lower risk to develop 

metastasis. 

 

4.5 Conclusion 

Basal-like breast cancers show unfavorable prognosis with EMT, and lacks 

reliable prognostic markers. Our findings indicate that ERβ1 reduces the invasiveness of 

breast cancers by reversing the cadherin switch, thereby suppresses the EMT. ERβ1 

induces E-cadherin by miR-200 family regulated-ZEB1/2 downregulation. ZEB members 

have been implicated as important oncogenic factors. In human breast cancer tumors a 

positive correlation was found between ERβ1 and E-cadherin. Therefore, we present 

ERβ1 as a clinical marker to identify a sub-group of basal-like cancers having low risk of 

metastasis. 
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Chapter 5 

Conclusion, remarks, and future perspectives 

Breast cancer is a common gynecological malignancy with high morbidity and 

mortality. Therefore, advancement of knowledge on the disease is still required to 

identify reliable prognostic markers, and for proper disease management. Breast tissue is 

under strict endocrine regulation, and estrogen plays a pivotal role in the physiology of 

normal and malignant breast tissue. The action of estrogen is mediated by two estrogen 

receptors, ERα and ERβ. ERs show some degree of structural homology. However, 

distinct expression pattern, differential recruitment of transcriptional regulators, and 

disparity in ligand-specificities account for the discrepancy in cellular functions 

performed by each estrogen receptor. ERα and ERβ differentially regulate cellular 

processes like growth, proliferation, migration, and apoptosis, which differentially 

influence disease course of cancer. In general, ERα associates with enhanced cell 

proliferation and invasion, and often supports tumor progression. In contrast, ERβ 

functions as a tumor suppressor in various malignancies, and often opposes the functions 

of ERα. Given that, on-going research aims at elucidating the nature of ERβ-mediated 

regulatory network, and the prognostic value of the receptor in breast cancer (Thomas 

and Gustafsson 2011).   

Here, I support the claim of tumor-repressive behavior of full length ERβ (ERβ1) 

in malignant breast tissue, by gaining insights into two distinct pathways associated with 

tumor metastasis, resistance, and proliferation. The initial chapter covered a completely 

novel and comprehensive study on an emerging, yet highly important pathway of breast 
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cancer resistance and progression, the unfolded protein response (UPR) and the role of 

ERβ1. The second study elucidated the role of ERβ1 in regulating epithelial-to-

mesenchymal transition (EMT) in invasive breast cancers.   

In the first chapter, I affirmed the pro-apoptotic function of ERβ1 in breast cancer 

based on a novel platform of EnR-stress response. For the first time ever, it was found out 

that ERβ1 is a key node in the UPR signaling network. Furthermore, ERβ1 was shown to 

sensitize breast cancer cells towards EnR stress-induced apoptosis. Most importantly, 

ERβ1 suppressed the cancer driver, XBP-1, by diminishing the IRE1 pathway of UPR. 

XBP-1 is present in luminal breast cancer gene expression signature, and is co-expressed 

and interacts with ERα to confer breast cancer cell survival and endocrine resistance 

(Clarke et al. 2012, The Cancer Genome Atlas Network 2012). Overexpression and 

ligand-dependent activation of endogenous ERβ1 enhanced EnR stress-induced 

apoptosis, and suppressed XBP-1 pathway. These observations strengthen the claim of 

selective ERβ1 restoration or activation to enhance the efficacy of treatments (Thomas 

and Gustafsson 2011). The FDA-approved UPR drug, bortezomib (Bz), significantly 

decreased the cell survival in our ERβ1-expressing breast cancer cell model. This 

suggests the upregulation of ERβ1 or concurrent use of ERβ ligands to enhance the 

efficacy of Bz, and to provide better prognosis in breast cancer patients. Another key 

finding was ERβ1-mediation enhanced tamoxifen sensitivity through the suppression of 

IRE1/XBP-1 in ERα-positive, tamoxifen-resistant cells. This provides a rationale for the 

favorable response noted in tamoxifen-treated, ERβ1-positive breast tumors (Honma et 

al. 2008). As a critical negative regulator of cellular stress response, the findings 
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substantiate the prognostic and predictive value of ERβ1 in both ERα-positive and triple-

negative cancers when tumors express ERβ1.  

It was found that ERβ1 upregulated the synoviolin1 (SYVN1) expression and 

decreased the HSP90-IRE1α interaction to promote IRE1α degradation, independent of 

ERα as evident in triple-negative cells. Estrogen-dependent expression of SYVN1 has 

shown in mouse uterus; however, SYVN1 regulation in the breast was not known. Our 

findings indicated that ERβ1 upregulates SYVN1 mRNA expression in the breast cancer 

cells, and consensus ER binding sites were identified on SYVN1 promoter.  

Another novel finding was that ERβ1 downregulates the PERK pathway of UPR 

in malignant breast. PERK pathway through translational repression and pro-survival 

autophagy ensures breast cancer cell survival. Decreased translational attenuation and 

decreased autophagy validated the pro-apoptotic role of ERβ1. Unlike IRE1 pathway, 

ERβ1 decreased the phosphorylation of PERK, suggesting a completely distinct and 

novel regulatory mechanism, which is an interesting aspect to study.  

Upregulation of the UPR sensor GRP78 has been shown in association with 

endocrine resistance and pro-survival autophagy. Given that, the knockdown of GRP78 

has been shown to restore the sensitivity of breast cancer cells (Cook et al. 2012). We 

found out that ERβ1 decreases GRP78 under cellular stress conditions in both tamoxifen-

resistant and tamoxifen–sensitive breast cancer cells, further supporting the tumor 

suppressive role of ERβ1. In addition, our study supports the discrepancy between 

cellular responses elicited by different ERβ isoforms. The validity of full-length ERβ 
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(ERβ1) in clinical settings was corroborated with the observation of ERβ1-mediated 

repression of cellular stress response and enhanced cellular sensitivity.  

It will be interesting to extend this study in to preclinical models and clinical 

samples. The reduction of IRE1α mRNA only under stress conditions suggests a 

transcriptional program mediated by ERβ1. Therefore it is highly important to understand 

the transcriptional regulation by further studies. HSP90 is important in ER regulation, but 

the mechanisms through which ERβ1 favors HSP90 dissociation from IRE1 is unknown 

and definitely worth probing into it. The effect of ligand-dependent activation of ER 

subtypes with concurrent tamoxifen treatment in tamoxifen-resistant cells will be of great 

interest, and the study is in progress with ER subtype-specific ligands. PERK-mediated 

suppressed autophagy study requires integration of additional autophagy and apoptotic 

markers, ligand treatment, and tamoxifen-resistant in vitro models. GRP78 is an estrogen-

regulated gene and a clinical predictor; therefore elucidating the mechanisms by which 

ERβ1 downregulates GRP78 are proposed in the study. The third pathway of UPR, ATF6 

that has been least linked with resistant breast cancer phenotype was not studied here. 

However, in order to elucidate the role of ERβ1 in mediating the entire UPR regulatory 

circuitry, it will be interesting to also study the ATF6 pathway in ERβ1-expressing cells.  

In the second chapter we found that ERβ1 inhibits EMT, and reduces the 

invasiveness of basal-like breast cancer cells by upregulating the epithelial marker, E-

cadherin. Here, ERβ1 upregulated miR200-a-b-429 to suppress ZEB1/2 in order to 

upregulate E-cadherin. E-cadherin and ERβ1 expression positively correlated in 208 

breast tumors. Further, it is interesting to expand the study to a long follow up, various 
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disease grades, and much larger cohort to substantiate the clinical value of ERβ1 in basal-

like cancers. EMT is a characteristic feature that makes basal-like cancer hardly 

manageable disease entity. Given that, we supported the notion that ERβ1 can serve as a 

clinical marker to identify basal-like breast cancer patients with lower risk of developing 

metastasis.  

Taken together, we present ERβ1 as a critical regulator of both cellular stress 

response and metastasis. Therefore, we propose ERβ1 as a better prognostic marker in 

breast cancer. Altogether, diminished cell survival under cellular stress conditions and 

ERβ1-driven suppression of EMT phenotype validate the tumor repressive role of ERβ1 

in breast cancer. 
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Apendix A 

 

Table A-1. List of Primers used for PCR assays 

ERβ1 Fw GCT CAA TTC CAG TAT GTA CC 

ERβ1 Rv GGA CCA CAT TTT TGC ACT 

XBP1-s Fw ACC GCC AGA ATC CAT GGG GA 

XBP1-s Rv TGC TGA GTC CGA AGC AGG TG  

P58IPK Fw GAG GTT TGT GTT GGG ATG CAG 

P58IPK Rv GCT CTT CAG CTG ACT CAA TCA G 

ERDj4 Fw TGG TGG TTC CAG TAG ACA AAG G 

ERDj4 Rv CTT CGT TGA GTG ACA GTC CTG C 

IRE1α Fw ACA CCA TCA CCA TGT ACG ACA CCA 

IRE1α Rv ATT CAC TGT CCA CAG TCA CCA CCA 

Syvn1 Fw TTC GTC AGC CAC GCC TAT 

Syvn1 Rv GAG CAC CAT CGT CAT CAG G 

XBP1-u: Fw AGT GAG CTG GAA CAG CAA GTG 

XBP1-u: Rv TGC AGA GGT GCA CGT AGT CTG 

E-cadherin Fw  CCC ACC ACG TAC AAG GGT C 

E-cadherin Rv  CTG GGG TAT TGG GGG CAT C 

Vimentin Fw  CGA AAA CAC CCT GCA ATC TT 

Vimentin Rv  CTG GAT TTC CTC TTC GTG GA   

Twist Fw   TGC ATG CAT TCT CAA GAG GTT GCA 

Twist Rv     CTA TGG TTT TGC AGG CCA GT 

Snail Fw   CTC TAG GCC CTG GCT GCT AC 

Snail Rv   TCT GAG TGG GTC TGG AGG TG 

miR 200b  GGT AAT ACT GCC TGG TAA TGA TGA 
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miR 141  GCT AAC ACT GTC TGG TAA AGA TGG 

miR 200a  CGT AAC ACT GTC TGG TAA CGA TGT 

miR 200c  CTG CCG GGT AAT GAT GGA 

miR 429  CGC TAA TAC TGT CTG GTA AAA CGT T 

36B4 Fw GCA ATG TTG CCA GTG TCT GT 

36B4 Rv GCC TTG ACC TTT TCA GCA AG 

GAPDH Fw    TGA TGA CAT CAA GAA GGT GGT GAA G 
 
GAPDH Rv     CCT TGG AGG CCA TGT GGG CCA T 
 

Oligonucleotides used in RT-PCR 

XBP1-s Fw CCT TGT AGT TGA GAA CCA GG 

XBP1-s Rv GGG GCT TGG TAT ATA TGT GG 
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Table A-2. Clinicopathological characteristics of 238 breast cancer patients 

 

Characteristic No. of patients % 

Age at diagnosis , years   
>50 182 76.5 
≤ 50 56 23.5 
Tumor size, cm   
0.1 – 1 12 5 
1 – 2 77 32.3 
2 – 5 131 55 
> 5 18 7.5 
Invasive grade   
I 33 14.2 
II 92 39.6 
III 107 46.1 
Not recorded 6  
Nodal status   
Node-positive 113 47.4 
Node-negative 125 52.5 
Tumor type   
Invasive ductal carcinoma 192 80.6 
Invasive lobular carcinoma 14 5.8 
Tubular carcinoma 5 2.1 
Mucinous carcinoma 5 2.1 
Medullary carcinoma 2 0.8 
Other rare types and mixed 20 8.4 
ERα status   
Positive 178 74.7 
Negative 60 25.2 
PR status   
Positive 128 53.7 

Negative 110 46.2 
HER2 status   
Positive 33 14.5 
Negative 194 85.4 
Not Identified 11  
Treatment   
Adjuvant Endocrine 186 78 
Adjuvant Chemotherapy 69 28.9 
Adjuvant Radiotherapy 139 58.4 
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